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To develop an advanced wood bio-composite, an economical and energy-efficient manufacturing
strategy is showcased in this study. Wood slabs were delignified and impregnated with a simple
modifying precursor of lactic acid oligomers. The impregnated wood samples were in situ polymerized
and densified with heat and pressure, turning the wood into a functionalized densified material. The
modified material was confirmed by observing the nano and micro-structure with a scanning electron
microscope (SEM) and performing chemical analysis using thermogravimetric analysis (TGA). Mechanical
property such as modulus of rupture (flexural strength) was measured using an Instron universal testing
machine and a water resistance study was conducted using a tensiometer to measure contact angle and
surface water absorption. SEM images showed wood lumens thickened and collapsed, with a filled-in
sub-structure, leading to a compact multi-layered assembly. The functionalized densified material had
better resistance and excellent mechanical performance (flexural strength was
approximately 150% higher than that of the original wood and surface hardness was enhanced). The
water absorption rate of the functionalized densified samples reduced significantly compared to the
original wood which in turn enhanced the surface water repellency. This was due to the reduction of

surface wear
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DOI: 10.1039/d3ma00550j hydrophilic groups as well as the clogging of the pores (pits) on the wood surface. Such enhanced

performance makes the functionalized densified wood composite a promising candidate for advanced
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Introduction

Wood has been used in construction and structural application
because of its good aesthetics and mechanical properties.
Moreover, utilizing wood instead of fossil fuel-based materials
also contributes to maintaining the carbon cycle balance as
wood stores carbon dioxide.? However, wood has certain draw-
backs such as high sensitivity to moisture, and infestation of
microorganisms in addition to the high anisotropic nature
limits the usability of wood for advanced engineering struc-
tures and applications. In order to enhance the mechanical
performance, improve surface water resistance and modify the
wood to reduce the high variability, wood-based advanced
bioproducts have been developed.*

Wood can generally be modified via chemical, thermal, or
mechanical methods.®> One of the simplest and most promi-
nent mechanical methods to increase the structural properties
of wood is through the densification process.*® Densified
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structural and engineering applications.

wood products with increased density can be a substitute for
other structural materials because of enhanced hardness and
mechanical performance. Previous studies have shown that the
densification process makes it possible to manufacture moisture
resistance, high-density wood from commercially available low-
density medium-rotation wood species (e.g., hybrid aspen).””® 1t
has been reported that pre-treatment on advanced wood products
such as steam, ammonia, and heat®*® followed by a densification
process can improve the mechanical performance of natural
wood. However, the wood treated with these methods resulted
in an incomplete densified wood product which expanded and
weakened in the presence of moisture and hence lacked dimen-
sional stability, especially in a humid environment.'* To overcome
this challenge and to ensure complete densification a simple
but effective process of transforming bulk wood into high-
performance structural material (10x increase in strength, tough-
ness, and ballistic resistance and with greater dimensional
stability) has been reported by Song et al.’® The process includes
two steps involving partial removal of lignin and hemicellulose
via alkaline treatment followed by hot pressing for a day. The
delignification is done to aid the mechanical densification
process.”®>* The processed wood has a specific strength much
higher than some structural alloys and metals.” Although densi-
fication yields wood products with high strength, it consumes a
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lot of time (12-24 hours for densification) and energy to compress
the wood to ensure it from bouncing back.**>® Additionally, we
need to use extra chemicals e.g. polyurethane'® to coat the surface
in order to prevent it from moisture and micro-organisms attack.

