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Green and efficient cell wall nano-reconstruction
under ambient temperature towards strong
cellulosic aerogels
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Cellulosic aerogels show great promise for diverse applications. However, their widespread adoption is
hindered by energy-intensive processing and limited mechanical properties. This work presents a green
and efficient approach for strong cellulosic aerogel synthesis through cell wall nano-reconstruction using
one-step NaOH (10 wt%) treatment of wood at ambient temperature. The obtained cellulosic aerogel
(wood aerogel) showed partially preserved hierarchical structure and nanofibril networks filled lumen,
leading to a combination of high specific surface area (202 m? g™%) and a high yield strength (4.3 MPa).
The generation of mesoporosity and the building of nanofibril networks were studied in detail. NaOH pro-
vided cell wall swelling and partial extraction of deacetylated xylan, generating nanoporosity in the cell
wall. The extracted xylan then aggregated and rearranged into nanofibril networks occupying the lumen.
The technology developed for wood aerogel synthesis and the understanding of wood aerogel formation
pave the way for green cell wall nanoengineering towards advanced materials design.

1. Top-down cell wall engineering was applied to fabricate cellulosic aerogels with exceptional combined properties (specific surface area of 202 m* g™* and

compressive strength 4.3 MPa). This method significantly reduces energy and chemical consumption by bypassing the intensive nanocellulose extraction

required in conventional bottom-up approaches, while yielding aerogels (wood aerogels) with superior performance to nanocellulose-based counterparts.

2. Ambient temperature NaOH treatment eliminates the need for toxic chemicals, expensive solvents, and energy-intensive processes typically employed in

aerogel production. A detailed investigation of the structural evolution and formation mechanism revealed how cell wall reconstruction creates the unique

mesoporous structure of wood aerogels.

3. This green nanoengineering strategy paves the way for strong, scalable, bio-based aerogel production, offering a sustainable alternative to petroleum-based
foams in thermal insulation, adsorption, and catalytic applications.

Introduction

performance (compression yield strength normally <1 MPa) is
also a restriction.

Cellulosic aerogels are generally mesoporous (2-50 nm) solid
networks with high porosity (>90%), and high specific surface
area (SSA, 100-600 m” g™*)." Cellulosic aerogels are attractive
in diverse applications such as thermal superinsulation,
adsorption/separation,>* tissue engineering,” etc. Their sus-
tainable origin offers additional advantages in material devel-
opment. However, the fabrication of cellulosic aerogels is
usually energy-intensive and time-consuming. Low mechanical
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Top-down fabrication of cellulosic aerogels offers a promis-
ing solution. Wood aerogel, a cellulosic aerogel processed
directly from natural wood, has been proposed.® Wood aero-
gels are anisotropic and mesoporous with microfibril networks
occupying the originally empty lumen, see Fig. 1. The for-
mation of mesopores and partial preservation of natural cell
wall structure enable wood aerogels with a unique combi-
nation of high SSA (>180 m* g~"), mechanical strength (>1.2
MPa), and directional conduction channels.® The collection of
intriguing properties makes wood aerogels promising for
various applications, such as thermal insulation,”® wastewater
treatment®'® and hydrovoltaic energy harvesting.'"'* In the lit-
erature, delignified wood followed by hemicellulose removal is
described as wood aerogels as well,”**™"” where macropores
(e.g., lumen with diameter >10 pm) count for the majority. In
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Fig. 1 Schematic illustration of wood aerogel preparation. From cell wall swelling to the building of microfibril networks in lumen were shown. SEM

images on the right display the fibril networks and porous cell wall of NWA.

this work, wood aerogels only refer to structures with mainly
mesopores (2-50 nm).

