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Abstract

Archaeological wood requires effective conservation to prevent further degradation,
and traditional modifications such as polyethylene glycol (PEG) have limitations,
including hygroscopicity and chemical degradation over time. To explore alterna-
tive modification, this study was conducted to investigate the suitability of humins,
crosslinked with different concentrations of succinic acid (SA), to protect archaco-
logical elm wood from the Agapia Monastery against water and to determine the
modification mechanism. Key parameters such as dimensional stability, moisture
sorption isotherms, and determination of accessible hydroxy groups as a function
of humination modification were analyzed using dynamic vapor sorption (DVS).
The modification mechanism was studied by microstructural and chemical proper-
ties evaluation by Confocal-Raman spectroscopy and scanning electron microscopy
(SEM). Results indicated that humins, particularly crosslinked with SA, significant-
ly improved the water-related properties of wood and its dimensional stability. The
humination also reduced the accessibility of the hydroxy group, thus decreasing the
equilibrium moisture content (EMC) of huminated elm at relative humidities (RHs)
ranging from 0 to 95%. While SEM images revealed structural changes in the
modified wood, Confocal-Raman spectroscopy confirmed the successful allocation
of humins into the cell walls. This study demonstrates that humins are promising
materials for archaeological wood conservation, providing improvements in both
chemical and physical properties.

Introduction

Since the time of the first hominids, wood has been utilized as a source of shelter,
tools, and weapons. Wood deteriorates over time when exposed to any environment
since it is made up of natural polymers. Degradation processes can be quick and
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broad or extremely slow and minimal, depending on variables (such as tempera-
ture, humidity, and oxygen concentration) (Braovac and Kutzke 2012; Ghavidel et
al. 2020, 2021b; Gjelstrup Bjordal 2012). Archaeological wooden artifacts require
immediate conservation treatment to maintain their integrity and avoid permanent
destruction (Broda et al. 2021b; Ghavidel et al. 2021a).

The conservation of archaeological wood presents distinct challenges depend-
ing on its state of preservation, which is primarily divided into waterlogged and dry
conditions. For waterlogged archaeological wood, the main objective is to prevent
irreversible shrinkage and cellular collapse during drying. Currently, polyethylene
glycol (PEG) is the most common chemical used for this purpose, acting as a bulk-
ing agent that replaces water within the degraded wood structure. However, despite
its effectiveness as a primary consolidant for waterlogged wood, PEG treatment has
certain long-term drawbacks. The PEG modification enhances the hygroscopicity of
wood, resulting in severe swelling at high relative humidity, which can cause irre-
versible damage such as cracking (Broda et al. 2021a, b; Popescu and Broda 2021).
Furthermore, PEG is known to have a plasticizing impact on the wood and can be
prone to high leachability and degradation into acidic by-products, which in turn can
cause further chemical degradation of the artifact over time (Almkvist and Persson
2008; Hocker et al. 2012; Wagner et al. 2016).

In search of alternatives, recent research has focused on developing new treatment
materials to replace traditional chemicals like PEG. Organosilicon compounds have
shown promise for wood conservation. For instance, Popescu and Broda (2021) com-
pared the effects of alkoxysilanes and siloxane on the stabilization of waterlogged
archaeological elm wood. They found that alkoxysilanes stabilize wood by bulking
the cell walls and chemically altering the wood, while siloxane primarily fills the cell
lumina. (Broda et al. 2019, 2020) demonstrated the effectiveness of organosilicon
compounds in minimizing moisture absorption, enhancing anti-shrinkage properties,
and reducing biological degradation. Similarly, Ghavidel et al. (2021) reported that
tetracthyl orthosilicate (TEOS) modification significantly delayed the sorption time
to reach equilibrium moisture content (EMC) in dry archaeological oak wood, reduc-
ing its hygroscopicity.