Previously wood fibres have also been used in combination
with thermoset resins to produce panels with excellent proper-
ties compared to the original wood. In the work done by Wei
et al.”’ densified laminated material was manufactured using
wood fibre mats impregnated with phenolic resin. The densi-
fied product had favourable water resistance and enhanced
mechanical properties compared to the original wood.”” How-
ever, in applications where the original natural form of wood is
required, especially in the outdoors, various treatments have
been employed to modify wood.?” For instance, resin impreg-
nation in cellular walls or lumens, surface coatings using
various chemicals, and heat-induced in situ polymerization
are the common ways to chemically modify wood.>*~>"

Chemical modification of wood can also be attained via
reacting hydroxyl groups of wood with isocyanates/epoxides or
through the esterification of hydroxyl groups using acid
anhydrides to attain hydrophobicity.**® To improve the anti-
swelling efficiency of wood, lumen filling has been done using
various petrochemical polymers such as formaldehyde resin,*”
methyl methacrylate,® and polyethylene glycol.** However,
these special chemicals for wood property enhancement are
harmful to the environment while manufacturing or towards
the end of the product life cycle." Hence, environmental con-
cern has led to the manufacturing of biobased wood products
using benign renewable chemicals which are easily compo-
stable or degradable.

Polylactic acid (PLA) is a plant-based biodegradable thermo-
plastic polymer, which is a sustainable and environmentally
friendly alternative to petroleum-based polymers.*® Moreover,
using biobased resources reduces dependency on fossil fuels
and also provides a solution to eco-friendly concerns.>*** From
a chemistry point of view, PLA is produced from the polycon-
densation reaction between hydroxyl groups and carboxylic acid
groups of lactic acid monomers.*> And via the removal of water
produced as a by-product during condensation reaction, the over-
all reaction moves in the forward direction to produce PLA.** PLA
has several desirable properties such as high strength, high
modulus, good grease, and oil resistance.*>*” It has been exten-
sively used in combination with natural fibres such as jute, flax,
and hemp to produce compressed or extruded composite materi-
als with good environmental characteristics and better mechanical
properties.** >3 Moreover, previous literature has shown that PLA
has a higher affinity toward natural cellulosic fibres compared to
hydrophobic polymers such as polyvinylchloride, polypropylene,
and polyethylene.*® In the work done by Noél et al." lactic acid-
infused wood composite was made with different physical proper-
ties for flooring and indoor applications. The developed composite
showed to have better biological resistance and mechanical prop-
erties compared to the original wood sample.' However, the
samples require extensive heating cycles to produce.’

The current work combines two separate techniques of wood
modification ie., lumen filling (chemical modification) and
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densification (mechanical modification) to produce the advanced
bio-products in a single step of in situ polymerization and
densification.** To the best of our knowledge, this method of
combining the densification with the chemical modification
using biobased polymer (polylactic acid) has not been reported.
This technique is an environmentally friendly and effective
method to enhance wood performance. Our hypothesis is that
the lactic acid oligomers will get grafted in the cellulosic
structure filling up the voids, and pits, to give better water
repellency properties to the composite. Moreover, while we
densify the same oligomers also act as a reactive agent which
will bond (hydrogen/covalent) with the hydroxy group of cellu-
lose and expedite the densification process to save time and
energy. The structure, mechanical performance, and water
resistance of the final densified material were investigated.
The objective of this study was to develop an industrially
feasible strategy requiring less time and energy for the prepara-
tion of high-performance densified wood material.

Materials and methods
Materials

L-(+)-Lactic acid 80, which is an 80% aqueous solution of the
monomer, sodium hydroxide for the delignification process was
purchased from Sigma-Aldrich. Cedar wood samples (5.45 x 37.5 X
100 mm®, transverse x radial x longitudinal oriented) were cut
from the cedar tree and were purchased from the local Home Depot.
Deionized water was used. Douglas Fir, Maple, Birch, Aspen, Spruce,
and Balsam were obtained directly from British Columbia’s forests.

Wood delignification

First, natural wood blocks (dimension: 100.0 mm by 5.45 mm by
37.5 mm) were treated with an aqueous solution of 2.5 M NaOH
for 7 h at 80 °C. Then the treated samples (termed delignified
wood) were immersed and washed with deionized water multiple
times till the pH of washed water dropped to approximately 7
ensuring the removal of the chemicals. Next, the delignified wood
blocks were frozen and then freeze-dried using benchtop freeze
dryers by Labconco to remove the water for further treatment.

