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Sustainable biomass materials are at the forefront of green technologies across energy conversion, water
purification and chemical processes. These materials, which are derived from renewable resources,
present distinct advantages of cost-effectiveness, tunable properties and biodegradability with advances in
nanotechnology and molecular simulations. Cellulose is the most plentiful biomass material and has gar-
nered significant attention for its excellent mechanical strength, chemical stability, and biocompatibility.
Compared with traditional petroleum-based polymers, the affordability and reduced carbon footprint of
cellulose resonate better with the demand of anion exchange membrane (AEM) development. In this review,
we focus on the progress of cellulose-based AEMs and discuss whether they have the potential to be dis-
ruptive cross-disciplinary materials. From the perspective of the cellulose molecular structure, we expound
on its distinctive advantages and the inherent challenges encountered in AEM applications. To address these
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challenges, improved strategies including chemical modification, cross-linking and compounding of cell-
ulose, along with membrane-forming methods, are discussed. Moreover, we emphasize the importance of
strategic modifications and rational composite design for optimizing the performance of cellulose-based

rsc.li/greenchem AEMs. This facilitates the phasing out of petroleum-based materials with renewable alternatives.

Green foundation

1. This review focuses on the advancement of utilizing eco-friendly and extensively sourced cellulose materials in anion exchange membranes. A detailed
examination and discussion regarding the key properties in current applications are carried out, and all the existing optimization strategies are recapitulated.
2. Owing to its distinctive structure and abundant reserves, cellulose has increasingly become the focus of researchers. They are exploring its applications as
anion exchange membranes across multiple fields. The low-cost nature and renewability of cellulose make it a potential substitute for traditional petroleum-
based polymer materials.

3. The insights presented in this review offer directions and systematic approaches for the future development of advanced techniques related to cellulose
modification and membrane formation. This aims to facilitate the green substitution of traditional materials by cellulose.

tainable solutions continues to grow.””> The exploration of

biomass materials has unveiled their transformative potential in

1. Introduction

Cellulose materials represent the bulk of terrestrial biomass
and could be repurposed as promising alternatives to fossil
carbon. They exhibit green and sustainable characteristics
throughout their life cycle, aligning with the principles of a circu-
lar economy. This is increasingly significant as the focus on sus-
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key areas such as energy conversion,>* water purification,”” and
chemical processes.® In particular, their role in energy conversion
as direct and indirect renewable energy sources, as well as elec-
trode and electrolyte materials, offers an alternative to traditional
materials that are both expensive and inefficient. In the develop-
ment and application of renewable energy, anion exchange mem-
branes (AEMs) are critical as ion-selective conductive channels in
energy conversion technologies, such as water electrolysis and
fuel cells.”™® Owing to the superior reaction stability and catalytic
activity exhibited by nonprecious metal catalysts under alkaline
conditions, AEM-based systems offer a much more cost-effective
alternative to precious metal catalyst systems. Therefore, finding
an appropriate AEM material that combines superior perform-
ance, cost-effectiveness, and eco-friendliness has long been a
pivotal challenge in AEM applications.
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The structure of AEMs is usually composed of a strong
polymer backbone and functional anion exchange groups.'*
The polymer backbone provides the necessary mechanical
strength, whereas the anion exchange groups are responsible
for conducting hydroxide ions. Currently, the most widely
used polymers include polyaryl ether materials such as poly-
sulfone,'® polyether ketone'® and polyphenylene ether,"”
which are widely used because of their high stability and
mechanical strength. However, these artificial polymers are
derived from petroleum-based compounds, which are nonre-
newable resources, and their manufacturing processes are typi-
cally associated with high energy consumption and green-
house gas emissions. The complex synthesis procedures and
high production costs further limit their ability to meet the
requirements of a sustainable circular economy. As a result,
the use of biomass materials to replace artificial polymers in
the preparation of AEMs plays a vital role in supporting the
environmentally friendly advancement of this technology.®

Cellulose, the most abundant natural polymer in the world,
is characterized by its broad availability, renewability, low cost,
and environmental friendliness, making it highly valuable for
applications in biomass materials. Owing to its unique mole-
cular structure and abundant active functional groups, cell-
ulose has excellent mechanical strength and outstanding
potential for chemical modification.'® The inherent biodegrad-
ability and low environmental impact of cellulose make it an
ideal choice for substituting petroleum-based materials, facili-
tating carbon footprint reduction and driving the sustainable
development of the renewable energy sector.

As depicted in Fig. S1,7 although research on cellulose-
based anion exchange membranes (AEMs) originated relatively
early, it garnered limited attention during its initial stages,
with most early investigations focused on biological appli-
cations. However, over the past five years, propelled by the rise
of renewable energy technologies and advancements in related
preparation processes, there has been a marked surge in publi-
cations addressing cellulose-based AEMs, which are now pre-
dominantly centered on energy and chemical engineering-
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related fields. This shift reflects the growing recognition
among researchers of the potential of cellulose-based AEMs in
applications such as sustainable energy conversion and
storage systems, aligning with the increasing demand for
environmentally friendly and efficient materials in addressing
global energy challenges.

In this review, from the perspective of the molecular struc-
ture of cellulose, we thoroughly discuss the merits and limit-
ations of using cellulose as a fundamental material for AEMs.
By incorporating the latest research advancements, we discuss
modification approaches that target the key performance chal-
lenges faced by cellulose-based AEMs. Finally, we propose a
range of future research recommendations to support the
expanded utilization of cellulose in the development of AEM
materials.

