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Abstract: In this study, wood samples extracted from the Taicang ancient ship, dating back to the
Yuan Dynasty, were investigated to study the characteristics of waterlogged archaeological wood.
The macroscopic characteristics and microscopic structures were used to identify the wood species.
To assess the degree of degradation of the waterlogged archaeological wood, X-ray diffraction (XRD),
nanoindentation (NI), Fourier transform infrared spectroscopy (FTIR), and scanning electron mi-
croscopy (SEM) were used to compare the new and ancient wood samples from the same species. The
microscopic structures of the samples were identified as Pinus massoniana. The XRD and nanoinden-
tation results revealed that the crystallinity index of the cellulose decreased from 41.07% to 33.85%,
the elastic modulus was reduced by 20.90%, and hardness was reduced by 55.6% compared with
the new wood. The FTIR spectra revealed that biological deterioration occurred in the cellulose and
hemicellulose, but there was no noticeable change in the lignin content. These results provide helpful
information for the conservation and restoration of ancient ships.

Keywords: microscopy; waterlogged archaeological wood; SEM; XRD; FTIR; nanoindentation

1. Introduction

Ancient boats and ships were an essential mode of transportation in ancient waters
and a means of exploring ancient sea civilizations [1,2]. Ancient China was a vast seafaring
nation. China established the “Maritime Silk Road” to conduct maritime trade with
neighboring countries as early as the Qin and Han Dynasties [3–5]. To date, more than
50 ancient ships have been unearthed in China [6–8]. These ancient ships were mostly
made of wood, including coniferous wood types such as Cunninghamia sp., Cupressus
sp., Picea sp., and Pinus sp., and also some hard wood types (Populus sp., Quercus sp.,
Styphnolobium sp., Tectona sp., and Ulmus sp.) [9]. If these kinds of wood are in a state
of high humidity or water saturation for a long time, they can be easily attacked by fungi
or bacteria [10], resulting in a fluffy structure and huge moisture content [11,12]. The
cellulose, hemicellulose, and lignin in the wood are degraded and lost, leading to loose
and reduced strength for the wood, which will be prone to deformation and other defects
after excavation exposure to air [13–16]. The conservation of excavated ancient ships
and restoration of their original appearance are critical issues confronting cultural relic
conservationists. However, studying the characteristics of ancient waterlogged trees is the
basis for the restoration and conservation of ancient ships.

Ancient ship wood research has recently produced valuable findings [17–20]. However,
before preserving the archaeological wood, its deterioration must be evaluated. This
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can be achieved by studying the wood density, cellulose microfibril angle [21–23], water
absorption, molar mass of the holocellulose, rate of decay [24–26], and ultrastructure of
the cell wall [27]. In addition, the accumulation of sulfur in underwater or underground
environments accelerates the deterioration of wood, and desalination and desulfurization
are essential steps in restoring and conserving ancient ship wood [28,29]. Given the fragility
of the cell walls of degraded ancient ship wood, ethanol replacement, PEG replacement,
freeze–vacuum drying, supercritical carbon dioxide, and other unique drying methods
must be used [30–33]. PEG, trehalose, polyoctadecanol, epoxy resin, and other materials
with good stability have been widely used in ancient wood consolidation [34–39]. In
addition, scanning electron microscopy (SEM) [40,41], X-ray diffraction (XRD) [42], infrared
spectroscopy (FTIR) [43], X-ray photoelectron spectroscopy (XPS) [44], thermogravimetric
analysis (TGA) [45], and nanoindentation (NI) [46–48] techniques are essential methods for
effectively evaluating the restoration and protection effects of ancient ship wood. In short,
the research on the characteristics of ancient ship wood is the foundation and premise
of the above research findings, which are critical for the restoration and preservation of
ancient ships.

During a draining project in May 2014, a sunken wooden ship was discovered in the
Wanfeng Village section of the Banjing River in Taicang City (see Figure 1). From August to
December 2014, the Nanjing and Taicang Museums conducted an archaeological excavation
and rescue of the sunken ship and relocated it to the Haifeng farm in Wanfeng Village
for cultural relic protection. Several clay porcelain specimens were discovered during
the archaeological excavation of ancient wooden ships. Based on the porcelain fragments
unearthed in the silt of the river, it was preliminarily inferred that the ancient boat belonged
to the Yuan Dynasty. The Banjing River is a vital branch of Liujia Port in Taicang. The Liujia
port, the famous “six states wharf” of the Yuan Dynasty, is the starting point of the grain
transport from the south to the Yanhai Sea [49,50].
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Figure 1. The ancient ship excavation site.

