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ABSTRACT: Cellulose-based materials have emerged as promising biomaterials for advanced water remediation
technologies due to their bioavailability, non-toxicity, biocompatibility, hydrophilicity, and ease of chemical modifi-
cation. Cellulose can be prepared in multiple forms, including nanomaterials such as cellulose nanofibrils (CNFs),
cellulose nanocrystals (CNCs), and electrospun nanofibers. The abundant surface functional groups, such as hydroxyl
and carboxyl groups, enable chemical tailoring, grafting, and composite formation with organic and inorganic
additives, including metal-organic frameworks (MOFs), carbon-based materials, and metal oxide nanoparticles.
These modifications enhance pollutant removal through adsorption, catalysis, and antimicrobial activity, enabling the
treatment of heavy metals, dyes, pharmaceuticals, pesticides, oils, and microbial contaminants. Cellulosic materials can
be engineered into diverse structures such as membranes, aerogels, filters, papers, and foams. This review discusses
two major approaches for water remediation: cellulose-based systems—including smart composites, MOF-integrated
materials, photocatalytic membranes, and chemically modified derivatives—and nanocellulose-based systems utilizing
CNE, CNC, electrospun fibers, and bacterial cellulose for efficient pollutant removal. Future work should focus on
developing cellulose-based materials containing both anionic and cationic groups, as well as advancing cellulose-MOF
composites with higher surface area and lower density to improve adsorption efficiency.
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1 Introduction

Water is indispensable for all forms of life, yet the scarcity of safe freshwater has made pollution
one of the most pressing global environmental challenges. Industrialization and population growth have
contributed significantly to the deterioration of water quality, generating large volumes of contaminated
wastewater. The United Nations’ Global Water Development Report estimates that nearly two million tons of
waste are produced daily from industrial activities, including chemical discharges, sewage, and mining by-
products, while agricultural practices add further stress through the release of fertilizers and pesticides into
water bodies [1]. Consequently, polluted water often contains hazardous organic and inorganic contaminants
such as heavy metals, dyes, phenols, pesticides, and insecticides [2]. Prolonged exposure to these pollutants
has been linked to severe health outcomes, including respiratory and cardiovascular diseases, kidney failure,
and reduced life expectancy [3]. To address these concerns, several remediation techniques have been
employed before wastewater discharge, including reverse osmosis [4], photodegradation [5], coagulation [6],
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filtration [7], and adsorption [8] (Table 1). Among these, adsorption stands out as an efficient and cost-
effective strategy adaptable to diverse contaminants, though its effectiveness is highly dependent on the
choice of adsorbent materials.

Table 1: Comparison of wastewater treatment techniques.
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low-cost and and regeneration . equipment
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simple to operate

In recent years, polysaccharide-based composites have emerged as promising sustainable adsorbents
for water remediation [9]. Polysaccharides are natural, biodegradable, and abundantly available biopolymers
with a high density of functional groups, making them easily modifiable for the design of tailor-made

adsorbents [10]. Their eco-friendly nature and versatility have positioned them as viable alternatives to

conventional synthetic adsorbents. Previous research has demonstrated the successful application of polysac-
charide composites such as cyclodextrin [11], chitosan [12], and cellulose [13] in removing a wide range of
pollutants from wastewater. However, despite these advances, further studies are required to optimize their
performance, improve adsorption efficiency, and assess their practicality under real-world environmental



] Renew Mater. 2026;14(6):4 3

conditions. These efforts are critical for advancing polysaccharide-based composites as sustainable materials
capable of contributing to long-term water quality protection and environmental health.

Cellulose as a Renewable Biopolymer for Water Remediation

Cellulose is a long, straight-chain polysaccharide distinguished by its tasteless, odorless, and hydrophilic
nature [14]. Although generally insoluble in water and many inorganic solvents, cellulose is biodegradable,
renewable, and environmentally benign, which makes it particularly attractive for sustainable applications.
Structurally, cellulose consists of repeating units of D-anhydroglucopyranose connected by p-1,4-glycosidic
bonds, with varying degrees of polymerization leading to the formation of organized microfibrils. Each
repeating unit contains three hydroxyl groups, which provide abundant reactive sites for chemical mod-
ification and enable the preparation of a wide range of cellulose derivatives through well-established
alcohol chemistry.

In recent years, cellulose and its derivatives have been widely investigated for wastewater remediation
due to their availability, low cost, and tunable surface chemistry. Modified cellulose materials including
hydrogels, nanocellulose, and cellulose-based composites have demonstrated remarkable adsorption capa-
bilities toward heavy metals, dyes, and organic pollutants [15-17]. For instance, cationic cellulose derivatives
have achieved high adsorption capacities for anionic dyes in real wastewater systems, while cellulose-
based nanofiltration membranes have removed over 98% of methylene blue with excellent re-usability [17].
Reinforced cellulose filter papers have also shown simultaneous removal of dyes and oil emulsions with
>99% efficiency and improved stability [18]. Despite these advances, most studies have been limited to
laboratory conditions, single-pollutant systems, or high-cost modification processes, which constrain large-
scale application. Therefore, further research is required to optimize cellulose-based adsorbents, enhance
their performance under realistic wastewater conditions, and design eco-friendly composites with practical
applicability. This review focuses on recent advances in water remediation using nano-cellulosic materials.
It highlights two key strategies: smart cellulose composites and cellulose-based metal-organic framework
(MOF) composites. It also examines the application of various nanocellulose forms—including CNF,
electrospun CNF, CNC, and bacterial cellulose—for removing different water contaminants.

2 Cellulose Nanomaterials (Nanocellulose)

In the hierarchical structure of cellulose, the crystalline regions formed by tightly packed lignocellulosic
domains confer strength and rigidity, while the amorphous regions provide flexibility to the biomass [19].
Nanocelluloses can be isolated from native cellulose in both crystalline and fibrous forms, with dimensions
in the nanometer range and diameters typically below 100 nm [20]. Owing to their superior mechanical,
optical, and chemical properties at the nanoscale compared to bulk cellulose, nanocelluloses are considered
ideal materials for advanced applications [21]. Depending on the isolation method, cellulose nanomaterials
are generally categorized into four classes: electrospun cellulose nanofibers, cellulose nanofibrils (CNFs),
cellulose nanocrystals (CNCs), and bacterial nanocellulose (BNC).

2.1 Electrospun Cellulose Nanofibers

Electrospinning is a promising technique for producing cellulose nanofibers with diameters ranging
from 100 nm to several micrometers [22]. In this process, a high voltage overcomes surface tension, drawing
the polymer jet toward a grounded collector where it solidifies into interconnected fibers. However, direct
electrospinning of cellulose remains challenging due to its poor solubility and difficulty in melt processing,
often requiring chemical modification or dissolution in specialized solvents.
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2.2 Cellulose Nanofibrils (CNFs)

Cellulose nanofibrils consist of flexible fibrils with diameters in the nanometer range and lengths on the
micrometer scale, forming a highly entangled network structure [21]. Similar to microfibrillated cellulose,
CNFs contain both crystalline and amorphous domains [23]. They can be produced using several mechanical
disintegration techniques, including ultrafine grinding, high-pressure homogenization, ball milling, and
ultrasonication [23]. Among these, ball milling is frequently employed due to its simplicity and scalability,
though it requires high energy input and can be costly [24,25]. To address these limitations, pretreatments
such as acid hydrolysis, oxidation, or enzymatic treatment are often applied to weaken hydrogen bonding
and disrupt amorphous regions, thereby reducing energy consumption during fibrillation [26,27].

2.3 Cellulose Nanocrystals (CNCs)

Cellulose nanocrystals (CNCs), also known as nanowhiskers, are rod-like nanoparticles typically
1-50 nm in width and a few hundred nanometers in length, depending on the source material [28].
Compared to CNFs, CNCs possess higher crystallinity, greater surface area, and superior mechanical and
liquid-crystalline properties [29]. Several techniques are used for their isolation, including acid hydrolysis,
subcritical water hydrolysis, and ionic liquid treatment [30]. Among these, acid hydrolysis with strong acids
such as sulfuric, hydrochloric, or phosphoric acid remains the most common method due to its efficiency,
though it often requires careful optimization to balance yield and stability [31,32].

2.4 Bacterial-Based Cellulose

Bacterial cellulose (BC) is a highly pure form of cellulose produced by microorganisms such as
Acetobacter xylinum and Gluconacetobacter xylinus [33]. The diameter of BC fibers typically ranges from 25
to 45 nm, with variations depending on bacterial strain and incubation conditions [34]. BC exhibits a unique
three-dimensional nanofibrillar network, characterized by high crystallinity, a high degree of polymerization,
excellent mechanical strength, and remarkable water-holding capacity. These attributes make BC particularly
attractive for biomedical, food packaging, and wastewater remediation applications [35].

3 Nanocellulose-Based Composites for Water Remediation

Nanocellulosic materials have emerged as sustainable and efficient components for water remediation
due to their abundance, renewability, biodegradability, and low environmental impact. In hybrid systems,
nanocellulose serves both as an active adsorbent and as a structural support, offering advantages such as
high dispersibility, hydrophilicity, mechanical strength, and adaptable morphology [36]. Their incorpora-
tion into composites enhances surface area and promotes stronger interactions between active sites and
pollutants, resulting in improved adsorption performance [37]. However, unmodified nanocellulose shows
limited efficacy, necessitating chemical functionalization such as TEMPO-mediated oxidation, esterification,
or amination to improve adsorption efficiency, mechanical stability, and reusability [38]. Additionally,
nanocellulose-based membranes exhibit suitable pore structures, antifouling behavior, and high selectivity
toward heavy metals and organic contaminants, making them promising candidates for advanced water
purification [39].

