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Abstract Highly porous and lightweight aerogels
of cellulose nanofibers (CNFs) have emerged as a
promising class of material. This study delves into the
impact of the composition (lignocellulose nanofibers—
LCNFs and CNFs) and the drying methods (super-
critical drying and freeze-drying) on the morphology
and the properties of nanocellulose-based aerogels.
The investigation evaluates the concentrations of
nanofibers and the influence of lignin, a constituent of
LCNFs recognized for enhancing the rigidity of plant
cell walls, on the aerogel’s properties. The shrink-
age rates, density, pore structure, and mechanical
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properties of the obtained aerogels are comprehen-
sively compared. Supercritical drying proves advan-
tageous for aerogel formation, resulting in materials
with lower density and higher surface area than their
freeze-dried counterparts at each concentration level.
The use of acetone for supercritical drying contrib-
utes to reduce the shrinkage rates compared to etha-
nol. This decrease is attributed to the formation of a
more rigid hydrogel during solvent exchange. Freeze-
drying exhibits the lowest shrinkage rates and rela-
tively higher porosity. The presence of lignin in the
nanofibers influences the microstructure, yielding
smoother and thicker pore walls. This study contrib-
utes to the comprehensive understanding of the intri-
cate factors shaping nanocellulose aerogel properties,
paving the way for the development of innovative and
environmentally-friendly materials.

Keywords Cellulose nanofibers - Lignocellulose -
Aerogels - Freeze-drying - Supercritical drying

Introduction

As the most abundant, biocompatible, and biode-
gradable biopolymer on Earth, cellulose represents a
promising raw material to replace polymers derived
from fossil resources (Mankar et al. 2021). This ver-
satility provides considerable potential for the devel-
opment of innovative and high value-added materi-
als, especially aerogels (Garcia-Gonzalez et al. 2011,
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2015; Wang et al. 2019; Verma et al. 2020). Pio-
neered by Kistler (1931), aerogels are porous materi-
als obtained by replacing the liquid component of a
gel with air while maintaining their three-dimensional
network structure. These materials exhibit unique
characteristics such as high porosity, large specific
surface area, low density, low thermal conductivity,
and low dielectric constant; among others (Pierre and
Pajonk 2002; Keshavarz et al. 2021; Tafreshi et al.
2022; Steiner et al. 2023). Combining these proper-
ties with those of cellulose offers considerable poten-
tial for developing innovative, lightweight, and envi-
ronmentally-friendly materials covering a wide range
of applications (Ganesan et al. 2016; Illera et al.
2018; Wei et al. 2020; Ho and Leo 2021; Chen et al.
2021; Sepahvand et al. 2023).

Nanocellulose-based aerogels are an emerging
subclass of aerogels composed of cellulosic materials
with a dimension in the nanometer range. These aero-
gels combine the unique properties of cellulose with
the specific characteristics of nanoscale materials
(Dufresne 2019). They can be produced using various
nanoscale fibrillar crystalline domains extracted from
various types of cellulose (Ho and Leo 2021). These
domains are commonly classified into three primary
groups based on their distinct compositions and their
extraction methods: cellulose nanofibers (CNFs), cel-
lulose nanocrystals (CNCs), and bacterial nanocellu-
lose (Kargarzadeh et al. 2018). The structure and the
morphology of nanocellulose play a significant influ-
ence on the method of hydrogel gelation; which can,
in term, have a significant impact on the aerogel’s
properties (De France et al. 2017). Furthermore, the
selection of an appropriate drying method to mini-
mize the collapse of the network structure is of cru-
cial importance (Buchtova and Budtova 2016; Gane-
san et al. 2016). This determining step influences the
morphology of the material and confers distinctive
characteristics to the nanocellulose-based aerogels,
while preserving their structural integrity (Chen et al.
2013; Husain et al. 2021).