Lactic acid oligomers synthesis

To prepare lactic acid oligomers (LAO), 80% aqueous solution of
L-(+)-lactic acid was dehydrated, and then polycondensation of
lactic acid was carried out without any catalyst. Polymerization
was done under vacuum using a Heidolph rotary evaporator
equipped with an oil bath to reach a temperature above 100 °C.
The round bottom flask was heated to 120 °C under vacuum
(30 mmHg) and the polymerization was carried out for 1 h once
ebullition stopped. After 1 h, the molten viscous lactic acid
oligomers, referred to as lactic acid oligomer (LAO), was stored
in a closed flask at ambient temperature.

LAO-wood polymerized-densified composite synthesis

To prepare LAO-wood in situ polymerized-densified samples,
the original (natural wood), as well as delignified wood

© 2023 The Author(s). Published by the Royal Society of Chemistry
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samples, were oven-dried at 103 °C until a constant weight was
achieved and then submerged into LAO. The system (wood +
LAO) was placed into a vacuum desiccator and then exposed to
two alternative vacuum and atmospheric pressure cycles of
2 hours each. Impregnated wood samples were then carefully
removed and dabbed with tissue to remove excess LAO. Then
the impregnated samples were introduced to densification and
heating to further polymerize at 120 °C in a hot-press carver for
1 h at 5 MPa, followed by oven curing at 105 °C for 24 hours.
Schematic of the process is shown in Fig. 1(A). On the other
hand, some samples (LAO impregnated original as well as
delignified) were just introduced to a heating cycle of 1 hour
at 120 °C without densification and then cured in a ventilated
oven at 105 °C for 24 hours to understand the effect of
densification. Some samples (original as well as delignified)
were just densified (120 °C, 5 MPa) without impregnating LAO
in the wood to compare the effect of LAO on the final LAO-
wood in situ polymerized densified composite.

Experimental design

There were 8 different samples prepared including the control
(original wood). The wood blocks were randomly assigned to
these 8 different treatments. Fig. 1(B) shows the various treatment
carried out on the original wood. Every treatment had at least 5
replicates. In the previous literature, densification has already
been done, and similarly, research on lactic acid impregnation
and just curing has also been done. But our study combines both
studies to counter the obstacle of extensive treatment time in

FUNCTIONALIZED-
DENSIFIED WOOD

IN-SITU POLYMERIZATION
DENSIFICATION

CEDAR WOOD
@

LACTIC ACID
POLYMERIZATION

DELIGNIFICATION IMPREGNATION

Original wood

. . Functionalized
Densified (OD) Fgﬁ;‘é"(‘g‘};ée)d d%sFige)d Delignified (D)
|
[ I ]
. . Functionalized
o Functionalized )
Densified (DD) cured (DFC) d?]gs];ggd
Fig. 1 (A) Schematic for the synthesis of in situ functionalized densified

(DFD) wood composite. Natural wood was partially delignified using alkaline
solution (NaOH) followed by the vacuum impregnation of polymerized lactic
acid (LAO). Then the impregnated samples went through in situ polymerization
and densification process to finally get the functionalized densified wood
composite. (B) Experimental design showing the 8 different treatments done
on the natural wood. Although the main highlight of the study was in situ
functionalized densified wood (DFD), to compare the effect of densification,
LAO impregnation, and polymerization separately on original as well as deligni-
fied wood, OFC, OFD, DD, DFC were manufactured. Mechanical properties
(MOR) for 8 different treatments were compared to see the treatment effect.
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densification as well as modifying wood to improve the water
sensitivity of the final wood composite in just one step. The
original wood was our control sample and went to 3 different
treatments. (1) Densification (OD): indicates that the original
wood was directly densified; (2) functionalized cured (OFC):
indicated LAO was impregnated in the original wood and in situ
polymerization was carried out; (3) functionalized densified
(OFD): LAO was impregnated in the original wood and in situ
functionalization densification was carried out. Similar treat-
ments were carried out after delignification also. The delignified
sample (D) and the nomenclature used for delignified densified,
delignified functionalized cured, and delignified followed by
in situ functionalization densification were DD, DFC, and DFD,
respectively. A total of 8 different treatments were investigated.