Despite recent progress, wood aerogel fabrication still
requires substantial chemical input and energy consumption.
Wood aerogel synthesis can be generally assigned into two cat-
egories: additional polymer filling and reassembly of cell wall
components. The former is a straightforward strategy to
decrease macropores (e.g., lumen) and increase mesoporosity
in the lumen. Monomers were infiltrated into wood templates,
followed by in situ polymerization. Cross-linked polymers form
porous networks in the lumina, while the cellular structure of
wood remains intact. Composite aerogels could be achieved
upon proper drying of the composite hydrogel. Polyacrylamide
(PAM),"® poly(vinyl alcohol) (PVA),"**° poly(acrylic acid)
(PAA),"' and poly(N-isopropylacrylamide) (PNIPAM)** were
infiltrated into wood targeting strong, functional wood hydro-
gels. Fibril networks were revealed from their scanning elec-
tron microscopy (SEM) images. Gelatin-infiltrated wood shows
a porous honeycomb structure with tunable porosity.*’
Although lumina could be filled with porous polymers, infiltra-
tion is time-consuming, and monomers are usually petroleum-
based. In comparison, reassembly of cell wall components is
more advantageous in wood aerogel synthesis, where biopoly-
mers in wood are utilized without introducing extra polymers.
One reported mechanism is the partial dissolution and regen-
eration of cell wall constituents, primarily cellulose. Upon
chemical treatment, dissolved cell wall substances diffuse to
the lumen and are confined in cells. With the addition of anti-
solvents, solubilized biopolymers are phase-separated from the
solvent and form fibril networks in the lumen. Wood aerogel
synthesized by lithium chloride in N,N-dimethylacetamide
(DMAC/LIiCl) is a pioneer work under this circumstance.® A
guanidinium phosphorus-based ionic liquid ([MTBD|[MMP])
was then explored to better control the formation of nanocellu-
losic networks by tailoring the cell wall dissolution and mass
diffusion.”** However, these chemicals raise concerns over
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high cost, moisture-sensitivity, and sustainability. In pursuit of
eco-friendly, sustainable production, an alteration to greener
chemicals is required. NaOH treatment attracts lots of atten-
tion because it is scalable, cost-effective, and easy to recycle.”®
NaOH enables cellulose dissolution at 7-10 wt% concentration
and below 0 °C.***” Both NaOH-water (8 wt%, —6 °C)"" and
NaOH-urea-water (7 wt%, —13 °C)"? could achieve wood aero-
gels with high porosity and large SSA. However, processing
under sub-zero temperatures is energy-intensive.®

Partial dissolution and regeneration play a key role in wood
aerogel synthesis, where dissolution helps migrate cell wall poly-
mers into the lumen. Most literature targeted cellulose dis-
solution and regeneration,”” while dissolving cellulose is inher-
ently challenging. Nevertheless, is cellulose dissolution a prerequi-
site for the reassembly of cell wall components? Wood cell walls
can be considered as cellulose microfibril bundles embedded in
the matrix of hemicellulose and lignin.>® This structural arrange-
ment limits the accessibility of cellulose, hindering dissolution as
reported in the previous studies.*” In addition, cellulose dis-
solution was reported to require more time due to its high crystal-
linity.*® Hemicellulose is another major cell wall polymer, com-
prising 20-35% of dry wood mass.*® Hemicellulose is amorphous
with a low degree of polymerization (DP, 80-200) and exhibits
higher accessibility than cellulose.”® Extracting and confining
hemicellulose within the lumen could be an alternative approach
for preparing wood aerogels. NaOH is particularly suitable for this
purpose, as it can efficiently extract hemicellulose**>* and swell
cellulose fibers®>*° at room temperature.

This work aims to develop a facile, green approach for
wood aerogel synthesis via one-step ambient temperature
NaOH treatment, as shown in Fig. 1. Instead of targeting cell-
ulose dissolution, hemicellulose extraction was employed to
achieve both high SSA and mechanical strength of wood aero-
gels. Hemicellulose detached from the cell wall, confined and
rearranged into networks occupying the lumen. Compared
with reported approaches, ambient temperature NaOH treat-

This journal is © The Royal Society of Chemistry 2025
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ment is greener and more efficient. Moreover, the formation of
wood aerogel structure is proposed, which could help under-
stand and control cell wall engineering techniques.

Results and discussion

To evaluate the feasibility of forming wood aerogels under
green ambient temperature, native balsa wood (NW) was
treated with 10 wt% NaOH at room temperature for 3 h to
24 h. NaOH concentration determines the size of hydrated
ions,”” the extractability for hemicellulose,>** and the final
cellulose type.***¢
in a significant structure change while preserving the cellulose
crystal type of NW. NW has a light brown appearance, thin cell
walls, and large empty lumen space, as shown in Fig. 2a. After
3 h treatment, some entangled fibrils formed in the lumen
(Fig. 2b). With increasing treatment time, a larger amount of
fibril networks were generated (Fig. 2c-f), forming a wood
aerogel (NWA) directly utilizing the natural wood structure.
Chemical composition of samples during the treatment was
also monitored, as shown in Fig. 2g. Hemicellulose content
drops with extended treatment time. Hemicellulose is a group
of mostly amorphous cell wall polysaccharides, which can be