Cellulose nanofiber aerogels were designed for
the first time by Pdikko et al. using the freeze-drying
method (Padkko et al. 2008). This process involves
the sublimation of a solid, usually frozen water, filling
the pores of nanocellulose hydrogel. In their study, the
impact of the freeze-drying techniques, i.e. cryogenic
and vacuum freeze-drying, on the aerogel’s properties
was explored. Both approaches led to the formation
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of CNF aerogels with low density and high porosity.
The specific surface area was dependent on the drying
techniques with higher values reported for the cryo-
genic freeze-drying. Later, Ciftci et al. further inves-
tigated the properties of CNF aerogels prepared from
physically cross-linked hydrogels that were subjected
to freeze drying or supercritical drying (Ciftci et al.
2017). Supercritical carbon dioxide (Sc—CO,) drying
involves the elimination of liquid/gas surface tension
to achieve a state of zero liquid/gas surface tension
(Garcia-Gonzalez et al. 2012). This methodology
proved to effectively preserve the aerogel’s porous
structure with a higher specific surface area compared
to those prepared via the freeze-drying technique.
The lower density was attributed to the sublimation
of water crystals during freeze-drying, leading to
the disruption of the porous structure. In an attempt
to mitigate this undesirable effect, other studies have
explored incorporating cellulose nanofibers contain-
ing lignin fractions (Morcillo-Martin et al. 2022).
Lignin, an aromatic biopolymer, characterized by a
heterogenous cross-linked network, forms complexes
with cellulose via hydrogen bonding and covalent
linking (Rojo et al. 2015; Morales et al. 2021). The
unique aromatic structure of lignin confers impermea-
bility, enhances structural integrity, and imparts rigid-
ity to plants. Additionally, its phenolic moieties offer
antimicrobial and antioxidant properties, preventing
degradation (Adjaoud et al. 2021). Lignocellulose
nanofibers (LCNFs) can be obtained using various
methods (Jiang et al. 2021). Among them, mechanical
treatment of unbleached cellulose pulp is a common
approach (Visanko et al. 2017). Other effective meth-
ods include acid hydrolysis, which uses specific acids
such as formic acid, maleic acid, oxalic acid, thus
preserving lignin fractions (Liu et al. 2021). More
recently, deep eutectic solvent (DES) treatment has
emerged as a promising method to extract LNCFs (Fu
et al. 2022). It enables a controlled extraction by pre-
cisely adjusting the extraction time and temperature,
which can result in a variation in the lignin fraction.
The presence of lignin on the surface of nanofibers
brings significant benefits, beyond simply reducing
environmental impact and production costs. Owing to
its high concentration of non-polar hydrocarbon and
benzene groups, lignin confers enhanced hydropho-
bicity, increases thermal stability, and improves the
mechanical properties of nanocellulose (Herrera et al.
2018; Tanguy et al. 2021). Thus, incorporating lignin
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into nanocellulose aerogel could potentially reduce
the negative impacts of the freeze-drying method by
enhancing the mechanical properties of the resulting
aerogels, particularly their strength and rigidity. Fur-
thermore, aerogels derived from LCNFs demonstrate
an even higher specific surface area. The origin of
this improvement has not been clearly interpreted and
linked to the presence of lignin. It is also notewor-
thy to mention that this specific surface value is the
highest reported when freeze-drying is applied as the
drying method. This innovative approach underlines
the fundamental importance of nanocellulose aerogel
composition in shaping their ultimate properties.

Nevertheless, the potential influence of lignin on
the characteristics of aerogels produced by supercriti-
cal drying remains to be elucidated. During this pro-
cess, pressure is increased to reach supercritical con-
ditions, a factor that could potentially induce aerogel
shrinkage. Inspired by these pioneering works and to
address these inquiries, the aim of the present study
was to further investigate the influence of nanocel-
lulose composition. Several aspects were explored
including the lignin content and nanofiber concentra-
tion, as well as the impact of the drying method on
the morphology and the properties of nanocellulose
aerogels. This study aimed to determine whether
partial removal of lignin during extraction could
lead to nanocellulose aerogels with improved porous
morphology and mechanical properties. Nanocellu-
lose aerogels were synthesized from the freeze-thaw
physical cross-linking of hydrogels that were sub-
jected to two distinct drying methods: freeze-drying
and supercritical drying. The resulting aerogels have
been characterized and compared in terms of their
shrinkage rate, density, pore structure, and mechani-
cal properties. Finally, this comparative study intends
to provide a comprehensive overview of the nanocel-
lulose aerogels obtained by the two drying methods,
while highlighting the potential influence of lignin on
the material’s final properties.

Experimental methods
Materials
Lignocellulose and cellulose nanofibers, desig-

nated as LCNFs and CNFs, respectively, were
extracted from Eucalyptus cellulose pulp through a

homogenization process. The used extraction method
was described in our previous publication (Baraka
et al. 2023). Detailed analyses of their chemical com-
position and structural characteristics are provided in
Table 1.

Hydrogel synthesis

Hydrogels were synthesized via physical crosslink-
ing involving the freeze-thawing of water suspensions
containing different concentrations of nanofibers
(1%, 1.5%, and 2% by weight). Initially, mechanically
extracted nanofibers were centrifuged at 8000 rpm for
10 min. The resulting pulp was dispersed in distilled
water using an UltraTurrax high-shear homogenizer
(IKA® T25 digital), operating at 10,000 rpm for
5 min. To eliminate air bubbles, the suspensions were
treated for 1 min in an ultrasonic bath. The resulting
suspensions were then poured into polypropylene
cups and placed in a freezer at —20 °C for 12 h. The
gradual thawing process took place in a refrigerator
at 4 °C for 12 h, enabling the formation of physically
cross-linked hydrogels. This cross-linking results
from the crystallization of water molecules present in
the nanofiber suspension during the freezing process.
The water crystals reduce the space between nanocel-
lulose chains, favouring areas of higher concentration.
This proximity between the chains encourages the
formation of hydrogen bonds between the nanofibers,
acting as physical cross-linking points and leading to
the creation of a three-dimensional network.