3.1 Smart Cellulose Composites

Smart stimuli-responsive adsorbents can switch their structure or surface chemistry when exposed to
triggers such as pH, temperature, light, magnetic fields, or ions. This reversible behavior influences both
adsorption kinetics and thermodynamics. Kinetic effects such as structural changes (e.g., swelling, pore
opening, or surface charge switching) can alter diffusion rates of pollutants into the adsorbent [40-42].
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When the material is in its “active” state, larger pore volume or increased hydrophilicity can increase
mass-transfer rates and accelerate adsorption. In the “inactive” state, collapsed chains or reduced surface
accessibility slow down diffusion and reduce the rate constants. Thermodynamic effects, such as stimuli-
induced changes in functional group availability or charge distribution, can modify binding energies between
adsorbent and pollutant. This influences the equilibrium constant (K), meaning adsorption capacity may
increase or decrease depending on whether the stimulus favors stronger or weaker interactions. Because the
response is reversible, the system can shift between thermodynamically favorable and less favorable states
without permanently altering the material. Overall, the controllable and reversible nature of these adsorbents
allows external stimuli to adjust adsorption rate, capacity, and equilibrium behavior in real time [43-46].
A key advantage is their easy recovery by simply altering the applied stimulus, which supports recyclability
and cost-effectiveness. Their high water retention capacity enhances contaminant interaction, while their
mechanical strength allows multiple regeneration cycles without structural degradation [47].

3.1.1 Applications of Smart Cellulose Adsorbents in Water Treatment

pH-Stimuli Responsive Nano-Cellulose Adsorbents

pH-responsive nanocellulose composites are smart materials whose physicochemical properties can
reversibly change with solution pH [48]. Typically, they are synthesized by grafting or integrating polyelec-
trolytes containing ionizable acidic and basic moieties into the cellulose matrix [40]. These functional groups
undergo protonation and deprotonation in response to pH variations, leading to changes in surface charge,
hydrophilicity, and polymer conformation [49,50]. Such transitions can manifest as swelling, deswelling,
chain collapse, or extension, which directly influence adsorption behavior [40,42]. These pH-induced struc-
tural and conformational changes have been demonstrated in several studies where smart pH-responsive
cellulose composites were synthesized for water treatment applications. In water remediation, pH-responsive
nano-cellulose composites have demonstrated efficient removal of various pollutants, including dyes [40,41],
oil/water separation [42], inorganic ions [51], fertilizer [52] (Table 2). Tian et al. [41] produced lysine-grafted
porous cellulose foams incorporating glycidyl methacrylate, which provided amino and carboxyl groups
responsible for pH responsiveness. The resulting Cell-g-PGMA-Lys adsorbent showed high capacities for
removing both cationic methylene blue (1077.9 mg/g) and anionic reactive brilliant red X-3B (1210.7 mg/g)
from wastewater. The kinetic and isothermal adsorption proved that dyes have been adsorbed in a single
layer on Cell-g-PGMA-Lys, depending on the electrostatic interaction between the adsorbent membrane and
adsorbate material. Similarly, Cheng et al. [42] developed two cellulose-based membranes with reversible
pH-responsive wettability by grafting acrylamide and acrylic acid onto eucalyptus pulp, enabling effective
oil-water separation due to their hydrophilic or hydrophobic behavior under different pH conditions.

Table 2: Applications of the stimuli-responsive cellulose composites in water remediation.

Analyte Class of Stlmuh-Resp.onswe Stimulus Performance Parameters Reference
Analyte Composite
Maximum adsorption was
100 mg/g for Acid Orange II at
Methylene' Anionic and Carboxymethyl pH: w1th1.n five cyc?es, having a
Blue and Acid cationic dves cellulose/Chitosan hydrogel pH desorption rate higher than [40]
Orange II 4 yarog 90%. At pH 11, and 20 mg/g for

Methylene Blue, having
desorption rate reaching 95%

(Continued)
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Table 2 (continued)

Class of Stimuli-Responsive .
Analyte Analyte Composite Stimulus Performance Parameters Reference
Methylene . Max1mum dye adsorption
blue and pH-responsive capacity of 1077.9 mg/g and
- Dyes L-lysine-grafted cellulose pH 1210.7 mg/g, for methylene blue [41]
Brilliant red -
X.3B porous foams and brilliant red X-3B,
respectively
. Grafted polyacrylic acid
QOil-water Hydroph111.C— (PAA) and grafted )
. hydrophobic . pH [42]
separation surface polyacrylamide (PAM) onto
eucalyptus pulp cellulose.
. Cellulose micro- Adsorption capacities of
Methyl violet filaments/poly(N- PH and 840.3 mg/g and 497.5 mg/g for .
and methylene Dyes . . ; [47]
blue Isopropylacrylamide-co-acrylic temperature methyl violet and methylene
acid) spheres blue, respectively
Hydrogel result from reacting
Methylene ) of activated carboxymetbyl Redox._ Adsorption capacity of reached ,
Organic dyes cellulose nanocrystals with responsive [49]
blue . . . 756 mg/g at pH 11
l-cysteine generating amide hydrogel
bonds.
Cellulose nanocrystals
Nitrate ions o (CNCs)-grafted and block PH and )
(NO.") Inorganic ions copolymers of femperature [51]
: 2-dimethylaminoethyl
methacrylate
pH-responsive .
Urea Fertilizer nano-cellulose/sodium pH Water adsorption of 100 mlg/g [52]
. and Surface area of 45.25 m"/g
alginate/MOFs
Oil-water Hydrophﬂl.c— . Grafted . )
. hydrophobic ~ N-isopropylacrylamide onto ~ Temperature [53]
separation
surface bagasse pulp
Hydrophilic- Exfohate?d bentonite (B.Tex) Maximum adsorption capacity
. . and Ti; C, MXene with A -
Crude oil hydrophobic Temperature  of 48 mg/g of crude oil within [54]
surfacel carboxylated cellulose 25 s under solar illumination
nanofibers (CNF-C)

Lead Pb(II) Microfibrillated . pHand Adsorption capacity of .
. Heavy metals cellulose-based composite [55]
ions temperature 171.2 mg/g

beads
Thiacrown ether-combined
with thermo-stimuli Maximum adsorption it
Gold Au™ions  Heavy metals responsive Temperature aximumn acsorption capactty [56]
. . of 141.82 mg/g
N-isopropylacryl-amide
(NIPAM)
Maximum adsorption capacities
Methyl orange, o _ 0f 892.9, 6211, and 598.8 mg/g
naphthol CO;,-stimuli responsive .
Dyes ] CO; for methyl orange, naphthol [57]
green B, and cellulose nanofibril aerogel
green B, and methyl blue,
methyl blue

respectively

(Continued)
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Table 2 (continued)

Class of Stimuli-Responsive

R Stimulus Performance Parameters Reference
Analyte Composite

Analyte

Block copolymers of
dimethylamino-ethyl
Inorganicions  methacrylate (DMAEMA)
and N-isopropylacrylamide
(NIPAAm)/CNFs

Nitrate ions
(NO,")

CO; and Maximum Adsorption capacity

(58]
temperature of 490 mg/g

Thermo-Stimuli Responsive Nanocellulose Adsorbents

Thermo-responsive cellulose composites exhibit reversible physicochemical transitions in response to
temperature changes [59]. These materials possess a critical solution temperature (CST), most commonly
a lower critical solution temperature (LCST), below which they remain hydrophilic and water-swollen,
and above which they become hydrophobic due to phase separation [53]. Thermo-responsive cellulose
adsorbents have shown strong potential in oil-water remediation. Chen et al. [53] developed cellulose-g-
PNIPA Am by grafting N-isopropylacrylamide onto bagasse pulp, resulting in a composite whose wettability
changes with temperature. At 25°C it is hydrophilic due to hydrogen bonding with water, while at 45°C
intra-molecular bonding makes it hydrophobic, allowing oil to permeate and rejecting water. The material
maintained stable performance over five reuse cycles. Additionally, dual thermo-/pH-responsive cellulose
composites have also proven effective. The thermo-responsive behavior of cellulose-g-PNIPA Am arises from
temperature-dependent changes in hydrogen bonding within the PNIPAAm chains. At lower temperatures
(around 25°C), the chains adopt a loosely coiled structure and form hydrogen bonds with surrounding
water molecules, giving the material a hydrophilic surface. When the temperature rises to about 45°C,
intramolecular hydrogen bonding between the C=0 and N-H groups becomes dominant, causing the chains
to collapse into a compact conformation. This reduces their ability to interact with water, switching the
material’s surface from hydrophilic to hydrophobic.

Recent studies have focused on multi-responsive cellulose-based systems capable of reacting to multiple
environmental stimuli. Tang et al. [54] developed dual pH- and temperature-responsive CNC composites
for controllable oil-water emulsion stabilization. The C/BTex/Ti;C, aerogel was fabricated by integrating
low-cost exfoliated bentonite (BTex) and Ti;C, MXene with carboxylated cellulose nanofibers (CNEF-C)
using an in-situ co-precipitation process followed by microwave hydrothermal treatment and solution
impregnation. BTex played a key role in preventing Ti;C, oxidation and improving the aerogel’s structural
integrity, mechanical strength, and adsorption performance. As a result, the CNF-C/BTex/Ti;C, aerogel
showed excellent structural, thermal, and chemical stability, strong hydrophobicity (water contact angle of
149°), and good mechanical resilience (recovering fully after 60% strain). These properties enabled high oil
adsorption capacities of 46-90 times its weight. Additionally, its high photothermal efficiency (99% light
absorption, surface temperature reaching 75.2°C under 1-sun irradiation) and notable thermal conductivity
(104 mW/mK) further enhanced its performance, allowing it to absorb up to 48 mg-g™! of crude oil within
25 sunder solar illumination. Li et al. [47] synthesized cellulose microfilament/poly(N-isopropylacrylamide-
co-acrylic acid) spheres (MPNAA), which efficiently removed cationic dyes such as methyl violet and
methylene blue. In this system, acrylic acid provided pH responsiveness, PNIPAAm contributed temperature
sensitivity, and dye adsorption was promoted by hydrogen bonding between ~-COOH and -NH, functional
groups. The resulting adsorbent exhibited a porous structure and surface functional groups capable of
effectively complexing with Pb?* ions. Moreover, its adsorption behavior was responsive to both temperature
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and pH, showing noticeable changes when the Pb** solution conditions were adjusted between 30°C-45°C
and pH 2.0-6.0.

