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• Nanocellulose aerogels are promising 
adsorbent to capture CO2. 

• Supercritical drying used for synthesiz
ing nanocellulose-based aerogels is 
inherently energy intensive. 

• Functionalization of nanocellulose aer
ogels with amines improves the adsorp
tion rates of CO2. 

• Development of new processing tech
nologies is required to reduce produc
tion costs.  
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A B S T R A C T   

Mitigating the effect of climate change toward a sustainable development is one of the main challenges of our 
century. The emission of greenhouse gases, especially carbon dioxide (CO2), is a leading cause of the global 
warming crisis. To address this issue, various sustainable strategies have been formulated for CO2 capture. 
Renewable nanocellulose aerogels have risen as a highly attractive candidate for CO2 capture thanks to their 
porous and surface-tunable nature. Nanocellulose offer distinctive characteristics, including significant aspect 
ratios, exceptional biodegradability, lightweight nature, and the ability for chemical modification due to the 
abundant presence of hydroxyl groups. In this review, recent research studies on nanocellulose-based aerogels 
designed for CO2 absorption have been highlighted. The state-of-the-art of nanocellulose-based aerogel has been 
thoroughly assessed, including their synthesis, drying methods, and characterization techniques. Additionally, 
discussions were held about the mechanisms of CO2 adsorption, the effects of the porous structure, surface 
functionalization, and experimental parameters. Ultimately, this synthesis review provides an overview of the 
achieved adsorption rates using nanocellulose-based aerogels and outlines potential improvements that could 
lead to optimal adsorption rates. Overall, this research holds significant promise for tackling the challenges of 
climate change and contributing to a more sustainable future.   

1. Introduction 

A viable strategy to overcome climate change, is to decrease the 
emission of carbon dioxide (CO2), the main Earth's greenhouse gas 
responsible for the global warming. CO2 is primarily produced by 

human activities, including the combustion of fossil fuels (in transport, 
industry, food processing, housing, etc.), agriculture and deforestation. 
Although the natural greenhouse effect is essential to maintaining living 
conditions on Earth, the progressive buildup of greenhouse gases in the 
atmosphere is initiating a rise in global temperatures. Since the 
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beginning of the industrial era, the level of CO2 emissions has steadily 
increased each year with the exception of a notable reduction in 2020 
due the COVID-19 pandemic, as shown in Fig. 1 (CO₂ emissions | Energy 
economics | Home, n.d.). However, this sharp decrease in carbon emis
sions was only temporary. As soon as the restrictions related to COVID- 
19 were smoothed and the industrial activities totally resumed, green
house gas emissions have risen to unprecedented levels. This sharply 
increases in emissions, closely correlated with fossil fuels consumption, 
highlights the fragility of the system and underscores the urgent need for 
actions. Therefore, to overcome global warming and reach a net-zero 
emissions strategy, it is crucial to implement economically viable CO2 
capture technologies worldwide. This will require significant investment 
and innovative approaches to develop effective, sustainable solutions 
that can be widely adopted. 

Carbon dioxide capture and storage (CCS) is recognized as a pivotal 
strategies to effectively minimize and recycle CO2 emissions (Bui et al., 
2018). CCS involves the selective capture of CO2 during energy con
version or industrial processes, succeeded by compression, trans
portation, and permanent storage of the captured CO2. CCS includes 
three main methods: pre-combustion, post-combustion and oxy- 
combustion (Kanniche et al., 2010). Pre-Combustion consists in the 
capture of CO2 directly from the conversion of a synthesis gas composed 
mainly of carbon monoxide (CO) and hydrogen. Post-combustion cor
responds to the treatment of exhaust gases after the fuel has been 
completely burned with air. Oxy-combustion strategies involve the fuel 
has undergone complete combustion with air. Many strategies have 
been employed to separate CO2 from a gas mixture including absorption 
(Wang et al., 2011), adsorption (Wörmeyer et al., 2012), membranes 
(Powell and Qiao, 2006) and cryogenic separation (Hart and Gnanen
dran, 2009). While CO2 capture technologies are essential for addressing 
climate change, many of the current methods come with economic and 
environmental drawbacks, highlighting the need for green, cost- 
effective capture strategies. Among the technologies currently avail
able, adsorption, a surface energy phenomenon, appears as the most 
convenient method for an economical large-scale development (Sai 
Bhargava Reddy et al., 2021). 

The solid adsorbent separation consists in the adsorption of a specific 
gas on a solid surface. The success of this method mainly relies on the 
development of a powerful adsorbent with high selectivity and 
adsorption capacity (Kong et al., 2016). Adsorption is essentially based 
on the interaction between the adsorbate gas and the substrate surface, 
which can occurs through weak interactions, i.e. physical adsorption, 

such as Van der Waals and dipolar interactions or strong interactions, i. 
e. chemical adsorption, via covalent chemical bonds (Kecili and Hussain, 
2018). In physical adsorption, the adsorbent can be reused over several 
cycles adsorption, desorption, and regeneration of the adsorbed sur
faces. In chemical adsorption exhibits a higher adsorption rat, however 
the regeneration of the adsorbent proves to be difficult, which limits the 
scope of applications. Therefore, the development of adsorbents 
combining physical and chemical adsorption processes seems to be an 
interesting approach. A wide range of advanced functional materials for 
CO2 adsorption have been developed, such as activated carbon 
(Ogungbenro et al., 2017), organic polymers (Yaqub et al., 2016), zeo
lites (Chen et al., 2017), metal-organic frameworks (MOF) (Belmabkh
out et al., 2016), and metal oxides (Bhatti et al., 2018). 

However, these adsorbents are predominantly sourced from fossil 
resources, and a majority of them encounter challenges related to 
intricate equipment, usage of toxic reagents, significant susceptibility to 
corrosion, and limited production capacity. Aerogel materials has 
become in recent years an attractive alternative to these conventional 
adsorbents (Keshavarz et al., 2021). Aerogels represent three- 
dimensional (3D) highly porous substances created from organic, inor
ganic, or hybrid molecular precursors. These aerogels are typically 
synthesized using a sol-gel process combined with appropriate drying 
methods (Husain et al., 2021). They are categorized by a very large 
surface area, a low density, and strong mechanical properties, which 
makes them highly effective for CO2 adsorption and storage purposes. 
Firstly reported in 1994 by Huang et al. (1994), silica gels stand for the 
first aerogels developed for CO2 adsorption. Later, Ahmed et al. devel
oped in 1998 aerogels containing calcium and magnesium oxides 
(Ahmed and Attia, 1998). Since then, extensive study was conducted on 
the synthesize of alternatives aerogels for CO2 adsorption including 
polymer aerogels based on polyimide (Meador et al., 2012), poly
urethane (Rigacci and Achard, 2011), polyvinylchloride (Yamashita 
et al., 2003), and poly(vinyl alcohol) (Cheng et al., 2018). Nevertheless, 
the extensive application of these materials as effective agents for CO2 
adsorption remains constrained by their comparatively inadequate 
thermal and chemical stability, limited specific surface area, and the 
high costs associated with their production (Wei et al., 2022). Hence, 
there is still a need for the design of more efficient, economical, and 
sustainable adsorbents for CO2 capture. Bio-based aerogels are a 
promising new class of environmentally friendly materials having the 
potential to replace conventional non-biodegradable materials such as 
silica or petroleum-based polymers in the long-term storage of CO2 

Fig. 1. Global greenhouse gas emissions from 1965 to 2020. Adapted from (Economics, Statistical Review of World Energy, n.d.).  
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captured (Verma et al., 2020). 
Significant endeavors have been focused on the development of bio- 

based aerogels, leading to the conception of efficient CO2 capture ad
sorbents such as chitin (Dassanayake et al., 2018), chitosan (Song et al., 
2018), and cellulose based aerogels (Ho and Leo, 2021). Aerogels 
derived from cellulose are particularly attractive, as they are sourced 
from renewable lignocellulosic biomass and demonstrate exceptional 
mechanical properties (Illera et al., 2018). Cellulose, the most profuse 
natural polymer on nature, can be extracted from renewable resources 
like wood, cotton, or hemp (Chen, 2014). Nanocellulose, the nano 
structure of cellulose, combines the important properties of the 
biopolymer, including high specific resistance and hydrophilicity, with 
the specific properties of nanometer-scale materials (Xu et al., 2022). 
According to the morphology obtained after their isolation, nano
celluloses can be categorized into three primary groups: (1) cellulose 
nanofibers (CNFs), (2) cellulose nanocrystals (CNCs), and (3) bacterial 
nanocellulose (BNC). Nanocellulose-based aerogels can be easily pre
pared by a pulp nanofibers mixing step followed by a gelation process 
using a small amount of a crosslinking agent (Chen et al., 2021). The 
resulting soft and porous aerogel materials exhibit high surface areas, 
low densities, and good mechanical stability (Wei et al., 2020). To 
enhance their performance, cellulose-based aerogels have undergone 
modifications involving the introduction of amine functional groups. 
This modification enhances their ability to capture CO2 and facilitates 
the creation of exceptionally selective and durable monolayers (Ho and 
Leo, 2021). Among these modifications, the integration into inorganic 
matrices to create hybrid systems appears to be a promising approach, 
leading to a significant enhancement in adsorption rate (Rostami et al., 
2022). 

Considering the substantial expansion of nanocellulose-based aero
gel research, a comprehensive review of previous studies on these ad
sorbents becomes paramount for the development of sustainable CO2 
capture strategies. The aim of this study is to provide a comprehensive 
review of nanocellulose-based aerogels, covering their synthesis 
methods and characterization. It will also address the adsorption 
mechanism, including the application of kinetics and isotherms models 
to quantify adsorption capacity, as well as the examination of factors 
influencing it. In addition, the review will explore the process of 
enhancing nanocellulose-based aerogels through functionalization and 
their incorporation into inorganic materials to increase their adsorption 
capacity. Finally, a comprehensive perspective and approaches to 
enhance the CO2 adsorption capacity in nanocellulose aerogels have 
been presented, providing an understanding of current developments 
and future research directions. 