10 wt% was chosen here because it resulted
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solubilized (and degraded) by alkali. Nevertheless, the hemi-
cellulose extractability by NaOH is restricted in this case, due
to NaOH concentration and operating temperature, as well as
the presence of lignin®’ in native wood. Lignin content
decreased once treated with NaOH. Weight losses of samples
were measured (Fig. S1) with values varying from 14% to 23%,
as the treatment time increased from 3 h to 24 h. SSA of wood
samples essentially increased as the treatment time changed
from 3 h (148 m* g™') to 18 h (202 m* g "), as shown in
Fig. 2h. However, longer treatment time does not further
increase SSA, probably because of the shrinkage caused by
alkali (Fig. S1). Fig. 2i displays the corresponding pore size dis-
tribution. Short NaOH treatment time, such as 3 h and 6 h,
mostly generate small pores around 3-5 nm and a small
portion of pores from 20-40 nm. Longer treatment time
(>12 h) gives aerogels with broader pore size distribution, pre-
dominantly between 3-10 nm. NWA from 18 h treatment pos-
sesses the highest SSA and is selected for further analysis.

Fig. 3a displays the appearance of NWA, which has a lighter
color and some volume shrinkage (20%) compared with NW.
The morphology of wood aerogels on the microscale was inves-
tigated in detail. Almost all empty lumen space was occupied
by entangled fibril networks, which can be observed from both
transverse and tangential planes, as shown in Fig. 3a-c. Gaps
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(a) Photograph and SEM image of NW, (b)—(f) SEM images of wood samples via treatment time of 3 h, 6 h, 12 h, 18 h, 24 h, (g) relative

content of cellulose, hemicellulose and lignin, (h) BET specific surface area and (i) pore size distribution of samples via different treatment time.
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(a) Photograph and SEM images of NWA from transverse plane, (b) tangential plane, and (c) cell wall corner. (d) XRD diffraction of NW and

NWA. (e) 2D small-angle X-ray scattering patterns of NW and NWA, (f) corresponding 1D scattering line profiles. (g) strain—stress curves of NW and
NWA along longitudinal direction, (h) compressive strength and Young's modulus of NW and NWA, (i) yield strength against SSA from cellulose
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are present between cell walls and fibril networks, possibly
due to shrinkage of network phase during freeze-drying. The
cross-sectional shape of cells changed from polygon (NW) to
irregular shape (NWA), owing to the partial removal of cell wall
components (especially in cell wall corners) and irregular cell
wall swelling. The contour variation of the cell wall could also
be observed from never-dried samples (Fig. S2). Cell wall swell-
ing is reflected by the increased cell wall thickness. Double
cell wall thickness of NWA increased to 0.8-1.2 pm, compared
to that of NW (0.4-0.8 pm), as shown in Fig. 6b.

X-ray diffraction (XRD) was conducted to evaluate the cell-
ulose type of wood templates, as shown in Fig. 3d. Both NW
and NWA show distinct cellulose I peaks (101, 002, 040), imply-
ing the cellulose crystalline type remains the same after NaOH
treatment. This is in line with the 10 wt% NaOH-treated
poplar®® and pine®® for 90 minutes. Only a slight decrease in
the degree of crystallinity was found in poplar wood.*®
Cellulose II was not observed on the XRD pattern of pine,
despite the extended treatment time.*® Small-angle X-ray scat-
tering (SAXS) was applied to understand the nanostructure.

Green Chem.

reported wood aerogels®”?* and NWA in this work.

Fig. 3e shows the 2D SAXS patterns. NW exhibits a strong
narrow streak perpendicular to the fiber axis, owing to the pre-
ferable alignment of cellulose nanofibrils along the fiber axis.
In comparison, NWA displays a diamond-shaped scattering
with stronger isotropic components. The random distribution
of network microfibrils decreased the overall anisotropy of
NWA. The plot of scattering intensity I(g) as a function of the
scattering vector g (Fig. 3f) was extracted from the 2D SAXS
patterns. The I(g) curve of NW showed a broad shoulder cen-
tered at ¢ = 1.58 nm ™", corresponding to a length scale of
4 nm using Bragg’s law (d = 2n/q).*° This could be attributed to
the correlation distance of oriented cellulose microfibrils in
the cell walls.">*! The feature is no longer present in the NWA,
indicating a less ordered structure, which could be explained
by swelling of the cell wall and the rearrangement of cell wall
biopolymers. In addition, NWA has higher intensity at low ¢
range, indicating the presence of larger structures, corres-
ponding to the generation of fibril networks. A slope ~q~* was
fitted at low g-values for both NW and NWA, which could be
assigned to the surfaces of large pores and fiber lumina,*'™*?

