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Dehydration and in situ consolidation of
waterlogged archeological wood via
laccase catalyzing eugenol nanoemulsion
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Lignin-likematerials share chemical similaritieswithwood and exhibit excellentmechanical properties
along with resistance to aging and microbial degradation. This study focuses on eugenol as a target
lignin-like monomer. Three eugenol nanoemulsions with concentrations of 10%, 20%, and 30%were
prepared using surfactant Pesticide Emulsifier 1602 and co-surfactant diethylene glycol mono butyl
ether (DEGBE). Laccase facilitated the in-situ polymerization of eugenol on the cell walls of
waterlogged archeological wood (WAW) from theNanhai No.1 shipwreck at temperatures of 35 °C °C,
45 °C, and 55 °C for dehydration and consolidation purposes. The 30 wt% eugenol emulsion at 45 °C
showed the best consolidation effectiveness, with a minimal shrinkage rate of 3.62% and a
400–1000% increase in bending strength compared to controls. The polymer reinforced the decayed
wood while preserving cellular lumens, offering an innovative, environmentally sustainable
conservation method for WAW.

The primary goal in preserving waterlogged archeological wood (WAW) is
to ensure its dimensional stability throughout the dehydration process.
Since the 1980s, PEG stood out as themost widely utilized dehydration and
consolidation agent, evidenced by its effective application in prominent
cases such as the preservation of the Bremen Cog in Germany1, the Vasa
warship in Swedish2, the Sinan shipwreck in South Korea3, and Penglai
shipwrecks in China4. PEG boasts several advantages, including its strong
affinity for WAW, non-toxic, cost-effectiveness, and simplicity of use, as it
does not require any organic solvents1,5. Nevertheless, it also faces certain
challenges, such as extended treatment times, moisture absorption6, and
limited resistance to biological activity7. Moreover, there would be con-
siderable weight gain8, and plasticizing effects when using high-
concentration and high molecular weight PEGs. In long-term preserva-
tion, PEG is prone to oxidative and iron-catalyzed degradation9, and the
acidic by-products formedduring these processes constitute a risk of further
chemical degradation of the wood10,11 that leads to a creep deformation8,12.
Sucrose, lactitol, trehalose, and sucralose13,14 have been explored as alter-
natives to PEG. However, these sugars are highly susceptible to microbial
degradation15, limiting their practical application. Additionally, studies have
investigated the use of hydrolyzed proteins16, nanocellulose17, and esterified
colophony18 for filling and stabilizing WAW, though these approaches
remained confined to laboratory-scale research.

In-situ polymerization via monomer penetration emerges as a
potential approach for achieving high penetration efficiency and reduced

weight gain during the consolidation of WAW19. Since 1998, melamine
resins have been successfully utilized for the consolidation of waterlogged
wooden artifacts5. The melamine resin demonstrated excellent penetr-
ability into the wood and underwent in-situ polymerization to solidify,
thereby significantly enhancing the wood’s stability. In China, glyoxal has
been widely employed as a consolidating agent for waterlogged wooden
artifacts, particularly for the stabilization of lacquerware20. However, the
toxicity associated with these materials remains a significant concern. In
recent years, laboratory-scaled studies have been conducted to investigate
the effectiveness of various monomers and oligomers for the dehydration
and consolidation ofWAW, including polysaccharides21, acrylate resins22,
and organosilicon23,24. Among the newly proposedmaterials, plant-derived
lignin-like compounds are anticipated to serve as effective green con-
solidants for next-generation WAW consolidation candidates. These
materials closely resemble lignin, the primary component remaining in
WAW that helps maintain the mechanical stability of wood cells25, thus
demonstrating a high level of compatibility with the wood structure26–28. In
comparison to cellulose and nanocellulose29, lignin possesses higher che-
mical and biological resistance properties30, which enables it to be stably
preserved in wooden subjects and reduce the dimensional instability and
hygroscopicity ofwood31.However, due to its insolubility inwater, ligninor
lignin-like polymers struggle to evenlypenetrateWAW, typically requiring
to be prepared into nanoparticles for effective application32. As a solution,
in-situ polymerization of lignin-like oligomers (dehydrogenated polymers,
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DHPs33) has been proposed to preserve such wood. McHale et al. 34,35.
synthesized the lignin-like oligomers from isoeugenol using a water-
soluble Cu(salen) catalyst and horseradish peroxidase at pH 10, all without
the use of organic solvents. They proceeded to investigate the in-situ
polymerization of these oligomers and successfully developed new lignin-
like structures within the archeological wood. However, the efficacy of this
method in terms of dehydration and consolidation still requires further
evaluation36,37.