2. Aerogels overview 

Aerogels are a specific class of porous materials where the sol (liquid) 
part is substituted by a gas without shrinking their shape (Pierre and 
Pajonk, 2002). They are formed by exposing a wet gel precursor to a 
critical drying point to eliminate the liquid phase by supercritical dry
ing. These advanced ultralight and highly porous materials retain gas, 
usually air, in the shape of pores or solid networks. This aerogels are 
characterized by unique properties, including lightness, low density, 
large surface area, and high mechanical strength, making them suitable 
for several applications (Keshavarz et al., 2021). 

The shapes and sizes of aerogels can be adjusted depending on their 
final applications. They can be classified according to their appearance 
as monolith, powder, or film as reported in Fig. 2. They can be also 
classified as microporous (Ø = 2 nm), mesoporous (Ø = 2–50 nm) and 
macroporous (Ø > 50 nm) aerogels based on the pore's structures. The 
aerogel's chemical composition (inorganic, organic, or composite sys
tems) drive the aerogel's final properties. Inorganic aerogels are all ox
ides, such as silica (SiO2) (Lin et al., 2021), alumina (Al2O3) (Zu et al., 
2013), titania (TiO2) (Campbell et al., 1992), zirconia (ZrO2) (Walker 
et al., 2021), or mixed oxides such as mullite (Song and Zhao, 2018). 
These materials generally exhibit low strength and a tendency to 
collapse easily when subjected to low stress. Organic aerogels are made 
from organic precursor products such as phenolic formaldehyde resin 
(Lee and Park, 2020), or more recently from biopolymers. These inno
vative materials are developed from renewable and abundant bio- 
resources, such as cellulose, chitosan, alginates, or proteins. They offer 
high physical properties with reduced environmental impact (Verma 
et al., 2020). Composite aerogels are generally composed of mixed ox
ides or metal oxides, and can also be produced by a mixture of inorganic 
and organic precursors (Liu et al., 2020). 

Aerogels can be grouped into two categories according the types of 
sol-gel processing. The formation of a sol-gel can be produced through 
the classical method developed by Kistler et al. in his pioneer work on 
aerogels (Kistler, 1931), currently applied for all oxide-based aerogels. 
The sol-gel synthesis method involves dissolving monomers in a solu
tion, resulting in numerous interactions through hydrolysis and poly
condensation reactions, ultimately leading to the formation of oligomers 
and particles that intricately interconnect to create a three-dimensional 
network. The second approach involves the dissolution of polymers to 
form a highly diluted polymer solution. The swelling of the polymer lead 
to the rearrangement of its chains to obtain a 3D gel structure. The 
dissolving agent is then removed by cooling techniques, i.e. freeze-dryer 
(Jiménez-Saelices et al., 2017). 

Fig. 2. Classification of aerogels.  
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3. Emergence of nanocellulose-based aerogel 

Aerogels were identified and brought to light by Kistler early in the 
1930s at the College of the Pacific in Stockton, California (KISTLER, 
1931). According to his preliminary studies, the elimination of the liquid 
phase from a suspension can occur without disrupting the structure, 
achieved through the creation of liquid-vapor interfaces at a defined 
critical point. This technique was employed for nearly 30 years to pro
duce aerogels solely from silica. In the 1960s aerogels were fabricated by 
Teichner and Nicolaon using the frequently employed sol-gel method 
(Teichner et al., 1976). The term sol-gel refers to solid nanoparticles 
dispersed in a liquid (a sol) agglomerate to form a continuous three- 
dimensional interconnected network (a gel) (Reichenauer, 2011). This 
new easy, fast and efficient methodology allowed the development of a 
series of new aerogels, exhibiting simultaneously the specific proprieties 
of the starting material and the characteristic features of the final aer
ogel. Aerogels are prepared from a wide variety of materials including 
metal oxide (Teichner et al., 1976), carbonaceous materials (Wu and Xu, 
2014), polymer-based (Meador et al., 2012), and more recently natu
rally occurring feedstocks (Verma et al., 2020). 

In recent decades, considerable effort has been dedicated to develop 
innovative materials using renewable and abundant bio-resources 
(Verma et al., 2020). In fact, awareness of using expensive, toxic, and 
fossil-based materials is driving researchers to develop innovative 
economical, benign, and green materials. A wide range of biopolymers, 
including alginate, cellulose, lignin, pectin, chitosan, proteins, and other 
sources, have undergone thorough assessment as potential precursors. 
These materials are carbon neutral, sustainable, renewable, recyclable, 
non-toxic, biodegradable, and biocompatible (Wang et al., 2019). The 
inherent characteristics of biopolymers, coupled with the distinctive 
three-dimensional frameworks of aerogels, have unveiled fresh and 
appealing possibilities for potential applications. 

With an annual output of approximately 200 billion tons, cellulose 
stands as the most abundant renewable resource on earth (Mankar et al., 
2021). It is the main structural component of plant cell walls and confers 
them mechanical strength and chemical stability. It is a linear carbo
hydrate homopolymer formed by D-glucose units linked together by 
β-1,4 bonds. Through their strong inter- and intra-chain Van der Waals 
hydrogen bonding, compact cellulose fibrils are formed, which can be 
oriented differently, resulting in various levels of crystallinity 
(Ummartyotin and Manuspiya, 2015). Cellulosic materials with a 
dimension in the nanometer range are generally referred as nano
cellulose. Nanocelluloses combine the important properties of cellulose, 
such as high specific strength, biodegradability, biocompatibility, and 
hydrophilicity, with the specific characteristics of nanoscale materials 
(Moon et al., 2011). 

The evolution in nanotechnology turns the extraction of nanoscale 
structured materials from cellulose into a worldwide challenge. Nano
cellulose, the nanoscale fibrillary crystalline domains derived from 
cellulose, is generally classified in three types: cellulose nanocrystals 
(CNCs), bacterial nanocellulose (BNC), and cellulose nanofibrils (CNFs) 
(Moon et al., 2011). CNCs are composed by crystalline cellulose frag
ments, in which amorphous regions are specifically eliminated via acid 
hydrolysis of glycosidic bonds. BNC originates from the transformation 
of glucose molecules into cellulose nanofibrils through various bacterial 
species. CNFs are thread-like fragments encompassing both amorphous 
and crystalline domains. It usually synthesized using several mechanical 
extraction processes involving microfluidization, grinding, and ultra
sonication (Nagarajan et al., 2020). 

3.1. Synthesis of nanocellulose aerogels 

Nanocelulose-based aerogels are produced in a series of well-defined 
stages. The production includes the following procedures: (i) nano
celullose dispersion, (ii) gelation of nanocellulose, (iii) elimination of 
solvent (ambient drying, freeze drying, or supercritical drying) preceded 

by solvent exchange. 

3.1.1. Dispersion and gelation of nanocellulose 
The preparation of nanocellulose hydrogels involves dispersing of 

nanocellulose in water, achieved through ultrasonic or mechanical 
techniques. Nanocellulose has a well-defined crystalline structure, 
enriched in surface with hydroxyl groups subjected to strong inter- and 
intramolecular hydrogen bonds (Xiao et al., 2015). These chemical in
teractions contribute to the self-aggregation and the entanglement of 
cellulose nanocrystals (CNCs) or cellulose nanofibrils (CNFs). Therefore, 
the dissolution of CNCs or CNFs in water, lead to a 3D network formed 
through hydrogen bonding and entanglement of long fibrils. A more 
stable aqueous dispersion can be formed via electrostatic repulsion by 
introducing negatively charged groups onto the nanocellulose surface 
(Fall et al., 2011). These charges allow an increase of the hydrogel 
modulus, thus avoiding shrinkage during the drying process, even at low 
nanocelullose content (Chen et al., 2021). The gelation process leads to 
the formation of a linked polymer network (Liebner et al., 2007). The 
ultimate structure and the speed of hydrogel formation predominantly 
depend on the type of cross-links (whether chemical or physical) 
established among the cellulosic chains (van de Witte et al., 1996). The 
physical cross-links consist in weak forces such as van der Waals forces, 
hydrogen bonding, and hydrophobic or electronic Interactions (Ben
selfelt and Wågberg, 2019). Chemical cross-linking is initiated by 
introducing specific agents into the solution, where they engage in re
actions with nanocellulose, leading to the establishment of covalent 
bonds (Liu et al., 2017). This process can be triggered by various 
methods, including radical polymerization, UV irradiation, Schiff base 
formation, addition, condensation, or enzymatic reactions (De France 
et al., 2017). 

3.1.2. Drying strategies of nanocellulose aerogels from hydrogel 
The drying process is designed to remove the liquid located inside the 

pores. The main issue of this step is to maintain the geometry of the wet 
gel and preventing the disruption of the network formed as a result of 
bending of the air-liquid interface. Indeed, the water present in the pores 
exhibits a relatively high surface tension resulting in a high capillary 
pressure on the pore walls at the gas-liquid interface. Consequently, 
solvent's evaporation may induce the collapse and the destruction of the 
pores (Scherer, 1986). Thus, by decreasing the capillary pressure (P) 
calculated according to the Young-Laplace equation, it is possible to 
limit the shrinkage (Eq. (1)). To this aim, water can be replaced with a 
solvent presenting a lower surface tension (γ), the pore radius (θ) can be 
reduced through an increase of the pore size (r), or even enhanced the 
mechanical properties of the pore walls to obtain well-structured 
materials. 

P =
− 2γcosθ

r
(1) 

Several drying techniques have been developed to eliminate the 
solvent in the pores, while producing a highly porous aerogel network as 
showed in Fig. 3. 