This journal is © The Royal Society of Chemistry 2025
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in support of the preserved cellular structure after NaOH
treatment.

Mechanical properties of NW and NWA were investigated
through compression tests, as presented in Fig. 3g (longitudi-
nal direction) and Fig. S3 (transversal direction). NWA shows
larger strain at onset of compressive failure, and slightly lower
strength (maximum stress) and modulus both in longitudinal
and radial directions. A low stress region is present at the
beginning, possibly due to sample surface roughness. After a
linear region, maximum stress was observed at large strain. In
the longitudinal direction, NWA possesses decreased compres-
sive yield strength (s, = 4.3 MPa) and stiffness (E = 50 MPa)
compared with NW (6, = 5.5 MPa, E = 65 MPa), as shown in
Fig. 3h. Natural wood is known to fail by cell wall buckling in
longitudinal compression.** Partial removal of hemicellulose
may facilitate this mechanism by reducing cell wall properties.
Fig. 3i compiles the compressive strength of cellulosic aero-
gels. NWA in this study has higher compressive strength than
wood aerogels prepared by DMAc/LiCl° and [MTBD][MMP],”
stemming from the preservation of lignin. Its strength is
slightly lower than reported lignocellulosic wood aerogel** due
to the lower density of our raw material. Nevertheless, the com-
pressive strength of NWA still significantly outperforms cellulo-
sic aerogels from bottom-up strategies,”>™* owing to the
oriented, tubular cellular structure of natural wood, as well as
cellulose fibril alignment in the cell wall. In addition, the combi-
nation of high SSA and mechanical strength of NWA also stands
out in Fig. 3i, since high SSA may facilitate functionalization so
that applications of cellulosic aerogels can be extended.

The porous structure of wood aerogel is studied in detail to
understand structure-property relationships. Fig. 4a shows the
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adsorption and desorption curves of NW and NWA. NW is a
macroporous material, indicated by its isotherm type III plot.
NWA displays the isotherm type IV, demonstrating its meso-
porous structure. Pore size distribution from physisorption is
shown in Fig. 4b. NW has a small volume of pores larger than
100 nm. By contrast, NWA shows a way larger pore volume,
mainly including pores smaller than 10 nm (highlighted by a
blue rectangle), and large pores ranging from 20-100 nm
(highlighted by an orange rectangle). High-magnification SEM
images of NWA (Fig. 4c and d) were acquired to assist the
study of the porous structure. A great number of tiny pores
were found in the cell wall (Fig. 4c), ascribing to the swelling
of the cell wall and the loss of cell wall components (e.g., hemi-
cellulose). Pore size in the cell wall varies from 5-15 nm
(Fig. 4e), contributing to the first peak (blue) of NWA in
Fig. 4b. However, in the cell wall of NW, microfibril bundles
are tightly packed with negligible appearance of pores
(Fig. S4). In addition, the newly formed networks of NWA
(Fig. 4d) contain pores from 15-95 nm (Fig. 4f), resulting in
the second peak (orange in Fig. 4b). In other words, the meso-
porous structure of wood aerogel measured by gas adsorption
here consists of cell wall porosity and lumen network porosity,
where cell wall porosity dominates the pore volume. The gene-
ration of mesopores significantly increases the SSA of NWA to
202 m* g~*, compared with that of NW (1.2 m* g™ ).

The composition of lumen networks is important in deci-
phering aerogel structure. Fibril networks were isolated from
wood aerogel for the first time and studied in detail, as
demonstrated in Fig. 5a. Wet samples were cut into thin slices
with thickness around 0.5 mm, aiming to create open pores.
With the help of directional freezing, the network materials in
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Fig. 5 (a) Schematic diagram of utilizing directional freezing to isolate fibril networks from NWA, (b) diffusion-edited *H NMR spectra of separated
networks, (c) FTIR spectrum of NW, cell wall and networks of NWA, (d) schematic showing the composition of cell wall and network fibrils of NWA
(blue crystals represent cellulose, green fibrils indicate xylan/hemicellulose and brown clusters represent lignin).

lumina were pushed out from thin slices due to the growth of
ice. Sublimation of ice facilitated the formation of fibril-like
materials (Fig. S5) on top and around wood slices, which were
then collected for analysis and represented microfibril
networks.