Table 1 Composition and structural properties of lignocellu-
lose nanofibers (LCNFs) and cellulose nanofibers (CNFs)

LCNFs CNFs
Composition Ashes 0.64+0.05 091+0.12
(%) Extractives  1.56 +0.16 0.25 + 0.0.83
Lignin 733+020 233+0.16

Hemicellulose 23.39 +0.15 26.96 + 0.27
Cellulose 66.89 + 0.66 72.32 + 0.07
Crystallinity (%)° 62.51 60.68

Diameter (nm)® 11.79 £ 2.54 16.98 +2.95

“Determined following TAPPI T211, T204, T222, T204

®Determined by X-ray diffraction analysis following the peak
deconvolution method (Park et al. 2010)

“The diameters of cellulose nanofibers were measured by ana-
lysing scanning electron microscope images
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Supercritical drying

Aerogels were produced from nanocellulose hydro-
gels by solvent exchange using two different organic
solvents. The substitution of water by an organic
solvent, essential to prevent alteration during
supercritical drying, can induce variable shrink-
age depending on the solvent used (Raman et al.
2019). The volume shrinkage (Eq. 1), defined as
the difference between the initial alcogel volume
(V;) and the final aerogel volume (V;) relative to the
initial volume, can vary. The cross-linking of cellu-
lose nanofiber hydrogels relies on hydrogen bonds,
which can be altered during this solvent exchange,
affecting the porous structure of the resulting aero-
gels. Thus, the effects of solvent exchange on the
properties of cellulose nanofiber aerogels obtained
after supercritical drying were investigated using
acetone and ethanol.

. (Vf ~ Vi)
Volume shrinkage(%) = —v

1

x 100 (1

Sc—CO, drying was carried out by placing the
nanocellulose alcogels in an autoclave (HPTE-
150p, 60L) containing pure CO, with a flow rate
of 25 kg/h, at a temperature of 60 °C and a pres-
sure ranging from 110 to 115 bar depending on the
organic solvent used. The labels of the aerogels
obtained are presented in Table 2 and vary accord-
ing to composition, nanofiber concentration, organic
solvent, and drying method.

Freeze-drying

To produce aerogels by freeze-drying, nanocellu-
lose hydrogels were frozen at —20 °C for 24 h prior
to the lyophilization process. Subsequently, the ice
present in the frozen hydrogel was sublimated under
vacuum using a CHRIST Alpha 2-4 LSC freeze-
dryer, at a condensation temperature of —110 °C,
over a period of 72 h. The labels of the aerogels
obtained are listed in Table 2, according to compo-
sition, nanofiber concentration and drying method.
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Table 2 Aerogels labeled according to their composition,
nanofiber concentration, organic solvent, and drying method

Samples Composition Drying method
label (x - 1
-1.15 Cellulose Lignocel-  Sc-CO, Sc-CO, FD
2)3’ ’ nanofib-  lulose ethanol® acetone®
ers nanofibers
AECNFx  x
AELCNFx X X
AACNFx x X
AALCNFx X
AFCNFx  x
AFLCNFx X

2Concentrations of nanofibers (wt.%)

bSupercritical drying using ethanol for the solvent exchange
process

“Supercritical drying using acetone for the solvent exchange
process

Freeze-drying

Aerogel characterization
Bulk density

The bulk density (p, ) of the aerogels was measured
using the Micromeritics GeoPyc 1360. For reliable
measurements, each sample was subjected to three
measurement cycles, with a constant force of 35N
applied during each cycle.

Skeletal density

The skeletal density (ps) of the samples was char-
acterized by using Micromeritics Accupyc II 1320
(helium gas). The volume of the sample carrier
was 1 cm®. The helium gas pycnometer provided a
precise volume of sample. With the known value
of mass, the data yielded the skeletal density of
various samples. In order to avoid the influence of
porous structures, all the samples were crushed to
film like sheets and then the analysis was carried
out. Independent of the compositions of samples
and the drying techniques, the value of skeletal den-
sity for all the samples was in the range between
1.5825 and 1.6001 g/cm’. An average skeletal den-
sity of 1.5917 + 0.0073 g/cm3 was used for further
porosity analysis.
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Porosity
The porosity was calculated as follows (Eq. 2):

Porosity (%) = 1 — Le 2)

s

where p, is attributed to the bulk density and p, to the
skeletal density.

Specific surface area

The specific surface area measurements using
the  Brunauer-Emmett-Teller (BET) method
and pore size -characterization using the Bar-
rett—Joyner—Halenda (BJH) method were carried out
on nanocellulose aerogels. These analyses were car-
ried out via low-temperature nitrogen adsorption-
desorption using a Micromeritics—Tristar II 3020
instrument, for the aerogels obtained by supercritical
drying. For the nanocellulose aerogels prepared by
freeze-drying, their specific surface area was deter-
mined by the krypton adsorption method using the
Micromeritics—3Flex instrument. This method was
applied in view of their low specific surface area (<
10 mZ/g). For each analysis, a small amount of aero-
gel samples (around 1 mg) was placed in the sample
tube, then subjected to a vacuum degassing process at
120 °C for 3 h prior to analysis, ensuring water and
gases desorption for reliable results.

Scanning electron microscopy (SEM)

To assess the pore shape and interconnected network
structures of the nanocellulose aerogels, the lat-
ter were analyzed using a Merlin—Carl Zeiss Scan-
ning Electron Microscope (SEM). Prior to imaging,
the aerogel samples were sputter-coated with a thin
layer of gold. Cross-sections were examined to obtain
a detailed view of the aerogels’ three-dimensional
structure.

Compression test

The compression performance of the nanocellu-
lose aerogels was evaluated using uniaxial compres-
sion tests on a ZwickRoell Z2.5 machine equipped
with a 50N load cell. Due to their irregular shape,

attributable to shrinkage during drying, evaluation
required adjustment of the machine’s top plate to
align the tops of the aerogel samples and make their
upper surface perfectly flat. The samples were com-
pressed at a traverse speed of 5 mm/min until they
reached 80% of their initial thickness. Compressive
modulus was determined by analyzing the slope of
the stress-strain curve in the linear range.

