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Fully Bio-Based Epoxy Resins from Liquefied Wood for
Chemically Recyclable Wood Coatings

Qisong Hu, Ricardo P. Martinho, Suna Azhdari, Jean-Paul Lange, Martin van Drongelen,
M. Pilar Ruiz, and Frederik R. Wurm*

Epoxy resins are widely used in the coatings industry, yet their
petroleum-based origin and crosslinked structures pose challenges for
sustainability and recyclability. This study explores a cradle-to-cradle approach
for bio-based epoxy wood coatings using the heavy fraction of liquefied wood
(LW) as a renewable curing agent. LW, a lignin-like compound rich in aromatic
structures, acts as a hydroxyl donor and reacts with biobased glycerol
diglycidyl ether (GDE). This article presents the molecular characterization of
LW by different techniques. It demonstrates that the resulting coating has a
performance comparable to commercial bisphenol A epoxy-amine systems,
and shows that the crosslinked product of LW and GDE can be depolymerized
and recycled as aromatic polyol using the same liquefaction process.
Importantly, this work highlights that the recycling process does not require
removing the coating from the wood matrix. Instead, the coated wood,
including both the wood and coating, can be recycled together through the
same liquefaction process used to produce the LW. This LW-epoxy platform
demonstrates the feasibility of creating wood coatings with improved
recyclability, contributing to more sustainable practices in the coatings
industry.

1. Introduction

Addressing the need for environmentally friendly wood coatings,
a recyclable and bio-based epoxy resin has been derived from
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wood liquefaction and offering proper-
ties comparable to commercial coatings.
Coatings are an integral part of mod-

ern society, providing protection to various
substrates across multiple industries, in-
cluding electronics, marine, aerospace, au-
tomotive, and construction. Among vari-
ous coatings, epoxy resin coatings are par-
ticularly valued for their outstanding dura-
bility, mechanical properties, chemical re-
sistance, and strong adhesion.[1] However,
the majority of epoxy resins are manu-
factured from bisphenol A, a petroleum-
based compound identified as an endocrine
disruptor, raising significant environmental
and health concerns.[2,3] Additionally, com-
monly used hardeners or curing agents,
which are able to harden epoxy resins by re-
acting with them to form a rigid crosslinked
network, such as amines, anhydrides, and
thiols, are also mostly derived from fossil
sources. And the crosslinked nature of tra-
ditional epoxy resins further complicates
recycling, as the rigid network structure

makes it difficult to break down, and the coating itself is hard to
detach from the substrate. These factors contribute to increased
waste and sustainability challenges. Therefore, there is a need for
the development of 2-component epoxy resin systems that are
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bio-based, recyclable, and capable of being recycled along with
the substrate in an easy and practical way, without the need to
detach the coating from the matrix.
Driven by the demand for sustainable materials, research has

focused on the synthesis of both bio-based epoxy resins and cor-
responding hardeners.[4–9] Among various bio-based resins, glyc-
erol diglycidyl ether (GDE) stands out due to its ease of syn-
thesis and cost-effectiveness.[4] Equally important is the selec-
tion of suitable hardeners. While bio-based alternatives, includ-
ing amines, acids, anhydrides, and polyphenols like lignin or tan-
nic acid have been investigated,[3,10] the heavy fraction of liquefied
wood (LW) remains an unexplored option with significant poten-
tial.
LW, a bio-based polyphenol from wood liquefaction, offers a

novel approach to epoxy resin hardening. Since LW consists only
of carbon, hydrogen, and oxygen, it does not introduce any new
elements into the epoxy resin, and the hydroxyl groups in LW can
react with epoxides to form crosslinked epoxies. Since LW origi-
nates fromwood, when applied as a coating on wood, it can be re-
cycled together with thewoodmatrix via liquefaction, eliminating
the need to remove the coating beforehand. These characteris-
tics, combined with its bio-based origin, makes LW a particularly
promising candidate for sustainable epoxy resin formulations.
While one study has explored LW in plastics and

composites,[11] its potential in epoxy resins remains untapped.
Current research primarily focuses on the bio-oil obtained from
liquefaction, typically used as a low-value fuel or directly using
the bio-oil as a curing agent for epoxy resins,[12,13] but this
approach raises concerns about the non-reusability of solvents
and the low actual biomass content in the final product. In
contrast, LW, the residual fraction after solvent extraction from
liquefied wood, offers a unique opportunity to develop sustain-
able and high-performance epoxy systems, which is explored
herein.
Beyond the need for bio-based epoxy systems, the development

of recyclable resins is a pressing challenge for the coatings in-
dustry. Previous efforts to recycle epoxy resins have focused on
introducing reversible or active covalent bonds via chemicalmod-
ification of epoxides or hardeners. Therefore, the cured mod-
ified epoxy resins were chemically recycled through reversible
chemistries, such as Diels-Alder, transesterification and disulfide
exchange reactions. While elegant, these methods often increase
raw material costs,[14,15] or require complex solvents or catalysts,
such as supercritical 1-propanol with KOH,[16] subcritical water
with phenol and KOH,[17] or AlCl3/CH3COOH,

[18] making them
less practical for widespread use. Additionally, coatings are in-
herently complex systems comprising multiple chemical compo-
nents and, also are typically applied to the surface of a substrate.
This close integration with the underlying material, or matrix,
poses significant challenges for recycling. Effective recycling of-
ten necessitates the separation of the coating from the substrate
and the isolation of its various chemical constituents. However,
coatings are designed to adhere strongly to the substrate, forming
a durable and interconnected system. This intrinsic characteristic
complicates separation processes, making the recycling of coat-
ings not only technically demanding but also less practical. As
a result, developing efficient recycling methods for coatings that
address these challenges remains a critical priority together with
advancing bio-based systems.