This study has chosen an environmentally friendly biocatalyst: fungal
laccase. Fungal laccase is renowned for its broad substrate range, efficiently
catalyzing reactions involving phenols38, aromatic amines39, carboxylic acids
and their derivatives40, and certain non-phenolic compounds41. It has a
small molecular size42 that can easily penetrate the wood cell lumen.
Additionally, fungal laccase is particularly noteworthy for its robust enzy-
matic activity under acidic conditions43, which aligns well with the mildly
acidic environment44 typically present inWAW.The enzymatic process can
be conducted at easily achievable temperatures close to normal conditions,
requiring only oxygen and producing water as the sole byproduct45. These
characteristics eliminate the necessity for additional metal-complexes cat-
alysts during the in-situ polymerization of lignin-like monomers catalyzed
by laccase within WAW.

Among the various lignin-like monomers that can be catalyzed by
laccase, eugenol has emerged as the preferred choice owing to its che-
mical structural similarity to phenylpropane structural units in
softwood46. Its notable antimicrobial47,48, and insecticidal properties49

combined with its low price and availability on the market, further
enhance its appeal. Since the 1940s, eugenol has primarily been produced
industrially from abundant natural oil sources, with Eugenia car-
yophyllata being the principal source50–52. Additionally, Eugenol also be
obtained through the depolymerization of lignin53. Due to its wide range
of antimicrobial properties, pharmacological effects, and good biosafety
profile54,55, eugenol is extensively utilized in cosmetics, food additives,
pharmaceuticals, and pesticides. Research byCheng et al. 56. revealed that
eugenol exhibited strong antifungal activity against the white-rot fungus
Lenzites betulina and brown-rot fungus Laetiporus sulphureus, effec-
tively protecting wood from decay. Eugenol also holds potential as a
plant-based polymerization material57. Huang et al. prepared modified
bamboo that obtained long-term antimicrobial properties by in-situ
polymerization of eugenol via laccase catalyzation58. Watanabe et al. 59.
synthesized a series of urushiol analogs from eugenol, crafting envir-
onmentally sustainable and high-performance coatings. Various plant-
based polymer materials such as polyurethanes, epoxy resins, and phe-
nolic resins, can be produced through functionalization reactions of
eugenol, paving the way for applications in the manufacture of modified
wood or wood fiber boards57.

Existing research has preliminarily demonstrated the potential of
laccase-catalyzed eugenol for in situ polymerization modification of wood.
Buildingupon this foundation, this study aims to explore the effectiveness of
this method for the dehydration and reinforcement of waterlogged arche-
ological wood (WAW). In this study, eugenol was encapsulated in an oil-in-
water (O/W) nanoemulsion to reduce the viscosity of the consolidants and
facilitate better integration between the eugenol emulsion and the laccase
solution. The fungal laccase fromAspergillus oryzaewas used to catalyze the
in-situ polymerization process that introduced eugenol to WAW for
modification treatment. Through the evaluation of dimensional stability,
mechanical properties, and hygroscopicity, this study preliminarily assessed
the effectiveness of the proposed method for the stabilization of WAW.
Based on the results, optimal eugenol concentration and reaction tem-
perature were identified. Additionally, through microscopic analysis and
infrared spectroscopy, the potential mechanism of eugenol’s action within
WAW was preliminarily elucidated.

Methods
Samples
Waterlogged archeological wood (Pinus sp.) used in this research was taken
from a plank of the Nanhai No. 1 shipwreck (an 800-year-old shipwreck,
Guangdong, China). The plank has been stored in pure water for 5 years
after excavation Its wood structure was severely deteriorated with the
measured maximum water content (MWC) of 527% (the measuring
method is described in section 2.5.1). The wood was cut into small sample
cubes of ~1 cm × 1 cm× 1 cm (radial, tangential, longitudinal direction),
with the volume of each sample being about 1 cm3.