Liquid chromatography-mass spectroscopy (LC-MS)

Molecular weight analysis of LAO was done on Bruker HCT, a
high-capacity ion trap mass spectrometer equipped with an
electrospray (ESI) ion source. An injection volume of 5 pL was
introduced under ambient temperature using flow injection at
!, Agilent 1100 HPLC was coupled for the LC-MS
analysis with 100% acetonitrile as the mobile phase. The Bruker

0.2 ml min~

Compass Data Analysis 4.0 was used for data acquisition and
processing.

Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) analysis

FTIR spectra for wood and composite were recorded on a Bruker
Inventio ATR-FTIR spectrometer. Finely divided sawdust was
carefully spread on the diamond crystal and adequate pressure
was applied to ensure there was no air present between the crystal
and the samples. For the liquid samples (lactic acid and lactic acid
oligomers) a drop was poured on the crystal making sure it covers
the whole crystal surface and no pressure was applied. The spectra
were recorded in the range of 4000-400 cm ™ * with a resolution of
4cm™t by averaging 32 scans.

Scanning electron microscopy (SEM) analysis

Scanning electron microscopy was performed on a Hitachi
SU3500 apparatus. Sample surfaces were sputter-coated with
iridium (8-9 nm coating thickness) using Leica EM MED020
Coating. The accelerating voltage of 1 kV was used for imaging.

Contact angle and water absorption test

Theta Flex 300-pulsating drop 200 Tensiometer was used to calcu-
late static contact angle and water absorption on the wood surface.
The droplet size was 5-10 pL. After releasing the droplet, the contact
angle and the water absorption were observed for 60 seconds.

Mechanical testing - modulus of rupture (MOR)

The specimens were loaded at the center of the span with the
load applied to the top surface of the specimen. Testing was
done at a uniform loading rate of 10 mm min~'. A universal
testing machine from Instron was used to carry out the 3-point
bending test (ASTM D4761-19) with modification.” The sample
length span was set to 90 mm.

Mater. Adv., 2023, 4, 5633-5642 | 5635
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Thermogravimetric analysis (TGA)

Thermogravimetric (TG) curves for original wood and in situ
functionalized densified wood composite were recorded using a
thermogravimetric analyzer TGA 5500. Samples (5-10 mg) were
heated under a nitrogen atmosphere from 25 to 700 °C at a
heating ramp of 20 °C min~'. Derivative thermogravimetric
curves (DTG) were obtained from TG curve data which displays
the weight loss rate as a function of temperature.

Results and discussion
LAO molecular weight characterization LC-MS results

In the current study, LAO was manufactured via direct melt
polycondensation reaction without any catalyst, as reported by
Noél et al." To ensure good impregnation in the wood lumens,
LAO should have low viscosity and a small degree of polymer-
ization. In our study, LAO was prepared by condensation of
lactic acid under vacuum at 120 °C, and qualitatively analyzed
by liquid chromatography-mass spectroscopy (LC-MS) shown
in Fig. S1 (ESIt), and Table S1 (ESIt). We observed that the
lactic acid oligomers’ retention time was between 1.1-1.7 min
from the total ion chromatogram obtained via LC-MS analysis
Fig. S1 (ESIt). It was evident that catalyst-free polycondensation
yielded the oligomers with a higher degree of polymerization
ranging from 3-mer to 8-mer, with a peak intensity at the 5-mer.

