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The Tg is moisture-dependent, and increasing the moisture
content of wood can soften it and lower the Tg of its polymer
components.18 Chemical treatments can also soften wood; for
example, lignin sulfonation reduces the Tg.

19,20 Although
delignified cellulose pulp (kraft pulp) often exhibits a higher
tensile strength compared to lignocellulosic pulps,21 the
presence of lignin has been found to play a beneficial role in
densified wooden samples. Additionally, hot pressing has
proven to be highly effective for lignocellulosic materials,
further enhancing their mechanical properties. In densified
lignocellulosic samples, lignin plays a crucial role within the
structure as a phenolic binder, effectively gluing the fibrils
together. The works by Berglund and Hu have shown that
densification of fully delignified wood without adding an
additional matrix can lead to a less pronounced enhancement
of the mechanical strength.6,22 Early research by Mason
demonstrated that lignin-rich fibers could be welded together
during heated pressing, resulting in a densified structure and
strengthening the bonds between fibers.23 Song et al. reported
that hot pressing wood samples with a substantial removal of
lignin and hemicellulose significantly enhances their tensile
strength.24 Jiang et al. reported that incorporating lignin as a
reinforcement agent into the cellulose network of wood,
followed by long-term hot pressing for 3 days, produces strong
materials with a tensile strength of 200 MPa�five times higher
than that of conventional cellulose paper.22 Joelsson et al.
found that the tensile strength of hot-pressed papers made
from lignin-rich Chemi-ThermoMechanical Pulp (CTMP) was
higher than that of papers made from bleached cellulosic pulps,
such as sulfite and kraft pulps.25 The most impressive
mechanical performance to date was reported for partially
delignified and densified bamboo samples with a tensile
strength of 1 GPa.26 It has also been reported by Engstrand
and Berglund groups that wood softening (by sulfonation)
facilitates the hot pressing of paper. In other words, sulfonation
increases the softening and conformability at lower temper-
atures, resulting in higher strengths.19,20 We recently reported
the fabrication of strong and hydrophobic cellulose-based
papers with high wet-strength by a synergistic combination of
sulfonation, hot pressing, and betulin treatment. It was
discovered that hot pressing leads to both densification of
the samples and a polymorphic transformation of the added
betulin particles.27 Hot pressing has also been applied on
different types of cellulosic samples and composites; for
example, hot pressing of wood−mycelium composites and
partially delignified wheat straw resulted in stronger
samples.28,29 Studies on hot pressing reveal that wood
densification is a promising method for enhancing wood
properties and developing new materials, offering significant
opportunities to widen the application of wood. Despite the
advantages, densified wood has not become a mass-produced
product yet, and only a few cases have been successfully
industrialized. One obstacle hindering the mass-scale produc-
tion of densified wood, common in all commercially available
densified wood products and most studies, is the reliance on
static and batch-type hot-pressing processes. Static hot-
pressing requires machinery to be loaded and unloaded after
each batch, demands heating of press plates before pressing,
and sometimes requires cooling after the pressing step.
Consequently, a faster fabrication approach would be desired.
Continuous hot pressing presents a potential solution to
reduce time and energy consumption, thereby improving the
cost-effectiveness and environmental impact of the densifica-

tion process, making it more feasible for mass production of
sheets, beams, or profiles.30−34 Another challenge lies in the
pretreatment step, where most studies use harsh and intense
conditions, such as boiling solutions under high pressure or
specialized instruments like autoclaves. These challenges
become even more significant when attempting to hot-press
large wood samples.20,24,35 In this study, we disclose (A) the
novel fabrication of lightweight, strong, renewable, scalable,
and high-yielding materials from wood by the synergistic
combination of mild chemical modification and continuous
densification; (B) the synergistic combination of an industrially
relevant continuous steel belt press technique with synergistic
chemical modification during hot pressing using a low dose of
readily available chemicals from the pulp and paper industry
(NaOH and Na2SO3), which allows for fabrication of strong,
lightweight, and renewable large samples of materials at a large
scale; (C) the high-yield fabrication of the lightweight
materials (>97%) with a tensile strength increase of up to
258 MPa; (D) technoeconomic analysis; and (e) sustainability
analysis through life-cycle assessment (LCA)