3.1.2.1. Freeze-drying. The freeze-drying process produces open pore 
foam materials, often referred to as “cryogels”, that differs from aerogels 
as the porosity is not mainly framed in the mesoporous range (Buchtová 
and Budtova, 2016). This drying method consists in the sublimation of 
solid, i.e. frozen water, from the nanocellulose hydrogels pores 
(Jiménez-Saelices et al., 2017). Drying through sublimation avoids the 
formation of a liquid/vapor interface and prevent high capillary pres
sure that could deform or collapse the porous structure (Deville, 2010). 
The freeze-drying technique is performed as follows: i) the liquid con
tained in the wet gel is frozen, ii) the pressure is decreased, iii) the frozen 
water inside the pores is sublimated resulting in an interconnected 
porous structure. The nanocellulose concentration, the shape and the 
size of the gel govern the sublimation rate of the liquid present in the 
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pores (Liu et al., 2021). However, the morphology and pores distribution 
of the cryogels mainly depends on the growth of ice crystals in the pores 
which depend on the cooling rate and the crystallization temperature 
(Lavoine and Bergström, 2017). Rapid freezing of the solvent, otherwise 
called homogeneous freezing, corresponds to the immersion of the 
aqueous nanocellulose gel suspension in a liquid nitrogen bath by uni
directional ice shaping. This outcomes in the controlled orientation and 
growth of ice crystals, allowing to preserve the structure of the original 
dispersion. The sublimation of the crystals following homogeneous 
freezing leads to cellular foams with a 3D cellular structure, commonly 
called isotropic foams characterized by small pores sizes and a high 
surface area (Martoia et al., 2016). A slower freezing of the solvent, 
otherwise called ice templating (IT), leads to the segregation of the 
solvent and a dispersed phase during the crystal growth. This affects the 
intrinsic structure of the wet dispersion which leads to very low porosity 
honeycomb structures characterized by the larger pores aligned parallel 
to the freezing direction (Munier et al., 2016). The freeze-drying is an 
environmentally friendly and economically viable technique; allowing 
its use for cryogels production at an industrial scale. However, the for
mation of microcrystals, which turn out to be the dominant structural 
element, alters the fine structure of the gel therefore inhibiting the 
development of a mesoporous network known as aerogel (Buchtová and 
Budtova, 2016). 

3.1.2.2. Supercritical drying. The supercritical drying technique is 
employed for the development of high added-value, ultra-light and 
porous aerogels (Lavoine and Bergström, 2017). This technique has been 
widely demonstrated to be suitable for the development of highly porous 
products, requiring no additional purification steps, using supercritical 
carbon dioxide, and fulfilling industry quality and safety standards 
(Rollins et al., 2002). The supercritical conditions imply the vanishing of 
the gas-liquid interface, thus avoiding pores collapse while keeping the 
porous structure of the wet gel intact. Due to the low solubility of water 
in Sc-CO2, an organic solvent exchange is required before supercritical 
drying. Wet gels are often submerged in ethanol or acetone that are 

miscible with Sc-CO2. This immersion impedes the production of 
capillary pressure during solvent removal. In brief, supercritical drying 
consists in placing the wet gel in a closed and preheated autoclave. Then 
the autoclave is filled with carbon dioxide. The pressure and tempera
ture must exceed the critical temperature and pressure of the solvent 
trapped in the gel pores. By increasing the pressure, the solvation power 
of CO2 increases, making the liquid and vapor phases a single and unique 
phase. Once the pores have been drained by the organic solvent, the 
autoclave is depressurized by opening the outlet valve to collect the 
aerogel. Compared to other drying methods, the supercritical drying 
technique produces nanocellulose aerogels with higher specific surface 
area and lower shrinkage. Zang et al. prepared nanocellulose based 
aerogel via two different drying techniques to examine the effect of 
drying methods on the performance of CNFs aerogels (Wang et al., 
2020). The drying methods yielded materials with different porous 
structures. CNFs aerogels produced by freeze-drying exhibited higher 
shrinkage, lower specific surface area, and higher pores volume as 
compared to supercritical drying. Although improved nanocellulose 
aerogels can be developed via the supercritical drying route, long pro
cessing time, large amount of waste solvent, and high cost production, 
may constitute a roadblock to the aerogel manufacture at the industrial 
scale. 

3.1.2.3. Ambient drying. Ambient pressure drying corresponds to the 
evaporation of the interstitial liquid of wet gels at ambient condition. 
The resulting matrices, referred as “xerogels”, exhibit meso- and 
microporous structures, showcasing high porosity up to 50 %. The low 
density originates from the shrinkage of the network caused by the 
liquid meniscus and the pressure gradient. In fact, the radius of the 
liquid-vapor interface decreases following the evaporation of the solvent 
from the pores. This induced pressure on the pore walls leads to the 
collapse and the shrinkage of the network. The high capillary pressure 
can be reduced using solvent with low interfacial surface tension, i.e. 
ethanol, acetone, or pentane (Svensson et al., 2013). However, since the 
gels are made of nanocellulose with strong intramolecular hydrogen 

Fig. 3. SEM images of cryogel, aerogel and xerogel made from nanocellulose. Adapted from (Buchtová and Budtova, 2016) with permission.  
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bonds, the pressure will be high resulting in further damage to the gel 
structure. Otherwise, the contact angle between the interstitial liquid 
and the pore walls can be reduced by hydrophobizing the nanocellulose 
surface. In the 1990s, low density silica xerogels were produced by 
Deshpande et al. (1992). The chemical modification of the gel pore 
surface by silylation does not lead to a significant collapse of the pores 
responsible for high densification. Indeed, during the evaporation of 
silylated silica gels, a phenomenon referred to as ‘springback’ effect take 
place. Initially, the gel contracts and subsequently nearly returns to its 
original volume as the solvent front recedes. This behavior is attributed 
to the non-condensable species on the pore walls, preventing covalent 
bridging. Inspired by the work done on silica-based xerogels, G. Pour 
et al. have developed cellulose xerogels with high hydrophobicity (Pour 
et al., 2015). The esterification of the cellulose using trityl chloride 
avoided shrinkage. The resultant material exhibited significant porosity 
and low density, comparable to cellulose aerogels derived through su
percritical drying. In summary, ambient drying stands out as a 
straightforward and energy-efficient process for producing cost-effective 
industrial-scale nanocellulose xerogels. However, further study are 
needed to improve the porosity and offer similar properties to aerogels 
achieved by supercritical drying. 

3.2. Characterization of nanocelullose aerogels 

Nanocellulose aerogels are nanostructured porous materials with 
outstanding properties stemming from their low density and extensive 
specific surface area. Appropriate characterization techniques are 
essential for understanding the influence of the different stages of syn
thesis on the final aerogel proprieties. By combining structural and 
physical analysis, it is possible to evaluate the structure-to-property 
relationship, therefore enabling the optimization of production pro
cesses while improving the final product's characteristics. In this section, 
we will provide a concise overview of the methods employed to assess 
the structural, morphological and mechanical properties of nano
cellulosic aerogels. 

3.2.1. Density and porosity 
The final properties of nanocellulose-based aerogels are greatly 

governed by the density and the pore size. These attributes are signifi
cantly impacted by both the synthesis method and the processing 
pathway. For example, the pore size and distribution varies significantly 
according to the drying method. Quantitative and non-destructive 
diffusion techniques are used to investigate the aerogel skeleton and 
its connectivity. 

3.2.1.1. Density measurement. A set of aerogel's properties, such as 
compressive strength and electrical conductivity, are dependent on the 
bulk density. Density measurement of aerogels can be divided into two 
physical parameters: the envelope density ρe and the skeletal density ρs 
(Reichenauer, 2011). The envelope density is applied for aerogels of 
regular shape such as cubes and cylinders. In this case, the volume can 
be estimated by dimensional analysis (i.e. measuring the dimensions of 
the aerogel with a compass) or by using the GeoPyc device. The mass is 
usually measured with a microbalance as most of aerogels are light
weight due to their very low density. Thus, ρe is expressed as the ratio of 
mass to volume of the material. On the other hand, the skeletal density 
corresponds to the total volume of nanoparticles composing the aerogel. 
In this case, an approximate volume can be obtained using a helium 
pycnometry technique (Ayral et al., 1992). Since helium has smallest 
atomic radius of any Earth's element, this monoatomic gas goes into all 
open pores without any interaction with the substrate. However, the 
impact of adsorbents present on the aerogel's surface may be neglected 
through this method. In the case of nanocellulose-based aerogel, a strong 
affinity exists between cellulose and hydroxylated systems, especially 
for small molecules such as water (Moon et al., 2011). Water aggregates 

adsorb onto the outer surface of the aerogel may affect the density 
measurement. 

3.2.1.2. Nitrogen sorption. The structure of aerogels is governed by 
specific surface area and pore size distribution. Typically, nitrogen 
adsorption/desorption isotherms are employed for the purpose of con
ducting pore analysis (Scherer, 1998). The profile of the isotherm allow 
to draw quantitative information about the specific surface area and the 
pore size distribution for each porous sample. Gas sorption analysis in
vestigates interactions between nitrogen gas and the adsorbent (Wang 
et al., 2016). These interactions take place when nitrogen is adsorbed 
within the microspores, forming mono- and multilayers on the inner 
surface of the aerogel. Adsorbed gases and vapor such as water mole
cules are removed from the sample by applying heat and vacuum prior 
to the measurement. Then, the aerogel is placed in a vacuum analysis 
tube and cooled to 77 K (liquid nitrogen N2). Nitrogen gas is charged 
into the aerogel with controlled released. After each increment, the 
system reaches a stable state and the volume of adsorbed gas is 
measured. Equilibrium measurements are performed until adsorption 
ends and saturation pressure is reached. During the analysis an isotherm 
is plotted showing the specific amount adsorbed as a function of relative 
pressure (Nitrogen partial pressure over the saturation pressures). The 
low-pressure region corresponds to microspores adsorption, while the 
higher-pressure regions corresponds to mono- and multilayer adsorption 
(Horvat et al., 2022). Therefore, the surface area of the aerogel can be 
quantified by the Brunauer–Emmett–Teller (BET) equation that provides 
a theoretical relation between the volume of gas adsorbed and the vol
ume of gas required to form a monolayer (Brunauer et al., 1938). Thus, 
the BET's surface area can be calculated using the adsorbed volume 
measurements in the monolayer segment. The pore size distribution of 
meso- and macroporous aerogels can be measured by applying the 
Barrett-Joyner-Halenda (BJH) model (Joyner et al., 1951). This 
approach is based on the kelvin-equation which relates the pore size to 
the pore condensation pressure. In the case of microporous aerogels, the 
pore size distribution is quantified by Density Functional Theory (DFT) 
method (Lastoskie et al., 1993). 

3.2.2. Morphology 
The evaluation of the pore morphology and the 3D structure of 

aerogels requires the synergy of several techniques. Scanning electron 
microscopy (SEM) and X-Ray tomography are techniques capable to 
provide quantitative informations on the shape and the porous 
morphology of aerogels. 

