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This review reported the recent advances in the synthesis of LDH—cellulose hybrid adsorbents for wastewater
treatment. Particular emphasis is placed on the different forms of cellulose employed: microfibrillated cellulose,
cellulose nanofibrils, cellulose nanocrystals, and bacterial cellulose, which provide rich functional groups, high
specific surface area, biodegradability, and structural flexibility. LDHs, including widely studied Mg—Al, Zn—Al,
Ni—Fe, and Ca—Al layered double hydroxides with variable interlayer anions, have excellent anion exchange
capacity, tunable chemical composition, and good binding ability with a wide range of pollutants, while cellulose
can offer rich functional groups, high specific surface area, biodegradability, and structural flexibility. Assem-
bling these two building blocks creates an LDH-cellulose composite with adsorption properties, mechanical
properties, and ecological safety. Unlike previous reviews, this work integrates a comprehensive analysis of
LDH-cellulose hybrid adsorbents by simultaneously addressing synthesis strategies, structural-property re-
lationships, adsorption mechanisms, regeneration and challenges, and future perspectives. The review catego-
rizes the main synthesis strategies, i.e., in situ co-precipitation, impregnation, and hydrothermal processes,
indicating how the synthesis routes influence the particle morphology, pollutant dispersion, and pollutant
removal capacity. It critically investigates the adsorption processes, i.e., ion exchange, electrostatic interaction,
hydrogen bonding, and surface complexation. Finally, the review presents existing limitations like regeneration
issues, cost-effectiveness, and applicability in real wastewater systems, and proposes avenues for future research.
Briefly put, the article brings to the fore the application of LDH—cellulose composites, engineered from specific
cellulose derivatives and LDH compositions, as forward-looking and enhanced-efficiency materials for high-end
wastewater treatment.

1. Introduction

Global water pollution is on the rise via industrialization, urbani-
zation, agricultural runoff, and effluent discharge without treatment
[1,2]. A vast diversity of dyes, heavy metals, pharmaceuticals, pesti-
cides, and other recalcitrant contaminants pose threats to human health,
aquatic organisms, and environmental sustainability [3-6]. Conven-
tional treatment technologies such as coagulation, sedimentation,
filtration, and biological treatments were mainly designed for bulk
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organics and pathogens and are generally incapable of eliminating trace-
level or recalcitrant pollutants [7,8]. These technologies are power-
intensive, release toxic sludge, require strict monitoring, and in the
majority of instances are old or inadequately maintained [9,10]. The
disparity captures the urgent need for ground-breaking, low-cost, and
low-environmental-impact technologies to treat emerging contami-
nants, facilitate sustainable water reuse, and provide for long-term
water security [11,12].

Heavy metal levels in the majority of industrial and municipal
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wastewaters consistently range from 5- to 100-fold higher than guide-
line values: for instance, manganese was analyzed at ~19.10 mg L™?
wastewater samples, far in excess of the WHO standard of 0.2 mg L™}
[13,14]. Similarly, in Bangladesh’s Shitalakkhya-Dhaleshwari river
basin, up to 0.14 mg L™! of lead and up to ~12 mg L' of chromium
were identified; again above human and environmental safety thresh-
olds [15]. Conventional wastewater treatment plants also frequently fail
to reduce such trace or recalcitrant contaminants to safe levels, and
there remain permanently high loads downstream [16]. These magni-
tudes present a clear gap: there are pollutants at toxic magnitudes, the
treatments in use cannot decrease concentrations to a satisfactory level,
and thus, there is a need for high-capacity, stable adsorbents at an urgent
scale to fill the gap.

LDHs and cellulose are two highly compatible materials whose
interaction gives synergistic characteristics of a much more efficient
removal of pollutants from wastewater [17-23]. LDHs, or anionic clays,
possess a characteristic lamellar structure with positively charged
brucite-like layers intercalated with exchangeable anions and water
molecules [24-26]. They can be readily altered through the chemical
structure by tuning the divalent and trivalent metal cations between the
layers to allow for selective adsorption of various anionic contaminants
such as nitrates, phosphates, dyes, and heavy metals through anion
exchange, surface complexation, and electrostatic interaction [27,28].
LDHs have a high surface area, are thermally stable [29], and are
regenerable [30], and hence suit repeated application in treatment
processes [31]. Their tendency to agglomerate and lack of structural
stability in certain environmental conditions, however, serve to take
away from performance [32].

Cellulose, the world’s largest biopolymer, is renewable, biodegrad-
able, hydrogen-rich, and has many sites for chemical modification and
functionalization [33-35]. Cellulose serves as a rigid matrix when it is
incorporated with LDHs, where it inhibits the agglomeration of LDH
particles [36] and stabilizes them while contributing mechanical
strength [37,38]. The porosity of cellulose facilitates mass transfer,
which provides enhanced accessibility of pollutants to active sites
[39,40]. Besides, carboxyl and hydroxyl groups are present on the cel-
lulose surface, which can synergistically interact with LDH components
to endow the composite with improved adsorption capacity and stability
[41]. Hybridization yields a material that, besides being green, also
exhibits improved hydrophilicity, recyclability, and adsorption kinetics.
Functionalized cellulose also creates an added synergy by incorporating
some ligands or groups for a target impurity to create an ultraselective
and efficient adsorption platform [42].

In addition, the biocompatibility and low ecofootprint of cellulose
balance environmental drawbacks sometimes associated with synthetic
adsorbents, while the chemical flexibility of LDHs is adequate for
treating the complex mixtures of contaminants [43,44]. All these enable
a simultaneous elimination of organic and inorganic contaminants, e.g.,
dyes and heavy metals, from vast varieties of wastewater streams. The
resulting LDH—cellulose composites thus constitute an effective, eco-
friendly, and multi-contaminant water-treatment system [45]. Their
synergy not only fills in the shortfall of each material but is also a
notable advance in future-generation adsorptive material design for the
application of solving global environmental problems.

The novelty of this review lies in the fact that it gives a compre-
hensive and forward-looking summary of LDH-cellulose composites as a
hybrid adsorbent class in themselves and not as separate LDH or cellu-
lose entities. Whereas the majority of reviews thus far encapsulate either
LDHs or cellulose derivatives separately, this review takes a bold step in
bringing together proficiency at the intersection of the two with
emphasis on how the two entities cooperate to achieve maximum
adsorption capacity, stability, and ecocompatibility. It structures the
literature in a different way by connecting synthesis route, composite
structure, and pollutant type to underlying mechanisms of adsorption,
with well-defined structure—function relationships and practical design
guidelines. The review also departs from performance-only surveys in a
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vacuum by critically assessing real-world concerns like LDH leaching,
regeneration efficiency, and scale-up viability, placing the materials in
the context of industrial wastewater treatment and not just laboratory
environments. Furthermore, it prescribes clear future directions; selec-
tive surface functionalization, hierarchical structures for fast mass
transfer, and integration with membrane or catalytic systems, while
maintaining a sustainability and techno-economic perspective. This
synergy of mechanistic understanding, operational significance, and
roadmap vision distinguishes it from previous reviews and makes it a
guidebook for the future.

This review aims to critically discuss the recent advances in the
preparation, fabrication, and use of LDH-cellulose hybrid materials for
environmental remediation. Synergism in enabling adsorption capacity,
structural stability, and eco-friendliness will be discussed to illuminate
the role of layered double hydroxides and cellulose. It strives to cate-
gorize and compare various synthesis approaches, i.e., in situ co-
precipitation, impregnation, and hydrothermal syntheses, and investi-
gate their effect on the physicochemical properties of the composites.
The book also expounds on the prevailing adsorption mechanisms
involved in the elimination of organic dyes and inorganic heavy metal
ions, i.e., ion exchange, electrostatic interaction, hydrogen bonding, and
surface complexation. The second underlying basic objective is to
compare the performance of composites at different operating condi-
tions, i.e., pH, temperature, and ionic strength, through case studies. The
article also addresses existing deficiencies regarding regeneration,
scalability, and implementation in actual wastewater systems. Lastly,
the research attempts to set a general platform for future research and
facilitate the creation of sustainable high-performance materials for
prospective wastewater treatment systems.

2. Structural and chemical features of LDHs and cellulose

Polymeric matrices are often reinforced with inorganic fillers to
improve their properties and expand their applications [46]. Traditional
fillers like calcium carbonate, silicates, fibers, and carbon materials
require high loadings that increase composite weight and limit appli-
cations. Nanoparticles, however, can enhance polymer properties at low
concentrations, preserving low density. Consequently, layered inorganic
fillers have gained attention for developing lightweight polymer nano-
composites with improved performance [47]. Double hydroxide nano-
composites are a key class of inorganic polymer nanocomposites, valued
for their flame retardancy, improved thermal stability, and enhanced
overall physical properties [48,49]. Due to increased environmental
concerns that restrict the use of halogenated chemicals, LDHs have
become a possible substitute for halogenated flame retardants [50-53].
Hydrothermal synthesis, urea hydrolysis, ion exchange, and coprecipi-
tation are common synthesis strategies for LDHs and are well-
established in the scientific literature [54,55].

From a chemical perspective, the following formula can be used to
represent the structure of LDH: ML vt (OH)2lintra [A%/m-nH20Tinter
The intralayer crystal domain and the interlayer spaces are denoted by
the formula’s terms intra and inter, respectively. Charge-compensating
interlayer anions with optional solvation in water are dotted
throughout the positively charged, edge-shared, octahedral coordinated
metal hydroxide crystal formations that make up LDH layers. Defining
an anion as having a valence of ‘m’ and outlining the cationic species as
MU(M3H) (trivalent cation) and MY(M?1) (divalent cation), it’s evident
that LDHs possess a high charge density within their interlayer space and
exhibit a barrier effect against hydroxides, making their exfoliation
significantly difficult, unlike layered silicates [47]. Due to the hydro-
phobicity of polymers, their intercalation in LDH layers is limited;
incorporating anionic elements and modifying the clay with surfactants
or additives such as cellulose is an effective strategy to form stable and
functional polymer/LDH nanocomposites [56].

The discovery of minerals containing LDHs in Sweden in 1842
marked the beginning of the existence of LDHs [57]. LDHs were first
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synthesized in laboratories in 1942 by the interaction of bases with
diluted metal solutions [58]. Hydrotalcite-like compounds were the
name given to LDHs because of their structural resemblance to hydro-
talcites [59]. Hydrotalcites are substances that are found as iron and
magnesium (pyroaurite) or aluminum and magnesium hydroxycar-
bonates. In nature, these hydroxycarbonates appear as twisted, foliated
plates [60]. The use of hydrotalcites as catalyst precursors in the 1970s
sparked significant interest in LDH research [60]. Early X-ray diffraction
studies revealed that LDHs possess a layered structure with two cations
per layer and interlayers filled with water and carbonate ions. However,
the structural details were initially debated, as some researchers
considered aspects of their configuration still unclear [61]. It is feasible
for LDHs to be produced in a lab or by naturally occurring mechanisms.
Natural processes that produce LDHs in the environment include the
weathering of basaltic rocks and the precipitation of saline water.
Similar to naturally occurring hydrotalcites, which have the formula
[MgeAl, (OH)14]CO3-4H20 and a generic formula, M(II);_yM
(IINx(OH)2x/nYH50, LDHs share a similar structure. Here, the metals M
(III) and M(II) are trivalent and divalent, respectively, while the inter-
layer anions Yn~ and 0.2 < x < 0.33 are interchangeable [62-64]. LDHs
that are synthesized have a semicrystalline or hexagonal amorphous
structure and are extremely hydrophilic. The chemical Mg(OH),, bru-
cite, serves as the foundation for the structure of LDH layers. The
brucite-like layers in Fig. 1 schematically depict the LDH framework,
where trivalent cations (M>") partially replace divalent cations M) to
produce a net positive charge within the hydroxide sheets. The addition
of interlayer anions (such as CO0%~, NO3, and SO37) and water mole-
cules, which are situated in between the stacked layers, balances this
positive charge [60]. The figure illustrates the presence of exchangeable
anions and water species in the interlayer area, as well as the alternating
arrangement of octahedrally coordinated cations (M?" and M>") in the
hydroxide lattice. These structural characteristics provide LDHs their
strong hydrophilicity, variable chemical composition, and high anion-
exchange capacity, all of which support their adaptability in catalytic
and environmental applications [60].

Following exfoliation in various solvents, LDH transforms into
nanosheets. The exfoliation and delamination processes of LDHs that
result in the creation of nanosheets are schematically depicted in Fig. 2.
The intercalated anions and water molecules, which can be swapped out
for either organic or inorganic anions, first divide the stacked brucite-
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like layers [65]. The electrostatic interactions between the positively
charged metal hydroxide layers and the compensatory anions are
weakened as the interlayer distance increases due to intercalation with
appropriate guest species [66]. Individual LDH nanosheets are formed
through further exfoliation in suitable solvents. These ultrathin struc-
tures provide a greater surface area, better dispersibility, and improved
accessibility of active sites while maintaining the inherent chemical
diversity of the parent LDH [66]. Because the layered arrangement can
be customized via controlled intercalation and exfoliation techniques,
these characteristics make LDH-derived nanosheets very appealing for
catalytic, adsorption, and energy storage applications [62,67-69]. In
general, LDHs are chosen over layered materials like clays. This is due to
the possibility of creating LDHs with a broad variety of metal ion com-
positions and combinations throughout the synthesis process. The high
charge density of LDHs is another reason for their choice over clay. The
ratio of trivalent to divalent metal cations determines the charge density
of LDHs. The charge density rises with a low trivalent/divalent ratio
[60]. The physical and chemical characteristics of LDHs are distinct and
closely resemble those of clays. Properties including anion mobility,
anion exchangeability, and surface basicity are induced by the positively
charged layered structure of LDHs. Between the layers of LDHs lie labile
anions and water. Consequently, either organic or inorganic anions can
be employed to replace these interlayer anions through exchange pro-
cesses [70]. Mixed metal oxides with characteristics like surface basicity
and wide surface area are produced during the calcination of LDHs. The
resulting metal oxides also combine to form a uniform mixture with tiny
crystallite sizes at high temperatures [60]. High catalytic activity is also
shown by LDHs and metal oxides produced after calcination.

LDHs are special in that they have a memory effect or structural
reconstruction property. One property that is brought about by calcining
the LDHs and treating metal oxides with a particular anionic solution is
structural reconstruction [71]. Cations and anions can be readily
adsorbed by these materials [72,73]. The chemical makeup of the
interlayer gaps in LDHs often controls their magnetic characteristics.
Intercalation with organic anions of varying chain lengths can alter the
chemical environment in these areas. Consequently, hybrid materials
with adjustable magnetic characteristics are produced [74]. When LDHs
are intercalated with long-chain surfactants, such as dodecyl sulfates,
hybrid materials are created that swell in organic solvents. The creation
of monolayers for usage in nanocomposite and nanohybrid synthesis

y
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Fig. 1. LDHs’ general chemical makeup.
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Fig. 2. Fe—Co LDH nanosheet exfoliation and topochemical production.

frequently takes advantage of this swelling property [75]. Anion ex-
change often modifies the chemical environment between LDH layers,
and it preferentially occurs in the following order: NO3 < Br~ < Cl™ <
F~ < OH™ < SO%~ < C0%.

In this case, the CO3~ anion can easily take the place of the NO3
anion. As a result, NO3 is preferred over CO%~ when creating an inter-
action precursor. This is because the interaction needs to take place in a
way that does not change the host’s structure when the guest molecule is
introduced. The guest molecule takes the place of the current ion during
this contact. Weakly coupled anions to the hydroxide layers are typically
the most susceptible to being replaced by other ions [76-78]. LDHs are
synthesized using a variety of techniques. The uses of the final product
and the necessary properties determine the kind of approach that is
taken. Hydrothermal synthesis, coprecipitation, sol-gel, urea hydrolysis,
rehydration, and ion exchange are the most often employed processes.
Other often-used techniques include the surface synthesis method, the
autoxidation approach, and the template synthesis method. One of the
most popular techniques is coprecipitation, which involves combining
aqueous solutions of M(III), M(II), and intercalary anions to produce the
structure of LDH. This technique allows for the synthesis of LDHs with a
broad variety of cations and anions. To manufacture LDHs from organic
anions, the coprecipitation approach is the only method utilized [61].
Coprecipitation at lower supersaturation, coprecipitation by filtering,
and coprecipitation at higher supersaturation are the three subtypes of
the coprecipitation method.

To control the particle size distribution, the hydrothermal synthetic
technique is typically used. There are two synthesis routes used in the
hydrothermal synthesis process. The first involves preparing the mate-
rials in a pressurized autoclave at temperatures higher than 373 K. In
this case, Al;03 and MgO precursors or combinations created by the
breakdown of nitrate precursor molecules are used to develop LDHs
[60]. LDHs are synthesized at low temperatures and undergo an aging
process in the alternative synthesis method. The LDH precipitate is
refluxed for 18 h at a particular temperature during the aging process.
Urea is utilized as a precipitating agent in the manufacture of LDHs at
particular temperatures in the urea hydrolysis process. The rate of
breakdown and the temperature of synthesis determine the degree of
crystallinity of LDHs. The sluggish nucleation and low urea breakdown
rates at low temperatures result in the formation of big particles [79,80].
LDHs with a high charge density are only synthesized via the urea hy-
drolysis technique [79].

The sol-gel process creates LDHs by hydrolyzing and partially

condensing a metal precursor to create a sol, which is then followed by
the gel’s creation. Here, the characteristics of the final LDHs are deter-
mined by the rates of hydrolysis and the condensation of the metal
precursors [81]. Numerous reaction parameters, including the concen-
tration and type of the precursor, pH, solvent utilized, and synthesis
temperature, can also affect the rates of hydrolysis and condensation of
metal precursors. LDHs created using the sol-gel approach have a greater
surface area than those created using the coprecipitation method
[82-84]. Nevertheless, characteristics like basicity and the molar ratios
of trivalent and divalent metal ions of LDHs produced by the sol-gel
approach remain unclear [83-85]. To obtain the guest compound
LDH, the ion exchange technique exchanges interlayer anions with
additional guest anions that are injected into the LDH structure. Ion
exchange in LDHs is influenced by a several variables, including pH, the
exchange medium, affinity for guest anions, and the chemical makeup of
brucite layers. The rehydration process involves rehydrating mixed
metal oxides that are produced when LDHs are calcined at high tem-
peratures (500-800 °C) to generate an LDH structure with the help of
required anions [86-88].

2.1. Cellulose and synergy in composite formation

Biopolymers, both natural (e.g., cellulose, starch, lignin, DNA) and
synthetic (e.g., carboxymethyl cellulose, polylactic acid, chitosan), are
sustainable, biodegradable, and environmentally friendly [89,90]. They
break down into harmless molecules without damaging ecosystems.
Their biocompatibility and degradability make them valuable in diverse
applications, including medicine, drug delivery, sensors, gene therapy,
packaging, and catalysts [91].

LDH-based bionanocomposites combine the ion-exchange capacity,
large surface area, flame retardancy, and low toxicity of LDHs with the
biodegradability, biocompatibility, and mechanical strength of bio-
polymers [44]. In particular, LDH/cellulose composites synergistically
integrate different forms of cellulose with LDHs, creating environmen-
tally friendly materials with diverse functions [92]. These composites
are increasingly used in biomedical devices, packaging, and environ-
mental remediation, with cellulose sourced from plants such as hemp,
cotton, jute, and flax [93]. These plants are the primary sources of
nanocellulose, which is produced through enzymatic, mechanical, or
chemical processes [94]. Nanocellulose, including cellulose nanofibrils
and nanocrystals, features high aspect ratios and dimensions below 100
nm [94]. Cellulose nanofibrils, produced by mechanical fibrillation, are
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long and flexible, while cellulose nanocrystals, formed via acid hydro-
lysis, are rod-like and highly crystalline. Both have high surface areas
and strong mechanical properties. Bacterial cellulose, synthesized by
bacteria such as Komagataeibacter xylinus, is highly pure, ultrafine,
crystalline, and retains water efficiently, making it ideal for biocom-
patible applications. The abundant surface hydroxyl groups in all cel-
lulose forms enhance reactivity and compatibility with LDHs and other
polymers [95].