Isolated networks were dissolved in DMSO/[P4444][OAc]
(80:20) for diffusion-edited "H NMR experiments, following
the protocol described by Fliri et al,>® in order to identify the
composition of NWA fibril networks, as shown in Fig. 5b.
Diffusion-edited '"H NMR revealed the predominance of deace-
tylated glucuronoxylan (GX) in the extracted networks. Signal
assignment here is in line with NW composition®® and birch
GX spectrum reported by Kilpeliinen et al.>” No cellulose or acetyl
groups were found through this analysis. 1D diffusion-ordered
spectroscopy (DOSY) experiment (Fig. S6) further confirms the
nature of the sample. Low diffusivity signals (3-4 x 107" m?

s™!) (corresponding to high molecular weight) are associated
with the GX backbone repeating unit (xylose), while the low-
intensity signal at higher diffusivity (3.5-5 x 107'® m* s7") is
related to the methylglucuronic acid substituent. In other
words, newly formed networks seem to be mainly composed of
polymeric xylan. Variation in xylan-cellulose interactions may
explain this observation. Hardwood xylan backbone contains
O-acetyl groups and 4-O-methylglucuronic acid, which are
usually on even-numbered residues.”® This specific substi-
tution pattern could facilitate interactions with cellulose

Green Chem.

microfibrils in the plant cell wall.> If the substitution pattern
is disrupted, the interaction between xylan and cellulose fibrils
will be weakened.®® During alkali treatment, acetyl functions
are easily cleaved,®® while 4-O-methylglucuronic acid substitu-
ent can be liberated in smaller quantities.®’ Acetyl cleavage
can be observed by in situ diffusion-edited "H NMR analysis of
the solute fraction, reproduced in 10 wt% NaOD (Fig. S7).
Signals associated with acetyl functions (2.7-3.9 ppm, also
around 2 ppm) emerged after 30 minutes and increased with
reaction time. Minor presence of methylglucuronic acid on
networks was also confirmed by DOSY (Fig. S6). Overall, the
hydrolysis of acetyl functions and peeling of glucuronic acid
substituents impair the specific decorations on xylan, weaken-
ing interactions between xylan and cellulose microfibrils.
Consequently, the deacetylated xylan primarily contributes to
the formation of networks in NWA.

FTIR was also carried out to identify the component vari-
ation during NaOH treatment (Fig. 5¢). Due to the substantial
density difference and corresponding peak intensity between
networks and cell wall, the spectrum acquired from bulk NWA
could be presumed to represent the cell wall of NWA. Peaks at
1366 cm™" and 1230 cm™ " can be assigned to aliphatic C-H
stretching in methyl carbohydrates and C-O stretching,
respectively,’>®> which are commonly used to indicate
hemicellulose.’>*>®® The intensity of these two peaks turns
lower in both cell wall and network of NWA, consistent with

This journal is © The Royal Society of Chemistry 2025
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lower hemicellulose content in NWA (Fig. 2g). The peak at
1735 ecm™' is associated with C=O stretching and C=O
vibrations in carbonyl,®* commonly suggesting O-acetyl groups
in xylan.>® Interestingly, the characteristic peak of acetyl xylan in
NW is no longer visible in the cell wall of NWA, while it turns
smaller and sharper in the aerogel network. This variation indi-
cates major xylan relocation from cell wall to network during
NaOH treatment, consistent with diffusion-edited 'H NMR
(Fig. 5b) and DOSY results (Fig. S6). The blue-shifted small peak
in the network at 1740 ecm™" might result from glucuronic acid
substituents. Characteristic peaks of lignin,®®> 1592 cm™,
1505 cm™, 1458 cm™!, 1425 cm™, and 1315 cm™" appear in
both cell wall and networks of NWA, indicating the presence of
lignin in these structures. Their normalized intensity peaks
increased in the cell wall of NWA, two small shoulder peaks at
1266 cm™' and 1226 cm™' can also be identified, which are
related to the C-O of guaiacyl ring.®® Lignin is more condensed
upon NaOH treatment, the increase of phenolic groups was
found due to the breaking of p-O-4 linkages,"*® which could
explain the increased intensity of lignin-related peaks.