Materials
Eugenol (99%, MERYER Co., Ltd., USA), diethylene glycol mono butyl
ether (DEGBE,99%, Yatai Chemical Co., Ltd., Jiangsu.), triphenylethylene
phenol polypropylene-polyoxyethylene ether (trade name Pesticide Emul-
sifier 1602, 99%, Haian Petrochemical Plant, Jiangsu), and laccase from
Aspergillus oryzaewith an optimal enzyme activity temperature at 50 °C (10
000 U, Enming Biological Engineering Technology Co., Ltd., Jiangsu). All
materials were used without further purification.

Preparation and characterization of eugenol emulsion
In this study, eugenol emulsions were prepared for the dehydration
treatment of WAW. A schematic diagram depicting the eugenol emul-
sion synthesis process is presented in Fig. 1. Initially, eugenol was dis-
persed in diethylene glycol monobutyl ether (DEGBE) through
dissolution and mixing. Subsequently, Pesticide Emulsifier 1602 and
pure water were incorporated into the solution, resulting in a light-
yellow transparent emulsion. The entire preparation process was carried

Fig. 1 | Schematic diagram of the eugenol emulsion synthesis process (created using Microsoft Office PowerPoint).
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out under 25 °C, with the solution temperature maintained at approxi-
mately 19.5°C. The stirring speed was set at 1000 rpm, and each step was
stirred formore than 10 min until a homogeneousmixture was achieved.
Three emulsion groups, numbered E1, E2, and E3, were generated with
the eugenol weight percentage of 10%, 20%, and 30%, respectively, as
outlined in Table 1.

The viscosity of the emulsion was determined using a digital visc-
ometer (NDJ-5S, Yueping Scientific Instrument Co., Ltd., China) at a
temperature of 25 °C, with the rotational speed set as 30 r/min. The particle
size of the emulsion was analyzed using a laser particle size analyzer
(MS3000, Malvern Instruments Co., Ltd., UK), which has a testing range of
0.01–3500 nm and a data acquisition speed of 10,000Hz.

Consolidation of waterlogged archeological wood
A semi-immersion technique was employed to enhance the penetrating
efficiency of eugenol emulsion (Fig. 2). The WAW was submerged in the
eugenol emulsionwith its cross-section (faceA) oriented upwards for 1 day,
allowing the emulsion to reach halfway up thewood.As themoisturewithin
the wood gradually evaporated, capillary action facilitated the infiltration of
the emulsion into the wood. Following this process, the orientation was
switched so that face B was facing upwards, and the sample was immersed
for an additional day.

Following a 2-day immersion in the eugenol emulsion, the WAW was
transferred to a laccase solution.The catalysis for eugenol polymerizationwas
performed in the water bath at temperatures of 35 °C, 45 °C, and 55 °C to
create mild and controlled reaction conditions for laccase. The laccase cata-

lysis procedure also employed a semi-immersion approach to facilitate
oxygen supply for the reaction. After 24 h the laccase solution became turbid,
which indicated that the reaction was completed. Then the laccase solution
was changed, and the wood sample was reversed to have face B upwards for
another 24 h of polymerization. This entire catalytic process lasted for 2 days.

Following the completion of the treatment, any residual substances on
the wood surface were meticulously removed using cotton swabs dipped in
pure water. The sample was then air-dried at 25 °C in a controlled envir-
onment where the relative humidity (RH) gradually decreased from 85% to
50%. This dehydration process continued until there was no discernible
alteration in the size and weight of the sample. The untreated sample,
designated as R1, underwent the same air-drying procedure.

Testing methods
Physical property testing. Photographs and dimensional measure-
ments of the wood samples were conducted using the ultra-depth video
microscope (VHX-6000, KEYENCE, Ōsaka, Japan). The basic density
(BD) and maximum water content (MWC) of the wood were calculated
according to Eq. (1) andEq. (2), respectively. Themass of thewaterlogged
sample, ~1 cm3, wasmeasured by an analytical balance (JA2003, SUNNY
HENGPING Instrument, Shanghai, China) and recorded as M1. After
drying in an oven at 103 ± 2 °C, the mass of the sample was recorded as
M0. The drainage method was employed to determine the waterlogged
volume V1 and dry volumeV0 under normal conditions (at 25 °C with a
relative humidity of 34.5% ± 1.5%). During this process, the sample was
fully immersed in pure water on the analytical balance, ensuring it did not
touch the bottom or sides of the beaker. According to Archimedes’
principle, the volume of the wood sample (cm3) is equal to the increase in
weight (g) of the displaced pure water.

BD ¼ M0

V1
ð1Þ

MWC ¼ M1 �M0

M0
ð2Þ

Table 1 | The composition of three eugenol emulsion groups,
expressed in weight percentage.