The processes include enzymatic functionalization, esterification,
and oxidation [96]. TEMPO-mediated oxidation converts cellulose hy-
droxyl groups to carboxyl groups, increasing negative charge density
and enhancing interactions with positively charged LDHs [93]. Esteri-
fication introduces ester groups to cellulose, altering its hydrophilicity
and thermal properties, while enzymatic functionalization sustainably
adds functional groups and modifies crystallinity and porosity. Both
approaches enhance stability, dispersion, and interfacial bonding with
LDHs in composites [96]. Cellulose-LDH bionanocomposites exhibit
synergistic effects, with nanocellulose fibers significantly enhancing
mechanical strength, including Young’s modulus and tensile strength.
Cellulose nanocrystals reach values comparable to magnesium alloys
and carbon steel. Bacterial cellulose and nanocellulose also form clear,
uniform films with excellent gas and moisture barrier properties, making
them ideal for packaging [95]. Nanocellulose films are lightweight yet
strong, with stiffness around 20 GPa, strength above 200 MPa, and a
weight-to-strength ratio eight times higher than stainless steel. Made
from renewable resources, they are biodegradable and more environ-
mentally friendly than conventional plastics [97]. Their sustainability is
enhanced through the use of green modification techniques [93]. Car-
boxymethyl cellulose/LDH nanocomposite films offer high transparency
and excellent barrier properties, making them suitable for packaging
applications [96]. LDH/cellulose bionanocomposites provide a sustain-
able, versatile alternative for industrial applications by combining the
mechanical and functional advantages of both components [98]. In
LDH/cellulose bionanocomposites, cellulose enhances LDH dispersion
and prevents aggregation through hydroxyl interactions, improving
mechanical stability, elastic modulus, and tensile strength. For example,
bacterial cellulose composites reinforced with MoS; and carbon nano-
tubes showed strength and modulus increases of 148% and 333%
compared to pure bacterial cellulose films [99]. Adding LDHs to cellu-
lose composites introduces extra adsorption sites, enhancing pollutant
removal due to LDHs’ layered structure and exchangeable anions. Cel-
lulose/LDH bionanocomposites show improved adsorption of dyes and
antibiotics; for example, CoFe LDH/cellulose composites achieved
maximum adsorption capacities of 208 mg g~ ! for cefixime and 272.13
mg g~ ! for sulfamethoxazole [100].

LDH/cellulose bionanocomposites are biocompatible and suitable
for biomedical applications like tissue engineering and drug delivery,
promoting cell viability with low cytotoxicity. For example, bacterial
cellulose/Mo0S5/HCNTs films maintained over 70% cell viability, high-
lighting their biomedical potential [99]. The interaction between cel-
lulose hydroxyl groups and LDH layers promotes homogeneous LDH
dispersion, preventing aggregation and stabilizing the composite. Ul-
trasonically treated regenerated cellulose/LDH films exhibited 100 nm-
wide LDH nanoplatelets and showed 135% higher tensile strength and
234% higher Young’s modulus compared to pure cellulose films [101].
LDHs’ layered structures with exchangeable anions provide numerous
adsorption sites, making LDH-based composites highly effective for
removing heavy metals from wastewater due to their adsorption effi-
ciency and structural flexibility [101]. Biocompatible and biodegrad-
able LDH/cellulose bionanocomposites are suitable for tissue
engineering and drug delivery. Green synthesis, such as plant extract-
modified LDHs, enhances biocompatibility and enables efficient anti-
cancer drug delivery with minimal harm to healthy cells [102]. Green
chemistry approaches, including solution intercalation and in situ
polymerization, reduce environmental impact. Combined with the
biodegradability of the composites, these sustainable methods make
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them environmentally friendly materials [103].

When LDHs are integrated into cellulose matrices, their positive
charges and ion-exchange sites interact with the hydroxyl groups of
cellulose, promoting stable anchoring of the inorganic lamellae in the
organic matrix; increased active surface area and accessibility of
adsorption sites; and greater selectivity for metal ions and polar mole-
cules through a combination of hydrogen bonds and electrostatic in-
teractions. Table 1 provides a comparative analysis between LDHs and
cellulose.

2.1.1. Polymorphs, crystallinity and reactivity of cellulose

Cellulose is a natural linear polymer formed by p-p-glucose units
linked by B(1—4) bonds. Despite its uniform chemical composition, it
has several crystalline polymorphs (cellulose I, II, III, and IV), which
differ in the organization of microfibrils and the orientation of adjacent
chains [104,105]. Cellulose occurs naturally in plants and is subdivided
into Io (dominant in algae and bacteria) and If (predominant in wood).
It has high crystallinity and a highly ordered structure, conferring ri-
gidity and mechanical stability. Cellulose II is obtained by reheating or
mercerization, with antiparallel chains; it has reduced crystallinity and
greater chemical accessibility [106]. Cellulose III/IV derivatives are
obtained through chemical and thermal treatments, generally used to
modify mechanical properties and reactivity [107]. Crystallinity is
crucial for mechanical strength, thermal stability, and molecular inter-
action capacity. The amorphous regions of cellulose, in contrast, are
more amenable to chemical modification and interaction with inorganic
species such as LDHs [92]. In addition to the classic polymorphs, cel-
lulose can be processed into different nanometric forms, each with
distinct properties [108]. Cellulose nanocrystals (CNCs) are obtained by
acid hydrolysis of plant fibers; they have a high crystallinity (60-90%),
typically measuring 5-20 nm in diameter and 100-300 nm in length,
and a large surface area [109]. They are rigid and have numerous

Table 1
Comparative properties of LDHs and cellulose and their synergistic interactions
in composite materials.

Property LDHs Cellulose Synergy in the
composite
Structure Layered, with Linear f-p- Combination of

M2*/M3" cations
and intercalated
anions

glucose polymer inorganic layers
within an organic
matrix, enhancing
structural stability
Cellulose acts as a
support, preventing
LDH aggregation
and increasing
active surface area

Surface area Moderate to high
(dependent on

synthesis)

Relatively low

Functional Hydroxyl groups Abundant Hydrogen bonding
groups on layers, positive  hydroxyl groups and stable ionic
surface charges (-OH) interactions
Charge density High positive Neutral, but rich ~ Establishes
charge density on  in polar groups electrostatic
layers interactions,
improving

selectivity for
anionic pollutants

Biodegradability Not Highly Reduces
biodegradable, biodegradable environmental
but partially persistence of the
soluble in acidic material
media
Thermal stability =~ High, resistant to Moderate, Composite is more
elevated decomposes stable and functional
temperatures around 300 °C under different
conditions
Environmental Ion exchange and Adsorption via Multifunctional
function selective anion hydrogen hybrid adsorbent,
adsorption bonding and effective for metals
surface and dyes
interactions
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exposed hydroxyl groups, favoring hydrogen bonding and electrostatic
interactions with LDHs. Bacterial cellulose (BC) is synthesized by bac-
teria (e.g., Gluconacetobacter xylinus); it has a highly pure and porous
nanofibrillar network, without lignin or hemicellulose, and has excellent
water retention capacity [110]. The three-dimensional matrix allows for
uniform dispersion of LDH particles, resulting in composites with high
stability and homogeneity [111]. Structural diversity allows for the
adjustment of the morphology and density of active sites for adsorption
or chemical modification, optimizing composite performance [29].

The hydroxyl (~OH) groups of cellulose are responsible for much of
its chemical reactivity. Hydrogen bond formation occurs through in-
teractions with oxygen or hydroxyl groups of the LDH lamellae, stabi-
lizing the dispersion of the inorganic layers in the organic matrix [112].

Electrostatic interactions and ionic complexation, where chemical
modifications (carboxylation, sulfation), generate anionic groups that
can interact directly with LDH metal cations, increasing their affinity for
pollutants or improving the structural integration of the composite
[113]. Finally, compatibilization and dispersion, in this case the amor-
phous regions and exposed nanocrystals, allow for the physical and
chemical anchoring of the LDH lamellae, preventing aggregation and
increasing the surface area available for adsorption. The structural di-
versity of cellulose directly influences the performance of the composite
(Table 2).

3. Synthesis strategies of LDH-cellulose composites
3.1. In situ precipitation: co-formation of LDHs on cellulose surfaces

In situ precipitation is a common method for producing LDH-cellu-
lose beads, forming LDH crystals directly on cellulose fibers. This en-
sures close contact and uniform dispersion, enhancing interfacial
interactions and preventing agglomeration [114]. The process involves
dispersing cellulose in metal salt solutions, adjusting pH to promote LDH
nucleation, and maintaining controlled temperature and pH, followed
by washing and drying to yield a functional composite [44]. Hydrogen
bonding between cellulose hydroxyl groups and LDH layers strengthens
interfacial adhesion, improving stability and mechanical properties.
LDHs also add functionalities such as enhanced pollutant adsorption and
flame retardancy. This method enables efficient production of
LDH-cellulose composites for applications in biomedicine, packaging,
and environmental remediation [115].

A study examined how well LDH/cellulose nanocomposite spheres
(CNS) removed amoxicillin from water in Mg-Al layers made using in
situ coprecipitation techniques [116]. LDH@CNS is an effective water
treatment adsorbent due to its high porosity (94.7%), large surface area
(76.46 m> g‘l), and high-water content (92%), with a maximum
adsorption capacity of 138.3 mg g~ !. Electrostatic interactions between
negatively charged amoxicillin and positively charged LDH@CNS, via
O—C—O0---M (Al/Mg) bonds, enable efficient removal, highlighting its
potential in water purification [116]. In the LDH@CNS cellulose sphere
nanocomposite, the porous cellulose matrix acted as a microreactor,

Table 2
Influence of cellulose structural forms on LDH composite formation and
performance.

Form of Crystallinity Interaction with LDHs ~ Impact on the
cellulose composite
Microfibrillar Moderate to Hydrogen bonding in Good integration, but
cellulose high amorphous regions lower surface area
Nanocrystals High Exposed hydroxyl Higher active surface
(CNCs) groups, possible area, high selectivity,
functionalization mechanical stability
Bacterial Moderate Porous network, Excellent LDH
cellulose multiple binding sites dispersion,
(BC) homogeneous and

flexible composites
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allowing LDH particle loading while limiting aggregation, and its high-
water content enabled effective in situ coprecipitation of LDH from
metal salt solutions. At natural pH (~7), amoxicillin carried a negative
carboxyl group, which electrostatically interacted with positively
charged LDH, as confirmed by XPS and { potential analyses. Adsorption
kinetics fit a pseudo-second order model, indicating chemical regula-
tion, though thermodynamic confirmation of chemical interactions was
not performed [117-121]. Lastly, the authors themselves attest that the
primary mechanism underlying the process would be physical electro-
static interactions. A schematic illustration of the creation of LDH@CNS
nanocomposites and the amoxicillin adsorption that follows is shown in
Fig. 3. Making porous cellulose nanocomposite spheres, which act as a
strong and extremely hydrated matrix, is the first step in the procedure.
By facilitating the inclusion of LDH nanoparticles through in situ
coprecipitation, the porous structure reduces particle aggregation and
produces a uniform distribution of LDH throughout the cellulose
framework. The LDH@CNS nanocomposite offers a large number of
active sites for interacting with contaminants once it is produced.
Through interaction with the surface metal cations (Al/Mg), negatively
charged amoxicillin molecules engage electrostatically with the posi-
tively charged LDH layers during adsorption, therefore immobilizing the
antibiotic inside the composite structure. Its potential as a cutting-edge
adsorbent for water purification applications is highlighted by this hi-
erarchical architecture, which combines the high porosity of cellulose
with the adjustable surface chemistry of LDH to improve pollutant
capture stability and efficiency [116].

The decrease in specific surface area (86.77 — 74.46 m? g’l) reflects
partial LDH occupancy within cellulose spheres. Mg—Al LDH cellulose
spheres were successfully synthesized via in situ coprecipitation,
confirmed by SEM, EDX, and FTIR analyses. XPS and EDX detected S and
N from amoxicillin, while the C carboxylate peak shift (288 — 288.5 eV)
indicated binding via O—C—O---M (Mg/Al). Amoxicillin adsorption
reduced the surface charge from 25 mV to 3.21 mV. These findings
demonstrate effective electrostatic-driven removal of penicillin-based
antibiotics, highlighting LDH@CB spheres as biodegradable, eco-
friendly adsorbents for water purification [116].

LDHs can act as host matrices for inorganic-organic nanocomposites,
typically synthesized through coprecipitation, ion exchange, or recon-
struction of calcined LDHs in the presence of organic polymers [122].
Biopolymers such as pectin, alginate, xanthan gum, and 1- and k-carra-
geenan can intercalate into LDHs and are used to develop sensors for
potentiometric ion detection in applications like food analysis, clinical
diagnostics, and water quality monitoring [122]. Similarly, various
mesoporous materials incorporated into binders have demonstrated
high efficiency in separating rare earth elements [123,124]. Despite
their potential, LDH-intercalated biopolymer nanocomposites are rarely
used for removing heavy metals and rare earth elements. Consequently,
a hybrid nanocomposite, Al/CL-Zn LDH, based on cellulose intercalation
into LDH, was developed for this purpose [125].

The cellulose solution was made following earlier literature reports
in order to synthesize Al/CL-Zn LDH nanocomposites [126]. Al/CL-Zn
LDH nanocomposites were synthesized via coprecipitation. A chilled
NaOH-urea solution (Solution A) containing cellulose was prepared,
and a metal salt solution of AlCl3-6H50 and ZnCl, (Solution B, Al:Zn =
1:3) was added dropwise under stirring. The pH was adjusted to 10, and
after 18 h aging, the precipitate was washed, dried at 80 °C for 12 h, and
ground into fine powder [126]. The Al/CL-Zn LDH nanocomposite
exhibited a crystalline, sheet-like structure confirmed by XRD, TEM, and
AFM analyses. It showed a pore diameter of 22.7 nm, pore volume of 9.3
mm? g™, and BET surface area of 1.216 m? g~!. Equilibrium for Ge3",
Y3+, and La®* was reached in 10 min, following a pseudo-second order
kinetic model, with film diffusion as the rate-limiting step. Maximum
adsorption capacities at pH 7 were 92.51 mg g_1 (La®"h), 102.25 mg g_1
(Y®"), and 96.25 mg g~ * (Ce3™), with adsorption being spontaneous and
endothermic. The composite maintained good reusability, with minor
reductions after five cycles, and showed slight competition effects in
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Fig. 3. Diagrammatic representation of the adsorption process between amoxicillin and LDH Mg—Al via electrostatic interaction and the creation of the LDH@CB

nanocomposite using the coprecipitation method.

multi-ion systems. Overall, Al/CL-Zn LDH is a promising adsorbent for
removing La®*, Y3*, and Ce3" from wastewater [126].

Recent efforts to improve LDH adsorption focus on increasing
porosity and stabilizing them on natural or synthetic supports [127].
This study used cellulose nanocrystals, produced via high-temperature
acid hydrolysis, and combined them with other materials to create
composites with tailored properties. The interaction of many drugs with
LDHs has already been described in depth in the literature, including
activated carbon [128], metal [129], graphene-based compounds
[130,131], and biochar [132]. Likewise, cellulose and other bio-based
materials have demonstrated efficacy in cleaning up contaminants
found in aqueous media [133,134].

Limited studies exist on using biobased LDH nanoparticles for anti-
biotic removal. One study evaluated AlI—Mg/LDH composites with
cellulose nanocrystals for adsorbing tetracycline from water [127].
Cellulose nanocrystal/Al—Mg-LDH composites for tetracycline adsorp-
tion were synthesized via coprecipitation. Cellulose nanocrystals were
ultrasonically dispersed with AlI—Mg-LDH, stirred at 75 °C, and the pH
adjusted to 10. After 24 h reflux, the mixture was washed, centrifuged,
treated with acetone, and freeze-dried for 48 h to yield the final com-
posite. Pore radius, surface area, and pore volume were characterized
for different composites. The composition of the obtained cellulose/
Al—Mg nanocrystal composites is displayed in Table 3. The pore radius,
specific surface area, and pore volume of the different composites are
displayed in Table 4 [127].

The cellulose nanocrystals-MAI-1 composite exhibited a high specific
surface area of 101.92 m? g~!. Adsorption kinetics followed a pseudo-
second-order model, and Langmuir isotherms showed maximum ca-
pacities of 153.3 mg g~! (318 K) and 143.5 mg g~! (298 K). Thermo-
dynamic analysis indicated the process was endothermic, spontaneous,

Table 3
The cellulose/Al—Mg nanocrystal composite’s properties.

Sample number and Al—Mg-LDH (3:1): cellulose Adsorbent nomenclature

nanocrystals

1 and 1:0.2 Cellulose nanocrystals-
MAI-1

2 and 1:0.4 Cellulose nanocrystals-
MAI-2

3 and 1:0.6 Cellulose nanocrystals-
MAI-3

4 and 1:0.8 Cellulose nanocrystals-
MAI-4

5and 1:1 Cellulose nanocrystals-
MAI-5

and favorable (AH® = 25 kJ mol™1). The composite maintained over
90% antibiotic removal efficiency after five regeneration cycles [127].
The cellulose nanocrystals/Al—Mg-LDH composite, with its porous
surface and abundant functional groups, effectively adsorbs tetracy-
cline. FTIR analysis confirmed the presence of lignocellulosic alkanes
and oxide groups, while SEM showed the porous structure facilitating
adsorption [127]. Thermodynamic studies indicated spontaneous
physical adsorption. At pH 4, tetracycline exists mainly as a zwitterion
(84.7%) and partly as a neutral form (15.3%). Tetracycline molecules’
adsorption method onto the cellulose nanocrystals/Al—Mg-LDH com-
posite is depicted in Fig. 4. The schematic illustrates how cellulose
nanocrystals and LDH layers work in concert to provide a high-surface-
area, porous framework that is enhanced with functional groups that can
interact in a variety of ways. Tetracycline is primarily found in its
zwitterionic form at pH 4, which promotes a variety of adsorption
processes [127]. Tetracycline’s positively charged amino groups
interact electrostatically with the negatively charged areas on the
composite surface. Concurrently, n-n stacking interactions and
hydrogen bonding reinforce the binding, improving the overall stability
of the adsorption process [127]. Additionally, the multilayer LDH
structure aids in immobilization by surface complexation, while the
cellulose nanocrystals enhance dispersibility and inhibit aggregation.
The composite’s effectiveness as a material for antibiotic removal is
confirmed by these combined effects, which also account for the high
adsorption capacity, durability across several regeneration cycles, and
sensitivity to ionic strength seen in experiments [127]. In terms of
adsorption, it was found that as the concentration of salt in the water
increased, less tetracycline was removed from the aqueous phase [127].

LDH-biochar composites are now a viable, appealing, promising, and
reasonably priced water purification adsorbent [135-138]. Incorpo-
rating biochar as an inexpensive LDH support material not only keeps
LDHs from clumping together, but it also significantly improves the
composite’s chemical-physical properties, enabling better treatment of
both organic and inorganic polluted water systems and superior reuse
performance [139-141]. For instance, within an hour of the process,
biochar-Al—Ni LDH demonstrated quick adsorption towards methyl
orange dye, with an adsorption capacity of 412 mg g~ [142]. When
compared to pure biochar, the intercalation of AI—Mg layered double
hydroxide with biochar demonstrated a high removal of methylene blue
cationic dye to about 50%, and equilibrium was attained in half the
adsorption time [143]. Additionally, other studies showed that methy-
lene blue (406.47 mg g~ 1) and methyl orange (412.8 mg g™ 1) dyes had
outstanding adsorption capability on NiAl and MgAl supported biochar,
respectively [142,144]. Other anionic contaminants like tetracycline,
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Table 4
The surface textural characteristics of pure cellulose/Al—Mg-LDH nanocrystal composites, AlI—Mg-LDH, and cellulose nanocrystals.
Parameter Al—Mg-IDH  Cellulose Cellulose Cellulose Cellulose Cellulose Cellulose
(3:1) nanocrystals nanocrystals-MAI-1 nanocrystals-MAI-2 nanocrystals-MAI-3 nanocrystals-MAI-4 nanocrystals-MAI-5
BET surface area 9.23 2.19 101.92 82.86 70.73 45.81 8.73
m*g™h
Pore volume 0.0312 0.0034 1.018 0.366 0.247 0.256 0.0598
(em®g™"
Pore radius (nm) 6.86 2.99 18.38 8.5 6.85 7.7 13.7

LDH-Cellulose nanocrystal

3

Electrostatic Hydrogen

\ﬁ%‘

Adsorption mechanism

Fig. 4. Suggested method for tetracycline adsorption on the Al—Mg/LDH composite and cellulose nanocrystals.

phosphate, and diclofenac were also effectively removed by the biochar-
LDH composites; their highest adsorption capacities were reported to be
2114.43, 487.99, and 1118.2 mg g~ !, respectively [145,146]. According
to earlier research, biochar-LDH composites are most effective at
removing anionic pollutants from water in the acidic pH range. This is
mostly due to the several ways that anionic contaminants interact with
biochar-LDH composites, including surface adsorption, chemical
complexation, electrostatic attraction, and anion exchange
[142,147,148].