To summarize the information on NWA composition, the cell
wall of NWA primarily consists of cellulose with minor hemi-
cellulose content and lignin (Fig. 5¢), while network fibrils are pre-
dominantly composed of deacetylated xylan (Fig. 5b), as displayed
in Fig. 5d. Lignin is also likely present in the fibril network.

Mass diffusion from cell wall is critical for wood aerogel for-
mation.” Therefore, the morphology change on the timescale
was tracked to study the development of microfibril networks,
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as shown in Fig. 6. Once NW reacted with NaOH, the contour of
cell walls deformed substantially (Fig. 6a). Distinct cell wall
swelling was observed, as counted in Fig. 6b, average double
cell wall thickness of treated wood doubled to 1.2 pm from
0.6 pm of NW. NaOH also causes partial liberation of cell wall
materials (Fig. 6a). At the very beginning of diluting NaOH
(Fig. 6¢), detached materials were located close to the cell wall,
and the lumen space still seemed to be empty. On the third day
(Fig. 6d), the liberated substances (mainly deacetylated xylan)
slightly moved away from the cell wall, reorientated, and inter-
twined, resulting in partially filled lumina. When NaOH was
completely washed off (Fig. 6e), enough time was given for dea-
cetylated xylan to rearrange and fully occupy the lumen space.

Overall, NaOH (10 wt%) at room temperature resulted in
substantial cell wall swelling and cleavage of acetyl groups.
Swollen cell walls and impaired specific substitutions on xylan
liberated deacetylated xylan from the cell wall, thereby increas-
ing cell wall porosity (Fig. 4c). Deacetylated xylan gradually
diffused into and occupied the lumina, precipitated and recon-
structed networks upon freeze-drying, contributing to network
porosity (Fig. 4d).

The methodology developed for wood aerogel fabrication is
universal and scalable. Different wood species (both hardwood
and softwood) were tested using ambient temperature NaOH
treatment, including birch, ash, and pine (Fig. 7a-d).
Treatment time was extended to 24 h due to their higher den-
sities compared with balsa. Newly formed network varies
depending on the wood species. NaOH-treated birch displays

9.2mm x10.0k SE(M)

0KV 9.0mm X500 SE(M)

$4800 1.0kV 9.1mm x|

Fig. 6 (a) Cross-section and cell wall morphology of NW right after NaOH treatment, SEM images showing substance separated from the cell wall,
(b) double cell wall thickness histogram of NW, NW with NaOH and NWA, (c)-(e) SEM images showing the morphology evolution during aerogel for-
mation, including partial liberation of cell wall materials to gradual filling of lumen with fibril networks.
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Fig. 7 Universality and scalability of the approach. SEM images on the cross-section of (a) NaOH-treated birch, (b) NaOH-treated ash, (c) NaOH-
treated pine on early wood region and (d) late wood region. (e) isotherm adsorption and desorption curves, (f) BET surface of different wood species
after 24 h NaOH treatment, (g) photography of wet and dry NWA at large scale.

dense networks in lumen (Fig. 7a). Less dense microfibril net-
works were observed for ash (Fig. 7b), because higher density
of native ash (thicker cell walls) makes mass diffusion harder.
NaOH-treated pine has sparse fibril networks in lumen in the
early wood region (Fig. 7c), even less networks in the late wood
(Fig. 7d), due to the difference in cell wall thickness and hemi-
cellulose type. This suggests that diffusion kinetics plays an
important role. Low density of wood with thinner cell walls
facilitates the diffusion and therefore wood aerogel formation.
Besides, NaOH treatment is more effective in hardwood than
softwood for aerogel synthesis, due to its glucuronoxylan-rich
hemicellulose.®”®® Birch-NaOH and ash-NaOH display appar-
ent isotherm type IV, as shown in Fig. 7e. SSA was significantly
increased from approximately 1 m> g™' for native wood to
172 m> ¢~' for birch-NaOH and 115 m®> g~* for ash-NaOH
(Fig. 7f). However, pine upon NaOH treatment only shows a
small improvement in SSA (10.8 m* g™*). The upscaling of the
protocol was easily achieved, Fig. 7g shows large NWA samples
with dimensions 8 x 8 x 0.5 cm®.