■ EXPERIMENTAL SECTION
Materials and Methods. Sodium hydroxide 99% (NaOH) and

sodium sulfite 98% (Na2SO3) were purchased from VWR Chemicals.
Deionized (DI) water was used for the preparation of solutions.
Aspen veneer sheets were obtained from TalTech in Estonia
(Professor Jaan Kers) with dimensions of around 100 cm × 42 cm
× 3 mm (longitudinal cut) and kept in a conditioning room (23 °C,
RH of 50%).

Hot Pressing (Continuous Steel Belt Pressing). Hot pressings
of samples were performed using continuous steel belt press
machinery (Modular Steel Belt Press, Figure 2) at IPCO, Germany.

Modifications and Hot Pressing. Starting aspen veneer sheets
with 7 wt % moisture content (reference) were used for the process.
Illustrations of the process steps are shown in Figure 3. For
modification before hot pressing, the starting veneers were placed in a
plastic bag, and 3 L of the related solution was added. For water-
treated (Water-HP), sulfite-treated (Sulfite-HP), and alkali-treated
(Alkali-HP), water, sodium sulfite aqueous solution (1 M), and
sodium hydroxide aqueous solution (0.5 M) were used, respectively.
Subsequently, the bag was closed, and the sample was left to immerse
in the corresponding solution for 24 h at room temperature. The wet
veneer sample was removed from the solution and dried to a moisture
content of 20 wt % (of initial dry mass) in an oven at 50 °C. For
continuous hot pressing, the following setup was applied: applied
pressures in different zones (bar): zone 1 = 20, zone 2 = 245, zone 3 =
230, zone 4 = none; belt preheating temperatures (°C): none; applied
temperature in different zones (°C): zone 1 (top surface and bottom
surface) = 220, zone 2 (top surface and bottom surface) = 240, zone 3
(top surface and bottom surface) = 80, zone 4 (top surface and
bottom surface) = none; line speed: 0.5 m min−1; temperature of
drums (°C): top drum = 80, bottom drum = 80.

Mechanical Tests. Before tests, the samples were kept in a
conditioning room for 5 days (23 °C, RH of 50%) and with moisture
contents of 7.0, 6.7, 5.8, 5.3, and 8.0 wt % for reference, NoTr.-HP,
Water-HP, Sulfite-HP, and Alkali-HP, respectively. The dog-bone-
shaped specimens with dimensions of 15 cm × 2 cm (narrow part: 7
cm × 1 cm) from each sample were made, and the tensile tests were
performed via MTS (Flex Test SE), 50 kN load cell, and 11 cm gap
distance between clamps. The samples were clamped at both ends and
stretched along the sample length direction until they broke (under a
constant test speed of 2 mm min−1, at room temperature). The
reported value for each sample was an average of at least 10 tests.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
spectra were recorded on a Thermo Scientific NICOLET 6700
FTIR instrument within the 400−4000 cm−1 wavelength region, using
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OMNIC software, smart orbit ATR diamond crystal 30,000−200
cm−1.

Scanning Electron Microscopy (SEM). The cross-section
cutting was performed by argon ion milling (Hitachi IM4000Plus).
The SEM images were recorded using an FE-SEM Tescan MAIA3.
The samples were sputtered with a 5 nm Ir layer using a Quorum
Q150T sputter coater before imaging.

Technoeconomic and Sustainability Analyses. For technoe-
conomic analysis (TEA) and sustainability analysis through LCA, see
the SI for the methods.