Group Eugenol Pesticide Emulsifier 1602 DEGBE Water

E1 10% 10% 3.3% 76.7%

E2 20% 20% 6.7% 53.3%

E3 30% 30% 10% 30%

Fig. 2 | Consolidation process of waterlogged archeological wood (created using Microsoft Office PowerPoint).
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Theweight percent gain (WPG)was calculated using Eq. (3), wherem1

represents the dry mass of the wood after treatment and after achieving
equilibrium under normal conditions, whilem0 denotes the theoretical dry
mass of the wood sample (estimated based onM1 andMWC). The volume
shrink rate (Sv) was calculated using Eq. (4).

WPG ¼ m1 �mO

� �
× 100% ð3Þ

SV ¼ V1 � V0

V1
× 100% ð4Þ

Microstructure analysis. Optical microscopy and scanning electron
microscopy (SEM) were utilized for themicrostructure analysis. Initially,
an ultra-depth video microscope (VHX-6000, KEYENCE,Ōsaka, Japan)
was used to examine the micro-morphology of wood cells. Subsequently,
the SEM analysis was conducted at a high voltage range of 15 kV using an
ultra-high-resolution field-emission scanning electron microscope
(Regulus 8100, HITACHI, Tokyo, Japan). Before SEM analysis, all
samples underwent a gold coating process.

Mechanical property testing by thermomechanical analyzer (TMA).
The thermomechanical analyzer (TMA) utilized in this study is HITA-
CHI TMA7100 (HITACHI analyzer, Tokyo, Japan) to perform a three-
point bending test, featuring a load range of 5.8 N, a load resolution of
9.8 μN, and a displacement resolution of 0.01 μm. The testing method
was based on our previous work and can be referenced in ref. 60.

The sample preparation for the three-point bending test proceeded as
follows: A manual rotary microtome (Leica 2010R Leica, Baden-Würt-
temberg, Germany) was used to prepare waterlogged archeological wood
slices of 10mm× 10mm× 0.3mm (longitudinal × radial × tangential).
After drying under normal conditions (at 25 °C with a relative humidity of
34.5% ± 1.5%), the wood slices were hand-cut into samples of
10mm× 2mm× 0.3mm (longitudinal × radial × tangential). To ensure
consistency in the comparative experiments, equal proportions of early-
wood and latewood specimenswere selected for each sample. Before testing,
the samples were conditioned under the testing conditions (at 25 °C with a
relative humidity of 60.5% ± 1.5%) for a duration exceeding 24 h.

In the bending test, a quartz probe and a supporting component with a
span (L) of 5mm were used. The test was performed under normal con-
ditions with an initial load of 0.1 mN and a loading speed of 20mN/min
until the sample broke. The width b and the thickness d of the sample were
measured using an ultra-depth video microscope (VHX-6000, KEYENCE,
Ōsaka, Japan)with an accuracy of 0.01mm.The bending strength σ and the
fracture strain ε were calculated according to Eqs. (5) and (6).

σ ¼ 3FL

2bd2
ð5Þ

ε ¼ 6Dd
L2

ð6Þ

Dynamic vapor sorption testing (DVS). The maximal moisture content
under various relative humidity (RH) conditions was assessed using a
high-throughput dynamic vapor sorption tester (SPSx-1μ, ProUmid,
Ulm, Germany) following the protocols outlined in refs. 61,62. This
analysis included untreated samples dried under normal conditions and
samples that underwent treatment with eugenol emulsions and were
subsequently dried. The humidity range assessed was 0–95% RH, with a
gradient of 10% RH, and the temperature was maintained at 25 °C. The
default sampling frequency was set at 10 min, with a minimum mea-
surement time of 50 min and a maximummeasurement time of 300 min
for each gradient. The default weight limit was established at 1000%, and
the equilibrium condition was defined as dm/dt≤0.01. To ensure con-
sistency in the comparative experiments, equal proportions of earlywood
and latewood specimens were selected for each sample.

Fourier transform infrared spectroscopy (FT-IR) analysis. Fourier
transform infrared spectroscopy (FT-IR) was performed to investigate
the alterations in the chemical structures of the wood samples. The
analysis utilized the Nicolet™ iSTM5 Fourier transform infrared spectro-
meter (Thermo Scientific, Waltham, MA, USA) and employed the
potassium bromide pellet method, maintaining a sample-to-potassium
bromide mass ratio of 1:100. The instrumental parameters were config-
ured as follows: 32 scanning times, a resolution of 4.000 cm−1, a sampling
gain of 1.0, a mirror velocity of 0.4747, and an aperture of 100.00.

