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Abstract
In recent decades, the greatest challenge facing the world has been protecting the environment from various forms of pol-
lution. Water pollution is one of the most crucial environmental problems threatening living organisms’ lives and human 
health. Mostly anthropogenic, it undoubtedly originates from diverse sources, including agricultural, domestic, and industrial 
activities. Therefore, adopting sustainable and environmentally friendly practices constitutes an ideal solution for purify-
ing contaminated water to be further used in industrial activities and so on. The valorization of lignocellulosic biomass for 
the production and conception of value-added products is an attractive and environmentally friendly way of preserving the 
environment. Lignocellulosic biomass, such as crops, agricultural wastes, forest residues, etc., is a sustainable and plentiful 
resource that can be valorized and used as robust material for eliminating different pollutants from sewage, including organic 
pollutants, heavy metals, inorganic compounds, and microorganisms. Indeed, the valorization of biomass wastes is among the 
most intelligent strategies. It is like killing two birds with one stone: reducing the quantity of biomass waste and benefiting 
from its physicochemical properties. Feedstocks are rich in cellulose, hemicellulose, and lignin, which have already been 
proven efficiency in removing persistent pollutants. Moreover, it can undergo physical, chemical, and thermal to prepare 
cellulose nanocrystals and biochar with high removal ability. The current review discusses the exploitation of lignocellulosic 
biomass to produce composite materials in the applications of wastewater purification, especially for the removal of differ-
ent persistent organic and inorganic contaminants. It highlights the recent research studies and the mechanisms involved in 
eliminating pollutants using lignocellulosic-based materials.

Keywords  Biomass valorization · Lignocellulosic biomass · Composite · Adsorption · Photocatalysis · Wastewater 
treatment

1  Introduction

Nowadays, environmental issues, especially those related to 
water pollution, have become major current topics for the 
entire population and even constitute significant challenges 

for the future. Water pollution mainly originates from 
various socio-economic activities, including agricultural, 
domestic, and industrial activities. It is often accompanied 
by the discharge of effluents containing a variety of pollut-
ants into the aquatic environment, namely, organic and inor-
ganic contaminants, heavy metals, pesticides, pharmaceuti-
cals, and many other substances [1, 2]. The release of these 
untreated and toxic pollutants, even at low concentrations in 
water without treatment, generates undesirable effects on the 
aquatic ecosystem and human life [3, 4]. Moreover, with the 
growing environmental awareness and new legislation, the 
discharged water must meet the minimum quality criteria to 
satisfy the requirements proposed by different countries [5]. 
Wastewater management is essential to underpin the rapidly 
expanding human population and reduce environmental pol-
lution and health risks. According to the literature, several 
treatment processes have been implemented, more or less 
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successfully, to control water pollution and to reduce the 
quantities of contaminants in aquatic environments, includ-
ing flocculation and coagulation, flotation, activated sludge 
processing, membrane separation, adsorption, photocataly-
sis, and advanced oxidation processes [6–10]. The choice 
of the appropriate method is mainly based on the charac-
teristics of the wastewater, the expertise for operation and 
maintenance, the costs implications, etc. [11, 12]. Thus, in 
terms of simplicity, efficiency, sustainability, and cost, the 
adsorption process remains the technique of most interest 
in cleaning polluted water. Indeed, many adsorbents have 
been used either for the elimination of organic and inorganic 
substances or persistent microorganisms [13, 14].

As part of a sustainable development policy, applying bio-
technology in developing and designing new natural adsorbents, 
abundant economically and effective to treat ecosystems is an 
ideal solution [15, 16]. Biomaterials derived from renewable 
feedstocks such as lignocellulosic materials have raised more 
attention to substitute conventional sorbents because of their 
abundance, low cost, biodegradability, and ease to modify chem-
ically and thermally to produce high-value products [17–19]. 
They display better adsorptive performances compared to some 
commercial resins [20]. The perspective of using biomass to 
produce meaningful products brings great economic benefit 
by preparing cheaper sorbents with high effectiveness and pro-
vides an environmental value through waste management and 
minimization. Lignocellulosic biomass is considered the most 
available renewable source on the earth, originating from plants, 
agricultural and forestry wastes, and annual and perennial dry 
energy grasses [21, 22]. It consists of cellulose, hemicellulose, 
and lignin as principal components and other substances such 
as pectin, proteins, and ashes as secondary products, besides 
the extractives and minerals. The compositional values of the 
significant features of lignocellulose biomass are relative to 
the type and source of the feedstock. Still, the cellulose content 
ranges between 40 and 60 wt.%, hemicellulose between 20 and 
40 wt.%, and lignin between 10 and 25 wt.% [20, 23]. According 
to the literature, biomass such as natural fibers has shown good 
cost-effectiveness for capturing pollutants from sewage [24–26].

Nevertheless, lignocellulosic biomass requires additional 
thermal and chemical treatments to improve the removal 
of toxic pollutants. These treatments modify the surface 
characteristics and provide better accessibility to binding 
and active sites. This review seeks to bring an overview of 
recent studies on the exploitation of lignocellulosic biomass 
to produce highly effective composite materials to capture 
wastewater pollutants. Different physicochemical and ther-
mal ways to convert biomass wastes to high-value products 
have been highlighted. The properties of the resulting mate-
rials have also been revealed. The mechanisms involved in 
removing different organic and inorganic contaminants have 
been discussed. And finally, the challenges and pitfalls of 
their use in large-scale applications are addressed.

2 � Water pollution

Water pollution is one of the serious problems represent-
ing a real danger for human and aquatic life. Related to 
anthropogenic activities (e.g., domestic, urban, indus-
trial, and agricultural), water contamination is gener-
ated by many substances, including organic, inorganic, 
and biological pollutants that can affect surface water 
and groundwater [27, 28]. Besides, identifying effective 
and inexpensive remediation methods and processes is 
always an essential issue in a comprehensive approach 
to controlling contaminant spreading and maintaining 
water quality. Indeed, many techniques are used today 
for the decontamination of polluted waters depending on 
the water to be treated [29, 30]. The adsorption process 
using eco-friendly materials is one of the efficient strate-
gies for water quality management. This section aims to 
highlight the different sources of water contaminations 
and the categories of pollutants present in wastewater. 
Then, the emphasis will be put on the adsorption process 
as one of the powerful strategies for wastewater treatment.

2.1 � Sources of water pollution and principal water 
contaminants

2.1.1 � Sources of water pollution

Surface water pollution refers to the degradation of the 
water quality by changing its physical, chemical, and bio-
logical properties. Such pollution originates from various 
anthropogenic sources, namely:

•	 Domestic water pollution: Domestic water contami-
nation is mainly related to the disposal of household 
sludges rich in organic wastes, pharmaceutical com-
pounds and personal care products, microorganisms, 
greases, mineral matters, nitrogen, and phosphorus, 
and also contains mineral salts and metals into surface 
waters. Domestic wastewater comprises two types of 
domestic water, black water loaded with fecal germs 
and various other organic matter full of nitrogen and 
greywater from various household activities full of 
organic debris, detergents, and grease [31]. The com-
position of domestic wastewater can be highly variable 
and depends on:

–	 The original composition of the drinking water 
depends on the quality of the treatment of this 
water, the sanitary standards of the country con-
cerned, the nature of the pipes, etc.
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–	 People use, which can bring an almost infinite 
number of pollutants: all the cleaning products, 
detergents but also, solvents, paints, thermometer 
mercury, glue, etc.

–	 Discharge of organic matter such as urine and feces 
into sewer systems.

•	 Industrial pollution: Industrial sewage consists mainly 
of effluents resulting from industrial activities such as 
food processing, textile, dyeing, mining and quarrying, 
pharmaceutical industry, etc. Thus, depending on the 
type of the industrial process, these waters can contain 
diverse pollutants, namely, organic matter and grease, 
chemical products, hydrocarbons, heavy metals, metal-
lic trace elements, and so on. Water supplied by indus-
trial activities is considered the most dangerous for the 
aquatic environment and human health since it contains 
harmful substances [32]. 

•	 Agricultural pollution: Agricultural wastewater occurs 
because of processes on surrounding farms, agricultural 
activities, and sometimes contaminated groundwater. The 
principal causes of agricultural water pollution are:

–	 Fertilizers on agricultural soil, especially nitrog-
enous fertilizers, are linked to cultivation practices.

–	 Phytosanitary products (herbicides and pesticides).
–	 Metals from food supplements for livestock, residues 

of antibiotics used against animal infections.
–	 Animal manure cannot be recovered from grazing 

animals.