This study provides an in-depth molecular characterization of
LW from pine wood and demonstrates its use as a curing agent
for the bio-based epoxide GDE. This approach not only utilizes
a fully bio-based epoxide GDE but also allows the solvent guaia-
col used in the liquefaction process to be reused, which should
enhance the sustainability of the system. We also investigated
the performance of the epoxy resin as wood coatings on pine
wood, achieving fully bio-based wood coatings that can be recy-
cled through the same liquefaction process for LW (Figure 1).
Remarkably, the recycled coating (RC) retained its mechanical
properties,making it suitable for direct use in themanufacture of
new wood coatings without any loss of performance. This work
marks an advancement in developing sustainable and recyclable
2-component epoxy resins for coating applications.

2. Results and Discussion

2.1. Liquefaction of Pine Wood

Liquefaction of pine wood was performed in a pressure reactor
at 300 °C at 10 bars for 1 h in a tenfold excess of guaiacol as
liquefaction solvent, following a previously described method.[11]

Pine wood was chosen as a cheap and affordable starting mate-
rial, compared to other hard woods like oak, maple. Detailed pro-
cedures are provided in the Experimental Section. After the liq-
uefaction process, the solvent guaiacol and the light fraction of
liquefied wood were removed by vacuum distillation. The heavy
fraction of liquefied wood (LW) was obtained as the residue in the
form of a black oil, which solidified at room temperature, with a
yield of ≈70 wt.% compared to the initial weight of pine wood.

2.2. Coating Recycling

To prove that the obtained coatings based on LW and GDE can be
recycled by liquefaction, the product was ground and mixed with
guaiacol following the same liquefaction process as described for
the initial pine wood. After the removal of the solvent and light
fraction, the remaining black solid was designated as the heavy
fraction of recycled wood coating (RC) with a yield of 88 wt.%.
Notably, similar to LW, RC was fully soluble in organic solvents,
like tetrahydrofuran (THF) and dimethyl sulfoxide (DMSO), in-
dicating that the crosslinked structure of the wood coating was
destroyed during the liquefaction process.

2.3. Characterization of Liquefied Products

The heavy fraction obtained from pine wood liquefaction exhibits
a highly phenolic structure with furanic components, similar to
lignin.[19] GPC analysis in THF indicated a similar molar mass of
LW, RC and lignin with apparentMn-values < 1000 g mol−1 and
Mw-values between 1000 and 2500 g mol−1 (Figure 2A). These
relatively low molar masses are expected, as during liquefaction,
depolymerization of wood occurs. Interestingly, the molar mass
of the recycled wood coating, RC, showed the highest apparent
molar mass, indicating that after the liquefaction recycling, a cer-
tain amount of the epoxide GDE chains remained in the RC. El-
emental analysis of LW, RC and lignin showed similar composi-
tion regarding the ratio of C:H:O (Figure 2B) of 68:6:26 w/w, cor-
responding to the general chemical formula CH0.09O0.38, which

Adv. Funct. Mater. 2025, 2502689 2502689 (2 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202502689 by C
ochrane C

olom
bia, W

iley O
nline L

ibrary on [23/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 1. Schematic concept of this study. The heavy fraction of liquefied wood (LW) is produced through the liquefaction of lignocellulosic biomass
(pine wood). Wood coatings are synthesized by crosslinking LW with bio-based glycerol diglycidyl ether (GDE) on wood tiles. These wood coatings are
subsequently recycled via liquefaction, yielding the heavy fraction of recycled coating (RC), which is reused in the production of new wood coatings.

demonstrated a higher carbon ratio, comparing with guaiacol
CH1.14O0.29.
To further understand the chemical structure of LW and

RC, we used a combination of spectroscopies: FTIR, 1D 1H,
13C, 2D 1H-13C HSQC NMR, and derivatization 31P NMR
spectroscopy.

FTIR spectra can provide valuable information on chemical
functional groups (Figure 2C). LW, RC, and Kraft lignin ex-
hibit several similar vibrations. For instance, OH stretching can
be observed between 3000–3600 cm−1, while CH stretching in
aromatic methoxy groups is detected at 2938 cm−1. Addition-
ally, methyl and methylene groups of side chains are present