Results
Characterization of the emulsion
In this study, eugenol emulsionswere prepared at concentrations of 10 wt%,
20 wt%, and 30 wt%. As depicted in Fig. 3a, the resulting emulsions ranged
from transparent to yellowish transparent, with the color deepening as the
concentration increased. A green laser at a wavelength of 532 nm demon-
strated a clear Tyndall effect when penetrating the emulsions. The emulsion
exhibited stability under normal conditions, remaining free from delami-
nation or oil bleaching for over 30 days.

As determined, the viscosity of the 10–30 wt% eugenol emulsions at
25 °C registered at 10, 17, and 24mPa·s, respectively, signifying that they are
low-viscosityfluids. This characteristic underscored its superior penetration
capabilitywhen applied toarcheologicalwood.Details regarding theparticle
size of the 30 wt% eugenol emulsion can be found in Table 2 and are
illustrated in Fig. 3b, revealing a Gaussian distribution with a uniform
particle size dispersion. Notably, the DV (90) value was measured at
0.164 μm, which classified it as nanoemulsion.

Physical properties
Three groups of archeological wood, numbered E1, E2, and E3, were dehy-
drated using eugenol emulsions at concentrations of 10 wt%, 20 wt%, and
30wt%, respectively. We tested the effect of in situ polymerization on the
dimensional stabilization of WAW at three different catalytic temperatures:
35 °C, 45 °C, and 55 °C. The control samples, numbered R1, were untreated
wood air-dried under normal conditions. Figure 4 illustrates the shape and
color changes observed in the nine treated samples and untreated samples

Fig. 3 | Photographs and particle size data of eugenol emulsion. aTyndall effect in
10 wt%, 20 wt%, and 30 wt% eugenol emulsions when the laser was penetrating.
b Particle size distribution curve of eugenol emulsion E3 (created using
OriginPro 2024).

Table 2 | Particle size testing data of the eugenol emulsion.

Agent BET/m2·kg−1 DV (10)/μm DV (50)/μm DV (90)/μm

E3 75840 0.464 0.0911 0.164
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before andafterdehydration.Overall, all the treatedgroupswereacceptable in
color after dehydration, showing a natural light pine color. However, it was
noted that eugenol polymerized at 55 °C resulted in excessive polymer for-
mation on the surface of the samples in both groups E2 and E3.

In terms of dimensional stability, severely decayed archeological wood
tends to experience considerable shrinkage during the dehydration process
if left untreated (as shown in Fig. 4j). The basic density (BD), volume
shrinkage rate (Sv), and weight percent gain (WPG) ofWAWsamples after
dehydration are listed in Table 3. The untreated waterlogged archeological
wood exhibited a volume shrinkage rate of 63.02%, leading to severe dis-
tortion. Therefore, achieving a lower volume shrinkage rate after dehy-
dration is crucial for assessing the effectiveness of the consolidants.

The samples in group E1 experienced cracking with the highest Sv
among all groups ranging from 15.55% to 18.48%, regardless of the cata-
lyzed temperature. In contrast, group E2 showcased less shrinkage. The
45 °C-catalyzed wood samples demonstrated only slight cracking and the
lowest Sv of 5.15%, while the wood catalyzed at other temperatures in this
group experienced volumetric shrinkage of around 13%.Meanwhile, group
E3 benefited from both 45 °C and 55 °C catalyzing, achieving effective
dimensional stabilization with Sv of 3.62% and 7.27%, respectively.

In addition, it should be noted that the differences in the proportions of
earlywood and latewood in WAW samples also impacted the results of
physical properties. Earlywood has thinner and weaker cell walls compared
to latewood, making it more susceptible to deformation; thus, samples with
a higher proportion of earlywood generally exhibited greater shrinkage in
this study. Additionally, samples with wider annual rings were more prone
to radial cracking, such asE1–45 °CandE2–35°C,whichmightbe attributed
to the structural differences between earlywood and latewood leading to
uneven stress distribution.