This study aimed to analyze the characteristics of the ancient ship. The microscopic
structure was investigated to detect wood species. A variety of analyses, including Fourier
transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and scanning electron
microscopy (SEM), were employed to identify the differences between new and ancient
woods. The present study offers significant instructions for creating artificial ancient woods
to restore and replace destroyed wood in ancient wooden ships in China.
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2. Materials and Methods
2.1. Materials

In this study, wood samples were taken from a part of the keel in the no. 8 hatch of
the ancient Taicang ship, obtained from the Taicang Museum. The size of this wood block
was approximately 50 mm × 65 mm × 350 mm, and the growth ring was visible in the
cross-section. The surface of the wood appeared grayish-black owing to the deterioration.
Moreover, the initial moisture content reached 65.3± 1.7% (measured according to standard
GB/T 1931 (2009)) [51]. Finally, the block was dried in an electric oven at 40 ◦C until the
moisture content decreased to 10%.

2.2. Microscopic Identification

The macroscopic characteristics of the samples were determined using a 10×magni-
fying glass to identify the wooden species more accurately. As a result, it was possible to
conclude that the samples had well-defined annual rings and a narrow band of latewood.
In addition, the wood had a grey, deteriorated surface that had been cleaned, revealing a
yellow-reddish hue. Therefore, it was identified as a softwood.

The extracted wood was boiled in distilled water for approximately 6 h, or until the
sample sank to the bottom of the water, to soften the sample. Then, using a microtome,
the sample was cut into 30 µm slices in the transverse, radial, and tangential directions.
Before observation, the sections were stained with saffron and rinsed with water to increase
the contrast of the microscopic images. Thin, stained, transparent slices were observed in
transmitted light at varying magnifications (40 to 100×) under an optical microscope (Zeiss
Axio Scope A1 microscope, Carl Zeiss AG, Oberkochen, Germany) with AxioVision Rel.4.8
(Carl Zeiss AG, Oberkochen, Germany).

2.3. X-ray Diffraction

Based on the aforementioned microscopic identification results, new wood samples of
the same species were prepared, and the changes in cellulose crystallinity in the ancient
wood samples were compared. After drying, the new and ancient wood samples were
ground to an 80-mesh powder and pressed at room temperature into ten sample sheets (five
new and five ancient wood samples). In situ XRD was performed on the wood samples
using an X’Pert Pro multipurpose diffractometer (PANalytical, Almelo, Netherlands) and a
Rigaku Smart Lab 9 kWXRD system (Shimadzu Corporation, Kyoto, Japan). Furthermore,
θ–2θ scanning was used to assess the scattering intensity and angle. The scanning speed
was 2◦/min and the angle range was 5–60◦. The provided spectrum was the average of five
measurements for new and ancient woods. The height of the (002) peak (I002, 2θ = 22.8◦)
and the minimum value between the (002) peak and (101) peak (IAM, 2θ = 18◦) were used
to determine the crystallinity of the cellulose using the Segal method [52], and the equation
was as follows:

CRx = (I002 − IAM)/I002 × 100% (1)

where CRx (%) represents the crystallinity index of the cellulose, I002 is the diffraction peak
intensity corresponding to the (002) lattice plane at 2θ = 22.8◦ and Iam is the diffraction
intensity at 2θ = 18◦.

2.4. Chemical Structure Analysis

Changes in the chemical structures of both new and ancient wood samples were
investigated. The FTIR test equipment was an IR spectrometer (Tensor 27, Bruker, Ettlingen,
Germany) with a spectral resolution of 4 cm−1 between 4000 cm−1 and 400 cm−1 for a total
of 32 scans. Before the measurement, the background spectra were collected after the light
equipment was aligned. The spectra were described as a means of sextuple measurements
for each wood sample.



Materials 2023, 16, 104 4 of 11

2.5. Quasi-Static Nanoindentation Test

The dimensions of the wood specimens (ancient and new) to be nanoindented were
7 mm × 5 mm × 5 mm. The bottom and top of the prepared blocks were perpendicular to
the longitudinal axis of the cell wall and parallel to each other. All samples were placed on
the platform, and all angles were verified with a straight edge at 90◦. Next, the samples
were attached to a metal sample holder as pyramids. Finally, the apex was smoothed
with a diamond knife using an ultramicrotome. The specimens were prepared using the
procedure described by Meng et al. [53]. The nanoindenter was an in situ nanomechanical
test system (Hysitron TI980, Bruker, Ettlingen, Germany) with a diamond Berkovich tip
operated in open-loop control. The experiment was carried out in load function mode
using a three-segment load ramp; the load application lasted for 5 s, the hold time was
5 s, and the unloading time was 5 s. The peak load was 400 N for all the indents in the
test, leading to a maximum penetration depth range of 250–300 nm. Five indentations for
both ancient and new wood samples were carried out based on the ambient temperature
and relative humidity. Based on the nanoindentation theory, the hardness (H) and reduced
elastic modulus (Er) were computed from the load–displacement data using the equations
below, as depicted by Oliver and Pharr [54].