Figure 2. Basic information of LW and RC compared to Kraft lignin (A–C), and the chemical reaction of LW and glycerol diglycidyl ether (GDE) (D).
A) GPC elugrams based on refractive index detector using THF as mobile phase; apparent molar masses determined versus polystyrene standards.
B) Elemental analysis. C) Overlay of the FTIR spectra of LW, RC and Kraft lignin. D) Crosslinking of LW with epoxide GDE.
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Figure 3. 1H NMR and 13C NMR spectra of LW and RC in comparison with lignin (A,B), and the quantification of OH groups based on 31P NMR spectra
(C,D). A) Overlay of the 1H NMR (400 MHz, 298K, DMSO-d6) spectra of LW, RC and Kraft lignin. B) 13C NMR (600 MHz, 298K, DMSO-d6) spectra.
C) 31P NMR (400 MHz, 298K, Pyridine+CDCl3) spectra of LW, RC and lignin after phosphitylation. D) OH concentration based on 31P NMR spectra.
The area of pie chart is proportional to the total OH amount.

at 2842 cm−1, and non-conjugated carbonyl/carboxyl stretching
is detected within the range of 1705–1720 cm−1. The spectra
also reveal aromatic skeleton vibrations at 1595, 1512, and 1426
cm−1, CH deformation combined with aromatic ring vibration
at 1462 cm−1, and aromatic C─H deformation at 1035 cm−1,
which is a complex vibration associated with C─O, C─C stretch-
ing, and C─OH bending in polysaccharides.[20–23] However, also
notable differences exist between LW, RC, and lignin: the absorp-
tion at 1654 cm−1, assigned to conjugated carbonyl groups in
lignin, is not observed in LW and RC. Furthermore, the signal
at 742 cm−1, which likely originates from the guaiacyl-residues
attached to the oligomer, where OH correlates with the ben-
zene ring, is absent in lignin because the OH-groups in the
guaiacyl monomers in lignin undergoes further linkages with
other lignin monomers. As guaiacol is used as a solvent dur-
ing the liquefaction process, the presence of these peaks sug-
gests that either guaiacol was still present in the samples or
was integrated into the LW and RC structures during the lique-
faction process. Together with diffusion-ordered 1H NMR spec-
troscopy (1H DOSY NMR, cf. Figure S4, Supporting Informa-
tion) we were able to confirm that guaiacol forms covalent bonds
with the polymer during the liquefaction (see below). Remark-
ably, this finding implies that the solvent acts as a reagent, open-
ing the possibility of introducing additional functionalities to
heavy fraction of liquefied products depending on the choice of
solvent.

1HNMR spectra of LW, RC, and Kraft lignin (Figure 3A) exhib-
ited broad resonances in the aromatic (between 7.5 and 6.5 ppm)
and aliphatic (between 4.0 and 3.0 ppm for ether-linkages, and
between 3.0 and 0.5 ppm for aliphatic resonances) making a de-
tailed structural assignment impossible. However, in DMSO-d6
as the NMR-solvent, different OH-resonances were detectable:
the carboxylic acids were detected between 11.5 and 12.0 ppm,
while the phenolic OH groups appeared between 8 and 10 ppm.
By adding D2O to the NMR solution in DMSO-d6, these acidic
and phenylic OH-protons were deuterated and disappeared from
the spectrum (Figure S3, Supporting Information). Generally,
LW, RC, and lignin exhibited similar signal patterns, except the
carboxylic OH signal is absent in RC.
From the 13C NMR spectra (Figure 3B), Kraft lignin, LW

and RC present similar resonances in the aromatic region 100–
160 ppm and an intensive peak at 55 ppm, which is contributed
to the methoxy group in Ph-OCH3. However, as both LW and RC
did not exhibit any resonances in the 80 to 100 ppm region, we
excluded the presence of typical linkages in lignin, such as the 𝛽-
carbon in the 4-O-𝛽 and the 𝛼 carbon in 𝛽-𝛽, 𝛽-5 lignin linkages.
This strongly indicates that the liquefaction process can cleave
the Ar-O-CH-R2 bonds. In RC, additional resonances between
60–80 ppm indicate the presence of ethers structures from glyc-
erol diglycidyl ether.
A common method in lignin-research to determine the num-

ber and type of OH-groups is by phosphitylation, e.g., reaction
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with 2-chloro-4,4,5,5-tetramethyl-1,3-2-dioxaphospholane,[24] fol-
lowed by quantitative 31P NMR analysis (Figure 3C). LW, RC and
lignin have a comparable total number of OH groups ranging
from4.7 to 6.6mmol g−1 as summarized in (Figure 3D), while the
solvent used for liquefaction, guaiacol, has 8.05 mmol g−1. How-
ever, the distributions of OH groups differ significantly: while
the content of phenolic OH was similar in all three samples
(≈ 3.8 to 4.0 mmol g−1), the content of aliphatic OH was sig-
nificantly lower in LW than in RC and lignin, accounting for
0.55 mmol g−1 versus 2.0 and 2.3 mmol g−1. We assume this is
caused by polysaccharides in wood experienced intensively arom-
atization during the liquefaction, leading to dehydration and loss
of aliphatic OH groups. However, the aliphatic OH content in RC
increased again due to the introduction of glycerol ethers that ap-
parently are recalcitrant during the liquefaction. Additionally, the
COOH content decreased significantly in RC compared to LW,
from 0.18 to 0.06mmol g−1. This can be explained by the reaction
of the carboxylic acid groups with GDE and further decarboxyla-
tion reactions during the re-liquefaction during recycling. Fur-
thermore, a characteristic resonance for catechol was observed
in LW and RC (at 139.0 ppm in Figure 3C), which likely resulted
from the reaction and subsequent decomposition of guaiacol dur-
ing the liquefaction.[25]