Results and discussion
Aerogels appearance and shrinkage rate

The aerogels were produced by the gradual thawing
of nanocellulose suspension to allow the formation of
physically cross-linked hydrogels. The process took
place in a refrigerator at 4 °C for 12 h. The cross-link-
ing results from the crystallization of the water pre-
sent in the nanofiber suspension during the freezing
process. The water crystals reduce the space between
nanocellulose chains, favouring areas of higher con-
centration. This proximity between the chains encour-
ages the formation of hydrogen bonds between the
nanofibers, acting as physical cross-linking points
and leading to the creation of a three-dimensional
network.

Mlustrated in Fig. S2, the aerogels obtained from
various drying processes display significant varia-
tions in terms of shape and color. Aerogels derived
from cellulose nanofibers (CNFs) are characterized
by a white shade. Conversely, the shade of aerogels
made from lignocellulose nanofibers (LCNFs) tends
towards brown tones, attributed to the presence of
lignin fractions. Regarding the shapes of the aerogels
obtained, whether they are regular or marked by a
certain shrinkage, they are closely dependent on the
initial concentration of nanocellulose, their composi-
tion, and the drying method.

Nanocellulose suspensions, with concentrations
ranging from 1 to 2 wt.%, have been employed in
the preparation of nanocellulose-based aerogels. It
is important to note that hydrogels cannot be formed
from solutions with a lower nanocellulose content.
Indeed, the formation of the interconnected network
relies essentially on hydrogen-bond interactions
between the cellulose chains. At lower concentra-
tions, the hydrogen-bond interaction appears insuffi-
cient to induce stable hydrogel formation. Crucially,
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increasing the concentration of nanofibers leads to
a substantial increase in the rigidity of the resulting
hydrogel. Indeed, a higher concentration of nanofib-
ers in the suspension induces multiplication of physi-
cal cross-linking points, thus favouring the consti-
tution of a stable and rigid hydrogel. In contrast,
suspensions of lignocellulose nanofibers produced
less rigid hydrogels. This disparity can be attributed
to a reduction in hydrogen bonding interactions, prob-
ably due to the presence of aromatic groups from the
lignin fractions. These aromatic groups reduce inter-
actions between nanofibers, hindering the formation
of tightly interconnected networks. This observa-
tion becomes particularly striking during the drying
process. As evidenced in Fig. S2, LCNF aerogels
obtained at lower concentrations reveal irregular
structures, attesting to the significant shrinkage.

The evolution of the volume shrinkage of aerogels
obtained by different drying methods is illustrated in
Fig. 1. Drying with supercritical CO, generates a sig-
nificant volumetric shrinkage, which decreases with
a higher content of nanofibers (Ciftci et al. 2017).
Higher concentrations of nanofibers confer enhanced
rigidity to the material. As the concentration rises,
the nanofibers form a more closely interconnected
network, reinforcing the overall structure. Thus, the
reinforced presence of nanofibers acts as a counter-
balance to capillary forces contributing to shrinkage,
promoting a more stabilized structure and reduced

m CNF l:l LCNF [:lSC-COz Ethanol drying
80 [ sc-co, Acetone drying
- Freeze-drying
g 60
o
)
©
-
£
&
% 40
£
=
o
>
20
o
1 1.5 2

Cellulose content (wt.%)

Fig. 1 Evolution of the volume shrinkage of aerogels obtained
from various drying methods as a function of nanocellulose
concentration
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shrinkage. Similarly, the formation of a network com-
posed of lignocellulose nanofibers results in a less
interconnected and less rigid structure, thus lead-
ing to a higher shrinkage rate. However, the shrink-
age rate is notably reduced in aerogels subjected
to solvent exchange with acetone, despite its lower
interfacial surface tension compared to ethanol. This
noteworthy reduction in shrinkage can be attributed
to the development of a more rigid hydrogel during
the solvent exchange process. Acetone, classified as
a polar aprotic solvent, has the capability to induce
more interactions with cellulose nanofibers embedded
within the hydrogel matrix. These enhanced hydrogen
bonding promote the creation of a denser and more
rigid structure. In addition, a lower pressure (100 bar)
is employed during the supercritical drying process
when using acetone rather than ethanol (115 bar).
This pressure difference may also have influenced the
final properties of the nanocellulose-based aerogels.
Lower pressure may help to preserve the hydrogel’s
three-dimensional structure, thereby reducing the rate
of shrinkage.

Freeze-drying generates the lowest volume shrink-
age as compared with supercritical drying. In contrast
to the other samples, the volumetric shrinkage of
both types of aerogels did not exceed 30% as reported
by (Buchtova et al. 2019), but seemed to follow the
same trend with increasing nanocellulose concentra-
tion. Additionally, the freeze-drying method ensures
the relatively regular appearance of the aerogel. As
the solvent passes directly from the solid to the gase-
ous state, disruption of the material structure is mini-
mized, resulting in less pronounced overall shrinkage.