LAO characterization: ATR-FTIR

Further confirmation of polycondensation groups was carried
out using ATR-FTIR (Fig. 2). Fig. 2 shows the full ATR-FTIR
spectra (on left) for lactic acid (solid blue line) as well as lactic

1.2
Lactic acid oligomers

0.8
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0.2

Lactic acid

Transmittance
-
N

0.2 y (C=0) —»
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Fig. 2
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acid oligomers (graph in dotted orange line) and a zoomed
section (ranging from 1500-700 cm ') of the spectra comparing
lactic acid and LAO. It was observed that the generated LAO had
characteristic bands at 760 cm™, 875 cm™%, 1390 cm™*, and
1460 cm ™' which corresponds to 5(C=0), 7(C-COO), Js(CH3),
and oas(CHj;), respectively which have been reported in the
previous literature confirming successful polycondensation of
the lactic acid."***” Moreover, the carbonyl (C—O0) stretching
band of lactic acid, corresponding to the acid groups from
monomers, showed a band at 1720 ecm™' which was broad
compared to the (C=0) stretching for LAO. In the case of LAO,
the (C—=O0) stretching band was narrow and appeared between
1740 and 1750 cm~ ' corresponding to aliphatic esters this
trend has been seen in previous work®” ®® confirming the
successful polymerization of lactic acid. Additionally, the spec-
tra of LAO showed weak band attributing to hydroxyl groups
around 3500 cm ™", due to polycondensation reaction (LCMS
analysis Fig. S1, ESIt) leading to less hydroxyl groups present.””

Wood-based composite characterization: SEM analysis

After the preparation and characterization of LAO, it was
impregnated into delignified wood (D). The LAO-impregnated
delignified wood was then in situ polymerized and densified
(DFD). To understand the effect of LAO grafting and polymer-
ization on the cell walls of wood composite SEM images of the
cross-section were observed and are reported in Fig. 3(D-I). It
was evident from Fig. 3 that the original wood had open wood
channels ‘lumina’ a honeycomb-like structure (Fig. 3D, and G).
After the densification, the cell walls collapsed (Fig. 3E, and H).
It was interesting to see that wood after in situ functionalization
and densification had thicker cell walls indicating the grafting
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4 4
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(left) ATR-FTIR spectra of lactic acid oligomers (dotted orange line), lactic acid (solid blue). (right) Zoom ATR-FTIR spectra from 1500-700

wavenumber. Black vertical dotted lines show the key spectral bands used to monitor the polymerization reaction. The characteristics bands because
of polymerization reaction, are associated with increase of intensity for y(C=0) - 1750-1720 cm™?, das(CHz) — 1460 cm™, ds(CHz) — 1390 cm™,
P(C-COO0) - 875 cm™, § (C=0) — 760 cm™, y: stretching, &: bending, as: anti symmetric, s: symmetric.
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Fig. 3 Images of actual sample (A) control, (B) delignified densified, and (C) DFD (delignified and in situ functionalized densified). SEM images of cross-
sectional morphology (D), (E) and (F) show the magnified image (HFW*: 1 mm) for the original, delignified densified, and the DFD samples respectively;
SEM images (G), (H) and () show the magnified image (HFW*: 250 pm) for the original, delignified densified, and the DFD samples respectively.
*Horizontal field width.

of LAO to the cell walls and in this treatment, the cell walls also  analysis (TGA) of original and in situ polymerized densified
collapsed (Fig. 3F and I) wood (DFD) (Fig. 4) was done. In the case of original/untreated
wood, we observed a characteristic temperature degradation
profile (Fig. 4). Initially, below 50 °C to 125 °C, water loss was
observed, and it was not until 200 °C when wood degradation
To confirm our visual observation that LAO was getting impreg-  processes became more evident (Fig. 4 — deriv. original). Firstly
nated and polymerized in the wood lumens thermogravimetric ~ weight loss was due to the decomposition of extractives®:*