Humins are heterogeneous and polydisperse macromolecules made up mostly of
furanic rings with primary functional groups such as aldehydes, carboxylic acids,
and hydroxyls (Constant et al. 2017; Filiciotto et al. 2018; Ghavidel and Hossein-
pourpia 2024; Sangregorio et al. 2018; van Zandvoort et al. 2013). During lignocel-
lulosic biomass processing, humins often form as by-products, particularly under
acidic conditions (van Zandvoort et al. 2013). The structure of humins is known
to be affected by reaction time, temperature, feedstock structure, and concentration
(Hoang et al. 2013). Several studies have demonstrated the potential of humination
as an effective modification technique to enhance wood properties. Humination of
Scots pine microveneers considerably improved their photodegradation resistance
and mechanical stability after exposure to artificial weathering tests (Ghavidel and
Hosseinpourpia 2024). Sangregorio and co-workers (2020) reported that the reaction
between humins and wood polymers increased the tensile strength and dimensional
stability of pinewood veneers. They also showed that humins-treated wood exhibited
longer ignition times, a slower heat release rate, and reduced CO formation compared
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to furfurylated wood, making it a promising alternative for enhancing fire resistance.
Humins were also utilized in combination with polyfurfuryl alcohol (PFA) to form
composite materials, which were further reinforced with cellulose fibers, enhanc-
ing both tensile strength and reducing brittleness (Pin et al. 2014). This approach
has proven particularly useful for developing high-performance, sustainable building
materials with enhanced resistance to degradation (Mija et al. 2017). Very recently,
Ghavidel and colleagues (2025) reported that the humination modification in the
presence of citric and succinic acids considerably enhanced the material properties
of Scots pine sapwood. The authors stated that the dimensional stability and static
and dynamic bending properties, as well as resistance to white and brown rot fungi,
were significantly higher in the huminated samples than in the unmodified ones. They
suggested placing the humination modification in a semiactive category as its interac-
tion with the wood cells may include both lumen filling and chemical bonds within
the cell wall. However, further accurate methods like micro-chemical analyses are
required to draw more comprehensive conclusions. In addition, even though different
chemicals, like those based on silicon and glycol, have been utilized for the conser-
vation of archaeological wood, the application of wood modification methods for
the protection of archaeological wood is limited. In contrast, the conservation of dry
archaeological wood, the focus of this study, presents a different set of challenges.
The primary goals are to consolidate fragile material, improve the hydrophobic char-
acter against fluctuation of ambient conditions, and protect it from future degrada-
tion. Therefore, this work aimed to study the protection effect and the modification
mechanism of humination process by evaluating the wood-water relationship and
microstructural properties of huminated archaeological elm crosslinked with succinic
acid. The micro-chemical properties of huminated samples were analyzed by means
of scanning electron microscopy and Confocal-Raman spectroscopy.

Materials and methods
Raw materials and sample preparations

The archaeological elm sample was sourced from a structural support beam of an
old house within the monastic village of Agapia Monastery (Romanian: Ménastirea
Agapia), a Romanian Orthodox nunnery located 9 km west of Targu Neamt, in the
commune of Agapia, Neamt County. The monastery complex itself dates back to its
construction between 1641 and 1643. The beam was collected during the renovation
of the historic building. Visually, the wood structure was severely damaged due to
biological degradation, and no chemical preservatives had been previously applied.

From this beam, a bulk sample was transported to the laboratory. At the time of the
experiments, its equilibrium moisture content was approximately 11%. To prepare
the experimental specimens, the weathered outer surfaces of the bulk sample were
carefully removed. From the interior, undamaged portion, a series of small specimens
with dimensions of 10 x 10 % 15 mm?® (RXTxL) were cut.

A total of 32 specimens were prepared and divided into four experimental groups:
a control group without modification (C), a group modified with humins (H), and two
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groups modified with humins crosslinked with either 1% (HSA-1%) or 3% (HSA-
3%) succinic acid (SA). Each group contained 8 replicates. Prior to modification, all
prepared specimens were oven-dried at 103 °C for 24 h to determine their initial dry
mass.

