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Abstract: Waterlogged archaeological wood samples may degrade during long-term immersion in
microbial-activity environments, which causes its biodegradation. Simultaneous dynamic vapor
sorption (SDVS) and two-dimensional correlation infrared (2D COS-IR) spectroscopy reveal the
degradation inhomogeneity of waterlogged fir wood from the Shengbeiyu shipwreck. The water-
logged and reference wood exhibit type II sorption isotherms. The equilibrium moisture contents of
waterlogged archaeological fir wood from a decay region (WFD) were 22.5% higher than those of
waterlogged archaeological fir wood from a sound region (WFS). WFD exhibits a higher measurable
sorption hysteresis than WFS, implying greater variation in the surface moisture content in the
WFD region compared to the WFS region, which may compromise the dimensional stability of the
shipwreck. 2D COS-IR spectra confirmed the inhomogeneous degradation of the waterlogged wood
via numerous mechanisms. The efficacy of SDVS and 2D COS-IR spectroscopy in the evaluation of
the degradation state of waterlogged wood was demonstrated. This study verifies the existence of
hygroscopic and chemical differences between visually similar samples from the same shipwreck.

Keywords: waterlogged archaeological wood; water vapor sorption; sorption model; FTIR; 2D
COS-IR Spectroscopy

1. Introduction

The protection of shipwrecks has recently garnered significant interest after successful
recoveries of shipwrecks in China and elsewhere. Excavated wood from such shipwrecks
requires conservation to maintain dimensional stability and prevent further decay [1,2].
The dimensional stability of waterlogged shipwreck wood is closely related to its hygro-
scopicity [3]; therefore, research into the relationship between waterlogged archaeological
wood and water, such as hygroscopicity and other related physical properties before and
after consolidation [4–6], becomes more common. Research into the protection of cultural
relics adheres to the principle of ‘minimum intervention’, which aims to avoid destruc-
tive research by, among other measures, the selection of local, small-area samples for the
physical evaluation of cultural relics. While this sampling method is suitable for the study
of homogeneously degraded materials, in the case of wood—an organic and anisotropic
natural polymeric material—this approach has certain limitations. Samples with different
physical or chemical properties may be collected from the same material owing to its het-
erogeneous degradation [4,7], leading to different conclusions on the degree of degradation,
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which is not conducive to the evaluation and protection of wooden cultural relics. Although
there are several studies using different methods to assess the degree of whole wooden
artifacts [8–10], studies concerning the unevenness degradation from one sample require
more attention when assessing the property of waterlogged archaeological wood.

In addition to the issue of the representativeness of the samples, a suitable method
for assessing the degree of degradation of relevant artefacts is required. The physical
properties of wooden artefacts are commonly evaluated in terms of their maximum water
content, basic density, residual density, lost wood substance, dimensional stability, hygro-
scopicity, etc. [11–14]. The degradation of the main components of wood affects its water
accessibility and hygroscopicity, thereby hindering the protection and conservation of
waterlogged archaeological wood [3,15]. Establishing a correlation between hygroscopicity
and structural variation in wood is therefore crucial for developing more accurate methods
to address these variations [15]. Dynamic vapour sorption (DVS) can be used to determine
the hygroscopicity of a material based on its equilibrium moisture content [16–18]; how-
ever, most DVS systems measure only one or two samples simultaneously. Recently, some
scholars studied the interrelationship between wood and moisture using a technique—
simultaneous dynamic vapour sorption (SDVS)—that simultaneously measured 11 wood
samples, thereby facilitating a comparison of the experimental results by measuring more
wood samples under the same conditions [19,20]. Moreover, this technology enables the
selection and simultaneous evaluation of samples from different locations on the same
piece of waterlogged wood, thereby ensuring a more representative and accurate result.