Moreover, it was observed that the dry shrinkage rate of the wood
samples decreased as the weight gain rate and basic density increased. The
samples E2–45 °C, E3–45°C, and E3-55 °C exhibited the lowest dry
shrinkage rates withWPG of 169.66%, 172.16%, and 197.81%, respectively,
alongside a significant increase inwooddensity of over260%. Itwas inferred

that a higher weight gain indicated a greater production of polymeric pro-
ducts within the wood, leading to improved reinforcement of the structure.
A higher concentration of eugenol emulsion provides sufficient reactive
monomers within the wood. The reaction rate rose as the catalytic tem-
perature increased, resulting in the generation of more free radicals. Con-
sequently, samples subjected to treatments of high concentration and
elevated temperature will experience lower dimensional changes and a
higher weight gain. Overall, the WPG of all conserved samples did not
exceed 200%, although the absorbed moisture due to incomplete drying
may have resulted in overestimated data.

Moisture properties
High humidity levels typically challenge the preservation of wooden artifacts,
as they facilitate rapidmoisture absorption that is prone to cause dimensional
instability, cracking, and disintegration during long-term preservation. As
depicted in Fig. 5, the DVS testing curves for dried WAW samples, both

Fig. 4 | Eugenol emulsion treated wood samples and untreated samples before (left) and after (right) dehydration. a–c Samples treated with E1. d–f samples treated with
E2. g–i samples treated with E3. j untreated and air-dried sample.

Table 3 | Physical properties result from waterlogged
archeological wood after dehydration and consolidation.

Group Temperature BD/g·cm−3 Sv WPG

E1 35 °C 0.374 18.47% 92.03%

45 °C 0.372 18.48% 91.97%

55 °C 0.374 15.55% 92.05%

E2 35 °C 0.402 12.76% 108.03%

45 °C 0.518 5.15% 169.66%

55 °C 0.529 13.03% 171.40%

E3 35 °C 0.463 14.45% 138.01%

45 °C 0.524 3.62% 172.16%

55 °C 0.572 7.27% 197.81%

R1 Normal condition 0.193 55.48% 0.00%
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before and after being treated with eugenol emulsion, offered insights into
theirmoisture absorption behaviors. GroupE1 andE2 only exhibited slightly
reduced moisture absorption after eugenol emulsion treatment. In contrast,
groupE3displayed amoisture absorption rate between16.67%and21.78%at
95% relative humidity, compared to 25.68% recorded for air-dried untreated
samples. Furthermore, the hygroscopicity of the wood samples markedly
decreased as the catalytic temperature increased. The increased temperature
enhanced the reaction rate, resulting in a reduction of phenolic hydroxyl
content and the formation of more oligomers that fill the pores, thereby
decreasing the moisture absorption sites in the wood structure. These
observations indicate reduced moisture absorption conferred by consolida-
tion, thus favoring the long-term preservation of artifacts.

Bending strength
The effectiveness of eugenol emulsion in enhancing mechanical properties
was evaluated across three distinct wood sample groups that exhibited
acceptable dimensional stability effectiveness during dehydration: E2-45°C,
E3-45°C, andE3-55°C, the bending strength results are shown inFig. 6.After
air-drying, the untreated wood displayedmarkedly low strength, measuring
at 1.09MPa. The application of eugenol emulsions resulted in substantial
reinforcement of the wood, with an increase in bending strength correlated
with escalating emulsion concentration and catalytic temperature. Specifi-
cally, the E3 emulsion achieved enhancements of 314% and 848% in wood
strength when catalyzed at 45 °C and 55 °C, respectively. Furthermore, for
the E2 and E3 samples when catalyzed at 45 °C, the stiffness of the woodwas
improved by 20% compared to untreated samples. However, the E3-55 °C
samples experienced a 46.8% reduction in fracture strain.

These findings indicated that eugenol can effectively enhance the
strength and rigidity of wood cell walls, reducing their susceptibility to
fracture under bending stress. However, it is crucial to carefully regulate the
polymerization process, as excessive impregnation of the cell walls under
high concentration and high catalytic temperature can render the wood
hard and brittle. Integrating these results with complementary assessments,
a 30% concentration of eugenol emulsion at a catalytic temperature of 45 °C
was identified as the optimal configuration for facilitating superior dehy-
dration and consolidation of WAW.