2. Structure of cellulose

As a natural polysaccharide widely distributed in the earth’s
biosphere, cellulose is considered as one of the most abundant
organic compounds.”® It is widely distributed in the cell walls
of plants and plays a role in supporting and protecting plant
cells. As shown in Fig. 1, the cellulose fibers within the cell
wall follow a hierarchical structure, progressing from cellulose
molecular chains to microfibrils, and then to macrofibrils, ulti-
mately forming cellulose fibers. The fundamental cellulose
molecular chain is a linear polymer of repeated f-p-glucose
units connected through p-1,4-glycosidic bonds.*" The unique
structure of cellulose endows it with high mechanical stability
and specific physicochemical properties. In each glucose unit,
there is a primary hydroxyl group (-OH) at the C2 and C3 posi-
tions, and a secondary -OH at the C6 position. At each end of
the cellulose molecular chain, there is a reducing hemiacetal
—-OH and a nonreducing terminal -OH, both of which are criti-
cal in regulating the degree of degradation and polymerization
degree of cellulose. Owing to its abundant -OH, cellulose is
highly hydrophilic and reactive, making it capable of reacting
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Fig. 1 Sources and molecular structure of cellulose.

with a wide range of chemical reagents to produce various
functional derivatives.”>>® For example, through esterification
or etherification reactions, cellulose can be modified into cell-
ulose ethers® or cellulose esters,”>*® which have broad appli-
cations in the fields of personal care, pharmaceuticals, and
industrial materials.””

Through intra- and intermolecular hydrogen bonding inter-
actions, cellulose molecular chains establish highly ordered
crystalline regions and relatively disordered amorphous
regions.?® The semi-crystalline structure of cellulose endows it
with outstanding mechanical properties and thermal stability.
The crystalline regions, owing to their tightly packed molecular
chains, confer strong mechanical properties and chemical re-
sistance, restrict the absorption of water and solvents, and
reduce swelling of the material. Amorphous regions endow
cellulose with moderate flexibility and hygroscopic properties,
enabling it to maintain a certain level of ductility in specific
environments.*

Additionally, different morphologies of cellulose affect their
application forms.*® Cellulose fibers generally have a high
aspect ratio, enabling them to form stable three-dimensional
network structures through physical stacking and inter-
molecular hydrogen bonding. In particular, for microfibril-
lated cellulose and nanocellulose, the micro-nano scale fibers
expose abundant hydroxyl groups, endowing them with better
film-forming properties and higher mechanical strength.
Membranes prepared from these materials are widely used in
various fields.>>* However, cellulose nanocrystals have a
higher degree of degradation during preparation, which leads
to a short rod-like shape of cellulose nanocrystals and makes
them difficult to form films directly. Therefore, they are often
used as functional additives.

This journal is © The Royal Society of Chemistry 2025
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3. Key properties of cellulose-based
AEMs

The design and optimization of AEMs require attention to
critical performance indicators, such as alkaline stability, ionic
conductivity, mechanical strength, ion exchange capacity
(IEC), and degree of swelling.*>>° Alkaline stability is essential
for ensuring the long-term chemical stability of AEMs in appli-
cations such as water electrolysis and fuel cells, making it one
of the most critical and challenging criteria. Ionic conductivity
reflects the ability of a membrane to conduct anions (e.g.,
OH™) and the performance sets the upper limit for the overall
efficiency and operational lifetime of the electrochemical
device system. On the one hand, ionic conductivity is affected
by the ion exchange capacity (IEC), which denotes the number
of exchangeable anion sites in the AEM. Theoretically, higher
IEC should enhance ionic conductivity. On the other hand,
ionic conductivity also depends on AEM structure and water
content. Excessive IEC may cause increased swelling, compro-
mising dimensional stability and mechanical integrity, thereby
destabilizing ion conduction channels and potentially leading
to deformation or even rupture of the AEM. High ionic conduc-
tivity ensures efficient ion transport, while metrics such as
ionic conductivity, mechanical stability, chemical resistance,
and crossover suppression contribute to the long-term oper-
ation and durability of the device. These properties are intri-
cately linked and do not have a simple positive correlation.
Consequently, the design of cellulose-based AEMs requires
striking an effective balance among these properties based on
the specific application requirements of the membrane to
meet diverse functional demands.

Green Chem., 2025, 27, 8041-8054 | 8043
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3.1 Alkaline stability

AEMs are generally operated under alkaline conditions, result-
ing in a high concentration of hydroxide ions (OH™) within the
membrane. Generally, cellulose maintains good stability in
alkaline solutions. In the actual production of cellulose nano-
fibrils, cellulose raw material is sometimes alkali-treated with
a 20 wt% (=6 M) sodium hydroxide solution to increase the
thermal stability of the cellulose fibers. However, the
minimum service life of AEMs is no less than several hundred
hours. During prolonged immersion, the alkaline solution
gradually penetrates the amorphous regions of the cellulose
molecular chains, leading to significant swelling and possible
degradation of cellulose-based AEMs.

