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ABSTRACT: Recent advances in nanostructured biopolymers have positioned cellulose-based aerogels as
potential alternatives in the next generation of lightweight porous materials, given their ultralow density,
hierarchical porosity, and extremely high surface area. These materials provide a renewable platform for a
range of applications such as advanced energy storage, water purification, energy efficient insulation, and
biomedical scaffolds. Unlike traditional silica or polymeric aerogels, cellulose derived systems provide a
unique combination of mechanical toughness and biodegradability. These systems provide an
environmentally safe approach to high-performance architectures. This research critically reviews the
design and manufacturing techniques of biopolymer aerogels, including the choice of precursors, sol-gel
chemistry, and drying techniques such as freeze-drying and supercritical CO2 extraction that control the
structural stability and tunability. Special attention is beneficial to the programmable surface chemistry of
cellulose nanofibrils and nanocrystals, which allows for precise control over pore shape, wettability, and
hybrid assembly with nanoparticles or bioactive substances. Functionalization, particularly cross-linking,
ionic interactions, and the inclusion of conductive fillers, is identified as an important control for improving
performance under demanding conditions. Furthermore, life-cycle assessments show that their carbon
footprint and embodied energy are much lower than those of their fossil-based counterparts. In the context
of the circular economy, cellulose-based aerogels still need to overcome challenges related to cost
competitiveness, moisture sensitivity, and large-scale manufacturability. Hybrid architectures and
processes that are industrially viable are needed to realise their full potential.

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
[ (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction to Biopolymer-Derived Aerogels

Biopolymers and cellulose-derived aerogels have advanced from initial laboratory research to a well-
established category of ultralight porous materials with a hierarchical pore network, ultra-low densities,
and high compatibility with aqueous and mild processing techniques [1,2]. While their growing importance
is often discussed in the context of the sustainability story, this alone does not adequately explain the
scientific basis of their rapid growth. The unique feature of these materials is their capability to utilise
intrinsic molecular functionalities and supramolecular interactions for the construction of three-
dimensional networks through assembly-driven mechanisms [3]. Biopolymer-based aerogels are prepared
via hydrogen bonding, physical entanglement, and coordination interactions that spontaneously form in
aqueous environments, in contrast to inorganic and synthetic polymer aerogels, which rely on irreversible
covalent condensation processes. This critical difference allows for the formation of percolated networks
at ultra-low solid loadings. It represents a paradigm shift in aerogel science, from chemical reaction-driven
synthesis to architecturally driven design, where the structural configuration and processing dynamics have
a more dominant impact on performance than the severity of chemical conditions [2].

In the conventional processing of aerogels, particularly those derived from silica, the preservation of
the nanoscale porosity involves the steps of alkoxide hydrolysis followed by condensation, and then
meticulous procedures of solvent exchange and supercritical drying. These approaches provide superb
surface area and ultralow density characteristics, but suffer from major disadvantages in terms of energy
consumption, process complexity, and scalability [4]. Inorganic sol-gel processes produce rigid, covalently
bonded networks that are very sensitive to capillary stresses and require very severe drying conditions to
prevent the collapse of the pore structures. Thus, the environmental impact and the production complexity
are inherently related to the production process. On the other hand, biopolymer aerogels, in particular those
derived from cellulose, form mechanically adaptive networks reinforced by reversible supramolecular
interactions. This structural flexibility enhances the distribution of stresses induced during solvent
extraction throughout the hierarchical pore networks rather than concentrating them at weak junctions.
Consequently, drying protocols such as freeze-drying, and ambient pressure drying in carefully engineered
systems, are made possible without catastrophic densification. This tolerance for mild drying conditions
fundamentally changes the processing structure dynamic, and decouples the aerogel fabrication from
supercritical processing technologies, thus redefining the operating and environmental parameters of
aerogel production [5].

Among the various precursors of biopolymers, cellulose stands out for its unique properties, such as
abundant availability, diverse molecular structure, and high surface hydroxyl group content. Thus, when
modified to nanofibrillated cellulose or cellulose nanocrystals, cellulose efficiently self-assembles into
percolated three-dimensional networks that bridge molecular, fibrillar, and mesoscale dimensions. These
multiscale frameworks display a crucial trade-off between rigidity and flexibility: crystalline domains
confer dimensional stability, whereas amorphous portions and fibrillar linkages endow elasticity and
resilience to damage [6]. Such an equilibrium state is especially beneficial for the aerogel synthesis process
in that it enables the network to sustain open porosity while receiving stresses introduced during the drying
process. It is important to note that cellulose-Aerogels are not to be considered as simple elementary
counterparts of inorganic Aerogels. Their open structures are not passive leftovers of a liquid phase but are
the result of intentional assembly and structuring processes mediated by drying. Processing methods such
as freeze-casting, directional freezing, and controlled gelation enable the rational design of pore orientation,
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connectivity, and hierarchical organization to produce aligned, Janus, and multilevel architectures with
anisotropic mechanical and transport properties. Such progress makes cellulose aerogels architecturally
designed materials in which the structure is deliberately sculpted rather than passively constrained [7].

Beyond cellulose, a larger family of biopolymers, including chitosan, alginate, agar, and regeneratable
polysaccharides, further expands the design space of bio-based aerogels by providing additional avenues
for ionic responsiveness, coordination chemistry, and stimuli-sensitive gelation. These features enable
multifunctionality to be incorporated directly during network formation instead of being added by post-
synthetic modification. Hybrid aerogel systems prepared via in situ composite approaches demonstrate that
the functional enhancement is most effective when secondary phases co-assemble with the biopolymer
network, resulting in structural integration and homogeneous distribution [8]. But these improvements have
not solved all the problems. Variability in biomass-derived feedstocks, sensitivity of supramolecular
networks to processing history, and intrinsic trade-offs between porosity and mechanical integrity continue
to limit reproducibility and scalability. More importantly, the increasing incorporation of nanocarbons,
metal oxides, and coordination-based components raises concerns on interfacial stability, durability, and
long-term manufacturability. In this context, the present review offers a focused and critical review of
biopolymer and cellulose-based aerogels integrating molecular fundamentals, precursor processing,
gelation and drying physics, functional architecture, and manufacturing constraints. Thus, the review
intends to formulate design principles for lightweight, multifunctional, structurally intelligent aerogels that
are compatible with realistic, sustainable manufacturing pathways [8].

Several reviews have summarized the synthesis routes, drying strategies, functionalization approaches,
and application-specific developments of cellulose and biopolymer-based aerogels. However, these reviews
largely emphasize material composition, preparation methods, or end-use performance, while
comparatively little attention has been devoted to the fundamental relationships among structure,
processing conditions, functional performance, manufacturability, and scalability. The present review
adopts a different perspective by critically examining cellulose and biopolymer-based aerogels through
structure—process—property—manufacturability framework. Rather than treating synthesis, drying,
functionalization, and application development as independent themes, this review highlights how
hierarchical architecture, supramolecular interactions, gelation pathways, and drying-induced structural
evolution collectively govern the final performance and industrial viability of aerogel systems. Furthermore,
the review challenges the commonly held assumption that increasing material refinement, functional
loading, or structural complexity necessarily improves aerogel performance. Instead, emphasis is placed on
processing realism, structural tolerance, scalability constraints, and sustainable manufacturing
considerations that ultimately determine the practical translation of laboratory-scale aerogels into real-
world applications. By integrating molecular fundamentals, processing science, functional design, and
manufacturing limitations into a unified framework, the review provides critical design principles for the
development of next-generation cellulose-based aerogels that combine high performance with industrial
feasibility and environmental sustainability. Table 1 compares the differences between present and existing
reviews on the aerogels.

