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Abstract: The present study aims at characterization of freshly-cut and archaeological European
white elm and poplar. The archaeological elm sample was buried at a depth of 8-10 m inside of
soil with age approximation of ~1800-2000 years old, and the archaeological poplar sample was a
part of a boat in a freshwater lake or river with age estimation of ~1000-1200 years. Alteration in
the chemical structure of the elm and poplar samples due to the ageing process were confirmed
by X-ray photoelectron spectroscopy (XPS). Both archaeological wood (AW) samples illustrated
considerably lower cellulose crystallinity than the fresh samples as determined by X-ray diffraction.
The sorption behavior of AW and fresh wood (FW) samples were evaluated by means of dynamic
vapor sorption (DVS) analysis. Results exhibited a higher equilibrium moisture content (EMC) and
sorption hysteresis values in archaeological elm and poplar as compared with the fresh samples.
Higher hydrophilicity of the AW samples than the FW ones is attributed to their higher amorphous
structure. The extensive degradation of AW samples were also confirmed by scanning electron
microscopy (SEM) micrographs.

Keywords: X-ray photoelectron spectroscopy (XPS); X-ray diffraction (XRD); dynamic vapor
sorption (DVS); archaeological wood; wood conservation and preservation

1. Introduction

Wood is an important renewable resource, and it has been the most important material in human’s
life since ancient times with various applications from constructions to furniture and from traditional
household occupations to artefacts. The old wood constructions and artefacts represented worldwide
are thus an important part of cultural heritage that must be acknowledged, understood, and conserved
in accordance with the technical principles and code of ethics [1].

As defined previously, the term of archaeological wood (AW) refers to a dead wood used by an
extinct human culture, that may or may not has been modified for or by use, and that was discarded
into a specific natural environment [2-4]. Wood, as an organic material, is susceptible to abiotic
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and biotic deterioration. Abiotic factors such as weather, fire, and aggressive chemicals degrade the
wood structure, and particular changes occur on the surface [5]. Changes in the ambient humidity
cause swelling and shrinkage in wood cells, resulting in changes in the cell dimensions over time,
as well as slow hydrolysis of polysaccharide compounds, oxidation of lignin, and leaching of degraded
products and extractives from the cell walls [2]. While biotic factors are an essential part of the carbon
cycle. A number of different microorganisms such as insects, calms, nematodes, fungi, and bacteria
can damage the wood structure. Many fungi can degrade the cellulose fibers, but only a limited
number of so-called cellulolytic fungi can break down the highly crystalline part of the cellulose.
Bacteria, in addition to wood rot spores, can also weaken wood in such a way that substantial strength
losses can be encountered. Three types of wood degrading bacteria are known in the literature based
on their specific micro-morphological features: tunneling bacteria, erosion bacteria, and cavitation
bacteria [6]. Finding has shown that tunneling bacteria (TB) can be present in conditions similar to soft
rot, while erosion bacteria (EB) are capable of rotting wood in environments with very low oxygen
supply [7]. When wood is submerged underwater or buried in soil, due to the absence of oxygen,
the process of co-called wood fossilization is initiated [8]. The rate of wood fossilization and the
degradation level of wood polymers increase by the time of deposition [9]. The chemical composition of
AW or subfossil wood and the resulting physical and mechanical properties during long-term contact
with the soil imply lower cellulose and higher lignin content in fossil wood as compared with FW [8].
Changes in the chemical structure of AW due to environmental elements or application sites have been
studied previously [10]. Popescu et al. [11] reported that the chemical structure of archaeological lime
obviously changed during the first ageing period, which is normally around 150 years. Lime wood
sample showed the highest percentage of carbon atoms and the lowest content of oxygen atoms on
the surface. The extractive content of archaeological lime was also considerably reduced because of
oxidation and mild hydrolysis. Lucejko et al. [12] studied the degradation processes induced by the
burial environment of archaeological oak. The authors quoted that only small chemical transformation
of the polysaccharide component, mainly involving hemicelluloses, occurred during the burial time,
which could be due to the heterogeneity and inhomogeneity of the natural composition of oak wood.
Kacik et al. [13] evaluated the changes in the cellulose, hemicelluloses, lignin, and extractives contents
in 108 to 390 years old fir. They observed higher extractive content and lower amount of hemicelluloses
in naturally aged fir wood than the fresh wood. Cellulose, lignin, and hemicellulose are known to
degrade over time, and the amounts of these elements decrease in the wood, whereas extractives
can remain unchanged. It is possible for the wood to absorb chemicals such as limestone, through
storing it in the lumens. Still, the initial wood extractives would not increase and are more likely to
decrease depending on the burial site [8]. Evaluation of archaeological elm (Ulmus sp.) wood with
about 350 years old from Chenghuang Temple, China, showed obvious decreases in carbohydrates
and lignin contents, deterioration in microstructures, and alteration in micromechanical properties at
the surface layer of wood as a result of ageing process or weathering [14]. Bader and co-workers [15]
analyzed the chemical compositions and microstructure-mechanics of load-bearing archaeological oak
of the Oseberg Viking ship. They reported although hemicelluloses and amorphous cellulose were
clearly degraded in AW, the cell wall stiffness was increased, as determined by nanoindentation. It is
known that the combination of oxygen and solar radiation rapidly induces oxidation of lignin and
hemicelluloses and also depolymerizes the amorphous part of cellulose [16]. The degraded products are
water-soluble and will be easily removed from the wood surface by rain, and as a result discoloration
of wood surface occurs [8,17,18]. These deterioration mechanisms depend on the conditions that wood
is stored and used. However, even under most favorable conditions, a long-term ageing process can
degrade the wood polymers [10].