A viable strategy to enhance the final material’s adsorption capa-
bilities and characteristics is the incorporation of functional material
into the composite matrix [149]. Crystalline nanocelluloses with supe-
rior colloidal and mechanical stability are the cellulose nanocrystals
described above [150,151]. Additionally, cellulose nanocrystals’
enhanced surface hydroxyl groups facilitate efficient dispersion with the
host matrix, linked to hydrogen bonding contact with the composite

Biochar
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material [152]. According to reports, cellulose nanocrystals are an
extremely effective nanoadsorbent for treating wastewater [153]. Ac-
cording to a recent study, the physical-chemical characteristics and
adsorption of organic molecule contaminants significantly improved
when chitosan particles were added to CuFe-B [154]. The coupling of
CuFe-B with cellulose nanocrystals is therefore anticipated to improve
the colloidal stability, which offers an alluring platform for a quicker
and more effective interaction between the dye molecules and the
composite functions [155]. The synthetic approach and functional
synergy of the cellulose-B-CuFe layered double hydroxide biocomposite
are schematically depicted in Fig. 5. The integration of CuFe-based
LDHs, cellulose nanocrystals, and biochar into a single material is
depicted in the figure. The porous and conductive charcoal matrix
provides a robust support with many active sites, while cellulose
nanocrystals contribute surface hydroxyl groups that promote hydrogen
bonding, improve dispersion, and boost colloidal stability.

N Biochar@Cellulose-LDH

Fig. 5. Biochar-supported layered cellulose double hydroxide nanocrystal composite.
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Concurrently, the addition of CuFe-based LDH increases the affinity for
negatively charged azo dye molecules like Eriochrome Black T by
introducing positively charged layered structures with a high anion-
exchange capacity. Each component of the final composite works in
concert with the others to create a hierarchical architecture: cellulose
nanocrystals improve functional surface interactions, biochar maintains
structural integrity, and LDH layers facilitate effective dye uptake. The
high adsorption capacity, quick kinetics, and superior reusability noted
are explained by this cooperative effect, demonstrating the potential of
cellulose-B-CuFe composites as affordable and environmentally friendly
adsorbents for wastewater treatment [154]. Layered double hydroxide
biocomposites with biochar and cellulose nanocrystals (cellulose-B-
CuFe) were synthesized via ultrasonic coprecipitation, producing a 2D
rod-like structure with high crystallinity and surface functionality. The
biocomposite efficiently adsorbed anionic azo dyes, reaching a
maximum Eriochrome Black T adsorption of 876 mg g’1 in 45 min at
acidic pH (2-5). Adsorption followed pseudo-second-order kinetics and
isotherm models (Redlich-Peterson, Freundlich), with excellent reus-
ability over six cycles. Incorporating cellulose nanocrystals and LDHs
into biochar provides a cost-effective strategy for enhanced dye removal
from wastewater [154].

Using an ultrasound-assisted coprecipitation approach, the afore-
mentioned CuFe-B layered cellulose nanocrystal and LDH biocomposites
were created. First, cellulose nanocrystals of 5-25 wt% biochar, which is
made from date palm leaf residues at 700 °C for 4 h [156]. The cellulose
nanocrystal-biochar mixture was ultrasonically dispersed in water, then
combined with Fe®*/Cu®" LDH salts (1:2 molar ratio) at 65 °C under
stirring. The pH was gradually adjusted to 9-9.5 with NaOH to initiate
coprecipitation, and the mixture was refluxed overnight. The resulting
biocomposite was centrifuged, washed with water, and treated with
ethanol to remove unreacted salts and NaOH [154]. The biocomposites
that were produced were dried for 48 h at 60 °C in an oven.

The addition of cellulose nanocrystals enhanced the surface func-
tionality, structure, and hydrophilicity of the CuFe-B-cellulose nano-
crystals biocomposite, increasing dye affinity. For 40 mg L7!
Eriochrome Black T, adsorption equilibrium was reached in under 30
min. Adsorption data fit well with Freundlich and Redlich-Peterson
models, while Langmuir kinetics also provided a good fit. Maximum
adsorption capacities at 25, 35, and 45 °C were 657, 714, and 876 mg
g1, respectively [154]. Adsorption of dyes on 10% CuFe-B-cellulose
nanocrystals followed film diffusion and pseudo-second-order models
and was spontaneous and endothermic. The biocomposite maintained
high adsorption in the presence of NO3 and Cl~ but showed reduced
capacity with 0.25 M SO%~ and CO3 . It retained excellent performance
over six regeneration cycles, demonstrating strong reusability and po-
tential for industrial dye removal [154].

Carboxymethyl cellulose, a polysaccharide of $(1-4)-linked d-glucose
units with hydroxyl groups at C2, C3, and C6, enables chemical modi-
fications that enhance adsorption. Its biocompatibility, modifiability,
low cost, eco-friendliness, and biodegradability make it an attractive
biosorbent, alongside p-cyclodextrin-functionalized materials [157].

Biopolymers like carboxymethyl cellulose and p-cyclodextrin have
limited stability, mechanical strength, and selectivity in aquatic appli-
cations. To enhance performance, they are often chemically function-
alized with materials such as graphene oxide, which offers high surface
area, stability, and adsorption capacity. However, its separation from
spent adsorbent limits commercial wastewater use [158]. Layered
double hydroxides (LDHs) are anionic clays with a 2D brucite-like
structure, containing trivalent o3, e.g., AI*") and divalent (M2, e.
g., Fe?*") cations and interlayer anions (A""). During synthesis, M3+ and
M2t form octahedral structures with hydroxyl groups, generating a
negatively charged surface [116].

FAH-LDH research focuses on integrating reduced graphene oxide
with biopolymers to overcome limitations like adsorbent separation and
to increase adsorption sites. This aims to develop novel adsorbents with
high efficiency, improved regeneration, and superior removal
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performance [159]. p-Cyclodextrin and carboxymethyl cellulose were
incorporated into LDH/reduced graphene oxide composites to create a
multifunctional nanocomposite with increased adsorption sites for
anionic ions, including selenium. The LDH/reduced graphene oxide-
B-cyclodextrin-carboxymethyl cellulose nanocomposite was prepared
via ex-situ polymerization, ultrasonic stirring, 24 h colloidal agitation,
degassing, centrifugation, and vacuum drying at 50 °C. This function-
alization for selenium removal is novel [160]. LDH/reduced graphene
oxide composites functionalized with carboxymethyl cellulose and
B-cyclodextrin efficiently adsorbed Se(IV), with maximum capacities of
248.75 mg g~ ! and 275.48 mg g~ !, respectively. Adsorption followed
the Langmuir isotherm and pseudo-second-order kinetics (R? > 0.98).
Studies on mechanism, regeneration, and coexisting anions confirmed
the composites’ effectiveness, offering a promising solution for selenium
removal from water [159].

In the realm of adsorption, three-dimensional hierarchical porous
materials are currently gaining a lot of attention [161]. Three-
dimensional hierarchical LDHs feature multi-scale structures with
larger pore volumes and surface areas than conventional LDHs,
enhancing permeability and mass transfer rates and improving overall
adsorption efficiency [162]. Two-dimensional structures could be
transformed into three-dimensional ones in a number of ways, such as
assembly/delamination [163], model methods [164], and interleaving
modification [165]. However, extreme conditions like high pressure and
high temperature were necessary for the synthesis of three-dimensional
LDH [166]. Three-dimensional LDHs with dynamic pore architectures
are highly attractive because their pores can change size and shape in
response to external stimuli. Inspired by the sponge’s water-absorbing
3D structure, such materials enable novel approaches for mixture sep-
aration and controlled adsorption behavior [167]. Adsorbents with dy-
namic pore architectures improve organic contaminant removal from
wastewater by facilitating pollutant diffusion through larger pores.
Incorporating a second component into the LDH network enables the
creation of 3D structures with dynamic porosity, enhancing practical
applications.

Activated carbon fiber made from recycled cotton has been investi-
gated recently as a matrix for creating nanostructured LDHs [168].
Residual cotton fabric is dispersed in a NaOH/urea solution and com-
bined with an LDH formamide suspension to form a homogeneous
mixture. After calcination, the product consists of activated carbon fi-
bers and stacked double oxides. LDH/cotton fiber composites are typi-
cally prepared via in-situ growth of LDH directly on cotton fibers [169].
No prior studies have built 3D dynamic pore structures of LDHs or
activated carbon fibers using calcined cotton fibers. Activated carbon
fiber/LDH composites exhibit sponge-like expansion and contraction
due to the LDH “memory effect,” enhancing adsorption and desorption
of organic dyes such as acid red 27 (~760 mg g~ 1). Adsorption occurs
via electrostatic interactions with sulfonic groups and n—n interactions
with aromatic rings. The composites’ pore structure and surface area
recover after regeneration [168]. Activated carbon fiber/LDH adsor-
bents demonstrated excellent reusability, maintaining acid red adsorp-
tion above 650 mg g ™! after five cycles. Regeneration at 500 °C restored
the LDH layered structure and preserved the 3D network pore archi-
tecture formed on calcined cotton fibers. Electron diffraction confirmed
partial recovery of LDH nanosheets and MgO crystals. The adsorp-
tion-regeneration process involves two stages: structural expansion
during adsorption and contraction during regeneration, enabled by the
LDH “memory effect” [168].

Pore shape significantly influences adsorption capacity by affecting
pollutant diffusion rates. The mesoporous structure of the adsorbent was
confirmed by type IV isotherms with hysteresis observed at high relative
pressures (0.5-1) [170]. The layered LDH structure in activated carbon
fiber/LDH-R composites produced H4-type hysteresis loops, indicating
the presence of both small and medium-sized pores [171]. The layered
LDH structure in activated carbon fiber/LDH-R composites resulted in
H4-type hysteresis loops, revealing the presence of both small and
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medium-sized pores [170].

The layered double oxides-R/activated carbon fiber composite
exhibited an increased specific surface area due to enhanced micropo-
rosity. Conversion to activated carbon fiber/LDH-R decreased micro-
pore volume and total surface area while increasing average pore size
through LDH layer reorganization. Pore expansion also generated
negative pressure, facilitating dye diffusion into the adsorbent [168].
Stacked double oxides and activated carbon fiber effectively removed
water pollutants. During regeneration, particle and pore sizes decreased,
but activated carbon fiber/layered double oxides-R1 exhibited the
largest surface area due to 3D network pore formation, explaining the
peak adsorption in the second cycle. X-ray diffraction confirmed alter-
nating transformations between metal oxides and layered double hy-
droxides during adsorption—desorption cycles [168]. With increasing
adsorption cycles, the pore volume and size of activated carbon fiber/
layered double oxides-R decreased due to dye accumulation. FTIR
spectra before and after adsorption showed characteristic bands at 1489
and 1605 cm ™!, corresponding to the C=C stretching of aromatic rings
in both acid red and the adsorbent [172]. The conjugated = system on
the activated carbon fiber and the dyes formed n-n stacking, which
caused the bands at 1489 cm™! and 1605 cm™! to move to 1499 cm™!
and 1615 cm™ ! after adsorption [173]. Around 1630 cm’l, the azo
group’s N=N stretching vibrations should have emerged, superimposed
on top of the C—C stretching vibration [174]. The O—S=O stretching
vibration in the sulfonate group was identified as the cause of the
distinctive bands at 1035 cm ™~ and 1185 cm™? [175]. Bands at 600-700
cm ! indicated substituted benzene rings. Elemental analysis showed
minimal changes in carbon content and Al/Mg ratio during adsorp-
tion-desorption cycles, demonstrating high stability of the activated
carbon fiber/layered double oxides composite compared to pure LDHs.
This composite is a promising, cost-effective adsorbent for water pol-
lutants and offers a sustainable strategy for reusing leftover cotton fibers
[168].

3.2. Hydrothermal and solvothermal techniques

Comparison between hydrothermal and solvothermal methods,
highlighting their definitions, solvents, applications, and main differ-
ences (Table 5). Ion exchange, coprecipitation, reconstruction, hydro-
thermal, salt oxide, and delamination techniques are frequently used to
prepare LDH. The most used technique for making LDH is the copreci-
pitation method [44]. LDHs are commonly synthesized by super-
saturating two or more metal ions through physical (evaporation) or
chemical (pH adjustment) methods. Among coprecipitation techniques,
three types exist: titration coprecipitation (sequential precipitation),
where metal cations are gradually added to a basic solution for

Table 5
Comparison between hydrothermal and solvothermal methods.

Aspect Hydrothermal method Solvothermal method

Definition Synthesis in an aqueous Synthesis in a medium with
medium under high organic solvents under high
temperature and pressure. temperature and pressure.

Solvent Water. Organic solvents (alcohols,

ethylene glycol, DMF, etc.).
Controls solubility, nucleation,
and particle growth.

Acts as both solvent and
sometimes reagent.

Solvent role

Materials Metal oxides, synthetic clays, Metallic nanoparticles,
obtained crystalline nanomaterials. semiconductors, oxides, hybrids.
Property More limited; depends on Greater control over size, shape,
control aqueous chemistry. and dispersion through solvent
choice.

Advantages Simple, cost-effective, and Versatile, allows synthesis of
more environmentally compounds insoluble or unstable
friendly. in water.

Limitations Restricted to species soluble/ Use of organic solvents may

stable in water. increase cost and toxicity.
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sequential deposition; and low supersaturation coprecipitation, which
ensures simultaneous metal precipitation under controlled temperature,
pH, and stirring [44]. The third coprecipitation method, high super-
saturation, involves rapidly adding two or more metal cation solutions
into a base solution under continuous stirring [176]. Pseudomonas sp.
strain ADP was immobilized on Mgy LDH-Al matrix using a direct
coprecipitation technique to degrade the herbicide atrazine [177].
ADP@LDH biohybrids were synthesized at pH 8 using Mg(NO3), and Al
(NO3)3 (Al/Mg = 2), with sodium hydroxide and ADP suspension (mass
ratio 2-40). At ratios <10, they showed the highest atrazine degrada-
tion, retaining biodegradative activity after four reuse cycles and three
weeks of storage at 4 °C [177]. The ion exchange method is widely used
and relies on replacing interlayer anions through electrostatic in-
teractions with the positively charged host layers [176,178].

LDHs can intercalate various anions, with ion exchange favored
under suitable temperature, excess initial anions, high affinity, and pH
# 4. The affinity order for monovalent anions is OH" > F > CI” > Br™ >
NO3 > I' [179]. An earlier investigation detailed the divalent anion as
HPO%’ > HAsO‘Z{ > CrO%’ > SO?( > MOO%_ [44]. Examples of various
organic anions that are intercalated include amino acids and cellulose
[180] and biomolecules [181]. Calcined LDH (layered double oxides)
can be reconstructed into LDH under an inert atmosphere by adding ions
and water, allowing incorporation of organic anions such as amino acids
and peptides [182]. The “memory effect” refers to a structural alteration
that decreases with increasing temperature due to the formation of
stable spinels [176]. The salt-oxide approach produces LDH by slowly
adding a trivalent metal salt to a divalent metal oxide suspension,
without maintaining a constant pH [73,183]. For instance, sodium
aluminate and magnesium hydroxide or oxide are used to prepare Al/
Mg-based LDH [184]. The hydrothermal method synthesizes LDH by
dispersing metal oxides in water with target anions and heating the
mixture to a specific temperature, such as producing Al—Mg LDH by
autoclaving Al;03 and MgO at 110 °C for 5-10 days [180]. Ultrathin
LDH nanoplates were produced in a continuous-flow hydrothermal
reactor using controlled nucleation, aging, in-line dispersion, and pre-
cipitation processes [185]; both approaches were previously created
before the application [186,187]. The delamination technique produces
LDH nanosheets by dispersing LDH in a polar solvent to solvate inter-
calated anions, followed by vacuum drying; nanosheets can be formed
via top-down or bottom-up approaches. The top-down method entails
delaminating LDH in various solvents, including acrylates [188], higher
alcohols such as butanol [75], hexanol, pentanol, toluene, carbon tet-
rachloride, water [189,190], formamide [191], and N,N-dime-
thylformamide-ethanol mixture [192]. In the coprecipitation system,
the bottom-up method employs 1-butanol as a co-surfactant and dodecyl
sulfate as a surfactant in the oil-phase medium [193,194].

All three main synthesis methods (in situ coprecipitation, hydro-
thermal, and impregnation) have advantages and disadvantages, as well
as challenges in the scalability stage. In situ coprecipitation has the
advantage of optimizing a homogeneous distribution of LDH particles on
the cellulose, increasing the active area and ion exchange efficiency
[195]. Itis a relatively simple method under mild synthesis conditions; it
favors strong interaction between the polymer matrix and the inorganic
lamellae [195]. However, controlling the stoichiometry of metal ions
can be difficult, resulting in secondary phases or incomplete precipita-
tion; there is a risk of aggregation of particles with excess ionic charge
[195]. On an industrial scale, maintaining uniform pH, temperature, and
the molar ratio between metal cations is complex; the need for large
volumes of solution and washing processes increases costs and generates
significant liquid waste [196]. Hydrothermal synthesis, on the other
hand, results in composites with greater crystallinity and structural
stability; it improves the dispersion and adhesion of LDH to cellulose; it
favors more refined control of particle size and morphology [197].
However, it requires specialized equipment (autoclaves) and rigorous
operating conditions; high energy consumption; and longer synthesis
times compared to methods under mild conditions [198]. High-pressure
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operation limits large-scale production due to safety risks, capital costs,
and maintenance; the difficulty in reproducing uniform morphologies in
large batches can compromise the consistency of the final material
[199]. Finally, the impregnation technique offers a simple and
straightforward methodology, allowing the incorporation of varying
amounts of LDH; it allows selective modification of the cellulose surface
without drastically altering its structure; and it has a lower initial cost
than hydrothermal synthesis [200]. However, adhesion between LDH
and cellulose can be weak, favoring leaching in aqueous media; het-
erogeneous particle distribution, which reduces efficiency and repro-
ducibility; and less structural integration between phases [201].
Although easier to implement in continuous processes, reproducibility
in terms of LDH loading and composite stability is limited; in long-term
environmental applications, loss of LDH by detachment is a significant
technological barrier.

Each synthesis route offers a trade-off between performance, cost,
and scalability. In situ coprecipitation is promising for laboratory ap-
plications due to its good phase integration, but faces challenges in
achieving uniformity on an industrial scale. Hydrothermal synthesis
provides high-quality and stable materials, but faces economic and
safety barriers to mass production. Impregnation is simpler and more
scalable, but the structural stability of composites remains a challenge.
Therefore, transitioning these materials to industrial applications re-
quires the development of hybrid routes, cellulose surface modification
strategies, and continuous process optimization to balance cost, per-
formance, and sustainability.

3.3. Other methods

LDH can also be made in a variety of ways, including electrosyn-
thesis, sol-gel [202], urea hydrolysis, and mold [176]. Electrosynthesis
is a technique based on the electrochemical deposition of metal layers, in
which metal ions present in the solution are reduced or oxidized on an
electrode, forming hydroxide layers [203]. In the case of LDH, electro-
synthesis allows for the controlled formation of lamellar structures on
conductive substrates. The advantage is high purity, control over layer
stoichiometry and thickness, and the possibility of direct deposition on
conductive supports, useful for applications in electrochemistry and
catalysis [204]. However, it is difficult to scale due to the need for
specific electrodes and precise control of current and voltage, as well as
the relatively high costs compared to large-scale chemical methods
[204].

The sol-gel method involves the formation of a three-dimensional
network from metal precursors in solution (usually alcoholics), which
undergo hydrolysis and condensation to form a gel, subsequently
calcined to generate LDH [205]. It allows for fine control over the
morphology and homogeneity of the structure and offers the possibility
of incorporating dopants or specific ions into the network [206]. How-
ever, the process is sensitive to humidity and pH, requiring strict control
of conditions, and is difficult to produce on a large scale due to the
complexity of gelation and uniform drying [207]. In urea hydrolysis,
metal salts are dissolved in aqueous solution along with urea. The
thermal decomposition of urea slowly releases hydroxyl ions, promoting
the controlled precipitation of LDH [208]. Production is uniform and
particle morphology is controlled, and the process is relatively simple
and inexpensive. However, the method requires prolonged heating,
which can limit large-scale production, and the release of ammonia may
require environmental treatments in industrial processes [209]. Finally,
the “Mold” (biomimetic) method is inspired by biological processes. This
method uses organic structures or biomolecules as templates to guide
LDH precipitation, forming structures with specific morphologies
(controlled porosity, organized lamellae) [209]. It allows precise control
of shape and structure at the nanoscale and has potential for materials
with high surface area and improved catalytic or adsorbent properties.
Among the challenges, the method requires specific organic precursors
or biomolecules, which can increase costs and the process is relatively
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slow and difficult to standardize on an industrial scale.