Table 1. Comparison of recent reviews and the present review.
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2. Fundamentals of Biopolymer and Cellulose Aerogel Structure
2.1. Cellulose and Biopolymers as Structurally Viable Aerogel Precursors

Biopolymers, especially cellulose, are effective aerogel precursors not because of their renewable
origin, but because of their inherent ability to assemble into percolated, mechanically compliant networks
at very low solid fractions. Cellulose is a linear polysaccharide of B-(1—4)-linkages with a high density of
hydroxyl groups along its backbone, which favours extensive intermolecular hydrogen bonding and leads
to a strong tendency for self-organization in aqueous environments. Such a supramolecular interaction
landscape allows the spontaneous formation of three-dimensional frameworks without the need for covalent
crosslinking or kinetically constrained sol-gel reactions. As a result, the network formation of cellulose-
based aerogels is dominated by physical connections and assembly rather than by permanent chemical
condensation, a significant departure from conventional aerogel preparation techniques [9]. When
converted in nano fibrillated cellulose or cellulose nanocrystals, the cellulose is further converted from a
bulk polymer to a colloidal building-block system where the gelation is dictated by percolation thresholds
rather than reaction kinetics. At ultralow density, the high aspect ratio of the cellulose nanofibrils allows
space-spanning networks to be formed at concentrations well below the gelation threshold of conventional
polymers, providing structural stability. This behaviour is in stark contrast with inorganic aerogels, where
the porosity is preserved by inhibiting the condensation reactions and not by the intrinsic connectivity of
the network. The introduction of other biopolymers, e.g., chitosan, alginate, agar, and regeneratable
polysaccharides, further enriches this design space by adding charged and ion-coordinating functionalities
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that enable alternative gelation pathways, e.g., pH-responsive and ion-mediated assembly. This enhanced
chemical versatility, however, also leads to increased process sensitivity, as the network integrity is strongly
related to local chemical conditions, stressing the importance of exact control of composition and
processing history [10].

2.2. Supramolecular Bonding: Advantage and Vulnerability

Biopolymer aerogels are mainly stabilised by supramolecular interactions, with hydrogen bonding
being the most important, and ionic coordination occurring in some systems. Hydrogen bonding between
neighbouring fibrils in cellulose aerogels controls the mechanical response and the network integrity,
resulting in the formation of cohesive and yet deformable porous structures. If these interactions are well
balanced, the resulting networks can undergo significant deformations while still maintaining open porosity,
a crucial feature for structural integrity during solvent removal. This supramolecular stabilisation, from a
materials perspective, replaces rigid covalent junctions with dynamic inter-fibrillar contacts, fundamentally
changing the transmission of mechanical loads through the aerogel network [11].

The existence of non-covalent bonding gives rise to elastic compliance and enables stresses produced
during drying to redistribute throughout the network instead of being concentrated at junctions. This
compliance is responsible for the ability of cellulose aerogels to withstand freeze-drying and, in carefully
designed cases, ambient pressure drying processing routes that are generally not available to rigid inorganic
aerogels. But the very reversibility that allows stress accommodation also introduces an inherent
vulnerability. The supramolecular assemblies are sensitive to processing conditions; minor changes in
solids concentration, thermal history, or ionic environment result in network rearrangement, densification,
or collapse. Coordination-driven interactions provide a partial solution, reinforcing the connection points
through reversible bonding with multivalent ions or coordination centres, thus improving the mechanical
stability while retaining adaptability. However, too much coordination increases the local stiffness,
suppresses the flexibility of the network, and promotes brittle failure. This interplay of effects illustrates
one of the key design principles for biopolymer aerogels: stabilisation of the network must be carefully
balanced because optimal junction strength can compromise the compliance that is crucial for drying
tolerance and long-term structural integrity [12].

2.3. Hierarchical Porosity as a Structural Requirement Rather Than a Design Preference

While hierarchical porosity is often regarded as a desirable functional feature in aerogel studies, in the
case of biopolymer aerogels, it is a structural necessity, rather than a design feature of choice or aesthetics.
The pore size distributions of inorganic aerogels are mainly controlled by sol-gel reaction kinetics. On the
other hand, biopolymer aerogels form porosity by spatial organization of fibrils, bundles, and higher-order
aggregates. Nanoscale void originates from inter-fibrillar spacing, mesoporosity from fibril bundling and
network branching, and macroporosity from phase separation, ice templating, or controlled structuring during
gelation and drying. This multilevel pore architecture is therefore intrinsically related to the biopolymer
network assembly pathway rather than being imposed via chemical suppression of densification [13].

Macroporous backbones are decisive for the network to survive drying from both mechanical and
processing perspectives. In the absence of sufficient macroporosity, capillary stresses that develop during
removal of solvent become localised in fine pores, leading to densification or collapse even in otherwise
compliant supramolecular networks. Hierarchical porosity provides a mechanism for stress redistribution,
allowing deformation to be accommodated over multiple length scales rather than being localised at fragile
junctions. This understanding questions the traditional aerogel paradigm of uniform mesoporosity and
maximisation of surface area as primary design targets. For biopolymer aerogels, pore accessibility,
connectivity, and multiscale stress dissipation are the keys to structural integrity and functional performance,
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often overcoming the advantages of extreme surface area. Successful biopolymer aerogel design, therefore,
requires conscious architectural hierarchy, where porosity is engineered to serve mechanical resilience and
processing tolerance as well as mass transport [14].

2.4. Anisotropy, Crystallinity, and Programmable Aerogel Architectures

Cellulose has intrinsic anisotropy arising from its molecular orientation and fibrillar assembly, which
can be purposefully transferred to aerogel structures through controlled processing routes. Techniques like
directional freezing, gradient induced gelation and templated assembly allow for the preferential orientation
of fibrils and pores, resulting in aerogels with an anisotropic mechanical response and mass transport
behaviour. Such approaches enable spatial programming of porosity and functionality rather than uniform
distribution, which allows different regions of the aerogel to perform different roles. This ability emphasises
a key difference of cellulose-based aerogels, which is the active design of structure during gelation and
drying, rather than the passive maintenance of a precursor structure [15]. Crystallinity also governs the
response of these anisotropic architectures to mechanical and processing stresses. The crystalline domains
confer stiffness and dimensional stability, acting as load-bearing elements in the network, whereas the
amorphous parts confer flexibility, energy dissipation, and tolerance to deformation. The balance between
these domains is therefore important. Excessive crystallinity reduces network compliance, increases stress
concentration, and susceptibility to drying-induced fracture. Conversely, insufficient crystallinity leads to
inadequate mechanical integrity. This highlights that optimal aerogel performance is achieved through
controlled structural heterogeneity, in which a balance of crystalline and amorphous regions is deliberately
struck to achieve both stability and adaptability. Anisotropy and crystallinity are not independent
parameters in this context; they are coupled design variables that govern the mechanical resilience and
functional efficiency of cellulose aerogels [16].