■ RESULTS AND DISCUSSION
Initial Study (Static Hot Pressing). To evaluate the

effects of chemical modification and hot pressing, we began
our studies using aspen veneer as the wood substrate and static
hot pressing. Aspen is interesting and an important substrate
since it is readily available, fast growing, and exhibits low
flammability. Figure 1 illustrates the fabrication steps for aspen
veneer samples and their nomenclature by using static hot
pressing. First, the aspen veneer samples (6 × 20 cm2) were
immersed in water, Na2SO3, or NaOH solutions and then heat-
treated in a reactor. Subsequently, the samples were dried in an
oven and, finally, hot-pressed using static hot-press machinery.
The veneer sample that was only hot-pressed under static
conditions without any chemical modifications is referred to as
NoTr.-HPst. Veneer samples treated with Na2SO3 and NaOH
were labeled Sulfite-HPst. and Alkali-HPst., respectively.
During the chemical modification steps, the wood composition
changes. For instance, treatment with Na2SO3 results in the
sulfonation of lignin and an increased anionic charge, while
alkali treatment deacetylates, introduces carboxylates, and
alters the structure of lignin and hemicelluloses. Both
treatments ultimately lead to wood softening.

Compared to the reference veneer (i.e., the starting material
without chemical modification or hot pressing), which
exhibited a tensile strength of 49 MPa (entry 4, Table 1), all
hot-pressed veneer samples demonstrated significantly higher
tensile strengths (Tables 1 and S1). Among these, the hot-
pressed NaOH-treated veneer (Alkali-HPst) exhibited the
highest breaking strength of 331 MPa (entry 2). The Sulfite-
HPst also showed a high tensile strength of 325 MPa (entry 3).

Fabrication of Strong, Lightweight Materials by
Combined Chemical Modification/Continuous Hot
Pressing. Building upon the data from the static hot-pressing
study, which indicated the positive effect of hot pressing and its
combination with chemical modifications, we aimed to
perform hot pressing of the aspen veneers by means of
continuous steel belt pressing. This can offer a faster process
and feasibility for larger veneer samples. Our aim was to
densify and increase the tensile strengths of large veneer
samples in a more industrially benign approach using a

combination of facile simple chemical modification and a
continuous hot-pressing technique. As shown in Figure 2, the
continuous steel belt pressing machinery consists of different
parts and zones. Zones 1−3 can be heated to press the
samples, while zone 4 is for cooling and pressing the sample.
Additionally, the rotating drums and movable belts that
transport the samples can be preheated. The speed of the
entire line as well as the temperature and applied pressure in
each zone can be programmed and adjusted. Figure S8 displays
more pictures of the machine.

Figure 3 schematically depicts the different steps involved in
the fabrication of the veneer samples and their nomenclature in
this work using continuous steel belt hot pressing. First, the
starting aspen veneers were modified by immersion in a
solution (water, Na2SO3, and NaOH). Then, the veneers were
placed in an oven in order to reduce their moisture content to
around 20 wt % since samples with a high moisture content
(>30 wt %) were prone to bursting under the applied hot-
pressing condition. Afterward, the samples underwent hot
pressing. For example, water-treated, Na2SO3-treated, and
NaOH-treated veneers after hot pressing were named Water-
HP, Sulfite-HP, and Alkali-HP, respectively.

After the impregnation step, some samples were dried in an
oven, and weight measurements revealed a weight loss of 2.3
wt % for samples impregnated with the alkali solution and 0.4
wt % for those treated with plain water. In contrast, the sample
pretreated with the sulfite solution showed a weight gain of
approximately 7.1 wt %, which is attributed to sulfite uptake
and inorganic salts within the wood. The hot-pressed veneer
samples exhibited a noticeably different appearance compared
to the starting veneer sample, becoming thinner and darker
after hot pressing. Figure 4 illustrates the color differences,
showing that the Alkali-HP sample developed a significantly
darker hue, while the Sulfite-HP and NoTr.-HP samples
displayed only slight darkening relative to the reference sample.

Figure 1. Illustration of the preparation steps for static hot pressing and product nomenclatures (initial study).