2.1.2 � Principal water contaminants

The wastewater composition varies depending on its origin 
(agricultural, industrial, or domestic). It can contain many 
substances, either solid or dissolved form, and microorgan-
isms. Depending on their physical, chemical, and biological 
characteristics, these compounds can be classified into three 
dominant classes, namely organic, inorganic, and microbio-
logical contaminants. Table 1 summarizes the principal pol-
lutants found in different polluted water.

2.2 � Adsorption as an alternative approach 
for wastewater purification

For a long time, many techniques have been used in the 
decontamination and depollution of wastewater depending 
on the nature and concentration of the contaminant and the 
environment to be decontaminated. Adsorption technology 
is among the most efficient remediation techniques proposed 
for removing persistent pollutants from effluents due to its 
excellent removal efficiency, durability, low cost, and easy 

operation conditions [59–62]. Adsorption is a surface phe-
nomenon involving the mass transfer of substances between 
two phases (from a liquid or gas phase to a solid phase) due to 
various interactions between the surface of the adsorbents and 
the adsorbed molecules. In general, we distinguish between 
two different types of adsorption mechanisms: physisorp-
tion and chemisorption [63, 64]. Physisorption is typically 
attributed to electrostatic forces between the substances in 
solution and the surface of the sorbent due to van der Waals 
forces, resulting in multilayer sorption. It is non-specific, 
reversible, usually rapid at low temperatures, and requires 
low activation energy, nearly 20 to 40 kJ/mol. Moreover, it is 
proportional to the adsorbent features (e.g., surface area and 
porosity). Chemisorption is typically related to covalent or 
electrostatic chemical bonds between the adsorbate and the 
adsorbent resulting in a unimolecular layer. It is an exother-
mic process that is specific, irreversible, and requires high 
activation energy, generally higher than 80 kJ/mol [65, 66].

Thus, the adsorption reaction can be performed generally 
in four main successive steps as follows [67, 68] (Fig. 1):

–	 Transfer in solution phase, which can occur instantane-
ously (bulk diffusion).

–	 Transfer the adsorbate from the bulk solution to the sur-
face of the adsorbent through a hydrodynamic boundary 
layer (film or external mass diffusion).

–	 Internal diffusion of the adsorbate inside the sorbent 
pores (pore or intraparticle diffusion).

–	 Adsorption of the adsorbate on the external surface of the 
adsorbent through binding of the ions to the active sites.

The adsorption process can be achieved in several ways 
(e.g., batch adsorption, continuous fixed-bed, continuous flu-
idized bed, continuous pulsed bed continuous moving bed, 
and continuous-flow tank adsorption). As well as the most 
used systems are batch and continuous fixed bed modes due 
to their ease of implementation, affordability, and effective-
ness [69]. Likewise, adsorption can be strongly affected by 
a variety of parameters, including the characteristics of the 
water being treated, the nature and properties of the mate-
rial itself (surface area and porosity), and the environmental 
parameters such as pH, initial concentration of pollutant, tem-
perature, contact time, etc. [70]. The choice of the appropriate 
adsorbent, in addition to the availability and the economic 
interest, is made according to its nature and the affinity that 
this adsorbent presents towards target pollutants. Commercial 
activated carbon is currently the most widely used adsorbent 
in wastewater treatment worldwide to remove dyes, aromatic 
and phenolic derivatives, pesticides, heavy metals, and so on. 
Nevertheless, the use of commercial activated carbon is often 
limited by the high cost and its difficulty to be regenerated [64, 
71]. Therefore, researchers are now directed towards natural, 
inexpensive, and easily regenerable adsorbents to substitute 
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commercial activated carbon such as clays, siliceous materi-
als, biopolymers, industrial by-products, and lignocellulosic 
biomass [72–76]. Lignocellulosic biomass referring mainly 
to plant dry matter from agricultural and forest wastes is an 
attractive and efficient source for preparing highly effective 
and inexpensive materials for wastewater purification appli-
cations. Figure 2 illustrates the main types of lignocellulosic 
biomass; however, it is worth noting that we are particularly 
interested in lignocellulosic biomass of plant origin (agricul-
tural and forestry waste), which are commonly composed of 
cellulose, hemicellulose, and lignin.

3 � Generalities on lignocellulosic biomass

3.1 � Structure and characteristics of lignocellulosic 
biomass

Lignocellulosic biomass, commonly known as natural or cel-
lulosic fibers, has been used since antiquity in many appli-
cations. The main use is the reinforcement of polymers for 
developing new and highly mechanical composites for many 
purposes [77–79]. Since then, lignocellulosic biomass has 
been exploited in other fields, especially in environmental 
applications (e.g., energy, biofuel production, water purifica-
tion, etc.). Compared with conventional materials, natural fib-
ers offer the advantage of being biodegradable, lightweight, 
endowed with fascinating physicochemical properties, easy 
to be modified, and inexpensive [80–82]. Moreover, they are 
considered the most abundant and bio-renewable material on 
earth. According to the literature, lignocellulosic biomass is a 
plant cell wall of an assembly of cellulosic tissues, composed 
generally of polysaccharides (cellulose and hemicellulose) 
and aromatic polymer (lignin), as well as other minor com-
ponents such as pectin, protein, salts, minerals, etc. which 
are linked to each other through both hydrogen and cova-
lent bonds, forming a highly recalcitrant structure (Fig. 3) 
[83]. Their proportion varies depending on the type of raw 
material. Still, generally, cellulose is the major component of 
cell walls of lignocellulose biomass, representing 40–60% in 
weight, followed by hemicellulose acting as a binding adhe-
sive between cellulose and lignin (20–40 wt%) and finally 
lignin which represents 10–25 in weight [84, 85]. Besides, 
according to their origin, lignocellulosic biomasses can be 
classified as seed, leaf, stems, xylem, bast, or core fibers [80]. 
Table 2 displays the content of cellulose, hemicellulose, and 
lignin of particular types of biomass species.

3.2 � Lignocellulosic biomass as adsorbent 
for the removal of pollutants from wastewater

Different lignocellulosic biomass species have been used 
as adsorbents to retain a wide range of contaminants from Ta
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wastewater due to their outstanding features, including 
abundance, low-cost, processability, non-toxicity, and high 
porosity and hydrophilicity, excellent mechanical proper-
ties, and high adsorption ability [92–94]. Kyzas et al. [26] 
investigated the adsorption behaviors of three natural fiber 
types, namely flax, ramie, and kenaf fibers, in removing 
dyes from aqueous solutions (Fig. 4). Adsorption experi-
ments show that all three types of natural fibers effectively 
absorb basic yellow dye molecules 37 in alkaline media. 
This can be attributed to the presence of hydroxide groups 
on the outer surface of the natural fibers, which promote 
electrostatic interactions between the fibers and the amino 
groups of the dye. Moreover, the authors demonstrated that 
the adsorption behaviors toward the target pollutant differ 
for each natural fiber. Ramie fibers were more effective in 
absorbing the dye, followed by flax and then kenaf fibers. 
The authors attributed this difference to the amount of cel-
lulose in each type of biomass, suggesting that natural fib-
ers with high cellulose content are more effective for dye 
removal than fibers with a high amount of hemicellulose or 
lignin. Besides, fibers rich in cellulose can be regenerated 

and reused until several adsorption–desorption cycles with-
out losing their adsorption capacity. Flax fibers present the 
worst reuse behaviors, while ramie had the best. Never-
theless, the correlation is not necessarily linear because of 
the many factors that affect adsorptive performances, such 
as porosity, surface area, etc. Banana fibers extracted from 
three different parts of the banana tree (leaves, stalk, and 
stem) were also used to absorb acid green dye from pol-
luted water [95]. Adsorption results show that the adsorp-
tion capacity of the three sorbents increased with increasing 
contact time, initial dye concentration, and highly acidic 
conditions. Moreover, banana leaves displayed high adsorp-
tion capacity than banana stalk and stem fibers, which may 
be due to their high porosity. SEM micrographs of the three 
adsorbents revealed the smooth nature of banana stem and 
stalk fibers compared to banana leaf fibers. The sorption 
of all three sorbents closely follows pseudo-second-order 
kinetics, suggesting chemisorption occurs as a rate-con-
trolling step. Similarly, Formosa papaya seed powder has 
been successfully used to absorb crystal violet dye from 
aqueous solutions [96]. Indeed, due to their porosity and 