Further, the 1H-13C HSQC spectra (Figure 4A) supported the
finding that liquefaction cleaved the 4-O-𝛽 lignin linkage, and
𝛽-𝛽, 𝛽-5 lignin linkage since they were absent in LW and RC
(Green block in Figure 4A).[7,26] The 2D spectra also indicated
the presence of keto-containing structures (Hibbert’s ketone) at
(45.4 ppm, 3.64 ppm) in LW and RC, a structure typically formed
during the acidolysis of lignin but absent in Kraft lignin.[27] Fu-
ran derivates, commonly obtained from degradation of cellu-
lose or hemicellulose, were also found in LW and RC at (6.06,
106.5 ppm) and (5.90, 107.0 ppm), which correspond to the
C3 and C4 positions in the furan structure (Orange block in
Figure 4A).[28] Additionally, the resonances at (7.48, 141.0 ppm)
were attributed to the C5 position directly connected to the oxy-
gen in furan.[28] These signals were absent in the HSQC spec-
trum of Kraft lignin. Interestingly, in the HSQC spectrum, reso-
nances that indicate the presence of methylene linkages between
two aromatic rings (phenols and/or furans) at (3.88, 29.3 ppm)
and (3.83, 34.2 ppm) were detected in LW and RC (Grey block
in Figure 4A),[29] which can be rationalized by condensation be-
tween different subunits during the liquefaction, similar to a
phenomenon observed by Funaoka et al.,[30] who reported that
non-condensed units in lignin converted to diphenylmethane-
type units upon heating wood meal. This condensation reaction
likely also caused the solvent guaiacol to react with LW and RC,
leading to an intense FTIR absorption at 738 cm−1. When com-
paring RC and LW, a significant difference is noted in region be-
tween 65 to 75 ppm (in the 13C NMR spectra), which showed
resonances originated from the CH2 groups, attributed to glyc-
erol units in the recycled material (Purple block in Figure 4A).
Their presence suggests that liquefaction cannot break all ether
linkages between phenol and GDE, resulting in the retention of
aliphatic ether groups after recycling. This conclusion was also
supported by GPC analysis, which showed an increase in molar
mass of RC compared to LW. Also, elemental analysis indicated
a slightly increased oxygen and decreased carbon content in RC
compared to LW.

Summarizing the analytical data listed above, LW exhibits a
similar structure to Kraft lignin, making it a highly phenolic sub-
stance. During the liquefaction process, the weaker linkages in
lignin, such as 4-O-𝛽, 𝛽-5 and 𝛽-𝛽 bonds, were cleaved. Due to re-
combination, more stable methylene-linkages were formed. Fur-
ther, because of the presence of polysaccharides in wood, furan
structures were also found after the liquefaction process in LW.
In the case of RC, the part of the crosslinking between LW and
GDE was broken during re-liquefaction, but some of the glycerol
ethers remained within the recycled RC, leading to an increased
molar mass and the appearance of additional ether resonances in
the NMR spectra. Therefore, in Figure 5A,B we propose reason-
able/ representative molar structures of LW and RC.

2.4. Curing of LW and RC with Epoxide

For the preparation of wood coatings, LW was cross-linked by re-
action with glycerol diglycidyl ether (GDE). We chose the forma-
tion of epoxies over other chemistries, as they can be conducted
without catalyst and all reagents only contain carbon, hydrogen,
and oxygen as elements, making a recycling by re-liquefaction
cleaner by avoiding introducing new elements into the system.
When LW reacts with epoxides, it forms ether linkages similar
to those found in lignin, shown in Figure 2D, which have been
shown to be partially cleaved during the liquefaction process.
Thismakes LW-epoxies ideal candidates to create crosslinkedma-
terials or coatings that remain chemically recyclable by liquefac-
tion. Themolar ratio of the OH-groups in LW to the GDEwas var-
ied to determine the optimal formulation and vary the crosslink-
ing density. The samples are coded in the following regarding
their formulation, e.g. code “W2G” indicates a twofold excess
of OH-groups in LW compared to the epoxide groups in GDE,
and the G stands for GDE. “C” stand for the commercial epoxy
resin wood coating, which is a bisphenol-A based epoxide-amine
system. It was used as a commercial comparison for coating
performance.
A 1:1 molar ratio of hydroxyl (OH) to epoxide groups was se-

lected as the starting point to ensure that each reactive site par-
ticipates fully in the crosslinking process (W1G). This balanced
ratio promotes the formation of a well-structured and highly
crosslinked polymer network. To investigate the effects of vary-
ing the amount of GDE, formulations with different molar ra-
tios of OH from LW to epoxide group from GDE were devel-
oped, includingW2G (OH groups: epoxide groups= 2:1), W0.5G
(OH groups: epoxide groups = 1:2), W0.2G (OH groups: epoxide
groups = 1:5). The results showed that when the OH-to-epoxide
ratio is too low (excess epoxides, W0.2G), LW and epoxides did
not mix well, forming a liquid-paste mixture. Conversely, when
the OH-to-epoxide ratio was too high (excess LW), no well-mixed
samples were obtained as GDE could not wet the LW powder. For
detailed results and observations, refer to Table S1 (Supporting
Information).
To understand the kinetics of the curing and the temperatures