3.2.2.1. Scanning electron microscopy. Nanocellulose-based aerogels are 
open mesoporous structures. Scanning electron microscopy (SEM) al
lows the investigation of pore shapes and aerogel interconnected 
structures. SEM images are produced by scanning the aerogel surface 
with a focused beam of electrons. These electrons interact with the 
material atoms, producing various signals bearing information about the 
surface topography (Pajonk et al., 1996). However, although the pores 
are clearly observable in the SEM images, the accurate measure of the 
pore size is often limited due to irregular pore shapes. 

3.2.2.2. X-ray tomography. X-ray tomography is a non-destructive 
method employed for the 3D-visualization and characterization of 
matter, as shown in Fig. 4. This method exploits the penetrating power 
of X-rays to obtain a series of two-dimensional radiographs of the object 
recorded across different directions. From these 2D X-rays projections it 
is possible to stack transverse slices into a 3D assembly by using a 
reconstruction algorithm (Ganesan et al., 2016). X-ray tomography is a 
very powerful tool to visualize the three-dimensional, monolithic, and 
porous structure of aerogels. 
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3.2.3. Mechanical characterization 
To develop an aerogel for load-bearing uses, it is important that the 

material exhibit suitable mechanical properties. However, standards for 
mechanical tests specific to aerogels are not defined so far. The prop
erties of nanocellulose-based aerogels are usually tested by uniaxial 
compression test (Zhou et al., 2019). This test quantify the recovery rate 
and the stress-strain curves across three distinct regions: i) the low-strain 
linear elasticity region where pore wall deformation occurs, ii) the 
plateau region of moderate strain where rapid pore collapse occurs, and 
iii) the high-strain densification region where collapsed pores begin to 
compress against each other resulting in hardening. Nanocellulose- 
based aerogels often exhibit good mechanical performance due to the 
inherent high strength of the cellulose nanofibers. In principle, aerogel's 
high mechanical strength is mainly due to its high density (Sehaqui 
et al., 2011). 

3.2.4. Thermal conductivity 
Aerogels are highly porous materials with very low thermal con

ductivity making them excellent candidates as thermal insulators. The 
thermal conductivity is usually measured in the in-stationary regime 
where the conductivity and the diffusivity are measured simultaneously 
(Illera et al., 2018). This measurement is performed either by hot wire or 
hot plate methods. In the hot wire method, a wire (usually made of 
platinum) is placed between two aerogel disks acting as a temperature 
sensor (Coquard et al., 2006). The wire is heated and the temperature is 
measured as a function of time. In the hot plate method, the material is 
placed between two plates: one of them is heated and the other one 
serves as a thermal sensor (Rottmann et al., 2020). The temperature 
increases and the heat flow is recorded on the control plate. In both 
approaches, the thermal conductivity is derived from the recorded 
thermograms. Nonetheless, as the thermal conductivity of aerogels is 
inherently low, the values acquired through both devices generally show 
variations and errors due to the imperfections of the assembly. Thus, the 
values of conductivity can vary up to 20 % for the same aerogel. 
Reducing the measurement error of aerogel thermal conductivity can be 

achieved by conducting measurements on various sections of the aero
gel. Indeed, aerogels exhibit anisotropic properties, meaning that the 
porous structure and pore distribution may vary from one section to 
another, resulting in different thermal conductivities along different 
directions. Conducting measurements in multiple orientations and 
providing an average value, can enhances the reliability of the obtained 
thermal conductivity values. 

3.2.5. Electrical conductivity 
Nanocellulose-based aerogels are suitable for microwave- 

transmission systems stemming from their low electrical conductivity 
(Long et al., 2018). For energy storage devices, the incorporation of 
conductive materials such as carbon nanotubes is further required to 
improve the conductivity of nanocellulose aerogels (Pääkkö et al., 
2008). Generally, electrical conductivity measurement is done by the 
four probe method (Shen et al., 2004). The measuring head is specially 
designed for low-resistance materials (conductors and semiconductors). 
The four probes are vertically arranged with equal spacing between each 
probe. A current flows through the outer pins, resulting in a measurable 
potential difference between the inner pins. This potential difference 
depends on the surface resistance of the aerogel and its structure. 

4. Overview of the aerogels CO2 adsorption mechanism 

Aerogels exhibit versatile structural properties, making them as ideal 
candidates for a range of carbon capture applications (Keshavarz et al., 
2021). Their porous structure offers a high specific surface area, which 
can promote interactions with CO2 molecules. Manipulation of their 
distinct textural attributes is possible by modifying synthesis and pro
cessing conditions (Lavoine and Bergström, 2017). In addition, a thor
ough understanding of the adsorption mechanism, including kinetic and 
isothermal models, allows an assessment and optimization of CO2 
adsorption selectivity and efficiency. 

Fig. 4. Schematic representation of an X-ray assembly and a μ-computed X-ray tomography (μ-CT) image of calcium thiocyanate-stained cellulose aerogel. Adapted 
with permission from (Ganesan et al., 2016). 
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4.1. CO2 adsorption mechanism 

Adsorption is a surface separation phenomenon that take place when 
a gas, a liquid, or a solid adheres to the surface of a material (adsorbent) 
(Kecili and Hussain, 2018). The adsorption process of CO2 by an aerogel 
involve the interaction of gas molecules with the aerogel surface by 
physical forces or chemical bonds (Scherer, 1998). Physical adsorption 
occurs through weak Van der Waals interactions (Aljamali et al., 2021). 
Chemical adsorption takes place as valence electrons exchange between 
the atoms on the surface of the aerogel and CO2 molecules to form a 
strong covalent bond (Sai Bhargava Reddy et al., 2021). In the adsorp
tion process, the aerogel's properties such as the pore size, the polarity, 
and the surface structure; govern the type of interaction between the gas 
and the solid (Nakao et al., 2019). Therefore, the type, the synthesis, and 
the processing conditions of aerogels are the key points in CO2 adsorp
tion. Specifically, these adsorbents need to demonstrate high adsorption 
capacity, thermal stability, fast adsorption kinetic, gas selectivity, and 
easy regeneration. However, the interaction between CO2 and the aer
ogel should not be too strong, as this may lead to an irreversible 
adsorption, and consequently single-use adsorbent. 

4.1.1. Adsorption isotherms 
Adsorption isotherms quantify the equilibrium-state interactions 

between adsorbates and adsorbents. These curves describe the amount 
of CO2 adsorbed on the aerogel as function of the pressure at constant 
temperature. In general, the adsorption process involves a series of 
stages: (i) CO2 molecules diffusing toward the surface; (ii) CO2 diffusion 
into the pores of the aerogel; (iii) interaction with active sites; and (iv) 
the creation of an adsorbent layer on either the pore surface or walls 
(Nakao et al., 2019). Adsorption isotherms enable the prediction and the 
comparison of aerogels adsorption performance. These isotherms 
quantify the interactions of the CO2 with the aerogel. The strength of the 
interaction is commonly indicated by the isosteric heat of CO2 adsorp
tion, which can be computed from CO2 adsorption isotherms collected at 
varying temperatures through the utilization of the Clausius-Clapeyron 
equation (Keshavarz et al., 2021). Thus, by optimizing the aerogel's pore 
size and surface chemistry, the isosteric heat can be adjusted. Therefore, 
adsorption isotherms are essential to design effective adsorption sys
tems. So far, 15 different isotherm models have been developed to study 
the adsorption behavior (Keller and Staudt, 2005). Among them, 
Langmuir, Freundlich, Dubinin-Radushkevich, Sip, Halsey Temkin, or 
Redlich-Peterson isotherm models are frequently used. The Langmuir 
model stands as the fundamental theoretical approach of isotherms (Eq. 
(2), Table 1). It is the most commonly used model for quantifying CO2 
adsorption on nanocellulose-based aerogels, followed by the Freundlich 
model (Eq. (3), Table 1) (Ho and Leo, 2021). The Langmuir model de
scribes adsorption by the formation of an adsorbate monolayer on the 
aerogel's surface in which all sorption sites are identical. The isothermal 
Freundlich model relies on the heterogeneity and the multilayer 
adsorption mechanism. Generally, the adsorption takes place at sites 
with varying adsorption energies. 

4.1.2. Adsorption kinetics 
Quantification of the adsorption kinetics enables the prediction of 

the adsorption rate and the time required to reach the equilibrium state. 
The adsorption kinetic equation is assumed to follow the behavior of a 
heterogeneous chemical reaction at the gas-solid interface (Nakao et al., 
2019). A plethora of adsorption kinetic models describing the operation 
of the adsorption process have been reported (Kecili and Hussain, 2018). 
These models describe the diffusion rates, the progression of the 
chemical interaction, and the mass transfer processes (Anas et al., 2017; 
Keshavarz et al., 2021). Pseudo-first order kinetic model is mainly used 
for adsorption processes governed by physisorption and controlled by 
surface diffusion (Eq. (4), Table 1). The pseudo-second order kinetic 
models based on the assumption that chemisorption is the rate-limiting 
step in the adsorption processes at the gas-solid interface (Eq. (5), 
Table 1). However, these models do not include the diffusion mecha
nism. Indeed, Romero et al. illustrate that in cases where adsorbed 
particles are sizable or the intrinsic reaction rate outpaces the diffusion 
rate of adsorbed species within pores, intra-particle diffusion constrains 
the adsorption rate (Guarín Romero et al., 2018). Consequently, alter
native models have been designed to encompass several adsorption 
stages and include mutually surface and intra-pore diffusion (Martín 
et al., 2016). 

4.2. Factors affecting the CO2 adsorption 

The capacity for adsorption is significantly controlled by the in
teractions between the aerogel and CO2 molecules. These interactions 
are governed by several factors, such as the texture, the aerogel's surface 
chemistry, the moisture tolerance, the temperature, or the CO2 flow 
pressure. Thus, the development of efficient CO2 adsorbents requires a 
rational conception considering both thermodynamic and kinetic fac
tors. In this section, we will highlight the factors that can improve the 
interactions and increase the rate of CO2 adsorption. 