Alkaline degradation: in Fig. 2, it can be seen that OH™ can
nucleophilically attack the f-1,4-glycosidic bonds within the
cellulose chains, leading to bond cleavage and a reduction in
molecular weight. This is similar to the alkaline degradation
mechanism observed in AEMs with an aryl ether backbone.
However, such degradation mechanisms typically occur in
strongly alkaline solutions at temperatures above 140 °C, and
thus are not the primary cause of alkaline degradation in cell-
ulose-based AEMs.*”

Peeling and ending reactions: in alkaline media, the redu-
cing glucose end group of cellulose undergoes multiple isomeri-
zation processes, resulting in the migration of the carbonyl
group along the carbon chain. Upon reaching certain positions,
the carbonyl group undergoes elimination reactions, causing
glucose units to be released from the molecular chain one by
one. This depolymerization process, known as the peeling reac-
tion, is a critical factor behind the low alkaline stability of cell-
ulose. The key reaction steps in this reaction are shown in Fig. 3.

In Fig. 4, it can be seen that the peeling reaction begins
with keto-enol tautomerization of the reducing glucose end
group (2), yielding an enediol that deprotonates to form an
enolate (3), which in turn promotes p-alkoxycarbonyl elimin-
ation at C4 (4). After the elimination reaction at C4, a hexose
monomer unit detaches from the cellulose molecular chain,
allowing the next glucose end group to continue the reaction
(5). If the elimination reaction does not take place at C4, the
hexose monomer unit will remain attached to the cellulose
chain, resulting in the termination of depolymerization, which
is called the chemical stopping reaction. After each elimin-
ation reaction, a diketone intermediate forms, which then
rearranges through a benzoic acid mechanism to yield the
final product. The two most common final products produced
by the peeling reaction and the chemical stopping reaction are
the two diastereomers isosaccharinic acid (ISA) and metasac-
charinic acid (MSA), respectively.*®
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Fig. 2 Alkaline degradation mechanism of cellulose.
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Fig. 4 Cellulose reactions and the main reaction products in alkaline
media: (second row) peeling reaction path and (third row) chemical
stopping reaction; ISA (7) and MSA (10).

Consequently, stabilizing the reducing end group to reduce
chain depolymerization is essential for enhancing the alkaline
stability of cellulose-based AEMs.

3.2 Ionic conductivity

The ionic conductivity of AEMs is closely related to the trans-
port characteristics of anions.’® In general, anion transport
mechanisms in AEMs are similar to the proton transport
mechanisms in PEMs, which are based on two types: the vehi-
cular mechanism and the Grotthuss mechanism.’>*! As
shown in Fig. 5, in the vehicular mechanism, hydrated hydrox-
ide ions are transported within the membrane under the influ-
ence of factors such as the electric field, pressure, and concen-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Hydroxide ion transport mechanism in AEMs.

tration, primarily through diffusion and convection mecha-
nisms. In the Grotthuss mechanism, hydroxide ions are trans-
ported through the hydrogen bond network by forming and
breaking covalent bonds with H,O molecules. Under low
hydration conditions, anion transport in AEMs is predomi-
nantly driven by the vehicular mechanism, with hydroxide
ions migrating slowly through the bulk movement of H,O
molecules. In contrast, under high hydration conditions, the
stable and highly interconnected hydrogen bond network
within the membrane supports the efficient function of the
Grotthuss mechanism., allowing hydroxide ions to be trans-
ported rapidly via a hopping process. Thus, the degree of
hydration of AEMs is crucially important for their ionic
conductivity.

The cellulose molecular chain is rich in hydrophilic polar
-0 which establish stable hydrogen bond networks with H,O
molecules, providing a uniform hydration environment that
favors the efficient conduction of hydroxide ions. Nevertheless,
-OH ions do not possess ion-exchange functionality, making
them unable to selectively adsorb or transport hydroxide ions,
leading to low hydroxide ion mobility even with a high degree
of membrane hydration. To improve the overall ionic conduc-
tivity of cellulose-based AEMs, it is necessary to employ a graft-
ing modification to replace part of -OH on the cellulose mole-
cular chain with ion-exchange functional groups.

3.3 IEC, mechanical strength and swelling ratio

The IEC corresponds to the number of counterion equivalents
in a specified quantity of a material. Acid-base titration is a
commonly used IEC test method in AEMs and the calculation
is based on the following formula:**

(Vict X Cuci) — (Vaon X CnaoH)
W (
dry

IEC = meqg )

where Vi and Cyg represent the volume and concentration
of the initial HCI solution, respectively; Vnaon and Cyaon rep-

This journal is © The Royal Society of Chemistry 2025
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resent the volume and concentration of the NaOH solution
consumed for titration; and the dry weight of AEM is W,,. The
IEC value is directly proportional to the quantity of ion
exchange groups in the membrane. Thus, the grafting of ion
exchange groups onto the —-OH of cellulose-based molecular
chains can effectively increase the IEC of AEMs, thereby
improving their ionic conductivity. However, extensive modifi-
cation of —-OH results in the degradation of two other
properties.

One issue is that the mechanical strength of the membrane
can be adversely affected. In cellulose-based AEMs, the
mechanical strength not only is derived from the three-dimen-
sional interwoven structure created by the physical entangle-
ment of cellulose fibers but is also more significantly attribu-
ted to the intramolecular and intermolecular hydrogen
bonding interactions formed by the abundant -OH.** The
other issue is the increased swelling ratio of the AEM. Effective
hydration is one of the key conditions for the rapid migration
of hydroxide ions, so most ion exchange groups exhibit excel-
lent hydrophilicity. The substantial introduction of hydrophilic
groups increases the swelling ratio of the AEM, increasing the
migration length for hydroxide ions and diluting the density of
ion exchange groups, ultimately resulting in reduced ionic con-
ductivity. Therefore, in the design of cellulose-based AEMs, it
is necessary to harmonize the relationships among the IEC,
mechanical strength, and swelling ratio, ensuring high
mechanical strength and low swelling while striving to maxi-
mize IEC.