2.5. Structure-Property Relationship and Its Inherent Limitations

The structure-property relationships of biopolymer aerogels are fundamentally different from those of
inorganic aerogel systems in that they rely on supramolecular assembly and fibrillar connectivity rather
than rigid covalent networks. The mechanical behaviour of these materials is controlled by network
connectivity, fibril orientation, and junction density rather than just bulk density, while transport properties
are controlled by pore continuity and accessibility rather than extreme surface area. An implication of this
is that aerogels with moderate surface area but well-connected hierarchical porosity often perform better in
terms of functional performance than highly microporous architectures that limit mass transport. However,
this structural balance is often disrupted when efforts are made to increase functional complexity by
incorporating secondary phases such as nanocarbons, metal oxides, or coordination-based components.
Overloading causes stress concentrations, decreases drying tolerance, and compromises long-term
mechanical stability by disrupting the cohesion of the native network. These limitations highlight a key
design challenge in biopolymer aerogels: functionalisation must be incorporated in a manner that
complements, rather than competes with, the underlying structural architecture, as the structural integrity
ultimately defines the upper limit of achievable performance [17].

2.6. Critical Synthesis and Design Implications

Biopolymer- and cellulose-based aerogels are examples of the shift from chemistry dominated aerogel
fabrication to architecture driven materials engineering at the fundamental level. Their key advantages
(aqueous processability, tolerance to benign drying routes, and intrinsically hierarchical porosity) stem from
the supramolecular assembly and multiscale structural organization and not from the chemically severe
synthesis routes. But these same features also impose inherent constraints on them, such as considerable
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sensitivity to processing history and a limited capacity to withstand large functional loads without structural
degradation. Understanding this duality is key to the rational design of cellulose aerogels that
simultaneously achieve porosity, mechanical robustness, and manufacturability. In this context,
architectural coherence and network integrity finally limit performance, and the choice of materials and
processing must be guided by structural principles. Accordingly, the next section discusses precursor
sources and processing strategies in which these structure process relationships directly intersect with
scalability, reproducibility, and sustainable manufacturing issues [18].

3. Precursors and Processing of Biopolymer and Cellulose Networks
3.1. Cellulose Feedstocks: Abundance Versus Structural Suitability

Cellulose is usually considered an ideal aerogel precursor because of its abundance and renewable
origin. But feedstock availability does not correlate with structural suitability for aerogel fabrication. The
properties of cellulose as a material are determined by the origin of the network formation, reproducibility,
and processing tolerance. The properties of plant-derived cellulose, such as molecular weight distribution,
crystallinity, residual hemicellulose content, and inorganic impurities, are highly variable and affect both
fibril isolation efficiency and inter-fibrillar interactions. Cellulose aerogels are percolation-dominated
systems, and thus even small changes in fibril aspect ratio or surface chemistry can alter the gelation
threshold, change the pore hierarchy, and compromise the network continuity. Thus, uncontrolled precursor
heterogeneity often leads to non-uniform density distribution, anisotropic shrinkage during drying, and poor
batch-to-batch reproducibility. Together, these factors indicate that although attractive from a sustainability
perspective, cellulose from biomass cannot be taken for granted as a plug-and-play precursor for scalable
aerogel manufacturing without tight control over chemical and structural consistency [19].

On the other hand, bacterial cellulose is a structurally different feedstock with high purity and an
inherently entangled nanofibrillar network similar to an aerogel architecture already before processing. This
natural structural organization makes bacterial cellulose particularly well suited to form homogeneous,
mechanically coherent aerogel networks. However, this advantage is offset by practical limitations:
bacterial cellulose is produced slowly, is resource and difficult to scale spatially, which limits its use to
high-value and niche applications. The plant and bacterial cellulose juxtaposition highlights a fundamental
tension in aerogel precursor selection. Feedstocks with improved structural control are not usually
industrially scalable, and feedstocks that are plentiful and inexpensive introduce variability that hinders
reproducible manufacturing. This trade-off is an illustration of a more general principle in biopolymer
aerogel design: structural excellence and industrial feasibility are rarely aligned at the precursor level, and
therefore a careful compromise between material performance and process realism is necessary [20].

3.2. Nanocellulose Extraction: Structural Benefits Versus Energetic and Mechanical Trade-Off

Nanocellulose, in particular cellulose nanofibrils, has been recognised as a preferred precursor for
mechanically robust cellulose aerogels due to its high aspect ratio, which allows for efficient network
formation and mechanical stability at very low solid contents, an essential requirement for ultralight
architectures. But the isolation of nanocellulose is neither energetically trivial nor structurally neutral.
Mechanical fibrillation demands high energy input. Chemical pretreatments to facilitate fibril liberation
alter surface chemistry and break native hydrogen-bonding interactions. Such modifications improve
dispersion and processability, but at the same time weaken the supramolecular cohesion and increase the
susceptibility to collapse and structural degradation induced by drying. This trade-off is more evident when
comparing cellulose nanofibrils with cellulose nanocrystals: nanocrystals provide stiffness and rigidity but
decrease network compliance and lead to brittle failure under capillary stress. The choice of nanocellulose
should be viewed as a fundamental structural design choice, not a simple refinement step, as too much



Sustain. Polym. Energy 2026, 4(3), 10014. doi:10.70322/spe.2026.10014 8of24

emphasis on nanoscale regularity and rigidity can often sacrifice drying tolerance, reproducibility, and
scalability [21].

3.3. Regenerated Cellulose: Structural Uniformity Versus Processing Complexity

Aerogel networks with a high degree of structural uniformity and narrow pore size distributions are
often produced by regenerated cellulose routes based on the dissolution of the polymer followed by
reprecipitation. However, the apparent uniformity is obtained at the expense of large processing complexity.
Solvent-mediated dissolution disrupts the native fibrillar hierarchy of cellulose, stripping off the multiscale
architecture that underpins mechanical compliance and stress tolerance of fibril-based aerogels.
Consequently, regenerated cellulose networks often lack the inherent flexibility to survive stresses caused
by drying and need additional crosslinking, templating, or reinforcement strategies to maintain porosity.
Such compensating measures also introduce chemical and processing complexity, reduce robustness, and
complicate scale-up. Furthermore, solvent recovery and recycling are still open questions that erode the
sustainability advantage often attributed to regenerated cellulose, as depicted in Figure 1. Collectively, these
factors point to an important principle in the design of cellulose aerogels, namely that structural uniformity
alone does not lead to structural resilience, and loss of hierarchical organization often necessitates process
intensive interventions that degrade both manufacturability and sustainability [22].
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Figure 1. Schematic illustration of anisotropic cellulose film fabrication: (1) sol-gel formation, (2) pre-oriented chemical gel,
(3) anisotropic hydrogel, (4) oriented network densification, and (5) anisotropic cellulose film.