The hygroscopic structure of wood is attributed to the presence of different hydrophilic polymers
in the cell wall, that contain hydroxyl groups. The most hydrophilic polymers in the wood are
hemicelluloses followed by amorphous cellulose and lignin [19-21]. Changes in the chemistry of
wood cell wall due to the ageing process, i.e., in AW, directly affect its performances. Controlling the
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hygroscopicity of AW is a fundamental concern of the conservator [22]. Popescu and Hill [23]
analyzed the water vapor sorption of naturally aged Tilia cordata Mill. and reported different sorption
behavior in the historical wood samples as compared to fresh ones, suggesting a potential annealing
reaction associated with plasticization of the cell wall matrix at high moisture content. Sonderegger
and colleagues [24] claimed that natural ageing affected the physical and mechanical properties of
spruce, fir, and oak wood, but the effect on sorption and swelling behavior of wood was negligible.
No differences or marginal shifts on equilibrium moisture content (EMC) of various AW species as
compared with FW were reported by Kranitz et al. [25].

Characteristics of AW differ by their place of application (buried, submerged, exposed, etc.),
and studying these types of materials bring additional information on the long-term performances of
wood products. This knowledge will also help us to provide a proper conservation plan for wooden
objects of cultural importance. Therefore, the main aim of the present study was to characterize the
archaeological European white elm (Ulmus laevis P.) and black poplar (Populus nigra L.) wood samples
and to compare them with the freshly cut wood samples. The chemical structure and crystallinity of
the samples were respectively analyzed by means of XPS spectroscopy and X-ray diffraction methods.
Dynamic vapor sorption (DVS) analysis was also conducted to evaluate the sorption behavior of AW
and FW samples.

2. Materials and Methods

2.1. Raw Materials and Samples Preparations

Freshly cut elm (Ulmus laevis P.) and poplar (Populus nigra L.) wood samples were received from
a sawmill. This consisted of 45 x 90 x 4000 mm (L x T X R) boards from Romanian growth area
Suceava. The defect-free samples (no knots, cracks, reaction wood) with annual growth rings slope of
<5° were taken from heartwood. The moisture contents of FW elm and poplar were 7.66% and 7.79%,
respectively. The respective density of FW elm and poplar were 0.55 g/cm® and 0.42 g/cm®. The elm
AW sample was collected from sand mines, buried at a depth of 8-10 m in the alluvial soil from the
former Somes riverbed, in the region of Satu Mare-Romania and county of Vetis. Age of the elm
AW is estimated to be around 1800 to 2000 years, and its form of application on that place is unclear.
The poplar AW sample was received from the historical museum of Iasi-Romania. This sample was
part of a boat in a freshwater lake or river. The age of this sample is approximately 1000 to 1200 years.
The age of both AW samples were determined by stratigraphic evaluation method based on the
landmarks of ceramics and the numismatic pieces found in the layer next to the wooden artefact,
also according to the archived documents [3]. It should be noted that because of the specks of dirt and
other impurities, such as soil, the external surfaces of both AW samples were removed by 20-30 mm,
prior to analysis.