needed for the later coating process on wood tiles, DSC mea-
surements of the crosslinking polymerization were conducted
(Figure S7, Supporting Information). All reactions exhibited an
exothermic behavior once the temperature exceeded 100 °C, with
exothermic peaks around 150 °C confirming the curing step, i.e.,
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Figure 4. 1H-13CHSQCNMR spectra of LW and RC compared to lignin and proposed chemical structure of LW and RC. A) 1H-13CHSQCNMR (600MHz,
298K, DMSO-d6) spectra of LW and RC compared to with lignin. Top: aliphatic region, Bottom: aromatic region. Red: CH3 or CH, Blue: CH2. B) Chemical
structure found in LW, RC and Kraft lignin, based on 1H-13C HSQC NMR spectra.

Adv. Funct. Mater. 2025, 2502689 2502689 (6 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Proposed chemical structures of LW and RC. A) Chemical structure of LW. B) Chemical structure of RC.

the reaction of GDEwith LW. Based on the curing-DSC, we chose
a temperature of 150 °C for the preparation of the wood coatings.
Analysis by FTIR spectroscopy (Figure S8, Supporting Informa-
tion) further confirmed that the epoxide groups reacted with
LW, RC or Kraft lignin completely, since the epoxide-vibration at
910 cm−1 vanished after curing (150 °C, 15 h).

2.5. Wood Coatings Manufacture

After understanding the epoxy formulation and curing behavior,
pine wood pieces were coated with either LW, or the recycled RC,

lignin as a control, and theirmixtures with GDE (according to the
sample code introduced earlier). To accommodate different test
requirements, two sizes of wood coating were produced: 0.1 g of
the reaction mixture on 10 × 10 × 4 mm wood tiles and 2.0 g
of the mixture on 40 × 40 × 4 mm wood tiles; the samples were
cured in oven at 150 °C for 15 h (cf. Experimental Section), re-
sulting ≈ 1.0 mm thick coatings. For the wood coatings on the
10 × 10 × 4 mm wood tiles, intended for nanoindentation tests,
the lignin-based formulation (L1G) did not wet the wood surface
and failed to form smooth coatings. In contrast, all formulations
based on LWandRCproduced smooth, glossy, black coatings that
– with the naked eye – were indistinguishable from one another.

Adv. Funct. Mater. 2025, 2502689 2502689 (7 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Wood coatings based on LW, RC, or Kraft lignin. A) Photographs of pre- and post-curing coating (on 40 × 40 × 4 mm wood tiles) (left: shows
pre-curing; right: shows post-curing at 150 °C for 15 h). B) SEM imagines of cured wood coating (on 10 × 10 × 4 mm wood tiles). C) Light microscopy
images of cross section of wood coatings on 10 × 10 × 4 mm wood matrix embedded in epoxy resin. *bottom middle: a sample of wood coating on
10 × 10 × 4 mm wood substrate is shown; since all wood coatings based on LW, RC are visually identical, only W1G is shown here as a representative
example. bottom right: photograph of the specimen used for light microscopy.

For the 40 × 40 × 4 mm wood tile, intended for dolly pull-off
tests and water contact angle measurements, the reaction mix-
tures were placed in the center of the wood before curing. Dur-
ing heating, the mixtures liquefied and wetted the wood surface,
while simultaneously hardened to form a rigid coating (Figure
6A). While most formulations using LW formed glossy, smooth
coatings, the sampleW2Gdisplayed an uneven, wave-shaped sur-
face. In contrast, L1G, resulted in an irregular and uneven sur-
face as lignin could not wet the surface as no melting occurred.
Photographs taken before curing show that the mixtures of epox-
ides with LW and RC were absorbed into the wood matrix. This
soaking likely improved the adhesion of the coating to the wood
matrix.
Light microscopy of the cross-section of the coatings

(Figure 6C) showed a uniform structure with no phase sep-
aration for all polymers in macro-scale. The coatings were
subjected to a vertical force due to being fixed by a metal clip,
and this force was observed through the deformation of the
coatings. This deformation provided a qualitative estimate of
toughness. No deformation for W1G, R1G, RC, and C, demon-
strating a strong resistance to deformation. However, serious
cracks were observed in LW and L1G, which suggested that these
samples were relatively brittle. W2G also displayed cracking, but
the cracks were confined to the interface between the coating
and the wood matrix. Based on the results of light microscopy,

the crosslinking with GDE was proved to enhance the toughness
of LW.
Light microscopy provides insights into the coatings’ phase

behavior, but does not reveal any clear micro-phase separation.
To further investigate micro-phase separation, we analyzed the
cross-sections using scanning electronmicroscopy (SEM) shown
in Figure 6B. The SEM images indicated that, for all samples, no
phase separation is visible. However, minor defects in the form
of cracks in the coating were observed.