3.4. Non-Cellulosic Biopolymers: Functional Diversity Versus Process Fragility

Non-cellulosic biopolymers such as chitosan, alginate, agar, and regenerable polysaccharides expand
the design space of aerogels by providing functionalities that are not easily accessible in cellulose alone,
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such as ionic crosslinking, pH-responsiveness, and reversible gelation behaviour. These features are
attractive from both the functional and the circular-materials points of view as they enable to regenerate
and the stimuli-controlled assembly. But this chemical versatility comes with a strong process fragility.
Gelation in such systems is very sensitive to local chemical conditions such as ionic strength, pH gradients,
and temperature fluctuations, and it is therefore difficult to achieve reproducible network formation at scale.
Unlike cellulose, which assembles through robust hydrogen bonding and physical entanglement, these
biopolymers require tightly controlled chemical environments to avoid phase separation, heterogeneous
crosslinking, or premature collapse. Therefore, their most pragmatic application in the production of
aerogels is not as freestanding scaffolds but as secondary or complementary components in cellulose-rich
networks, as shown in Figure 2. Their functionality can be exploited without giving up structural tolerance
or process robustness [23].
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Figure 2. Conceptual overview of inorganic nanofiber assembly from nanopowders via multiscale engineering for advanced
functional macrostructured materials.

3.5. Hybrid Precursors and Composite Formulation

Hybrid precursor strategies like those that couple cellulose with nanocarbons, metal oxides, or
coordination-based building blocks are widely investigated to introduce multifunctionality, but the success
of such systems depends much more on the integration strategy than on the material selection itself.
Functional components incorporated during gelation can co-assemble with the cellulose network to promote
uniform dispersion, strong interfacial bonding, and effective load transfer. Whereas, post-gelation or post-
drying impregnation often results in aggregation, pore blockage, and weak interfaces, compromising both
mechanical integrity and transport pathways. Furthermore, the problems are aggravated even more by a
disruption in the pore connectivity, higher density, and a lower drying tolerance caused by the over
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functional loading. These results suggest a key design rule for composite aerogels, i.e., functional additives
should actively participate in network formation rather than be used as passive fillers. Failure to follow this
principle leads to density gradients, sedimentation during gelation, and structural failure during drying,
ultimately limiting both performance and scalability [24].

3.6. Sustainability and Scalability: Precursor Practicality over Material Ideology

Biopolymers and cellulose precursors are often described as intrinsically sustainable, but practical
sustainability outcomes are more a function of processing intensity than of the identity of the feedstock.
Energy intensive nanocellulose extraction, solvent dependent regeneration routes, and chemical sensitive
gelation pathways can easily outweigh the environmental benefits of renewable feedstocks if not carefully
controlled. From a manufacturing standpoint, the scalable production of aerogels benefits from precursors
that accommodate moderate processing, possess wide gelation windows, and retain structural integrity during
benign drying conditions. Highly refined or chemically modified systems are attractive at the lab scale but
often have narrow process windows and high energy demands that make them industrially infeasible, as shown
in Figure 3. This fact questions the current belief that the greater the molecular refinement, the better the
aerogels, and instead highlights the importance of the precursor realism where structural tolerance and process
robustness are valued above the maximum degree of material sophistication [25].
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Figure 3. Outlook of sustainable aerogel production integrating circular economy, biorefineries, advanced applications, and end-
of-life management.

3.7. Critical Synthesis and Transition

The selection of precursors for biopolymer and cellulose-based aerogels is a basic structural and
processing decision, not a preliminary choice of material. Native and fibrillated cellulose provide a unique
blend of network connectivity, mechanical flexibility, and drying resistance that is difficult to duplicate
with other biopolymers. Non-cellulosic and hybrid components introduce functional gains at the cost of
increased sensitivity and complexity. Therefore, sustainable and scalable aerogel production relies on mild
precursor modification, preservation of the hierarchical structure, and functional integration during network
formation, rather than aggressive chemical refinement. Such considerations directly influence the
importance of gelation and drying routes, which ultimately determine whether the chosen precursors can
be translated into robust aerogel architectures. In the following section, therefore, gelation, network
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formation, and drying mechanisms are discussed, in which precursor chemistry, supramolecular assembly,
and process physics meet to determine the performance of the final aerogel [26].

4. Gelation, Network Formation, and Drying of Cellulose Aerogels
4.1. Gelation as a Percolation-Controlled Phenomenon

The gelation of cellulose aerogels is controlled by percolation rather than reaction limited sol-gel
chemistry. Unlike the formation of inorganic aerogels from alkoxides, where the network is formed by
irreversible covalent condensation, the network in cellulose aerogels is formed when the fibrils are
connected above a critical percolation threshold. Thus, network integrity depends on structural parameters
like fibril aspect ratio, dispersion quality, and junction density, rather than reaction kinetics or catalyst
concentration. This difference moves control of gelation from the chemical rate to the architecture.
Cellulose nanofibrils at low solid content form space spanning networks stabilised by hydrogen bonding
and physical entanglement. But, close to the percolation threshold, there is an opportunity and a
vulnerability. Low junction density leads to slow gelation and collapse after gelation, and too much
aggregation of fibrils results in heterogeneous networks that concentrate stress and reduce mechanical
resilience. Effective gelation, therefore, takes place within a narrow structural window where the
connectivity is sufficient to ensure continuity of the network but not so dense as to inhibit adaptability.

Ion-assisted gelation makes this balance even more complicated. Multivalent ions strengthen junctions
and accelerate the formation of the network, but also localise rigidity in the network. If coordination density
is too high, junctions act as brittle nodes that limit stress redistribution during drying. This behaviour
indicates a fundamental principle that is unique to cellulose aerogels: an improved gelation strength does
not necessarily correlate with an improved drying tolerance, but can lead to premature failure instead [27].

4.2. Network Maturation and Aging: Structural Reinforcement Versus Destabilization

The cellulose aerogels develop their structure through ageing after the first gelation. The ageing process
is triggered by supramolecular rearrangement, not polymerisation. Moderate ageing improves load-bearing
junctions by reorganising hydrogen bonds, resulting in enhanced elastic recovery and resistance to
deformation. In this regime, ageing is a step of structural reinforcement that improves the network
coherence without decreasing the porosity. But after a certain length of time, ageing is in fact
counterproductive. Ongoing rearrangement of hydrogen bonds causes bundling of fibrils, coarsening of
pores, and densification of local regions, thereby decreasing the overall network compliance, as seen in
Figure 4. Such over-aged networks are stiffer but less tolerant of fracture and are especially prone to
cracking during drying. Ageing is thus a structural amplifier rather than a beneficial step, capable of
stabilising or destabilising the gel depending on solids content, temperature, and time [28].
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1. Raw Materials 2. Fabrication of Porous Auxetic Aerogel 3. Structure-Property Features
N\
P

Negative Poisson’s Ratio

Lateral expansion

Gradient Pore Structure

Large pores

|
Hierarchical porous architecture

Medium pores

Nanopores

4, Oil/Water Separation Mechanism

Porous Auxetic Aerogel Separated Water Collected Qil

o 200%3%0 0

5. Performance Advantages

High elasticity Sunerhmpnobuc i Supemleophllln : Reusable & Mechanical
(auxetic behavior) 1 (water repellent) 1 (oil selective) durable mbusmnss

Figure 4. Schematic representation of auxetic porous aerogel for selective oil/water separation: (1) raw materials, (2) porous
aerogel fabrication, (3) structure—property characteristics, (4) oil/water separation mechanism, and (5) performance advantages.