In another study, Li et al. created eco-friendly microfibrillated cellulose beads (MCPAs) with dual
responsiveness for efficient removal of lead ions from wastewater [55]. MCPAs were synthesized by simulta-
neous copolymerization and crosslinking of microfibrillated cellulose with monomers, producing adsorbents
that respond to both pH and temperature. The optimal pH for Pb?>* removal was 6.0, and at this pH the
adsorption and desorption kinetics and isotherms were assessed at 30°C and 45°C. The equilibrium data
followed the Langmuir model, giving a maximum Pb** adsorption capacity of 171.2 mg/g at 45°C, while
the adsorption kinetics were best described by the pseudo-second-order model. Desorption followed the
Korsmeyer—Peppas model. Column experiments further showed a high continuous-flow adsorption capacity
of 187.3 mg/g, confirming the strong performance of the MCPAs.

CO,-Stimuli Responsive Nano-Cellulose Adsorbents

CO,-responsive nano-cellulose adsorbents are smart materials whose physicochemical properties can
be reversibly tuned by CO, bubbling, which induces protonation of basic groups such as amines under
mild, green conditions [57]. This approach avoids secondary pollution and allows easy regeneration by
removing CO, through heating or N, purging. For example, Yang et al. [58] synthesized a CO,-responsive
CNF aerogel from poly(methacrylic acid-co-2-(dimethylamino)ethyl methacrylate) and carboxylated
CNFs, achieving high adsorption capacities for methyl orange, naphthol green B, and methyl blue (892.9,
621.1, and 598.8 mg/g, respectively) with stable performance over 20 regeneration cycles. Meanwhile,
the kinetics and adsorption isotherms of the CO,-responsive adsorbents followed the Freundlich
isotherm and the pseudo-second-order model, respectively. These findings demonstrate the sustainability
and reusability of CO,-triggered cellulose composites for efficient dye removal from wastewater.
Eskandari et al. [60] developed a dual CO,- and thermo-responsive cellulose nanocrystal composite by
grafting CNCs onto PDMAEMA-b-PNIPAAm copolymers (HOOC-poly(N-isopropylacrylamide)-b-poly
(2-(dimethylamino)ethylacrylate)-C,;, H,s (HOOC-PNIPAM-b-PDMAEA-C;,H,5) and HOOC-poly(2-dim
ethylamino)ethylacrylate)-b-poly(N-isopropylacrylamide)-C,, H,5 (HOOC-PDMAEA-b-PNIPAM-C;,H;5)
diblock copolymers synthesized via atom transfer radical polymerization. The PDMAEMA block imparted
CO; sensitivity, while the PNIPAAm block provided temperature responsiveness. The copolymers exhibit
CO,-responsive behavior because CO, bubbling lowers the solution pH and protonates the PDMAEMA
tertiary amine groups. Depending on the hydrophilic-hydrophobic block ratio, the free copolymers formed
micelles or vesicles. CO,-triggered nitrate removal was tested below and above the copolymers’ cloud
separation temperatures (40°C and 60°C). Copolymers with longer PDMAEMA blocks showed the highest
nitrate adsorption capacity (490 mg/g) at temperatures below the CST, driven by electrostatic interactions.
The CNC-grafted copolymers also demonstrated N,-induced desorption, thermal responsiveness, and good
filtration properties, enabling easy regeneration.

3.2 Nanocellulose-Based MOF Composites

Metal-organic frameworks (MOFs) are crystalline materials composed of metal ions coordinated
with organic ligands, forming extended three-dimensional networks (Fig. 1) [61]. Their unique properties,
including high surface area, tunable pore size and functionality, and excellent thermal and chemical stability,
have made them highly attractive for water purification applications. Nevertheless, nanoscale MOF particles
are prone to agglomeration, which diminishes their reactivity and overall performance. To address this
challenge, in situ growth or ex situ incorporation of MOFs into abundant and low-cost cellulose-based
supports has been proposed as an efficient approach to improve the stability and dispersion of MOF
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species [62]. This hybridization not only enhances the intrinsic properties of MOFs but also extends the
practical applications of cellulose-MOF composites in water treatment.

High Porosity ~ High Surface Area Metal Organic  MOFs’ Structure
] ions Linkers
’ High Mechanical o ,’
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Figure 1: Schematic description of synthesis, mechanisms, features and general applications of metal organic frame-
works (MOFs) [61].

For successful in-situ growth of metal-organic frameworks (MOFs) on cellulose fibers, surface mod-
ification is required to enhance metal ion coordination. Introducing carboxyl groups, such as through
carboxymethylation, makes the cellulose surface anionic and supports strong MOF attachment [63]. The first
example of this approach was reported in 2015, when TEMPO-oxidized cellulose nanofibers enabled MOF
loading of up to 44%. It has also been noted that bio-MOFs can be produced directly using native or modified
cellulose as the organic component [64]. A second method involves synthesizing cellulose materials first—
such as aerogels, hydrogels, membranes, fabrics, or papers—and then incorporating preformed MOF crystals
onto their surfaces. For instance, Zhu et al. prepared cellulose-MOF composites by attaching MOF particles
to crosslinkable CNC and CMC [65]. Hybrid MOF aerogels were fabricated by first dispersing MOF
particles with crosslinkable CNCs in water to create a stable colloidal suspension, which was then combined
with an aqueous solution of crosslinkable carboxymethyl cellulose (CMC). The CNCs were modified with
aldehyde groups (CHO-CNCs) and the CMC with hydrazide groups (NHNH,-CMC), allowing hydrazone
crosslinking upon mixing. This produced colloidally stable clusters where MOF particles were embedded
within CNC-CMC crosslinked networks, mainly held together through physical entanglement and van der
Waals forces. The suspension was subsequently frozen and freeze-dried to yield the hybrid MOF aerogels.
Three types of MOFs—ZIF-8, UiO-66, and MIL-100(Fe)—were synthesized and successfully integrated
into the cellulose aerogels, providing a range of particle sizes and functional properties. Because both
the MOF particles and CNCs are rigid, steric hindrance limits the formation of CNC-CNC crosslinks.
Therefore, the flexible NHNH,-CMC component is essential to provide effective crosslinking and ensure the
aerogels maintain strong mechanical integrity. Adsorption kinetics were evaluated by immersing the aerogels
or corresponding MOF particles in 10 mL contaminant solutions (benzotriazole for ZIF-8, potassium
dichromate for UiO-66, and Rhodamine B for MIL-100(Fe)) for set time intervals. The adsorption behavior
over time was successfully described using the pseudo-second-order kinetic model. Both in-situ and ex-situ
fabrication methods have since been widely reported [66-70].

Nanocellulose-based MOF composites have emerged as efficient and sustainable adsorbents for remov-
ing various contaminants from water, offering a promising alternative to conventional materials [69,70].
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In these hybrids, cellulose nanoparticles serve as a flexible, lightweight, and multifunctional support, while
MOFs contribute high porosity and large surface area. Adsorption can occur through several mecha-
nisms, including hydrogen bonding, electrostatic attraction between charged species, ion exchange between
adsorbent and pollutants, and complexation where chemical bonds form with contaminant molecules
(as shown in Fig. 2) [71].

Q (O Hydrophobic Adsorbent pH > pHpzc .
= wn

'g g - CH3, CH2R, CF3, Si20, etc. Negatively charged surface EIectrosFatlc
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T 9 " ;
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; [ o o _" Negatively charged surface
anion attraction

[
A
, @@c

* Cationic Functional Group
due to ion exchange

* Ca, Mg, Fe, Mn, Cr, Cu,

Pb, Cationic Dye

m-1t Interactions .

N N ¥
Cation exchange .
* Target cation (Ca, Mg, Cr, Pb, cationic dye, Fe, etc.
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H-bonding and n-mt Interactions

Coordination Interactions

Figure 2: Interaction mechanisms between the adsorbent and pollutants in the water remediation using cellulose-
based composites [71].

Dai et al. [72] developed a sustainable cellulose nanofiber aerogel functionalized with sulfonated
covalent organic frameworks (SO; H@COFs) for efficient Cd** removal from water. Using cellulose derived
from biomass straws as a macroscopic scaffold, the one-step synthesis produced a hierarchical porous
structure with abundant active sites and permeation channels. This design enabled high Cd** adsorption
capacity through combined electrostatic attraction, coordination, and pore-driven mechanisms.