2.6. Crosslinking Efficiency

The gel fraction refers to the insoluble fraction of cured polymers,
indicating the extent of crosslinking. THF can dissolve neat LW
and RC, making it a suitable solvent to extract non-crosslinked
polymer from the coating to determine the sol:gel ratio (Figure
7A). Generally, higher gel content implies higher crosslinking
density, which promises enhanced mechanical and increased
thermal resistance. Among the samples W1G, R1G, and L1G,
L1G exhibited the highest gel content, reflecting lignin’s higher
reactivity toward epoxides due to its significantly higher COOH
content. Overall, when the ratio of OH of LW to epoxide groups
is less than 1, LW, RC, and lignin can form a highly crosslinked
structure with GDE, achieving gel contents above 88 wt.%, which

Adv. Funct. Mater. 2025, 2502689 2502689 (8 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. Gel content and thermal properties of cured wood coatings. A) Gel content of wood coating after extraction with THF (after 96 h). B) TGA and
DTG of wood coatings, measured at 10 K min−1 under nitrogen atmosphere. C) DSC of LW, RC, Kraft lignin and all wood coatings (shown is the 2nd

heating at 5 K min−1 under nitrogen atmosphere).

is comparable to the commercial epoxy resin (sample C) with
84 wt.%. When the molar ratio of OH in LW to epoxide groups
exceeded 1, the gel content remained below 8 wt.%, as seen in
samples W2G. This is because the insufficient GDE could not
crosslink the LW, resulting in soluble materials.

2.7. Thermal Properties

The thermal stability of all samples was evaluated using thermo-
gravimetric analysis (TGA) (Figure 7B) and expressed as Ther-
mal Heat Resistance Index (THRI). THRI of LW increased after
curing with GDE, rising from 113 °C (LW) to a maximum of
159 °C (W2G), which is higher than that of cured commercial
epoxy resin 123 °C. Additionally, the residue amount of all sam-
ples exceeded 22 wt.% at 600 °C, significantly higher than the
6.3 wt.% of commercial epoxy resin, indicating potential benefits
for flame retardant applications. The increase in THRI with more
added GDE may be attributed to the cured crosslinked structure
and the high boiling point of the GDE. RC exhibited a higher
THRI than LW, similar to that R1G is more thermally stable than
W1G. Among all the samples, lignin showed the highest THRI
and residue amount. However, coatings derived from L1G could
not form a smooth surface.
DSC was used to study the thermal behavior of cured wood

coatings (Figure 7C). Lignin typically has a glass transition tem-
perature (Tg) between 120–180 °C,[31] which may lead to the Tg
of L1G was beyond the DSC temperature range limitation of

100 °C (to prevent decomposition inside the machine). In con-
trast, LW and RC exhibited much lower glass transitions of ≈ 30
°C, probably due to their lower molar mass and different struc-
tural elements compared to lignin. After reacting with GDE, the
glass transition temperatures of the LW-based coatings were de-
tected in a range from 45 °C to 48 °C. GDE raised the glass tran-
sition to 45 °C in W2G, 48 °C in W1G and 55 °C in R1G due to
crosslinking. In conclusion, by crosslinking with GDE, the Tg of
the LW was improved. Additionally, the presence of only one Tg
in the cured wood coatings indicates the absence of phase sepa-
ration, suggesting a homogeneous structure.

2.8. Surface Water Affinity

Wood coatings are exposed to different humidities depending
on their application, making it crucial to understand their water
affinity. The water contact angle is an easy method for evaluat-
ing the hydrophilicity of coating surfaces (Figure 8A). Bare pine
wood samples, which have a porous and hydrophilic structure,
absorbed water droplets within 20 s. After applying the coatings,
water could no longer interface with the wood, making all LW-
based coatings suitable as barrier coatings. The non-crosslinked
LW exhibited a water contact angle of 62°, which was slightly
lower than the water contact angle of the recycled material RC
with 72°, indicating that LW has a higher surface hydrophilic-
ity. For GDE-containing coatings increased contact angles of 65°

(for W1G) and 85° (for R1G) were measured. Although GDE has

Adv. Funct. Mater. 2025, 2502689 2502689 (9 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. Water affinity and mechanical properties of cured wood coatings. A) Water contact angle of wood coating on 40 × 40 × 4 mm wood substrate
after 5 min. B) Nanoindentation test results conducted on the polished surface of cross-section of wood coating. C) Failure model of dolly put off
test of coating with the corresponding strength from dolly pull off test. D) Schematic of possible failure models during the dolly pull off test and the
interpretations of detected value at break points. I. Break at the interface of dolly and glue: The adhesive strength between dolly and glue; II. Break at
the glue layer: The strength of the glue; III. Break at the interface of glue and coating: The adhesion force between glue and coating; IV. Break at the
coating layer: The strength of the coating; V. Break at the interface of coating and wood matrix: The adhesive strength between coating and wood matrix;
VI. Break at the wood matrix layer: The strength of the wood matrix; VII. Mixed failure: Mixed strength.

hydrophilic glycerol-linkages, its incorporation appears to result
in more hydrophobic coatings compared to pure LW and RC. We
assume that in the non-crosslinked sample, carboxyl and pheno-
lic groups are present, which readily interact with water, mak-
ing the surface more hydrophilic and lowering the contact an-

gle. However, during crosslinking, these groups react and form
aliphatic hydroxyl groups, which do not ionize in water. This
reduces their ability to attract water, making the surface more
hydrophobic and increasing the contact angle. Additionally, the
commercial epoxy coating showed a contact angle of 59°. This