Table 1. Tensile Strengths of Static Hot-Pressed Aspen
Veneers

entrya samples
pressureb

(bar) densityc (kg/m3)
tensile strength

(MPa)

1 NoTr.-HPst. 181 1183 254
2 Alkali-HPst. 111 1393 331
3 Sulfite-HPst.

(1M)
184 1346 325

4 Reference
veneer

385 49

aTemperature for hot pressing was 190 ± 5 °C; moisture content
before hot pressing: 5%; puls time: 60 s. For experimental details, see
the SI. bApplied pressure in hot pressing. cDensity of the sample after
hot pressing.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.4c10377
ACS Sustainable Chem. Eng. 2025, 13, 7342−7351

7344



These color changes can be attributed to the formation of
chromophores during the process.15,36

FTIR Spectroscopy. Figure 5 depicts the FTIR spectra of
the reference as well as different hot-pressed samples within
the 500−4000 cm−1 wavelength region. The wide absorption
peaks observed in all spectra around 3338 cm−1 and peaks
around 2894 cm−1 correspond to the hydroxyl group and C−H
stretching vibrations, respectively. The peak at around 1731
cm−1 is related to C�O stretching (ester bonds in
hemicellulose and lignin). The peak at 1592 nm relates to
the carboxylate (CO2

−) groups from lignin. Peaks at 1591 and
1502 cm−1 correspond to aromatic ring vibrations in lignin
(C�C). The stretching vibrations of ether bonds (C−O−C)
in lignin and hemicellulose appear at 1234 cm−1. The peaks
around 1159, 1103, and 1030 cm−1 correspond to the
stretching vibrations of C−C, C−O, and C−O−C in the
pyranose, respectively.15,36−38 The FTIR spectra of NoTr.-HP
(Figure 5, spectrum b) and Water-HP (Figure 5, spectrum c)
were similar to that of the reference (spectrum a), showing no
significant changes in the components of the samples after the
related treatments. The spectrum of Sulfite-HP (Figure 5,
spectrum d) shows the S�O stretching vibration of sulfonic
groups at 1205 cm−1. The spectrum of sulfite-treated veneer
before hot pressing does not show the peak (Figure S12c).
This demonstrates the successful sulfonation of the sample
after hot pressing (Figure S10).39 To further investigate
whether a chemical reaction had occurred between the sulfite
and the wood, we performed XPS. We found that sulfone is
present in the sample after hot pressing. Extensive washing
removed all of the sulfite salts, but sulfone was present. Thus,
sulfonation reactions occur during the hot pressing. In the
Alkali-HP (Figure 5, spectrum e), the peak around 1731 cm−1

(ester bonds) vanished and the peak around 1234 cm−1 (C−

Figure 2. Modular steel belt continuous hot-press machinery.

Figure 3. Illustration of the different steps of the process for preparation of the strong veneers.

Figure 4. Hot-pressed aspen veneer (a−c) and the reference samples:
(a) NoTr.-HP, (b) Alkali-HP, (c) Sulfite-HP, and (d) reference.
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O−C) is weakened. In addition, the carboxylate (CO2
−) peak

at 1591 cm−1 increased. These changes reveal that upon
chemical modification ester-bond hydrolysis, deacetylation,
and depolymerization of lignin and hemicellulose occur
(Figure S10).36,40−42 Moreover, upon heating, lignin under-
goes softening, through glass transition overlapped with
depolymerization, and is followed by the solidification of the
softened material by cross-linking reactions.43 The FTIR
spectra also demonstrate that more charges were introduced
for the chemically modified aspen veneer samples, which
allowed for increased ion-bonding between the fibrils (Figure
S9).

SEM Images and X-ray Diffraction (XRD) Analyses.
Figure 6 displays the SEM images of the reference and hot-
pressed veneers at different magnifications. The surface SEM
images reveal that the reference has a coarse and uneven
surface (a, b), and hot pressing changes the surface and fiber
morphology of the samples. Hot pressing compacts and
flattens surfaces, resulting in a denser structure with more
uniform and smoother surfaces and aligning the fibers in one
direction. Among the hot-pressed veneers, the Alkali-HP
displays the smoothest and the most uniform surface (g, h).
Sulfite-HP (e, f) has a somewhat less uniform surface with
some separation and gaps between fibers compared to the
Alkali-HP; however, its surface is smoother than that of the
Water-HP (c, d). The cellulose fibers are also aligned for the
hot-pressed samples.