A ZIF-67-modified bacterial cellulose/chitosan (BC/CH) composite aerogel was synthesized via a
simple process involving physical mixing, in situ growth, and lyophilization [73]. The resulting ZIF-
67/BC/CH aerogel achieved a high ZIF-67 loading (46.1%) and a significantly increased surface area
(268.7 m?*/g) compared to the pristine BC/CH aerogel (8.4 m?/g). This composite effectively removed
heavy metals and dyes from water, exhibiting high adsorption capacities of 200.6 mg/g for Cu** and
152.1 mg/g for Cr%*. Flexible MOF-based aerogels were fabricated by in situ growth of ZIF-8 and UiO-66
nanoparticles on bacterial cellulose (BC), yielding composites with hierarchical porosity and macroscopic
shapeability [74]. The resulting BC@ZIF-8 aerogels combined the high porosity of MOFs with the flexibility
of BC, exhibiting low density (<0.03 g/cm’), large surface area, and excellent mass transfer properties. The
equilibrium adsorption of Cd** and Pb** on BC@ZIF-8 was approximately 220 and 390 mg/g, respectively.
The adsorption kinetics were best described by the pseudo-second-order model. In simulated industrial
wastewater, the composite achieved up to 81% Pb** removal, 1.2 times higher than that of pure ZIF-
8 nanoparticles demonstrating superior adsorption efficiency. Functional MOFs and structural cellulose
nanocrystals (CNCs) were integrated into a flexible, porous aerogel with a hierarchical architecture, without
requiring chemical modification. The hybrid aerogel, fabricated via a simple sol-gel process followed
by freeze-drying, demonstrated high efficiency in adsorbing Cr(VI) ions from contaminated water. The
adsorption process was fitted with pseudo-second-order kinetic model. Tables 3-5 summarize a comparison
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between different MOF-cellulose adsorbents for the removal of heavy metals, dyes and pharmaceuticals from

the contaminated water.

Table 3: A comparison of different MOF-cellulose adsorbents for the removal of heavy metal ions.

Time and
Adsorbent Heavy Metal Ion Temperature of Adsorption Capacity Reference
Adsorption
The adsorption was
Uio-66/CNFs/carboxy methyl Cr(VI) conducted over Maximum adsorption capacity of [65]
cellulose Aerogel 24 h without any 18 mg/g ”
agitation
Maximum adsorption capacity of
Pb(II), Cd(IT),
° 261 mg/g for Pb(Il), 143 mg/g for .
ZIF/Cellulose Paper Cu(Ilil,(ICI?(II), 12 h at 25°C Cd(I1), 143 mg/g for Cu(II), 350 mg/g [68]
for Co(II), 354 mg/g for Fe(II)
Cellulose nanofiber aerogel
functionalized with sulfonated cd(n 24 h at 55°C and Maximum adsorption capacity of (72]
covalent organic frameworks pH6 50.71 mg/g -
(SO;H@COFs)
Maximum adsorption capacity of
ZIF-67/BC/CH aerogel Cu(II), Cr(VI) 24 hat 25°C 200 mg/g for Cu(II), and 152 mg/g for [73]
Cr(VI)
Maximum adsorption capacity of
BC/ZIF-8 aerogel Pb(II), Cd(II) 12 hat 25°C 380 mg/g for Pb(II)and 220 mg/g for [74]
Cd(11)
. o Maximum adsorption capacity of .
MCNC/Zn-BTC Composite Pb(II) 0.5 hat 25°C [75]
558 mg/g
Maximum adsorption capacity of
UiO-66-NH2/CA aerogel Pb(II), Cu(II) 32hat25°C 89 mg/g for Pb(II) and 39 mg/g for [76]
Cu(II)
ZIF-8/CA aerogel Cr(VI) 2hat 25°C Maximum adsorption capacity of (7]
28 mg/g
ZIF-8/CNF/cellulose foam Cr(VI) 15sat 25°C Maximum adsorption capacity of [78]
36 mg/g
Table 4: A comparison of different MOF-cellulose adsorbents for the removal of dyes.
Adsorbent Dye Adsorption Capacity Reference
MIL-100(Fe)/CNFs/carboxy methyl cellulose Aerogel Rhodamine B [65]
ZIF-8/TEMPO-oxidized CNFs aerogels ZIF-8 crystals (Zn-MOFs Adsorption capacity of
(where, zinc as metal ion and benzene-1,3-dicarboxylic acid as Rhodamine B P pacity [79]
o 83.3 mg/g
the organic linker)
Fe-MOF and cellulose-based composite aerogels Congo Red dye Adsorption capacity of [80]
p 8 8 Y 280.3 mg/g

UiO-66-nanocellulose aerogel (UiO-66 (Universitetet i Oslo) is
MOF made up of [ZrsO4(OH)4] clusters with

1,4-benzodicarboxylic acid struts.

Anionic methyl

Maximum adsorption
capacity of anionic

OFFt e a}nd methyl orange (71.7 mg/g)
cationic and cationic methylene
methylene blue Y

blue (51.8 mg/g)

(81]

(Continued)
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Table 4 (continued)

Adsorbent Dye Adsorption Capacity Reference

A mixture of cationic (Co-MOEF-based zeolitic imidazolate

frameworks) ZIF-67 MOF, anionic HKUST-1 MOF (The L . .
Anionic methyl Adsorption capacity of

HKUST-1 MOF is made of dimeric metal units connected by orange 492 ma/ [82]
benzene-1,3,5-tricarboxylate linker molecules) and CNFs 8 -~ melg
hydrogel
Table 5: A comparison of different MOF-cellulose adsorbents for the removal of pharmaceuticals.
Adsorbent Pharmaceutical Adsorption Capacity Reference
.. . . Anionic . .
Zwitterionic Cu-Zn-MOF/CNF aero-beads, combined binary pharmaceutical Maximum adsorption [82]
ZIF-67 MOF and HKUST-1 MOF components (diclofenac) capacity of 121.2 mg/g
Binary Ni-Co-MOFs/carboxymethyl cellulose (CMC) aerogel Tetracycline Maximum adsorption [83]
Y Y Y 8 hydrochloride capacity of 625 mg/g v
The in-situ growth of ZIF-67 into the polyaniline-regenerated Tetracycline Maximum adsorption [84]

cellulose aerogels capacity of 409.5 mg/g

3.3 Nanocelluose-Based Composites for Water Remediation
3.3.1 Removal of the Radioactive and Heavy Metal Ions

Heavy metal ions are toxic, non-biodegradable pollutants commonly found in wastewater. Various
treatment methods, including adsorption, precipitation, membrane filtration, flocculation, coagulation,
sedimentation, and electro-precipitation have been employed for their removal. Among these, adsorption
is particularly promising due to its high efficiency, low cost, and potential for regenerating and reusing
adsorbents (as summarized in Table 6).

Nanocellulose-based materials have demonstrated significant potential for heavy metal ion adsorption.
For instance, TEMPO-oxidized cellulose nanofibers (CNFs) derived from rice husk were used for the
removal of Pb?* and La®>* ions from contaminated water [85]. Among the tested forms, suspension, freeze-
dried, and magnetic nanocomposite, the CNF suspension exhibited the highest adsorption capacities of
193.2 mg/g for Pb** and 100.7 mg/g for La’* ions due to the electrostatic interaction between the positively
charged heavy metal ions by the negatively charged carboxylate group (-COO~) of the TEMPO-oxidized
CNFE. The CNF-metal complexes formed gels, allowing easy separation via gravity filtration. Furthermore,
90% of the lanthanum content could be recovered as lanthanum oxychloride through incineration of the
CNEF/LaCl; gel.

Covalently functionalized cellulose nanomaterials with EDTA and polyethylene amine (PEA) have
also shown high adsorption capacities toward divalent metal ions, particularly Pb**, Cu’*, and Cd**
due to various active groups of EDTA and (-NH,, -OH, C=C) in addition to the high surface area of
cellulose nanomaterials (Fig. 3) [86]. Similarly, CNF-based foams crosslinked with citric acid via freeze-
drying effectively removed Cr(III) ions from polluted water [87]. In this work, cellulose nanofibril (CNF)
foams were prepared using citric acid, a bio-based tricarboxylic acid, as a crosslinker through freeze-
drying. It is evaluated how varying citric acid levels and applying a post-heating treatment influenced
crosslink formation. Increasing the citric acid content slightly enlarged the pore structure and lowered
the activation energy for thermal degradation of amorphous cellulose. Heat treatment mainly affected the
rate at which cellulose was released into water. The mechanical properties of the foams changed upon
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wetting. For chromium adsorption, the foams followed a two-stage kinetic pathway involving pseudo-
second-order behavior and intraparticle diffusion at neutral pH, consistent with reversible physisorption.
Beyond their metal uptake capacity, the foams showed good water resistance, releasing only small amounts of
cellulose through Fickian diffusion with an initial burst release. Cationic polyethyleneimine-functionalized
carboxylated CNF beads (P/CMCNFs) achieved an exceptional adsorption capacity of 1302.3 mg/g for
Cr(VI), along with excellent re-usability [88].
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Figure 3: Schematic illustration of CNP/EDTA/PEI [86].

Recent studies have also focused on uranium recovery due to its relevance to nuclear energy and
environmental remediation. Amidoximated CNFs prepared via acrylonitrile reaction and hydrolysis [89].
Cyanoethyl modification enabled cyanoethylated cellulose nanofibrils to be quickly exfoliated under mild
shear conditions—such as simple shaking or homogenization—achieving nearly 90% conversion within
30 min and allowing the nanofibrils to be readily re-dispersed in a wide range of organic solvents. Following
the hydrolysis of the cyanoethyl groups to amidoxime, the resulting amidoximated cellulose nanofibrils
functioned as an environmentally friendly adsorbent, demonstrating exceptionally fast uranium uptake
(under 5 min) and a high, reversible adsorption capacity of 1327 mg/g in aqueous systems.

Other CNF nanocomposites were used for the removal of Hg (II) [90,91], Cu(II) and Pb(II) [92-95].

Table 6: Cellulosic nanomaterials for the removal of radioactive and heavy metal ions.