4.3. Freeze-Drying: Suppression of Capillary Stress with Imposed Structural Bias

Cellulose aerogel fabrication extensively uses freeze-drying. It removes liquid-vapor interfaces and
hence capillary pressure. This approach preserves porosity but introduces a dominating and often
overlooked structuring mechanism: ice crystallisation. The macropore orientation, spacing, and
connectivity are mostly governed by the ice growth during freezing, often dominating the structure formed
during gelation. The potential to control directional ice growth during precisely defined freezing has led to
the design of anisotropic and multilevel pore architectures to improve transport and functional properties.
Unrestrained freezing leads to broad pore-size distribution, weak inter-lamellar bonding, and anisotropic
failure. Thus, success in freeze-drying is less a matter of sublimation per se than of the thermal route
imposed during solidification. From a processing viewpoint, freeze-drying is structurally conservative, but
intrinsically intolerant to defects. Freeze-drying is very sensitive to scale, geometry, and thermal gradients
as the freezing-induced heterogeneities are permanently locked into the aerogel and cannot be corrected
post-drying [29].

4.4. Ambient Pressure Drying as a Structural Selection Mechanism

Ambient pressure drying of cellulose aerogels places them under capillary stresses that are inversely
proportional to the pore radius, providing a stringent test of network architecture. The survival of these
conditions depends on the ability of the network to elastically redistribute stress over many length scales.
Therefore, ambient drying success requires a synergistic combination of fibrillar compliance, hierarchical
porosity, and moderate junction strength. Without macroporous backbones, networks undergo catastrophic
failure during ambient drying, irrespective of surface modification. This behaviour directly questions the
approaches based only on chemical hydrophobization to reduce capillary stress. Surface modification can
reduce the liquid-solid interfacial tension, but often at the expense of disrupting hydrogen bonding and
long-term mechanical integrity. Thus, ambient drying functions as a structural filter selecting intrinsically
stress tolerant architectures. Architecture, not chemistry, determines survivability in cellulose aerogels [30].
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4.5. Architected Gelation and Drying: Cellulose Aerogels as Programmable Matter

A major advantage of cellulose aerogels is that the structure can be programmed during gelation and
drying, rather than only maintaining a pre-existing network. Directional freezing, asymmetric gelation, and
gradient-controlled drying are techniques that can provide deliberate spatial control over the orientation,
connectivity, and functionality of pores. Such process coupling may allow the engineering of cellulose
aerogels with transport behaviour, mechanical response, and functional performance that is specific to the
region. These systems reveal that cellulose aerogels are not passive porous solids but rather process-
programmable materials in which drying is an active design tool rather than a preservation challenge.
Cellulose aerogels, however, are adaptable but have different and predictable failure modes. Failure by
delayed collapse at the percolation threshold, by brittle fracture at high solid contents, by lamellar
delamination during uncontrolled freezing, and by capillary-induced densification during ambient drying.
The absence of self-limiting stabilisation in supramolecular networks makes them intrinsically sensitive to
minute changes in processing parameters. Hybrid aerogels provide new failure modes. Too high
incorporation of inorganic or functional phases leads to the discontinuity of the network, sedimentation
during gelation and cracking during drying. These observations reinforce a non-negotiable design rule:
functional components must co-assemble with the cellulose network, rather than be a passive inclusion, or
structural destabilisation is inevitable [31].

Gelation and drying in cellulose aerogels are not independent or sequential steps but are structurally
inseparable processes that jointly define network topology, defect tolerance, and scalability. Assembly-
controlled gelation allows aqueous processing and architectural flexibility, but requires judicious balancing
of percolation thresholds, junction density, and ageing. Freeze drying retains structure but introduces a bias
defined by freezing. Ambient pressure drying imposes architectural discipline through capillary stress
selection. A common takeaway across all cellulose aerogel systems is that the key is not to avoid physical
constraints, but to instead leverage them through hierarchical and process-aware design. Failure to co-
design gelation and drying pathways leads to collapse, irreproducibility, and poor scalability. The following
section builds on these insights and discusses the integration of functional elements into cellulose aerogels
without violating the structural tolerance established during network formation and drying [32].

5. Functional Biopolymer and Cellulose-Based Aerogels
5.1. Functionalization as a Structural Perturbation

Functionalisation in biopolymer and cellulose based aerogels needs to be understood as a structural
intervention, not a superficial chemical modification. In contrast to inorganic aerogels, where surface
chemistry can often be tuned with little impact to the underlying network, cellulose aerogels rely on
supramolecular cohesion and continuous fibrillar connectivity for porosity and mechanical stability. Any
functional change has direct consequences on the network architecture, the stress distribution, and the
drying tolerance. Methods that handle functionality as a separate design layer tend to produce materials
with very good initial static performance that quickly degrades during drying, cyclic use, or scale-up. This
behaviour is a manifestation of a fundamental coupling of function and structure that cannot be decoupled
by post-synthetic chemistry alone. The hydroxyl-rich fibrils of cellulose intrinsically provide a chemically
active surface which enables adsorption, interfacial interactions, and wetting control without extensive
grafting. Often, this native surface chemistry alone, when combined with accessible hierarchical porosity,
is sufficient to achieve high functional efficiency, as shown in Figure 5. This observation challenges the
idea that functional performance scales with chemical modification density and points to a recurring design
principle where excessive functionalisation often undermines the very supramolecular interactions that
stabilise the aerogel network [33].
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Figure 5. Fabrication pathway, interfacial interactions, and selective oil/water separation mechanism of nanocellulose—CdS
hybrid aerogel.

5.2. Adsorptive and Separation Performance: Accessibility over Extremity

Adsorptive cellulose aerogels are qualitatively different from the design paradigms of conventional
porous materials that typically seek to maximise surface area. Absolute surface area is less important to the
functional performance of biopolymer aerogels than transport accessibility, pore continuity, and network
elasticity. The hierarchical pore architectures with interconnected macropores and mesoporous junctions
promote fast mass transport and efficient utilisation of adsorption sites. In contrast, highly microporous
structures often suffer from diffusion limitations and poor kinetics. This principle is especially relevant for
separation and sorption systems, where high functional loading or pore refinement leads to increased
tortuosity and the hindrance of transport paths. Therefore, from a structural point of view, the efficiency of
adsorption is a property at the network level, arising from the connectivity of the pore network and
mechanical adaptability, rather than from the density of adsorption sites. Extremal surface metric optimised
designs always perform worse than those designed for resilience and accessibility [34].