The hardness of the sample was computed as follows:

H =
Pmax

A
(2)

where Pmax is the peak load determined at a maximum depth in the indentation cycle,
and A is the projected contact area between the indenter and sample. The t-test in SPSS
(Statistical Product Service Solutions, IBM Corp., IBM SPSS Statistics for Windows, v. 25,
Armonk, NY, USA), was used to compare the treatments (p = 0.05).

The reduced elastic modulus (Er) of the sample was computed as follows:

Er =

√
π

2
S√
A

(3)

where A denotes the projected contact area and S (stiffness) denotes the slope of the
unloading curve in the load–displacement graph. For the computation of S, a linear
approximation was employed for the high-load part of the unloading curve (90–70%
alterations in load). The t-test in SPSS was used to compare the treatments (p = 0.05).

2.6. Morphological Characteristics

The surface morphologies of the wood specimens were monitored in this study us-
ing environmental SEM (Quanta 200, FEI, Eindhoven, Netherlands) through electrical
conductivity determination tests to examine possible physical property variations in the
ancient and new wood samples to explore their physical architectures. A 2 nm sputter gold
coating was applied to the wood specimens using gold–palladium SEM annular sputtering,
with the target being SC502–314 with dimensions of 2′′ ID × 3′′ OD × 0.1 mm (Quorum
Technologies, Watford, UK). The bombarding voltage was set to 20.0 kV during the SEM.

3. Results
3.1. Microscopic Identification

The macroscopic aspects of wood serve as a foundation for its identification. The
wood surface had a greyish-black color owing to the deterioration. After the deteriorated
layer was removed, the earlywood (yellow) and latewood (reddish) colors were noticeably
different, with a distinct turpentine odor. The annual ring delineation was clear. The early
wood belt, which comprises approximately 2/3–3/4 of all annual rings, was relatively
broad. Tracheids were visible under a magnifying glass, and the transition between early
and late wood types was abrupt. No axial parenchymal wood rays were visible in the
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transverse section with a magnifying glass, but they were visible in the radial section with
the naked eye.

The tracheids of earlywood were rectangular and polygonal under the microscope in
the transverse section, the axial resinous channels were large (Figure 2a), and the wood rays
were thin. There were two types of wood rays: those with single-ray heights of 1–20 cells or
more, and those containing 5–15 cells. Spindle rays have radial resinous channels, three or
two rows of ray cells below the proximal canal, gradually taper to a single row at the upper
and lower ends, and are1–10 cells high or more. The ray cells were elliptical, long elliptical,
rectangular, and oval, with a small amount of resin (Figure 2b). The pit was pane-shaped
and sparse in the cross-field between the ray parenchyma cells and earlywood tracheids.
The lipid-secreting cell walls of the resinous channels were thin and frequently contained
impenetrable bodies. The inner wall was deeply serrated and had a wavy outer edge
(Figure 2c). Based on the above structural characteristics, through the comparison of the
relevant data [50,55], wood specimens, and wood microsections, the wood was identified
as a hard pine wood of either Diploxylon, Pinaceae, or Pinus. However, according to the
distribution of tree species and wood habits, Pinus massoniana was more likely, which has
been also found from some ancient shipwrecks in China [9,10].
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3.2. X-ray Diffraction

One of the three main constituents of wood, cellulose, which serves as the skeletal
material for wood cells, is divided into crystalline and amorphous zones. The cellular
crystallinity is known as the proportion of crystalline to amorphous and crystalline areas in
cellulose microfilaments. The crystallinity of wood cellulose is frequently determined using
an X-ray diffractometer. Three diffraction peaks corresponding to the (101), (002), and (040)
crystal facets appeared at 2θ of 18◦, 22.5◦, and 35◦, respectively, as shown in Figure 3. A
diffraction peak of (002) in the 2θ = 22.8◦ vicinity exhibited the maximum value, whereas
an exceedingly small value was noted in the vicinity of 2θ = 18◦. Drastically weakened
diffraction peak intensities were observed for the ancient Pinus massoniana wood. This was
because massive amounts of cellulose were lost. The crystallinity index of the cellulose was
estimated using Equation (1) to be 41.07% for new wood and 33.85% for ancient wood. The
decline in crystallinity of the ancient wood was attributable to the cellulose loss [56].
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3.3. Chemical Structure Analysis Using FTIR Spectroscopy