Type of . Metal Ion . )
Nanocellulose Composite Removed Adsorption Efficiency  Reference
TEMPO-oxidized cellulose nanofibers (CNFs) Pb(II) and La 193.2 mg/g for Pb(Il) .
. . . and 100.7 mg/g for [85]
derived from rice husk (III) ions
La(III)
Covalently functionalized cellulose Pb(II), Cu(Il) 393 mg/g for Pb(II); 139
Cellulose nanomaterials with EDTA and polyethylene and )C 4 ’ for Cu(Il), and [86]
nanofibers amine 202 mg/g for Cd(II)
(CNFs) CNF-based foams crosslinked with citric acid Cr(III) ions [87]
Cationic polyethyleneimine-functionalized .
. 38
carboxylated CNF beads Cr(V1) ions 1302.3 mg/g [55]
Amidoximated CNFs Uranium ions 1327 mg/g [89]
Boron nitride quantum dots/CNFs Hg(II) ions 314.5 mg/g [90]

CNFs/lysozyme nanofibrils

Hg(II) ions

[91]

(Continued)
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Table 6 (continued)

Type of . Metal Ton . .
Nanocellulose Composite Removed Adsorption Efficiency  Reference
Cu(II) and 40.01 mg/g for Cu and

CNFs crosslinked with acrylic acid aerogel [93]

Pb(II) ions 130.36 mg/g for Pb

TEMPO-oxidized CNFs/metal-organic
framework (MOF-808-ethylene diamine Cu(II) ions 300 mg/g [94]
tetraacetic acid) aerogel

TEMPO-oxidized CNFs/polyethyleneimine Cu(II) ions [95]

Nanoscale zero-valent iron (nZVI) onto 333.3 mg/g for As(III)
Cellulose polydopamine-coated CNCs, forming As (L) and 250 mg/g for As(V) [o0]

nanocrystals
(CNCs) Cu(II), Ni
. (II), Zn(II) o
Nanocomposite of CNCs hydrogel and Cd(I1) [97]
ions

Nano-scale zero valent iron (nZVI)/CNCs Ni(II) ions [98]

14.5 mg/g for Cr (VI)
. Cr(VI) and o
ZIF-67/2-methylimidazole/cellulose acetate Cu(Il) ions and 18.9 mg/g for [99]

Cu(II) ions

Metal organic framework (MOF)
Electrospun CNFs [MIL-100(Fe)]/poly vinyl alcohol/cellulose Cd(II) ions [100]
acetate nanofibers

A high flux rate of
Electrospun cellulose acetate nanofiber ~86-88 L/m*'h and
membranes impregnated with cellulose Cr. Pb. and metal retention of 93%,
nanocrystal (derived from areca nut husk), éu iéns 90% and 84% for [101]
graphene oxide, along with an additional PbCl,, CrCls, and
cross-linking modification with sericin CuCl, were achieved
respectively
Bacterial BNC/CaCO; composite and carboxymethyl Cd(II) ions [102]
nanocellulose cellulose (CMC)/BNC composite
(BNC) Poly(hexamethylenediamine-tannic Cr(V1) ions 534.8 mg/g [103]

acid)/bacterial cellulose

Only a few studies have explored the use of cellulose nanocrystals (CNCs) for heavy metal ion removal.
A mussel-inspired composite was developed by in-situ integrating nanoscale zero-valent iron (nZVI) onto
polydopamine-coated CNCs, forming CNC/PDA/nZV]I as an efficient adsorbent for arsenic (I1I/V) removal
from groundwater [96]. The composite exhibited high adsorption capacities of 333.3 mg/g for As(III) and
250 mg/g for As(V), approximately ten times greater than that of pristine CNCs. The kinetic analysis
showed that As removal is mainly governed by chemisorption. Isotherm results suggested that As(III) binds
to the CNCs-PDA-nZVI surface in a uniform (homogeneous) manner, whereas As(V) interacts through
varied (heterogeneous) sites. Overall, arsenic uptake occurs through a combination of adsorption-induced
oxidation, coprecipitation, and the formation of inner-sphere surface complexes. Other studies include using
of CNC composites for the removal of Cu(II), Ni(IT), Zn(II) and Cd(II) ions [97,98].

Regarding the use of electrospun nanofibers, electrospun cellulose nanofibers incorporated with zeolitic
imidazolate framework-67 (ZIF-67) enhanced metal ion removal performance. The in-situ integrated ZIF-
67/2-methylimidazole/cellulose acetate (MIM/CA) composite achieved a significantly higher surface area
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(463.1 m?/g compared to 6.9 m*/g for pristine MIM/CA) and improved adsorption capacities of 14.5 mg/g for
Cr(VI) and 18.9 mg/g for Cu(II) ions [99]. The adsorption behavior follows pseudo-second-order kinetics.
The mechanism involves both electrostatic interactions and ion-exchange processes, which together promote
the efficient uptake of Cu(II) and Cr(VI). Additionally, the detection of Cr(III) after adsorption suggests that
part of the Cr(VI) is reduced to Cr(III) during the process. Electrospun cellulose nanofiber composites were
also used for removal of Cd, Cr, Pb, Ni, and Cu ions [100,101].

3.3.2 Removal of Dyes

Prolonged exposure to toxic dyes poses severe environmental and health risks, including respiratory
issues, skin allergies, hormonal disruption, and certain cancers [104]. Consequently, dye removal from
wastewater before discharge has become a critical environmental priority. Cellulosic nanomaterials have
been widely investigated as efficient adsorbents for dye remediation. El-Sayed et al. [105] synthesized an
anionic CNF derivative by grafting 3-aminopropyl sulfonic acid (3-APSA) onto TEMPO-oxidized CNFs,
achieving a uniform morphology and enhanced methylene blue (MB) removal capacity of 526 mg/g—
about 30% higher than that of ungrafted CNFs. The adsorption behavior of the adsorbents aligns well
with the pseudo-second-order kinetic model and fits the Langmuir isotherm, indicating a good match
with these models. Similarly, Mahardiani et al. [106] reported that Fe;O4-coated CNFs effectively adsorbed
both cationic (MB, 9.973 mg/g) and anionic (Congo red, 9.711 mg/g) dyes, demonstrating the versatility of
nanocellulose-based adsorbents in dye-contaminated water treatment.

From another perspective, Tran-Ly et al. developed a biohybrid foam composed of melanized cationic
CNFs for bioinspired adsorption of the cationic dye crystal violet [107]. The CO,-responsive composite
demonstrated excellent recyclability, maintaining stable adsorption-desorption performance even after
twenty regeneration cycles. Similarly, Zhu et al. [108] fabricated CNF/metal-organic framework (ZIF-
8/CNF) membranes, which were pyrolyzed to form nanoporous N-doped carbon nanofilters (NCNFs).
Methylene blue (MB) was used as a model pollutant to assess the catalytic degradation ability of NCNFs.
The material showed outstanding performance, achieving 96% degradation of 10 mg/L MB within 15 min
through PMS activation. Because the N-doped porous carbons are anchored onto CNF-based networks,
the catalytic process and subsequent washing steps are straightforward. Radical-quenching tests indicated
that MB degradation proceeds mainly through a non-radical pathway. Moreover, the NCNFs membrane
exhibited excellent reusability after annealing and has strong potential as a catalytic filter for practical
dye removal applications. Various other cellulose nanofiber-based derivatives and composites have been
employed to remove different classes of dyes (Table 7). These systems incorporate CNF with materials such as
Tara gum [109], PVA/magnetic nanorods [110], Pd nanoparticles (PdANPs)/nanozyme [111], and polyethylene
imine (PEI) [112]. Additionally, metal-organic frameworks like ZIF-8 [113], and chitosan/alginate [114] have
been utilized, alongside TEMPO-oxidized CNF functionalized with branched PEI [115].

Electrospun cellulose nanofiber membranes have been effectively utilized for the removal of various
organic dyes (Table 7). Kumar et al. [116] fabricated an a-hematite/polyacrylonitrile/calcium carbon-
ate/cellulose triacetate nanofiber membrane that achieved high adsorption efficiencies of 96% for methylene
blue and 95% for methyl orange, while also removing Cu(II) and Pb(II) ions with efficiency 77% and 91%,
respectively, due to the highly surface area and porosity of the electrospun CNE, in addition to the active
groups of the polyacrylonitrile. Similarly, Ali et al. [117] demonstrated that polyaniline/p-cyclodextrin-
modified electrospun cellulose acetate (CA-PANI/B-CD) nanofibers effectively adsorbed methylene blue
(MB), confirming the versatility of electrospun cellulose-based materials in dye and metal ion remediation.
The adsorption data were best described by the Langmuir isotherm, indicating monolayer adsorption, while
the pseudo-second-order model accurately represented the adsorption kinetics of MB on CA-PANI/B-CD
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nanofibers. In addition, the nanosorbent demonstrated good reusability, maintaining over 80% adsorption
efficiency after three consecutive cycles. other electrospun CNF should activity in the removal of methylene
bule and methyl orange dyes [118,119]

Relatively few studies have explored the use of cellulose nanocrystals (CNCs) and bacterial cellulose
(BC) for dye removal (Table 7). Dhar et al. [120] synthesized CNC-supported zero-valent iron (ZVI)
nanoparticles for efficient methylene blue adsorption from wastewater. The abundant hydroxyl groups
on CNCs serve as effective anchoring sites, enabling simultaneous reduction and stabilization of CNC-
supported ZVTI particles. In this system, Na-CNCs act as corrosion inhibitors, helping the ZVI maintain its
zero-valent state even after five days of air exposure. The resulting CNC-supported ZVI exhibit a narrow
particle-size distribution and excellent dispersion stability in water. They efficiently degraded methylene
blue and showed catalytic activity for converting 4-nitrophenol to 4-aminophenol, demonstrating their
promise as safe and effective biocatalysts for wastewater treatment. Additionally, these Z(VI)-loaded CNCs
displayed autonomous motion in peroxide solutions, with their speed and movement direction controllable
through magnetic fields and pH gradients. Such tunable micromotors offer potential for future applications
in sensing, imaging, and targeted drug delivery. Shanmugarajah et al. [121] utilized CNCs derived from oil
palm biomass with an adsorption capacity of 50.91 mg/g for the methylene blue. Zhao et al. [122] developed
CNCs/Ti;C, Ty MXene/polyvinyl alcohol (PVA) composite for the removal of methylene blue with much
higher efficiency 239.92 mg/g; the composite showed also removal efficiency of 45.25 mg/g for methyl orange.