5.3. Wetting Control and Oil Absorption: Architectural Control over Chemical Intensity

Oil-water separation aerogels are a clear example of the limitations of chemistry-driven
functionalisation. Hydrophobic modification is a common strategy to improve the affinity for oil. But the
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harsh surface treatment often breaks the hydrogen-bond networks, decreases the elastic compliance, and
accelerates the structural fatigue in cyclic use. These effects reduce durability and long-term performance,
especially in cyclic wetting and drying conditions. In contrast, aerogels based on macro and mesoporous
architectural design can achieve similar oil uptake with minimal chemical modification and maintain
mechanical integrity. In such systems, wetting behaviour is primarily an emergent property of pore
geometry and connectivity, with chemistry playing a secondary, fine-tuning role. Thus, over-reliance on
chemical modification is a structurally inefficient strategy that trades resilience for short-term performance
gains [35].

5.4. Electro-Functional and Energy-Related Aerogels

Structure over composition remains of prime importance for energy-related cellulose acrogels. In these
systems, functional output is determined by multilevel porosity, directional transport pathways, and
spatially programmed architectures, rather than the intrinsic electronic properties of cellulose. Here, the
cellulose network is an active framework controlling moisture transport, ion migration, and mechanical
response rather than a passive scaffold. We show that anisotropy can be purposefully exploited to segregate
electrical, thermal, and mechanical functions into different spatial domains through aerogels designed by
coupled gelation and drying pathways. Importantly, these properties stem from process-controlled phase
distribution and structural programming rather than post-synthetic addition of conductive fillers. Such
attempts to retrofit functionality into isotropic aerogels generally lead to aggregation, pore blockage, and loss
of mechanical compliance, highlighting the need for embedding function during network formation [36].

5.5. Hybrid and Composite Aerogels

Functional overload in the design of functional aerogels is the most frequent failure mode in hybrid
cellulose aerogels with nanocarbons, metal oxides, or coordination-based components. Functional phases
need to be co-assembled with the cellulose network during gelation to enable uniform dispersion, strong
interfacial coupling, and effective load sharing for successful hybrid systems. In contrast, impregnation
after gelation often leads to density gradients, weak interfaces, and crack initiation during drying. From the
mechanical point of view, functional fillers that do not contribute to the load-bearing network behave as
stress concentrators, promoting failure under compression, swelling, or solvent removal. Thus, hybrid
cellulose aerogels are only successful if the functional components are still structurally subservient to the
cellulose framework. Designs in which cellulose serves only as a scaffold for additive overloading always
fail to deliver durability or scalability [37].

5.6. Regenerability and Durability as Functional Performance Metrics

In particular, the functional performance of biopolymer aerogels cannot be meaningfully assessed from
single-cycle measurements. Regenerability and durability in repeated use cycles expose the real benefit of
supramolecular assembled networks. When functionalisation maintains reversible interactions and network
compliance, performance can be maintained over multiple regeneration cycles without catastrophic
degradation. Furthermore, highly cross-linked or chemically grafted systems show a rapid loss of performance
due to microcracking, pore collapse, and loss of elasticity. Such behaviours make regenerability a structural
metric, not a second-class citizen. Functional strategies that optimise initial performance at the expense of
reversibility are ultimately incompatible with sustainable design goals and long-term usability. The
conclusion applies to all of the applications in adsorption, separation, and energy: the functional performance
of the cellulose aerogels is dictated primarily by architecture and not chemistry alone.

Accessibility, durability, and reproducibility are defined by hierarchical porosity, fibrillar continuity,
and stress-tolerant networks. Excessive chemical modification or filler loading undermines these attributes.



Sustain. Polym. Energy 2026, 4(3), 10014. doi:10.70322/spe.2026.10014 16 of 24

The most successful functional cellulose aerogels incorporate function in the assembly logic of the network,
incorporate functional phases during gelation, and retain supramolecular interactions that allow for
regeneration and scale-up (Figure 6). Whereas design strategies that are mainly driven by function generally
fail at the structural and process levels. These insights directly motivate the next section, where we explore
carbon and hybrid aerogels from cellulose, with thermal transformation imposing new constraints for
structural integrity and functional integration [38].

1. FABRICATION PROCESS g%

Bidirectional Solvent exchange
freeze casting & Ca®* cross-linking

Ambient
drying

Homogeneous - 3 . /
. b = —— L8
CA suspension [ icecrystal  [H CA framework fi‘im = 'TY Ca-CA-AD
1 I Y
e .ﬁ.’ lamellar aerogel
R 3

2. STRUCTURAL ARCHITECTURE ===

Radial direction

(across lamellae) Aligned lamellar
channels
Interconnected
macropores
e =
Long-range aligned Interconnected Hierarchical
lamellar channels macropores porous structure

3. DENSITY COMPARISON 4. KEY ADVANTAGES

Axial direction

(through lamellae) ] 4 - ] .
o P = . A - ———

= 4. - 4 {
> ; Y i) {
v \

~——="

i ¢ & i
§ Super%r:)t(li;agl ® NG i @ Ultralight lamellar auxetic aerogel
g Freeze ® CNFMFC/AL
E drying A MEC—PVABT i High anisotropy & structural alignment
= gt Y ANF-25/CNE-T5 |
=S LEL ! lonic cross-linking for robust framework
= @ CNF-upANF, |
o This work !
(Ca-CA-AD) ! @ . : ;
! Eco-friendly ambient dryin
Ultralow | Y e
T 1 > 1
0 20 40 60 80 100 density i
Density (mg c m-3) ! Sustainable & recyclable

Figure 6. Schematic illustration of ultralight lamellar cellulose aerogel fabrication.



Sustain. Polym. Energy 2026, 4(3), 10014. doi:10.70322/spe.2026.10014 17 of 24

6. Carbon and Hybrid Aerogels Based on Cellulose
6.1. Carbonization as a Destructive-Constructive Structural Transformation

The conversion of cellulose aerogels to carbon aerogels should not be considered as a simple value-
adding step but rather as a coupled destructive—constructive structural transformation. Supramolecular
hydrogen bonding and fibrillar entanglement stabilise cellulose aerogels. Dehydration, depolymerisation
and aromatisation produce carbon aerogels with rigid covalently bonded frameworks. This transformation
inevitably perturbes the initial network topology: large mass losses, volumetric shrinkage, pore-wall
densification, and partial loss of connectivity are unavoidable. Therefore, the resulting carbon aerogel is
not a preserved replica of the cellulose precursor but a reorganised structure and its properties depend on
the efficiency of the original hierarchy to accommodate thermal collapse. Therefore, considering
carbonization as an innocent pathway to “carbonize porosity” is an oversimplification that conceals the
essential structural limitations that determine the final performance [39].

6.2. Hydrothermal and Low-Temperature Carbonization

Hydrothermal and other low temperature carbonization routes are often promoted as sustainable
alternatives to traditional high temperature pyrolysis because they avoid fast devolatilization and extreme
thermal gradients. From a structural point of view, these methods partially preserve the macroscopic shape
and reduce catastrophic pore collapse. But this apparent conservation is at the cost of carbon microstructural
development. The resulting frameworks are usually oxygen-rich, amorphous, and weakly conductive, with
little formation of ordered carbon domains. Such structures may be advantageous for adsorption-dominated
or wettability-controlled processes, but inherently limit mechanical stiffness and electrical transport. The
subsequent high temperature annealing to increase carbon order adds energy intensity and structural
shrinkage, thus cancelling out the original sustainability advantage. Low-energy carbonization does not
remove the structure energy trade-off but shifts its position, thus setting an upper limit to the attainable
degree of order of carbon [40].