4.2.1. Aerogels structure 
The adsorption of CO2 by aerogels occurs through Van der Waals 

forces, electrostatic interactions, and/or the establishment of chemical 
bonds. Previous studies have indicated that the CO2 adsorption capacity 
of porous materials is contingent upon the existence of certain micro
pore structure (Querejeta et al., 2018). Generally, micropores can be 
categorized into ultramicropores (pore size <0.7 nm) and super
micropores (pore size ranging from 0.7 to 2.0 nm). The ubiquity of 
ultramicropores compared to larger pores significantly improves the 
CO2 adsorption capacity (Yurduşen et al., 2020). Indeed, as the pore size 
decreases, the intermolecular force generated between adjacent walls 
intensifies. During the process of adsorption, the potential fields of these 
neighboring barriers intersect, thereby elevating the interaction energy 
between CO2 and the adsorbent (Querejeta et al., 2018). Thus, theses 
stronger interactions lead to higher adsorption capacity. Nevertheless, 
aerogels based on nanocellulose feature a porous structure comprising a 
combination of meso- and macropores. Only a few studies have reported 

Table 1 
Isotherm models used for quantifying CO2 adsorption on nanocellulose-based aerogels.  

Model Expression Parameters Eq. 
N◦

Isotherm Langmuir qe =
qm KL Ce

1 + KL Ce 

qe: amount of adsorbate in the adsorbent at 
equilibrium (mg⋅g− 1) 
Ce: equilibrium concentration (mg⋅L− 1) 

KL: Langmuir isotherm constant (L⋅mg-1) 
qm: maximum monolayer coverage capacities (mg⋅g− 1) 

(2) 

Freundlich 
qe = Kf C

1
/n

e 

kf: Freundlich isotherm constant related to adsorption 
capacity (mg⋅g− 1) (L⋅g− 1)1/n 

n: Freundlich isotherm constant related to adsorption 
intensity 

(3) 

Kinetic Pseudo-first 
order 

q =

qe
(
1 − e− tK1

)
q: adsorption per mass of adsorbent (mmol⋅g− 1) 
qe: adsorption amount per unit mass of adsorbent at 
equilibrium (mmol⋅g− 1) 

K1: pseudo-first order rate constant (min− 1) (4) 

Pseudo-second 
order q =

q2
e K2t

1 + qeK2t  
K2: pseudo-second order rate constant (mmol⋅g− 1⋅min− 1) (5)  
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the effect of the pore size and the specific surface area on the adsorption 
capacity of mesoporous sorbents such as nanocellulose-based aerogels. 
However, Chen et al. have studied the effect of the pore size on CO2 
adsorption capacity of tetraethylenepent-amine/carbon aerogels (Chen 
et al., 2019). This study come to the conclusion that enhancing pore size 
enhances adsorption kinetics, as higher pore volume facilitates the 
efficient transport of gas molecules into the aerogel pores. As regards to 
the effect of the specific surface area, it is generally assumed that a 
higher pore number is favorable to CO2 mass transfer. Anas et al. 
quantified the CO2 absorption performance of various aerogel types as a 
function of their specific surface area, pore diameter, and pore volume 
(Anas et al., 2017). The goal of the study was to evaluate the relationship 
between CO2 physisorption and textural properties. Outcome of the 
study revealed that CO2 adsorption correlated well with the increase of 
the mesoporous area of each aerogel. It is clear from these studies that 
the capture capacity does not only depend on the pore size distribution 
but also on the specific surface area and the total pore volume. 

4.2.2. Surface functionalization effect 
The Aerogel/CO2 interactions also plays a pivotal role in influencing 

the adsorption capacity. Enhanced interactions can be achieved by 
functionalizing the pore surface to improve affinity with CO2 molecules. 
The mechanism of CO2 adsorption on the amine-functionalized aerogel 
is illustrated in Fig. 5. CO2 is a weak Lewis acid containing an empty 
orbital capable of accepting a pair of electrons from a Lewis base. The 
nitrogen atom can act as a Lewis base by contributing its unpaired pair of 
electrons (Said et al., 2020). Thus, the grafting of amine group on the 
aerogel surface generates quadrupole moment interactions between the 
CO2 molecules and the polar nitrogen element, resulting in an increased 
adsorption capacity. The surface functionalization can be prepared by 
one-pot approaches or post-synthetic methods (Kong et al., 2014). The 
later technique consists in the preparation of the aerogel followed by the 
surface functionalization. The post-synthetic technique is commonly 
used, as it allows easy control of the substrate's textural properties 
(Wörmeyer et al., 2012). The type of amine can also strongly influence 
the CO2 capture efficiency of the modified aerogels. Thus, a high amine 
loading is favorable to a high adsorption capacity. Linneen et al. eval
uated the CO2 adsorption capacity of aerogels grafted with mono-, di- 
and tri-amino silanes (Linneen et al., 2014). It was shown that as the 
number of amine units per silane increases (i.e. tri > di > mono), the 
quantity of grafted nitrogen increases, and consequently the CO2 
adsorption capacity increases. However, overloading the aerogel with 
amine can lead to aerogel shrinkage, destroy the pore structure and 
block the network between the pores (Linneen, 2014). 

4.2.3. Humidity effect 
Humidity can also affect the CO2 adsorption capacity of aerogels. 

During adsorption in humid conditions, CO2 molecules can link with 
amine groups to produce carbamates intermediates (Yu et al., 2018). 
The reaction mechanism differs from the type of amine groups, the 
amine charge, and the moisture content. Several studies revealed that 
moisture influence the adsorption capacity of CO2 (Zhang et al., 2017). 
In dry conditions, a pair of amine moles react with one CO2 mole, 
forming alkylammonium carbamate zwitterions. In the presence of 
moisture, two possible side-reaction occurs leading to bicarbonate or 
carbamic acid functionalities. Therefore, complexation improves the 
amine's efficiency with a stoichiometric ratio of 1:1 between amine and 
CO2 (Said et al., 2020). In addition, the co-adsorption of some water 
present in the gas stream lead to an increase of the sorbent stability. In 
fact, the water will inhibit the formation of unwanted urea during the 
regeneration process (Kong et al., 2014). However, excessive moisture 
content can induce adverse changes in the microstructure of the adsor
bent (pore clogging), or severely affect the energy requirement at the 
regeneration process to remove the adsorbed water. 

4.2.4. Temperature effect 
The temperature has a noteworthy effect on the adsorption kinetics. 

Raising the reaction medium's temperature should result in the increase 
of the average rate of the gas particles. Then, the increase of the average 
velocity would therefore lead to an increase of the kinetic energy of the 
system, and thus increase the adsorption capacity (Anas et al., 2017). 
However, some researchers have shown that the quantity of adsorbed 
CO2 declines with increasing temperature (Marques et al., 2016). This 
tendency could be explained by the decrease of covalent interactions 
between amine groups and CO2 at high temperature. To prevent this 
trend, it is possible to predict the optimal adsorption temperature from 
adsorption isotherms at different temperatures. In general, the transition 
from the gas to the adsorbed state, so called adsorption, is an exothermic 
process. With respect to Le Chatelier's principle, the quantity adsorbed at 
the equilibrium state must therefore be compensated either by the 
decrease of the temperature or by the increase of the pressure. Indeed, 
an exothermic reaction must be attenuated by an endothermic mecha
nism. However, lower temperature of adsorption can also slow down the 
mass transfer and thus decrease the adsorption capacity of the system 
(Kong et al., 2014). Therefore, the most optimal temperature range for 
the adsorption system must be carefully defined. 

4.2.5. Pressure effect 
Numerous studies have reported an increase in the adsorption 

Fig. 5. Diagram illustrating the physisorption and chemisorption processes of CO2 adsorption on aerogels.  
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capacity of aerogels with rising pressure (Anas et al., 2017). The global 
volume of the adsorbent decreased when a gas is adsorbed on surface. 
Thus, based on Le Chatelier's principle, the application of a stress (such 
as a change in pressure) on a system will shift the equilibrium state to
ward a new state that will counteract the applied stress. To face the 
increase in pressure, the system will tend to reduce the number of 
molecules in the gas phase, thereby increasing the adsorption capacity of 
CO2 on the adsorbent surface. Other parameters that may influence the 
adsorption capacity such as contact time or CO2 concentration have 
been barely investigated (Kong et al., 2016). 

5. CO2 adsorption using nanocelluose aerogels 

Nanocellulose aerogels have several outstanding attributes including 
good mechanical properties, low density, and high specific surface area 
fully accessible to gas capture. Their adaptability is particularly note
worthy in tasks involving the adsorption and separation of CO2 in mixed 
gases (Zhu et al., 2024), as well as their use as effective air filters 
(Sepahvand et al., 2023). However, pure nanocellulose has poor affinity 
for CO2 molecules (Zhang et al., 2019). The sorbent-sorbate affinity is a 
critical factor for the adsorption capacity. Improving these affinities is 
important to produce a nanocellulose-based aerogels with an efficient 
CO2 adsorption capacity. For this purpose, Wei et al. developed CO2 
adsorbents based on freeze-molded CNFs aerogels impregnated with 
acetylated CNCs fixed via a capillary force process (Wei et al., 2020). 
The modified CNCs with acetyl groups on the surface contribute to a 
better CO2 affinity. In fact, the addition of oxygen molecules provides an 
attractive and rich electron site favorable to CO2 binding (Fig. 6). 
Functionalized aerogels exhibit improved mechanical performance and 
a better CO2 adsorption (1.4 mmol⋅g− 1). Another technique to improve 
CO2/aerogel interactions is to develop high performance carbon ad
sorbents produced from lignocellulosic biomass. Recently, Geng et al. 
have successfully developed biobased aerogels from lignin and cellulose 
nanofibers (CNFs) materials (Geng et al., 2021). The resulting adsor
bents demonstrate great potential for the CO2 capture. Lignin, which is 

the main component conferring the rigidity and strength to plant cell 
walls, has a high content of aromatics and hydroxyl groups beneficial for 
CO2 adsorption processes. The derived monolithic organic aerogels 
show a hierarchical porous structure with homogeneous macrospores 
favorable to a fast adsorption kinetic (Fig. 6). The final pore structure 
and properties varied with the lignin/CNFs ratio, the solids content of 
the starting suspension, and the carbonization time. The monolithic 
carbon adsorbent developed from a 85:15 lignin:CNFs ratio carbonized 
during 1 h exhibit efficient CO2 adsorption capacity (4.49 mmol⋅g− 1), in 
a similar range than carbonaceous adsorbents synthesized via complex 
procedures. 

Innovative pathways have been explored to enhance the CO2 
adsorption capacity by functionalizing nanocellulose aerogels using 
amine groups or by incorporating materials known for large adsorption 
capacity. In the following section, the progress achieved to increase the 
adsorption capacity of nanocellulosic aerogels, from functionalization to 
composite development, will be discussed. 