2.2. X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis was carried out on the samples measuring 1 x 5 X 5 mm? (L x T x R) by the PHI
VersaProbe II spectrometer (Ulvacphi, Inc., Osaka, Japan) using a monochromatic Al-K« source with
photonic energy of 1486.6 eV and a base pressure of 2 uPa, as described previously [10]. All samples
were analyzed at room temperature without prior sample surface purification. Two measurements
were performed for each wood type, and the average value was calculated.

2.3. X-Ray Diffraction Analysis (XRD)

Degree of wood crystallinity was measured with X-ray diffraction analysis using a Philips X'Pert
MPD PW 3040 diffractometer (Netherlands) equipped with a PW 3050/10 goniometer, divergence slit
0.5°, anti-scatter slit 0.5°, receiving slit 0.6 mm, secondary graphite monochromator, mask 15 mm,
40 kV activity, and 30 mA with Cu Ko radiation. The analysis was performed according to our previous
study [10] following the scanning range of 5-50° 260 with a phase width of 0.02° 20 in a continuous
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mode. Sample spinning was at 1 rps, and the counting time was 4 s per move. Wood samples were
milled in a planetary ball mill (P7 premium first, Fritsch) and prepared in 16 mm sample holders
using backloading.

2.4. DVS Analysis

Dynamic vapor sorption behavior of wood samples were analyzed using DVS apparatus
(DVS advantage, Surface Measurement Systems, London, UK), as described previously [6,10,26-28].
Wood samples were milled and passed through the 2-mm mesh. Approximately 20 mg of the milled
samples were placed on a DVS sample holder. Sorption isotherms were recorded at a constant
temperature of 25 °C. The relative humidity (RH) was increased in the following sequence: 0%, 5%,
15%, 25%, 35%, 45%, 55%, 65%, 75%, 85%, and 95 % RH, and followed in reverse order to 0% RH.
The RH was maintained until the mass change of the specimen per minute was <0.001% min~! over
a period of 10 min and the equilibrium mass of the specimen recorded. At each RH the weight at
equilibrium condition was recorded by micro-balance and then equilibrium moisture content (EMC)
was assessed, accordingly.

2.5. Scanning Electron Microscope (SEM)

The microstructure of AW and FW elm and poplar samples were evaluated by TESCAN MIRA3
FEG-SEM (Czechia) operating at a 70 Pa vacuum and a 15 kV accelerating voltage. The samples
measuring 10 x 10 x 10 mm?

study [6].

were cut with a razor blade before imaging, according to our previous

3. Results and Discussion

3.1. XPS

Figure 1 shows the Cls energy level spectra of AW and FW wood samples analyzed by XPS
spectroscopy. The conforming surface composition within the Cls energy level is illustrated in Table 1.
The C1s signal encompasses four sub-peaks, e.g., C1, C2, C3, and C4 [29]. The C1 is related to the
carbon atoms that are bonded with either carbon or hydrogen. The C2 signal assigns to the carbon atom
single is bonded with an oxygen atom. The C2 signal in wood sample is related to the carbohydrates,
mainly cellulose, and hemicelluloses [29,30]. The carbonyl groups are indicated by C3 stretching band,
while carboxyl groups are shown by C4 peak.

The C1 sub-peak area significantly increased in both AW samples. The C1 signal is mainly
attributed to extractives and lignin of wood [11]. This fact shows a lower concentration of oxygenated
C atoms. Referring to the FTIR results in our previous study [6], this increase indicates that the
amount of lignin was increased after the ageing process, which might be related to the reduction in
carbohydrate content. The C2 sub-peak in elm sample decreased after the ageing process, while it is
slightly increased in archaeological poplar. The absorption in C3 peaks in both AW (elm and poplar)
samples are decreased after the ageing process. This indicates that the quantity of carboxyl groups are
decreased, which might be due to the oxidation and hydrolysis process in contact with soil, change in
humidity and ultra-violet (UV) light degradation [31]. The abiotic degradation of wood by weathering
elements such as UV light, however, occurs at maximum 1-2 mm depth [5], while the samples in this
study were obtained from a deeper part of the surface. Therefore, other degradation mechanisms than
weathering factors must be involved.
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Figure 1. High-resolution spectra of the Cls energy level of (a) fresh elm, (b) archaeological elm,
(c) fresh poplar, and (d) archaeological poplar.