6.3. Pore Evolution, Shrinkage, and the Misconception of Surface-Area Maximization

In cellulose-derived carbon aerogels, it is a common misconception that a higher initial surface area
leads to better carbon materials. In practice, fine mesoporous networks experience disproportionate
shrinkage upon carbonization, favouring pore coalescence and severe loss of accessible porosity. By
contrast, cellulose aerogels with hierarchical architectures, particularly those incorporating macroporous
stress-relief domains—retain connectivity and permeability more effectively after thermal treatment. This
observation demonstrates a counterintuitive but critically important design principle: carbon aerogels made
from structurally “imperfect” cellulose aerogels often perform better than those made from highly refined,
delicate networks. Post-carbonization performance is less determined by pre-carbonization parameters such
as surface area or uniformity of pores, but rather the tolerance of the network to collapse induced by thermal
shock. Thus, designing cellulose aerogels for carbonization implies sacrificing initial extremity for
functionality and robustness after carbonization [41].

6.4. Hybrid Carbon Aerogels: Structural Compatibility Versus Functional Ambition

Hybridisation of cellulose-derived carbon aerogels with inorganic or conductive phases is frequently
explored to increase functional scope, but such systems are brittle if structural compatibility is not carefully
controlled. Inclusion of secondary phases prior to carbonization can result in partial templating of carbon
microstructure and enhanced dispersion, but also comes with new failure modes arising from differential
thermal expansion, phase segregation, and catalytic degradation. High inorganic loading leads to pore
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collapse and densification, degrading percolation and compromising both transport and mechanical
integrity. Little advantage is achieved by post-carbonization impregnation, as collapsed pore networks
prevent infiltration and weak interfacial bonding limits functional utilisation. These results together
demonstrate that the failure of hybrid carbon aerogels is not caused by a lack of chemistry but by
incompatible structural evolution during thermal treatment [42].

6.5. Functional Performance as Structural Inheritance

The architectural logic defined prior to carbonization has a much more decisive influence on the
functional performance of the cellulose-derived carbon aerogels than the transformations taking place
during the thermal treatment itself. Carbonization does not introduce new functionality in an uncontrolled
manner, but selectively preserves, degrades, or amplifies structural features that are already present in the
precursor aerogel. Therefore, properties like adsorption capacity, mass transport efficiency, electrical
response, and directional anisotropy are direct consequences of macroporous connectivity, pore hierarchy,
and spatial organization inherited from the cellulose network. Precursor aerogels with continuous
macroporous pathways and well-defined multiscale architecture serve as structural scaffolds to guide pore
evolution and prevent collapse during carbonization. Crucially, the carbonization process involves rapid
dehydration, depolymerisation and aromatisation reactions that induce intense internal stresses within the
network. The controlled thermal treatment enables the accommodation of these stresses in architectures
with pre-designed gradients or anisotropy without erasing directional features. This opens up the possibility
for functional behaviour such as directional adsorption or anisotropic conductivity due to the presence of
aligned transport channels, asymmetric pore distributions and hierarchical connectivity in the carbonized
state. Conversely, in the case of poor control of thermal treatment or lack of structural hierarchy in the
precursor architecture, the carbonization process leads to homogenisation by pore-wall densification and
coalescence. This process irreversibly erases spatial differentiation, collapses functional gradients, and
locks in performance limitations that cannot be corrected post hoc [43].

Therefore, carbonization acts more as a strict structural filter than a creative processing step. It
enhances the strengths of well-designed precursor networks and irreversibly fixes any architectural
deficiencies prior to thermal treatment. This finding has important design implications: optimising
precursor aerogels for extreme surface area or uniform microporosity prior to carbonization often
compromises post-carbonization functionality, whereas architectures engineered for connectivity, stress
tolerance, and hierarchical organization yield superior functional performance. Hence, successful design of
cellulose-derived carbon aerogels demands a paradigm shift from post-carbonization modification to
intentional architecture programming at the precursor stage, acknowledging that performance is ultimately
determined by functional inheritance rather than thermal transformation [44].

6.6. Scalability and Sustainability: Carbonization as the Dominant Bottleneck

Although the cellulose-based carbon aerogels are derived from renewable sources, the most critical
limitations in sustainability and scalability occur during carbonization. The life-cycle footprint is dominated
by high energy demand, low mass yield, and shrinkage induced defects, which often outweigh the advantages
of bio-based precursors. Highly refined nanocellulose feedstocks, which are often assumed to be better, tend
to show more collapse and yield loss during carbonization than moderately processed cellulose. This
behaviour illustrates a frequently encountered principle: structural constraint enhances manufacturability;
maximal refinement eliminates it. From an industrial perspective, carbonization efficiency, defect tolerance,
and yield consistency will ultimately determine viability and not feedstock origin.

Cellulose-derived carbon and hybrid aerogels are not upgraded versions of cellulose aerogels but
structurally reconstituted materials governed by fundamentally different physical rules. The irreversible
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carbonization of supramolecular networks into rigid frameworks leads to a set of processing-induced
intrinsic performance ceilings, such as shrinkage and connectivity loss, which cannot be fixed during
processing. Therefore, the architecture of successful carbon aerogels must be designed upstream, with
carbonization-tolerant architecture, controlled hierarchy, and restrained functional ambition. All efforts to
maximise surface area, graphitic order or additive loading inevitably compromise structural fidelity,
scalability and sustainability. This renders them a powerful but narrowly viable platform, whose practical
relevance cannot be established without accepting a controlled compromise rather than chasing theoretical
performance limits. The conclusions directly motivate the next section, dealing with manufacturing
challenges, scalability and industrial feasibility of biopolymer-derived aerogels [45].

7. Manufacturing Challenges, Scalability, and Sustainability
7.1. Reproducibility Limits Imposed by the Supramolecular Network

One of the defining limitations of biopolymer- and cellulose-derived aerogels is that their structural
integrity is based on supramolecular assembly rather than irreversible covalent fixation. Hence,
reproducibility is not only a downstream processing issue but an intrinsic materials limitation defined by
the physics of the network. The gelation in these systems is driven by percolation phenomena, such that
small variations in the solids concentration, fibril aspect ratio, dispersion quality, or gelation time can
trigger disproportionate variations in the network topology, pore connectivity, and mechanical response.
Since supramolecular networks lack intrinsic self-correction mechanisms, any local heterogeneities
introduced during mixing or gelation remain and propagate through the final aerogel structure [46]. Such
parameters can be well controlled on the laboratory scale, but on the manufacturing scale, variations in
shear fields, thermal gradients, and batch-to-batch precursor variability are unavoidable. Thus, structural
variability should be considered as a normative outcome rather than a processing failure. This reality imposes
a fundamental upper limit on the achievable uniformity in large-format or high-throughput production of
cellulose aerogels and requires embracing controlled variability as a design constraint. Robust manufacturing
strategies must therefore value tolerance of variability over pursuit of idealised uniformity [47].