Fig. 1   Adsorbate transfer steps 
in the adsorption process

Fig. 2   Different sources of 
lignocellulosic biomass



12091Biomass Conversion and Biorefinery (2024) 14:12085–12111	

1 3

the abundance of carbonyl and hydroxide groups on their 
surface, Formosa papaya seed fibers present a high affinity 
toward the amino groups of the cationic dye, favoring elec-
trostatic interactions leading to high adsorption removal. 
The adsorption capacity of fibers was found strongly 
dependent on the pH of the dye solution, contact time, and 
the initial dye concentration. To improve the adsorptive per-
formances of natural fibers towards anionic dyes, Idan et al. 
[97] investigate the modification of the external surface of 
kenaf core fibers using a (3-chloro-2-hydroxypropyl) tri-
methylammonium chloride surfactant. The purpose of such 
treatment is to enrich the external surface of natural fibers 
with NH4

+ groups to increase their affinity towards anionic 

dyes through promoting ion-exchange adsorption. Adsorp-
tion results revealed the efficiency of modified kenaf core 
fibers in removing anionic reactive red-RB dye compared 
with neat fibers. Lignocellulosic fibers were also used for 
the removal of heavy metals from wastewater. In this con-
text, Lee et al. [98] investigated the adsorption behaviors 
of a wide range of natural fibers, namely, coconut coir, cot-
ton, kenaf bast, kenaf core, spruce, and sugarcane bagasse 
towards heavy metals. Different fibers’ ability to eliminate 
copper, nickel, and zinc was tested as a function of their 
lignin amount. Results show that the removal rate of heavy 
metal ions was independent of the lignin content. Kenaf 
bast fibers were found to be the best in the elimination of the 

Fig. 3   Lignocellulosic biomass 
components
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three heavy metal ions from aqueous solutions, with high 
selectivity toward copper and zinc ions. While cotton pre-
sents low adsorption capacity, even its lignin content does 
not exceed 1% of its weight. Asadi et al. [99] assessed the 
effect of modifying two natural fibers, namely rice hull and 
sawdust, on heavy metal ions removal from aqueous media. 
Rice hull fibers exhibited a higher adsorption capacity for 
cadmium, lead, zinc, copper, and nickel ions than sawdust 
fibers. The adsorption capacity of the fibers increased with 
increasing the initial concentration and the pH of the solu-
tion until a pH equal to 5. The authors attributed this dif-
ference to the chemical behaviors of heavy metal ions, their 
sorption energy, and their affinity to sorbents. Moreover, it 
was observed that the uptake of the ions is more favorable in 
single-metal solutions than in two-metal solutions. Studies 
revealed that the sorption of different pollutants in ligno-
cellulosic biomasses occurs through several mechanisms, 
including adsorption on the external surface through elec-
trostatic interactions, chemisorption, complexation, diffu-
sion through pores, and ion exchange [100–102]. Thus, to 
enhance the adsorption performances of lignocellulosic bio-
mass and improve its physicochemical features, especially 
porosity, hydrophilicity, and surface area, a variety of physi-
cal, chemical, and thermal pathways have been proposed 
to convert raw fibers to high value-added products such as 
(i) cellulose/cellulose nanocrystals-based composites, (ii) 
hemicellulose-based composites, (iii) lignin-based compos-
ites, and (iv) biochar composites.

4 � Cellulose‑based composites 
for wastewater purification

As mentioned before, lignocellulosic biomass is constituted 
mainly of three compounds, namely, cellulose, hemicellu-
lose, and lignin. The amount of each component depends 
on the nature of the feedstock. Moreover, to improve the 
adsorption capacity of natural fibers, many strategies have 
been proposed in the literature, including the extraction and 
separation of cellulose from other compounds [103]. Indeed, 
many physicochemical treatments have been used to obtain 
pure cellulose with high hydrophilicity, large surface area, 
and reactive hydroxyl groups on the outer surface. This sec-
tion aims to highlight the use of cellulose and its derivatives 
as one of the world’s abundant and renewable materials for 
the preparation of efficacious composite materials for waste-
water treatment.

4.1 � Cellulose extraction from lignocellulosic 
biomass

Cellulose (C6H10O5)n, the major compound of the ligno-
cellulose biomass, was first isolated by Anselme Payen 

in 1838 [24], while its chemical structure was described 
by Herman Staudinger [104], suggesting that cellulose 
is a homopolymer consisting of anhydroglucopyranose 
units linked by β-(1–4) glycosidic bonds. Since then, 
cellulose’s physical and chemical features have been 
intensively studied. Structurally, cellulose is a long lin-
ear polysaccharide polymer consisting of d-glucose subu-
nits linked by β-(1,4)-glycosidic bonds, promoting a flat 
ribbon-like structure (Fig. 5) [105]. Each of the anhy-
droglucose units contains three free hydroxyl groups: 
primary alcohol on carbon 6 and two secondary alcohol 
on carbons 2 and 3. The d-glucose units display a chair-
like conformation in which the three hydroxyl groups are 
in an equatorial position in the ring plane. At the same 
time, the hydrogen atoms are in an axial position. This 
spatial structure favors the formation of a very dense 
network of inter-and intramolecular hydrogen bonds, 
which are responsible for its remarkable resistance and 
highly organized structure. Cellulose microfibrils pos-
sess a semi-crystalline structure, characterized by an 
alternation of crystalline and amorphous zones in which 
the chains are less organized [106–108]. Native cellulose 
generally exhibited a degree of crystallinity within the 
range of 40–70% [109]. The degree of polymerization of 
cellulose is relatively high and varies depending on the 
nature of the raw feedstock. Thus, in plant walls, most 
cellulosic fibers are in the form of native cellulose. These 
fibers generally adopt a structure commonly called type 
I, which comprises two allomorphs, Iα and Iβ, in differ-
ent ratios. Cellulose II is the regenerated cellulose or the 
cellulose treated by alkaline treatment (NaOH). Other 
allomorphs of cellulose with varying sizes of lattice, 
chain orientation, and conformation can also be obtained 
by different treatments such as cellulose III1, III2, IV1, 
and IV2 [110, 111].

The cellulose can be separated easily from other com-
ponents through mechanical treatment to extract cellulose 
microfibrils (MFC) and undergoes chemical treatments, 
including alkaline and bleaching treatments to obtain cellu-
lose nanofibrils (CNF). Alkaline treatment is widely used to 
eliminate waxes covering the fibers and hydrolyze hemicel-
lulose and lignin. It is usually performed in the presence of 
sodium hydroxide (NaOH) at ambient temperatures and for 
long residence times up to 24 h. Alkaline solutions break the 
cross-link of ferulic acid binding between lignin and hemi-
celluloses and degrade them. Whilst bleaching treatment 
using hydrogen peroxide or sodium chlorite aims frequently 
to solubilize lignin by breaking the bonds binding it to other 
hydrocarbon compounds, promoting access to the rich cel-
lulose fraction and also increasing the exposed surfaces area, 
the porosity, etc. [112, 113]. Moreover, to disseminate the 
amorphous regions and allow longitudinal cutting of the cel-
lulosic microfibrils, acid hydrolysis is proposed to release 
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the rod-shaped nanocrystalline cellulose (CNC). One of the 
main differences between the microfibrillated cellulose and 
the nanocrystalline cellulose is the distribution of the fiber 
size, which is large in the microfibrillated cellulose and close 
or drastically shorter in the nanocrystalline cellulose.

4.2 � Cellulose nanocrystals extraction

While cellulose is a crystalline molecule, its crystallinity is 
flawed; a significant part of the cellulose structure is loosely 
ordered and can best be described as amorphous. Pure semi-
crystalline cellulose, commonly known as cellulose pulp, 

can further undergo other treatments to produce highly crys-
talline cellulose, known as cellulose nanocrystals (CNC), 
cellulose nanowhiskers (CNW), or nanocrystalline cellu-
lose (NCC) [114]. Compared to cellulose, nanocellulose 
exhibited high porosity and aspect ratio and large surface 
area, which are important for wastewater treatment applica-
tions. According to the nature of the feedstock, morpho-
logical structure, and preparation process, nanocellulose can 
be divided into three types, namely cellulose nanocrystals 
(CNC), cellulose nanofibrils (CNF), and bacterial nanocel-
lulose (BNC) (Fig. 6).