4. Improvement strategies

The unique molecular structure and physicochemical pro-
perties of cellulose reveal that, although the abundant -OH
provide cellulose-based AEMs with good mechanical strength
and hydrophilicity, cellulose alone struggles to achieve the
long-term alkaline stability which is in demand in practical
AEM applications. Moreover, owing to the lack of ion exchange
groups, cellulose-based AEMs are unable to efficiently trans-
port anions, even under highly hydrated conditions. Thus,
chemical modification, cross-linking, and inorganic doping
are necessary to tailor cellulose for AEM applications.

4.1 Functionalization with anion exchange groups

The ionic conductivity of AEMs can be effectively improved by
introducing the corresponding anion exchange groups such as
quaternary amine groups,’? quaternary phosphine functional
groups,*>*®  imidazolium groups,”” guanidine functional
groups*® and pyridinium groups.*® Quaternary amine groups
stand out because of their efficient anion exchange capacity,
excellent chemical stability and relatively simple synthesis
process, making them among the most widely used anion
exchange groups. Unlike petroleum-based AEMs, which rely on
chloromethylation reactions during quaternization, the plenti-
ful -OH in cellulose allows for the use of a gentler quaterniza-
tion process, avoiding the use of hazardous chloromethylating

Green Chem., 2025, 27, 8041-8054 | 8045
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agents and minimizing the risk of cellulose degradation under
strong acidic conditions. In Table 1, it can be seen that qua-
ternary ammonium functionalization serves as an example to
outline the advantages and disadvantages of using nucleophi-
lic substitution reactions, ring-opening addition reactions and
silane coupling reactions to modify the -OH in cellulose.

On the cellulose molecular chain, the oxygen atom in ~-OH
has two lone pairs of electrons, endowing it with significant
nucleophilicity. As shown in Fig. 6, during the tosylation reac-
tion, a highly reactive group of -OTs is initially introduced to
enable its replacement in the next step by nucleophilic
reagents carrying quaternary ammonium groups. Schmitt et al.
used TsCl and cellulose to synthesize cellulose p-toluenesulfo-
nate, and then used diazabicyclo [2.2.2] octane (DABCO) to
replace —OTs to introduce a quaternary ammonium group.>’ In
the alkylation reaction, the -OH attacks the C on the alkyl
halide, which can directly introduce the quaternary
ammonium compound on the cellulose. Ho et al. successfully
obtained cationized nanofibrillated cellulose containing tri-
methylammonium groups by reacting chlorocholine chloride
(CIchCl) with cellulose.>! Kandil et al. first carried out chlori-
nation treatment on cellulose powder using thionyl chloride
(SOCL,) to prepare deoxy chlorinated cellulose, and then con-
ducted a quaternization reaction with dimethylamine to
prepare quaternized dimethylamine cellulose (QDC).>*

View Article Online
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However, in nucleophilic substitution, the introduced
anion exchange groups are close to the cellulose backbone,
which leads to steric hindrance and thus reduces the degree of
substitution. In the case of the reaction between cellulose
p-toluenesulfonate and DABCO, steric hindrance was found to
inhibit the complete replacement of -OTs with the tertiary
amines, even when DABCO was used in excess. On the other
hand, oversubstitution leads to decreased mechanical strength
of the membrane. Quaternary ammonium-grafted DABCO-cell-
ulose is slightly water-soluble and cannot establish a stable
membrane structure without cross-linking agents, which
limits its practicality.

When the -OH groups on cellulose act as nucleophiles and
attack quaternary ammonium-containing epoxide compounds,
long alkyl chains can be grafted onto the cellulose via the
addition of ring opening. Yunphuttha et al. added glycidyltri-
methyl ammonium chloride (GAC) to a sodium hydroxide solu-
tion containing cellulose, leveraging the high reactivity of the
epoxide ring to produce quaternized cellulose with long side
chains.”® This strategy positions the hydrophilic anion
exchange groups away from the cellulose backbone, reducing
the risk of backbone degradation. Additionally, it facilitates
the formation of a hydrophilic/hydrophobic microphase separ-
ation structure within the membrane, enhancing the ionic
conductivity while maintaining a low swelling ratio.

Table 1 Different ways of grafting quaternary amine groups onto cellulose molecular chains

Grafting method  Reaction process

Advantages

Disadvantages

Nucleophilic Tosylation
substitution The —OH ions react with p-toluenesulfonyl
reactions chloride (TsCl) to form a

p-toluenesulfonate ester (-OTs), which
later leaves through nucleophilic
substitution reactions

Alkylation reaction

The —OH ions react with alkyl halides
carrying quaternary amine groups

Silane coupling
reactions

Hydrolysis of silanizing reagents produces
silanol groups (-Si-OH) that combine with
the ~OH on cellulose, forming Si-O-C
bonds and yielding stable silanized
products

Ring-opening
addition
reactions

The —OH ions act as nucleophiles to attack
the epoxy group, causing it to open and
form an ether bond (-O-), thereby grafting
the quaternary ammonium group onto the
cellulose™