Humins were kindly provided by Avantium Renewable Polymers B.V. (Amster-
dam, the Netherlands). Due to the high viscosity of humins, initial steps were taken
to reduce their viscidness. Primary, humins were heated at 60 ° C for 60 min, then the
pre-heated humins were added to the distilled water at a mass ratio of 1:1 and stirred
at 60 ° C for an additional 60 min using a mechanical stirrer. Then, the mixture was
mixed at 2000 rpm for 10 min using an ultra-turrax (IKA T18D, Germany) at room
temperature. The mixture was then held at room temperature for 3 h to collect the
soluble humins. The dissolved humins with a solid content of 30% were then used for
the impregnation of wood. Succinic acid (Sigma Aldrich; purity: > 99%) was used as
a crosslinker and applied at 1% and 3% (W/Wgjid humins)-

Dried elm wood samples were impregnated with different humins solutions as
a: humins (H), b: humins-1% succinic acid (HAS-1%), and ¢: humins-3% succinic
acid (HAS-3%) under vacuum (370 mbar) for 4 h at 25 ° C. After impregnation,
the samples were held in room condition for 24 h to allow further penetration. The
excess solutions from the surfaces were then cleaned up with tissue paper, and the
samples were located in the oven at 30 °C. The temperature gradually increased by
30 °C every 24 h until 103 °C and then exposed to 120 °C for 10 h. This procedure
was designed to prevent physical damage to the fragile wood and to ensure proper
chemical reactions. The weight% gain (WPG) of the samples was calculated accord-
ing to Ghavidel and Hosseinpourpia (2024), prior to the leaching test following EN
84 (1997).

Dimensional stability

The dimensional stability was determined by calculating the volumetric changes of
the six dried samples after impression in water at 25 °C for three cycles. The cell
wall bulking, maximum swelling (swell ), and anti-swelling efficiency (ASE) of
modified samples were then assessed after the third cycle following the methods
explained previously by Xiao et al. (2012). The ASE and swell,,, were calculated for
the samples after the leaching process.

max

Water vapor sorption analysis

Water vapor sorption behavior of the control and modified archaeological elm wood
samples was analyzed by the automated dynamic vapor sorption (DVS) equipment
(Q5000 SA, TA instruments). As described previously (Ghavidel et al. 2020), from
each of these selected specimens about 20 mg of samples cut to approximately 2 mm
length were exposed to relative humidity (RH) increment and decrement from 0, 5,
15,25, 35, 45, 55, 65, 75, 85, and 95% RH, then reverted to 0% RH at a constant dm/
dt of 0.001% for 10 min. The equilibrium moisture content (EMC) was calculated
based on the mass at each given RH to the dried mass recorded at 0% RH.
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Hydroxy group accessibility

Hydroxy accessibility was gravimetrically measured from thin wood samples with
an automated sorption balance (DVS Advantage ET, Surface Measurement Sys-
tems, UK) with 0.1 ug accuracy. Prior to measurement, sample with a dry weight
of 10-15 mg was soaked in D,O in an air-tight container for one week. D,O was
replaced three times during the soaking to ensure all the accessible hydroxys were
deuterated. During the measurements, the N, flow was kept at 200 sccm and the tar-
get temperature was 25 °C. Automated sorption balance measurement consisted of
a four-step sequence (Fig. 1): (I) expose pre-deuterated wood samples to D,O vapor
at 95% target RH for 12 h; (II) drying under N, flow for 24 h; (III) exposure to H,O
vapor at 95% target RH for 12 h; (IV) drying under N, flow for 24 h. Figure 1 shows
the changes in mass (mg) of one wood sample (02) as a function of time (h).
The equation for calculating hydroxy accessibility OH, ., (Kyyro et al. 2021):