Researchers have created a sol-gel process that does not require
alkoxide to synthesize Al/Mg-based LDH [210]. In this process,
aluminum chloride is hydrolyzed and hydrogel is formed utilizing
freshly manufactured magnesium (HCO3); as a moderate neutralizer. To
produce pure layered material, the hydrogel was aged for 24 h. Elec-
trochemical synthesis of Cr—Ni-based LDH, Al—Ni-based LDH, Fe—Ni-
based LDH, and Mn—Ni-based LDH is possible, and their characteristics
are comparable to those achieved using chemical methods. The template
approach uses templates that are used in the production of LDH, such as
polypeptides, micelle-forming surfactants, polysaccharides, etc. [176].
Because of its high base and weak water solubility, urea can be used to
modulate the rate at which it hydrolyzes, making it helpful for precip-
itating metal hydroxides [176]. Ion exchange, hydrothermal-
mechanochemical, usual coprecipitation, and reverse microemulsion
were the four methods used to create methotrexate-intercalated LDH
hybrids [211,212].

The creation of cellulose LDH composites has made use of a few of
the techniques previously discussed. The abundant biopolymer called
cellulose makes up all of vegetation’s living cells. The carbon cycle re-
volves around this natural resource. Previously defined as a modified
cellulose, carboxymethyl cellulose has carboxymethyl groups (—CHo-
COOH) joined to part of the cellulose’s —OH groups. It is appropriate for
ion exchange applications because of its anionic behavior, water solu-
bility, and chemical reactivity, all of which are caused by the carbox-
ymethyl groups found in carboxymethyl cellulose. Using coprecipitation
techniques, researchers have intercalated carboxymethyl cellulose into
Al—Mg LDH and Al—Ni LDH [213]. The shift of asymmetric COOH
group peaks to higher wavenumbers was seen in the Fourier Transform
InfraRed Spectroscopy spectra of Al—Mg LDH/carboxymethyl cellulose,
demonstrating the intercalation of carboxymethyl cellulose into the LDH
matrix. D-spacing increased for AlI—Mg LDH from 0.862 nm to 0.816
nm, for AI—Ni LDH from 1.73 nm to 2.23 nm, and for each of the car-
boxymethyl cellulose bionanocomposites from 0.862 nm to 2.23 nm.
Al—Mg LDH/carboxymethyl cellulose and AI—Ni LDH/carboxymethyl
cellulose were found to have non-intercalated and intercalated layers,
respectively, according to the results of transmission electron micro-
scopy. Compared to AI—Ni LDH/carboxymethyl cellulose, AlI—Mg LDH/
carboxymethyl cellulose bionanocomposites exhibited greater heat sta-
bility. From pH 2 to pH 10, the swelling behavior of bionanocomposites
increased; however, at pH values 10 and higher, a significant rise was
noted. Researchers used nanocomposite spheres made with LDH and
carboxymethyl cellulose, utilizing the coprecipitation method, to study
the drug release of Ibuprofen intercalated with these spheres [214]. The
drug release of LDH-ibuprofen was 60% at very acidic pH, whereas the
carboxymethyl cellulose/LDH-ibuprofen nanocomposites showed a
negligible amount (<10%) because carboxymethyl cellulose contracts in
acidic media, but at pH 7.4, it was 40% and higher because of the
carboxyl groups in the carboxymethyl cellulose chains. LDH-
carboxymethyl cellulose bionanocomposites’ pH-sensitive anti-inflam-
matory release pattern is demonstrated by this activity. Using water as
the solvent, carboxymethyl cellulose-Al—Mg LDH bionanocomposite
films were created using the solution casting technique, containing
0-8% LDH [213]. Because of the substantial interaction between the
LDH sheet and carboxymethyl cellulose, the mechanical properties of
the carboxymethyl cellulose-LDH bionanocomposite film, such as its
tensile modulus of 1040 MPa and its tensile strength of 25.65 MPa, were
148% and 143% higher than those of the pure carboxymethyl cellulose
film at 3 wt% LDH content. Additionally, for the carboxymethyl
cellulose-LDH bionanocomposite film, the elongation at break and water
vapor permeability decreased by 62% and 37%, respectively.

3.4. Surface functionalization: use of oxidized cellulose or grafting to
improve interaction with LDH layers

Functionalizing LDH surfaces with oxidized or grafted cellulose has
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proven to be a versatile strategy for improving mechanical properties,
increasing drug adsorption capacity, and enhancing biocompatibility for
biomedical applications. In the context of mechanical enhancement, the
incorporation of cellulose groups and nanocellulose allows for increased
structural stability and reduced agglomeration, and is often combined
with polymers to form stronger composites [215]. For drug adsorption,
oxidized cellulose acts as a loading matrix, increasing affinity for ther-
apeutic molecules and enabling controlled-release systems, often
dependent on pH or specific functional groups, such as carboxyl groups
[216]. In biomedical applications, functionalization promotes greater
biocompatibility and reduces toxicity, enabling the use of LDH in drug
delivery systems and tissue engineering, with growing interest in bio-
inspired surfaces. Furthermore, in environmental adsorption, LDH-cel-
lulose materials have been applied to the removal of metal ions and
dyes, often incorporated into biodegradable membranes or hydrogels. In
general, trends point toward the use of nanocellulose, the integration of
targeted functional groups, the development of multifunctional mate-
rials, and the search for sustainable solutions that leverage cellulose’s
renewable and biodegradable nature. The Table 6 summarizes the
different types of LDH functionalization with cellulose, grouped by
thematic application. The modifications performed, the main effects
obtained, and current research trends are highlighted, highlighting the
potential of these materials in areas such as mechanical reinforcement,
drug delivery, biomedical applications, and environmental adsorption.

One important tactic to improve its interaction with LDH composites
and raise the effectiveness of LDH-cellulose composites in adsorption
applications is cellulose surface functionalization. The oxidation of
cellulose and the grafting of functional groups onto its backbone are two
popular strategies in this regard. Cellulose that has been oxidized to
enhance its interaction with LDH. TEMPO-oxidized cellulose nanofibrils
(TOCNFs) are produced when cellulose oxidation, especially TEMPO-
mediated oxidation, adds carboxyl groups to the cellulose backbone.
Stronger electrostatic interactions with the positively charged LDH
layers are made possible by these carboxyl groups, which raise the
negative charge density of cellulose. This alteration strengthens the
composite’s structural integrity and adsorption capability in addition to
improving LDH’s dispersion in the cellulose matrix. For instance,
because TOCNFs-LDH composites have more active sites and better
interfacial compatibility, they have shown enhanced adsorption capa-
bility for heavy metal ions and dyes [217]. By covalently affixing
functional monomers to the cellulose backbone, functional groups can
be grafted onto cellulose to introduce particular chemical functionalities
that can interact with the LDH layers. By using this technique, the
characteristics of cellulose can be altered to target particular contami-
nants. For instance, cellulose’s affinity for heavy metal ions can be
increased by grafting amino or sulfonic acid groups onto it using che-
lation or ion exchange processes. It has been demonstrated that these
changes increase the cellulose-based composites’ adsorption effective-
ness for pollutants like lead and cadmium ions [218]. The efficiency of
LDH-cellulose composites in adsorption applications is greatly
enhanced by cellulose surface functionalization by oxidation or grafting.

Table 6
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Stronger interactions with target pollutants are made possible by the
added functional groups, which also improve LDH’s stability and
dispersion in the matrix and increase the quantity and accessibility of
active sites. Higher adsorption capacities, quicker adsorption kinetics,
and enhanced reusability result from these enhancements, which make
the composites extremely useful for environmental remediation pro-
jects, especially when it comes to removing organic contaminants and
heavy metals from aqueous solutions [219].

LDHs are often introduced directly to composites without modifying
their surface in any way [220] or merely through a change using
coupling agents [221]. The urea hydrolysis method is one of the most
used synthesis procedures for producing LDHs from aqueous solutions
containing divalent or trivalent metal cations [79]. In one work, a
hybrid filler utilized as reinforcement in polyurethane-based materials
was created by using the urea hydrolysis process to precipitate Al/Zn-
based LDH on a-cellulose in a single step [222]. It has previously been
documented that LDHs can be used to create nanocomposites using a
variety of polymers [223,224]. Table 3 provides a few studies on LDH
reinforced polyurethane composites, however. Given the enhanced
qualities provided by the inorganic filler, research on various econom-
ical methods and approaches for incorporating inorganic fillers into the
polyurethane polymer matrix is highly desirable. Effective inorganic
component dispersion within the matrix is essential for achieving good
compatibility at the organic-inorganic interface. Several techniques
(including surface modification and in situ polymerization) have been
used to do this in order to ensure that the inorganic filler is sufficiently
dispersed throughout the polymer matrix [225]. In order to perhaps
enhance the dispersion of inorganic LDHs in polyurethane-based
matrices, precipitated LDH was prepared on cellulose fibers in this
investigation. One naturally occurring organic substance that is widely
accessible and prevalent in plant fibers is cellulose [36]. To create a
hybrid filler, the study sought to find an inexpensive biodegradable
substance that might serve as a support for LDH and enhance compati-
bility with polyurethane matrices through sustainable approach [222].
As far as we are aware, no reports exist about cellulose fiber composites
coated with LDH as a filler in a matrix made of polyurethane (Table 7).
The produced filler’s thermal, spectroscopic, morphological, and barrier
characteristics were thoroughly examined. Additionally, the reinforced
polyurethane composites’ mechanical, thermal, and barrier qualities
were examined and contrasted with those of the unfilled material. The
inherent polarity of LDH led to a minor improvement in the poly-
urethane’s heat stability as well as improved hydrophilicity. At a filler
loading of 10 wt%, the polyurethane composites’ elastic modulus rose to
48 MPa. While effective deposition was shown by examining X-ray
diffraction spectra, Fourier transform infrared spectroscopy, and X-ray
spectroscopy maps that displayed the distribution of zinc and aluminum,
scanning electron micrographs verified the presence of LDH platelets.
Additional information about the characteristics of the modified cellu-
lose was provided by its sorption characteristics and point of zero
charge. The produced hybrid filler was subsequently included in poly-
urethane composites as reinforcement. Characterization showed that the

Synthesize the different types of LDH functionalization with cellulose, grouped by thematic application.

Theme/application Type of functionalization Main effect/benefit

Observed trends

Mechanical enhancement Grafting of cellulose groups,

oxidized cellulose
agglomeration

Oxidized cellulose as a

loading matrix

Drug adsorption

Biomedical/ Grafting of modified

biocompatibility cellulose toxicity
Environmental adsorption/ Oxidized or grafted cellulose

pollutant removal dyes

Increased structural stability, improved
compressive strength, reduced

Higher affinity for pharmaceutical
molecules, controlled release

Improved biocompatibility and reduced

Enhanced interaction with metal ions or

Use of nanofibrillated cellulose and nanocrystals for reinforcement;
integration with polymers for advanced composites

Development of LDH—cellulose for prolonged and pH-responsive
release; incorporation of carboxyl functional groups for specific
affinity

Applications in drug delivery systems, tissue engineering; growing
interest in bioinspired surfaces

Trend toward integrating functionalized LDH into membranes or
hydrogels for water purification; focus on biodegradable and
sustainable materials
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Table 7
Recent research on composites based on LDH and polyurethane.

Effect of LDH Type of LDH filler Reference

Increase in LOI value, higher
thermal stability, and
improvement in tensile
strength.

Thermal stability, Young’s
modulus, and
improvement in tensile
strength

Optical transmittance,
thermal stability,
elongation at break, and
improvement in tensile
strength

Thermal stability, smoke
suppression, and
improvement in flame
retardancy

Antibacterial activity, water
resistance, and
improvement in
mechanical properties

Antibacterial activity, water
resistance, and
improvement in
mechanical properties

Combustion behavior and
improvement in thermal
stability

Thermal stability, as well as
ultraviolet absorption
ability, mechanical
behavior, and
improvement in damping
property

Smoke suppression effect and
improvement in flame
retardant

Dodecyl sulfate intercalated AIMg
LDH

[226]

Dodecyl sulfate intercalated CoAl LDH [227]

Dodecyl sulfate intercalated AIMg- [228]

LDH

Graphene oxide/lanthanum doped
AlMg-LDH

[229]

p-Hydroxybenzoic anionic
intercalated AIMg-LDH

[230]

ZnO/AINi-LDH

ZnAl-LDH/carbon nanotubes [232]

y-Aminopropyltriethoxysilane- [233]
dodecyl sulfonate intercalated AIMg-
LDH

Graphene oxide/europium doped [234]

AlMg-LDH

presence of LDH caused a modest increase in sorption properties, while
inorganic Zn and Al were mostly responsible for the slight improvement
in thermal properties. Furthermore, up to 10% w/w of reinforcement
was used to increase mechanical performance. Lastly, research on the
ultraviolet and light barrier (up to 700 nm) revealed a striking decrease
in the percentage of transmission as the cell’s LDH content rises. In
conclusion, a polyurethane-based composite reinforced with modified
green cellulose that has better physical qualities was designed and made
[222]. Surface functionalization of LDH with oxidized cellulose or
grafted cellulose represents a versatile strategy to enhance the interac-
tion between the polymeric layer and the inorganic LDH structure. In
terms of cost, using standard cellulose derived from natural sources is
relatively low-cost, but the use of nanocellulose or chemically modified
cellulose increases expenses due to additional processing steps, purifi-
cation, or oxidation reactions. Regarding process complexity, simple
adsorption of cellulose onto LDH is straightforward and requires mini-
mal specialized equipment, whereas chemical grafting or oxidation de-
mands precise control of pH, temperature, and reaction conditions,
making the procedure more sophisticated. Concerning biodegradability,
functionalization with natural or nanocellulose generally maintains or
improves environmental compatibility, as cellulose is inherently
biodegradable. However, extensive chemical modification or grafting
with synthetic polymers can reduce the overall biodegradability of the
material, depending on the nature and density of the functional groups
introduced.

3.5. Comparison: efficiency, cost, scalability, and environmental impact
of each method

Incorporating LDH—cellulose composites into adsorption technology
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offers a viable substitute for traditional adsorbents. In terms of effec-
tiveness, affordability, scalability, and environmental impact, these
composites have special benefits. To assess their potential for use in
water remediation applications, a comparison with more conventional
adsorbents, such as metal-organic frameworks (MOFs), zeolites, acti-
vated carbon, and biochar, is necessary [235]. In terms of adsorption
efficiency, it is found that LDH-cellulose composites have a high
adsorption capacity because of the complementary action of cellulose’s
many functional groups and LDH’s anion exchange capabilities. For
instance, ZnFe-LDH composites outperformed some traditional adsor-
bents, including activated carbon made from coconut leaves, which
showed adsorption capacities of about 73.83 mg g~!, with adsorption
capacities of up to 152.35 mg g~ ' for the removal of caffeine [236].
Traditional adsorbents, on the other hand, have variable efficiencies. For
example, activated carbon can have high efficiencies (up to 90-95%) for
organic molecules, but surface fouling and pore blockage may cause
performance to decline with repeated usage [236]. For cationic pollut-
ants in particular, zeolites typically offer moderate to high efficiency;
however, they are less effective for organic contaminants [237]. While
biochar often offers economic and sustainability benefits along with
moderate efficiency (50-70%), its adsorption capabilities are typically
lower than those of LDH—cellulose composites [235]. Lastly, MODs are
highly effective against a range of contaminants, but there may be issues
with their stability in aquatic conditions [238].

For large-scale applications, adsorbents’ economic feasibility is
essential [235]. The utilization of plentiful and renewable resources,
including cellulose and inexpensive metal salts, for LDH synthesis im-
plies a cost-effective strategy for LDH-cellulose compounds, despite the
lack of precise cost data. Furthermore, its economic viability is increased
by the possibility of regeneration and reuse [239]. Production prices for
activated carbon vary from 1.100 to 1.700 US$/ton, depending on the
energy-intensive activation procedures [240]. Production costs for bio-
char materials are substantially cheaper, with prices starting at 350 US
$/ton, particularly when they are made from leftover biomass [235].
Lastly, the cost of zeolites and MOFs varies greatly; natural zeolites are
normally less expensive, but synthetic zeolites and MOFs can be costly
because of intricate production processes [239]. The availability of raw
ingredients and the ease of synthesis determine scalability. Given the
widespread availability of cellulose and metal salts, it has been found
that the in situ coprecipitation approach for synthesizing LDH on cel-
lulose substrates is quite easy to scale up for LDH—cellulose composites
[44]. Large-scale production of activated carbon is already established;
however, the procedure uses a lot of energy and could not be long-term
viable [235]. Biochars are a good fit for decentralized water treatment
systems since they are reasonably easy to scale and can use a variety of
biomass sources [241]. Lastly, because of their intricate and costly
manufacturing processes, zeolites and MOFs have synthetic variations
and struggle with scalability [239].

When evaluating the environmental impact, one must take into ac-
count the sustainability of raw materials, production energy consump-
tion, and disposal at the end of their useful life. LDH-cellulose
composites have less of an impact on the environment because they may
be made in moderate settings and employ renewable resources. Their
ecological sustainability is further enhanced by their capacity for
regeneration and biodegradation. Production of activated carbon re-
quires a lot of energy, and regeneration procedures may produce sec-
ondary pollutants [242]. Although biochars are thought to be
environmentally benign materials, particularly when made from left-
over biomass, their effectiveness varies depending on the raw material
and the circumstances of production [235]. Additionally, synthetic ze-
olites, MOFs, might entail toxic chemicals and produce trash during
synthesis, whereas natural zeolites have no effect on the environment
[243]. As a result, LDH—cellulose composites become a desirable sub-
stitute for traditional adsorbents due to their high adsorption efficiency,
affordability, scalability, and advantageous environmental profile. Sur-
face functionalization techniques can be used to adjust their
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performance, and their synthesis makes use of plentiful and renewable
materials. LDH—cellulose composites offer a sustainable and effective
way to address new pollutants in wastewater, even if conventional ad-
sorbents like activated carbon and biochar have consolidated roles in
water treatment. All of the factors covered are compiled in Table 8.

4. Performance of LDH-cellulose and adsorption mechanisms

4.1. Adsorption processes and the performance of LDH—cellulose in the
removal of pollutants

Sun et al. synthesized MgAI-LDO (layered double oxide) by a tem-
plate approach employing cellulose [248]. The LDO was synthesized by
calcining Mg-Al LDH to remove cd?*, pb?*, and Cu®* [248]. A symbi-
otic interplay among cation exchange, deposition/precipitation, and the
LDH memory effect (transformation from LDO) enhances removal.
Divalent heavy metal ions (Cd**, Pb®*, Cu®*) replace Mg?* ions in the
LDH structure formed when MgAI-LDO is hydrated in water [248]. The
ICP-MS experimental investigation indicated an increase in Mg?" in the
solution, whereas AI** remained unchanged, hence confirming the ex-
change of Mg?*. An XRD study indicated an increased interlayer dis-
tance in the LDH post-adsorption due to the larger ionic radii of Cd (II),
Pb (II), and Cu (II), resulting in the formation of Mg(M)AI-LDH [248].
Simultaneously, heavy metal ions (M = Cd, Pb, and Cu) react with OH™
(derived from LDH dissolution) to form Cd (OH),, Pb3(CO3)2(0OH),, and
Cuy(SO4) (OH)g-2H20. Characterization experiments, including SEM,
XRD, and XPS, disclosed the subsequent alterations [248]. XPS confirms
the formation of Cd—OH, Pb—OH, and Cu—OH bonds, while EDS
elemental mapping validates precipitation on LDH flakes. The third
mechanism enabling elimination was the LDH memory effect, in which
MgAI-LDO reverts to LDH upon contact with water, thereby allowing the
cation-exchange process [248]. Density functional theory confirmed the
thermodynamic feasibility of Mg? replacement with Cd**, Pb?*, and
Cu?. The calculations demonstrated fluctuations in charge density, and
the binding energy suggested strengthened M-OH interactions. The
conversion of LDO to LDH and the subsequent Mg2*/HMI cation ex-
change were affected by the solution’s pH. The ideal pH for sorption was
6.5 for Cd**and Pb?* and 5.0 for Cu?* [248]. At approximately mildly
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acidic to neutral pH, MgAI-LDO converts into LDH, utilizing the
“memory effect.” The chemisorption process was completed in around
10 h and followed a pseudo-second-order (PSO) kinetics model. The
Langmuir isotherm (R2 = 0.976) accurately described the equilibrium
isotherm data, indicating monolayer adsorption with capacities of
1422.3, 1336.8, and 1135.4 mg g~ for Cd?*, Pb?*, and Cu®", respec-
tively [248]. The adsorption efficiency and reusability were significant,
owing to the collaborative impact of the ultra-thin nanoflake structure
obtained from cellulose templating and the Mg—OH active sites [248].