Figure 7 demonstrates the cross sections of the reference
and hot-pressed samples at different magnifications. Cross-
sectional SEM images of the reference (a, b) show the wood
structure, which mainly consists of large open pores (vessels)
and fibers with open lumens and ray cells. In the Water-HP (c,
d), the structure started to change, and pores are partially
closed. Further structural collapse and pore closure are

observed in the Sulfite-HP (e, f). Notably, in the Alkali-HP
(g, h), the pores and lumens are largely absent, and the wood
structure appears collapsed, resulting in a densely packed
configuration. This demonstrates that chemical modifications,
particularly treatment with an alkali solution, play a significant
role in the process, such as wood softening and chemical
modification of lignin and hemicellulose. These changes
enhance the efficiency of hot pressing, leading to tighter
structures and denser samples with aligned cellulose nano-
fibers. Additionally, increased contact area between cell walls
leads to more interactions and bondings (ion-bonding (Figure
S9), hydrogen-bonding, and cross-linking), ultimately resulting
in higher tensile strengths. We also performed XRD analyses
on the reference, NoTr.-HP, Water-HP, Sulfite-HP, and Alkali-

Figure 5. FTIR spectra of the reference and hot-pressed veneers: (a)
reference, (b) NoTr.-HP, (c) Water-HP, (d) Sulfite-HP, and (e)
Alkali-HP.

Figure 6. SEM images of the reference as well as hot-pressed samples
in different magnifications (scale bars 500 and 50 �m): reference (a,
b), Water-HP (c, d), Sulfite-HP (e, f), and Alkali-HP (g, h).
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HP samples (Figure S13). We found that the crystallinity
slightly increased for NoTr.-HP and Water-HP samples, while
for the Sulfite-HP, no significant difference could be seen.
However, for the Alkali-HP sample, a significant increase in
crystallinity was observed (Figure S13).

We also investigated the water absorption properties of the
hot-pressed samples. For this, we took a no-treatment HP
sample and an Alkali-HP sample and soaked them overnight in
water. The no-treatment HP sample initially had a thickness of
2.1 mm, and the Alkali-HP sample had a thickness of 1.3 mm.
For comparison, the starting reference veneer sample had a
thickness of 3.0 mm. After soaking, the no-treatment HP
sample expanded to 3.0 mm with a weight increase of 109%,

while the Alkali-HP sample expanded to 2.4 mm with a weight
increase of 118%.

Tensile Strengths. Table 2 shows the tensile strengths for
the differently pretreated aspen veneer samples densified by
continuous hot pressing. It is observed that all hot-pressed
veneers exhibit higher breaking strengths than that of the
reference (49 MPa, entry 7), indicating that regardless of
chemical modifications, hot pressing itself strengthens the
sample. Comparing entries 1 and 2 shows that breaking
strengths increase with decreasing line speed (i.e., prolonged
hot-pressing time). By increasing the maximum applied
pressure in the system to 245 bar and slightly decreasing the
line speed, the densification process becomes more effective
and results in an enhancement in the tensile strengths of the
sample from 80 to 113 MPa (entries 2 and 3). Increasing the
moisture content of the sample before hot pressing from
around 7 to 20 wt % leads to a slight increase in the tensile
strength (comparing entries 3 and 4). This can be due to the
decrease in the Tg of wood polymers in higher moisture
contents.18 In the case of Sulfite-HP, the breaking strength is
improved to 151 MPa (entry 5). Sulfite modification lowers
the lignin Tg (wood softening), thereby enhancing the
efficiency of hot pressing and sample strength.19,20 Lower Tg
is generally beneficial in hot pressing since the softening of
polymers can occur at lower temperatures, allowing them to
flow and reshape more easily. This facilitates the hot pressing
of wood by reducing the required force and energy while also
minimizing breaks in the wood cell walls during the process.
Remarkably, the tensile strength of Alkali-HP is elevated to 258
MPa (entry 6), showing the highest tensile strength. This is
higher than materials such as poly(ethylene terephthalate)
(PET), brass, stainless steel, magnesium alloy, and aluminum
alloy. As shown by FTIR, alkali treatment alters the chemical
structure of the wood (e.g., ester and ether bond hydrolysis,
carboxylate formation), resulting in wood softening and weaker
interactions in wood components during heating.15,40,42 Thus,
for both the sulfonated and alkali-hydrolyzed wood, the fibers
and polymer matrix become more flexible and can easily move,
rearrange, and find the most stable arrangement during the
hot-pressing process (less break, stress, and tension in the
structure). Moreover, the sulfite and alkali modified cellulosic
fibers have increased charge, and the lignocellulose fiber
alignment during hot pressing increases the ion-binding
between the fibers. With respect to the base-modified wood,
the increased availability of hydroxyl groups due to ester-bond
hydrolysis facilitates the formation of new and additional inter-
and intramolecular hydrogen bonds upon hot pressing, thus
strengthening the structure.24,44 In base-modified wood, the
increased availability of hydroxyl groups resulting from ester-
bond hydrolysis promotes the formation of new and additional
inter- and intramolecular hydrogen bonds during hot pressing,
thereby further enhancing the structural strength. Moreover,
hot pressing collapses the porous structure of wood, aligns the
cellulose nanofibers, and increases the contact area between
cell walls and nanofibers, leading to enhanced interactions and
greater tensile strength. Similar tests with thinner veneers (1.5
mm) also showed the same trend for the treated and hot-
pressed veneers (the highest and lowest strengths belonged to
Alkali-HP and NoTr···Hp, respectively; Table S2).