8046 | Green Chem., 2025, 27, 8041-8054

-OTs is an excellent leaving group;
gentle reaction conditions

Simple reaction steps; suitable for a
variety of quaternary ammonium
compounds

Helps to form organic/inorganic
composite materials and
microphase separation structures;
the Si-O-C bonds have high
chemical stability

Easy to control the length of the
grafted side chain; helps to form a
microphase separation structure

The reaction is complex and generates
acidic by-products. Particularly, TsCl is a
corrosive lachrymatory agent that
produces toxic and corrosive fumes
when heated

The reaction suffers from low efficiency,
and alkyl halides generally exhibit high
volatility and toxicity. Furthermore,
hydrogen halides generated from the
reaction may corrode equipment,
necessitating additional neutralization
steps, which increases the cost of waste
liquid treatment

The hydrolysis and coupling reactions of
silanes are difficult to precisely control,
and their large molecular structures
simultaneously create steric hindrance,
which restricts the grafting density.
Furthermore, silanized reagents
containing quaternary ammonium
groups typically require multistep
synthesis, and the high cost of raw
materials limits their large-scale
application

The reaction is contingent upon the
activity of epoxy reagents and is prone to
side reactions. Furthermore, some epoxy
reagents (such as epichlorohydrin) are
highly toxic and irritating, necessitating
strict safety precautions during their
production and use

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Reaction process of several methods of grafting quaternary
amine groups onto cellulose molecular chains.
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Coupling hydroxyl groups with quaternary ammonium-
functionalized silanes is another commonly used strategy for
the introduction of quaternary ammonium groups. Cao et al.
used Si-OH groups formed from the hydrolysis of n-trimethox-
ysilylpropyl-n,n,n-trimethylammonium chloride (TPC), which
reacts with the hydroxyl groups on cellulose to form Si-O-C
bonds, ultimately resulting in stable quaternized cellulose.”*
The silane coupling reaction also facilitates the formation of a
microphase separation structure within the membrane.
Interactions among multiple siloxane bonds form physical
crosslinks, decreasing the swelling ratio and enhancing the
mechanical robustness of the membrane.

Based on the above grafting methods, although nucleophi-
lic substitution reactions feature mild reaction conditions and
easy process control, they involve the use of toxic reagents
(such as p-toluenesulfonyl chloride and quaternary
ammonium halides), generate numerous by-products, and
pose a high risk of pollution. Silane coupling reactions yield
products with high stability and aqueous-phase reactions can
reduce organic reagent pollution. However, silane synthesis is
complex and energy-intensive. Ring-opening addition reac-
tions offer high efficiency and no halogen pollution, from the
perspectives of green chemistry and industrial production;
ring-opening addition is more likely to meet industrial require-
ments compared to the other two methods. However, it is also
necessary to optimize the synthetic routes to prepare greener
epoxy reagents.

This journal is © The Royal Society of Chemistry 2025
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In addition to traditional chemical synthesis, researchers
often use new grafting methods. Qian et al grafted the
monomer glycidyl methacrylate containing active epoxy groups
onto the surface of commercial RC membranes via surface-
initiated atom transfer radical polymerization (SI-ATRP), and
then derivatized it with diethylamine to produce high-capacity
AEMs.>® This method achieves precise control of the polymer
molecular weight and structure through controllable free
radical generation and chain growth processes,”®”” have high
grafting efficiency and reduces the use of organic solvents.
However, decomposition products of some initiators and qua-
ternary ammonium monomers are toxic, necessitating strict
control of the reaction process and the establishment of a
sound recycling system. Samaniego et al. used gamma radi-
ation to graft vinylbenzyl chloride on the surface of a cellulose
acetate membrane, and further immersed it in trimethylamine
to introduce quaternary amine groups. This method reduces
the use of chemical reagents, and the ionic conductivity of the
prepared B25-AEM can be similar to that of the commercial
AEM Tokuyama A201 at a lower IEC.’® A decrease in swelling
helps maintain the structural stability and mechanical
strength of the membrane, thereby reducing the cost of mem-
brane assembly. However, the high energy consumption of
radiation sources and the high cost of equipment restrict the
industrial scale-up of this process.

4.2 Cross-linking

Although anion exchange group functionalization effectively
enhances the IEC of cellulose-based AEMs, the substantial
introduction of hydrophilic groups increases the swelling ratio,
which increases the risk of damage to the mechanical strength
and structural stability of AEMs. It also increases the risk of
the cellulose backbone and anion exchange groups being
degraded through nucleophilic attack by OH". In Fig. 7, it can
be seen that compared with other anion exchange groups, qua-