Similarly, Priya et al. synthesized an LDH/reduced graphene oxide
nanocomposite by using carboxymethyl cellulose for the removal of As
(V). The doping of CE into the FE-Al-rGO composite improved the
adsorption capacity [157]. The mechanisms responsible for the removal
of As(V) from solution were anion exchange, surface complexation,
electrostatic interaction, and hydrogen bonding [157]. The removal was
ascribed to an electrostatic interaction between the protonated func-
tional groups (—OH2+) and (-COOH?") and the arsenate ion, then suc-
ceeded by inner-sphere complexation with Fe—Al atoms on the surface
(As—O—Fe and As—O—Al). Moreover, pore filling occurs as arsenate
ions penetrate the internal pores of Fe-AL-rGO/CE, indicating that
physical adsorption and volume exclusion are additional mechanisms
for elimination, as confirmed by SEM, BET, and other characterization
processes [157]. The zeta potential of the adsorbent was found to be
approximately between 7 and 9 pH. Adsorption of As(V) was maximum
between pH 2 and 7, whereas it was lowest at pH 8 and above [157]. The
adsorption behavior of carboxymethyl cellulose-incorporated FAH-rGO
nanocomposites was pH-dependent due to electrostatic interactions
between anionic arsenate species and protonated functional groups,
with optimal As(V) adsorption occurring at pH 7. The PSO model
effectively represented the kinetic (R? = 0.9996), indicating chemi-
sorption [157]. The maximal sorption capacity of FAH-rGO/CE-4 is
258.39 mg g}, and isotherm tests validated monolayer adsorption,
supporting the Langmuir model. The remediation of arsenic in waste-
water was significantly improved by these composites owing to their
structural stability, elevated surface area, and plentiful oxygen-
containing functional groups, which contributed to their exceptional
adsorption capacity and reusability [157].

LDH integrated into cellulose and activated biochar obtained from

Comparative analysis of LDH—cellulose composites adsorbents with conventional adsorbents based on various aspects.

Aspect LDH-cellulose composites Activated carbon Zeolites Biochar (e.g., from biomass)
Adsorption High, due to synergistic anion-exchange from Excellent toward organics Good for cationic species; less so for Moderate (50-70%) variability;
efficiency LDH layers plus functional groups from (90-95% removal), though organics unless modified (e.g. lower capacities than
cellulose. For instance, Co—Fe LDH/cellulose may suffer pore-blocking over  surfactant-grafted zeolites enhanced LDH-cellulose, but adequate for
showed excellent removal of pharmaceuticals repeated use [244]. dye removal capacity ~5 mg g~ 1) some pollutants [244].
(sulfamethoxazole, cefixime) with strong [245].
capacity and kinetics [100].
Cost Uses low-cost metal salts and abundant Expensive: $1100-1700/ton; Natural zeolites are affordable; Inexpensive: $350/ton from
cellulose; potential for cost-effective production  energy-intensive activation synthetic variants may be costly waste biomass [246].
and regeneration [100]. required [244,246]. depending on treatment/grafting
[245].
Scalability Scalable: co-precipitation methods are Highly scalable: global supply ~ Natural: scalable; engineered Very scalable: can be tailor-
straightforward using widespread cellulose and  exists, but production remains ~ versions may have complex made from local biomass.
salt precursors [100]. energy-intensive. production.
Environmental Low: uses renewable cellulose; mild synthesis; Moderate to high: activation Natural zeolites low impact; synthetic ~ Low: especially if derived from
impact biodegradable and regenerable [100]. consumes energy; ones may involve harsh chemicals waste, though inconsistent

Selectivity and
functionality

Regeneration and

reuse

Operational
stability

Customizable through oxidation/grafting;
excellent selectivity for heavy metals, dyes, and
pharmaceuticals.

Promising regeneration due to reversible LDH
intercalation and cellulose stability [246].

Good mechanical stability from cellulose
scaffold; stable LDH dispersion [100].

regeneration may produce
secondary pollutants.

Broad but non-selective; best
for organics.

Can be regenerated
thermally/chemically, but
costly and can degrade
performance.

Fragile dust production and
pore structure loss over
cycles.

[245].

Selective for cationic species; can be
modified for anions.

Depends on the composition;
regeneration is generally feasible but
may require chemical treatment.

Mechanically robust; structure stable,
but surface may clog.

performance across feedstocks
[244,247].

Limited selectivity; works via
non-specific adsorption and
pore capture.

Regeneration is possible, but
efficacy depends on product
consistency.

Structural integrity varies; ash
content can impact
performance.
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grape stalks was synthesized for the removal of mercury Hg(II).
MnFe04@Zn—Al LDHs@Cel @AGB efficiently eliminated Hg(II), likely
via an intraparticle diffusion process [249]. The methods of adsorption
for the removal of Hg(II) encompassed pore filling, ionic interaction, van
der Waals forces, and coordination interactions [249]. The adsorption
efficiency of MnFe»04@Zn—Al LDHs@Cel @AGB was markedly affected
by pH, achieving optimal Hg (II) removal at pH 2 due to the develop-
ment of anionic complexes and the attraction of positive surface charges
[249]. The Hg (II) results conformed to the PSO kinetic model, signifying
chemisorption. Intra-particle diffusion transpired in two phases:
external surface adsorption and gradual pore diffusion to equilibrium
[249]. The Freundlich isotherms more accurately depict the adsorption
behavior, suggesting multilayer adsorption on a heterogeneous surface
[249]. The composite exhibited substantial absorption capacities; 1283
mg g~ ! for Hg(Il); rendering it an efficient and reusable adsorbent for
the concurrent elimination of heavy metals from aqueous solutions
[249].

Peng et al. developed a CuAl-LDH/CCF composite for the efficient
removal of phosphates from aqueous media, which is supported on
carbon cellulose fiber [250]. Conventional adsorbents, including
kaolinite, fly ash, and biochar, were outperformed by the material,
which demonstrated a high sorption ability of 105.26 mg g~ * at 15 °C
[250]. The adsorption mechanism was discovered to be a synergistic
interplay of chemisorption and physisorption, with ligand exchange,
anion exchange, and electrostatic interaction being the dominant
pathways [250]. The SEM imaging revealed a uniform flower-like hi-
erarchical distribution of LDH nanosheets, which facilitated enhanced
surface adsorption and intraparticle diffusion [250]. The XRD analysis
revealed characteristic reflections at 10°, 20°, and 25.8°, which are
attributed to the (003), (006), and (009) planes, respectively. This
confirms the presence of a well-developed LDH phase [250]. Post-
adsorption, a decrease in peak intensity and broadening suggested
structural distortion as a result of phosphate intercalation. This further
supports the LDH memory effect and anion exchange between CO3~ and
phosphate species (H,POz, HPO3 ). The optimal phosphate uptake was
observed at pH 8, which was consistent with the favourable electrostatic
conditions [250]. The Langmuir model was the most appropriate fit for
the isotherm data (R2 > 0.9998), confirming monolayer adsorption,
while the pseudo-second-order model was favoured in kinetic model-
ling, suggesting chemisorption. Intraparticle diffusion was not the sole
rate-limiting factor, despite its contribution to the overall absorption.
This suggests a multi-step adsorption mechanism [250]. Moreover, the
material maintained an efficacy of over 85% during five adsorp-
tion—desorption cycles, and the process was exothermic and sponta-
neous, underscoring its practical potential for sustainable water
purification technologies [250].

MgAl-LDH-modified sphagnum moss cellulose gel (MgAl/
LDH@SMCG) was recently studied for its ability to remove Cr(VI) [251].
Cr(VI) was removed by a combination of methods, including surface
complexation, hydrogen bonding, ion exchange, and electrostatic
interaction [251]. The FTIR study indicates the attachment of Cr(VI)
species to the surface. After Cr(VI) adsorption, the appearance of sup-
plementary peaks at 891 and 779 cm™! confirms the Cr=O0 stretching
vibration and the Cr—O bond stretching, signifying that Cr is binding.
The alteration in the O—H and C—O peaks signifies that Cr(VI) is
exchanging ligands and hydrogen bonds with hydroxyl and carboxyl
groups on the composite [251]. XPS analyses reveal a redox process in
which the composite surface partially reduces Cr(VI) to Cr(IIl). Surface
complexation (Cr(IlI) interacts with oxygenated functional groups and
modifications in functional groups suggest the likelihood of direct
involvement in adsorption and reduction mechanisms [251]. The MgAl/
LDH@SMCG nanocomposite exhibited enhanced Cr removal efficiency,
mainly driven by electrostatic interactions, chemical, and reduction
processes. Adsorption demonstrated a significant reliance on pH, peak-
ing at pH 6, when Cr(VI) was primarily present as favorably adsorbed
anions (HCrOg, Cr2072’) [251]. The kinetic data adhered to a PSO
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model, with a saturation time of 60 min, thereby signifying chemi-
sorption as the rate-limiting mechanism [251]. The intraparticle diffu-
sion model indicated a tri-phasic process: Swift surface adsorption,
progressive intraparticle diffusion, and the ultimate equilibrium phase
(saturation). The Langmuir isotherm fitting indicated monolayer
adsorption with a maximal sorption capacity of 62.66 mg g~ * at 30 °C
[251]. The composite’s porous structure, functional surface chemistry,
and LDH loading significantly enhanced adsorption capacity, offering a
feasible, environmentally conscious approach for Cr(VI) remediation
[251].

The phosphate removal method employing the La/MgFe-LDH(LS)
@WAs composite incorporates both physical and chemical interactions
[252]. Phosphate adsorption transpires through a synergistic method
encompassing chemical adsorption, specifically inner-sphere complex-
ation via exchange of ligand, interaction between oppositely charged
ions, hydrogen bonding, and van der Waals forces [252]. XPS research
verifies the formation of La—O—P bonds, signifying chemical adsorp-
tion by inner-sphere complexation between La (OH)3 and phosphate. A
ligand exchange mechanism in which hydroxyl groups on La (OH)3 are
substituted by phosphate ions, resulting in the formation of stable
complexes. Lignosulfonate (LS), comprising sulfonic acid, hydroxyl, and
carboxyl groups, engages in hydrogen bonding with phosphate [252].
DFT simulations and interaction region indicator (IRI) analysis demon-
strate that hydrogen from the hydroxyl group in LS makes hydrogen
bonds with the deprotonated oxygen in phosphate [252]. These in-
teractions facilitate secondary binding and stabilization of phosphate on
the surface. The Zeta potential measurement indicated that for pH <
5.16, the adsorbent surface possesses a positive charge, facilitating the
adsorption of negatively charged phosphate ions (H,PO; and HPOZ ).
Electrostatic interaction facilitates fast surface adhesion, particularly
under acidic to neutral environments. Molecular Dynamics (MD) simu-
lation demonstrates that LS molecules assimilate into the surface of
LDHs, with sulfonic groups establishing robust electrostatic and
hydrogen bond interaction [252]. RDF graphs exhibit significant peaks
for atom pairs such as O—Fe, O—Mg, and O—H, thereby validating a
consistent adsorption mechanism [252]. The optimal pH for phosphate
adsorption was determined to be 4.0, resulting in a sorption capacity of
139.49 mg g~ !. Zeta potential analyses indicated the isoelectric point
(pHpzc) of La/MgFe-LDH(LS)@Was to be 5.16. At a pH below 5.16, the
surface possesses a positive charge, which amplifies electrostatic
attraction to negatively charged phosphate species, primarily H,POZ
[252]. At pH levels exceeding 5.16, the presence of a negative surface
charge and heightened competition from OH™ ions lead to a reduction in
adsorption effectiveness. Adsorption diminished markedly at pH 10 (by
approximately 64.7%), attributable to heightened repulsion and site
competition from hydroxyl ions. Kinetic modelling validated pseudo-
second-order kinetics (equilibrium time: 6 h), indicating chemisorp-
tion, but intraparticle diffusion studies uncovered a multi-stage mech-
anism [252]. The Langmuir model yielded the optimal fit, suggesting
monolayer adsorption on uniform active sites. The theoretical adsorp-
tion capacity closely matched the observed measurement. In actual
wastewater treatment (starting P = 2.71 mg/L), the material attained
46.86 mg P/g after 40 h of cyclic operation. The Langmuir isotherm
fitting demonstrated monolayer adsorption, corroborated by thermo-
dynamic parameters (AG® < 0, AH® > 0), affirming spontaneity and
endothermicity [252]. The bio-based composite demonstrates excep-
tional efficacy in both actual wastewater and model solutions, providing
a sustainable dual-purpose approach for water purification and agri-
cultural phosphorus recovery via its slow-release fertilizer functionality
[252].

Mg—Al LDH/cellulose (LDH@CB) nanocomposite beads were
fabricated using an in-situ co-precipitation technique for the removal of
amoxicillin. The removal of amoxicillin (AMX) was mostly due to elec-
trostatic interactions between the negatively charged AMX molecules
and the positively charged Mg—Al LDH particles included in cellulose
beads [253]. At natural pH levels, AMX mostly occurs in an anionic state
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due to the deprotonation of its carboxyl and phenolic hydroxyl groups.
The LDH@CB adsorbent, distinguished by a net positive surface charge,
efficiently attracted the anionic species [253]. Spectroscopic and surface
analyses, encompassing FTIR, XPS, and zeta-potential measurements,
validated that adsorption predominantly took place via the interaction
between the carboxylate groups (-COO-) of AMX and the metal centers
(Mg2+/Al3+) of the LDH, resulting in the establishment of 0—C—0—M
(Mg/Al) linkages [253]. The mechanism highlights the significance of
surface charge, functional groups, and the organized porosity architec-
ture of the nanocomposite beads in promoting effective AMX elimina-
tion from aqueous systems. The trials were performed under natural pH
conditions. Amoxicillin (AMX) functions as a weak polyprotic acid
characterized by three pKa values (2.67, 7.11, and 9.55), with its charge
fluctuating according to pH levels. At neutral pH, AMX primarily resides
in its anionic state. The LDH@CB nanocomposite has a positive charge at
this pH (¢ potential: +25 mV), facilitating electrostatic interaction be-
tween AMX and the adsorbent. Adsorption kinetic tests were conducted
for an adequate duration to achieve a plateau at each temperature [253].
The pseudo-second-order model exhibited a strong fit across the whole-
time range to equilibrium, with R? exceeding 0.96, so validating the
accurate representation of saturation behavior [253]. The intraparticle
diffusion model results indicated multi-stage diffusion. Surface adsorp-
tion is succeeded by progressive pore diffusion. The R? value for the
intraparticle model was lower (e.g., 0.8791 at 318 K), indicating that
pore diffusion is present but not rate-limiting [253]. The Freundlich
isotherm demonstrated the most accurate fit, indicating multilayer
adsorption on heterogeneous surfaces [253]. The greatest adsorption
capacity attained was 138.3 mg g~ ! at 318 K, exceeding the majority of
documented adsorbents. These findings establish LDH@CB as a poten-
tial material for the efficient removal of antibiotics in aquatic settings
[253].

ZNF-HS@CMC employs a synergistic approach for the elimination of
ciprofloxacin and tetracycline that includes electrostatic interaction,
hydrogen bonding, surface complexation, and n-n stacking [254]. The
interactions are enabled by the porous structure of the LDH, its extensive
surface area, and the functionalized cellulose support, which together
make ZNF-HS@CMC an efficient and recyclable adsorbent for antibi-
otics [254]. The adsorptive removal of tetracycline (TC) and ciproflox-
acin (CIP) via ZNF-HS@CMC aerogels is contingent upon many
synergistic interactions [254]. The ZnNiFe-layered double hydroxide
(ZNF-HS) surface possesses a positive charge, facilitating robust elec-
trostatic interaction with TC and CIP antibiotics, particularly at elevated
pH levels [254]. Furthermore, surface complexation transpires via co-
ordination between the metal ions (Zn%", Ni>*, Fe") of ZNF-HS and
oxygen-containing functional groups, including -COOH, —-OH, and =0
present in the antibiotics. Hydrogen bonding occurs among the groups of
hydroxyl and amine of the antibiotics and the -OH and -COOH groups
on ZNF-HS@CMC, hence augmenting the stability of the zeta potential
of these compounds post-adsorption [254]. Furthermore, improved
attachment is facilitated by n—= interactions between the aromatic rings
of the medicines and those in the adsorbent [254]. Consequently, its
distinctive hollow mesoporous architecture and many active sites within
the composite enhance mass transfer, resulting in a significant
improvement in total adsorption efficiency [254]. The pH of the envi-
ronment markedly affected the removal efficacy of tetracycline TC and
ciprofloxacin CIP. The evaluated pH range ranged from 2 to 10.
Research on zeta potential demonstrated that the surface of ZNF-
HS@CMC consistently displayed a positive charge over the full spec-
trum [254]. As pH increased, antibiotics converted into negatively
charged forms, resulting in augmented electrostatic interaction between
the antibiotics and the positively charged adsorbent. The greatest
removal efficiencies are: at a pH of 10, the total concentration (TC) is
96.49%, and the chemical oxygen demand (COD) is 90.53%. A pH level
of 10 was used for the remaining studies [254]. The adsorption process
exhibited an initial rapid phase (0-100 min), a subsequent slower phase
(100-400 min), and reached equilibrium at approximately 400 min,
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conforming to a pseudo-second-order model (R? = 0.995 for TC, 0.998
for CIP), signifying that chemisorption was the predominant mecha-
nism. The Langmuir isotherm fitting validated monolayer adsorption,
revealing maximal capacities of 642.77 mg g~ ! for TC and 497.91 mg
g~! for CIP [254]. The removal method encompassed synergistic effects
of surface complexation, n—n interactions, and electrostatic attraction.
ZNF-HS@CMC has remarkable reusability and thermal endurance,
making it a viable adsorbent for the treatment of antibiotic wastewater
in practical applications [254].

Zubair et al. synthesized a B-CuFe-CNC biocomposite for the Erio-
chrome Black T (EBT) dye through the ultra-co-precipitation technique
[255]. The removal of the anionic azo dye occurs via a multi-interaction
mechanism and a physico-chemical adsorption process [255]. The
B-CuFe-CNC surface acquires a positive charge at an acidic pH (<7.81),
corresponding to its isoelectric point, as a result of protonated ~OH3
groups. This facilitates a robust electrostatic interaction with the nega-
tively charged —-SO3 groups present on EBT molecules. Complexation
mechanisms take place in both the outer and inner spheres [255]. The
decrease in the intensity of the MMO (mixed metal oxide) peak (~590
cm ) in FTIR analysis indicates the direct involvement of metal centres.
Shifts in the Cu 2p and Fe 2p peaks, confirmed by XPS analysis post-
adsorption, indicate the involvement of metal sites in complexation.
The functional groups of EBT interact with hydroxyl (-OH) and sulfonic
acid (-SOsH) groups present on both CNC and biochar through
hydrogen bonding [255]. Post-adsorption, the -SO3H (~1230 cm™H
and —OH peaks exhibit broadening and shifts in the FTIR spectra [255].
The porous two-dimensional rod-like structure, resulting from CNC
integration, offers an extensive surface and numerous sites for external
adsorption [255]. The mesoporous texture, characterized by an average
pore size of 12.5-19.6 nm and an increased surface area of approxi-
mately 297 m? g1, is validated through SEM and BET analyses. The
B-CuFe-CNC bio composite demonstrated significant EBT dye adsorp-
tion capabilities, reaching a maximal sorption capacity of 876.2 mg g~
at 45 °C [255]. Optimal elimination was observed at pH 2.5, attributed
to the strong electrostatic interaction between protonated surface
groups and anionic dye species. Kinetic modelling demonstrated pseudo-
second-order behaviour, with equilibrium attained within 30 to 45 min,
suggesting chemisorption [255]. Isotherm analyses indicated multilayer
and heterogeneous adsorption, optimally characterized by the Freund-
lich and Redlich-Peterson models [255]. The composite exhibits a high
surface area, porous structure, and enriched functional groups, which
enhance its adsorption capacity and recyclability, indicating significant
potential for sustainable wastewater treatment [255].