Cellulose nanocrystals (CNCs) in general consist of rod-
shaped nanoparticles with a width of 4–70 nm, a length of 
100 to 250 nm (Fig. 7), a crystallinity index greater than 
50%, and are usually derived out of various renewable 
sources through acid hydrolysis process [116]. Acid hydrol-
ysis using a strong acid like sulfuric acid (H2SO4), hydro-
chloric acid (HCl), or phosphoric acid (H3PO4) involves 
the breakdown of the β-1,4-glycosidic bonds of amorphous 
regions, which is an essential step for the dissolving of cel-
lulose and its hydrolysis to short-chain glucose-polymers, 
leading to cellulose nanocrystals. Nanofibrillated cellulose 
(NFC), also known as nanofibrous cellulose, exhibits an 
interlocking lattice structure with more extended and broader 

Table 2   Cellulose, hemicellulose, and lignin content for different lig-
nocellulosic biomasses [86–91]

Lignocellulosic biomass species % of total dry weight

Cellulose Hemicellulose Lignin

Alfa 45.4 38.5 14.9
Almond shells 50.7 28.9 20.4
Areca – 35–65 13–25
Bagasse 40–45 25 15–20
Bamboo 49–50 18–25 23
Banana Pseudostem 50–70 12.5 10–15
Barley straw 31–45 25–40 14–20
Cofee pulp 35 46.3 18.8
Coir 46 0.3 45
Corn cobs 45 35 15
Corn stover 35–40 21–25 11–19
Cotton 80–95 5–20  < 5
Cotton seed hairs 80–95 5–20 0
Date palm 42 18 25
Eucalyptus 50  < 25  < 25
Grasses 25–40 35–50 10–30
Hardwood stems 40–50 24–40 18–25
Hemp 81 20 4
Jute 67 16 9
Kenaf 53.5 21 17
Olive 25 34 34.5
Nut shells 25–30 25–30 30–40
Pistachio shells 43.08 25.30 16.33
Ramie 72 14 0.8
Rice straw 29–35 23–26 17–19
Sisal 60 11.5 8
Softwood stems 45–50 25–35 25–35
Sugarcane bagasse 25–45 28–32 15–25
Sunflower shells 40–50 30 15–20
Switchgrass 30–50 10–40 5–20
Tea wastes 30 20 40
Walnut shells 25.6 22.7 52.3
Wheat straw 33–40 20–25 15–20
Wood 35–50 20–30 25–30

Fig. 4   Pictures of fibers before and after adsorption experiments [26]
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flexible nanofibers, widths varying from 10 to a few hundred 
nanometers or lengths are in the micron range are mainly 
produced through mechanical processing such as grinding, 
homogenization, enzymatic treatments, or a combination of 
them. Certain enzymes could degrade hemicellulose and 
lignin without disturbing the cellulose content. Compared 
to CNC, NFC exhibited low crystallinity since it comprises 

a mixture of crystalline cellulose and amorphous regions 
inside the fibers.

In contrast, several microorganisms and cell-free systems 
produce the bacterial nanocellulose consisting of ribbon-
shaped nanofibers with 20–100-nm diameter and micrometer 
lengths. Besides, BNC represents the purest form of cel-
lulose; however, large-scale production of BC and ECNF is 

Fig. 5   Chemical structure of 
cellulose

Fig. 6   Different types of nano-
cellulose [115]
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difficult and remains a challenge [117–119]. The principle, 
advantages, and disadvantages of each preparation method 
were already addressed in the literature [120].

4.3 � Cellulose and its derivative‑based composites 
for wastewater purification

The unique and attractive characteristics of cellulose and its 
derivatives (CNC, NFC, and BCN) have already been exten-
sively demonstrated, prompting the scientific communities 
to focus on the use of these materials, either alone or in the 
form of composite, for the removal of organic, inorganic and 
microbiological contaminants from sewage [122, 123]. 
Besides, the abundance of functional groups such as 
hydroxyl and carboxyl on its external surface enhances the 
adsorption and the binding of different contaminants. Cel-
lulose-based composites are generally manufactured in two 
manners, the first consists of the dissolution of the cellulose 
fibers or powder in the suitable solvent, followed by a mix-
ture with the material and the crosslinking of the chains, in 
order to obtain a three-dimensional network capable of 
adsorbing and retaining pollutants, while the second 
approach involves the dissolving the cellulose in the appro-
priate solvent, then crosslinking it to form the 3D network 
and subsequently impregnating it with the required material 
to obtain the composite with high retention capacity. In this 
context, Santoso et al. [124] successfully embedded a three-
dimensional cellulose hydrogel with bentonite clay for the 
removal of anionic dye from wastewater. Cellulose from 
Whatman filter paper was deprotonated using sodium 

hydroxide and urea to prepare hydrogel solution and then 
embedded with bentonite with a different ratio, resulting in 
composites with high surface area and porous structure. 
Compared to neat filter paper, composite exhibited rough 
surfaces and a large surface area ranging between 29 to 51 
m2/g. The surface area increased with increasing the benton-
ite clay content, suggesting the role of clay in improving the 
physicochemical of cellulose hydrogel. The presence of ben-
tonite has a positive effect also on the hydrogel thermal sta-
bility and swelling features. Moreover, FTIR analysis shows 
that the bentonite is loaded in between the cross-linked cel-
lulose networks and not attached to it with chemical interac-
tions. Adsorption experiments confirmed the high adsorp-
tion capacity of all cellulosic composites compared to the 
neat Whatman filter paper. Thus, cellulose hydrogel embed-
ded with a high amount of bentonite exhibits the highest 
adsorption performances toward Congo red dye, which is 
naturally attributed to its high surface area, and porous struc-
ture. Moreover, the adsorption of dye onto the composite 
occurred by physisorption. Similarly, Chong et al. [125] 
investigated the adsorption behaviors of CaCO3-decorated 
cellulose aerogel extracted from commercial cotton linter 
through the same technique previously described by Santoso 
and his co-authors toward anionic Congo red dye. The com-
posite with a highly porous and interconnected three-dimen-
sional framework structure (Fig. 8) displayed high adsorp-
tion capacity than neat hydrogel. A maximum adsorption 
capacity of 75.81 mg/g is higher than that of neat hydrogel 
due to the availability of additional sorption active sites after 
CaCO3 embedding. Likewise, adsorption kinetics show that 

Fig. 7   SEM micrographs and TEM image of CNC from different sources [121]



12096	 Biomass Conversion and Biorefinery (2024) 14:12085–12111

1 3

the adsorption of congo red dye onto CaCO3-decorated cel-
lulose aerogel occurred through chemisorption via valency 
forces through sharing or exchange of electrons. Chen et al. 
[126] investigated the preparation of cellulose/hPEI com-
posite hydrogel using glutaraldehyde as a cross-linking agent 
to remove dyes from aqueous environments. The cellulose 
composite hydrogel with abundant amino groups on the sur-
face was found efficient for the removal of cationic bright 
yellow M-7G, anionic reactive yellow X-RG, and nonionic 
disperse brown S-3RL dyes, with maximum adsorption 
capacities of 571.43, 970.87, and 581.40 mg/g, respectively, 
within 120 min. The adsorption of dyes onto the cellulose 
hydrogel was favorized by electrostatic interactions and 
hydrogen bonds. Similarly, Yu et al. [127] reported the mod-
ification of cellulose nanofibril aerogel with graphene nano-
plates and carbon nanotube, with different mass ratios of 
cellulose to carbon for the uptake of dye molecules from 
wastewater. Results demonstrate that the cellulose composite 
with a cellulose/graphene ratio of 3:1 exhibited a maximum 
adsorption capacity of 1178.5 and 585.3 mg/g for methylene 
blue and congo red dyes, respectively, due to the larger sur-
face area of the composite and the available site for adsorp-
tion. Likewise, the difference in adsorptive behaviors of 
aerogels towards the two dyes is mainly attributed to the 
high electrostatic interactions between the negatively 
charged carboxyl groups present on the external surface of 
the composite and cationic dye. Besides, the sorption of ani-
onic dyes into the composite is performed through π–π inter-
actions. Wei et al. [128] investigated the removal of methyl-
ene blue using microcrystalline cellulose (MCC) aerogel 

coated with different polydopamine (PDA) contents. The 
composite was prepared by self-polymerization of polydo-
pamine in the solution mixture of MCC and LiBr, followed 
by freeze-drying technology. The findings show that the 
composite of microcrystalline cellulose with a high quantity 
of PDA showed a high adsorption behavior toward MB dye 
with an adsorption capacity of 153.4 mg/g. The explication 
for the increase in MB adsorption by the elaborated aerogel 
composite upon increasing the PDA content is related to the 
average pore size and the specific surface area. Based on 
SEM analysis, the average pore size of the MCC/PDA aero-
gels decreased with the increase in PDA content whereas 
their specific surface area rose with the increment in the 
content of PDA. Likewise, authors report that the developed 
composite was more effective than other materials such as 
PDA, GO/PVA microspheres, and graphene/CNT/Ag aero-
gels, suggesting the contribution of microcrystalline cellu-
lose in taking up MB molecules from an aqueous medium. 
Adsorption kinetics and isotherms revealed that the adsorp-
tion of MB molecules occurred through π–π interactions 
relating to aromatic groups and electrostatic interaction 
between the negative charge feature of PDA and the cation 
feature of MB. Sharma and his co-author successfully func-
tionalized cellulose with hydroxyethyl methacrylate 
(HEMA) and glycidyl methacrylate (GMA) for the removal 
of dyes and heavy metal ions from wastewater [129]. Cel-
lulose was firstly extracted from rice husk fibers using total 
chlorine-free and ultrasonic physicochemical processes and 
then grafted with hydroxyethyl methacrylate and glycidyl 
methacrylate through a copolymerization approach under 