Adv. Funct. Mater. 2025, 2502689 2502689 (10 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 9. Comparison of Coating Properties. The properties of LW, W1G, R1G wood coatings, and a commercial wood coating reference are compared
and ranked from 1 to 4. The rankings are based on appearance (all coatings are identically glossy, smooth by naked eyes, so all are marked as 4), gel
content (the most gel content is marked as 4, the least is marked as 1), thermogravimetric analysis (TGA) (the highest THRI is marked as 4, the lowest
is marked as 1), contact angle measurements (the largest contact angle is marked as 4, the smallest is marked as 1), nanoindentation (the hardest is
marked as 4, the softest is marked as 1), dolly pull-off tests (the strongest is marked as 4, the weakest is marked as 1. Commercial reference is assumed
as 4), and observations under a light microscope (coatings without cracks is marked as 4, with crack is marked as 1).

commercial amine-epoxy resin coating is more hydrophilic com-
pared to LW-based wood coating, probably due the polar amine
groups.[32] All other wood coatings exhibited higher surface hy-
drophobicity compared to the commercial epoxy resin, which is
advantageous for waterproofing applications. Due to the uneven
surfaces of the W2G, no reliable contact angle measurements
could be performed on these samples.

2.9. Mechanical Properties

Hardness is a key factor in evaluating coatings, as it reflects their
resistance to abrasion. Nanoindentation is commonly used to
measure both hardness and elastic modulus (Figure 8B). LW ex-
hibited an indentation hardness of up to 375 MPa, significantly
higher than the 130 MPa of commercial epoxy resin, primarily
due to its high aromatic content. In contrast, RC showed reduced
hardness due to the introduction of aliphatic ether chains. Sur-
prisingly, crosslinking did not enhance the hardness of the coat-
ings. All wood coatings, except W2G, had lower hardness than
LW. The exception in W2G may be attributed to its relatively low
GDE content (19%), allowing LW to remain a dominant compo-
nent and potentially benefiting from crosslinking. Nanoindenta-
tion tests were conducted at 1.5mN, with an indentation depth of
300 nm, suggesting that chemical composition influences hard-
ness more significantly than newly formed crosslinking bonds.
L1G showed an indentation hardness of 348 MPa, aligning with
lignin’s high aromaticity, resulting in greater hardness than RC
but lower than LW. The modulus values followed the same trend
as hardness.
For coating applications, not only the resistance to abrasion

but also the strength of the coating’s attachment to the substrate
and the strength of coating layer itself are crucial. The dolly pull-
off test provides information about the adhesion strength at the
interface between the wood coating and the wood matrix and
the strength of the coating itself (Figure 8C). However, none of

the specimens exhibited the V failure (failure at the support-
coating interface), resulting in a lack of accurate data for adhe-
sive strength. Nonetheless, we can still evaluate the range of ad-
hesive strength and the strength or toughness of the coatings.
While crosslinking did not significantly alter the hardness, it no-
tably improved the toughness of the coating. Without crosslink-
ing, LW and RC exhibited the IV failure (crack within the coating)
and had strengths below the detectable range of 0.2 MPa. After
crosslinking, all wood coatings demonstrated increased strength,
reaching at least 1.4 MPa (W1G). Interestingly, R1G exhibited a
strength of 6.3 MPa at mixed failure (Fail model VII, Figure 8D),
suggesting that the actual adhesion or toughness is likely higher
than 6.3 MPa. This may be attributed to R1G’s high crosslinking
level and the presence of moderately soft aliphatic chains, which
reduce the hardness and brittleness of the coating, thereby en-
hancing its toughness. The commercial coating displayed the I
failure (failure at the dolly-coating interface), and its measured
strength of 2.4 MPa does not provide direct information about
the coating itself or its adhesion, making it an unsuitable com-
parison in this context.
The coating properties of pure LW, W1G, and R1G were

summarized (Figure 9) and compared to the commercial wood
coating. The performance of LW improved significantly when
cured with GDE to form the W1G wood coating, with only a
slight reduction in hardness. While W1G exhibited slightly lower
strength compared to the commercial reference, it demonstrated
superior thermal stability, hydrophobicity, and hardness. R1G,
derived from the recycling of W1G, showed an overall perfor-
mance comparable to W1G and, within the investigated perfor-
mance, even outperformed the commercial wood coating. Most
research on bio-based coatings focuses on partially replacing
petroleum-based bisphenol A diglycidyl ether or hardeners,[33–36]

resulting in coatings that are not fully bio-based. In contrast,
W1G is entirely bio-based and recyclable, containing up to
68 wt.% LW and using glycerol diglycidyl ether from renewable
sources as its epoxy component. Additionally, LW’s softening and

Adv. Funct. Mater. 2025, 2502689 2502689 (11 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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flow behavior at 150 °C eliminates the need for organic solvents,
reducing solvent evaporation time, lowering costs, and conserv-
ing resources—enhancing overall sustainability. However, fur-
ther refinements are needed to improve aging resistance, durabil-
ity, and mitigate the coating’s inherent black color. However, fur-
ther refinement is necessary to address certain limitations, such
as improving aging resistance, durability, and overcoming the in-
herent black color of the coating.