The methodology developed here aligns with green engineer-
ing principles, from the choice of feedstock to the processing
steps. The foundation of this approach is wood, a renewable
resource that actively contributes to atmospheric CO, fixation
(1.8 kg CO, per kg wood).®*”° In addition, direct use of wood
substrates presents a substantial energy advantage over strat-
egies that rely on nanocellulose, as evidenced by high cumulat-
ive energy demand (CED) needed for nanocellulose fabrication:
9-14 MJ kg for kraft pulp”* and over 1000 MJ kg™" for nano-
cellulose fabrication from pulp fiber (e.g,, homogenization
requires 1050 MJ kg~ while TEMPO oxidation requires 2420 M]
kg™").”> The greenness of our aerogel processing is further high-
lighted by two factors. Ambient temperature treatment elimin-

Green Chem.

ates the need for electrical energy consumed in reported
heating®* or freezing'® conditions for wood aerogel fabrication.
The selection of NaOH, whose production entails a far lower
energy (2.34-2.92 MJ kg™" from bipolar membrane electrodialy-
sis”® and 4.97 MJ kg™" from direct electrosynthesis’*) than the
organic solvents (>60 MJ kg ')”® used in other reported
systems.”” As a result, this work provides a green framework for
wood aerogel synthesis towards advanced materials design.

Experimental

Materials and chemicals

Balsa wood (Ochroma pyramidale) of density 102 + 5 kg m™,

birch (Betula pendula, 476 + 21 kg m™>), ash (Fraxinus excelsior,
592 + 43 kg m~®), and pine (Pinus, 575 + 39 kg m™>) were
bought from Material AB, Sweden. Samples of dimensions 15
x 15 x 5 mm? (longitudinal x tangential x radial) for balsa and
10 x 10 x 3 mm? for other species were cut for chemical treat-
ment. Sodium hydroxide (NaOH, >98%), tert-butanol
((CH3);COH, >99.0%) were bought from Sigma-Aldrich,
Sweden, and ethanol absolute from VWR, Sweden.

Room temperature wood aerogel synthesis

Wood templates were introduced to a 10 wt% NaOH solution
at the concentration of 1 wt% wood materials by weight. Wood
soaked in NaOH was kept at room temperature for 3-24 h, and
a vacuum was used to help the diffusion of NaOH.
Subsequently, NaOH was washed off from wood templates
with deionized water twice a day for a week until the super-
natant was neutral in pH. Afterward, samples were exchanged

This journal is © The Royal Society of Chemistry 2025
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into a mixture of tert-butanol: H,O (80:20) and then freeze-
dried (—110 °C) at least 48 h for further characterization. tert-
Butanol helped to reduce the size of ice crystals’® and preserve
the fibril network structure in the lumen.

Characterization

The morphology was observed in a field emission scanning
electron microscopy (FE-SEM), Hitachi S-4800, Japan. Cross-
sections of wood aerogels were prepared by freeze-fracture in
liquid nitrogen (—196 °C), followed by freeze-drying. All
samples were sputter-coated prior to analysis with a gold/palla-
dium coating of ~5 nm, using a Cressington 208HR, UK, for
30 s.

The specific surface area (SSA) was obtained by nitrogen
physisorption using 3Flex Micromeritics. Samples were dried
via Critical Point Drying (CPD) to prevent the collapse of pores
due to capillary pressure gradient. Wood aerogels were gradu-
ally exchanged from water to ethanol. The mild supercritical
condition of CO, (73.8 bar, 31.1 °C) greatly reduced the surface
tension, keeping porous structure intact. Before physisorption,
CPD-dried samples were degassed at 90 °C for 3000 minutes to
remove the contamination and provide access to all surface
area. Specimens were analyzed under the relative pressure
0.05-0.995P/P, in liquid nitrogen (—196 °C). SSA was deter-
mined between 0.05-0.25P/P, via the Brunauer-Emmett-Teller
(BET) model,”” while the Barret-Joyner-Halenda model gave
information on pore size distribution from the desorption
isotherm.

Functional groups were characterized using a Fourier trans-
form infrared (FTIR), PerkinElmer Spectrum 100 FTIR spectro-
meter. The spectra were obtained over the range of
4000-600 cm™".

X-ray diffraction (XRD) was performed using a PANalytical
X'Pert Pro powder diffractometer through Cu Ko radiation at
40 mA and 45 kV. The scans were performed over 26 of 5-45°
with a step size of 0.01° and scan speed of 0.02° 5.