The adsorption of ciprofloxacin onto CLZ-1 aerogel is mostly
accomplished through surface complexation, which encompasses un-
saturated metal bonding, n—n stacking, and electrostatic interaction
[256]. The adsorption mechanisms work in conjunction with the
porosity and surface area of the aerogel to produce a synergistic effect.
Because of this strategy, the one-of-a-kind CLZ-1 materials are able to
attain an excellent adsorption of 1397.5 mg g™, which makes them
efficient and adaptable sorbents for the effective elimination of antibi-
otics in the process of water treatment [256]. Through the use of BET
and pore distribution studies, the uptake of antibiotics is further vali-
dated. This research demonstrates multi-scale porous structures that are
conducive to the quantitative and qualitative retention of large anti-
biotic molecules. Through a process known as advanced n—r stacking,
the aromatic regions of ciprofloxacin participate in interactions with the
imidazole components of ZIF-8 [256]. It is because of this that the
antibiotic can adhere more easily to the surface of the aerogel. A
reduction in C—=C/C—C bonds is observed using X-ray photoelectron
spectroscopy (XPS), which is followed by peak shifts (754 — 833 cm™1)
that are linked with the vibrational modes of imidazole rings. These
peak shifts reinforce the n—rn stacking hypothesis [256]. It is possible for
the -NH;, and ~COOH groups of CIP to form bonds with the functional
groups that are located on the surface of CLZ-1. These functional groups
include carboxyl, hydroxyl, and imidazole structures. Based on the FTIR
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data, there are shifts that show involvement. These shifts are caused by
the weakening of the (-OH/NH) from 3497 cm ™! to 3450 cm™L. This
weakening suggests that these surfaces have a crucial role in the removal
process, and it also confirms the presence of this particular type of
hydrogen bonding [256]. Because of the favorable interactions with
zwitterionic CIP species, the adsorption of ciprofloxacin by CLZ-1 was
significantly dependent on the pH of the environment, with the highest
effectiveness occurring at a pH of 6.0. Adsorption decreased below pH 2
as a result of ZIF-8 degradation, but electrostatic repulsion occurred at
PH 8.66 as a result of both the adsorbent and CIP becoming negatively
charged [256]. The isoelectric point (pHpzc) of CLZ-1 was 7.2, which
had an effect on the behavior of surface charge across the pH range. The
equilibrium period for the kinetic study of ciprofloxacin (CIP) adsorp-
tion by CLZ-1 (CMC/CoNiFe-LDH/ZIF-8 composite) was around 300
min, which is equivalent to 5 h [256]. Because of its huge surface area
(388.51 m?g 1), hierarchical porous structure, and numerous functional
groups, the CLZ-1 composite was able to reach a remarkable sorption
capacity of 1397.5 mg g~ for CIP Multiple processes, such as hydrogen
bonding, n-n stacking, electrostatic interactions, and metal-ligand
complexation, were responsible for driving the adsorption process
[256].

The chemical breakdown of diquat herbicide by Al—Cu-LDH/CMC-
Alg hydrogel beads involves electrostatic interaction, bonding by
hydrogen, integration with metal ions (AI>* and Cu®"), and pore-filling
processes [257]. The interaction between diquat molecules and the
negatively charged adsorbent surface occurs as a result of the positive
charge of diquat. Hydrogen bonding arises from molecular bonds be-
tween —~OH and -COOH groups [257]. The coordination of diquat’s
electron-rich sites by metal ions within the layered double hydroxide
structure significantly enhances adsorption [257]. BET analysis indi-
cated substantial pore occupancy by diquat, implying physical entrap-
ment. Intraparticle diffusion investigations revealed that adsorption
occurred through rapid surface adsorption, intraparticle diffusion, and a
subsequent equilibrium adsorption phase [257]. The adsorption mech-
anism demonstrates that Al—Cu-LDH/CMC-Alg hydrogel beads are
highly effective for the environmentally friendly, specific, and reusable
extraction of diquat herbicide from water sources. The pHpzc for the
adsorbent was found to be 6.79. When the pH exceeds 6.79, the adsor-
bent surface acquires a negative charge, enhancing electrostatic inter-
action with the positively charged DQ herbicide. Below the pHpzc, the
surface exhibits a positive charge, resulting in repulsion with DQ. The
adsorption efficiency exhibited a consistent increase from pH 2 to 8,
achieving optimal performance at pH 8 [257]. The sorption process
adhered to PSO kinetics, suggesting chemisorption, with equilibrium
reached in 100 min. Isotherm analysis indicated that the Langmuir
model most accurately represented the monolayer adsorption behavior,
demonstrating a maximal sorption of 303.2 mg g~ at pH 8.0 [257]. This
finding is further corroborated by favorable thermodynamic parameters
that confirm the endothermic and spontaneous characteristics of the
process [257]. The composite is positioned as a promising, regenerable
adsorbent for wastewater contaminated by herbicides because of its
mesoporous structure and functional groups, which allow for effective
electrostatic coupling, hydrogen bonding, and pore filling [257].

The TPA/CuCr-LDH@BC nanocomposite, formed by integrating
terephthalic acid-loaded CuCr-layered double hydroxides with bacterial
cellulose, exhibits a flexible adsorption approach for the removal of
mixed pesticide residues [258]. A highly porous crystalline material
exhibiting increased interlayer spacing and a high density of functional
groups was verified through imaging microscopy, transmission electron
microscopy, X-ray diffraction (XRD), Fourier-transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM), Brunauer-
Emmett-Teller (BET) analysis, and energy-dispersive X-ray spectros-
copy (EDX). Multiple pathways contribute to the efficiency of adsorption
[258]. The interactions include (i) electrostatic interaction between
negatively charged pesticide groups and positively charged LDH sheets;
(ii) hydrogen bonds linking hydroxyl and carboxyl sites of BC and TPA to
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the polar regions of the pesticide; (iii) pi-pi stacking between the aro-
matic rings of TPA and the pesticide; (iv) van der Waals attractions
facilitated by a rough and varied surface; and (v) physical filling of
mesopores, supported by a surface area of 238.3 m? g~! and an average
pore size of 13.5 nm [258]. The downward shift of the (003) peak during
adsorption indicates that the LDH layers expand, facilitating the passage
of pesticide molecules between them. The apparent eco-friendliness of
the composite and its effective broad-spectrum pesticide capture results
[258].

The binding of phenol onto a Zn/Al LDH (Zn/Al-cellulose) composite
primarily occurs through surface-mediated mechanisms, including
electrostatic interaction, hydrogen bonding, and physical adsorption
[259]. Characterizations obtained from structural and spectroscopic
analyses provide substantial support for this assertion. The XRD patterns
validate the occurrence of the layered-double-hydroxide phase, as evi-
denced by peaks at 10.3°, 20.3°, 34.8°, and 60.4° [259]. In contrast,
peaks at 15.5°, 22.4°, and 34.5° signify the existence of the unmodified
cellulose phase, collectively illustrating the coexistence of both com-
ponents within the material. The significant bands at 3442 cm™! and
1642 cm™! suggest the existence of OH groups and interlayer water. The
features observed between 1440 and 1620 cm ™! correspond to carbox-
ylate vibrations, which are capable of forming hydrogen bonds with
phenol [259]. The FTIR spectrum indicates that the adsorption pathway
is preserved. Additional bands around 400-800 cm™! confirm the
presence of Zn—O and Al—O connections within the LDH layers. The
BET analysis shows that the specific surface area of the composite ma-
terial rises from 1.968 m? g~! for the bare Zn/Al LDH to 13.615 m? g !
for the composite material [259]. The composite material demonstrates
increased pore volume and reduced pore size, underscoring its enhanced
textural properties that improve contaminant retention [259]. Kinetic
studies indicated that phenol adsorption adhered to the PSO model,
suggesting that chemisorption was the primary rate-limiting factor. The
Langmuir indicated that the Zn/Al-cellulose composite had a sorption
capacity of 35.34 mg g~ ' [259]. This indicates that it adsorbs onto a
smooth surface in a monolayer arrangement. Thermodynamic data
validated the spontaneity and endothermic characteristics of the pro-
cess, as evidenced by positive AH values and negative AG values at
elevated temperatures [259]. The composite’s extensive surface area,
presence of functional groups, and mesoporous architecture enhance
adsorption efficiency [259]. This facilitates the diffusion and interaction
of phenol molecules with active sites. The structural and mechanistic
data indicate that Zn/Al-cellulose composites efficiently remediate
phenol from water and exhibit reusability [259].

Because of a combination of ion exchange processes, n—n stacking,
and electrostatic interaction, the Co—Fe LDH/cellulose nanocomposite is
capable of retaining antibiotics [100]. The Co—Fe LDH is characterized
by a layered structure that includes positively charged brucite-like
layers. This structure facilitates the adhesion of negatively charged
antibiotic species, particularly when the pH is optimal [100]. Electro-
static interactions are crucial, particularly at specific pH levels when the
surface of Co—Fe LDH/cellulose acquires a positive charge (as indicated
by zeta potential), whereas SMX and CFX molecules deprotonate and
attain a negative charge. The disparity in charge results in optimal SMX
adsorption at pH 5 and superior CFX removal at pH 9 [100]. FTIR
spectroscopy verifies the involvement of ~-OH, NO3, and metal-oxygen
functional groups in the adsorption mechanism. Upon adsorption,
notable alterations in the —~OH stretching (from 3431 to 3450 cm’l) and
NOg3 vibration bands (from 1383 to 1401 cm ™)) indicate the establish-
ment of hydrogen bonds and electrostatic interactions between the
pharmaceuticals and the functional groups on the composite. The
alignment of the aromatic rings of SMX and CFX with surface locations
on the LDH/cellulose framework facilitates n—n stacking interactions
[100]. Additionally, ion exchange mechanisms are engaged, particularly
at reduced pH levels, when SMX anions substitute interlayer nitrate ions
inside the LDH structure. The BET surface area and BJH pore size dis-
tribution study indicate that the structure is mesoporous, exhibiting a
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surface area of 15.46 m? g~ ! and an approximate pore width of 15 nm,
facilitating the diffusion and entrapment of antibiotic molecules inside
the adsorbent matrix [100]. This multipronged adsorption mechanism,
comprising electrostatic interaction, hydrogen bonding, n—n stacking,
and ion exchange, ensures high efficiency, reusability, and green

Table 9
A comparison of different LDH-cellulose adsorbents for the removal of
pollutants.
Pollutant Adsorbent Adsorption Adsorption Ref.
parameters capacity
(mg g™
Cr (VD) MgAl/LDH@SMCG pH:6 62.66
Equilibrium [251]
time:60 min
As (V) FAH-rGO/CE pH:7 258.39
Equilibrium [157]
time: 360
min
Cd**, Pb**, cu**  MgAI-LDO pH: 6.5 for 1422.3 [248]
Cd2 t ) sz t (cdz t )
pH: 5 for 1336.8
Cu2+ (Pb2+)
Equilibrium 1135.4
time: 600 (cu®h)
min
PO;~ CuAl-LDH/CCF pH:8 105.26 [250]
composite Equilibrium
time:60 min
PO; La/MgFe-LDH(LS) pH:4 139.49 [252]
@WAs composite Equilibrium
time: 360
min
Amoxicillin Mg-Al LDH/ pH: 7 138.30
cellulose Equilibrium [116]
nanocomposite time: 1440
beads min
Ciprofloxacin ZNF-HS@CMC pH: 10 642.77 (TC) [254]
tetracycline Equilibrium 497.91
time: ~400 (CIP)
min
Methylene blue MnFe,0,@ZnAl pH:6 19.28 [249]
AlLDHs@Cel@AGB Equilibrium
time:25 min
Hg (1) MnFe,0,@Zn-Al pH:2 128 [249]
LDHs@Cel@AGB Equilibrium
time:25 min
Eriochrome black B-CuFe-CNC pH:2.5 876.2 [255]
T biocomposite Equilibrium
time:30-45
min
Ciprofloxacin CMC/CoNiFe-LDH/ pH 6.0 1397.5 [256]
ZIF-8 composite Equilibrium
time:300
min
Diquat Al-Cu-LDH/CMC- pH 8.0 303.2 [257]
Alg hydrogel beads Equilibrium
time: 100
min
Ethyl paraben CNC/LDH pH 8-10 15.57 [253]
Equilibrium
time: 240
min
Phenol Zn/Al- pH:2 35.33 [259]
LDH@Cellulose Equilibrium
composite time: 120-
150 min
Malachite green Ni/Al-cellulose pH: 7 107.527 [260]
composite Equilibrium
time: 150
min
Sulfamethoxazole Co-Fe LDH/ pH: 5 272.13 [100]
Cefixime cellulose composite Equilibrium (SMX)
time: 50 min  208.00
(SFX)
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compatibility of the Co—Fe LDH/cellulose nanocomposite for antibiotic
removal from contaminated water systems [100]. Table 9 shows a
comparison of different LDH-cellulose adsorbents for the removal of
pollutants.

Surface adsorption serves as a flexible and effective approach for
eliminating various contaminants from water sources. LDHs possess
unique structural properties, a high surface area, tunable chemical
composition, and ion exchange capability, making them highly effective
adsorbents. The various mechanisms that regulate adsorption, such as
electrostatic interaction, n—n stacking, ion exchange, and surface
complexation, enable LDH-based materials to effectively target both
inorganic and organic pollutants with remarkable specificity and ca-
pacity. A multitude of studies have confirmed the enhanced perfor-
mance of LDH composites when they are functionalized with materials
like cellulose. The composites demonstrate increased porosity, avail-
ability of functional groups, and mechanical stability, which further
enhance adsorption kinetics and capacities. The prevalence of pseudo-
second-order kinetics and Langmuir isotherm models in various
studies suggests a clear indication of chemisorption and monolayer
adsorption behavior. Additionally, elements such as pH, surface charge,
and composite morphology play a significant role in finding the
adsorption pathways and efficiencies. In summary, LDH-based materials
present a sustainable and effective method for water purification, adept
at tackling both heavy metal and organic pollutant contamination. The
ongoing refinement of their physicochemical properties, along with the
incorporation of biodegradable and economically viable materials, will
significantly improve their usability in practical water treatment
applications.

Testing of LDH—cellulose composites in real or spiked natural water
matrices reports mixed but promising performance, with both potential
and challenges being indicated. In one study, cellulose-supported CoFe-
LDH composite was tested on three real water bodies (tap water, river
Nile water, and groundwater) [100], each spiked with 5 ppm of the
antibiotic sulfamethoxazole (SMX) [100]. Under optimal conditions,
removal efficiencies of ~50-60% were realized throughout the natural
waters, somewhat less in the ideal laboratory solutions, implying matrix
effects (ions, organics, or pH buffering) dampen adsorption in actual
waters. In the same research, removal of a second antibiotic (cefixime)
under identical real-water conditions realized ~73.6% at pH 9 with a
lower adsorbent dose [100]. These findings suggest that while
LDH-cellulose or LDH-carbon-cellulose composites can be extremely
effective under more practical conditions, their efficacy is dependent to
a large extent on conditions like pH, competing ions, pollutant con-
centration, and adsorbent dose. Additionally, reusability experiments in
some of these reports demonstrate good regeneration, albeit with
decreased efficiency upon several cycles. Such results only serve to un-
derscore the disparity between laboratory-scale high-value adsorption
capacities and actual treatment efficiency in the field, and one is left to
appreciate that optimization versus wastewater matrices is the crux of
successful translation of LDH—cellulose hybrids into viable water treat-
ment technologies.

4.2. Adsorption mechanisms

Adsorption is a highly important process in environmental systems,
particularly in the treatment of effluents containing heavy metals, dyes,
and persistent organic compounds. The efficiency of this process de-
pends not only on the nature of the adsorbent but also on the intermo-
lecular and interionic mechanisms involved. The main mechanisms
include ion exchange, electrostatic interaction, and hydrogen bonding,
which act independently or synergistically depending on the type of
pollutant and the environmental conditions (pH, ionic strength, polar-
ity). Ion exchange occurs when ions present on the adsorbent surface are
replaced by pollutant ions in solution [261]. This mechanism is partic-
ularly relevant in materials with ionizable functional groups (e.g., car-
boxylic groups, sulfonates, protonated amines) or in porous matrices
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capable of cation or anion exchange, such as clays, zeolites, and modi-
fied biopolymers. Metal ions such as Pb*", Cd?*, or Cu®" can replace
protons (H™) or other weak cations adsorbed on the material’s surface.
pH is crucial, as it influences the degree of ionization of the functional
groups and the ionic speciation of the pollutant. This is a selective and
reversible mechanism, allowing partial regeneration of the adsorbent.
Electrostatic interaction results from the interaction between opposite
charges of the adsorbent and the pollutant. Unlike ion exchange, which
involves substitution, here stabilization occurs primarily through
Coulomb forces. For example, in cationic dyes (such as methylene blue),
the negatively charged surface of materials rich in deprotonated -COO™
or ~OH groups can attract the dyes, favoring removal. In anionic dyes
(such as Congo red), protonated surfaces at acidic pH (-NH3 or —-OH3
groups) promote adsorption. Chemical modifications that adjust the
surface charge increase the selective affinity for different types of pol-
lutants. The strength of this interaction depends strongly on the ionic
strength of the solution; high salt concentrations can compete with
electrostatic interactions, reducing efficiency. Finally, hydrogen bonds
constitute intermolecular interactions of a physicochemical nature,
occurring when there are hydrogen donors (-OH, -NH) and acceptors
(-C=0, -0, -N-) in both the adsorbent and the pollutant. Phenols,
pesticides, or pharmaceuticals can establish hydrogen bonds with hy-
droxyl and carbonyl groups present in biopolymers such as cellulose,
chitosan, or agar derivatives. In many systems, hydrogen bonds act as a
secondary mechanism, strengthening retention after the initial interac-
tion via electrostatics or ion exchange. Hydrogen bonds influence the
availability of lone electron pairs and the protonation state of functional
groups, modifying the ability to form hydrogen bonds.

The adsorption processes of pollutants on LDH—cellulose adsorbents
are governed through a synergistic effect of physicochemical in-
teractions between both components [28]. LDHs, featuring exchange-
able interlayer anions and positively charged brucite-like layers, possess
high anion-exchange capacity and tunable surface chemistry [262]. At
the same time, cellulose provides a web of excess hydroxyl and carboxyl
functional groups, which render the material very hydrophilic and
enable hydrogen bonding, electrostatic interaction, and surface
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complexation [263]. For anionic pollutants such as phosphate, chro-
mate, or dyes, intercalation into the LDH interlayer via ion exchange is a
dominant mode in which the pollutant substitutes interlayer anions such
as NO3 or CO3™ [263]. On the other hand, for positively charged species
like heavy metal ions (e.g., Pb?>*, Cu®"), adsorption is mainly on the
cellulose matrix by chelation with the hydroxyl and carboxyl groups or
surface complexation at defect sites [39]. LDHs are also useful for the
precipitation of metal hydroxides in the case of high pH as a second
cation removal aid. Hydrogen bonding and van der Waals interactions
are also responsible, especially for the adsorption of organic pollutants
such as dyes or phenols [66]. Dispersion of LDH particles and inhibition
of aggregation are encouraged by cellulose hybridization with LDH,
increasing surface area and available active sites [37]. Porosity and
flexibility of the cellulose backbone also increase the rate of mass
transfer of the pollutants, improving the kinetics. Electrostatic in-
teractions between the composite surface and impurity, controlled by
pH and ionic strength, play a key role in controlling adsorption effi-
ciency [264]. In some hybrid composites, capacity and selectivity are
also enhanced by functionalities added through chemical modification
(e.g., amidation, thiolation, or carboxymethylation) through the crea-
tion of new binding sites [265].

About the composite’s interactions with the dye, Fig. 6 summarizes
the adsorption pathways of Eriochrome Black T by the CuFe-B-cellulose
nanocrystals biocomposite. The strong adsorption of Eriochrome Black T
on CuFe-B-cellulose nanocrystals occurs via a multi-mechanism process,
including surface adsorption, hydrogen bonding, electrostatic attrac-
tion, metal complexation, and anion exchange. Negatively charged
sulfonate groups interact electrostatically with positively charged hy-
droxyl groups, while OH™ anions are exchanged with anionic dye spe-
cies, forming robust interfaces with Fe—O and Cu—O. Cellulose
nanocrystals enhance surface porosity and hydrophilicity, facilitating
efficient dye capture [154].

Generally, the adsorption mechanism in LDH-cellulose composites is
multi-mechanism, including ion exchange, surface complexation,
hydrogen bonding, electrostatic interaction, and at times co-
precipitation, depending on the circumstances and nature of the
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Fig. 6. Eriochrome Black T’s adsorption mechanism on the CuFe-B-cellulose nanocrystal biocomposite.
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contaminant. Multiplicity of function thus makes LDH-cellulose com-
posites very efficient and versatile in the removal of inorganic and
organic pollutants from wastewater and thus potential rivals for sus-
tainable water purification technologies.

4.3. Regeneration and recyclability of adsorbents

LDH-cellulose adsorbents’ efficiency of adsorption is a controlling
factor in their long-term use for wastewater treatment because it directly
influences recyclability, cost-sustainability, and sustainability [266].
Recyclability refers to hybrid adsorbents’ capability to be cycled via
repeated adsorption-desorption cycles without encountering unaccept-
able pollutant removal efficiency loss [267]. Theoretically, LDH—cellu-
lose composites would show high recyclability in multi-cycle adsorption
due to the abundance of anion-exchange sites from the layer-structure of
LDH and mechanical stability and regenerable substrate of cellulose. In
practice, recyclability of LDH-cellulose adsorbents are usually limited
by site loss on regeneration, structural instability under harsh regener-
ation conditions, and incomplete release of pollutants. The degree of loss
of capacity per cycle largely depends on both the nature of the pollutant
and regeneration agent used. For example, strong acids or bases are able
to desorb dyes or heavy metals very fast but simultaneously destroy the
LDH layers or hydrolyze the cellulose backbone and lead to permanent
damage and low efficiency in subsequent cycles. On the other hand, less
violent agents such as weaker concentrations of saline (such as NaCl in
regenerating ion-exchange) will fail to wash away the strongly bound
impurities from the adsorbent, and thus there is congestion buildup and
progressive loss in adsorbing capacity. Reduction in adsorbing capacity
is an important parameter utilized to calculate efficiency of regenera-
tion, and research tends to report a reduction in capacity by 10-30%
after five to ten cycles depending on the pollutant matrix.