Detailed information concerning the changes in the main components of waterlogged
wood is crucial to determining the preservation state of archaeological wood, defining
patterns of decay, and selecting appropriate conservation methods; however, research on
this topic is not sufficient enough compared to that concerning sound wood [1,21,22]. The
chemical structure of wood is most commonly determined by infrared (IR) spectroscopy.
IR spectroscopy is a simple and accurate technique for evaluating the main components
of wood [12,15,21,23], examining chemical changes during degradation [15,24,25], dating
historical artefacts [26], characterising the molecular structure of waterlogged archaeologi-
cal wood [9,27,28], and evaluating the consolidating effect of archaeological wood [29–31];
however, the IR spectra of complex samples such as waterlogged wood can have a diffi-
cult time obtaining accurate and detailed information owing to the superposition of the
absorption signals of numerous different components [32]. Two-dimensional correlation
IR (2D COS-IR) spectroscopy had been especially successful in the studies of systems
stimulated by a small-amplitude mechanical or electrical perturbation after it was first
introduced by Noda in 1986 [33]. However, the external perturbations used to produce
2D COS IR spectra were the time-dependent behaviour (i.e., waveform) of dynamic spec-
tral intensity variations, which must be a simple sinusoid in the early days [34]. Noda
extended the perturbation methods to any external perturbation that can cause changes in
the spectral signal, including the temperature, concentration, mechanical strain, reaction
time, etc. [34,35]. Temperature-perturbation 2D COS IR spectroscopy is now a generally
accepted method which has been successfully applied in the studies of polymeric materials,
biological molecules, and even complex traditional Chinese medicines [33,36]. However,
while this technique has been used in the analysis of wood, mainly for the identification
of wood species [37,38], heat treatment [39], and bacterial erosion [40], it has not yet been
applied to the study of archaeological wood, including waterlogged wood.

In China, the excavation and protection of waterlogged wooden artefacts has im-
proved owing to the rapid progress of archaeological technology and a continued increase
in national attention given to the preservation of Chinese cultural relics [29,41,42]. Many
major archaeological sites in China, including the Nanhai I shipwreck [41], the Xiaobaijiao
No.1 shipwreck [23], and the Hai Menkou archaeological site [43], contain several preserved
waterlogged wooden artefacts. The Shengbeiyu shipwreck site is located 28–31 m under-
water in an area of the Shengbeiyu Sea to the east of Zhangzhou City, Fujian Province. The
shipwreck was first discovered in 2014, and two surveys were conducted in 2016 and 2021.
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The shipwreck site is currently underwater and contains mainly porcelain and wooden
hulls. The wooden hull remains bow northwest stern southeast, approximately along the
310◦ direction, with a residual length and width of 13.07 and 3.7 m, respectively, and six
compartments. Six hundred and ninety-six sets of water relics, mainly Longquan Celadon
porcelain, were collected from the wreck in 2021. The characteristics of the recovered relics
suggest that they date to the late Yuan Dynasty [42]. In 2022, the archaeological excavation
of the Shengbeiyu shipwreck site was included in the ‘14th Five-Year Plan’ announced
by the State Administration of Cultural Heritage, which approved the archaeological
excavation plan.

The Shengbeiyu shipwreck is a well-preserved late-Yuan Dynasty shipwreck with high
research value and is representative of the ships used in China’s maritime trade during the
peak of the Maritime Silk Road in the middle- and late-Yuan dynasties [42]. The wooden
hull of the shipwreck is an important cultural relic, the excavation and protection of which
will provide valuable materials that provide information on the history of navigation,
shipbuilding, maritime trade, and the Maritime Silk Road. The physical and mechanical
properties of the wooden components of the hull must be evaluated to determine how to
best protect and preserve the structure. As part of a series of studies on the Shengbeiyu
shipwreck, this study examines a plank retrieved during an underwater survey in 2021.
Sorption isotherms and hysteresis of waterlogged archaeological wood were, for the first
time, obtained by SDVS, and the classical Hailwood–Horribon (H–H) model was fitted to
the sorption isotherm data to analyse the mono/multilayer adsorbed water. Moreover, the
chemical composition of the waterlogged archaeological wood samples was, for the first
time, investigated by Fourier transform IR (FTIR) and 2D COS-IR Spectroscopy.

2. Materials and Methods
2.1. Materials

The waterlogged wood of the Shengbeiyu shipwreck was selected for analysis by
simultaneous dynamic vapour sorption (SDVS) and IR spectroscopy. A waterlogged ar-
chaeological wood sample from a visually sound region was named WFS, and waterlogged
archaeological wood from a decay region was named WFD. The reference wood (FR) was
selected according to the identification result of the waterlogged wood in this study.

2.2. Methods
2.2.1. Optical Microscopy

Optical microscopy was applied for wood identification. Wood identification samples
measuring at least 0.5 cm in the longitudinal, radial, and tangential directions were cut
from the waterlogged archaeological wood. The samples were cut to a thickness of approx-
imately 15–20 µm using a rotary slicer (Leica Autocut, Leica, Nussloch, Germany). Optical
microscopic slices were prepared by dyeing, dehydration, making them transparent, and
sealing, as described in our previous study [23]. The anatomical structure of the wood
was observed using an optical microscope (BX 50; Olympus, Tokyo, Japan). The species
of waterlogged archaeological wood was determined by referring to the International
Association of Wood Anatomists’ list of wood identification characteristics for softwood
and comparing the identified characteristics with the wood specimens and slices officially
named in the Wood Collection of the Chinese Academy of Forestry (http://bbg.criwi.org.cn
(accessed on 12 December 2021)) [12,23,44].