Microstructures
Microscopic examinations of the dried samples were conducted using a
high-depth-of-field microscope and SEM. For example, when analyzing the
three groups catalyzed at 45 °C (Fig. 7), the micro-morphology of the
E1 samples closely resembled that of the untreated samples. The wood cells
still underwent noticeable deformation, although some reflective polymers
were found in the cells. These wood samples were all fragile and it was not
easy tomakea smooth andflat cutwithout embedding. In contrast, thewood
cells of the E2 and E3 samples showed significantly different morphologies.
The cellular shapedidnot exhibit significantdistortion, and the cross-section
of the cell walls appeared relatively smooth, which indicated improvements
in cell wall consolidation after being treated with 20–30wt% eugenol
emulsions. This observation suggested that the treatment did not induce
major structural alterations to the wood cells, but effectively reinforced their
structure, thereby reducing shrinkage and deformation of the wood.

The SEM analysis was conducted to further investigate the reinforcing
effects on wood cell walls, as depicted in Fig. 8. Untreated archeological

Fig. 5 | Moisture sorption and desorption curves of archeological wood before and after treated with eugenol emulsions (created using OriginPro 2024).

Fig. 6 | Bending strength and fracture strain of wood samples before and after
treatment tested by the TMA method (created using OriginPro 2024).
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wood exhibited significant cell collapse and deformation following drying,
in apparently contrast to the less change in cell shape observed in the
eugenol-treated samples. The eugenol-treated wood showed no apparent
shrinkage or deformation after drying, with the wood cells retaining their
original morphology.

Furthermore, the SEM images highlighted the influence of eugenol
concentration and catalytic temperature on the effectiveness of in-situ
polymerization. An increase in eugenol concentration allowed for the
penetration of a greater quantity of active components into the wood cells,
substantially enhancing the reparative effects on the cell wall. Measured on
the SEM images, the thickness of the cell walls in the E2 and E3 groups
generally ranged from 7.71 μm to 10.17 μm, which is significantly greater

than that of the E1 group (around 6.03 μm), with the secondary walls (S2)
exhibiting a strong adhesion to the intercellular layers. Furthermore, the
pores caused bymicrobial degradation and the deformation of the cells were
markedly reduced. Higher catalytic temperatures were found to be effective
in improving the degree of polymerization of the resultant products.
Notably, only in the E3-55 °C group, the wood cell walls became enveloped
andcoatedby the formedpolymer,whichaccounted for thenotable increase
in its bending strength.

From amicrostructural perspective, eugenol functioned by reinforcing
the cell walls rather than filling the cell lumen. The reinforced structure
exhibited enhanced resistance to the internal stress generated during the
dehydration process, thereby preventing deformation and collapse. This

Fig. 8 | SEM images ofWAWsamples after dehydration and consolidation. a, bUntreated sample. c Sample E1-55 °C. d Sample E2-45 °C. e Sample E3-45 °C. f Sample E3-
55 °C. The red arrows note the pores in the cell wall. The yellow arrow notes the coated cell wall.

Fig. 7 | Micro-morphological changes in cross-
sections after consolidation. a Untreated sample
after air drying under normal conditions. b Samples
treated with E1. c Samples treated with E2.
d Samples treated with E3. The treated samples were
catalyzed under 45 °C.
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mechanism contributes to the advantage of a low weight gain rate and
provides a certain degree of reprocessability. If future conservation requires
the use of additional materials, these substances can still diffuse into the
wood structure via the preserved cell lumens.

Spectroscopic analysis of archeological wood before and after
consolidation
Asdepicted in Fig. 9, the peak observed at 1640 cm−1 signified the presence of
C=C vibrations63 characteristic of alkenes within the aromatic nuclei. Addi-
tionally, thepeakobserved at1461 cm−1 corresponds to thebendingvibration
of lignin CH2 and CH3 groups

63, which show increased intensity following
consolidation, suggesting a heightened lignin content in the treated samples.

Further analysis identified peaks at 1364 cm−1 and 1348 cm−1, which
are associated with the vibration of the aromatic nucleus –OH groups63.
The peak at 1235 cm−1 corresponds toC–Ovibration, while the absorption
peak related to C–O–C stretching vibration moved from 1140 cm−1 to
1096 cm−1–1125 cm−1, resulting from the condensation products of
eugenol polymerization64,65. Additional peaks at 993 cm−1, 951 cm−1,
913 cm−1, and819 cm−1 are linked to the vibration of theC–Hgroupon the
benzene ring, bending vibration of C=C, C–C, and C–H groups in lignin-
like structures, respectively63. The appearance of these peaks may indicate
the formation of eugenol-based oligomerswithin the treatedwood sample.