5.1. Functionalization of nanocellulose aerogels for CO2 adsorption 

The hydroxyl-rich nanocellulose surface can be grafted with a 
myriad of aminosilane groups. The surface functionalization can be 
induced by gas or aqueous phase methods. Various techniques for the 
amine functionalization of aerogels are reported in Table 2. N-(2-ami
noethyl)-3-aminopropylmethyldimethoxysilane (AEAPMDS) was used 
to modify cellulose nanocrystal extracted from poplar residue (Wu et al., 
2017). The modification was performed in aqueous phase under ultra
sound irradiation. The aerogel was obtained by supercritical drying. The 
AEAPMDS-based CNCs aerogel exhibits a BET surface area of 287 
m2⋅g− 1, allowing CO2 adsorption up to 2.6 mmol⋅g− 1 at 273 K. Similarly, 
AEAPMDS was grafted onto a spherical CNCs hydrogel using an aqueous 
phase heat treatment (Zhang et al., 2019). The aerogel was produced by 
a tert-butanol solvent exchange and freeze-drying. The resulting porous 
materials present a lower specific surface area (77 m2⋅g− 1) as compared 
to the CNCs aerogel prepared by supercritical drying. The lower specific 

Fig. 6. Illustration of the synthesis procedure for nanocellulose aerogels as CO2 adsorbents: 1) CNFs aerogel impregnated with acetylated CNCs: a1) Adsorption 
isotherms of the CNF-X-a-CNC aerogel, b1) Schematic illustration of CO2 breakthrough equipment, c1) Graphs illustrating breakthrough curves of CNF-X-a-CNC 
aerogel. Reproduced from (Wei et al., 2020) with permission, 2) Functionalization reactions of cellulose with amines for enhanced CO2 adsorption. 3) a3) Pro
duction process and illustrations of lignin/CNF aerogel, including, b3) lignin/TOCNF suspensions, c3) lignin/TOCNF precursors, and d2) LTCAs. Reproduced from 
(Geng et al., 2021) with permission, 4) Modelled molecular dynamics configurations of CO2 adsorption onto CNF/PVA/GO aerogel: a4) representation of aerogel's 
available volume, b4) Monte Carlo simulation (sorption module) determining molecule count in the system, c4) graph depicting relative motion between aerogel and 
CO2, and d4) diffusion curve illustrating CO2 movement within aerogel. Reproduced from (Zhang et al., 2022) with permission. 
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surface area results from the pore shrinking which prevents the struc
tural stability of the aerogel. Thus, the CO2 adsorption capacity reaches 
1.68 mmol⋅g− 1 under normal temperature and pressure conditions. The 
improved adsorption capacity of APEDMS-functionalized nanocellulose 
aerogel inspired Zhang et al. to graft aminosilane functions onto CNCs 
by a gas-phase modification method (Zhang et al., 2020). The ultra
sonically dispersed CNCs suspension was dropped in CaCl2 solution, and 
the resulting spherical wet gel was replaced by tert-butyl alcohol and 
finally dried using freeze-dryer technique. Then, functionalized CNCs 
aerogel was obtained through APEDMS gas-phase grafting. Usually, the 
aminosilane is dissolved in the solvent in the aqueous-phase method 
(Zhang et al., 2019). This dissolution favors its self-condensation 
resulting in high consumption of aminosilane and low modification 
rate. Therefore, using chemical vapor deposition to obtain aminosilane- 
based CNCs aerogel not only improve the efficiency of the chemical 
modification, but also provide higher CO2 adsorption capacity. Conse
quently, the resulting CNCs aerogel achieved a significantly improved 
CO2 adsorption capacity, reaching 1.59 mmol⋅g− 1, 7 times higher than 
the unmodified aerogel (0.19 mmol⋅g− 1). However, this absorption rate 
remains in the same range than AEAPMDS-grafted aerogels using the 
aqueous phase route. This slightly lower adsorption capacity may orig
inate from the pore clogging which results in a reduction of the specific 
surface area by almost 50 %. To overcome this effect, Xu et al. modified 
CNCs using an aminosilane of intermediate chain length (Xu et al., 
2021). The CNCs suspension was ultrasonicated to form a uniform CNCs 
colloid. CNCs wet gel beads were prepared and then gelled in an aqueous 
CaCl2 solution. Subsequently, the cellulose nanocrystal hydrogel beads 
underwent a series of steps involving solvent exchange to attain the 
alcogel state, followed by freeze-drying. The CNCs aerogel was finally 
functionalized using 3-aminopropyl-methyl diethoxysilane (APMDS) via 
a vapor phase reaction. Pretreatment with triethylamine has proved to 
significantly improve the functionalization efficiency and reduce the 
temperature of the grafting reaction. The amine loading of the CNCs 
aerogel was up to 7.06 mmol⋅g− 1. Chemical adsorption significantly 
dominated on the CNCs aerogel with a total adsorption capacity of 2.57 
mmol⋅g− 1 (room temperature, P = 101.33 kPa), higher than previously 
reported nanocellulose-based adsorbent. Later, Jia et al. studied the ef
fect of aerogel synthesis methods on the functionalization and adsorp
tion rate (Jia et al., 2022). CNCs aerogels produced by freeze-drying and 

CO2 supercritical drying were coated with APMDS by a vapor phase 
reaction. The grafting occurred only on the CNCs surfaces resulting in a 
similar amine loading on the two pristine CNCs aerogels (about 7.2 
mmol⋅g− 1). The CNCs aerogel formed by CO2 Sc-drying had a higher 
BET's specific surface area (SBET) and pore volume size than the CNCs 
aerogel dried using freeze-drier. Following the modification, there was a 
noticeable decrease in the microstructure parameters of the aerogels. 
These changes were attributed to the pore blocking by the grafted 
APMDS. At low pressures, CNCs-Sc-CO2 aerogel showed slightly higher 
CO2 adsorption than CNCs-FD, probably due to the higher specific sur
face area. At higher pressures, chemical adsorption by the introduced 
amine groups was predominant over physical adsorption. The total CO2 
uptakes for both modified aerogels reached 2.5 mmol⋅g− 1 (room tem
perature, P = 100 kPa). 

Using similar strategies, cellulose nanofibers (CNFs) have been suc
cessfully modified to develop high performance CO2 adsorbents. 
Compared to CNCs aerogels, CNFs aerogels exhibit uniform pore size 
distribution, better thermal stability, and superior physical and me
chanical properties (Zhu et al., 2021). Gebal et al. have developed CNFs- 
based aerogels obtained by a two-step mechanical isolation process 
(Gebald et al., 2014). The CNFs were functionalized with 3-aminopro
pylmethyldiethoxysilane (APDES). The suspension of aminosilane- 
modified nanofibers was then poured in liquid N2 and freeze-dried. 
The nitrogen content and SBET of APDES-CNF were measured at 4.2 
mmol⋅g− 1 and 7.5 m2⋅g− 1, respectively. Despite the relatively low spe
cific surface area, the increased loading of functional groups of APDES- 
CNFs enable a CO2 adsorption capacity of 1.1 mmol⋅g− 1 (room tem
perature, P = 0.04 kPa). At higher pressures, a maximum of the CO2 
adsorption was observed, reaching up to 2.3 mmol⋅g− 1 at 100 kPa. In 
comparison to the CO2 adsorption performed under dry conditions, 
moisture slightly enhances the capture efficiency. To quantify moisture 
impact on adsorption capacity of amine-functionalized aerogels, the 
same research team developed adsorbents synthesized from the freeze- 
drying of an aqueous suspension of nanofibrillated cellulose (NFC) 
and AEAPDMS (Gebald et al., 2011). The CO2 absorption rate was 
measured using wet air adsorption at 40 % relative humidity. The amine 
functionalization drastically reduced the SBET from 26.8 to 7.1 m2⋅g− 1 

for the native and modified aerogel, respectively. However, even if the 
SBET is relatively low as compared to other systems, the CO2 capture 

Table 2 
Summary of nanocellulose aerogel and their CO2 capture capacity.  

Support Dried method Amine 
functionalization 

Functionalization 
method 

SBET
a 

(m2⋅g− 1) 
Vtotal

b 

(Cm3⋅g− 1) 
Tc 

(◦C) 
Pd 

(bar) 
Adsorption 
capacity 
(mmol⋅g− 1) 

Ref 

CNFs/ 
CNCs 

Freeze-drying – CNCs acetylated 21.04 – 0 1 1.14 (Wei et al., 2020) 

Lignin/ 
CNFs 

Freeze-drying – – 126 – 25 1 4.49 (Geng et al., 2021) 

CNCs Supercritical- 
drying 

AEAPMDS Liquid-phase 287.33 0.43 0 
25 

1 
1 

2.6 
1.7 

(Wu et al., 2017) 

CNCs Freeze-drying AEAPMDS Liquid-phase 77 0.60 25 3 1.68 (Zhang et al., 2019) 
CNCs Freeze-drying AEAPMDS Gas-phase 110.4 0.82 25 1 1.59 (Zhang et al., 2020) 
CNCs Freeze-drying AEAPMDS Gas-phase 29.14 0.15 25 1 1.50 (Zhu et al., 2020) 
CNCs Freeze-drying APMDS Gas-phase 95.2 0.41 25 11 2.57 (Xu et al., 2021) 
CNCs Supercritical- 

drying 
Freeze-drying 

APMDS Gas-phase 150.7 
66.3 

0.64 
0.38 

25 1 2.50 
2.45 

(Jia et al., 2022) 

CNFs Freeze-drying APDES Liquid-phase 7.5 – 25 1 2.3 (Gebald et al., 2014) 
CNFs Freeze-drying AEAPMDS Liquid-phase 7.1 – 25 1 1.39 (Gebald et al., 2011) 
CNFs Freeze-drying AEAPMDS Liquid-phase 36.4 0.177 20 1.35 1.78 (Liu et al., 2018) 
CNFs Freeze-drying AEAPMDS Liquid-phase 51.8 0.19 25 1 1.91 (Wu et al., 2018) 
CNFs Freeze-drying APMDS Liquid-phase 59.2 0.22 0 1 2.4 (Li et al., 2020) 
CNFs Freeze-drying Phthalimide Liquid-phase 335 60.3 25 0.2 5.2 (Sepahvand et al., 