2.2.2. Basic Density and Maximum Water Content

The basic density and maximum water content of waterlogged archaeological wood
samples are commonly used to assess their degradation state [45–47]. The masses of water-
logged samples with dimensions of approximately 5 mm3 were measured and recorded as
m1 before the samples were dried in an oven at 103 ± 2 ◦C and reweighed. The mass of the
dried sample was recorded as m0. The volume Vb of the waterlogged wood was measured
using an established drainage method [12]. The basic density and maximum water content

http://bbg.criwi.org.cn
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of the waterlogged archaeological wood were then calculated using Equations (1) and (2),
respectively:

BD =
m0

Vb
× 100% (1)

MWC =
m1 − m0

m0
× 100% (2)

where BD is the basic density and MWC is the maximum water content.

2.2.3. Simultaneous Dynamic Vapour Sorption

The equilibrium moisture contents of waterlogged wood and recent wood were mea-
sured in different relative humidity (RH) states by simultaneous dynamic vapour sorption
(SDVS) (SPSx-1µ-HighLoad, ProUmid, Ulm, Germany). Measurements were conducted
according to the protocol described in our previous study [3], while all the samples in
this study can be tested simultaneously in SDVS, which can measure up to 23 samples
simultaneously. The samples of FR, WFS, and WFD were cut into one-millimetre-thick
stripes using a sharp knife. The waterlogged stripes (totalling 30 mg) were initially dried
on a partial plateau for 12 h at an RH of 0% at 25 ◦C. In sequence, the samples were exposed
to ascending RH values ranging from 0% to 95% (in 10% RH intervals from 0% to 90%) to
determine the adsorption isotherm. They were subsequently exposed to descending RH
values in the same manner to determine the desorption isotherm at 25 ◦C. Each sample was
weighed for about 20 s, and then the balance baseline was corrected for about 60 s before
the next sample was tested. The time between weighing cycles was set as 15 min, with the
minimum/maximum time per climate cycle being 50/600 min. Equilibrium in each step
was considered to be reached at a mass change per time (dm/dt) of less than 0.001%/min,
with an equilibrium condition of 0.03% per 45 min. The sorption hysteresis (not absolute
sorption hysteresis [48]) parameters were calculated from the difference in the equilibrium
moisture content of scanning desorption and adsorption at the same RH [20,49].

2.2.4. H–H Model for Sorption Analysis

The classic Hailwood–Horribon model (H–H model) was applied for fitting the sorp-
tion isotherms of the waterlogged wood and recent wood [20,50]. The parameters of the
model were calculated by Origin 2022 software (OriginLab Corporation, Northampton,
MA, USA) by applying Equation (3):

EMC = Mh + Ms =
1800

w
· k1 · k2 · RH

100 + k1 · k2 · RH
+

1800
w

· k2 · RH
100 − k2 · RH

(3)

where EMC (g/g) is the equilibrium moisture content, RH (%) is the relative humidity,
Mh is the monolayer moisture content (%), Ms is the multilayer moisture content (%), w is
the molecular weight of wood at each adsorption site, and the parameters k1 and k2 are the
equilibrium constants of the sorption process [50].

2.2.5. FTIR

FTIR was applied in this study, considering that the hygroscopic behaviours of samples
can be interpreted in a chemical way. The wood powder of FR, WFS, and WFD for the
FTIR test was prepared by an EFM Freezer Mill 6770 (SPEX SamplePrep, Metuchen, NJ,
USA) using the freeze-grinding method. Then, the powders (about 1 mg for each sample)
were blended with KBr (100 mg) and grounded into powder (200 mesh), and then the
mixture was further grounded and pressed under 8 tons of pressure to make a thin disk
(about 10 mm in diameter) [51]. KBr tabletting samples for FR, WFS, and WFD were tested
using a PerkinElmer FTIR spectrometer (PerkinElmer, Massachusetts, MA, USA) with
16 scans and a resolution of 4.000. Five recordings were performed, and the obtained
spectra were averaged for each sample [52]. The FTIR data were processed using PE
Spectrum Software (PerkinElmer, Massachusetts, MA, USA) and Origin 2022 software
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(OriginLab Corporation, Northampton, MA, USA) [37]. The correlation coefficients of the
waterlogged and reference wood samples were calculated using the PE Spectrum Software
of the PerkinElmer FTIR spectrometer.

2.2.6. 2D COS-IR Spectroscopy

To measure the 2D COS-IR spectra, each KBr tabletting sample after the FTIR test in
2.2.5 was connected to the temperature controller in the sample pool, and the temperature
was increased at a rate of 2.5 ◦C/min. The dynamic spectra were collected at 50, 60, 70, 80,
90, 100, 110, and 120 ◦C.