Aerogel density and porosity

The bulk density of nanocellulose aerogels and their
porosity are summarized in Table 3. Predictably, the
bulk density of the samples increases proportionally
with nanocellulose concentration. This value includes
the entire density of the aerogel, encompassing both
the solid material formed of nanofibers and the voids
present within its structure. As the mass concentra-
tion of nanofibers increases, a simultaneous increase
in bulk density is observed. It was with an exception
for the bulk density of AECNF 2 wt.% (0.0178 g/cm?)
which was equal to AECNF1.5 wt.% due to the less
volume shrinkage of 2 wt.%. Regardless of the cellu-
lose and lignin concentrations, aerogel compositions,
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Table 3 Total volume shrinkage, bulk density, skeletal density, and porosity of nanocellulose-based aerogels
Sample Nanocellulose concen- Volume shrink- Bulk density Porosity (%) BET specific surface  Pore
tration (wt.%) age (%) (g cm™) area (m? gl volume*
(em’ g™
AACNF 1 45.98 0.0125 99.215 81.67 0.2825
1.5 38.14 0.0138 99.133 79.12 0.2808
2 35.25 0.0146 99.083 69.14 0.2735
AALCNF 1 42.93 0.0138 99.133 78.26 0.3454
1.5 46.64 0.0151 99.051 71.84 0.2993
2 38.90 0.0191 98.800 80.32 0.3560
AECNF 1 72.52 0.0127 99.202 105.15 0.4222
1.5 67.03 0.0178 98.882 87.01 0.3135
2 36.06 0.0178 98.882 68.78 0.2341
AELCNF 1 74.25 0.0120 99.246 84.99 0.4838
1.5 52.75 0.0143 99.102 86.44 0.3521
2 44.56 0.0177 98.888 76.11 0.3311
AFCNF 1 26.11 0.0108 99.321 5.16 0.0061
1.5 27.35 0.0115 99.215 427 0.0021
2 18.86 0.0132 99.171 3.71 0.0027
AFLCNF 1 34.98 0.0113 99.290 5.98 0.0029
1.5 30.36 0.0116 99.259 5.02 0.0016
2 27.81 0.0149 99.064 4.48 0.0007

*Determined from the point absorption at a relative pressure of 0.99 in Kr isotherms

Determined from BJH Desorption cumulative volume of pores between 1.7000 nm and 300.0000 nm diameter in N, isotherms

or drying conditions, the average skeletal density was
consistently measured at 1.5917 + 0.0073 g/cm®. This
value aligns closely with those reported in the litera-
ture, where the addition of lignin, even at high con-
centrations (up to 12 wt.%), has no significant effect
on skeletal density (Daicho et al. 2020).

The porosity of the different aerogels is highly
dependent on the nanofiber concentration and the
drying method. Indeed, for an aerogel containing
similar concentration of nanofibers but synthesized
using different drying methods, it can be observed
that the porosity slightly increases with decreasing
shrinkage rate. This trend is particularly noticeable in
the 2 wt.% CNF aerogels. Indeed, the porosity of an
aerogel describes the ratio of empty space (or pores)
within its structure to its overall volume. Thus, if an
aerogel undergoes less shrinkage during the drying
process, leading to an increase in its apparent volume
and porous volume (as shown in Table 2), this ulti-
mately leads to an increase in its porosity (Ciftci et al.
2017). Due to the very low volume contraction during
freeze-drying, AFCNF2% aerogels exhibit the higher
porosity compared with the AECNF2% aerogel

dried using supercritical drying with ethanol solvent
exchange, thus inducing higher shrinkage.

However, by comparing batches of aerogels syn-
thesized with the same drying method, another corre-
lation is revealed: as the nanofiber mass concentration
increases, the shrinkage rate decreases, but simulta-
neously, the porosity rate also decreases (Ciftci et al.
2017; Zhu et al. 2021). This observation is clearly
illustrated in the case of aerogels prepared by super-
critical acetone drying, where porosity drops from
99.167% for AACNF 1% to 99.027% for AACNF
2%. This tendency can be explained by the thicken-
ing of pore walls with increasing nanofiber concentra-
tion, leading to a reduction in the available pore space
as observed by Ciftci et al. 2017. Indeed, the closer
interaction between nanofibers can induce the forma-
tion of denser structures, thus influencing the porous
properties of aerogels.

Specific surface area and pore size

The evaluation of the porous properties, including
specific surface area and volume pores, was carried

@ Springer
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Fig. 2 Isotherms of cellulose nanofiber aerogels: a N, adsorption/desorption isotherms of CNF aerogels synthesis via acetone super-
critical CO, drying method and b Kr adsorption isotherms of CNF aerogels synthesis via freeze-drying process

out by adsorption-desorption analysis. Nitrogen (N,)
adsorption/desorption isotherms of CNF aerogels
prepared via acetone Sc—CO, drying are presented
in Fig. 2a. For aerogels obtained by freeze-drying,
krypton adsorption isotherms are shown in Fig. 2b.
The use of krypton as an adsorption gas is motivated
by its higher charge density and greater interaction
with the nanofiber surfaces, enabling more accurate
measurements, particularly for relatively small spe-
cific surface areas (i.e. as in the case of nanocellulose
aerogels prepared by freeze-drying). These isotherms
illustrate the trends observed for all the aerogels pre-
pared by different drying techniques. Other isotherms
are reported in the supplementary information.