This loss is attributed to several factors: blockage of pores by residual
impurities, partial degradation or delamination of LDH layers, oxidation
or degradation of functional groups of cellulose, and chemisorption of
pollutants on surface sites irreversibly [268]. Interestingly, the presence
of a concentration of competing ions or complex organic compounds in
actual wastewater may result in capacity loss more rapidly than
laboratory-controlled trials. In trying to control this issue, researchers
have explored surface modification of LDH-cellulose adsorbents such as
grafting with functional groups (-COOH, -SH, or —-NHy) or protective
biopolymer coating, which would enhance chemical stability and enable
easier desorption [269]. Besides, mild regeneration methods such as
electrochemical desorption, low-temperature thermal processing, or
using green solvents (e.g., biodegradable chelating agents) are being
proposed instead of harsh extreme chemical washing processes. The
ecological impact of regeneration methods has to be taken into account
with utmost care because the entire idea of LDH-cellulose adsorbents is
to provide a green and sustainable wastewater treatment process.

Traditional regeneration methods using harsh acids, bases, or
organic solvents not only inactivate the adsorbent but also create sec-
ondary wastes that need further treatment, essentially undoing the
environmental benefit of adsorption [267]. On the other hand, envi-
ronmentally friendly methods such as saline washing, mild pH adjust-
ment, or natural chelator usage, i.e., citric acid, are suitable in the case
of low secondary pollution and circular economy applicability but with
the trade-off of sacrificing overall desorption efficiency, i.e., adsorbent-
efficiency vs. environmental-friendliness trade-off. The test will ulti-
mately be to design regeneration protocols that maximize recyclability,
minimum capacity loss, and low environmental footprint so that
LDH-cellulose composites are ready to transition from laboratory-scale
demonstration to industrial-scale implementation. Optimization of these
variables will make the LDH-cellulose adsorbents more economically
viable and further enhance their status as next-generation green mate-
rials for contaminant removal in wastewater treatment processes.
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5. Applications and environmental impact
5.1. Real-world water treatment

5.1.1. Performance in complex matrices

The LDH-cellulose composite is a promising adsorbent attributable
to its exceptional characteristics, including structural flexibility,
biocompatibility, chemical stability, reusability, simple synthesis, non-
toxicity, cost-effectiveness, and high adsorption efficiency [92]
(Fig. 7). The dual functionality arises from the high surface area and ion-
exchange capacity of LDHs, along with the mechanical stability,
porosity, and biodegradability of cellulose (Fig. 7a). These composite
adsorption properties are enhanced through metal binding intercalation,
surface modification, and hybridization with other substances [270].
Studies report that the functional groups present on the cellulose
backbone (such as -OH, -COOH) enhance pollutant interaction and help
maintain composite integrity in harsh environments [271] (Fig. 7b).

Ren et al. (2025) designed a modified composite by sphagnum cel-
lulose gel (SMCG) with MgAI-LDH for the removal of Cr(VI). Experi-
mental trials conducted in batch mode achieved up to 97.08% removal
of Cr(VI) under optimized parameters (pH 6, 60 min) [251]. Peng et al.
developed a carbon-based cellulose fiber composite integrated CuAl-
LDH for phosphorus adsorption, achieving a high maximum capacity
of 105.26 mg g~ !, which is higher than that of pure LDH and CuAl-LDH
adsorption [250]. Abduarahman et al. investigated the use of a cellulose
fiber-modified MnFe-LDH membrane to investigate the adsorption of
arsenic, phosphate (P), and textile dye Acid Green 25 (AG25). The
composites exhibited varying adsorption capacities of 82.71 mg g~! for
arsenic (V), 106.9 mg g~ ! for phosphate, and 130.3 mg g~ ! for AG25
[272]. Priya et al. synthesized carboxymethyl cellulose (CE) with FeAl-
LDH and reduced graphene oxide to formulate a very efficient nano-
composite for the adsorption of arsenate (As(V)) ions from wastewater
[157]. The incorporation of CE significantly improved the As(V)
removal efficiency to 98% and raised the composite’s surface area to
156.24 m? g1 by an increase in the number of active sites throughout
the border layer [157].

Oily wastewater is a serious and troubling issue in wastewater
management because of its potential to cause environmental and health
hazards. Ning et al. showed that a 3D flower-like LDH-modified bilay-
ered cellulose acetate membrane, featuring high superhydrophilicity
and underwater superoleophobicity, achieved an impressive separation
flux of 27,346 L m™2 h™! bar™! and an efficiency of 98.93%. The
excellent anti-fouling performance and cycling stability of these nano-
fiber membranes indicated a wide range of potential applications in the
excellent purification of oily wastewater [273]. Furthermore, pharma-
ceutical residues are also discovered pollutants in domestic and hospital
wastewater, posing significant environmental hazards due to their low
concentration presence and tendency to bioaccumulate [274]. Kotp
et al. studied a cellulose-based LDH that functions as an efficient
adsorbent and nanocarrier for the effective removal of both sulfameth-
oxazole (SMX) and cefixime (CFX) residues, showing maximum
adsorption capacities of 272.13 mg g ! for SMX and 208.00 mg g~ for
CFX [100]. Beyki et al. developed the CaAl-LDH-cellulose ionomer for
the adsorption of pharmaceutical pollutants, diclofenac sodium [275].
The magnetite ionomer had a fast (2 min) equilibrium period and a
maximum absorption of 268 mg g~! [275]. Raicopol et al. developed
cellulose acetate-MgAl-LDH nanocomposite membranes for the removal
of pharmaceutical contaminants, specifically diclofenac sodium (DS)
and tetracycline (TC), from wastewater [276]. The 10% of adsorption
capacity for DS was increased compared to neat cellulose acetate,
attributed to strong electrostatic interactions between MgAIl-LDH layers
[276]. Due to hydrogen bonding interactions between the drug mole-
cules and the LDH nanofiller, the adsorption capacity for TC experienced
a lesser increase [276].

Synthetic dyes are a major contamination in textile wastewater
because of their high color intensity, chemical stability, and resistance to
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natural degradation processes. LDH-cellulose-based composites have
shown impressive results in removing various dyes. Sobhana et al.
synthesized ZnAl-CO3 LDHs using microcrystalline cellulose (MCC) as a
soft template [277], achieving enhanced Orange II dye adsorption, the
highest capacity (3.4 mmol g~!) due to the large surface area (152 m?
g1 of the composite (synthesized using 1.5 wt% MCC) with more
active sites [277]. Razani et al. constructed new organic-inorganic
hybrid nanomaterials using cellulose nanowhiskers (CNW) and MgAl-
CO3 LDH to remove organic cationic and anionic dyes like methylene
blue (MB), malachite green (MG), crystal violet (CV), Fuchsine (Fuc),
and Janus green (JG) from wastewater [278]. This nanocomposite
hydrogel increased adsorption efficiency due to increased surface area
and porosity, abundant negatively charged functional groups for elec-
trostatic interaction, well-dispersed LDH layers that prevent aggrega-
tion, and a stable hybrid network structure [278]. The incorporation of
LDH into CNW-graft-PAA improved the Fuc removal efficiency from
33% to 96% [278]. Further, these groups are more ionized at high pH,
enhancing electrostatic interaction toward cationic dye molecules.
Conversely, at low pH, decreasing adsorption efficiency is due to
competition between protons and dye cations for adsorption sites [278].
Manalu et al. developed NiCr-LDH/microcrystalline cellulose compos-
ites for the adsorption of malachite green dye from industrial waste-
water [279]. The adsorption behavior was described by the Freundlich
isotherm model, which has a maximum adsorption capacity of 129.870
mg g~! [279]. Wijaya et al. synthesized the cellulose-supported NiAl-
LDH composites for the adsorption of malachite green (MG) dye [260].
Compared with other adsorbents, this composite achieved the highest
adsorption of 107.527 mg g~ * [260]. For the phosphate pollution, Castro
et al. (2018) evaluated an MgAl-LDH-cellulose acetate composite for
phosphate removal, finding a maximum adsorption capacity of 6.98 mg
g~ ! according to the Langmuir-Freundlich model [280].

However, most of the reviewed studies have been conducted with
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batch adsorption experiments under optimal lab conditions (e.g., pH
3-7, contact duration 30-90 min, adsorbent dose 0.1-0.5 g LY. How-
ever, these conditions are generally established for fundamental effi-
ciency, but real-world wastewater is far more complex, often containing
high ionic strength, organic matter, competing anions, and fluctuating
pH [6]. Synthesizing modified LDH composites that are customizable for
specific wastewater can greatly enhance adsorption efficiency for
particular contaminants found in various wastewater streams.

5.1.2. Selectivity and competitive adsorption

In wastewater treatment applications, selectivity and competitive
adsorption behavior of LDH are critical due to its direct influence on the
efficiency, specificity, and overall effectiveness of contaminant removal
processes [114,281]. LDHs-cellulose selectively adsorb specific con-
taminants, enabling efficient removal of harmful substances while
minimizing uptake of benign or non-target species, improving treatment
precision, and reducing resource waste. Among the present competing
ions, LDH—cellulose can selectively adsorb toxic ions (e.g., heavy metals
like Pb%*, Cd%*, Cr®*) [281].Tailored LDHs through metal composition,
layer charge density, and interlayer ions to suit diverse wastewater
compositions, enhancing their versatility and broadening their practical
application scope.

LDH-cellulose composites exhibit high selectivity for specific ions
and organic pollutants because of the combined structural and chemical
properties of LDHs and cellulose fibers. Iftekhar et al. studied Zn/Al LDH
intercalated into cellulose nanocomposites for selective adsorption of
rare earth elements, highlighting their ability to preferentially bind
these metal ions from mixtures with maximum adsorption of 102.25
mg/g for Y3*, 92.51 mg g~! for La®>*, and 96.25 mg g~ ! for Ce**,
respectively [125]. LDH/cellulose composites show a great deal of
promise in oil/water separation due to surface roughness and chemical
functionality, making them different wetting behavior surfaces for the
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selective separation of water and oil [282]. Abduarahman et al. high-
lighted that the wCell/Mn-Fe-LDH membrane achieves selective
adsorption through two main mechanisms: surface complexation for
oxyanions (arsenate and phosphate) and electrostatic interactions for
organic dye anions such as AG-25 [272]. The CNW-graft-PAA/LDH
nanocomposite hydrogel exhibits selective adsorption primarily to-
ward cationic dyes such as MB, MG, CV, Fuc, and JG, with removal ef-
ficiencies reported as 94% for MB, 92% for MG, 90% for CV, 96% for
Fuc, and 23% for JG due to ariseed from the presence of ionized car-
boxylic acid groups (-COO™) and hydroxyl groups on the cellulose
nanowhisker-graft-poly(acrylic acid) chains. In contrast, the nano-
composite shows poor adsorption for anionic dyes like CR, which are not
absorbed effectively [278].

Competitive adsorption of LDH-cellulose is critical in wastewater
treatment because real wastewater typically contains multiple pollut-
ants simultaneously, and LDHs must selectively adsorb the target con-
taminants in the presence of competing species. The electrostatic
interactions are the main mechanism of the dye adsorption, due to the
charges present in the LDH network [283,284]. In mixed dye solutions,
the retention performance for a specific dye is generally reduced
compared to single-solute systems. Moreover, the extent of competi-
tion’s impact on individual sorption quantities depends on two key
factors: the individual characteristics of the dye itself and the compo-
sition of the aqueous solution it’s dissolved in [284]. Few studies have
focused on the competitive adsorption between LDH and cellulose, with
most research concentrating on LDH-based composites [281]. Akanyeti
et al. (2023) examined the competitive dye adsorption capabilities of
CoAl-LDH concerning methyl orange (MO), Remazol brilliant blue R
(RBBR), and Allura red (AR) under varying concentration levels. They
found that the highest adsorption capacities were 2.267 mmol g~* for
MO, 0.258 mmol g~* for RBBR, and 0.195 mmol g ! for AR, respectively
[285]. Normah et al. demonstrated the polyoxometalate (POM)-modi-
fied ZnAl-LDH for the competitive removal of heavy metal ions, and
achieved maximum adsorption capacities of 92.95 mg g~ for Fe(II) with
compared to Cr(VI) 44.44 mg g’1 [286]. The absorbent selectivity of
LDH-cellulose composites is strongly influenced by pH, ionic strength,
and the presence of competing ions in the wastewater environment. H"
ions can compete for active sites, affecting target anion adsorption and
overall selectivity [272]. Functionalizing LDH with cellulose improves
surface attributes such as porosity and active site exposure, resulting in
higher selectivity [92]. Future study is needed to develop theoretical
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modeling and in situ characterization methodologies to better under-
stand adsorption mechanisms and the selectivity and competitiveness of
adsorption for large-scale wastewater treatment.

5.1.3. Comparative analysis of advanced adsorbent materials:
cellulose-LDH composites, biochar, MOFs, and graphene derivatives for
pollutant removal

In the field of environmental remediation, the development of effi-
cient and sustainable adsorbent materials is crucial for the removal of
heavy metals, dyes, pharmaceuticals, and other emerging pollutants.
Traditional materials such as biochar, alongside advanced nano-
structured systems like metal-organic frameworks (MOFs) and graphene
derivatives, have been widely studied due to their distinct surface
properties and adsorption mechanisms. More recently, cellulose-layered
double hydroxide (LDH) composites have emerged as promising alter-
natives, combining the renewability and biocompatibility of cellulose
with the ion-exchange capacity of LDHs. The following table provides a
comparative overview of these four categories of adsorbents, high-
lighting their structural features, dominant adsorption mechanisms,
main advantages, limitations, and representative applications
(Table 10).

5.2. Environmental safety

5.2.1. Toxicological assessments of spent composites

When composites are used for water purification, residual chemicals,
fibers, or nanoparticles may remain, posing potential toxicity risks upon
release into the environment or through biological exposure. Toxico-
logical assessments usually evaluate acute and chronic toxicity, geno-
toxicity, inflammatory or cytological changes, and potential
bioaccumulation. The LDH-cellulose composites are regarded as envi-
ronmentally safe materials because of their biocompatibility, biode-
gradability, and the use of cellulose as a sustainable, non-toxic substrate
[92,277] (Fig. 7¢). The composites are synthesized through eco-friendly,
water-based methods that eliminate the use of toxic reagents, enhancing
their sustainable appeal and commitment to a greener future [100].
Additionally, cellulose’s biodegradability ensures that spent composites
can degrade naturally, reducing long-term environmental burden. While
LDH-cellulose composites show great efficiency in pollutant adsorption,
their toxicity after being spent is critical for assessing environmental
safety and feasibility for large-scale applications. The use of bio-based

Comparative analysis of advanced adsorbent materials: cellulose-LDH composites, biochar, MOFs, and graphene derivatives for pollutant removal.

Table 10
Adsorbent Main characteristics Predominant
material adsorption
mechanisms

Advantages

Limitations Representative Reference

applications

Cellulose-LDH
composites

Biochar

MOFs

Graphene and
derivatives
(GO, rGO)

Layered structures with
metallic cations (Mg2*,
AP, Zn?*) etc)
intercalated into cellulose
matrices; high density of
hydroxyl groups.
Carbonaceous material
obtained by biomass
pyrolysis; porous and
functionalized surface.

Highly porous crystalline
structures formed by
metallic ions coordinated to
organic linkers.

Two-dimensional carbon
network; graphene oxides
contain functional groups
(-OH, -COOH, -0-).

Ton exchange,
electrostatic
interaction, hydrogen
bonding.

Physical adsorption
(n-n), hydrophobic
interactions,
electrostatic
interaction (pH-
dependent).
Metal-ligand
coordination, physical
adsorption,
electrostatic
interactions.

n-7 interactions,
electrostatic
interaction, hydrogen
bonding, surface
complexation.

Biodegradable, renewable,
high ionic selectivity,
synergy between organic
(cellulose) and inorganic
(LDH) phases.

Low cost, abundant,
produced from
agricultural residues; high
surface area.

Extremely high surface
area (>1000 m%/g),
tunable structure and
functionality.

Very high surface area,
strong interaction with
aromatic molecules, high
potential for chemical
modification.

Higher synthesis cost
compared to pure
cellulose, limited
stability in strongly
acidic media.

Lower selectivity;
properties vary with
biomass type and
pyrolysis conditions;
limited regeneration.

High cost, low stability
in aqueous and harsh
environmental

Complex synthesis, high
cost, tendency to
aggregate in solution.

Removal of heavy
metals (Pb%*, Cr®"),
phosphates, anionic
dyes.

Adsorption of metals,
pesticides, antibiotics,
and organic dyes.

Removal of gases (COo,
S0O,), heavy metals,
emerging
pharmaceuticals.

Removal of aromatic
dyes, antibiotics,
heavy metals.

[92,287,288]

[289-292]

[293,294]

[295-297]
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components like cellulose might reduce toxicity risks, but systematic
toxicological assessments are essential to confirm safety.

Recently, a few studies have specifically addressed LDH-cellulose
bio-nanocomposites’ impacts on human health. Kotp et al. conducted
the MTT assay to describe the cytotoxicity and side effects of cellulose-
based CoFe-LDH composite. The treatment of Vero cells with CoFe-LDH/
cellulose, CoFe-LDH/cellulose-SMX, and CoFe-LDH/cellulose-CFX at a
concentration of 200 pg mL™! for 24 h resulted in an increase in cell
viability by 75%, 57.9%, and 56.2%, respectively. After 48 h at the same
concentration, cell viability increased by 71%, 52.9%, and 50.2%,
respectively. These results confirmed that after 24 and 48 h of exposure,
LDH concentrations up to 200 pg mL~! showed no significant impact on
the viability of Vero cell lines and demonstrated as cytocompatible
biomaterials for water purification applications [100]. Nia et al. con-
ducted cytotoxicity experiments using free amoxicillin (AMX),
carboxymethylcellulose-based CuAl-LDH beads, and a composite com-
bined with AMX, utilizing the MTT assay against HUVEC cells [298].
After 24 h of incubation, no obvious cytotoxicity was observed for this
composite, even at higher concentrations, and more than 70% of the
cells survived after incubation with this carrier at concentrations
ranging from 0 to 32 pg mL~! [298]. However, both combined com-
posites with AMX and pure AMX lead to higher cytotoxicity to HUVEC
cells compared to the CuAl-LDH composite [298]. Another major toxi-
cological issue such that absorbed contaminants (heavy metals and
organic pollutants) leach back into the environment. Long-term leaching
tests should be integrated into the evaluation framework for regulatory
compliance and risk assessment [299]. Degradation of LDH-cellulose
composites under different environmental conditions may lead to the
release of metal ions or organic byproducts [300]. For safe large-scale
implementation, future research and regulatory frameworks must
incorporate thorough and standardized toxicological assessments, such
as in vitro and in vivo studies, long-term leaching behavior, and eco-
toxicity evaluations.

5.2.2. Biodegradability and recyclability of cellulose backbone
LDH-cellulose composites attracted significant attention for waste-
water treatment due to their biodegradability and recyclability, which
are critical features for efficient purification [251] (Fig. 7c and d). The
specific enzymes of cellulose, called cellulases, produced by microor-
ganisms, hydrolyze these f-1,4 linkages, breaking down cellulose into
glucose monomers. The high concentration of hydroxyl groups in cel-
lulose can enhance chemical adsorption by introducing appropriate
chemical moieties. The crystallinity index and polymer chain length are
key parameters that influence the degree and rate of biodegradation;
higher crystallinity generally reduces enzymatic hydrolysis owing to the
restricted accessibility of enzymes to tightly packed chains [301].
Chemically modified cellulose, such as cellulose acetate, limits biode-
gradability by hindering enzyme access; however, partial reversal or
controlled modifications can preserve or tailor biodegradability [302].
Environmental factors such as temperature, pH, moisture content, and
microbial activity are still crucial for cellulose biodegradation
[303,304]. Cellulose not only improves physical properties but also in-
troduces biodegradation pathways for otherwise inorganic materials,
reducing long-term environmental burdens after application in waste-
water treatment [305]. According to Pulyala et al., non-ionic and
anionic polymers moderately adsorbed on wastewater-associated bac-
terial cells, improving degradation and enzyme activity [306]. Limited
research is available on the studies of the biodegradation of LDH—cel-
lulose composites in wastewater treatment. However, LDH-cellulose
composites are capable of safe degradation under controlled composting
or natural conditions, making them particularly suitable for short-term
adsorption applications, such as emergency spill cleanups or decen-
tralized water purification systems. The porous fibrous network of cel-
lulose enhances the diffusion and stabilization of LDH layers, and the
structure not only aids in adsorption but also accelerates biodegradation
by providing microbial attachment sites. Further, the chemical
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modification of cellulose as an environmentally friendly composite with
LDH is needed both to tune the biodegradability and increase adsorption
efficiency [263].