Under the action of temperature disturbance T, the IR spectrum of the sample was
measured at equal temperature intervals, and m data points were measured. The dynamic
spectrum can be expressed as in Equation (4):

y(v) =


y(v, T1)
y(v, T2)

M
y(v, Tm)

 (4)

where y(v, T) is the spectral intensity of the sample at variable v (wavenumber) at a per-
turbation of T (temperature). According to the cross-correlation analysis, the synchronous
correlation intensity Φ(v1, v2) is calculated using Equation (5):

Φ(v1, v2) =
1

m − 1
y(v1)

T ·y(v2) (5)

When the dynamic changes at ν1 and ν2 are equal, Φ(v1, v2) reaches a positive maxi-
mum; when they are orthogonal, Φ(v1, v2) is 0; and when they are completely opposite,
Φ(v1, v2) reaches a minimum (negative maximum) [51]. A series of temperature-dependent
dynamic spectra were analysed using the 2D COS-IR software (2D COS software, Ts-
inghua University, Beijing, China) [37,51]. The auto-peaks on the diagonal line show the
self-correlation and sensitivity of some normal vibrations of the functional groups to ther-
mal perturbations. As the functional group becomes more sensitive, the intensity of the
auto-peaks increases and the spectra become a deeper red colour [39].

3. Results
3.1. Morphological and Physical Features of Waterlogged Archaeological Wood

Based on typical morphological structure features, the wood block from the shipwreck
was anatomically identified as Cunninghamia sp. (fir wood). The following observed
anatomical features of the wood block from the shipwreck are characteristic for wood
identification (IAWA index: 4, 40, 43, 44, 80, 94, 104, 107) [44] (Figure 1): growth ring (IAWA
index 40); early-wood-to-late-wood gradient (IAWA index 43); cross-section of the early
wood tracheid of irregular polygons and squares; cross-section of the latewood tracheid of
rectangles and polygons (Figure 1A); tracheid bordered pitting in a single row (occasionally
two rows) of radial walls (IAWA index 44); ray tracheid absent (IAWA index 80); cross-field
pitting taxodioid (IAWA index 94) (Figure 1B); ray width: 1 cell (IAWA index 107); height:
2–8 cells (IAWA index 104) (Figure 1C). The sound wood of Cunninghamia sp. (Nanping
City, Fujian Province, China, 27◦ N, 118◦ E, 608 m a.s.l., 36 years old, 40 cm in diameter at
breast height) was selected as the reference sample, named FR.

Although the samples used for species identification in this study were selected from
visually sound regions and were not used for any other purpose, several signs of degra-
dation can be observed in Figure 1. For example, the ‘blurred’ areas indicated by the
black arrows show a large number of degraded tracheid walls, while the areas indicated
by the red arrows show the cell wall detached from the intercellular layer of the wood
(Figure 1A), which is a typical phenomenon of moderately degraded waterlogged archaeo-
logical wood [9,23,53]. Almost complete degradation was observed at the position of the



Forests 2023, 14, 15 6 of 15

green arrow, with only the intercellular layer remaining (Figure 1A). The inhomogeneous
degradation of waterlogged archaeological wood can be observed at a morphological level.

Figure 1. Morphological structure of waterlogged archaeological fir wood. (A) Transverse section
(arrows display obvious decay patterns indicating decayed fibre cell walls); (B) radial section; and
(C) tangential section. Scale bar = 50 µm.

The waterlogged wood samples selected in this study exhibited a basic density of
0.217 ± 0.038 g/cm3 and a maximum water content of 390.8% ± 76.9%. The samples were
therefore classified as moderately decayed wood (185% < maximum water content < 400%)
in accordance with previous studies [3,54].

3.2. Hygroscopic Differences of Waterlogged Archaeological Wood in the Same Block and in
Different Regions

The sorption isotherms of the recent fir sample and waterlogged archaeological wood
fir samples (waterlogged archaeological fir sample from a visually sound region, WFS,
and waterlogged archaeological fir sample from a decay region, WFD) obtained from
different regions of the same block of wood are shown in Figure 2. S-shapes are visible in
all adsorption and scanning desorption isotherms, suggesting that both the waterlogged
archaeological wood and the recent fir sorption isotherms can be classified as type II
isotherms according to IUPAC [55,56].

Figure 2. Sorption isotherms of waterlogged archaeological wood and recent wood. (A) Adsorption
and desorption isotherm, (B) adsorption isotherm, and (C) scanning desorption isotherm. FR: recent
fir wood, WFS: waterlogged archaeological fir wood from a sound region, WFD: waterlogged
archaeological fir wood from a decay region.