OHacc = 1000 x (mOD — mOH)/(AM X mOH)

where mg, and mgy are the mass of wood samples and the end on OD and OH
steps, and AM is the atomic mass difference between deuterium and protium (1.006 g
mol ).
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Fig. 1 Changes in mass (mg) of control wood sample as a function of time
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Confocal Raman analysis

Cross sections with a thickness of ca. 40 um were prepared with a rotary micro-
tome (Nahita ZFP011, Auxilab, Spain). The sections were placed on glass slides in
a droplet of deionized water, covered with a quartz coverslip (1 mm thickness), and
sealed with nail polish. Images were collected with a confocal Raman microscope
(Renishaw InVia Qontor) equipped with a 785 nm laser and a Centrus 05TJ55 CCD
detector behind an 830 lines/mm grating. The measurements were conducted within
the spectral range between 400 and 1800 cm ™! using an integration time of 0.3 s and
a 50% objective. Raman images of fiber cells were measured with 220 lines per image
and 220 points per line at a step size of 0.3 pm.

Scanning electron microscopy

10x10x 10 mm?>-sized samples of archaeological elm wood were used for both
unmodified and modified samples. Before imaging, the surface was sliced using a
razor blade. No sputter coater was used to coat the surfaces of the samples. SEM
imaging was conducted using a Hitachi S-3400 N type of equipment with a vacuum
of 70 Pa and an accelerating voltage of 10 kV. One sample from each group was used
for SEM imaging, and several images were taken from different areas of each sample.

Statistical analysis

To determine the statistical differences between the dimensional stability of modi-
fied and control samples, a one-way analysis of variance (ANOVA) was performed
using the IBM SPSS statistical software, version 26 (IBM Corporation, New York,
USA). Duncan’s multiple-range test was also used to analyze the significant differ-
ences between the samples at a 0.05 significance level.

Results and discussions
Changes in dimensional stability

Figure 2 shows the weight and dimensional changes of archaeological elm samples
after humination. The weights of the samples were obviously increased after humina-
tion (Fig. 2a). The presence of crosslinker significantly increased the WPG values
as compared to the solely huminated samples, although the differences in WPG val-
ues of samples modified with HSA-1% and HSA-3% were statistically insignificant
(ANOVA, a=0.05). This increase is attributed to the chemical role of SA in fix-
ing the humins within the wood structure. A similar trend was observed after the
leaching test, even though a strong discharge of humins with about 40% occurred in
almost all samples. The dimensional changes of huminated wood were evaluated by
means of maximum swelling, Anti-swelling efficiency, and bulking (Fig. 2b—d). The
swell,,,, indicates the ability of wood cells to reach their maximum expansion mar-

gin. Figure 2b, illustrated that the humination considerably decreased the swell,,,
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Fig. 2 WPG (a), maximum swelling (b), ASE (c¢), and bulking (d) of unmodified and huminated ar-
chaeological elm wood. Different superscript letters indicate a significant difference between the sam-
ples with varying solutions of humination at p<0.05 level