Results of TEA. Once the mass and energy balances have
been analyzed and reported in Figure S2, the variable costs of
the production of the three product options were found from
literature studies and are proposed in Table 3. In particular, the

Figure 7. Cross-sectional SEM images of the reference and the hot-
pressed samples in different magnifications (scale bars 50 and 20 �m).
Reference (a, b) (V, vessels; F, fibers; R, ray cells), Water-HP (c, d),
Sulfite-HP (e, f), and Alkali-HP (g, h).
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cost of chemicals (NaOH and Na2SO3) and the cost of
electricity consumed by the press were reported based on
statistics of the Swedish electricity price. Dealing with heat, the
CAPEX of the kiln dryer was considered. In fact, while the
press was used in all three options, the dryer was used only in
the option where the wood was modified with chemical agents.

Based on the data reported in Table 3, an analysis of the
production costs of the materials is provided in Figure 8.

It can be seen in Figure 8 that the process where the wood is
treated with sulfite has the highest cost. Sulfite has a higher
cost when compared to sodium hydroxide, as reported in
Table 3, while the former is also used in a higher quantity, as
reported in Figure S2. The costs of production of the three
options can be further reduced if we assume the use of recycled
chemicals from the paper industry. The chemical concen-
tration used in this study is comparable to the concentrations

of alkali and sulfites in wastewater sludges produced in the
paper industry.51,52

LCA. The carbon footprint calculation for the three
production options is summarized in Figure 9.

It can be seen in Figure 9 that the results of the sustainability
analysis are aligned with the results of the technoeconomic
assessment. The option of using sulfite has the largest impact
(and the highest cost). Interestingly enough, when chemicals
used in the modification of the wood are recycled, the impact
of the alkali-modified wood will be similar to that of the sulfite-
modified wood.

Assuming the carbon footprint emitted by the aspen veneer
is equal to 15.1 kgCO2eq/m3, as calculated with the Ecoinvent
3.9.1 dataset “Sawlog and veneer log, hardwood, measured as
solid wood under bark {DE}| hardwood forestry, oak,
sustainable forest management|Cut-off, S”, it will be equal to
0.0188 kgCO2eq/kg of wood. Adding this value to the carbon
footprint reported in Figure 9, we infer that the final carbon
footprint of the produced material (modified wood) can be
notably lower than the impact of conventional fossil-based
materials existing on the market and with similar mechanical
performance. For instance, in the case of aluminum, the carbon
footprint is about 6.8 kg CO2eq in the case of European
primary production and 16.1 kgCO2eq in the case of global
primary production,53 as reported by European Aluminum.