Small-angle X-ray scattering (SAXS) measurements were
conducted on a point collimated Anton Paar’s SAXS point 2.0
system equipped with a microfocus X-ray source (Cu Ka radi-
ation, wavelength 1.5418 A, beam size of 500 um). Eiger R 1 M
horizontal detector (pixel size of 75 x 75 pm?) was used for
SAXS with the sample-to-detector distance of 575.7 mm. The
exposure time of each measurement was 10 min and three
frames were acquired. Before measurement, wood aerogels
were cut into 5 x 15 x 5 mm® and mounted with the beam per-
pendicular to the fiber alignment. The data processing was
performed by the SAXS analysis package (Anton Paar, Graz,
Austria).

Lignin and carbohydrate content were obtained by first
grinding the samples in a Wiley mill, followed by hydrolysis
with 72% sulphuric acid at room temperature and 2.5% sul-
phuric acid in autoclave at 125 °C for 1 h. The hydrolyzed
mixture was thereafter filtered to separate the lignin from
carbohydrates. Lignin content was quantified using the stan-
dard method: TAPPI T 222 om-2. The filtered solution was

This journal is © The Royal Society of Chemistry 2025
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diluted for carbohydrate analysis via Dionex ICS-300 ion
chromatography (Thermo Fisher Scientific Inc.).

Compression properties were evaluated via Instron 5944
with a 500 N load cell at a rate of 10% strain per min. Samples
with approximate dimensions of 5 x 7.5 x 7.5 mm?® (longitudi-
nal x tangential x radial) were used for longitudinal com-
pression, while dimensions of 15 x 15 x 5 mm? for radial com-
pression. Mechanical tests were performed at 50% relative
humidity and 23 °C. All samples were conditioned for at least
3 days prior to measurements. Compression strength was
acquired through the stress at the yield point, where the struc-
ture collapsed. The yield point was determined at the inter-
section of the tangents from the initial elastic region and sub-
sequent plateau. Young’s moduli were calculated from the
slope of the linear elastic region in the stress-strain curves.

Liquid-state diffusion-edited "H NMR was used to check the
composition of aerogel networks and in situ analysis of the
solute fraction. NWA network samples (1 wt%) were dissolved
in DMSO-dg : [P4444][OAc] (80:20 w/w) at 65 °C following the
protocol described in the literature.>® In addition, to investi-
gate the wood components dissolved during NaOH treatment,
the protocol was reproduced with deuterated solvent. Sodium
hydride was used to prepare in situ 10 wt% NaOD in D,O.
Solute aliquots were collected during NaOD treatment from
30 min to 24 h. Measurements were made using a Bruker
Avance III HD 400 MHz. The diffusion-edited 1H experiment
used a 1D diffusion-ordered spectroscopy (DOSY) pulse
sequence based on stimulated echo and bipolar gradient
pulses (Bruker pulse program ‘ledbpgp2s1d’), with 3 s relax-
ation delay (d1), 0.5 s acquisition time (aq), 16 dummy scans
(ds), 512 transient scans (ns), a sweep-width (sw) of 20 ppm
with the transmitter offset on 6.1 ppm (o1p), diffusion time
(d20) of 200 ms, gradient recovery delay (d16) of 0.2 ms, eddy
current delay (d21) of 5 ms, diffusion gradient pulse duration
(p30) of 2.5 ms, and z-gradient strength (gpz6) of 80% at >50 G
em™' (probe z-gradient strength). Acquisitions were performed
at 338 K. Data were processed with MestreNova (Mestrelab
Research) software using a 90° shifted square sine-bell apodi-
zation window, baseline and phase correction were applied.

Conclusions

Highly mesoporous wood aerogels with a SSA of 202 m* g™*
and a yield strength of 4.3 MPa were prepared using 10 wt%
NaOH treatment at ambient temperature. Different from con-
ventional cellulose dissolution and regeneration, ambient
temperature NaOH swelled the cell wall and impaired the
specific substitutions on xylan. Deacetylated xylan migrated
out from cell walls and reconstructed the networks in lumina.
High SSA derives from both cell wall pores (via swelling and
biopolymer extraction) and lumen fibril networks. The high
mechanical strength is ascribed to the preserved cellular align-
ment of wood. This study elucidates the role of NaOH in bulk
wood modification and reveals new possibilities for cell wall
engineering. The developed methodology for wood aerogel fab-
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rication is green and scalable, with the potential to treat other
cellulosic materials (e.g., bamboo) or hemicellulose-rich agri-
cultural residues (e.g., corn cobs and wheat straw).
Additionally, the obtained aerogel structure could serve as a
versatile porous platform for advanced functionalization.
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