in archaeological samples from 21.4% in unmodified archaeological elm to 17.8%,
18.0%, and 17.1% in H, HSA-1%, and HSA-3% modified samples, respectively.
The anti-swelling efficiency (ASE), as a resistance reflector of wood cell walls to
swell, increased from 16.1% in solely huminated samples to 16.7% in HSA-1% and
19.8% in HSA-3% (Fig. 2¢). The significant improvement in dimensional stability,
as demonstrated by the high ASE values, is a critical outcome for the conservation
of dry archaeological wood. This type of wood is often structurally compromised,
with weakened cell walls and pre-existing micro-cracks from centuries of aging and
degradation. When such fragile wood absorbs ambient moisture during periods of
high relative humidity, it swells. This swelling generates significant internal stresses
within the delicate wood structure. In a degraded matrix, these stresses can easily
lead to the propagation of existing cracks and the formation of new ones, causing
irreversible physical damage. The repeated cycles of swelling and shrinking due to
natural environmental fluctuations induce a form of mechanical fatigue, which pro-
gressively weakens the object over time (Broda et al. 2021a). Therefore, a treatment
that effectively reduces swelling is highly desirable because it minimizes the wood’s
dimensional response to humidity changes. By stabilizing the wood, the humination
treatment helps to preserve the physical integrity of the artifact and protect it from
this primary mode of long-term deterioration. The cell wall bulking was apparently
increased by humination (Fig. 2d), showing the incorporation of the humins solution
in the wood cell walls. The highest cell wall bulking value of 13.5% was obtained in
the solely huminated sample, followed by 12.4% in HSA-1% and 10.3% in HSA-3%.
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Although the bulking was slightly decreased after leaching, the trend was similar to
the unleached samples. The decrement of bulking value with increasing the cross-
linker level from 1 to 3% might be attributed to the formation of more crosslinked
structure through esterification reaction between carboxyl groups of SA and available
hydroxy groups in humins and also wood cell wall (Sangregorio et al. 2019), which
resulted in reducing the ability of cell wall for physical expansion.

Moisture sorption behavior

The sorption isotherms and hysteresis of archaeological elm samples as a function
of humins modifications were shown in Fig. 3a, b. The EMC values of humined
samples were considerably lower than the unmodified samples throughout the entire
RHs. EMC at 95% RH decreased from 23.7% in unmodified samples to 15.4%,
7.3%, and 8.7% in the samples respectively modified with H, HSA-1%, and HSA-
3%. (Esteban et al. 2010), and (Guo et al. 2018) reported previously that when the
hemicelluloses in archaeological wood degraded, it also resulted in a decrease in the
crystallinity index of cellulose and the length of the crystalline regions, which led to
the appearance of new sorption sites. It is thus assumed that the higher EMC value
of archacological wood is related to its degraded structure and increased porosity
from long-term environmental exposure. The cleavage of cell wall polymers creates
more accessible hydroxy groups and voids, making it prone to adsorbing and desorb-
ing moisture, which leads to greater dimensional changes, posing preservation chal-
lenges (Ghavidel et al. 2020, 2021a, b). The huminated samples in the presence of a
crosslinker (SA) showed more straight adsorption lines with invisible upward bends
at around 60-70% RH. The EMC value of HSA-3% at 95% RH was slightly higher
than the HSA-1%, which can be due to a slight degradation of the cell wall matrices
at the higher concentration of succinic acid. Similar result was reported previously in
wood modified with proton acid at high temperatures (Hosseinpourpia et al. 2017).
The sorption hysteresis of archacological elm samples was considerably reduced
by humination modification (Fig. 3b). Sorption hysteresis explains the physical differ-
ences that occur in the wood matrix during the relaxation process to adsorb or desorb
water molecules (Hosseinpourpia et al. 2017). Hosseinpourpia and co-workers (2020)
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Fig. 3 Moisture sorption isotherms (a) and hysteresis (b) of unmodified and modified archaeological
elm at a given RH level
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previously discussed that the extent of these physical differences is highly affected
by the stiffness of the cell wall matrices after different modification processes. It is
assumed that the hysteresis reduction in the resin-modified wood is related to the fill-
ing of the cell wall pores due to the bulking, which freezes the cell wall in a pre-swol-
len state, and thus limits the dynamics of the cell walls to response to the RH changes
(Hosseinpourpia et al. 2020). The sorption hysteresis was increased by increasing the
RH in the solely huminated sample until 55% RH and then drastically decreased. The
huminated samples in the presence of crosslinker (HSA-1% and HSA-3%), however,
resulted in a more pronounced reduction in hysteresis. This might be due to the com-
bination of bulking effect and reduction in the flexibility of the cell wall, presumably
by the formation of a rigid crosslinked structure with cell wall polymers. Similar
behavior was reported previously in wood modified with formaldehyde (Himmel and
Mai 2015). SA contains carboxyl groups (—-COOH), which can contribute to promot-
ing the crosslinking reaction of humins with the hydroxy groups (-OH) of cell wall
polymers through an esterification reaction.