a-nucleophilic substitution
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Fig. 7 Degradation process of quaternary amine groups.
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ternary amine groups have better alkali stability, but their high
hydration capacity still makes them vulnerable to OH™ attack
and degradation reactions: (1) a-nucleophilic substitution, (2)
the Hofmann elimination and (3) formation of N-ylide inter-
mediates.>® Fortunately, the abundant hydroxyl groups in cell-
ulose increase its ability to undergo physical and chemical
cross-linking with various materials. In particular, for cellulose
at the nano-micro scale, through the synergistic effect of fiber
entanglement and crosslinking agents, it promotes the con-
struction of a three-dimensional network structure.’”®!
Through cross-linking agents, cellulose can form a stable
network structure with other polymers that are also rich in
-OH groups, which can not only effectively improve the
mechanical strength of the membrane, but also reduce the
swelling rate, protect the anion exchange groups in the mem-
brane, and improve the alkali stability of the membrane.®*®?
Hren et al. grafted poly (diallyl dimethylammonium chlor-
ide) (PDDA) onto cellulose to obtain quaternary ammonium
cellulose, which was added to a chitosan solution and cast
into a membrane.®® The mechanical strength and thermal
stability of the composite membrane are improved by the
hydrogen bonding and electrostatic interactions formed
between quaternary ammonium cellulose and chitosan.
However, such physical cross-linking is not stable under high
hydration conditions, resulting in an elevated swelling ratio.
Additionally, the interactions between molecules are highly
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dependent on noncovalent bonds, which may diminish the
ion exchange capacity of the composite membrane. Thus,
chemical cross-linking is widely adopted to enhance the
diverse properties of cellulose-based AEMs.

As shown in Fig. 8(a), PDDA and bacterial cellulose (BC)
fibers form a stable crosslinked network through glutaralde-
hyde, capturing the quaternary ammonium groups within the
polymer framework of BC and thereby protecting the cationic
groups. When BC:PDDA = 1:0.5, the material exhibited the
best tensile strength and the highest ion conductivity.®®
Functionalized cellulose can also be added as a reinforcing
agent to the polymer matrix. By cross-linking quaternized cell-
ulose (QC) with the polysulfone (PSF) backbone with dibromo-
butane, QC effectively enhanced the mechanical properties of
the QPSF matrix (4 times under wet conditions). The stable
cross-linking network endows the composite with excellent
anti-swelling ability. Even if the water absorption rate reached
80.47%, the swelling rate of the membrane was less than 20%.
Compared with the noncrosslinked QC/QPSF membrane
which disintegrated within just 5 h of immersion, the cross-
linked QC/QPSF membrane had good structural stability even
in strongly polar N-methylpyrrolidone solution at 80 °C.°°
Cellulose acetate (CA) is a membrane material widely used for
industrial water purification and gas separation.®” Zhao et al.
introduced an anionic isocyanate crosslinker with carboxyl
groups to crosslink CA and quaternized cellulose nanocrystals

(b)

¥ water ® Hydroxide ® Moving hydroxide —* Flow direction R= H or -f‘r;l— OH

(a) PDDA and BC matrix membranes form a network structure through a cross-linking agent glutaraldehyde, reproduced from ref. 65 with

permission from Elsevier; (b) transport mechanisms proposed for hydroxide ions in QPVA/QNC composite AEMs based on (a) Grotthuss hopping and
(b) vehicular mechanisms, reproduced from ref. 53 with permission from Springer Nature; and (c) the ion transport process and cross-linked
network in the PBC/QPPO membranes, reproduced from ref. 69 with permission from American Chemical Society.
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(QNC). Thus, the CMQ membrane was prepared with mixed-
charge zwitterionic properties for drinking water purification.
The rigid QNC not only increased the tensile strength of the
CA membrane by 2.2 times, but the mixed-charge zwitterionic
properties formed with the crosslinker endowed the CMQ
membrane with excellent hydrophilicity and antifouling pro-
perties, effectively enhancing its stability.®®

Additionally, the structural design of crosslinking networks
can further enhance the stability of the membrane. Samaniego
et al. immersed an electrospun cellulose diacetate (CDA) mat
into a chitosan solution and used glutaraldehyde to crosslink
the chitosan component, forming a semi-interpenetrating
network (semi-IPN) membrane named CDA-CS. Compared
with the uncross-linked CDA membrane, the tensile strength
of CDA-CS increased by 95%, and its thermal stability was sig-
nificantly enhanced.®®

Cross-linking between cellulose and polymers not only
enhances the strength of the membrane but also reduces the
crystallinity of other polymers through intermolecular inter-
actions, thereby facilitating the migration of OH- within the
membrane. Viravathana et al. blended QNC to blend with qua-
ternized polyvinyl alcohol (PVA) at an addition amount of
0-25%, and used glutaraldehyde cross-linking to form a com-
posite AEM. By offering additional anion exchange sites and
engaging in hydrogen bonding with PVA, QNC reduces the
crystallinity of polymers, creating a larger proportion of amor-
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phous regions that enhance OH™ transport. As shown in
Fig. 8(b), the introduction of the QNC helps form a continuous
ion conduction network in the membrane, and significantly
improves the conduction efficiency of OH™ through the
Grotthuss and carrier mechanisms. Moreover, due to the pres-
ence of the QNC, the probability of the Hofmann elimination
of hexadecyltrimethyl ammonium bromide in AEM is reduced,
thereby improving the alkaline stability.>*

It should be noted that although cross-linking is beneficial
for improving the mechanical strength and dimensional stabi-
lity of the membrane, excessive cross-linking will make the
membrane denser at the microscopic level, limiting the
migration of anions and simultaneously increasing the brittle-
ness of the membrane. When the QNC content is increased to
25%, the interactions between PVA and QNC were intensified,
thereby resulting in a reduction in the matrix hydrophilicity.
Moreover, as a consequence of the aggregation of cationic
groups, the membrane exhibits a significant decrease in both
ion exchange capacity (IEC) and ionic conductivity. Therefore,
reasonable control over the cross-linking degree is essential for
balancing various performance characteristics of cellulose-
based AEM.