In conjunction with infrared spectroscopy, our investigation elucidated
the potentialmicro-scalemechanismunderlying the consolidation treatment
using eugenol emulsion (Fig. 10). Research on the natural formation of lignin
in wood has demonstrated that DHPs are generated from phenylpropane
units under the catalytic action of laccase, and then cross-link to form lignin
macromolecules66. They can also interact with cellulose and hemicellulose to
form lignin-carbohydrate complexes (LCCs)67.Wehypothesize that eugenol-
derived lignin-likeoligomersmayundergo a similar process in this study.The
in-situ polymerization of eugenol catalyzed by laccase resulted in lignin oli-
gomers known as DHP, which serve a crucial role in the reinforcement of
degraded wood cells. Specifically, through the catalytic action of laccase,
eugenol provided free radicals via its phenolic hydroxyl and allyl double

bonds68, generating DHPs that cross-link the adhesion between decayed
lignin and cellulose. Thismechanism is reflected in the infrared spectroscopy
results, which show an increase in the intensity of C-O-C and C-O bonds,
indicative of enhanced characteristics of cross-linking structures in wood.

However, it is important to note that the conclusions drawn remain
speculative because of the complex oxidation of eugenol catalyzed by
laccase68. Laccase catalysis is known to initiate the polymerization of phe-
nolic hydroxyl-containing monomers, as well as the copolymerization of
these monomers with lignin and polysaccharide fragments69. The resulting
structural units can form a variety of DHPs and LCCs through diverse
linkagemodes. The chemical structures of these products are highly similar
to the native chemical structure of thewood itself. Further researchwould be
required to elucidate the exact structural configurations and interactions
involved.

Disscussion
This study revealed the capacity of eugenol in anO/W emulsion to penetrate
the WAW samples effectively. Eugenol underwent in-situ polymerization
catalyzed by laccase within the WAWmatrix, resulting in the formation of
lignin-like oligomers. The experiment evaluated three different concentra-
tions of eugenol alongside three catalytic temperature conditions. ForWAW
samples with anMWCof 523%, aminimum eugenol concentration of 20 wt
% was required to achieve acceptable dimensional stabilization. A 30wt%
concentration delivered the best performance, reducing shrinkage to just
3.62% post-dehydration and boosting bending strength more than fourfold
compared to untreated samples. This study recommended a catalytic tem-
perature of 45 °C, which is marginally lower than the optimal activity tem-
perature of the laccase used. This temperature is only slightly above room
temperature, making it easily attainable in practical applications, and is safe
for wooden artifacts as well as restoration personnel. While higher catalytic
temperature can substantially enhance the polymerization reaction rate and
increase the bending strength of the wood, it may also lead to wood
embrittlement or an excessive buildup of polymers on the surface.

Microscopic analysis indicated that the resulting lignin oligomers
reinforced the cell walls without filling the cell lumens. The preservation of
the original pore structureof thewoodcell prevented significantweight gain,
thereby avoiding excessive burden on the artifacts. Additionally, it ensured
that future reprocessingmaterials could penetrate the wood. Therefore, this
mechanism not only contributed to minimizing the shrinkage of the
archeological wood but also facilitated smooth integration with subsequent
conservation efforts.

In this study, the materials used are readily available, affordable, and
nontoxic. This approach offers an innovative potential solution for the
dehydration and consolidation of waterlogged wooden artifacts, while also
embodying a sustainable and eco-friendly strategy for advancing con-
servation practices. However, this study remains an exploratory investiga-
tion into the use of laccase-catalyzed eugenol for the dehydration and
consolidation of waterlogged wooden artifacts. There are still significant
gaps in the in-depth research on the polymerization mechanisms and
product structures, as well as in the control of the reaction processes. In
future studies, the long-term stability of the treatment also needs to be
investigated. Before practical application, the penetrability and dimensional

Fig. 10 | Mechanism of laccase-catalyzed in situ
consolidation of waterlogged archeological wood
with eugenol (created using Microsoft Office
PowerPoint).

Fig. 9 | FT-IR spectrum of waterlogged archeological wood before and after con-
solidation (created using OriginPro 2024).
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stabilization effectiveness are necessary to be evaluated on wooden objects
with larger scales and different degradation conditions.

Data availability
The datasets generated and analyzed during the current study are available
from the corresponding author upon reasonable request.
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