The measured isotherms may be type IV or type II, i.e., either mostly monolayer and
multilayer adsorption or a mix of the two with capillary condensation in the mesopores
of the cell wall, respectively [3]. The isotherms of all specimens exhibit an upward trend
from an RH of 60% (Figure 2), which is common in lignocellulosic materials [3,57]. The
equilibrium moisture content values of the waterlogged archaeological wood samples
at the RH value were all greater than those of the recent wood, which was in line with
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previous studies [3,58]. The increase in hygroscopicity in more decayed waterlogged
archaeological wood could be attributed to changes in the relative contents of the main
chemical components in the cell wall [3]. At the highest RH (95% RH), the equilibrium
moisture contents of WFS and WFD reached 21.3% and 26.1%, respectively, whereas that
of FR reached only 18.3%. WFD and WFS exhibited equilibrium moisture contents 42.6%
and 16.4% higher than those of FR. Although the WFS and WFD were selected from the
same block of the waterlogged archaeological wood, the maximum equilibrium moisture
contents at each RH differed, while the equilibrium moisture contents of WFD were almost
22.5% higher than those of WFS.

In addition to the differences in the equilibrium moisture contents, the sorption
hysteresis of WFD and WFS also showed differences. Hysteresis in sorption is usually
defined as the difference between the adsorption and desorption (scanning desorption in
this work [48]) branches of an isotherm between the highest and lowest RHs (95% and 0%
RH, respectively, in this study) [48]. Herein, sorption hysteresis was observed from 0% to
95% RH, whether between waterlogged archaeological wood samples and recent samples
or between WFD and WFS. The sorption hysteresis of WFD and WFS was higher than that
of recent fir (Figure 3), while the sorption hysteresis of WFD was higher than that of WFS
at every RH, which was believed to originate from a potential rearrangement of structural
components in cell walls [59]. As previously reported, the observed increase in hysteresis
might be a consequence of a more severe deterioration of the wood chemical components
for moderately decayed waterlogged archaeological wood compared to that of the less
decayed waterlogged archaeological wood [3]. This implies that the extent of decay in the
WFD region is higher than that of the WFS region. Since the hysteresis for archaeological
wood was a result of alterations in the availability of bonding sites for sorption and the
degree of aggregation of a swelling or shrinking of the wood [15,60], the surface moisture
content might vary more in the degraded WFD region than in the less degraded WFS region
owing to the more significant sorption hysteresis under standard changes in RH [3,59,61],
which may compromise the dimensional stability of the shipwreck.

Figure 3. Sorption hysteresis of recent fir wood (FR), waterlogged archaeological fir wood from a
sound region (WFS), and waterlogged archaeological fir wood from a decay region (WFD).

To further illustrate the different degrees of degradation between WFD and WFS
at the hygroscopic level, and to elucidate the reasons for the differences in hygroscopic
behaviour in regions with different degrees of degradation, the classical H–H model was
applied to fit the adsorption and scanning desorption isotherms of WFD and WFS. The fit
was considered valid when all the determination coefficient (R2) values were greater than
0.99 [3,50,62]. The parameters calculated by least-squares fitting are listed in Table 1.
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Table 1. Coefficients of the H–H model for WFD, WFS, and recent wood.

Sample
H–H Model Parameters

k1 k2 w R2 Mh Ms

FR 6.71 0.799 388.9 0.9997 3.868 14.579
WFS 8.83 0.852 433.6 0.9998 3.641 17.586
WFD 8.35 0.878 369.7 0.9997 4.247 21.739

Note: EMC (g/g) is the equilibrium moisture content; RH (%) is the relative humidity; Mh is the monolayer
moisture content (%); Ms is the multilayer moisture content (%); w is the molecular weight of wood at each
adsorption site; the parameters k1 and k2 are the equilibrium constants of the sorption process [50]. FR: recent
fir wood, WFS: waterlogged archaeological fir wood from a sound region, WFD: waterlogged archaeological fir
wood from a decay region.