Table 1. Relative surface composition for fresh and archaeological elm and poplar.

C1 C2 C3 C4 Atomic
Wood Samples (atm.%) (atm.%) (atm.%) (atm.%) Ratio 0/ COX/Cunox
Fresh elm 36.2 (+£8.0) 51.1 (+4.4) 10.3 (£2.5) 2.3 (x1.4) 0.42 1.75
Archaeological elm 54.1 (+£2.9) 38.9 (+3.8) 5.2 (+0.5) 1.8 (+0.4) 0.32 0.84
Fresh poplar 43.5 (+£7.0) 42.6 (£1.3) 11.4 (£6.6) 2.5 (x£1.0) 0.42 1.29
Archaeological poplar 48.8 (+2.7) 42.0 (+4.9) 7.2 (£5.1) 2.0 (£2.3) 0.28 1.04

The atomic ratio and Cox/Cunox in both AW samples were lower than the FW ones. These differences
can be attributed to the oxidation and hydrolysis reactions of carbon-containing compounds in the
deeper parts of AWs and migration of the degraded products to the surface during the ageing
process [11,30,32].

The O1 energy level spectra of AW and FW samples are shown in Figure 2. The O1 energy level
includes two sub-peaks, namely O1 and O2. The O1 sub-peak related to an oxygen atom that is linked
with a double bond to a carbon atom, and the O2 sub-peak, with higher binding energy, reflects an
oxygen atom linked to a carbon atom by a single bond. An apparent reduction observed in O2 sub-peak
of archaeological elm while there were no significant changes observed in the archaeological poplar.
This variation is in accordance with the FTIR analysis in our previous study [6], which could be related
to the C = O bond in hemicellulose.

The XPS results demonstrate the depolymerization, oxidation, and hydrolysis reactions on
the surface of AW samples [11]. These findings are compatible with the FTIR spectroscopic data
obtained in our previous study [6], which show that hemicelluloses and amorphous part of cellulose
polymers are degraded over the exposure time. Although the crystalline part of cellulose is more
stable to degradation, due to the sever ageing process and soil contact, most crystalline regions
were degraded. The lignin is a stability polymer and it was no rapid deterioration found due to
ageing process [11]. Fors [33] reported that the ratio of lignin to cellulose increases as the wood is
degraded. Wood-decay fungi require oxygen to gain ATP for cellular metabolism and hyphal growth,
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and also for active expression and secretion of an array of enzymes and metabolites to decompose
the wood polymers [34-36]. The AW samples that analyzed in this study collected from the places
with a low oxygen content, e.g., under soil or fresh water, and thus it is unlikely that the wood-decay
fungi degraded the structure of AW samples. It is well-known that bacteria are more tolerant to
conditions considered extreme for most wood-decay fungi. Erosion bacterial is also widely accepted
as a destruction agent in AW under conditions with limited oxygen availability [37]. Therefore, it is
expected that the degradation in cell wall polymers of archaeological elm and poplar is caused by
erosion bacteria. In addition, selective degradation by fungi and moisture changes may occur in
archaeological poplar as it was located in aquatic media and then left under humid conditions for
some periods. Placing the archaeological poplar in the museum may also cause photo-degradation
with visible light [38,39].
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Figure 2. High-resolution spectra of the Ols energy level of (a) fresh elm, (b) archaeological elm,
(c) fresh poplar, and (d) archaeological poplar.