2020)  

a BET surface area. 
b Pore volume. 
c Temperature. 
d Pressure. 
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reach 1.39 mmol⋅g− 1 for the functionalized aerogel, a value slightly 
higher than the dry flow adsorption. To improve the SBET, Liu et al. 
developed functionalized, ultralight, and spherical aerogels by a sus
pension titration method using an efficient amination process (Liu et al., 
2018). CNFs were firstly extracted from eucalyptus pulp, then formu
lated by ultrasonication method, and subsequently gelified using a CaCl2 
solution. Spherical CNFs-hydrogels were then introduced into an 
aqueous solution of AEAPMDS with different mass fraction. Following 
the chemical grafting, the spherical aerogels were finally obtained by 
solvent exchange with tert-butanol and freeze-drying technique. Amino- 
modified spherical CNFs-based aerogels exhibited outstanding thermal 
stability and high nitrogen content (5.4 %). The aerogel displays larger 
specific surface area (SBET = 36.4 m2⋅g− 1) and enhanced CO2 absorption 
capacity (up to 1.78 mmol⋅g− 1). Li et al. have described the impact of the 
reaction parameters on the amine loading while functionalizing CNFs 
with N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane (APMDS) 
(Li et al., 2020). CNFs were dispersed and subjected to functionalization 
with APMDS in various environmentally-friendly solvents. Then, amine- 
functionalized colloidal CNFs gel was immersed in liquid N2 and freeze- 
dried. The effects of the main reaction parameters including APMDS 
mass fraction, reaction time, temperature, and stirring rate on the amine 
loading were studied during CNFs functionalization. The highest amine 
loading was obtained when TBA has been used as reaction medium (N =
4.57, 6.49 and 7.69 mmol⋅g− 1 for H2O, EtOH and TBA, respectively). 
The high polarity of ethanol and water may result in hydrogen bonding 
with APMDS preventing functionalization onto the nanocellulose sur
face. The optimum reaction time and temperature allowing to reach a 
maximum amine loading of 9.05 mmol⋅g− 1 were 4 h and 90 ◦C, 
respectively. At lower temperatures, aminosilanes tend to hydrolyse into 
aminosilanol which inhibits CNFs functionalization. The amine-loading 
was also found to increase with higher amounts of aminosilane (optimal 
amine-loading obtained using 6 % of APMDS). However, when the 
amount exceeds the threshold value of 6 %, the aminosilane function
alized onto the CNF's surface could cause steric hindrance, resulting in a 
decrease in the reaction rate. The functionalized CNFs aerogel exhibits a 
SBET and pore volume of 59.2 m2⋅g− 1 and 0.22 cm3⋅g− 1, respectively. 
The CO2 adsorption capacity reaches 2.4 mmol⋅g− 1 for this amine- 
functionalized aerogel. More recently, Sepah et al. have developed a 
promising process considering phthalamide to functionalize CNF's sur
face (Sepahvand et al., 2020). CNFs were extracted from Kraft birch 
pulp, modified using phthalamide, and finally freeze-dried. BET analysis 
revealed an increase in surface area and decrease in pore size after CNFs 
modification (Fig. 6). As the phthalimide concentration increased, the 
structure became denser and more compact, resulting in an increased 
density and a decreased porosity. Following the functionalization, the 
adsorption capacity increased from 2.2 mmol⋅g− 1 for the pristine CNFs 
to a maximum CO2 adsorption of 5.2 mmol⋅g− 1 for the phthalamide- 
functionalized CNFs-based aerogel (1.5 % phthalimide dosage). 

5.2. Hybrid nanocellulose aerogel for CO2 adsorption 

Hybrid materials are formed by combining the physical, chemical 
and mechanical properties of different compounds to enhance the per
formance of the adsorbent. These materials take advantage of the 
properties of different compounds in a single adsorbent, offering a high 
capture capacity stemming from a larger number of accessible adsorp
tion sites. In recent years, several works focus on the development of 
hybrid nanocellulose aerogels combining renewable sources, biode
gradability, and high adsorption capacity (Table 3). Jiang et al. syn
thesized a hybrid CNFs-silica aerogel via a sol-gel process using 2,2,6,6- 
Tetramethylpiperidinyloxy (TEMPO) oxidized CNFs and aqueous so
dium silicate as precursors (Jiang et al., 2018). Hydrogels with homo
geneously dispersed silica and CNFs were later functionalized using (3- 
Aminopropyl)triethoxysilane (APTES). The amine functionalized alco
gel was then subjected to a solvent exchange with tert-butanol and 
freeze-dried into a hierarchical mesoporous aerogel. This hybrid mate
rial exhibits an ultra-low density of 7.7 mg⋅cm− 3, a SBET of 11 m2⋅g− 1, 
and a pore volume of 0.02 cm3⋅g− 1. An improvement of the mechanical 
properties was provided by the CNFs which acts as the structural 
backbone. On the other hand, increasing the silica content improves the 
thermal stability and allows CO2 adsorption of 1.49 mmol⋅g− 1. Later, 
further development were conducted onto multicomponent hybrid 
aerogels with improved performance and multiple functions. Valence 
et al. developed a hybrid multicomponent aerogel based on metal- 
organic frameworks (MOFs), nanocellulose, and gelatin (Valencia and 
Abdelhamid, 2019). MOFs are highly porous compounds composed by 
metal ions coordinated to organic ligands, forming one-, two- or three- 
dimensional structures. The hybrid materials were designed by i) in 
situ synthesis of zeolitic imidazolate (ZIF-L) in nanocellulose at room 
temperature using water as green solvent, ii) incorporation of gelatin 
matrix, and iii) freeze-drying. This hybrid material was characterized by 
a hierarchical porous structure containing mesopores and macropores, 
providing a specific surface area of 10 m2⋅g− 1 and an ultra-low density of 
37.4 kg⋅m− 3. The TOCNF/ZIF-L/gelatin aerogel displays a CO2 adsorp
tion capacity of 0.66 mmol⋅g− 1, enhanced by the amine groups present 
in the gelatin and by the cushion-shaped cavities of the ZIF-L. Using the 
synergy of the gelatin/nanocellulose network, Valence et al. developed 
hybrid foams based on gelatin and nanocellulose (Valencia et al., 2019). 
These original hybrid aerogels were developed to support ultra-high 
loads of colloidal zeolite silicalite-1, used here as a model sorbent 
nanomaterial. Zeolites are minerals formed by a crystalline microporous 
aluminosilicate skeleton with a 3D structure connected via oxygen 
bridges. The resulting porous material allow the capture of small mol
ecules. These compounds exhibit significant potential as effective ad
sorbents for atmospheric CO2, contributing to the ongoing efforts to 
combat climate changes. This hybrid aerogel combined zeolite micro
pores with meso/macropore of the biopolymer substrate offering an 
excellent diffusion of adsorbate gas molecules. Adsorption isotherms 
demonstrated an enhanced CO2 adsorption capacity with increasing 

Table 3 
Summary of CO2 capture of hybrid nanocellulose aerogels.  

Support Dried method SBET
a 

(m2⋅g− 1) 
Vtotal

b 

(cm3⋅g− 1) 
Tc 

(◦C) 
Pd 

(bar) 
Adsorption capacity 
(mmol⋅g− 1) 

Ref 

CNFs/silica Freeze-drying 11 0.02 25 1 1.49 (Jiang et al., 2018) 
TOCNFs/ZIF-L/gelatin Freeze-drying 10 – 25 1 0.66 (Valencia and Abdelhamid, 2019) 
TOCNFs/gelatin/Zeolite Freeze-drying 250 1.9 25 1 1.30 (Valencia et al., 2019) 
CNFs/PVA/GO Freeze-drying 69.27 0.28 25 1 0.22 (Zhang et al., 2022) 
CNFs/PVA/GO Freeze-drying + carbonization 392.4 0.84 25 1 19.32 (Zhang et al., 2022) 
TOCNFs/KGM/HKUST-1 Freeze-drying 688.5 0.29 25 1 3.50 (Sun et al., 2022) 
CNFs-nZIF-8 Freeze-drying 95.2 – 25 5 3.90 (Rostami et al., 2022)  

a BET surface area. 
b Pore volume. 
c Temperature. 
d Pressure. 
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silicalite-1 content, confirming that the porous gelatin/nanocellulose 
support does not obstruct the zeolite pores or restrict the diffusion of gas 
molecules. Consequently, the presence of silicalite-1 leading to a sub
stantial rise in the porosity and in the specific surface area of the foams. 
This structural modifications hold a notable influence on the adsorption 
capacity of CO2 molecules, reaching a value of 1.3 mmol⋅g− 1. Another 
study reports the combination of graphene oxide (GO) with different 
matrix to produce high performance aerogels (Zhang et al., 2022). A 
CNFs/PVA/GO gel was prepared using a stepwise heating process that 
induce interaction forces between the polymer chains of poly(vinyl 
alcohol) (PVA) and CNFs-GO mixture (Fig. 6). Subsequently, a light and 
layered porous CNFs/PVA/GO carbon aerogel composite was prepared 
by freeze-drying, followed by carbonization to assess its impact on CO2 
adsorption efficiency. The carbonization process consists in pyrolyzing 
the aerogel under an inert gas atmosphere at temperatures above 600 ◦C. 
The resulting material consists in a highly porous carbon network with 
interconnected clusters of carbon nanoparticles with diameter ranging 
between 3 and 20 nm. The CNFs/PVA/GO aerogel composite showed a 
SBET and a pore volume of 69.27 m2⋅g− 1 and 0.28 cm3⋅g− 1, respectively. 
After calcination, the significant increase of the SBET (392.41 m2⋅g− 1) is 
attributed to the decomposition of soft segments. These new adsorbents 
exhibit a higher CO2 capture capacity reaching 19.32 mmol⋅g− 1. In a 
green perspective, Sun et al. have developed a sustainable strategy to 
manufacture a nanofiber/konjac glucomannan (TOCNFs/KGM) aerogel 
vacuum impregnated with HKUST-1 metal-organic crystals (Sun et al., 
2022). Combining MOFs with biomass aerogels has proven to be a 
successful method to develop a hybrid aerogel with a hierarchical pore 
structure offering numerous adsorption sites. The hybrid aerogel ex
hibits a high mechanical strength owing to the large number of 
hydrogen bonds formed by the TOCNFs/KGM cross-linking. The 

combination of meso/macropores from TOCNFs/KGM biopolymer 
network and the microspores of HKUST-1 provides a large contact area 
enabling a notable CO2 adsorption capacity up to 3.50 mmol⋅g− 1 (room 
temperature, P = 1 bar). More recently, nanoMOFs were combined with 
CNFs to produce robust aerogels with excellent gas-absorbing properties 
(Rostami et al., 2022). These hybrid aerogels were prepared by mixing a 
dispersion of nanosized ZIF-8 MOF particles (prepared from the self- 
assembly of 2-MiM and Zn2+ ions), in a CNFs gel. The resulting aero
gels fully exploit the intrinsic properties of the mechanically robust, the 
flexible CNFs network, and the high specific surface area of nanoMOFs 
(1470 m2⋅g− 1). Finally, the combination of these outstanding properties 
allow a strong interfacial adhesion and great CO2 adsorption capacity of 
3.9 mmol⋅g− 1. 