Regarding the use of bacterial cellulose, Thorat et al. [123] developed a cationic bacterial cellu-
lose/polyethyleneimine (PEI-BC) composite that effectively removed reactive red 120 (300.3 mg/L at pH 3)
and Congo red (515.46 mg/L at pH 6), demonstrating a strong potential of BC-based adsorbents for dye
remediation, due to the high crystallinity and the positively charged bacterial cellulose that efficiently
adsorbed the negatively charged dyes, in addition to the active groups of polyethyleneimine. The adsorption
of both anionic dyes followed pseudo-second-order kinetics, while the Langmuir isotherm provided the best
fit for the equilibrium data. The PEI-BC adsorbent also demonstrated strong reusability, maintaining over
90% removal efficiency after four adsorption-desorption cycles. In addition, antibacterial tests against E. coli
and S. aureus confirmed that the material exhibits notable bactericidal activity.

Table 7: Cellulosic nanomaterials for the removal of different types of dyes.

Nal;lzcl:lﬁfose Adsorbent Dyes Ag:;ilz?;n Reference
CNFs grafted with B-cyclodextrin aerogel Methylene blue 3.46 mg/g [92]
Grafied -aminopropyl sutionic acic G-APSA)  Methylene blue semgy  [105]
9.973 mg/g for
Fe304-coated CNFs Methé’l;?geobjsg EI(\IAIE)) and a:;ti;;lli; rl\rfgfig [106]
for anionic CR
n(;fll(l)lilill(:::s Melanized cationic CNFs foam Crystal violet 0.5 mg/mg [107]
(CNFs) N-doped carbon nanofilters of ZIF-8/CNF) Methylene blue [108]
membranes
CNFs/Tara gum (TG) composite hydrogel Methylene blue 13.7 mg/g [109]
CNFs/PVA magnetic beads Cationic and anionic dyes [110]
Pd nanoparticles (PANPs)/CNFs nanozyme Methylene blue [111]
Polyethyleneimine (PEI)/CNFs cryogel Methyl orange 500 mg/g [112]

(Continued)
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Table 7 (continued)

Type of Adsorption

Nanocellulose Adsorbent Dyes Capacity Reference
Methyl blue, Methyl violet,
MOF (ZIF-S)/pomello) peel CNFs(PPCNFs) Malachite Green, and [13]
membranes Rhodamine 6G
(2,2,6,6-Tetramethyl piperidin-1-yl)oxyl Naphthol Blue Black, Blue
(TEMPO)-oxidized cellulose nanofibers R, Orange II Sodium Salt, [14]
(TOCNEF)/branched polyethylenimine 25 kDa Brilliant Cibacron and
(bPEI) Brilliant Yellow
Chitosan/ algn}ate/ cellulose nanofibers Eriochrome Black.T 2297 mg/g [115]
bioadsorbent
a-hematite/polyacrylonitrile/calcium
carbonate/cellulose triacetate nanofiber Methyl orange [116]
membrane
polyaniline/B-cyclodextrin-modified
Electrospun CNFs electrospun cellulose acetate (CA-PANI/B-CD) Methylene blue [117]
nanofibers
ZIF-67/rice straw-derived cellulose acetate
electrospun nanofiber mats Methyl orange 11.20 mg/g el
Electrospun cellulose acetate/activated carbon .
composite modified by EDTA (rC/AC-EDTA) Methylene blue (1o}
CNC-supported zero-Yalent iron (ZVI) Methylene blue [120]
nanoparticles
Cellulose CNCs derived from oil palm biomass Methylene Blue 50.91 mg/g [121]
na“(‘:’ggmls 239.92 mg/g for
( s) CNCs/Tiz C; Tx MXene/polyvinyl alcohol Methylene blue (MB) and MB and [122]
(PVA) composite Methyl orange (MO) 45.25 mg/g for -
MO
Cationic bacterial cellulose/polyethyleneimine .
23
(PEI-BC) composite Reactive red and Congo red [123]
Bactc;,; 121‘1 Cross-linked poly(2-methacryloyloxyethyl
nan(oBcle\I (1:1) ose phosphorylcholine) (PMPC)/bacterial Methylene blue and Methyl 4.4-4.5 me/ [124]
nanocellulose (BNC) zwitterionic orange At mglg -
nanocomposite membranes
3.3.3 Removal of Oils

Wastewater from the petroleum industry contains high concentrations of crude oil and organic
pollutants that pose serious risks to the environment, agriculture, and aquatic life. Effective treatment
of such wastewater requires membranes with strong resistance to organic solvents. Bhuyan et al. [125]
developed nanocomposite membrane using recycled materials from cellulosic paper and poly(ethylene
terephthalate) (PET) waste. Cellulose nanofibers (CNFs) isolated from paper were blended with PET to
form a porous CNF/PET membrane capable of separating synthetic crude oil-in-water emulsions. The
membrane achieved over 97% removal of organic contaminants and a permeability of 98 L/m*-h under 1.5 bar
pressure. Additionally, coating the membrane surface with carbon dot-rooted graphene oxide imparted
antimicrobial properties. A nanocomposite membrane was developed using PET as the polymer matrix
and CNF as a reinforcing additive. The material was engineered to be superhydrophilic and resistant
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to organic solvents. A water-based phase inversion method was used to convert the composite into a
porous membrane. This nanocomposite membrane, derived from water-processable materials, is intended
for treating petroleum-industry wastewater. Additionally, a novel carbon-dot-assisted coating technique
was used to anchor graphene oxide onto the membrane surface, providing antimicrobial activity and
reducing biofouling. Huang et al. [126] addressed the limitations of conventional oil adsorbents by devel-
oping durable, hydrophobic cellulose nanofiber (CNF) composite aerogels for efficient oil/water separation.
Using tannic acid (TA) as a molecular bridge between MOFs and CNE the resulting aerogels exhibited
improved pore structure, mechanical strength, and thermal stability. Further surface modification with
methyltrimethoxysilane (MTMS) enhanced hydrophobicity (water contact angle of 133.9°) and boosted
oil adsorption capacity (21.14-44.05 g/g). The optimized aerogels maintained 98.61% separation efficiency
after 10 reuse cycles, demonstrating excellent durability and reusability. Additional research on oily wastew-
ater remediation has explored CNF composites incorporating MOF (UiO-66-NH,)/PVA [127] and silica
nanoparticles/polyurethane [128]. Similarly, electrospun cellulose acetate nanofiber-based composites have
demonstrated effectiveness in oil-water separation [129,130].

In addition to nanofibers, cellulose nanocrystals (CNCs) have been utilized in various composite
configurations for oil-water removal [131-133], as summarized in Table 8. For example, Wang et al. [131]
developed a hybrid membrane composed of CNCs, hydrolyzed electrospun polyacrylonitrile (H-PAN)
nanofibers, cationic polyethyleneimine (PEI), and anionic silica (SiO,) particles. In this study, cellulose
nanocrystals (CNC) were used to reinforce hierarchical polyacrylonitrile (PAN) nanofibrous membranes.
Hydrolysis of electrospun PAN (H-PAN) enabled hydrogen bonding with CNC and introduced reactive
sites for grafting cationic polyethyleneimine (PEI). Subsequent adsorption of anionic silica (SiO,) produced
CNC/H-PAN/PEI/SiO, hybrid membranes with enhanced swelling resistance (swelling ratio of 6.7 vs. 25.4
for CNC/PAN). The resulting hydrophilic membranes feature highly interconnected channels, maintain
mechanical and structural integrity, and allow regeneration and repeated use. Wettability and oil-in-water
emulsion tests confirmed excellent oil rejection and separation efficiency compared to unmodified PAN
membranes. This composite membrane demonstrated efficient separation of oils from aqueous solutions,
highlighting the potential of CNC-based hybrids for oily wastewater treatment. A SiO, layer can be deposited
on CNC/H-PAN nanofiber membranes using polyethyleneimine (PEI), which minimizes swelling. This
stable coating also enhances surface cleanability by providing an anti-fouling effect.

Table 8: Cellulosic nanomaterials for the removal of oil from water/oil mixtures.