TGA analysis

100 ~goeo... - -1.2
e Orriginal
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Fig. 4 Thermogravimetric/derivative thermogravimetric (TG/DTG) curves of original wood (untreated), in situ functionalized densified wood (DFD);
deriv: derivative TG curve. The derivative curve for DFD sample shows an extra peak (100-300 °C) corresponding to the degradation of polymerized LAO
which was not visible for the original wood.
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Fig. 5 Static sessile drop test for original (A) and DFD (delignified and in situ functionalized densified — (®) wood composites (t: time). The image on the
left shows the interaction of water droplet on the original as well as the DFD sample surface. After t = 60 seconds the water droplet was completely
absorbed by the original wood surface. On the contrary, at t = 60 seconds the DFD sample still had water droplet on the surface showcasing better water
repellency property. Results on the right show graphs for contact angle vs. time and volume of absorbed water vs. time. Contact angle for the original
sample dropped from 41° (t = 0 s) to 0° (t = 15 s) and was not measurable after 15 seconds whereas the contact angle for the DFD sample decreased a
little from 52° to 43° but remain constant after 15 seconds. The water absorption graph on the bottom right shows the water droplet getting completely

absorbed on the original sample surface after 15 seconds whereas for the DFD sample the water absorption was very low.

followed by hemicellulose degradation above 285 °C.** Below
350 °C, cellulose started to depolymerize,®**® and above 390 °C
decomposition of lignin occurred.®””* The differential thermo-
gravimetric analysis (deriv.) curve of the DFD (Fig. 4) sample
comprised two peaks. The broad peak between 100-340 °C was
because of the degradation of polymerized LAO. Moreover, this
broad peak is contributed not only by the decomposition of
polymerized LAO, present in DFD, but also by water loss from
further polycondensation.’”’® The second peak corresponded to
the cellulose degradation like the original sample. It was evident

Original

i &

from TGA and DTG curves that LAO was polymerized into the
wood lumens and getting adhered to the wood.

Contact angle and water absorption

LAO was used as a biobased polymer to strengthen the densified
wood and to prevent the wood from absorbing water once it is
polymerized into the wood lumens as well as on the surface. To
understand the water repellency property of the final composite
sessile drop test was performed on the surface. Contact angle and
water absorption measurement indicated that water absorption

DFD

Fig. 6 SEM images of the original wood and DFD surface showing the open pores (pits) ‘A" and closed/clogged pits ‘B’. Open pores allow the transfer of
minerals and water to the adjacent cell wall. Closing them by blocking or filling up with polymers improves the water repellency property of wood.
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Fig. 7

(left) 3-point bending setup and (right) qualitative hardness testing using 3-point bending test showing severe indentation on the original wood

surface compared to DFD surface, (DFD samples had better surface hardness)

was significantly high in the original wood compared to the
functionalized densified wood (DFD) Fig. 5. The contact angle
for the original sample decreased from 41° to 0° in just 15 seconds
to its contrary for the DFD sample it decreased from 52° to 43°.
Similarly, the volume of a water droplet was reduced to 0 pL in the
original sample after 15 seconds, whereas the volume of a water
droplet on the DFD surface was reduced from 8 pL to 7 pL after 15
seconds. The main reason for the decrease in water absorption for
DFD is due to the collapse of pores (pits) present on the surface of
wood, as shown in SEM images (Fig. 6). Moreover, the cross-
sectional SEM images (Fig. 3F and I) showed that the LAO was
getting polymerized and adhering to the cell walls blocking up the
void (pits). So, biobased LAO impregnation eventually improves
the sensitivity of wood-based products against moisture prevent-
ing the densified wood from swelling/bouncing back, which was
the main gap in previous literature.*

Modulus of rupture (MOR) and hardness

All samples went through a three-point bending test to measure
the Modulus of Rupture (MOR) using Instron. Before calculating

250 Samples MOR (MPa)
200 1?3 Original (ORG) 787
Original Functionalized Cured (OFC) 79t6
g ‘ 150 Original Densified (OD) 87+6
;§ 100 - . 104 Original Functionalized Densified (OFD) 128+8
Delignified (D) 75+£8
50 Delignified Functionalized Cured (DFD) 693
0 Foradl o RmERE O BEEE R 7 = =] Delignified Densified (DD) 104+11
Original  OFC oD OFD D DFC DD DFD Delignified Functionalized Densified (DFD) 193 +17