Furthermore, the choice of the cross-linking agent also
affects the performance of cellulose-based AEMs. Bifunctional
crosslinkers, which are capable of both cross-linking and intro-
ducing anion exchange groups, present significant application

Growth

Fig. 9

(a) Preparation process of the QTiO,@BC porous substrate by the sol-gel method, reproduced from ref. 73 with permission from Elsevier. (b)

Schematic illustration of the preparation of LDH@BC, reproduced from ref. 76 with permission from Elsevier.
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potential as alternatives to traditional toxic crosslinkers such
as glutaraldehyde. Wang et al. functionalized bacterial cell-
ulose-based membranes (PBC) with dopamine hydrochloride,
poly(ethylenimine) (BPEI) and glycidyl trimethylammonium
chloride (GTA) to prepare a new PBC/quaternized poly (pheny-
lene oxide) (QPPO) composite membrane using Br-PPO as a
crosslinker. Compared with the tensile strength of the pure
QPPO membrane, which was only 7.14 MPa, the introduction of
PBC increased the tensile strength to 53.24 MPa, which was able
to hang a weight 10000 times greater than its own weight
(0.021 g). In addition, as shown in Fig. 8(c), BPEI in the cross-
linked structure reduced the attack of hydroxide on the ether
bonds of the PPO main chain and the quaternary amine groups
of the side chains through steric hindrance, increasing the
hydroxide ion conductivity of the pure QPPO membrane at
80 °C by 135.93%, and after being immersed in 1 M NaOH at
60 °C for 192 hours, the AEM still maintained 85.9% of its
initial hydroxide ion conductivity.®*® However, this approach
involves the use of bromine-containing crosslinkers, which does
not comply with the principles of inherently safer design in
green chemistry. Therefore, the development of halogen-free
crosslinkers and milder crosslinking reactions is necessary.

A
® ®

OH- @

o
Q
[ Strength
m () OH
E H
S
o IEC
- .
oy Swelling
(2
0
o
7
L
o
6}/ Microphase
/oo separation
®e
g

1o OH

HO

Cellulose

View Article Online

Green Chemistry
4.3 Organic/inorganic composite AEMs

Researchers have reported that during the preparation of
PEMs, dispersing inorganic nanofillers within the polymer
matrix can effectively enhance the mechanical strength and
thermal stability of the membrane. Additionally, these fillers
can create effective pathways for proton transport, such as
hydration channels, thereby improving proton conductivity
within the membrane and facilitating proton transport under
varying humidity and temperature conditions.”®”" Similarly, in
cellulose-based AEMs, the introduction of inorganic fillers can
significantly improve various properties of composite AEMs.
There are two primary methods for introducing inorganic
fillers: (1) in situ formation of dispersed inorganic particles
within the matrix via the sol-gel technology and (2) the
organic and inorganic materials were mixed prior to casting.””
The former method is commonly used for hygroscopic oxides
such as titanium dioxide and silicon dioxide. Inorganic par-
ticle precursors dissolve in water to form a sol, which is uni-
formly distributed within the cellulose matrix at the nanoscale,
and upon curing, a stable organic/inorganic hybrid membrane
is formed. As shown in Fig. 9(a), titanium dioxide (TiO,) is syn-

Q\C 1unctionalizat.
/o

®

AEM

Fig. 10 The future development of cellulose-based anion exchange membranes will be driven by innovations in cationic functionalization tech-
niques, strategies for balancing critical performance metrics, and the integration of eco-friendly recycling mechanisms to support a circular

economy.
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thesized in situ within BC via the sol-gel method to produce
TiO,@BC AEMs, which react with trimethoxysilylpropyl chlor-
ide ammonium to graft quaternary ammonium groups. The
doping of TiO, effectively enhances the mechanical properties,
dimensional stability, and alkaline resistance of the mem-
brane.”® However, organic-inorganic hybrid AEMs prepared by
the sol-gel method are typically porous and require integration
with other flexible polymers to form dense membranes. Cao
et al. used the inorganic precursor tetraethyl silicate (TEOS) to
induce silica mineralization on the surface of BC to obtain
Si0,@BC via hydrolysis and condensation reactions.”* Then,
unsaturated double bonds were introduced with 3-(trimethoxy-
silyl) propyl methacrylate (MPS) to SiO,@BC, and finally, the
cationic monomer vinylbenzyltrimethylammonium chloride
(VBTAC) was used for in situ filling and cross-linking polymer-
ization to prepare the MSiO,@BC-PVD AEM. Owing to the
synergistic reinforcement effect of the inorganic SiO, coated
three-dimensional fiber network, the tensile strength of
MSiO,@BC-PVD was 95% greater than that of the pure BC/
PVD membrane.