The aerogels prepared via supercritical drying
exhibited similar N, adsorption-desorption isotherms.
According to the classification of the International
Union of Pure and Applied Chemistry (IUPAC),
these isotherms are of type II with a type H3 hyster-
esis loop (Zhang et al. 2016). This suggests that the
aerogels exhibit a relatively narrow pore distribu-
tion, with a significant increase in adsorption at high
pressures. It is also indicating the presence of well-
developed macrospores. The appearance of hysteresis
during desorption is linked to the presence of narrow-
entry pores. During adsorption, the gas molecules
rapidly enter the pores, but during desorption, they
tend to remain trapped for longer time due to surface
interactions resulting in capillary condensation. The
krypton adsorption isotherms do not follow any type
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of isotherm classified according to IUPAC. These
isotherms follow an inverse exponential curve with a
rapid increase in adsorption, suggesting the presence
of macroporous structure.

The specific surface area and pore volume of
nanocellulose aerogels, estimated from adsorption
isotherms, are summarized in Table 3. The aero-
gel properties were greatly affected by the initial
concentration of nanofibers in the hydrogel and the
drying method. For aerogels prepared by supercrit-
ical drying, a decrease in the specific surface area
is observed with increasing nanofibers concentra-
tion. This decrease is linked to a higher rate of
interactions, thickening pore walls and thus reduc-
ing specific surface area and pore volume (Ciftci
et al. 2017). Nevertheless, these specific surface
areas remain lower than those reported in previous
studies (Ciftci et al. 2017; Sepahvand et al. 2020).
This difference is linked to the hydrogel formation
process. Hydrogels are formed via physical cross-
links induced by hydrogen bonds. These bonds are
generated by a freeze-thaw process of the nanofiber
suspensions. However, this freezing process is
relatively slow, allowing the ice crystals to grow
to significant sizes, sometimes tens or hundreds
of micrometers. Consequently, the growth of ice
crystals has a significant impact on the size of the
pores formed in the three-dimensional structure of
hydrogels. So, although supercritical drying ena-
bles water to be removed from hydrogels without
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deforming the microstructure, the size of the ice
crystals formed during freezing limits the final
porosity and specific surface area of the aerogels
obtained.

Comparing the effect of solvent on variations in
the specific surface area, there is only slight fluc-
tuation for aerogels containing 2 wt.% nanofib-
ers, with a slight increase observed for aerogels
that have undergone solvent exchange using ace-
tone. However, a marked variation is observed
for aerogels with low nanofiber concentration.
Solvent exchange with acetone resulted in a sig-
nificant reduction in the shrinkage rate, leading to
a significant increase in the specific surface area.
Regarding the effect of lignin, a similar tendency
is observed with a decrease in the specific surface
area with increasing lignocellulose nanofiber con-
centration. Despite the weak interactions between
LCNFs, a higher specific surface area was expected
compared to the lignin-free aerogels. However,
this small variation can be attributed to more pro-
nounced shrinkage during the drying process.

The specific surface area of freeze-dried aero-
gels was relatively low, around ten times lower
than those obtained from supercritically dried aero-
gels. The Sgep of less than 5 m*/g does not neces-
sarily suggest the absence of pores but rather sug-
gests that the existing pores are relatively large or
the porous structure is not highly developed (Ciftci
et al. 2017). This is likely attributed to the destruc-
tion of the pore structure by the sublimation of
water crystals during the drying process (Buchtova
and Budtova 2016).

Aerogels microstructure

The cross-sectional microstructures of aerogels,
elaborated using two different drying methods, are
shown in the scanning electron microscopy (SEM)
images in Fig. 3. Longitudinal sections reveal hon-
eycomb-shaped matrices, where irregular pores
are aligned and framed by walls made of nanofib-
ers arranged in films. This interconnected structure
offering a diversity of pore sizes with sheet-like
pore walls, is observed in both drying methods.
In contrast to the general trend for nanocellulose
aerogels prepared by supercritical drying, which
often feature a network of small and corrugated
beads assembled together (Buchtova et al. 2019),
the microstructures obtained here stem from the
ice crystal growth during hydrogel formation. In
this study, nanocellulose hydrogels were formed by
a physical cross-linking method involving freeze-
thawing. Thus, the pores replicate the shape of ice
crystals, creating this layered porous structure that
persists even using supercritical drying. Neverthe-
less, a slight difference can be observed in terms of
pore sizes. Indeed, for aerogels that have undergone
supercritical drying, a range of pore size from meso-
to macropore can be observed. On the other hand,
freeze-dried aerogels show macropores and large
"open channels". This disparity may be explained by
the fact that the latter undergoes secondary freezing
prior to freeze-drying. During this second freezing,
the formation of ice crystals disturbs the nanostruc-
ture of the hydrogels by “pressing” the cellulose
nanofibers against the pore walls. This phenom-
enon partially destroys the initial three-dimensional

Freeze-drying ;'.

Fig. 3 SEM images of the cross-sectional microstructure of aerogels, elaborated using two different drying methods
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Fig. 4 SEM images of 2 wt.% nanocellulose-based aerogels synthesis by different drying methods

network, resulting in larger and less homogeneous
structures, which is consistent with the observations
made in previous works (Wang et al. 2017; Chen
et al. 2019). At higher magnification, this altera-
tion also affects the distribution of nanofibers. In
freeze-dried aerogels, the nanofibers tend to form
highly aggregated structures, resulting in a flat sur-
face without pores. Conversely, SC-dried aerogels
exhibit less aggregation among nanofibers, creating
a surface with mesopores.