During the adsorption process, the monolayer moisture content reflected the amount
of monolayer-adsorbed water at each RH [50]. Figure 4A shows the real-time relationship
between the monolayer moisture content and the RH of WFD, WFS, and FR. The monolayer
moisture contents of WFD and WFS were always higher than that of FR across the entire
range of relative humidities, from 0% to 95%, which can indicate that FR had the fewest
available sorption sites according to the result of other biomass material [62]; however, WFS
had a similar monolayer moisture content to that of FR at RH values over 80%, indicating
that the adsorption capacities of WFS and FR were similar (Table 1 and Figure 4A). At each
RH, the WFD consistently contained more monolayer-adsorbed water than the WFS. The
monolayer moisture content increased significantly in the low-humidity range (<30% RH)
and stabilised above 30% RH. At RHs higher than 30%, the monolayer moisture contents of
FR and WDS ranged between 2.85% and 3.86% and 2.88% and 3.65%, respectively, which is
in line with the regular results of other biomass material [50,62]. The monolayer moisture
content of WFD was relatively stable within 3.22–4.25% (Figure 4B), likely owing to the
greater sorption strength of monolayer-adsorbed water in WFD relative to that in WFS and
FR, according to a previous discussion.

Figure 4. Water content obtained from the H–H model. (A) Histogram of monolayer moisture content.
(B) Diagram of multilayer moisture content. FR: recent fir wood, WFS: waterlogged archaeological fir
wood from a sound region, WFD: waterlogged archaeological fir wood from a decay region.

The multilayer moisture content in Hailwood–Horribon’s theory reflects the amount
of monolayer-adsorbed water at each RH. The multilayer moisture content continuously
increased with increasing RH, while the increase rate of the amount of monolayer-adsorbed
water increased with RH from 0% to 95% RH. At RH values below 30%, the multilayer
moisture contents of FR, WFS, and WFD were below 1.15%, 1.12%, and 1.33%, respec-
tively. With the RH in the recommended range of storage humidity for wooden artefacts



Forests 2023, 14, 15 9 of 15

(50–60% RH) [63], the multilayer moisture content of FR ranged from 3.07% to 4.26%, while
those of WFS and WFD ranged from 3.07% to 4.34% and 3.67% to 5.19%, respectively. At RH
values greater than the recommended 60% RH (from 65% to 95%), the multilayer moisture
content of FR ranged from 5.00% to 14.57%, whereas those of WFS and WFD ranged from
5.15% to 7.59% and 6.17% to 21.74%, respectively (Table 1 and Figure 4B), indicating that
the multilayer water content may increase exponentially if the environmental humidity is
higher than the recommended storage humidity for the wooden artefact. At the highest
RH (95% RH), WFD absorbs 23.6% more multilayer-adsorbed water than WFS.

An investigation of the hygroscopicity and H–H model of samples from different
regions of the same waterlogged wood object reveals that WFD has a higher moisture
content. In comparison, the moisture contents of visually similar parts of the WFS were
lower than that of the WFD at each RH. This difference became more pronounced when
experimental moisture values exceeded the humidity range recommended for storing
wooden artefacts (Figures 2 and 4). Moisture moves across the entire unevenly degraded
shipwreck plank from high-humidity positions to low-humidity positions—that is, from
severely degraded regions to slightly degraded regions—to reach the equilibrium moisture
content. Under equivalent RH conditions, the equilibrium moisture content and the amount
of multilayer-adsorbed water of WFD were higher than those of WFS, while those of WFS
were higher than those of FR.

WFD and WFS exhibited different amounts of mono/multilayer-adsorbed water at
each RH, despite being selected from the same shipwreck plank and being visually similar.
The mono/multilayer moisture content in the cell wall is mainly related to the cell structure
based on the meaning of the parameter for the H-H models [50], which indicates that
WFD may have more dimensional changes than WFS, owing to its high mono/multilayer
moisture content.

DVS is known to be highly efficient for the hygroscopic study of degradation inhomo-
geneity. The hygroscopic difference between different regions in the same block may be a
result of the chemically uneven changes in the waterlogged wood; thus, the following IR
method was systematically investigated.

3.3. Chemical Differences of Waterlogged Archaeological Wood in Different Regions

The FTIR spectra of WFD, WFS, and FR are shown in Figure 5. In the WFD (blue
dashed line) and WFS (yellow dotted line) spectra, the characteristic band at 1738 cm−1 is
indicative of the C=O stretching of hemicellulose, while the characteristic peak at 1318 cm−1

ascribed to the CH2 out-of-plane vibration of cellulose [23] almost disappeared for the
waterlogged wood. The assignments of the main peaks in the FTIR spectra of wood are
given in Table 2. The intensity of the absorption peaks at 1373—corresponding to the
C–H bending in polysaccharides and suggested to be a main factor of the deterioration
of hemicellulose for decayed wood [15,64]—in the spectrum of WFS was higher than
that of the same peaks in the spectrum of WFD, which meant that WFD has a severer
degradation degree compared to WFS. Moreover, the peak at 1158 cm−1 in the spectrum of
WFD blueshifted slightly compared to that of the WFS. Although the FTIR spectra of WFD
and WFS are similar, their correlation coefficients compared with recent fir are different:
0.9638 and 0.8264 (Table 3), respectively. The differences may be a result of the complexity
of the ‘fingerprint’ region at 1800–897 cm−1, where different vibrations of various wood
components contribute to many overlapping bands, whereas the significantly different
coefficients of WFD and WFS indicate uneven degradation between the WFD and WFS
regions, and WFD degraded more severely than WFS, according to the above results.