3.2. XRD

The X-ray diffractograms of the AW and FW samples are illustrated in Figure 3a,b. In order to
measure the intensities of diffraction bands, to verify the crystalline and amorphous areas, and to
determine the crystallite size, the Gaussian profiles were used to deconvolute the diffractograms,
as explained previously [10]. The peak intensity and peak expansion are differed in wood species
due to the ageing process. Firm peaks observed in the range between 20.50° and 22.50° 20 in FW of
elm and poplar, while the AW displayed much broader and weaker diffraction peaks. The reflection
from 16.14° to 17.94° 20 is assigned to the amorphous part of lignocellulosic materials [40]. The results
indicate a much lower degree of crystallinity and greater amorphous regions in the AW samples.
In comparison with archaeological poplar, the reflection peaks in archaeological elm is much weaker,
which can be related to its age, i.e., approximately 600-800 years older than poplar, and also stronger
degree of degradation.

The maximum (I1200) and minimum (lam) intensities of the crystalline cellulose, the crystalline
index (CrlI) and the crystallite size (L) are shown in Table 2. The L values were smaller for both AW
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samples. This decreasing together with the decreasing in Crl indicate the increase of the amorphous
domains [41]. The Crl in both AW samples were lower than the FW ones. This might be attributed to
the removing of extractives and also to the effects of repetitive ageing processes during absorption
and desorption of moisture or liquid water [40], due to the fact that both AW samples were collected
from moist conditions. Biological degradation of AW samples can be an additional reason since both
elm and poplar specimen were collected from the places with the possible destruction by erosion
bacteria [6] and selective fungi degradation, in the case of archaeological poplar.
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Figure 3. X-ray diffractograms from archaeological wood (AW) and fresh wood (FW) of elm (a) and
poplar (b).

Table 2. Band positions of crystalline and amorphous cellulose and the calculated parameters for the
wood samples.

Wood Samples 1200 Tam CrI (%) L (200) (nm)
Fresh-elm 20.14 17.26 42.26 8.23
Archaeological-elm 22.06 16.82 26.13 5.69
Fresh-poplar 225 18.14 49.91 8.18
Archaeological-poplar ~ 20.78 17.62 29.11 6.85

3.3. Sorption Isotherms

The adsorption and desorption isotherms of elm and poplar AW and FW are shown in Figure 4a,b.
The isotherm curves of fresh and archaeological elm and poplar samples exhibited a type II sigmoid
character of cellulose-containing materials. The ageing phenomena altered the sorption behavior of elm
and poplar samples through whole adsorption and desorption runs. Both AW samples showed higher
equilibrium moisture content (EMC) values during absorption and desorption processes as compared
with the fresh samples throughout the entire hygroscopic ranges. The high absorption and desorption
values in AW samples could be explained by the alteration on their chemical structure [42—44],
and also disordering their crystalline regions [45]. We found previously that the decomposition in
polysaccharides of archaeological elm was more pronounced. A similar chemical change was observed
in the archaeological poplar (unpublished results). This together with the XRD results, in Figure 3,
confirms that the amorphous parts of AW samples were considerably increased, which will lead to the
higher flexibility of cell wall polymer to accommodate water molecules during the sorption processes.
A similar trend observed previously in delignified wood micro-veneers [44]. Hydrophilic structure
of Scots pine (Pinus sylvestris) after degradation by brown-rot fungi showed Chirkova et al. [42].
Analyzing the sorption properties of 103 years old Scots pine showed that because of the degradation
of hemicellulose and decreasing in the crystallinity index, the EMC in AW sample was higher than the
FW. Most recently, Garcia-Iruela and co-workers [45] quoted that the higher moisture adsorption of
AW (Pinus sylvestris L. with 400 years old) than the FW is related to the greater availability of active
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hydroxyl groups. Biological degradation of the samples due to ageing condition may also enhance the
hydrophilic structure of wood polymers, and thus increase the number of active sorption sites.
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Figure 4. Adsorption and desorption isotherms of archaeological and fresh elm (a) and poplar (b) at a
given relative humidity (RH) level.