Fig. 8   Digital images and SEM 
micrographs of cellulose hydro-
gel before (a, c) and after (b, d) 
calcium chloride loading [125]
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well-moderate conditions. The structural, morphological, 
and thermal properties of cellulose have been changed after 
copolymers grafting, resulting in a change in its adsorptive 
properties. Cellulose-graft-HEMA-co-GMA copolymer was 
found more efficient than neat cellulose for the removal of 
heavy metal ions from aqueous solutions, namely, nickel, 
copper, and lead ions, with a removal rate of 81.4, 71.6, and 
75.5%, respectively. The lower sorption of copper ions on 
the graft copolymer is related to its strong acidic character, 
which weakly attaches to the softer sorption sites of the com-
posite. Adsorption kinetics and isotherms revealed that the 
metal ion's adsorption occurred through monolayer sorption 
via chemisorption. The resulting composite was also found 
useful for removing organic dyes from aqueous solutions. In 
fact, under well moderate conditions of temperature, pH, 
initial dye concentration, and contact time, the elimination 
rates of congo red, crystal violet, and malachite green dyes 
dye were 70.38, 67.74, and 49.42%, respectively. The graft 
copolymer exhibits a higher affinity to anionic dye than cati-
onic ones, which may be attributed to high electrostatic 
interactions between adsorbent sites of the composite and 
negatively charged molecules of Congo red. Sun et al. [130] 
reported the adsorption of mercury ions from wastewater 
using an amide functionalized cellulose from sugarcane 
bagasse. The cellulose-based adsorbents present outstanding 
adsorption performances in removing mercury ions from an 
aqueous solution with a maximum adsorption capacity of 
178 mg/g because of the abundance of amide groups on its 
external surface. Likewise, regeneration tendency was 
reported for then adsorption–desorption cycles.

Goswami et al. [131] reported the removal of chro-
mium ions from wastewater using nanocellulose/ sodium 
alginate/ charcoal composite beads. Cellulose nanocrys-
tal was extracted from sugarcane bagasse fibers through 
acid hydrolysis using sulfuric acid, mixed with sodium 
alginate and charcoal, and then crosslinked to highly 
porous beads using calcium chloride. The resulting nano-
cellulose hydrogel with high crystallinity and abundant 
hydroxyl groups was found to be effective in removing 
chromium ions compared to pristine alginate/charcoal 
beads, suggesting the important role of nanocellulose 
in improving the adsorption behaviors of beads toward 
chromium ions. Moreover, it was observed that the 
elimination rate of the developed nanocellulosic beads 
increased with increasing the amount of CNC in the com-
posite. This can be attributed to highly reactive func-
tional groups such as hydroxyl and carboxyl on the outer 
surface of beads. Gelatin-cellulose nanocrystals hydrogel 
have successfully prepared to uptake copper and cobalt 
ions from mining process wastewater [132]. High elimi-
nation rates of 70.5 and 72.5% were noted for Cu (II) 
and Co (II) at pH 5 and 7, respectively. Nanocellulose/
MOF composite with super magnetic features has been 

successfully prepared to uptake lead ions from aqueous 
environments [133]. Adsorption experiments revealed 
the excellent adsorption behaviors of the resulting nano-
cellulose composite toward Pb (II) ions, with a maxi-
mum adsorption capacity of 558.66 mg/g under well-
optimized conditions of temperature pH, contact time, 
and so on. This high adsorption capacity was attributed 
to the dual effect of CNC and MOF in improving the 
surface area of the composite and the abundant hydroxyl 
and carboxyl groups possessing free electron pairs that 
react with Pb (II) through coordinative bonding. Moreo-
ver, regeneration tests confirmed the high stability of 
the composite after five adsorption–desorption cycles. 
On the other hand, Liang et al. [134] reported the con-
ception of chemically cross-linked cellulose nanocrys-
tal aerogels by directional freeze-drying of cellulose 
nanocrystals (CNCs) poly(methyl vinyl ether-co-maleic 
acid) (PMVEMA) and poly(ethylene glycol) (PEG) for 
methylene blue dye removal. From the advantages of the 
extremely porous structure, enhanced thermal stability, 
and improved dye adsorption capacity, CNC aerogels are 
attractive options for removing cationic dye from aque-
ous solutions. Aerogel with 25% cellulose nanocrys-
tals displays the highest adsorption capacity, with a 
maximum of 116.2 mg/g, which can be conserved after 
five cycles of regeneration and reuse. Recently, Thorat 
et al. [135] have investigated the modification of bac-
terial nanocellulose with different amounts of cationic 
polyethyleneimine-rich amino groups for the removal of 
anionic dyes from wastewater, namely, congo red and 
reactive red 120. Bacterial nanocellulose was firstly gen-
erated from Komagataeibacter strain PG2 followed by the 
crosslinking of the PEI on its three-dimensional surface 
using epichlorohydrin. It was observed that the adsorp-
tion capacity increased as the PEI content in the adsor-
bent was increased. The ratio of BC:PEI at 1:6 displayed 
higher adsorption and dye removal efficiency, with maxi-
mum adsorption capacities of 515.46 and 300.3 mg/L for 
congo red and reactive red 120, respectively, which may 
be ascribed to its high surface area compared to other 
composites and pure bacterial nanocellulose. In addition, 
the adsorption capacity of the composite was found to be 
dependent on the pH of the dye solution. The bacterial 
nanocellulose composite has a high adsorption capacity 
for both dyes at acidic pH, as it is positively charged in 
this pH range, which promotes electrostatic interactions 
between it and the negatively charged surface of dyes. 
Adsorption isotherms and kinetics show that the adsorp-
tion process of anionic dyes fitted with the Langmuir 
and pseudo-second-order kinetic models, suggesting that 
the adsorption is monolayer and occurs through chem-
isorption. The composite shows also high bactericidal 
behaviors against Escherichia coli and Staphylococcus 
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aureus with more than 99.9% efficiency. The presence of 
cationic PEI on the outer surface of the bacterial nano-
cellulose initiates electrostatic interactions between the 
bacteria and the adsorbent, causing damage to the mem-
brane and consequently leading to leakage of cellular 
constituents. The mechanism of death of bacteria by 
adsorption or photocatalysis has been well described in 
our previous review [34]. Nanocellulose-based compos-
ites were also used for the removal of persistent pharma-
ceutical compounds from sewage, a vacuum freeze dryer 
has prepared bilayer amino-functionalized cellulose 
nanocrystals/chitosan composite for diclofenac sodium 
(DS) adsorption from aquatic media [136]. The result-
ing CNC-ED@CS-ED composite with more wrinkles 

and a rougher surface (Fig. 9) displays high adsorptive 
performances toward anti-inflammatory drug (DS), with 
a maximum adsorption capacity of 444.44 mg/g, con-
firming the most relevant role of the amino groups in 
improving the adsorption behaviors of the composite, 
providing additional active sites on its external surface 
for more beneficial capturing of DS molecules. Moreo-
ver, the authors suggested that DS adsorption can occur 
through acid–base or hydrogen bond interactions. Chen 
et al. [137] investigated the synergistic effect of adsorp-
tion and photocatalysis of cellulose/GO/TiO2 for meth-
ylene blue removal. A highly 3D porous network struc-
ture was obtained through a simple one spot method, 
resulting in a high degradation rate and reproducible 

Fig. 9   SEM micrographs of the bilayer amino-functionalized cellulose nanocrystals/chitosan composite [136]
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performances upon photodegradation of methylene blue 
dye under UV light irradiation. About 93% of the dye 
was removed after 120 min of irradiation. The authors 
ascribed the outstanding removal efficiency of MB to 
the porous structure of the cellulosic hydrogel, which 
supplies additional active sites and enhances the surface 
adsorption of reactive species onto the surface of the 
composite photocatalysts, and to the synergistic effects 
between the GO sheets and TiO2 that promotes interfacial 
charge transfer and prevents electron–hole recombination 
phenomenon.