3. Conclusion

This study demonstrated the potential of heavy fractions of liq-
uefied wood (LW) as a sustainable and recyclable aromatic polyol
for bio-based epoxy, glycerol diglycidyl ether (GDE). LW, derived
from pine wood liquefaction, exhibits a highly phenolic struc-
ture similar to lignin, enabling its reaction with epoxides to
form durable coatings. However, in contrast to lignin, LW is
able to wet the wood substrate effectively, resulting in a homoge-
nous and glossy coating, while lignin only produced brittle un-
reliable results under these conditions. The resulting coatings
from LW, cured with GDE, showed good water resistance and
mechanical properties, comparable to commercial epoxy resins.
Crucially, these coatings can be chemically recycled through the
same liquefaction process used to generate LW, yielding a recy-
cledmaterial (RC) that retains its curing ability and performance.
Our approach offers a potential pathway toward environmentally
friendly and sustainable epoxy coatings for diverse applications.

4. Experimental Section
Materials: Pine wood (Lignocel 9, Rettenmaier & Söhne GmbH),

Kraft lignin (Lineo Classic G by Stora Enso), Guaiacol (≥99%, Sigma
Aldrich), Glycerol diglycidyl ether (GDE) (Technical grade, Sigma Aldrich),
Dimethyl sulfoxide-d6 (DMSO-d6) (99.9 atom % D, Sigma Aldrich),
Chloroform-d (CDCl3) (99.8 atom % D, Sigma Aldrich), Deuterium ox-
ide (D2O) (99.9 atom % D, Sigmal Aldrich), N-hydroxy-5-norbornene-2,3-
dicarboximide (NHND) (97%, Alfa Aesar), 2-chloro-4,4,5,5-tetramethyl-
1,3-2-dioxaphospholane (TMDP) (95%, Sigma Aldrich), Chromium(III)
acetylacetonate (Cr(acac)3) (97%, Acros Organics), Pyridine (extra dry
over molecular sieve, 99.5%, Thermo Scientific), Acetone (>99.5%,
Boom), pine wood plank (Schaaflat grenen) were purchased from Praxis
as the wood coating matrix, commercial epoxy wood coating (Component
A: epoxy resins, including bisphenol A-based and aliphatic glycidyl ethers;
Component B: amine-based hardeners, including cycloaliphatic and aro-
matic amines. Gitzwart- Epoxy Giethars voor oppervlakken) was obtained
from Epodex-Nederland. All chemicals were used as received without fur-
ther purification, except the pine wood was ground and dried in vacuum
oven at 45 °C for more than 48 h.

Liquefaction Process to Produce Heavy Fraction of Liquefied Wood (LW):
Similar to pervious work,[11] the liquefaction procedure was executed
within a 1 L autoclave featuring an electrical heating jacket and agitation.
Initially, 75 g dried pine wood and 500 mL guaiacol were introduced into
the autoclave. The reactor was then securely sealed and flushed with nitro-
gen for three times to eliminate any residual air. Subsequently, the N2 was
added again to achieve an internal pressure of 10 bar. The autoclave was
then heated to 300 °C, and once this temperature was reached, the reac-
tion was maintained for 1 h. After 1 h, heating was discontinued, and the
autoclave was cooled with water until it reached room temperature. The
pressure was then released via an outlet valve. The resulting substance
was collected and measured, referred to as bio-oil. The solid components
were separated from the bio-oil using a 100mesh iron filter net under 5 bar
pressure. Following filtration, the bio-oil was subjected to vacuum evapo-

ration at 3mbar and 210 °C to remove the guaiacol solvent, continuing the
process until all the liquid fraction had evaporated. The residue obtained
post-vacuum distillation, with yield of 70 wt.%, was designated as heavy
fraction of liquefied wood (LW) and utilized for further investigation.

Recycling of LW-Based Epoxies: The liquefaction of wood coating proce-
dure followed the same protocol as previously described, with the excep-
tion of the starting material. Instead of dried pine wood, a cured mixture
of LW and GDE in a molar ratio (hydroxyl group from LW to epoxide group
from GDE) of 1:1 was used. The resultant product from this process was
termed heavy fraction of wood coating (RC) with 88 wt.% yield.

Synthesis of Wood Coatings: Heavy fraction of liquefied wood (LW) and
heavy fraction of liquefied coating (RC) were initially ground into a fine
powder and subsequently mixed with epoxides. Three types of specimen
were produced by heating at 150 °C for 15 h in air environment, and shown
in Figure S2 (Supporting Information):

1) 0.5 g sample cured in cylindrical silicone mold with an inner cylinder
that has a diameter of 1 cm mould. For FTIR, TGA, gel content and
water uptake tests.

2) 0.1 g sample cured on 10 × 10 × 4 mm wood matrix. After the curing,
the wood coating was embedded in EpoFix epoxy resin (Struers) and
further polished by Struers Tegramin 30 polisher. For light microscope
and nanoindentation test.

3) 2.0 g sample cured on 40 × 40 × 4 mm wood matrix. For coating per-
formance test: dolly pull off test and contact angle test.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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