In addition to the sol-gel method, inorganic and organic
materials are often mixed and then cast into a membrane.
Layered double hydroxides (LDHs) are a type of anionic clay
composed of positively charged brucite-like layers and inter-
layer regions filled with charge-balancing anions and solvated
molecules. Owing to their intrinsic hydroxide ion conductivity,
LDHs are widely employed to increase the ionic conductivity of
composite materials.”® In Fig. 9(b), it can be seen that Ni et al.
employed BC as a template to develop a 3D nanostructured
LDH, which was then embedded in a quaternized CS matrix to
prepare a composite AEM. The BC fiber network facilitates the
uniform distribution of LDH nanosheets by regulating their
dynamic growth process, exposing a greater number of anion
exchange sites to support rapid OH™ conduction, leading to a
52.5% higher ionic conductivity than that of the QCS/BC.
Owing to its synergistic reinforcement effect, the LDH@BC
network enhanced the mechanical properties of the composite
membrane. For the following reasons: (1) lamellar inorganic
LDH nanosheets themselves have ultrahigh strength; (2) the
as-prepared LDH@BC, which consists of 2D LDH nanosheets
anchored on 3D nanofibers, can play a synergistic role; (3) the
hydrogen bond interaction between LDH and the QCS polymer
matrix can partly inhibit the migration of QCS molecular
chains when the composites are subjected to external force;
and the tensile strengths of the QCS/0.25-LDH@BC composite
membrane were ~83.7% and ~250% greater than that of the
QCS/BC and pure QCS membranes, respectively.”®

When comparing the two methods, the sol-gel approach
enables the regulation of nanoparticle size and reduces
agglomeration. Stable interfacial bonding endows it with
higher strength. However, its reaction conditions are highly
sensitive, and the prolonged gelation time diminishes pro-
duction efficiency. Additionally, the synthesis of some precur-
sors relies on the petrochemical industry. Thus, the blending
method is more suitable for large-scale industrial production.
Although nanoparticles are prone to agglomeration during the

This journal is © The Royal Society of Chemistry 2025
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addition process, this phenomenon can be mitigated by using
surface modifiers to promote dispersion. Meanwhile, the
blending process is simpler and allows for the introduction of
various fillers.

5. Conclusion and outlook

Numerous studies have demonstrated the potential of cell-
ulose as a material for anion exchange membranes, highlight-
ing its advantages such as abundant availability, environ-
mental friendliness, and excellent mechanical strength. The
primary long-term challenges for cellulose-based AEMs are
their inadequate anion exchange capacity and their chemical
instability in strongly alkaline environments. To address these
limitations and increase the practical application value of cell-
ulose-based AEMs, various modification techniques such as
anion exchange group functionalization, cross-linking, and in-
organic doping have been explored. While significant progress
has been made, many issues remain to be resolved (Fig. 10).

1. In the functionalization of cellulose with anion exchange
groups, precisely controlling the density of cationic groups via
conventional chemical synthesis methods remains a challenge.
This often leads to the aggregation of cationic groups, thereby
preventing the formation of continuous hydroxide ion trans-
port pathways. This necessitates the development of advanced
and controllable anion functionalization strategies. (1)
Through a synergistic strategy of living polymerization and
click chemistry, the limitations of traditional random grafting
can be overcome to achieve controllable distribution of cat-
ionic groups on cellulose molecular chains. Directional
functionalization techniques enable precise regulation of graft-
ing sites and densities, and the combination with microwave
solid-phase synthesis suppresses side reactions, laying the
foundation for constructing a homogenized ion transport
network. (2) Attention should be given to developing novel
preparation processes to replace traditional toxic solvent-based
and high-temperature/high-pressure processes to strike a
balance between performance and sustainability. For example,
both achieving milder reaction conditions and source
reduction of waste and preserving the functionalization
efficiency of traditional methods should be considered.

2. The design of multiscale crosslinked networks with ion-
conductive channels in cellulose-based AEMs requires simul-
taneous coordination of IEC, mechanical robustness, and
swelling resistance. (1) Incorporating dynamic covalent bonds
(e.g., Schiff base or disulfide linkages) to establish adaptive
networks capable of autonomously modulating mechanical
stress and swelling behaviour; (2) engineering well-defined
hydrophilic/hydrophobic microdomains through synergistic
integration of nano-structural modulation and controlled
phase separation, thereby enabling continuous ion transport
pathways; and (3) synergistically combining gradient cross-
linking architectures with reaction-induced phase separation
techniques to optimize pore interconnectivity and directional
ion mobility.
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3. To achieve full-life cycle sustainable management of cell-
ulose-based AEMs, integrating green chemistry and industrial
ecological design concepts is essential to reduce overall pro-
duction costs and environmental impacts. (1) Intelligent
deconstruction-regeneration technologies, such as ionic
liquid-mediated selective decrosslinking processes, should be
developed to efficiently and nondestructively separate cellulose
matrices from functional groups under mild conditions. This
enables the targeted conversion of waste membranes into
reconfigurable monomer feedstocks, supporting closed-loop
material flow. (2) Raw material traceability models should be
established based on fast-growing forests/agricultural waste to
enable quality certification and circulation tracking of recycled
materials, ensuring consistency in quality control at industrial
scales. (3) To support the United Nations Sustainable
Development Goals (SDGs), it is essential to develop a unified
quantitative framework that systematically integrates atomic
economy and biodegradability indicators under the guidance
of the twelve principles of green membrane materials and
manufacturing processes. This will facilitate the sustainable
commercialization of bio-based materials.

To this end, future research should focus on advancing
precise and controllable functionalization strategies, multi-
scale network structure design, and green circular manufactur-
ing processes to further enhance their overall performance and
promote the widespread application of cellulose-based AEMs
in the energy, environmental, and chemical industries. The
development of cellulose-based AEMs faces multiple bottle-
necks, such as difficulties in balancing material performance
and cost, poor stability of large-scale processes, and a lack of
green production standards. However, with the continuous
emergence of new materials and technologies, the potential of
cellulose-based AEMs can be gradually harnessed, accelerating
the transformation towards green manufacturing and large-
scale application.
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