5 � Hemicellulose‑based composites 
for wastewater purification

5.1 � Hemicellulose extraction from lignocellulosic 
biomass

Hemicellulose term was initially used to refer to the 
alkali-soluble polysaccharides of the wall. Its princi-
pal function is the crosslinking of cellulose fibrils with 
the lignin matrix. Both cellulose and hemicellulose are 
commonly known as holocellulose. Hemicellulose con-
sists of short chains of different heteropolysaccharides 
such as pentoses (xylose, arabinose), hexoses (galactose, 
glucose, rhamnose), and sugar acids (glucuronic acid, 
4-O-methyl-d-glucuronic acid) that are held together 
by β-(1,4)- and/or β-(1,3)-glycosidic bonds [105, 138, 
139]. Compared to cellulose, hemicellulose is a short-
chained matrix with a lower degree of polymerization, 
amorphous structure, and high degradation, especially 
in acidic media (Fig. 10). Typically, the hemicellulose 
content depends on the lignocellulosic biomass sources, 
and herbaceous plants are always rich in hemicellulose 
[140]. The principal hemicellulose constituents in hard-
wood are O-acetyl-4-O-methylglucurono-b-d-xylan, also 
known as glucuronoxylans. While in softwood, the main 

hemicelluloses are O-acetyl-galactoglucomannans [141]. 
Hemicellulose may be separated from lignocellulosic 
biomass through various approaches, namely, acid or 
alkaline pretreatment, ionic liquid extraction, liquid hot 
water extraction, precipitation through supercritical CO2, 
etc., while the ionic liquid method permits to obtain of 
hemicellulose with high purity [120, 142, 143].

5.2 � Hemicellulose‑based composites 
for wastewater purification

Due to its high hydrophilicity resulting from the avail-
ability of a large number of hydroxyl groups on its outer 
surface and the structural versatility, several varieties 
of hemicellulose derived from different plants are used 
for the preparation of hydrogel, for the elimination of 
pollutants from wastewater [141]. In this context, Sun 
et al. [144] have successfully prepared a hemicellulose-
g-poly(sodium acrylate) porous hydrogel to remove 
methylene blue dye from an aqueous solution. The hydro-
gel was synthesized using wheat straw hemicellulose and 
calcium carbonate as porogen by a free radical polym-
erization approach. Hemicellulose with 80.4% of xylose 
and 12.5% of arabinose was first isolated from wheat 
straw fibers through alkaline treatment using 10% KOH 
at room temperature and then undergoes a free radical 
polymerization in the presence of CaCO3, N,N-methyl-
enebisacrylamide crosslinker, sodium acrylate solution 
in alkaline medium. After hydrogel formation, CaCO3 
washed the hydrogels with diluted acid, resulting in a 
highly porous interconnected structure. Indeed, it was 
observed that the number of interconnected pore chan-
nels in the hydrogel increased with increasing calcium 
carbonate content. Adsorption results revealed that the 
developed hemicellulose-g-poly(sodium acrylate) porous 
hydrogel showed high adsorption capacity under well-
defined conditions of initial dye concentration, contact 
time, and temperature. The hydrogel shows a maximum 

Fig. 10   Chemical structure of 
hemicellulose
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adsorption capacity of 1280 mg/g at only 4 h when the 
temperature reaches 70 °C. The adsorption behaviors of 
the hydrogel also increased by increasing the amount of 
calcium carbonate, which is expected since a high amount 
of CaCO3 leads to high porosity and, therefore, a large 
surface area promoting the diffusion of dye molecules 
into the hydrogel pores. Moreover, adsorption kinetics 
show that the adsorption of methylene blue on the hydro-
gels occurs through a chemisorption process involving 
the exchange or sharing of electrons between methyl-
ene blue and the functional groups on the HC-g-PSA 
hydrogels. Similarly, a magnetic nanocomposite hydrogel 
adsorbent was also synthesized to uptake methylene blue 
dye from aqueous environments [145]. Fe3O4-modified 
xylan/poly(acrylic acid) hydrogel with macroporous 
structure and interconnected porous channels displays 
high affinity towards the dye molecules, leading to the 
elimination of 96% of methylene blue with an initial con-
centration of 400 mg/L at an alkaline medium due to the 
high electrostatic interactions between the MB molecules 
charged positively and carboxyl groups in the external 
surface of the hydrogel charged negatively. Adsorption 
isotherm and kinetics studies revealed that the removal of 
MB molecules using the resulting hydrogel is monolayer 
adsorption controlled by chemisorption. Moreover, due to 
its high paramagnetic properties, the hemicellulose-based 
hydrogel can separate easily from solutions without being 

lossless. Hu et al. [146] successfully synthesized a hemi-
cellulose-graft-ploy acrylamide (hemi-g-pAAm) hydro-
gel for the adsorption of dye molecules from wastewater 
(Fig. 11). The macro-and microstructure of the resulting 
hydrogel promotes the diffusion of dye molecules onto 
the porous structure, leading to high adsorption capacity. 
More than 90% of methylene blue dyes, with an initial 
dye concentration of 500 mg/L, were removed in only 
40 min, suggesting the excellent adsorptive performances 
of the composite. The authors attributed the high adsorp-
tion capacity of the hydrogel also to the abundant car-
boxyl groups on its external surface, which promotes the 
sorption of dye molecules through electrostatic inter-
actions. Huang et al. [147] investigated the removal of 
copper ions from aqueous solutions using a three-dimen-
sional β-cyclodextrin adsorbent. It was observed that the 
macropores and the three-dimensional crosslink network 
structure of the resulting composite are responsible for 
its high adsorption capacity (107.37 mg/g). Adsorption 
isotherms and kinetics revealed that the adsorption of 
copper ions onto the hydrogel might result from ion-
exchange or chemical interactions between hydroxyl 
groups on the outer surface of the sorbent, already con-
firmed through FTIR analysis and Cu2+ ions. Hemicel-
lulose − chitosan adsorbents from coastal bermudagrass 
(CBG), pinewood (PW), and switchgrass (SG) have been 
successfully prepared for the removal of salts and heavy 

Fig. 11   A, C The macrostruc-
ture of the hydrogel before and 
after swelling. B, D The SEM 
micrographs of the hemicel-
lulose-graft-ploy acrylamide 
(hemi-g-pAAm) hydrogel [146]
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metals for water [148]. Hemicellulose was firstly iso-
lated from different lignocellulosic biomasses through 
alkaline treatment at 75 °C, grafted with genetic acids, 
and then cross-linked to chitosan biopolymer. The result-
ing hydrogels endowed with high porosity and excellent 
mechanical features were found to eliminate sodium chlo-
ride salts and heavy metals, including lead, copper, and 
nickel ions from water. Although hemicellulose-based 
composites have proven effective in removing organic 
and inorganic pollutants from polluted waters, their 
applications are usually restricted by their weak thermo-
stability, high swelling ability, brittle aspect, and weak 
mechanical features which require more attention and 
improvements to obtain highly efficient materials with 
large-scale applications.

6 � Lignin‑based composites from wastewater 
purification

6.1 � Lignin extraction from lignocellulosic biomass

After cellulose, lignin is the second most abundant organic 
polymeric material in the cell walls of lignocellulosic bio-
mass. It represents 20 to 30% of the carbon of the plant 
biomass and is responsible for the plant’s rigidity and 
hydrophobicity. From a definition point of view, lignin is 
a complex, amorphous, and non-linear phenolic polymer 
with a three-dimensional structural network of phenylpro-
pane units linked by ether bonds. These three phenylpro-
panoid units are p-coumaryl alcohol (H), guaiacyl, also 
known as monolignols coniferyl alcohol (G), and sinapyl 
alcohol (S) (Fig. 12) [149, 150]. The structural units of 
lignin are connected randomly through ether bonds and 
C–C bonds to produce a high molecular weight natural 
polymer with a 3D structure. The content and composi-
tion of lignin also vary across lignocellulosic biomass; 
softwoods are known to be the richest source of lignin, 
followed by hardwood and agricultural wastes [151]. 
Likewise, lignin is a low reactive, hydrophobic, and 

completely amorphous polymer. Its properties are close 
to plastic materials. The versatility of hydroxyl functional 
groups (aliphatic, phenolic, and carboxylic) makes lignin 
more attractive as a macromonomer for the synthesis of 
polymers and materials for various applications, includ-
ing wastewater treatment. The hydroxyl groups and free 
positions in the aromatic ring are the most characteristic 
functions of lignin, which determine its reactivity. Hence, 
lignin insulation from lignocellulosic biomass is achieved 
in various experimental conditions whereby lignin pol-
ymer is broken down chemically into small molecular 
weight fragments, each with different physico-chemical 
properties. The Kraft process, sulfite process, and soda 
process are the most used in the literature [152].