Type of
Nanocellulose Adsorbent Type of Pollutant Adsorption Efficiency Reference
Material
CNF/poly(ethylene terephthalate) (PET) Crude Oil 97% [125]
membrane
Tannic acid (TA) as a molecular bridge The optimized aerogels
between MOFs and CNE, the resulting aerogel . maintained 98.61%
. . . X Oil . . [126]
Cellulose modified with methyltrimethoxysilane separation efficiency
nanofibers (MTMS) to enhance hydrophobicity after 10 reuse cycles
(CNFs) Oil-water
MOF (UiO-66-NH2) incorporated separation and [127]
PVA/cellulose nanofibers composite aerogel formaldehyde -
adsorption
nano artiiijoilll(ﬁtt}slj:z/ cellulose Highly viscous
P POty Crude oil spills

nanofibers (SPC-Sponge)

(Continued)
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Table 8 (continued)

Type of
Nanocellulose Adsorbent Type of Pollutant Adsorption Efficiency Reference
Material
Zwitterionic copo}ymer poly(sulfobetaine Oil/water 7
methacrylate-r-glycidyl methacrylate)-grafted . 98% [129]
Electrospun 1 lul b mixtures
CNFs onto electrospun cellulose acetate nanofibers
Electrospun cellulose acetate/nano-zeolite Oil/water R
) 97% [130]
nanofibers membrane mixtures
Hybrid membrane composed of CNCs,
hydrolyzed electrospun polyacrylonitrile .
(H-PAN) nanofibers, cationic glliivtvart:; [131]
polyethyleneimine (PEI), and anionic silica v
Cellulose (SiO,) particles
nanocrystals Cellulose nanocrystals nanocoating and Crude oil [132]
(CNGs) nanopapers fabricated by vacuum-filtration o
CNCs based membrane functionalized by
block copolymer
(poly(N-isopropylacrylamide)-b-poly(N,N- Oil 99.6% [133]
dimethylaminoethyl
methacrylate))

In another study, filter paper coated with CNCs proved efficient for removing oil from oil-water
emulsions [132]. Additionally, CNCs functionalized with a poly(N-isopropylacrylamide)-b-poly(N,N-
dimethylaminoethyl methacrylate) block copolymer were used to fabricate membranes. These membranes
exhibited high water flux and excellent oil removal efficiency [133].

3.3.4 Removal of Pharmaceuticals

The presence of pharmaceuticals in aquatic environments poses severe ecological and health risks,
contributing to antibiotic resistance and disrupting reproductive and behavioral systems across ecosystems.
Consequently, the remediation of pharmaceutical-contaminated water has become a critical environmental
challenge (see Table 9). Komal et al. [134] developed a carboxylated graphene oxide/esterified CNF composite
that efficiently adsorbed the antibiotics ofloxacin and ciprofloxacin, with capacities of 85.30 and 45.04 mg/g,
respectively. The adsorption consistency and reusability of the nanocomposite were evaluated by desorbing
the loaded drug using 0.2 M NaOH under magnetic stirring for 3 h, followed by thorough washing with
distilled water to remove residual NaOH. Jin et al. [135] fabricated a cellulose nanocrystal/hydroxyapatite
nanocomposite achieving 70.81% removal efficiency for chlortetracycline hydrochloride within 10 min,
demonstrating the potential of CNC-based materials for pharmaceutical pollutant removal. The removal
mechanism involves a combination of interactions, including van der Waals forces, electrostatic interactions,
and hydrogen bonding.
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Table 9: Cellulosic nanomaterials utilized for the removal of pharmaceuticals.

Type of ]
Nanocellulose Adsorbent Type of Adso.rptlon Reference
. Pollutant Efficiency
Material
. . Antibiotics
Carboxylated graphene oxide/Esterified . . )
CNFs composite adsorbent (Ciprofloxacin [154]
Cellulose and Ofloxacin)
nanofibers (CNFs) Cellulose nanocrystal/hydroxyapatite ~ chlortetracycline .
/ . 70.81% [135]
nanocomposite hydrochloride
Antibiotic
. 0 .,
Tiz C, Tx MXene/CNFs membrane (Azithromycin) 99% [136]
Sulfated cellulose Tetracycline
nanocrystals/microcrystalline cellulose . 89% [137]
Cellulose (MCC) nanocomposite Membrane hydrochloride
nanocrystals
(CNCs) Covalently modified CNCs using
dioctenyldimethyl succinic anhydride Diclofenac or
(DDSA) (hydrophobic surface) or using [138]

polydiallyl dimethyl ammonium Estradiol

chloride (PDMC) (cationic) surface)

3.3.5 Removal of Organic and Inorganic Pollutants

Aquifers are increasingly polluted with organic and inorganic contaminants, posing serious ecological
risks. Owing to their safety, biocompatibility, and excellent physicochemical properties, nanocelluloses
have been widely explored for water remediation (Table 10). Herrera-Morales et al. [139] fabricated
nanocellulose-block copolymer films composed of CNFs/poly(4-vinylpyridine-b-ethylene oxide) (P4VP-
PEO) and alkoxysilane-modified CNFs (TMPES/CNFs-P4VP-PEO) for the removal of emerging organic
contaminants, effectively adsorbing sulfamethoxazole (SMX) as a model compound. Adsorption studies at
neutral pH showed a capacity of 0.014 mmol/g within 60 min, likely driven by n-m interactions between
the pyridine groups and SMX’s aromatic rings. The films demonstrated excellent reusability, with adsorbed
SMX efficiently removed using 95% ethanol, and minimal loss of capacity over multiple cycles. These
CNE/P4VP-PEO films offer an effective and reusable platform for water remediation of electron-deficient
aromatic pollutants. Likewise, Mantripragada et al. [140] developed electrospun cellulose/cellulose acetate
nanofiber membranes coated with soy protein for the adsorption of polyfluoroalkyl substances (PFAS,
GenX), achieving a capacity of 1.1 mmol/g.

Table 10: Cellulosic nanomaterials for the removal of different pollutants.

Type of Adsorption
Nanocellulose Adsorbent Type of Pollutant P Reference
. Efficiency
Material
a-hematite/polyacrylonitrile/calcium Cu(II), Pb(II), methyl
. 96% [116]
carbonate/cellulose triacetate nanofibers orange, methylene blue

CNFs/poly(4-vinylpyridine-b-ethylene oxide)
(P4VP-PEO) and alkoxysilane-modified CNFs Sulfamethoxazole [139]
(TMPES/CNFs-P4VP-PEO) film

(Continued)
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Table 10 (continued)

Type of

Nanocellulose Adsorbent Type of Pollutant AdSOl:pthIl Reference
Material Efficiency
Electrospun cellulose (CE)/cellulose acetate O;gf rgc poulllgrllt
(CA) nanofibers with soy protein coating oytuoroa [140]
membranes substances (PFAS)
(GenX)
Acriflavine, rhodamine
blue, crystal violet),
Polydopamine-coated CNF/amyloid protein Cu(II), Pb(II)], and [141]
aerogel organic compounds
(ibuprofen, atrazine,
bisphenol A
TEMPO-oxidized CNF/natural rubber aerogels Methyle:re“li)louicls, Cu(ID), 90% for oil [142,143]
Cellulose
nanofibers Azo dyes: methylene
(CNFs) blue (MB) and crystal
CNFs/monolithic y-aluminum oxy-hydroxide violet (CV.)’ and heavy »
(v-AIOOH) aerogel metal ions: lead 94% [144]
Y & [Pb(II)], uranium
[U(VI)], and arsenic
[As(II)]
Laccase immobilized on dopamine .
functionalized cellulose nanofibers/alginate Bisp herllol A (BPA) 98.7% [145]
composite hydrogel (Organic pollutant)
Macroporous surface-quaternized cellulose ,
nanofibers (Q-CNF)/nano-La(OH); aerogels Phosphate [146]
3 0y
Tethered cellulose fibers with disulphide MlX?d pollutants 100% for SO Dye at -
linkages (CNFs-S-S-CNFs) Safranin O (SO) Dye, pH 6 and 100% for [147]
8 Hg(IT) ions Hg(IT) at pH 5.5
[
Cellulose acetate/polyvinylpyrrolidone cores (9(99'; /;)‘Z/f)ogofl(-)(i;?)’
. . .5% > )
and ﬁ—FeOOH@MSI}I;e—;?}(I)S(Fe) photocatalytic Cr(VI), oils, and dyes and (99.4%) for [148]
dyes
97% for MB as an
Electrospun TiO; -graphene oxide Mixed pollutants organic dye, and
. . o
(GO)/polyacrylonitrile (PAN)-cellulose acetate ?&iiﬁﬁ:ﬁ:;ﬁg;lzng iftf:)ffeii)el [149]
(CA) [TiO,-GO/PAN-CA] nanofiber mats ety , b
Electrospun CNFs nitrophenol reduction conversion to
P aminophenol
Mixed pollutants
Photocatalytic
s o . degradation of 0
Silicotungstic acid (H4SiW12040)/cellulose Tetracycline (TC) (as 63.8% for TC, [150]

acetate composite nanofibrous membrane

pharmaceutical) and
Methyl Orange (MO)
dye

94.6% for MO

Wool keratin/dialdehyde CNC biocomposite

Crystal violet and
Cd(In)

[151]

(Continued)
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Table 10 (continued)

Type of Adsorption
Nanocellulose Adsorbent Type of Pollutant P Reference
. Efficiency
Material
Nanobentonite/dialdehyde Bzrgr;l?)op.heirlltﬁ)]:glier:?td [152]
CNC/carboxymethyl chitosan aerogel oOEs o
Blue 6
Zirconium-metal organic framework Zr-MOF
(UiO-66-H2)/chitosan/cellulose nanocrystal ~ Herbicide Glyphosate [153]
Cellulose .
(CS-CNC) hybrid aerogel
nanocrystals
(CNCs) Bacterial cellulose (BC)/polydopamine Mixed pollutants lead
(PDA)/carboxylated cellulose nanocrystals ion Pb (II), Methylene [154]
(CCNC) Blue (MB)
Reduced graphene ox1de—cellulo.se nanocrystals Mixed pollutants Oil, ,
(rGCA)/ethylene-propylene-diene monomer Oreanic solvents [155]
(EPDM) (rGCA/EPDM) aerogel &
Zwitterionic Ag O nanoparticles/bacterial Mixed pollutants [156]
cellulose aerogel Methylene Blue, Oil oY
o .
Bacterial Mixed pollutants Oil, 99.25 g)zf;rfgil’ and
nanocellulose Bacterial cellulose/TiO,-ZnO nanocomposites Microbial ° . [157]
. photocatalytic
(BNC) contaminants .
degradation