2D COS-IR spectroscopy has a higher spectral resolution for the discrimination of
complex mixtures and gains new information which could not be acquired through conven-
tional IR spectroscopy. 2D COS-IR spectroscopy was therefore applied to better evaluate the
degradation inhomogeneity between WFD and WFS. The 2D COS-IR spectra provide help-
ful information concerning the structure of molecules and interactions among functional
groups in the contour maps within the 2700–3900, 1300–1850, and 840–1300 cm−1 regions
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(Figure 6). In the 2D COS-IR spectra, regions that exhibit higher changes in peak intensity
show stronger autopeaks than areas that remain constant [34,66,67]. The various chemical
components of waterlogged archaeological wood may react differently to temperature
perturbations; thus, differences in the number, position, and intensity of autopeaks among
WFD, WFS, and FR reflect the deterioration state of the waterlogged archaeological wood.

Figure 5. FTIR spectra of FR (reference fir sample, red line), WFS (visually sound waterlogged fir
sample, yellow line), and WFD (visually degraded waterlogged fir sample, blue line).

Table 2. Peak assignments for FTIR spectra of wood [9,15,23,52,65].

Peak Position (cm−1) Peak Assignment

3700~3100 the hydroxyl stretching region

3346 O5–H5···O3 intramolecular in cellulose

3272 O6–H6···O3 intermolecular in cellulose Iβ

2905 C–H asymmetric stretching in methylene groups

1738 mainly assigned to the C=O stretch in acetyl groups of hemicellulose

1660 the relative concentration of aromatic skeletal vibrations, together with
the C=O stretch in the lignin

1510 the aromatic skeletal vibration in the lignin

1464 CH- deformation; asymmetric in the plane for lignin and hemicellulose

1426 the CH2 scissoring in cellulose

1373 the C–H bending in polysaccharides

1332 the O–H in-plane bending of amorphous cellulose

1318 the wagging (out of the plane) of the CH2 groups in crystalline cellulose

1268 the aromatic C–O stretching vibrations of methoxyl and phenyl
propane units in guaiacol rings of lignin

1231 mainly assigned to the C–O stretching in the O=C–O group of side
chains in hemicellulose

1220 the aromatic C–O stretching vibrations in rings of lignin

1158 the characteristic of the asymmetric bridge C–O–C stretch mode in
polysaccharides

1060 C–O stretching vibrations in cellulose and hemicelluloses
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Table 3. Correlation coefficients of WFD and WFS compared with that of the reference wood between
1800 and 897 cm−1.

Sample Correlation Coefficients

FR 1.0000
WFS 0.9638
WFD 0.8264

Figure 6. Synchronous 2D COS-IR spectra of FR in the ranges of (A) 2700–3900 cm−1,
(B) 1300–1850 cm−1, (C) 840–1300 cm−1; WFS spectra ((D) 2700–3900 cm−1, (E) 1300–1850 cm−1,
(F) 840–1300 cm−1); and WFD spectra ((G) 2700–3900 cm−1, (H) 1300–1850 cm−1, (I) 840–1300 cm−1)
(Red: positive, Φ > 0; Blue: negative, Φ < 0). FR: recent fir wood, WFS: waterlogged archaeological
fir wood from a sound region, WFD: waterlogged archaeological fir wood from a decay region.

Table 4 shows the position and intensity of the autopeaks in the 2D COS-IR spectra of
WFD, WFS, and FR from 900 to 3900 cm−1.

Table 4. Autopeaks and their intensities Φ for FR, WFS, and WFD in 2D-COS-IR spectra.

Wavenumber/cm−1 953 977 1005 1097 1165 1190 1240 1301 1348 1452 1464 1497 1512 1646 3272 3327 3346

FR ++ ++ ++ + ++ ++ ++ + + ++ ++ + + ++ +++ +++ -
WFS + + ++ + + ++ ++ + + + + + + ++ +++ +++ -
WFD - - - + ++ - - - - - + - ++ + - - +++

Intensity of autopeaks: -, invisible; +, visible; ++, middle; +++, strong.