6.2 � Lignin‑based composites for wastewater 
purification

The presence of abundant active functional groups such as 
methoxy, carbonyl, and hydroxyl groups and huge aromatic 
rings in lignin materials facilitates their interaction with 
different types of pollutants in sewage through a hydro-
gen bond, hydrophobic, π–π, electrostatic, and many other 
interactions, making it more useful in wastewater treatment 
applications [153, 154]. Recently, Naseer et al. [155] exam-
ined the adsorption capacity of novel composites based on 
lignin, alginate, and hydroxyapatite towards heavy metals, 
namely, copper and nickel ions. The three compounds were 
designed in the form of beads for easy separation after 
the adsorption process through a very simple approach 
(mixing) followed by crosslinking by calcium chloride. 
The resulting beads, with different lignin ratios, showed 
high porosity and large surface area, which increased by 
increasing the lignin amount in the composite, indicating 
the role of lignin in improving the physicochemical of the 
composite. Likewise, adsorption experiments revealed the 
high efficiency of the composites toward both heavy metal 
ions. The adsorption capacity of the composite increased 
with increasing the amount of lignin in beads due to the 
abundant functional groups of lignin that provide more 

Fig. 12   Chemical structures of 
the three basic building blocks 
of lignin
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active sites, favoring, therefore, the uptake of the ions. The 
adsorption capacity of the composite was also dependent 
on different experimental parameters such as the sorbent 
dose, initial concentration, pH of the polluted solution, and 
contact time. Maximum adsorption capacities of 79.67 and 
71.18 mg/g with the initial concentration of 100 ppm at 
pH 5 at only 30 min and pH 7 after 60 min of contact 
time for copper and nickel ions, respectively. Kinetic and 
isotherm data confirmed that the adsorption of both ions 
onto the composite is monolayer occurred by chemisorp-
tion. In contrast, the reusability test confirmed the high 
stability of the adsorbent after four adsorption–desorp-
tion cycles, suggesting its high adsorptive performance. 
Nair et al. [156] also used lignin to modify the physico-
chemical of chitosan to eliminate chromium metal ions 
and dyes (Remazol Brilliant Blue R and anthraquinone 
dyes) from aqueous environments. The authors used the 
same preparation method previously described, except that 
in this case of chitosan hydrogel, the crosslinking is usu-
ally made by sodium hydroxide solution. Indeed, different 
composites with different lignin ratios were prepared to 
evaluate the role of lignin in the physicochemical proper-
ties and the adsorptive behaviors of the composite. FTIR 
analysis revealed high interactions between aromatic rings 
and hydrogen bonds of lignin and amine groups and β-1,4-
glycosidic linkage of chitosan, respectively, and during 
the composite preparation, which was also confirmed by 
SEM micrographs (Fig. 13). In addition, the presence of 

lignin increases the pore volume, surface area, and ther-
mal stability of the composite compared to pure chitosan 
hydrogel. These improvements play an important role in 
improving the adsorption capacity of the resulting com-
posites. Indeed, chitosan-alkali lignin composite with a 
high amount of lignin (50%) exhibited excellent adsorp-
tion capacity toward all pollutants due to the strong elec-
trostatic interactions of large, protonated amine hydroxyl 
aromatic rings of the composite with the anion of dyes and 
HCrO4

– ions. Li et al. [157] also investigated the removal 
of lead ions using a three-dimensional highly porous ligno-
sulfonate-based graphene hydrogel. The synthesis process 
occurred through electrostatic interaction, hydrogen bonds, 
and π–π interaction between graphene oxide nanosheets 
and lignin functional groups. Results show that the result-
ing composite exhibited high lightness, large surface area, 
high porosity, abundant active sites, and, therefore, excel-
lent adsorption capacity for lead ions with a maximum of 
1308 mg/g within only 40 min. Moreover, it can be regen-
erated and reused for many adsorption–desorption cycles. 
The authors attributed this high efficacity to the dual effect 
of both materials. On the other hand, Gassara et al. [158] 
have reported using a hydrogel composite composed of a 
mixture of lignin peroxidase and laccase, pectin, manga-
nese peroxidase, and polyacrylamide for the biodegrada-
tion of bisphenol A. High degradation of bisphenol A was 
observed using the composite in contrast with neat materi-
als. 90% of bisphenol A was degraded after a contact time 

Fig. 13   SEM micrographs of 
chitosan-lignin composite with 
different ratios [156]
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of 8 h. The authors suggest that pectin is responsible for 
this high biodegradation. The greatest polymer protecting 
the ligninolytic enzymes from inactivity is pectin, cover-
ing the enzymes' catalytic sites. Lignin was also used as 
support for photocatalysts to reduce their agglomeration 
and improve their affinity toward different contaminants. 
In this context, Srisasiwimon et al. [159] reported the syn-
thesis of a TiO2/lignin-based carbon composite to convert 
lignin to high-value products under UV light irradiations. 
The photocatalyst was immobilized into the lignin support 
through a sol–gel microwave approach. SEM micrographs 
show that a TiO2/lignin ratio of 1:1 is sufficient to prevent 
the agglomeration of nanoparticles after their preparation. 
The crystallite size of the composite decreased from 18 
to 6 nm after lignin was loaded. The surface area of the 
resulting composite increased with increasing the lignin 
content until it reached a maximum at the ratio of 1:0.5 and 
then decreased, but in general, the results remain satisfac-
tory. Photocatalytic tests revealed that the composite with 
0.5 lignin exhibited high photocatalytic activity due to its 
high porosity, large surface area, and reduction of charge 
recombination. Lignin was successfully converted into but-
ylated hydroxytoluene, vanillin, 4-hydroxybenzaldehyde, 
acetovanillone, and benzoic acid with a high yield. Khan 
et al. [160] investigated the photodegradation of benzyl 
alcohol under both UV and visible light irradiations using 
a series of nanocomposites with different weight ratios 
based on titania, chitosan, and lignin. The photocatalysts 
were prepared through two successive steps: impregnation 
and hydrothermal. Typically, homogeneous solutions of 
chitosan and lignin were first prepared, to which differ-
ent amounts of titanium were added. The resulting solid 
was then hydrothermally treated and then recovered for 
use in the degradation of benzyl alcohol. Results reveal 
that the thermal stability as well as the surface area of 
the nanocomposites improved compared to neat chitosan, 
neat lignin, and composites without titanium dioxide. In 
fact, the surface area of the photocatalysts increased with 
increasing the amount of TiO2, until reaching a maximum 
and then slightly decreased. This enhancement in the sur-
face area of composites after TiO2 impregnation was ben-
eficial to enhance its adsorption and photocatalysis capaci-
ties either under UV and visible light irradiations since the 
chitosan/lignin composite might act as a radical scavenger 
and thus inhibit undesirable overoxidation to take place. 
However, the titanium dioxide used in this study was a 
mixture of anatase and brookite phases; the results could 
be more important if the titanium dioxide was a mixture of 
anatase and rutile phases known as the most recommended 
forms of titanium for photocatalysis applications due to 
their higher photocatalytic activity [161].

7 � Biochar derived from lignocellulosic 
biomass

Lignocellulosic biomass is an ideal raw material as a 
carbon precursor due to its high carbon content. It can be 
easily exploited to produce carbonaceous materials such 
as biochar, hydrochar, or activated carbon [20]. First, it 
was found more interesting to highlight the difference 
between these three types of carbon materials. True, 
they are made initially from lignocellulosic biomass and 
almost have the same composition, but the way they are 
produced is different [162, 163]. Biochar and activated 
carbon were made using pyrolysis (e.g., slow, fast, or 
flash pyrolysis), while hydrochar, as its name implies, is 
produced through hydrothermal carbonization. Indeed, 
biochar and activated carbon are carbon-rich solids 
derived from different lignocellulosic biomasses and pro-
duced in a limited oxygen environment. The difference 
between them is that activated carbon is biochar modi-
fied with acid, alkaline, or other treatment to increase its 
surface area porosity for effective contaminants removal. 
In the rest of this paper, we will focus on biochar and 
activated carbon, as they have proven their effectiveness 
in purification and remediation applications.