MOR, the hardness of the original and functionalized densified
wood was qualitatively assessed. It was evident from Fig. 7 that
the indentation caused after the three-point bending test on the
original wood sample had significant depth compared to the
functionalized densified sample. The 3-point bend test was run
till the samples yielded. Modulus of Rupture (MOR) for 8
different treatments was calculated and are shown in Fig. 8.
Compared to original wood samples MOR increased by ~150%
for the delignified in situ functionalized densified (DFD) sam-
ples. This is because of the polymerization of lactic acid oligo-
mers between cell walls plus the formation of hydrogen bonding
among the adjacent cell walls during densification. These two
phenomena led to increasing in the strength of the final product.

Similarly, there was an increase in the MOR for the original
in situ functionalized densified (OFD) samples as well. But the
extent of increment was not as significant as DFD. This is
because the delignification step in DFD partially removes the
lignin and hemicellulose from the wood samples which creates
extra spaces/pores in the wood. And the removal of lignin
makes it easier to densify the wood which creates more

Fig. 8 Modulus of rupture (graph and table) for 8 different treatments; highest MOR was recorded for the DFD samples and the lowest for the delignified
samples. Abbreviations — Org: original; OFC: original functionalized cured; OD: original densified; OFD: original functionalized densified; D: delignified;
DFC: delignified functionalized cured; DD: delignified densified; DFD: delignified in situ functionalized densified.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 MOR study conducted on other species found around British
Columbia (BC): Douglas Fir, Maple, Birch, Spruce, and Balsam. A similar
strategy as mentioned in the paper for DFD preparations was employed on
these samples and MOR was recorded. All the samples were delignified,
followed by impregnation and in situ polymerisation densification.

opportunities to form hydrogen bonding between the adjacent
cell walls.>*"** Moreover, due to the formation of pores in the
wood, the uptake of polymer also increases which results in
better void filling and more polymerization products.

The previous study has proven that partial removal of lignin
(~50%) has led to an increase in the strength of densified
wood compared to the original.'® Similar trend in MOR was
observed in our study also. Delignified densified samples (DD)
had more strength than the original as well as delignified
samples (D). To compare the effect of just LAO impregnation
and polymerization with respect to DFD, original samples, as
well as delignified samples, were impregnated and cured with-
out densifying. It was observed that LAO polymerization did not
increase MOR in the case of OFC (79 MPa) and DFC (69 MPa)
compared to the original wood (78 MPa). However, polymeriza-
tion combined with densification boosted the MOR for OFD
(128 MPa) as well as DFD (193 MPa). It was very well evident in
the SEM images (Fig. 3F and I) also that the polymerization of
LAO oligomers assisted in providing extra strength by keeping
the cell wall intact by acting as a glue. To broaden the applic-
ability of the process, six different species were subjected to an
in situ functionalization densification process (Fig. 9). It was
observed that in all the cases except spruce, the DFD samples
had higher MOR compared to the original wood sample.

Conclusions

This work has demonstrated a promising association between
two environmentally friendly resources wood and polylactic
acid. We investigated the process to densify wood along with
in situ polymerization using biobased polymer to develop
mechanically stronger as well as functionalized wood compo-
site. MOR of the delignified functionalized densified wood
improved significantly compared to the original wood sample,
delignified densified (DD) samples as well as delignified func-
tionalized cured (DFC) samples. This shows the synergistic
effect of simultaneous LAO polymerization with the densifica-
tion process. Moreover, the advantage of using biobased poly-
mer was also evident from the performance improvement of

5640 | Mater. Adv., 2023, 4, 5633-5642
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wood composite against water which was measured through
the sessile water droplet test. The qualitative hardness of the
DFD samples was also enhanced compared to the original
wood. This strategy of simultaneous densification along with
polymerization requires less time and energy to densify com-
pared to the traditional densification process. Moreover, the
use of biobased polymers makes the process more environmen-
tally friendly. The future work will be focused on optimizing the
process for other species of wood to develop wood-based
composites for advanced engineering applications.
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