■ CONCLUSIONS
In summary, we present a continuous, high-yield, scalable, and
sustainable approach for fabricating strong structures from
wood by a combination of chemical modification and chemical
engineering. This sustainable strategy was demonstrated by

Table 2. Tensile Strengths of Continuous Steel Belt Hot-Pressed Veneers

entrya samples line speed (m min−1) densityb (kg/m3) Young’s modulus (MPa)c tensile strength (MPa)c

1d NoTr.-HP 0.8 560 148 (14) 77 (14)
2d NoTr.-HP 0.6 612 153 (12) 80 (12)
3e NoTr.-HP 0.5 858 214 (15) 113 (18)
4 Water-HP 0.5 938 228 (25) 117 (21)
5 Sulfite-HP 0.5 1001 248 (25) 151 (24)
6 Alkali-HP 0.5 1274 345 (41) 258 (34)
7 Reference veneer 385 104 (6) 49 (4)

aMoisture content before hot pressing: 20 wt %; temp. of drums: 80 °C; belts preheating temp.: none; applied pressure (bar) in hot pressing
process in different zones (Z1 = 20, Z2 = 245, Z3 = 230, Z4 = none); applied temp. (°C) in hot-pressing process in different zones (Z1 = 220, Z2 =
240, Z3 = 80, Z4 = none); starting veneer thickness: 3 mm. bDensity of the sample after hot pressing. cAverage of at least 10 tests is reported
(standard deviations in parentheses). dMoisture content before hot pressing: 7 wt %; drums and belts preheating temp.: 120 °C; applied pressure
(bar) in hot-pressing process in different zones (Z1 = 125, Z2 = 125, Z3 = 125, Z4 = 40); applied temp. (°C) in hot pressing process in different
zones (Z1 = 200, Z2 = 230, Z3 = 180, Z4 = 20); starting veneer thickness: 3 mm. eHot pressing setup was like (a), moisture content before hot
pressing: 7 wt %.

Table 3. Variable Costs of Chemicals and Energy Used to
Produce the Modified Wood Variants

cost item cost unit source

NaOH 0.02486 €/kg wood Ref 45
Sodium sulfite 0.32085 €/kg wood Ref 46
Electricity 0.00215 €/kg wood Ref 47
Heat 0.01795 €/kg wood Refs 48,49
Dryer_CAPEX 0.00546 €/kg wood Ref 50

Figure 8. Variable cost analysis of the three options of modified wood
(the letter “R” denotes an option in which chemicals used for the
modification of wood are recycled by effluents of the paper industry).

Figure 9. Carbon footprint of the three modified wood options.
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combining eco-friendly chemical modification (e.g., low-dose
sulfonation, alkali treatment) with continuous hot pressing of
fast-growing and readily available aspen. The combined in situ
alkali-modification with continuous hot-pressing afforded a
lightweight material in high yield with an increased tensile
strength of 258 MPa. The specific strength of this Alkali-HP
material reached 203 kN m/kg, which is higher than some
materials such as PET, brass, stainless steel, magnesium alloy,
and aluminum alloy.54 The high strength of the lightweight
materials is attributed to factors such as reduced porosity,
increased ion-bonding (Figure S9), increased hydrogen-
bonding, alignment of nanofibers within the lignocellulose
fiber during hot pressing, and cross-linking of the solidified
lignin after its softening and depolymerization upon heating.
The utilization of combined chemical modification/continuous
hot pressing is industrially relevant, scalable, and sustainable
and does not require a complex procedure or harsh conditions.
Moreover, the continuous hot pressing reduces time and
energy consumption and enables the processing of larger
samples. These advantages also lead to lower production costs
and a lower environmental impact as can be seen by the TEA
and LCA. For example, the final carbon footprint of the
fabricated material can be notably lower than the impact of
conventional fossil-based materials with a similar mechanical
performance. Together, all of the above advancements enable
the continuous large-scale production of lightweight, strong
structural materials under energy-efficient and mild modifica-
tion conditions. This approach is well-suited for the green mass
production of the next generation of advanced materials
derived from wood, offering the potential to serve as high-
performance, renewable, and sustainable engineering materials.
These materials could be used in applications traditionally
dominated by nonrenewable structural compounds such as
plastics and metals.
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