The sorption hysteresis of archaeological and fresh elm and poplar are shown in Figure 5a,b. The AW
samples illustrated greater differences between the EMC values during desorption and adsorption runs,
which resulted in a larger hysteresis loop area. It is evident that the sorption hysteresis is slightly higher
in both archaeological and fresh elm as compared with the ones in poplar. The highest hysteresis value
was obtained in the archaeological elm samples. The hysteresis values in fresh and archaeological elm
were 3.03% and 3.86%, respectively, whereas poplar samples show the respective values of 2.7% and
3.68%. As indicated in the XRD results, the crystalline structure of wood samples were considerably
decreased because of ageing conditions. Therefore, the sorption hysteresis of these samples could be
related to the behavior of the highly amorphous matrices, mainly during the desorption run. With regard
to the adsorption process, the water molecules are adsorbed by the amorphous structure of wood samples
resulting in swollen cell wall matrix. Because of the extensive degradation of AW polymers, the ability of
the degraded polymers to rearrange of cell wall matrices during desorption process is inhibited, and thus
greater time lag occurs for matrix relation, as postulated by Lu and Pignatello [46]. The different sorption
behavior of archaeological elm and poplar might be attributed to the differences in their condition of
exposure and degradation mechanisms [47]. A greater hygroscopic behavior and sorption hysteresis
of 205 years old Pinus sylvestris L. as compared with the FW was reported to be mainly due to the
decreases in the crystalline structure of AW [48]. Similar results were reported by Garcia-Iruela and
colleagues [45], who explained that the selective degradation mechanisms by fungi and bacteria and
also exposure to various humid atmospheres are the main reasons to enhance the amorphous regions,
and thus provide more hydrophilic structure in AW than the fresh wood.
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Figure 5. Sorption hysteresis of archaeological and fresh elm (a) and polar (b) at a given RH level.
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3.4. Scanning Electron Microscope (SEM)

SEM micrographs of archaeological and fresh elm and poplar samples are presented in
Figures 6a—-d and 7a—d. As can be seen in these images, the structures of both wood species were
severely degraded because of the ageing conditions. Considerable degradation was observed in the
wood rays, particularly in poplar. Those cells are part of the nutrient reserves of the trees and contain a
higher quantity of sugars compared to other cell types, such as fibers and vessels [49]. The deteriorated
rays indicate that the sugars were the first ones affected by the degradation factors. The destruction in
archaeological elm sample can be attributed to the many years of exposure underground, and obvious
degradation of cell wall polymers, as reported in our previous study [6]. Although poplar is very
low durable species [50], exposure of archaeological poplar to water and also humid conditions may
enhance the degradation rates in this sample. Furthermore, local environmental degradation factors
such as bacteria, fungi, and pH of the soil (in elm sample) and of the water (in poplar sample) could be
considered as additional reasons [8].

15.0 kv x500

Figure 6. Scanning electron microscopy (SEM) micrographs of fresh and archaeological elm at 200 um
(a,b), and 50 um (c¢,d) magnification. Arrows indicate the damaged parts of AW.
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15.0 kv x500

Figure 7. Scanning electron microscopy (SEM) micrographs of fresh and archaeological poplar at
200 pm (a,b), and 50 pm (c,d) magnification. Arrows indicate the damaged parts of AW.

4. Conclusions

The fresh and archaeological European white elm (Ulmus laevis P.) and black poplar (Populus nigra
L.) wood samples were studied by means of their chemical and crystalline structures, sorption behavior,
and microstructure characters. Depolymerization, oxidation, and hydrolysis reactions occurred in
the archaeological samples, as indicated by lower ratios of Cox/Cunox and O/C than fresh samples.
The crystalline structure of both elm and poplar samples were also considerably decreased because of
the ageing conditions. Accordingly, higher EMC values during adsorption and desorption processes
were obtained in the archaeological samples as compared to the fresh ones. The greater sorption
hysteresis in archaeological elm and poplar samples than the fresh specimens are expected to be due to
the inability of the cell wall to rearrange during the desorption run, because of the severe degradation
process. Slight differences were observed in the microstructure of archaeological elm and poplar
samples, which are mainly related to their condition of exposure and degradation mechanisms.

Proper conservation of wooden artefacts is dependent upon a knowledge of wood species,
microstructure, cell wall chemistry, and its hydrophilic character. This information is critical for



Forests 2020, 11, 1329 11 of 13

conservators to use a suitable conservation method and chemicals. For instance, polyethylene glycol
(PEG) is a conservation agent and it is expected to stabilize in wood by chemical reaction with
wood polymers, and thus changes in the chemical structure of wood affect its stabilization. Therefore,
our study is anticipated to provide a better understanding on the chemical, physical, and microstructural
characters of AW samples exposed at various degradation conditions.
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