Hydroxy accessibility

The control and HSA-3% wood samples were first exposed to D,O vapor at 95%
relative humidity (RH), and then dried under a dry N, flow to remove any excess
moisture. After that, the samples were re-exposed to H,O vapor at the same humid-
ity level (95% RH) to restore protons and were dried again. The difference in mass
between the initial and final drying phases helped determine how many OH groups
were accessible to water vapor, which reflected the level of deuteration that occurred
during the process. As shown in Table 1, the hydroxy accessibility of HSA-3%
dropped considerably compared to the unmodified control samples, as a rather direct
consequence of the chemical interaction between the treatment and the wood poly-
mers. As Ghavidel and Hosseinpourpia (2024) noted, both SA and humins can inter-
act with hemicellulose and cellulose, reducing the availability of hydroxy groups, but
they have a lesser effect on lignin.

Hydroxy accessibility is a key factor in how wood absorbs moisture, as the pres-
ence of these groups determines how the wood interacts with water. Huminations
that reduce hydroxy accessibility, like chemical modifications or heat huminations,
can make the wood less hygroscopic, which enhances its dimensional stability. For
instance, processes like hot water extraction and acetylation reduce hydroxy accessi-
bility by either removing or altering hemicellulose. This reduction in hydroxy groups
leads to lower moisture content and minimizes the dimensional changes the wood
undergoes when exposed to different humidity levels (Altgen et al. 2018; Kyyro et
al. 2021).

Table 1 Hydroxyl qccessibility Sample OH accessibility (mmol g™)*
of control and modified archae- Control 8.54 (+0.02)

ological elm wood samples
HSA-3% 7.08 (£0.97)

*The data is an average of two measurements
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Micro-chemical analysis

The micro-chemical properties of archaeological elm wood before and after humina-
tion was performed by SEM and Confocal-Raman spectroscopy. The SEM images
of the cross-section of the samples are demonstrated in Figs. 4 and 5 with 500X and
100X magnifications, respectively. Before the humination the natural pores such as
vessels were well visible while, after humination of wood samples, the volume of
void spaces in the latewood structure and some of the lumens in the earlywood struc-
ture were completely filled by humins (red arrows) indicating the high interaction
with the wood cells. Figures 4 and 5 (blue arrows in figures ¢ and d) illustrate that a
bulk deposition gives the treated wood a denser and more consolidated appearance,
an effect that becomes more pronounced with increasing crosslinker concentration.
The SEM graphs confirmed the obvious changes in the microstructure of archaeo-
logical elm after humination modification.

A closer examination of the SEM images reveals some degree of cell deformation
in the treated specimens. This phenomenon is likely a result of the thermal curing
process and the thermal stress applied to the treated wood (Boonstra et al. 2006).

In confocal Raman spectroscopy imaging, numerous Raman spectra are obtained
from the sample, creating a map where each pixel represents a distinct spectrum. The
control and modified samples with different concentrations of SA were mapped and
the average spectra were extracted from the cell walls region. The spectra displayed

10.0kV X100 um 10.0kV X100

10.0kV x100

Fig. 4 Scanning electron microscopy (SEM) micrographs from cross-sections at 100-times magnifica-
tion of unmodified (a), H (b), HSA-1% (¢) and HSA-3% (d) archaeological elm wood. Arrows indicate
the presence of humins (red arrows) and SA (blue arrows) (color figure online)
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Fig.5 Scanning electron microscopy (SEM) micrographs from cross-sections at 500-times magnifica-
tion of unmodified (a), H (b), HSA-1% (c¢) and HSA-3% (d) archaeological elm wood. Arrows indicate
the presence of humins (red arrows) and SA (blue arrows) (color figure online)