6. Approaches to enhance CO2 adsorption capacity in 
nanocellulose aerogels 

Considering all the valuable results mentioned above it is crucial to 
highlight that the advancement of nanocellulose aerogels with a high 
adsorption capacity involves the consideration of various factors. In the 
pursuit of optimizing CO2 adsorption performance, one must carefully 
examine the synthesis and functionalization techniques employed. Fig. 7 
presents a comparative map illustrating the impact of various factors on 
the CO2 adsorption efficiency of nanocellulose aerogels. 

The choice of drying methods, such as air drying, freeze drying, and 
supercritical drying, plays a pivotal role in determining the final prop
erties of the nanocellulose hydrogel. Each drying strategy has distinct 
effects on the structure, porosity, and surface area of the aerogel, 
consequently influencing its adsorption capabilities. Indeed, air-drying, 
while simple and cost-effective, tends to generate nanocellulose 

Fig. 7. Comparative map illustrating the impact of the surface area (SBET) and nitrogen content on the CO2 adsorption efficiency of nanocellulose aerogels.  
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hydrogels with low porosity, increased shrinkage, and structural defects. 
These results are largely attributable to strong hydrogen bonds. Only 
surface hydrophobization could preserve the porous structure of nano
cellulose aerogels. In contrast, freeze-drying, renowned for its ability to 
maintain the porous structure, gives rise to hydrogels with increased 
porosity, improved mechanical strength, and more effective preserva
tion of the nanocellulose network. As an advanced technique, super
critical drying outperforms others in terms of speed and efficiency, 
resulting in aerogels with exceptional porosity and superior mechanical 
properties. However, it requires specialized equipment and expertise. In 
general, the choice of drying method has a significant influence on the 
properties of nanocellulose hydrogels, with porosity ranking in the 
order: supercritical drying > freeze-drying > air-drying. Notably, 
starting with the same type of nanocellulose, drying with two different 
methods generates nanocellulose aerogels with a specific surface area of 
287.33 m2/g with supercritical drying (Wu et al., 2017), compared with 
77 m2/g with freeze-drying (Zhang et al., 2019). 

The specific surface area of an aerogel has a significant influence on 
its CO2 adsorption capacity. In theory, a larger surface area offers more 
active sites and increased exposure, thus favouring adsorption of a 
greater number of CO2 molecules. The porous structure of aerogels, 
combined with a larger surface area, would normally improve overall 
adsorption efficiency. However, studies such as those carried out by Jia 
et al., 2022, comparing two aerogels dried using different methods, 
demonstrate that despite a larger specific surface area provided by su
percritical drying, adsorption rates may remain equivalent. This may be 
explained by considerations related to pore size, as indicated by previ
ous research (Anas et al., 2017; Chen et al., 2019). The CO2 adsorption 
capacity of porous materials is closely linked to pore size. The abun
dance of mesopores, compared to larger pores, plays a crucial role in 
significantly improving CO2 adsorption capacity. Reducing pore size 
intensifies the intermolecular force between adjacent pores walls, 
thereby promoting the adsorption of CO2 molecules. However, it is 
generally assumed that the presence of macropores is favorable for the 
mass transfer of CO2, acting as tunnels to guide CO2 molecules toward 
mesopores. So, while specific surface area is an important parameter, 
other structural features, such as pore distribution, also influence CO2 
adsorption capacity. A thorough understanding of these complex in
teractions is essential to design optimized nanocellulose aerogels for 
improved adsorption performance. 

Surface functionalization of nanocellulose aerogels is also a crucial 
parameter, having a significant impact on their CO2 adsorption capacity. 
The introduction of amine groups on the aerogel surface creates addi
tional interaction sites for CO2 molecules. However, the method of 
modification and the type of amine used can significantly influence the 
adsorption rate. In the case of gas-phase surface modification, the more 
homogeneous distribution of amine groups improves the distribution 
and accessibility of these active sites, resulting in a higher adsorption 
rate (Zhang et al., 2019). On the other hand, liquid-phase modification 
led to less uniform functionalization, resulting in blocked pores, 
decrease of surface area, and inhibited adsorption of CO2 molecules (Wu 
et al., 2017). The molar ratio of amine introduced can also significantly 
influence the CO2 capture efficiency of modified nanocellulose aerogels. 
A high concentration of amine promotes a high adsorption capacity. 
However, an excessive amine load can lead to the shrinkage of the 
aerogel, damage the pore structure, and obstruct connectivity between 
pores. For instance, using the same gas-phase modification method but 
opting for a monofunctional amine instead of a bifunctional amine, some 
authors have succeeded in increasing the adsorption capacity of nano
cellulose aerogel by 1 mol (Jia et al., 2022). 

The configuration of the introduced amine on the surface of the 
aerogel can notably improve the CO2 adsorption rate. The use of a non- 
linear amine, containing an aromatic group such as phthalamide, has 
achieved the best-reported rates so far (Sepahvand et al., 2020). This 
modify nanaocellulose aerogel incorporates a range of chemical func
tionalities, including carbonyl groups and aromatic amines offering high 

affinity with the CO2 molecules. However, comparing existing studies is 
challenging as they often omit quantifying the molar rate of introduced 
amine on nanocellulose aerogels. Additionally, the method for quanti
fying the adsorption rate is not yet standardized by the IUPAC, hindering 
a proper comparison of achieved adsorption rates. 

Regarding the development of hybrid nanocellulose aerogels, studies 
conducted so far show lower adsorption rates compared to purely 
modified nanocellulose aerogels, not providing a significant impact. 
However, as reported above, some authors have explored the develop
ment of hybrid aerogels by combining graphene oxide, poly(vinyl 
alcohol) and nanocellulose. This research has led to the creation of high- 
performance aerogels, using a carbonization step to generate a high- 
surface-area, micropore-rich structure (Zhang et al., 2022). Thanks to 
this micropores, this aerogel achieved a remarkable CO2 adsorption of 
19.32 mmol/g. However, this exceptional performance raises important 
questions about the sustainability and environmental viability of the 
method, particularly due to the use of an energy-intensive carbonization 
step. This perspective raises a key question: is it wise to focus on 
potentially high-performance hybrid materials despite energy-intensive 
processes, or should we not instead focus our efforts on developing 
entirely green materials, combined with environmentally-friendly pro
cesses? The balance between performance and sustainability needs to be 
carefully assessed to determine the most responsible path in the devel
opment of nanocellulose aerogels, taking into account current ecological 
requirements. 

7. Conclusions and future challenges 

The urgent requirement to tackle climate change and mitigate 
greenhouse gas emissions has driven the creation of inventive materials 
that combine sustainable production with efficient CO2 capture. To this 
end, the use of porous materials for adsorption is a promising strategy to 
capture CO2. In this regard, aerogels have been widely investigated and 
examined for their adsorption capacity. Aerogels are very well- 
engineered porous materials with high surface area, controllable pore 
size, and high adsorption capacity. In this review, we explore the 
growing trend of using nanocellulose aerogels for carbon dioxide 
adsorption. The use of cellulose as raw material for aerogel production is 
a key element in reducing the carbon footprint and shifting toward green 
chemistry strategy by limiting the use of non-renewable feedstocks. CO2 
adsorption by nanocellulose aerogels occurs via physisorption through 
low energy Van der Waals interactions between the adsorbent and the 
CO2 molecules. Chemical modification of nanocellulose with amine 
moieties enhances the adsorption capacity by providing a large number 
of active binding sites that promote interactions between the aerogel 
and the CO2 molecules. A zwitterion mechanism is commonly reported 
to describe the interaction between CO2 and primary/secondary amines. 
However, industrial scale production and achieving high adsorption 
capacity still present some challenges:  

• The current methods of extracting nanocellulose is a multi-step 
process that involves the use of expensive and toxic chemicals, 
making its large-scale production harmful and expensive. Conse
quently, less toxic methods for the production of nanocellulose 
should be explored. Recent advances in green pre-treatment methods 
for the production of nanocellulose have shown promise in reducing 
the cost of the extraction process. Therefore, the prospects for large- 
scale production of nanocellulose are encouraging.  

• Functionalization of nanocelullose aerogels with amines turns out to 
be an efficient strategy to improve the adsorption rates of CO2 
molecules. However, the grafted amines remain relatively unstable 
which impede high adsorption efficiency. A comprehensive 
screening of amines groups employed for the synthesis of nano
cellulose adsorbents should be therefore conducted to elucidate the 
link between high adsorption capacity and stability upon 
regeneration. 
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• Despite the enormous amount of research that exists on the synthesis 
of nanonocellulose aerogels, the commercialization of aerogels re
mains a challenge. Supercritical drying which stands as the method 
of choice for manufacturing nanocellulose-based aerogels is inher
ently energy intensive. Consequently, resulting materials are gener
ally not economically viable. Thus, the overall process for 
nanocellulose-based aerogel should be optimized to match with the 
requirement of commercial development.  

• Specific analytical and simulation tools must be developed to screen 
and approve aerogel synthesis, estimate material properties, and 
better understand the CO2/aerogels interactions.  

• Another major challenge is to enhance the mechanical stability of 
aerogels up to industry requirements. It is mandatory to explore 
methods to make aerogels structurally robust. One possible solution 
would be to develop lignocellulose-based aerogels containing 
amorphous lignin fractions that can increase the strength and the 
long-term structural stability of aerogels. 
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