7.1 � Biochar preparation, and physicochemical 
properties

Biochar is a carbon-rich product consisting of carbon 
black, inorganic compounds (Mg, Ca, Zn, Si, etc.), and 
other carbon-based products obtained through biomass 
pyrolysis. The conditions of its formation are similar to 
those of charcoal production in a forest fire or during the 
carbonization process in traditional charcoal kilns. More 
specifically, biochar is obtained by the thermal degrada-
tion of biomass residues in the absence of oxygen and 
at high temperatures generally ranging between 350 
and 1000 °C [164]. The structure of biochar typically 
reflects the original structure of the used biomass with 
only minor changes in hydrogen and oxygen. It consists 
of a honeycomb structure resulting from the conversion 
of cellulose, hemicellulose, and lignin into aromatic car-
bon (Fig. 14). More particularly, biochar is made up of 
aromatic compounds comprising organized zones in the 
form of graphitic planes linked by Van der Waals bonds 
[165]. Pyrolysis is the most common and promising way 
to convert lignocellulosic biomass into biochar. By operat-
ing parameters, including temperature, heating rate, and 
residence time, pyrolysis can be classed as slow, fast, and 
flash pyrolysis. The pyrolysis process consists of biochar, 
liquid, and volatile fractions. Slow pyrolysis resulted in a 
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high biochar yield with high porosity compared to other 
pyrolysis processes [166]. The physicochemical properties 
of biochar are also dependent on the processing param-
eters and the kind of raw biomass, but generally, biochar 
derived from different lignocellulosic biomasses shows 
high porosity, excellent surface area, and a high degree of 
surface reactivity, which promotes the pollutant's adsorp-
tion [167, 168]. Thus, to achieve better biochar adsorp-
tion performance, many physical and chemical activation 
methods have been proposed in the literature, namely, 
alkaline activation, acid activation, oxidation, ball-milling, 
aromatic condensation, and so on [169–173]. However, 
the excess of such treatments may cause damage to the 
honeycomb structure of the biochar and the destruction of 
its crystalline lattice. Therefore, moderate concentrations 
of activators and optimal working conditions are more 
advised to achieve the required characteristics.

7.2 � Biochar‑based composites for wastewater 
purification

Biochar from different lignocellulosic biomasses has already 
been used to uptake various types of contaminants from 
wastewater due to its fascinating features, including high 
porosity, large surface area, abundant functional groups, low 
cost, and high affinity toward pollutants as a result of many 
mechanisms. Thus, new biochar-based composites can be 
made by modifying the biochar or loading it with high-effec-
tive nanoparticles known for their high efficiency towards 
pollutants [174, 175]. In this regard, Leichtweis et al. [176] 
developed a new biochar-ZnO composite for acid red 97 
dye removal through the synergistic effect of adsorption and 
photocatalysis processes. Biochar derived from pecan nut-
shells via slow pyrolysis was loaded with different amounts 
of zinc oxide ranging between 5 and 20% to prevent the 
aggregation of ZnO nanoparticles during the photocatalysis 

process. Textural results revealed an increase in the surface 
area of biochar composite compared to pristine ZnO. It is 
proportional to the increase of the ZnO amount on the sur-
face of the biochar. This enhancement improves the adsorp-
tion behaviors of the composite and, therefore, enhances its 
photocatalytic activity. Complete dye removal was achieved 
with the newly developed photocatalyst within only 67 min 
of reaction time and at neutral conditions, suggesting the 
success of the preparation method and the treatment process. 
Furthermore, the composite exhibited great reuse features; it 
remains stable after 8 cycles, with a slight decrease (10%) in 
the ninth cycle, which implies the saturation of some active 
sites by intermediate components resulting from the pho-
todegradation of the dye. Eltaweil et al. [177] investigated 
the preparation of a mesoporous magnetic biochar compos-
ite for malachite green dye adsorption from polluted water. 
The magnetic biochar composite was prepared through the 
reduction method. Typically, biochar derived from corn 
straw fibers was obtained using the pyrolysis process under 
an N2 atmosphere. Before pyrolysis, the raw corn straw fib-
ers underwent alkaline treatment with sodium hydroxide 
to enhance the physicochemical properties of the resulting 
biochar for higher adsorption capacity. The biochar was 
loaded with zero-valent iron nanoparticles (nZVI) under 
alkaline conditions, resulting in a highly porous compos-
ite with improved surface area. The biochar composite also 
displays better hydrophilicity and great affinity towards dye 
molecules. Indeed, 99.9% of MG dye was eliminated after 
only 20 min of reaction time, confirming the high reactivity 
of the resulting biochar composite compared to neat bio-
char. The authors attributed this high elimination rate in a 
short time to both adsorption and oxidation mechanisms. 
Likewise, after seven runs, the biochar composite possessed 
good reusability and could be easily separated from an aque-
ous solution by an external magnetic field. Similarly, Iqbal 
et al. reported using nano-zerovalent manganese/biochar 

Fig. 14   Biochar structure [162]
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composite for anionic dye removal [178]. Results show that 
the resulting biochar composite was found able to eliminate 
95% of persistent anionic in the presence of hydroxide oxy-
gen due to the formation of highly reactive hydroxyl radi-
cal that attacks amine groups, N–N double bond, and SO3 
group of congo red dye, leading to their mineralization into 
the water, carbon dioxide and some minerals. Abdul et al. 
[179] prepared biochar-graphene nanosheet composites for 
phthalic acid esters adsorption. The composites were suc-
cessfully synthesized through a simple dip-coating method, 
followed by slow pyrolysis at different temperatures between 
300 and 700 °C to evaluate the effect of temperature pyroly-
sis on the physicochemical feature of biochar. The resulting 
composites were found to exhibit greater porosity and higher 
surface area than biochar and increased phthalic acid ester 
adsorption capacity, thereby indicating the contribution of 
graphene nanosheets in the enhancement of biochar adsorp-
tion behaviors.

8 � Conclusion and future perspectives

During the last decades, lignocellulosic biomass has raised 
a lot of attention as one of the most abundant and renewa-
ble sources on earth for use in environmental applications, 
especially in wastewater purification. Lignocellulosic bio-
mass originated from plants and vegetable residues is a 
sustainable and plentiful resource that can be valorized 
and used as robust material for eliminating different pol-
lutants from sewage, including organic pollutants, heavy 
metals, inorganic compounds, and microorganisms. This 
review represents the recent development in composites 
derived from lignocellulosic biomass for wastewater puri-
fication, including cellulosic-based composites, hemicel-
lulose-based composites, lignin-based composites, and 
biochar-based composites. Specific characteristics for spe-
cific pollutants endow each type. But, in general, based on 
the fascinating data reported in this work, all composites 
exhibited high performance and improved physicochemi-
cal features compared to raw lignocellulosic biomass, 
making them more suitable for wastewater applications. 
Thus, it was necessary to highlight that there are more 
requirements that should be addressed in future research 
to get more relevant results as well as to scroll towards 
the large scale:

–	 Most of the published work deals with single-pollutant 
laboratory wastewater treatments, rather than actual 
industrial wastewater that contains a mixture of organic, 
inorganic, and even biological contaminants. Conse-
quently, there needs to be an effort to investigate the 
adsorption performance of composites derived from lig-
nocellulosic biomass in real industrial effluents. A first 

attempt would be a pilot-scale treatment of industrial 
wastewater or at least simulated wastewater containing 
several pollutants that imitate existing industrial waste-
water.

–	 When regenerated, most cellulose-based hydrogels tend 
to lose sorption properties, therefore, it is important to 
explore the possibilities of improving the stability of the 
materials after several uses through chemical, physical, 
or other treatments. Likewise, biomass-derived hydrogels 
consistently suffer from swelling, poor thermal stabil-
ity, and pH sensitivity (acid media), so many efforts are 
required to overcome these challenges.

–	 Rare are the publications that provide clearance and con-
crete mechanisms during the removal of different con-
taminants using composites derived from lignocellulosic 
biomass. Hence, further investigations, both theoretical 
and experimental, are needed to understand the mecha-
nisms of adsorption that may possibly help to identify 
the most appropriate and feasible one. Using artificial 
intelligence/ machine learning to predict the phenomenon 
involved during the uptake of pollutants from wastewater 
could be a very interesting approach.
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