7.2. Geometric Scale Effects in Gelation and Drying

With increasing characteristic dimensions, diffusion-limited transport of heat and mass becomes more
significant, leading to gradients in fibril concentration, junction density, and solvent composition across the
sample. These gradients often create networks that are spatially heterogeneous, especially within thick
monoliths, where interior regions gel later and have different stress histories than exterior regions. Drying
accentuates these differences. Increasing thickness in freeze-drying results in non-uniform growth and
nucleation of ice, which promotes anisotropic pore formation and interlamellar delamination. In ambient
pressure drying, capillary stresses bridge macroscopic distances, coupling forces at the pore scale to the
bulk geometry. Only networks that are able to dissipate stress over multiple length scales, by hierarchical
porosity and elastic compliance, can survive such conditions without collapse, not for chemical
incompatibility but for geometrical incompatibility. Many formulations that work well at small scales fail
catastrophically as dimensions increase. The effects suggest that scale is not a neutral variable in the
manufacturing of cellulose aerogels, but rather a fundamental architectural parameter to take into account
from the very beginning of the design. Geometric non-scalability is by definition a property of aerogels that
are not designed for scale [48].

7.3. Energy Intensity as the Dominant Sustainability Determinant

The energy consumption of the lifecycle is dominated by energy intensive steps such as nanocellulose
extraction, freeze-drying, and carbonization, which often outweigh the benefits of bio-based sourcing.
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Highly refined nanocellulose systems are structurally impressive and scientifically informative, but require
extensive mechanical fibrillation or chemical pretreatment that diminishes sustainability gains due to high
energy demand and low material yield. Additional burdens with solvent use, water use, and solvent recovery
in regenerated cellulose routes are introduced. However, at the systems level, the sustainability benefits of
reducing processing severity (e.g., reduction of refinement steps, avoidance of solvent intensive pathways,
and adoption of energy efficient drying strategies) often outweigh incremental improvements in material
performance. This observation contradicts the assumption that the more refined or structurally sophisticated
the molecules, the greener the aerogels. Instead, the leading metrics of sustainability are energy efficiency
and yield retention, and process simplicity. The most sustainable cellulose aerogels are therefore often those
that sacrifice moderate performance for significant reductions in processing energy [49].

7.4. Functional Complexity

The uniform integration of secondary phases like nanocarbons, metal oxides, or coordination-based
components is only possible in narrow dispersion and gelation windows. With increased production scale,
it becomes more difficult to suppress sedimentation, aggregation, and phase segregation, leading to spatial
heterogeneity and high defect rates. High functional loading further reduces pore connectivity and increases
density and susceptibility to failure by drying. Adding more functional components adds more interfaces,
new sources of dispersion, and new failure modes, and multiplies the process risk. Impressive lab-scale
metrics of functionally ambitious aerogels often come at the expense of poor yield, inconsistent
performance, and limited durability at scale. The net result is a consistent and often uncomfortable
conclusion: the best-scalable cellulose aecrogels are generally those with a restrained functional ambition,
where performance derives from architectural design rather than additive complexity. In practice, simplicity
often provides more effective scalability than multifunctionality [50].

7.5. Yield Loss, Defect Rejection, and Real Material Efficiency

Shrinkage during drying, cracking, structural collapse, and mass loss during post-processing can
dramatically reduce usable output even when nominal synthesis yields appear good. Defect rejection
exacerbates such losses, especially in large-format aerogels, where localised failures can render entire
monoliths useless. Regeneration and reuse strategies can partially compensate for the yield loss, but only if
the aerogel networks retain mechanical compliance and reversible interactions. Repeated regeneration
cycles lead to irreversible damage; thus, highly crosslinked or heavily modified aerogels are intolerant to
regeneration. Thus, the efficiency of the cycle depends more on damage tolerance, reversibility, and defect
resilience than on peak single-cycle performance. Designs that maximise initial mechanical or functional
metrics at the cost of durability are often inefficient when assessed over realistic operational lifetimes. True
material efficiency must therefore be considered from an industrial perspective across the full lifecycle, in
terms of yield retention, regeneration potential, and failure tolerance, rather than as isolated performance
benchmarks [51].

7.6. Industrial Feasibility and Contraction of the Viable Design Space

Industrially realistic systems share common features: moderate porosity, hierarchical architecture,
aqueous processing, and broad gelation windows that tolerate variability. Many laboratory-scale aerogels
achieve extraordinary metrics precisely because they avoid such constraints by using narrow processing
windows and energetically demanding steps. These are scientifically instructive but industrially irrelevant
systems. Therefore, it is critical to differentiate between exploratory materials and manufacturable
technologies to ensure translational impact of future research. Physical and energetic constraints of
biopolymer and cellulose based aerogels are non-negotiable in the manufacturing and sustainability
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considerations. Supramolecular assembly physics limits reproducibility, geometric and thermal gradients
limit scalability, energy intensity, not feedstock identity limits sustainability and increased failure
probability limits functional complexity. Successful cellulose aerogels are collectively conceived in the
domain of manufacturing, not outside of it. Progress in this field will be less about finding ever more
complex formulations and more about rethinking performance targets to focus on reproducibility, yield,
and lifecycle efficiency. The final conclusions are built on these insights, combining scientific progress
with practical feasibility [52].

8. Conclusions and Future Outlook

As discussed, their defining properties arise from the intrinsic chemistry of biopolymers,
supramolecular network assembly, and the ability to intentionally engineer hierarchical pore architectures
via aqueous and low-severity processing routes. Unlike traditional inorganic aerogels, whose structure is
largely limited by the kinetics of the reaction and the extreme drying requirements, the structure-process-
property relationship of cellulose-based aerogels is fundamentally different by employing physical
entanglement, hydrogen bonding, and coordination-driven interactions. A major message is that in these
systems, it is structure that drives function to a larger extent than composition alone: Hierarchical porosity,
fibrillar continuity, and network compliance determine mechanical resilience, mass transport, adsorption
efficiency, and long-term durability more than the advantages of extreme surface area or aggressive
chemical modification. This viewpoint recasts cellulose aerogels as architected materials, where
performance is programmed during gelation and drying rather than appended post-synthesis. This also
demonstrates that the choice and processing of precursors are key constraints on the aerogel performance.
Native and moderately fibrillated cellulose exhibit an optimal balance among connectivity, adaptability,
and processing tolerance, whereas highly refined or solvent-regenerated systems achieve uniformity at the
cost of scalability and robustness. The importance of the drying and post-treatment processes is found to
be on par with that of freeze-drying (structure preservation and anisotropic design), ambient pressure drying
(architectural correction), and carbonization (irreversible network chemistry change, pre-treatment
structural design to preserve functionality). These insights together suggest that manufacturability and
sustainability are less about the feedstock origin and more about processing realism, where energy
consumption, reproducibility, and yield determine practical viability. Future developments in this area will
rely on a transition to process-aware materials design, where precursor chemistry, supramolecular assembly,
drying pathways, and functional integration are co-optimized in realistic manufacturing envelopes.
Biopolymer and cellulose-based aerogels, guided by structural intelligence and disciplined processing
strategies, are well positioned to serve as a versatile and durable platform for next-generation porous
materials with genuine translational potential.
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