The aerogels shown in Fig. 4 are based on nano-
cellulose with the similar nanofiber concentration (2
wt.%). The presence of lignin in nanocellulose aero-
gels induces substantial changes in their microstruc-
ture. At higher magnification, observation reveals sig-
nificant differences between the pore walls of aerogels
composed of cellulose nanofibers and those contain-
ing lignin. Pore walls appear ultra-smooth and thicker
in the case of CNF-based aerogels, while less smooth
walls are discernible on LCNF-based aerogels. This
distinction is particularly noticeable for microstruc-
tures of aerogels with lower concentrations, as illus-
trated in Fig. S3. Moreover, as the nanofiber con-
centration increases, the microstructures become
denser with a consequent increase in the pore wall
thickness resulting from intensified nanofiber interac-
tions. When the solvent is exchanged using acetone,
a slight increase in the pore density is observed com-
pared to the supercritical drying with ethanol solvent
exchange. This variation underlines the complexity of
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the factors to be considered when designing nanocel-
lulose aerogels.

Mechanical properties

Uniaxial compression tests were carried out to evalu-
ate the mechanical properties of the nanocellulose-
based aerogels. The stress-strain curves obtained for
nanocellulose-based aerogels prepared via acetone
supercritical CO, drying are shown in Fig. 4, and
similar results were observed for all the other aero-
gels examined (supporting information). Compres-
sion tests were carried out only on aerogels with
nanofiber mass fractions of 1.5 wt.% and 2 wt.%
for the aerogels synthesized by supercritical drying.
Aerogels with lower nanofiber concentrations could
not be tested due to their irregular shape attributed
to the more pronounced shrinkage during the drying
process. On first appearance, these nanocellulose-
based aerogels, made up of intertwined nanofibers,
show high flexibility while exhibiting considerable
ductility compared to regular organic aerogels.

From a qualitative perspective, the stress-strain
curves reveal three distinct phases. Initially, a linear
region is observed at low deformations, extending
up to approximately 15% strain. This phase, from
where the compression modulus E is determined, is
attributed to the elastic deformation of the cell wall
and the collapse of macropores (Ganesan et al. 2016).
Subsequently, the curve gradually flattens between
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Fig. 5 Strain—stress curves of nanocellulose-based aerogels synthesized via freeze-drying process

Table 4 Young’s modulus of nanocellulose-based aerogels

Sample Nanocellulose concentra- ~ Young’s
tion (wt.%) modulus
(MPa)
AACNF 1 -
1.5 0.2113
2 0.3570
AALCNF -
1.5 0.2938
2 0.3817
AECNF 1 -
1.5 0.1424
2 0.2812
AELCNF -
1.5 0.2415
2 0.4725
AFCNF 0.1034
15 0.2638
2 0.3006
AFLCNF 0.1292
1.5 0.2701
2 0.3854

15% and 60% strain, with a more moderate increase
in stress resulting from the plastic deformation of
cell walls. In the third region (between 60% and 80%
strain deformation), the significant increase in stress

is induced by densification due to bending or damage
to mesopores, as well as compression and rupture of
covalent bonds between the cellulose nanofibers, as
illustrated in Fig. 5.

The Young’s modulus of nanocellulose-based
aerogels is reported in Table 4. It can be observed
that the mass content of nanofibers in aerogels cor-
relates directly with their compressive modulus. By
increasing the initial nanofiber concentration from
1.5 to 2 wt.%, the modulus of AACNF aerogels
increases from 0.2113 to 0.3570 MPa. In fact, with
increasing nanocellulose mass fraction, the number
of cross-linking points increased, making the aerogel
more compact and thus increasing the compressive
strength. This tendency is observed for both types of
porous nanocellulose materials investigated. Notably,
these results clearly surpass those reported by (Mor-
cillo-Martin et al. 2022). Although the aerogels were
synthesized by two different drying modes (super-
critical drying and freeze-drying) that lead to distinct
specific surface areas, they exhibit fairly similar com-
pressive moduli. This consistency can be explained
by the similar morphology of the different materials,
observable in the microstructures obtained by SEM.
All aerogels presented a sheet-like microstructure,
conferring good resistance under compressive stress.
Regarding the effect of the lignin, the aerogels con-
taining lignin showed superior properties to those
made from CNFs. The presence of lignin provides the
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aerogels with higher mechanical properties, underlin-
ing its beneficial role in strengthening these materials.

Effects of lignin on the properties of
nanocellulose-based aerogels

By incorporating lignin into cellulose nanofibers,
several properties of the aerogels were significantly
affected. From a visual standpoint, lignin-containing
hydrogels exhibit a distinct brownish colour, attribut-
able to the aromatic compounds of lignin (Berglund
et al. 2018). In addition, these hydrogels undergo
noticeable shrinkage during drying, which is linked to
the reduced rigidity of the resulting hydrogel network.