characteristic features of wood, highlighting contributions from cellulose and lignin
(Fig. 6). However, in modified samples with humins and SA, a peak at 1520 cm™!
was found which belongs to the C=C in the furan ring (Ghavidel and Hosseinpourpia
2024; Kim et al. 2011). Besides, another peak at 1560 cm ™' in modified samples with
humins and crosslinker was shown. This peak can be related to the double bond in
the furfural structure of humins (Kim et al. 2011). The presence of a furan peak in
the Raman spectra of wood indicates the formation or introduction of furanic com-
pounds, which are associated with humins. This observation suggests that the humins
successfully penetrated into the cell walls of wood, particularly under conditions
where humins are introduced. The detection of this peak is a clear sign to confirm that
the humins have chemically interacted with the wood matrix, embedding themselves
within the cell walls and potentially altering the physical and chemical properties of
wood. The presence of humins in the cell walls by presenting the peak at 1520 cm !
is shown in the Raman mapping image (Fig. 7).

The results indicate that humination modification demonstrated a semi-active
mechanism where small humin molecules infiltrated the wood cell walls. The con-
focal Raman results indicate that infiltration of wood cell walls with humin, most
probably the ones with the lower molecular weights, while larger molecules predomi-
nantly accumulated in the middle lamellae, as demonstrated by SEM imaging. Confo-
cal Raman spectroscopy indicates that. This dual distribution mechanism, combining
physical lumen-filling with chemical cell wall modification, distinguishes the humin-
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Fig. 6 Raman spectra of archaeological elm wood modified with humins and succinic acid

based approach from conventional conservation treatments. Unlike PEG, which acts
primarily as a passive, hygroscopic bulking agent relying on weaker physical interac-
tions (Jeremic et al. 2007), the humin-SA system forms a stable, hydrophobic, and
covalently crosslinked network. Furthermore, while silicon-based consolidants cre-
ate a rigid inorganic scaffold (Broda et al. 2019), the method of humin-SA achieves
a more intimate chemical integration by forming direct ester bonds between the
organic humin polymer and the cell wall components of wood. This active, chemi-
cally grafted modification therefore represents a potentially more durable strategy for
consolidating and stabilizing dry archaeological wood compared to traditional meth-
ods. The addition of SA as a crosslinker significantly promoted the curing process
by promoting esterification reactions between the carboxyl groups in humins and the
hydroxy groups of wood polymers (Ghavidel et al. 2025), which enhanced the rigid-
ity of the cell walls and further stabilizing the humin in the wood structure (Ghavidel
et al. 2025). This was evident in the enhanced ASE and reduced EMC values of the
huminated samples crosslinked with SA, which occurred by reducing the possibil-
ity of water being accommodated in the cell walls through hindered swelling ability
(Ghavidel et al. 2025).
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Conclusion

The humination modification significantly enhanced the hydrophobicity of archaco-
logical elm wood by improving dimensional stability and reducing moisture adsorp-
tion and desorption. The addition of succinic acid (SA) as a crosslinker amplified
the effectiveness of the humination process, with higher SA concentrations promot-
ing the formation of a more crosslinked structure. The observed improvements in
anti-swelling efficiency (ASE) and equilibrium moisture content (EMC) reduction
underscore the potential of humins as a viable conservation material. Micro-chemical
analyses, including Raman spectroscopy and SEM imaging, confirmed the success-
ful integration of humins into the wood cell walls and lumina, highlighting their
role in improving wood-water relationships. These results suggest that humination,
as a semi-active modification, enhances wood properties through a combination of
physical incorporation and chemical bonding. While the crosslinking reaction with
SA increases stabilization, the process retains the flexibility typical of semi-active
modifications, distinguishing it from fully active methods like acetylation or fur-
furylation. The findings demonstrate that humination modification is a promising
alternative to traditional conservation methods such as polyethylene glycol (PEG),
offering improved resistance to moisture-induced degradation while maintaining the
structural integrity of archaeological wood.
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