The presence of cellulose in LDH composites positively influences
their recyclability by enhancing structural stability, adsorption effi-
ciency, and mechanical integrity across multiple reuse cycles in waste-
water treatment. The ability to reuse LDH—cellulose composites directly
impacts the economic viability and environmental sustainability as an
adsorbent material because it lowers operational costs and waste pro-
duction. Yue et al. (2018) showed that the oil separation efficiency of
ZnAl-LDH/cellulose membranes was more than 94.0% after 50 cycles,
indicating the stability of hydrophobicity and good recyclability [282].
Kotp et al. synthesised the CoFe-LDH/cellulose composite as an absor-
bent for both SMX and CFX residues due to their biodegradability and
biocompatibility [100]. The composite analysis showed no detectable
loss of removal efficiency over three consecutive cycles, indicating the
favorable reusability of this adsorbent [100]. Tan et al. observed a high
removal efficiency (96.2%) for Cr(VI) by carboxymethylcellulose
(CMC)-LDH beads, and reuse studies showed that even after 10 reuse
cycles, with removal efficiency remained at 89.6% [307]. Peng et al.
found that during five adsorption-desorption recycling procedures, the
CuAl-LDH/CCF retained more than 85% of phosphorus [250]. The
recyclability of the CNW-graft-PAA/LDH nanocomposite hydrogel was
evaluated through repeating the adsorption-desorption process three
times using MB dye. The removal efficiency showed only a slight
decrease from 100% to 95%, indicating that the nanocomposite
hydrogel maintains stable and reusable adsorption performance over
multiple uses [278]. The CaAl-LDH-magnetite cellulose ionomer
adsorbent showed the removal efficiencies of 99%, 95%, and 88% after
three consecutive adsorption-desorption cycles, respectively. The
regeneration was achieved by elution with a NaOH-methanol solution
(2.0 mol L™Y), which enabled 98% regeneration efficiency by replacing
adsorbed diclofenac with OH— ions and desorbing diclofenac through
hydrophobic interaction with methanol [275]. The FAH-rGO/CE-As(V)
could be rapidly separated using a strong magnet due to their mag-
netic nature. After drying, these composite materials retained over 88%
removal efficiency even after five consecutive adsorption-desorption
cycles, indicating excellent regeneration capacity and strong stability of
the synthesized adsorbents [157].

The synergistic coupling of cellulose’s mechanical reinforcement and
porous, hydrophilic character with LDH’s adsorption capabilities en-
sures structural durability, maintains active sites, ensures ease of
regeneration, and utilizes multiple cycles of efficient pollutant removal.
And also, it effectively decreases the need for fresh raw materials and
energy consumption in wastewater treatment, contributing to greener
operational frameworks. This enables the design of “smart” LDH—cel-
lulose composites with tailored degradation timelines depending on the
environmental and operational requirements. Establishing a strong
regeneration mechanism is crucial to preserving important cellulose-
based material resources. More research aimed at improving regenera-
tion methods will be necessary to fully realize the potential of these
materials [263].

5.3. Sustainability and economics

5.3.1. Low-cost synthesis, use of agricultural or industrial cellulose waste
The co-precipitation process is a widely used method for synthesizing
LDH-cellulose composite due to its simple, inexpensive, and environ-
mentally friendly methods, and can produce high-quality materials.
During this process, cellulose is combined with metal salts (like mag-
nesium nitrate, zinc nitrate, or aluminum chloride), a precipitating
agent (typically sodium hydroxide or ammonium hydroxide), and an
aqueous medium. In this process, required minimum equipment, low
energy input, minimal material degradation, and usual operation at low
to moderate temperatures (~25-80 °C) and atmospheric pressure make
it easy to scale up for application in industrial settings [92]. In contrast
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to urea hydrolysis or hydrothermal methods, LDHs can form in a few
hours to a few minutes. The cellulose’s -OH groups help to anchor the
growing LDH particles, fostering good dispersion and interfacial
compatibility. Sobhanadhas et al. successfully fabricated a NiFe-LDH
hybrid photocatalyst by tailoring it in situ onto anionic cellulose beads
for the first time, creating a support for customized waterproof or oil
absorption applications [308]. Further, in situ co-precipitation offers
superior integration and functional performance compared to conven-
tional co-precipitation, making it ideal for the production of advanced
LDH-based hybrid materials. This method further requires a lower
overall energy input, as it combines synthesis and immobilization in a
single step under mild conditions, for example, LDH nucleates directly
on the support, ensuring strong interfacial bonding and uniform distri-
bution. Yang et al. synthesized MgAl-LDH/cellulose nanocomposite
beads with a large specific surface area (76.46 m? g~1), high water
content (92.05%), and high porosity (94.75%) by an in situ co-
precipitation process to remove amoxicillin in the aqueous phase [116].

Furthermore, reducing synthesis costs is achieved by lowering raw
material expenses and minimizing environmental impact through the
valorization of agricultural or industrial cellulose waste. Agricultural
waste such as sunflower stem pith, sugar beet chips, and other biomass
residues provides abundant cellulose sources for synthesizing
LDH-cellulose composites [309] (Fig. 7a). Industrial cellulose wastes,
such as microcrystalline cellulose (MCC) derived from pulping pro-
cesses, also serve as sustainable feedstocks for these composites
[310,311]. Alkali delignification and peroxide bleaching are common
chemical processes used in cellulose extraction that efficiently eliminate
non-cellulosic substances, including lignin and hemicellulose,
increasing the yield and purity of cellulose. Further characterization
with techniques such as X-ray diffraction, FTIR, and SEM confirms cel-
lulose removal and structure, indicating the suitability of isolated cel-
lulose for applications [312]. However, there is a lack of research
available on the use of cellulose waste in LDH composites for wastewater
treatment. The majority of current research emphasizes agricultural
uses, particularly in areas like soil improvement and the development of
slow-release fertilizers [313]. Zhang et al. developed a novel slow-
release hydrogel fertilizer by graft copolymerizing acrylic acid (AA)
with recycled cellulose (PCe) sourced from waste biomass, specifically
pomelo peel [314]. Abduarahman et al. utilized waste tobacco boxes to
extract cellulose fibers to fabricate a wCell/Mn-Fe-LDH membrane for
the sustainable removal of anionic pollutants [272]. This composite
offers a practical way to treat wastewater efficiently while also fostering
environmental sustainability by turning waste biomass into valuable
adsorbent materials.

5.3.2. Energy inputs and life cycle assessment (LCA) considerations

The energy input for LDH cellulose composite mainly depends on
synthesis and the application process, which is relatively low compared
to other methods, especially considering the co-precipitation process
[32]. The co-precipitation method is widely favored due to its
straightforward preparation process and relatively low operating tem-
perature [31]. In hydrothermal treatment is often performed at around
100 °C for about 16 h to enable the creation of well-crystallized mate-
rials under mild conditions. As an alternative, methods like the sol-gel
approach are also valued for their affordability and energy efficiency, as
well as enabling fast processing and control over composition [36].
LDH-cellulose composites function effectively as adsorbents under
ambient temperature and pressure conditions, significantly reducing
energy requirements during water treatment processes. Compared to
conventional synthesis, cellulose acetate or LDH—cellulose composite
material is typically prepared via membrane casting or nanoparticle
coating, using mild conditions and low heat input. Raicopol et al.
developed the cellulose acetate-MgAl-LDH nanocomposite membranes
for the removal of pharmaceutical contaminants (TC and DS) from
wastewater with the highest water flux performance (529 L m2h
compared to the pristine CA membrane (36 L m2h~ 1Y) [276]. Yu et al.
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described a cost-effective and durable flexible membrane that was
created via in situ ZnAl-LDH growth on a cellulose substrate, with a high
separation efficiency (>94.4%) for industrial oily effluent [282]
(Fig. 7d). The ability to regenerate and reuse LDH-based adsorbents, as
shown in some studies, can further decrease the overall energy footprint
of the treatment. Combining LDH-based adsorbents with other methods,
like photocatalysis, can improve efficiency and potentially lower energy
consumption. Bisaria et al. demonstrated that multiple recycling and
reuse of the adsorbent significantly increased its negative environmental
impact due to additional electricity used for drying before each use [38].
Large-scale applications may require more energy than laboratory-scale
studies.

Life Cycle Assessment (LCA) is a structured method to assess the
environmental effects of a product in each stage of its entire life span,
from raw material extraction to manufacturing, usage, and final disposal
[281,315]. Although there has not been much attention on LDH-cellu-
lose composites in LCA, existing research has focused on the synthesis of
LCA related to LDA [92]. Bisari et al. followed an LCA of chitosan-
modified NiFe-LDH for arsenic(III) in aqueous solution using OpenLCA
software and the ReCiPe Midpoint (H) (v1.02) method, enabling the
evaluation and comparison of the environmental impacts associated
with the applied techniques [316]. LCA analysis confirmed that the use
of electricity consumption and the use of chemicals, particularly nickel
and ammonia solution, were the primary contributors to environmental
impacts such as global warming, human toxicity, freshwater ecotoxicity,
and marine ecotoxicity [316]. Cellulose derived from renewable
biomass enhances the sustainability benefits of LDHs by offering a
biodegradable scaffold, which decreases the overall carbon footprint
compared to solely synthetic adsorbents. When data are collected from
laboratory-scale experiments, they carry potential errors due to
involving controlled environmental conditions that do not fully replicate
real-world scenarios, leading to discrepancies in the assessment results
[316]. Furthermore, the use of advanced computational tools, such as
artificial intelligence, can further support sustainability assessments and
LCAs by improving data analysis, ensuring compliance with environ-
mental standards, and promoting the development of environmentally
friendly materials [92] (Fig. 7e).

LDH-cellulose hybrids are in the offing at the crossroads of
biomedical and environmental applications, but the drivers of design
and performance criteria are vastly different in the two fields [317,318].
Biomedically, the hybrids are explored as drug carriers, tissue engi-
neering scaffolds, wound dressings, and antimicrobial coatings due to
LDHs providing controlled release of bioactive species, whereas cellu-
lose contributes biocompatibility, non-toxicity, and tunable porosity
[30,319]. Specifications such as cytocompatibility, sterility, degradation
rate, and pH-sensitive release overwhelm the performance re-
quirements. By comparison, environmental applications are for
contaminant remediation and wastewater treatment, where LDH—cel-
lulose composites are engineered to maximize adsorption capacity, ion-
exchange capacity, and chemical stability under harsh effluents [320].
In these situations, high surface area, reusability, cost effectiveness, and
fouling or competitive ion resistance are most important, while stringent
biomedical safety requirements are less relevant. These varied demands
dictate the synthesis pathways, functionalization models, and testing
protocols employed. Yet, biomedical application wisdom; i.e., surface
functionalization and controlled release; can be transferred to the
development of environmentally stable adsorbents, and pollutant
adsorption experience can contribute to improved toxin removal or
detoxification platforms in medicine. This tool transfer emphasizes
LDH-cellulose composites as a universal platform with applicability to
medical as well as environmental issues.

5.4. Cytotoxicity and biodegradability

Cellulose is intrinsically biocompatible and non-toxic, being widely
used in biomedical and environmental applications. LDHs, in turn, are
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considered relatively safe, especially those based on cations such as
Mg?*, AI**, and Zn?". However, toxicity can vary depending on the
metal composition; composites containing less biocompatible cations
(Ni?*, Cr®*, Co?") can release potentially toxic ions into aquatic envi-
ronments [321]. In vitro studies suggest that excess LDH particles can
induce oxidative stress, cellular inflammation, and damage to biological
membranes, especially at high concentrations or when there is uncon-
trolled release of metal ions. Therefore, cytotoxicity assessment should
consider both the chemical composition of the LDH and its stability in
real-world environments. The cellulose matrix is highly biodegradable,
undergoing enzymatic degradation by microorganisms, which favors the
natural decomposition of the composite after use. The inorganic fraction
of LDH is not biodegradable in the classical sense, but it can undergo
partial dissolution in acidic media, releasing intercalated metal ions and
anions [92]. This process can be beneficial, as it prevents persistent
accumulation in the environment, but it can also pose a risk if the
released ions are ecotoxic. The cellulose-LDH combination tends to
reduce the mobility of inorganic nanomaterials, acting as a natural
barrier that limits the uncontrolled release of LDH particles into the
environment. The biodegradability of cellulose and the relative
biocompatibility of certain LDHs (Mg—Al, Zn—Al) make these com-
posites more sustainable and less persistent than purely synthetic ad-
sorbents, such as MOFs or graphene. The release of metal ions during
degradation can cause secondary contamination; the impact depends
strongly on the type of cation present in the LDH. It is essential to
conduct full-scale ecotoxicological tests, simulating environmental
conditions (pH, ionic strength, presence of natural organic matter), to
predict the stability and toxicity of composites. The development of
cellulose-LDH composites with environmentally safe cations (Mg, Ca,
Zn) and functionalization that controls the degradation rate can expand
their potential use without compromising environmental safety.

Thus, in addition to the technical advantages of adsorption, the
discussion on cytotoxicity and biodegradability reinforces that the
development of these composites must be aligned with environmental
safety and public health criteria, otherwise it could generate new sour-
ces of risk.

6. Challenges and future perspectives

This review presents a detailed overview of the synthesis and
application of LDH-cellulose composites and identification of key
challenges and developing future research needs for their practical use.
The most pressing among these is the structural stability of the com-
posites, particularly in harsh environmental conditions. LDHs, though
chemically tunable and highly efficient in anion exchange, are prone to
dissolution or phase transition in highly acidic industrial wastewaters or
highly alkaline wastewater. This renders them to operate less effectively
in the long term and decreases recyclability. Additionally, leaching of
LDH is a very critical environmental concern because metal ions like
Mg?t, AI**, or Zn?* can leach into treated water during adsorption or
desorption operations and lead to secondary contamination as well as
loss of material integrity.

The other key limitation is the scalability and complexity of synthesis
techniques. Current fabrication techniques; such as hydrothermal, in
situ co-precipitation, and impregnation; often entail high temperatures,
lengthy reaction times, and multi-step processing not amenable to
scalability to industrial-scale applications. Uniform dispersion of LDH in
the cellulose matrix, particle size control, and retention of the composite
structure upon scale-up are difficult to achieve. In addition, source and
quality variability of cellulose, especially if derived from natural
biomass or wastes, can result in composite variability in properties and
performance. The latter affects reproducibility and stand-
ardization—essential parameters for commercialization.

From the application point of view, low regeneration and reusability
also restrict the broad application of LDH-cellulose composites. Though
the materials exhibit high initial adsorption capacity, repeated cycles of
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pollutant adsorption/desorption may result in damage to both the LDH
network and cellulose chain, resulting in reduced activity and increased
material cost. Moreover, the majority of the reported work is conducted
in laboratory-scale controlled settings and using simulated wastewater.
Its operation under normal conditions in normal wastewater systems, e.
g., a blend of organic, inorganic, and biologic substances, remains to be
comprehensively examined. Realistic, not restrictive, conditions of
varying ionic strength, turbidity, and interfering ions must be consid-
ered to truly assess the pragmatic value.

Despite their promising performance under laboratory conditions,
LDH-cellulose adsorbents also experience some limitations in applica-
tion to actual wastewater treatment. Another of the grand challenges is
the complexity of real wastewater matrices, which in most instances
comprises mixed pollutants, fluctuating pH, high salinity, and high
concentrations of competing ions or organic matter that can clog or
occupy adsorption sites and thus reduce the removal efficiency
compared to synthetic single-solute systems. Another limitation is the
stability of the composite material during prolonged exposure to
aggressive chemical media, e.g., acid or alkaline industrial wastewater,
which may lead to partial dissolution of LDH layers or hydrolysis of
cellulose and thereby shorten the operational life of the adsorbent. In
addition, the production scalability is also finite, as it remains cost- and
energy-intensive to produce uniform LDH-cellulose composites with
controlled morphology and functional group distribution at industrial
levels. Regeneration and recycling of the materials in real conditions
also present challenges: desorption agents that work well in the lab can
be less effective in wastewater of complicated compositions. Their use
may also generate secondary waste streams requiring further treatment.
In addition, mechanical strength is an issue, as multiple cycles of stir-
ring, pumping, or filtration can result in attrition or particle breakdown,
compromising recovery and reuse. Finally, long-term pilot-scale per-
formance data, regeneration efficiency, and economic feasibility are not
available, making full-scale adoption by water utilities challenging.
Addressing these challenges through improved material design, low-cost
fabrication, and field-scale demonstration will be the key to trans-
forming LDH-cellulose adsorbents from promising research concepts to
practical wastewater treatment technologies.

The future study can expect to encounter enhancement of composite
stability, particularly under multi-contaminant and high pH conditions.
This can be made possible through surface engineering, crosslinking, or
introduction of other nanomaterials (e.g., graphene oxide, biochar, or
metal-organic frameworks) for structural stability and durability of
long-term adsorption. By comparison, sustainable, low-energy, green,
and high-throughput synthesis routes from waste or renewable cellulose
feedstocks and low-energy processing conditions are required to allow
for sustainable manufacturing. Implementation of new functionalization
protocols to allow selectivity towards target pollutants, e.g., endocrine-
disrupting chemicals or medications, would further increase the utility
and diversity of these materials.

Besides that, future studies should combine life cycle assessment
(LCA) and techno-economic analysis (TEA) to explore the economic and
environmental sustainability of LDH-cellulose composites from pro-
duction cycles, use cycles, and waste disposal cycles. Blends of these
materials with advanced monitoring and regenerating mechanisms,
including electrochemical or photocatalytic systems, may also provide
real-time regulation and sustainable operation. Lastly, interaction
among materials science, environmental engineering, and process in-
dustrial engineering from different disciplines will be necessary for
bridging the gap between laboratory discovery and field implementa-
tion. In summary, although LDH-cellulose composites represent an
enormously promising platform for efficient, sustainable, and next-
generation water-filtering materials, overcoming the limitation of sta-
bility, regeneration, scale-up, and in-field validation is very important to
effectively achieve their full potential.
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7. Conclusion

This review highlights the future of LDH—cellulose composites as new
generation hybrid adsorbents for efficient wastewater treatment of
inorganic and organic pollutants. When optimized, such composites
have demonstrated maximum adsorption capacities in excess of ~270
mg g~ ! for pharmaceuticals (e.g., sulfamethoxazole) and over 400 mg
g~ ! for dyes (e.g., methylene blue), showcasing high affinity toward
diverse contaminants. Their surface areas are often in the tens to hun-
dreds of m? g~!; for example, BET surface areas of ~15-60 m? g™ ! in
cellulosic LDH composites and up to ~700-750 m? g~! in LDH-carbon
systems, which substantially improve adsorption performance and ki-
netics. Regeneration cycles have shown promising performance, with
many composites maintaining > 80-90% of their adsorption efficiency
over 4-5 reuse cycles. The review categorizes synthesis strategies in an
orderly manner, clarifies adsorption mechanisms, and dissects perfor-
mance in various environmental conditions, showing the overall struc-
ture-function relationship of these hybrid materials. Despite all their
advantages, problems such as LDH leaching, loss of structural stability at
extreme pH levels, regeneration limitations, and scale-up challenges are
still significant obstacles to practical use. Future research should
therefore focus on tailored surface functionalization; for instance,
grafting selective functional groups (-SH, -COOH, —-NHy) or biomimetic
ligands to improve pollutant selectivity and stability; and on engineering
hierarchical or porous architectures that enhance mass transfer,
adsorption kinetics, and mechanical robustness under real wastewater
conditions. Another promising direction is the integration of
LDH-cellulose composites with membrane or filter systems to
create hybrid separation-adsorption modules that combine high flux,
low fouling, and easy regeneration. At the same time, these materials
should be developed with broader societal and industrial considerations
in mind. Using green, low-energy or solvent-free synthesis not only
improves their environmental credentials but also aligns with circular-
economy principles by valorizing cellulose from agricultural or indus-
trial residues. Their relatively low-cost, biodegradable nature makes
them particularly attractive for low-income regions where centralized
treatment infrastructure is lacking. Incorporating life-cycle assessment,
techno-economic modeling, and compliance with evolving regulatory
frameworks can guide industrial-scale implementation and ensure
public acceptance. In parallel, pilot-scale testing under realistic condi-
tions will provide critical performance data. Overall, LDH-cellulose
hybrid composite materials remain an efficient, multifunctional, and
prospective sustainable system for effective wastewater treatment, and
continuous interdisciplinary research combining materials science,
process engineering, and environmental assessment will be key to
unlocking their full potential and achieving global water quality and
environmental resilience.
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