Within the range of 2700 to 3900 cm−1, three autopeaks at Φ (3272, 3272) > 0, Φ (3327,
3327) > 0, and Φ (3346, 3346) > 0 and a pair of crosspeaks at Φ (3300, 2856) < 0 are observed
in the range of 2700 to 3900 cm−1 (Figure 6A,D and Table 4). In the WFD spectra (Figure 6G),
an autopeak at Φ (3346, 3346) > 0 is observed, implying that the bands at approximately
3272 and 3327 cm−1 increase with the degree of decay in WFS and WFD. Accordingly,
the O6–H6···O3 intermolecular interaction in cellulose Iβ in WFD disappears while the
O5–H5···O3 intramolecular interaction in cellulose occurs (Table 2) [52].

Within the range of 1300–1850 cm−1, the intensity of the autopeaks in the spectrum of
waterlogged archaeological wood differed from that of recent wood. The intensities of the
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autopeaks at approximately Φ (1464, 1464), assigned to the in-plane CH deformation of
lignin and hemicellulose, decreased from ‘middle’ to ‘visible’ in the spectra of FR, WFS,
and WFD. This may result from the degradation of hemicellulose in waterlogged wood, as
the degree of decay of WFD is more severe than that of WFS. The intensity of the autopeak
at Φ (1510, 1510), arising from the vibration of the aromatic skeleton of lignin, became more
sensitive to the degree of decay, likely because the degradation of carbohydrate components,
mainly hemicellulose, is more pronounced than that of lignin, while the cleavage of β-O-4
linkages in lignin-carbohydrate complexes of WFD is more prominent than that of those
linkages in the same complexes of WFS.

The 2D COS-IR spectra of the WFD, WFS, and FR show autopeaks between 840 and
1300 cm−1 (Figure 6C,F,I). The sensitivities of waterlogged wood and reference wood
to thermal perturbations differ. Waterlogged wood becomes increasingly sensitive to
thermal perturbation as it becomes more and more degraded. WFD is more sensitive to
thermal perturbation than WFS. The peaks in the region at approximately 1000–1200 cm−1

mainly arise from the C–O stretching vibration of carbohydrates [68], which shows that
holocellulose degradation is more pronounced in WFD than it is in WFS.

Waterlogged wood that is moderately decayed showed significant but non-uniform
degradation, even in samples selected from visually sound regions of the same waterlogged
wood. The degradation of waterlogged woods results from the almost complete elimination
of acetyl side chains from the hemicelluloses in the wood [53]. The O6–H6···O3 intermolec-
ular interaction in the cellulose was not observed in samples from severely decayed regions;
however, this interaction was found in samples from the sound region of waterlogged
wood. In addition, the presence of lignin-carbohydrate complexes reflected the partial
depletion of the β-O-4 link and confirmed the inhomogeneous degradation of waterlogged
wood from a chemical perspective. The hygroscopic differences between samples obtained
from different regions in the same block of waterlogged wood were related to the chemical
difference caused by the uneven degradation of wood cell wall components throughout
the block [69], as demonstrated by the increased number of lignin-related groups and a cor-
responding reduction in the number of carbohydrate-related groups (Figures 5 and 6). The
difference in hysteresis between the severely decayed and less decayed regions of the same
plank from the shipwreck may be the result of alterations in the availability of sorption
sites, the degree of aggregation, swelling, shrinking, or the wettability of submicroscopic
capillaries within the cell wall [15,60].

4. Conclusions

This study introduced two techniques, i.e., simultaneous DVS and 2D correlation IR
spectroscopy, for assessing the degradation of waterlogged wood. SDVS revealed that
the degree of decay of the WFD region was higher than that of the WFS region, despite
the visual similarity of the two samples. The non-uniform degradation of the shipwreck
wood, with different hygroscopic results, was obtained even from the same plank, which
confirmed the degradation inhomogeneity in a hygroscopical way. FTIR and 2D COS-IR
spectroscopy showed the intermolecular changes in cellulose, an increase in the number
of lignin-related groups, and a reduction in the number of carbohydrate-related groups,
which demonstrated the causes of these hygroscopic differences in samples from different
regions of the same waterlogged archaeological wood. The suitability of SDVS and 2D
COS-IR spectroscopy was verified through evaluating the inhomogeneous degradation of
waterlogged wood by its hygroscopic properties and chemical structure.

Simultaneous DVS is useful for the degradation evaluation of the hygroscopicity of
waterlogged wood by measuring up to 23 samples simultaneously, which greatly improves
the test efficiency of cultural heritage research. 2D COS-IR spectroscopy can provide
conservation researchers with a new way to obtain and interpret conventional IR data
through enhancing the spectral resolution by spreading peaks over the second dimension.
Further experiments aiming to clarify the relationship between the hygroscopicity and
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chemical properties will be continued to enrich the scientific cognition of waterlogged
wood and provide basic data for the further protection of waterlogged shipwreck objects.
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