Photothermal carbon aerogel of
Polydopamine/Cu nanoparticles
(CuNPs)/bacterial cellulose nanofibers

Solar-driven seawater
desalination

3.3.6 Removal of Mixed Pollutants

Mixed pollutants pose significant environmental hazards, making the development of multifunc-
tional purification systems a major research challenge. Nanocellulose-based materials have shown great
promise in removing diverse contaminants simultaneously (see Table 10). Sorriaux et al. [141] fabricated a
polydopamine-coated CNF/amyloid protein aerogel with a dual-network structure formed via periodate
oxidation, which efficiently adsorbed dyes (e.g., acriflavine, rhodamine blue, crystal violet), heavy metals
[Cu(II), Pb(II)], and organic compounds (ibuprofen, atrazine, bisphenol A). The aerogel achieved high
removal efficiencies, 93.1% for crystal violet, 94.7% for Pb(II), and 91.7% for bisphenol A within minutes.
Moreover, the aerogel exhibits excellent reusability for Pb(II) ions, maintaining effective removal perfor-
mance over multiple adsorption-desorption cycles. High porosity and abundant surface amino groups
(-NH,) facilitate the diffusion of Pb ions on the aerogel surface, following a pseudo-second-order kinetic
model. Similarly, Lorevice et al. [142] developed TEMPO-oxidized CNF/natural rubber aerogels (TMI3) that
showed high adsorption capacities of 334 mg/g for methylene blue and 420 mg/g for Cu(II). The aerogel
demonstrated reuse efficiency of 66%-98% across multiple cycles and effectively removed Cu(II) from water
at environmentally relevant concentrations (20-60 pg-L™!) without causing toxicity to Daphnia similis. Their
earlier work demonstrated porous CNF/natural rubber latex foams capable of removing 90% of oil and
50 mg/g of oil/organic solvent, satisfying rapid and high-capacity absorption of oils and organic solvents
(over 50 g-g~! within 3 s) with outstanding reusability for up to 20 cycles [143]. Oher examples are given
in Table 10 for removal of mixed pollutants such as mixed azo dyes, Pb ions, U(VI), As(III) [144], Bisphenol
A [145], phosphate [146], Safranin O (SO) Dye and Hg(II) [147].
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Regarding using the elctrospun nanofibers, Lu et al. [148] designed hybrid electrospun nanofiber
membranes (ENMs) composed of deacetylated cellulose acetate/polyvinylpyrrolidone cores and
B-FeOOH@MIL-100(Fe) photocatalytic sheaths, achieving exceptional removal efficiencies for
Cr(VI) (99.7%), oils (99.5%), and dyes (99.4%). Additionally, the photocatalytic sheaths offer
long-term reusability due to their intrinsic self-cleaning capability. Kumar et al. [116] reported a-
hematite/polyacrylonitrile/calcium carbonate/cellulose triacetate nanofibers capable of removing both metal
ions [Cu(II), Pb(II)] and dyes (methyl orange, methylene blue) with efficiencies up to 96%. Electrospun
TiO,-graphene oxide (GO)/polyacrylonitrile (PAN)-cellulose acetate (CA) [TiO,-GO/PAN-CA] nanofiber
mats was able to remove of 97% for MB as an organic dye, and 96% for the nitrophenol conversion to
aminophenol [149] Silicotungstic acid (HySiW;,040)/cellulose acetate composite nanofibrous membrane
showed good adsorption capacity towards photocatalytic degradation of Tetracycline (as pharmaceutical)
and Methyl Orange dye (63.8% for Tetracycline and 94.6% for methyl orange) [150].

Regarding the use of CNC, Peiravi-Rivash et al. [I51] reported a wool keratin/dialdehyde CNC
biocomposite with outstanding adsorption capacities of 1166.67 mg/g for crystal violet and 695.56 mg/g
for Cd(II), showing excellent recyclability. Sharma et al. [152] developed a nanobentonite/dialdehyde
CNC/carboxymethyl chitosan aerogel. An ultralight aerogel was prepared by incorporating nano-bentonite
into a dialdehyde nanocellulose and carboxymethyl chitosan network. The material exhibited outstanding
adsorption for dyes, oils, and organic solvents, achieving rapid dye removal (up to 29.84 g-g”! for Bro-
mophenol Blue and 20.93 g-g! for Direct Blue 6 within 5 min) across a wide pH range, and absorbing
oils/solvents up to 50 times its weight. The eco-friendly aerogel maintained high performance with only a
slight decrease in adsorption after ten reuse cycles. Zirconium-metal organic framework Zr-MOF (UiO-66-
NH2)/chitosan/cellulose nanocrystal (CS-CNC) hybrid aerogel composites was used to remove Glyphosate
herbicide [153]. Composites from Bacterial cellulose/polydopamine/carboxylated cellulose nanocrystals
were used to remove Mixed pollutants lead ion Pb (II) and Methylene Blue dye [154]. Reduced graphene
oxide-cellulose nanocrystals (rGCA)/ethylene-propylene-diene monomer (EPDM) (rGCA/EPDM) aerogel
was used to remove mixed pollutants oils and organic solvents [155].

Regarding using bacterial cellulose for removing mixed pollutants, Jiang et al. [I56] prepared a
zwitterionic Ag, O nanoparticle/bacterial cellulose aerogel that effectively separated oil-water mixtures and
photocatalytically degraded methylene blue, highlighting the multifunctionality of nanocellulose-based
systems for mixed pollutant remediation. The prepared aerogel featured a stable 3D porous structure,
ultralow density, and shape-recovery ability. Uniformly dispersed Ag,O nanoparticles provided excellent
photocatalytic degradation of methylene blue and high recyclability. Functionalization with zwitterionic
silane compounds imparted superhydrophilicity, superoleophilicity, underwater superoleophobicity, and
underoil superhydrophobicity, enabling highly efficient oil/water separation. Bacterial cellulose/TiO,-ZnO
nanocomposites were used to remove mixed pollutants oil and microbial contaminants [157]; Removal of
99.25% for oil and 92% by photocatalytic degradation could be achieved. Photothermal carbon aerogel
of polydopamine/Cu nanoparticles (CuNPs)/bacterial cellulose nanofibers was prepared and used for the
Solar-driven seawater desalination [158].

4 Conclusions and Future Perspectives

Cellulose, the most abundant natural biopolymer, possesses exceptional properties such as biocom-
patibility, biodegradability, non-toxicity, mechanical strength, and chemical tunability, making it an ideal
eco-friendly material for water remediation. Its nanoscale forms (cellulose nanofibers, nanocrystals, bac-
terial cellulose, and electrospun nanofibers) offer high surface area, aspect ratio, and reactivity, enabling
the design of advanced adsorbents and membranes. Owing to their hydrophilicity, nanocellulose-based
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membranes also exhibit reduced fouling compared to synthetic polymer membranes. Various forms of
cellulosic and nanocellulosic materials (membranes, aerogels, gels, suspensions, and smart composites)
have been effectively applied for the removal of diverse pollutants through adsorption, photocatalysis, and
responsive mechanisms. These sustainable materials present a promising alternative to petroleum-based
polymers, minimizing environmental impact during production and disposal. Smart cellulose composites
have reversible physicochemical properties that allow them to alter their structure or behavior when
exposed to external stimuli such as temperature, light, pH, or redox conditions. Stimuli-responsive cellulose
composites can be easily separated from treated water by simply altering external conditions, making
them convenient to recover after use. This feature makes them cost-effective, eco-friendly, and recyclable
adsorbents for water purification. In addition, these smart materials possess high mechanical strength,
allowing them to withstand multiple regeneration cycles without notable structural degradation. Their strong
water retention capability further enhances contaminant removal by ensuring sufficient contact time between
pollutants and active adsorption sites. Cellulose-based MOF composites have demonstrated strong potential
for removing various contaminants, making them promising alternatives to conventional adsorbents in
water treatment. In these materials, cellulose serves as a flexible, lightweight, and multifunctional support,
while the incorporated MOFs contribute high porosity and a large surface area for effective adsorption.
In terms of future perspectives, most studies have focused on using cellulosic materials for the removal of
heavy metals and water-soluble dyes, while comparatively limited research has addressed their modification
for capturing hydrophobic pollutants such as pharmaceuticals, herbicides, organic dyes, synthetic insoluble
effluents, and oils. Therefore, greater attention should be given to functionalizing cellulose with hydrophobic
groups through chemical modification or composite formation to enhance its efficiency in removing non-
polar contaminants. Beyond current advances, most studies have focused on introducing either anionic or
cationic functional groups to cellulosic materials for removing pollutants of opposite charge. Future research
should prioritize developing cellulose-based adsorbents containing both types of functional groups to enable
simultaneous removal of pollutants with varying charges and enhance overall adsorption efficiency. In
addition, integrating metal-organic frameworks (MOFs) with cellulose nanoparticles represents a promising
direction for creating composites with higher surface area, lower density, and superior adsorption perfor-
mance. Exploring different metal centers within MOFs could further improve the selectivity and efficiency of
nanocellulose/MOF systems toward diverse contaminants. Moreover, comprehensive studies on the safety,
stability, and biodegradability of cellulose derivatives and composites are essential to ensure environmental
compatibility during use and after disposal. Finally, developing cost-effective and scalable synthesis routes
remains a key challenge for the industrial commercialization of cellulose-based biosorbents.
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