The hydrophobic nature of lignin plays a crucial
role in the formation of the three-dimensional hydro-
gel network. Lignin-containing nanocellulose fibers
create zones where interfibrillar interactions are lim-
ited due to the non-polar hydrocarbon compounds and
benzene groups (Ciolacu et al. 2012). These reduce
interactions contribute to a decrease in the number

a) Hydrogen bonds

o
=

e e m i m i m s e m e mmm

Quantity adsorbed (cm3/g STP)

of cross-linking points and weaken the formation of
hydrogen bonds which is essential for the rigidity and
cohesion of the hydrogel network. Consequently, a
less rigid network is formed, thus inducing more pro-
nounced shrinkage during supercritical drying. The
pronounced aerogel shrinkage during drying gener-
ates greater compression of the aerogel structure as
observed in Fig. 6b. In turn, the compression reduc-
ing the space between the nanofibers tends to increase
the bulk density of the LCNF aerogels.

Lignin also has an effect on the aerogel’s poros-
ity. LCNFs, impregnated with the rich complexity of
lignin, exhibit a distinct structure and hydrophobicity
compared to their lignin-free counterparts (CNFs).
This singularity promotes a reduced number of cross-
linking points. Indeed, this configuration generates
less regular and larger pores in the resulting aero-
gel’s structure. This phenomenon leads to a reduced
porosity but significantly increases the pore volume
in the lignocellulose-based aerogels. This notable
disparity in the pore structure is highlighted by the
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Fig. 6 Schematic illustrations of lignin’s impact on nanocellulose-based aerogels: a three-dimensional hydrogel network formation,
b aerogel appearance and shrinkage rate, ¢ microstructure alterations, d specific surface area enhancement, e mechanical properties
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SEM micrographs reported in Fig. 6¢c. LCNF aerogels
exhibit a larger pore size distribution, with a predomi-
nance of large pores and highly branched irregular
walls (McDonagh and Chinga-Carrasco 2020). This
structure induced by the presence of lignin, which
creates distinct interaction zones that modify pore
formation and arrangement, resulting in a more com-
plex, branched pore structure.

This phenomenon is particularly evident in the
specific surface area of the aerogels. In the case of
LCNF-based aerogels, despite exhibiting reduced
porosity, their intricate pore structure, character-
ized by a large pore size distribution and a highly
branched architecture, significantly enhances the
specific surface area per unit mass. Additionally, this
large pore size distribution is substantiated by the
hysteresis observed in N, adsorption-desorption iso-
therms. The hysteresis loops indicate the presence
of narrow entrance and branched pores, which are
more pronounced in the isotherms of LCNF aerogels,
as highlighted in Fig. 6d, which provides a close-up
of the hysteresis region. This pronounced hysteresis
underscores the complexity of their pore structure,
contributing to a higher specific surface area.

In terms of mechanical properties, LCNF-based
aerogels exhibit a higher compressive modulus than
their CNF-based counterparts. This improvement in
mechanical strength stems from the unique charac-
teristics conferred by the presence of lignin. Lignin,
known for its intrinsic rigidity and complex aromatic
structure, significantly strengthens the structural net-
work of aerogels (Herrera et al. 2018).

In addition, during the formation of LCNF-based
aerogels, lignin adds an extra dimension due to its
hydrophobic nature and complex structure, result-
ing in a large pore size distribution and thicker walls.
This complex configuration offers increased resist-
ance to compressive stress. In fact, as the initial lin-
ear elasticity region of stress-strain curves is caused
by the bending of nanofibrils in the open pore space,
the elastic modulus of aerogels depends on how the
nanofibrils are distributed in the matrix (Ganesan
et al. 2019). CNF-based aerogels exhibit intercon-
nected pore structures and when subjected to com-
pressive stress, these structures undergo cell wall
collapse. In contrast, LCNF-based aerogels feature
thicker cell walls and branched nanofibrillar sup-
ports with a wider pore size distribution (Fig. 6e).
This robust architecture offers superior compressive

strength, providing aerogels with greater structural
integrity.

Conclusions

The research underscores the impact of cellulose
nanofiber mass composition (1, 1.5 and 2 wt.%), dry-
ing method (freeze-drying and supercritical drying),
and the presence of lignin on the properties of the
nanocellulose-based aerogels. The choice between
freeze-drying and supercritical drying significantly
shapes aerogel properties, with the former preserving
structure and minimizing shrinkage, while the latter
yields a higher BET-specific surface area. Scanning
electron microscopy analysis reveals honeycomb-
shaped matrices with irregular pores, influenced by
nanocellulose concentration and drying technique.
Uniaxial compression tests demonstrate that nanocel-
lulose aerogels possess notable flexibility and high
compressive modulus. The incorporation of lignin
into cellulose nanofibers has a significant impact on
the aerogels’ properties. Hydrogels containing lignin
had a brownish color and shrink significantly during
drying due to reduced network rigidity and hydropho-
bic interactions that limit hydrogel cross-linking. This
results in larger and more irregular porous structure
reducing porosity while increasing pore volume and
bulk density. Despite lower porosity, LCNF aerogels
exhibit an intricate pore structure with a narrow pore
size distribution and highly branched architecture,
which substantially increases their specific surface
area. Mechanically, lignin-containing nanocellu-
lose aerogels exhibit a higher compressive modulus,
attributed to the stiffness and complex structure of the
lignin, enhancing their strength and structural integ-
rity. In summary, the study provides insight into the
complex relationship between nanocellulose com-
position, drying methods, and the properties of the
aerogels. Cellulose-based aerogels, in particular those
incorporating lignin, offer potential for the design of
nanocellulose-based materials with properties suit-
able for a variety of applications.
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