The degradation of the ancient ship wood in underground environments caused its
chemical composition to change. FTIR spectroscopy is commonly used to detect chemical
changes in wood. Figure 4 compares the infrared spectra of the ancient and new wood
samples. The spectral band of the ancient wood was slightly reduced at 3400 cm−1,
which corresponded to the stretching vibration of hydroxyl (-OH) [57–59], indicating that
dehydration may have occurred during the deterioration of the ancient wood. Furthermore,
the FTIR peak at 1735 cm−1 was attributed to the C=O stretching vibration of xylan. In
contrast to the new wood spectrum, the ancient wood spectrum lacked an absorption
peak at 1735 cm−1, which was attributed to the stretching vibration of the xylan acetyl
group C=O double bond (CH3C=O) [60,61]. This implied low concentrations of cellulose
and hemicellulose in the ancient wood specimens. In contrast, the peaks at 1602 cm−1

conforming to C=C stretching of the aromatic ring (lignin) increased slightly [62,63], while
the peaks at 1510 cm−1 did not change significantly, indicating that the content of lignin in
the ancient wood increased [11,43]. This implied that lignin was only slightly degraded
during the deterioration process, which is consistent with the previous literature [64].
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3.4. Nanoindentation Test

The nanoindentation test successfully measured the mechanical changes in wood
load–displacement data at the microscale and the measured wood’s hardness and elastic
modulus at the submicron scale [52]. Figure 5 illustrates the typical NI load–displacement
curves of the ancient and new wood samples. Table 1 presents the elastic modulus and
hardness of the ancient and new wood samples. The elastic modulus represents the ability
of the material to resist elastic deformation. The Er value and hardness value of the new
wood were 7.57 GPa and 0.45 GPa, respectively, while the values of the ancient wood
were 5.99 GPa and 0.20 GPa. The results indicated that the degradation of cellulose and
hemicellulose in the wood cell walls resulted in significant decreases in the mechanical
strength and hardness by 20.9% (p < 0.0001) and 55.6% (p < 0.0001), respectively.
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Table 1. Nanoindentation test results for ancient wood and new wood samples.

Wood Samples Elastic Modulus (GPa) Hardness (GPa)

Ancient wood 5.99 (0.39) 0.20 (0.02)
New wood 7.57 (0.26) 0.45 (0.02) 1

1 The average values of 25 measurements and their standard deviations are in brackets.

3.5. Morphology

Figure 6 shows SEM images comparing new and ancient wood samples to assess
potential changes in the physical structure of the ancient wood after deterioration. When
compared to the microscopic image of the new wood on the right in Figure 6, the majority
of the grain holes in the ancient wood on the left were broken, and there were cracks on the
tracheid wall, indicating that the degradation of cellulose and hemicellulose in the wood
resulted in a change in its physical structure.
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wood specimens, most pits were broken during natural aging due to cellulose and 
hemicellulose deacetylation. 
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4. Conclusions
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species. Following underground degradation for approximately 700 years, a 41.07–33.85%
drop in the cellulose crystallinity was noted for the Pinus massoniana, in contrast to the new
wood. According to the FTIR pattern differences, there were chemical alterations in the
natural aging process, which might have been due to hemicellulose deacetylation. The
mechanical properties were also reduced by approximately 20.9–55.6%. As revealed by the
morphological trait comparison between the ancient and new wood specimens, most pits
were broken during natural aging due to cellulose and hemicellulose deacetylation.

Author Contributions: X.L. and A.M.V. analyzed the data and wrote this manuscript. A.M.V. gave
valuable suggestions on the experiments and manuscript. A.M.V., X.T., W.M., H.H. and X.X. modified
the manuscript in detail. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Nanjing Forestry University Foundation for Basic Research
(grant no. 163104127), the National Key R&D Program of China (grant no. 2016YFD0600704), and the
Priority Academic Program Development (PAPD) of Jiangsu Province, China.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by the China Scholarship Council (CSC) scholarship.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Paine, L. The Sea and Civilization: A Maritime History of the World; Atlantic Books Ltd.: London, UK, 2014.
2. Chen, Y. Marine Silk Road and Cultural Communications between China and Foreign Countries; Peking University Press: Beijing, China,

1993; pp. 28–57. (In Chinese)
3. Kamalova, Z.A. Marine Silk Road: Early Marine Communications. In Proceedings of the International Scientific and Current

Research Conferences, Maui, HI, USA, 8 June 2022; pp. 12–16.
4. Xie, B.; Zhu, X.; Grydehøj, A. Perceiving the Silk Road Archipelago: Archipelagic relations within the ancient and 21st Century

Maritime Silk Road. Isl. Stud. J. 2020, 15, 55–72. [CrossRef]
5. Bao, Q. The application of big data technology in the research of ancient Chinese silk road. J. Phys. Conf. Ser. 2020, 1578, 012144.

[CrossRef]

http://doi.org/10.24043/isj.118
http://doi.org/10.1088/1742-6596/1578/1/012144


Materials 2023, 16, 104 9 of 11

6. Fang, S.; Zhang, H.; Zhang, B.; Wei, G.; Li, G.; Zhou, Y. A study of the Chinese organic–inorganic hybrid sealing material used in
“Huaguang No. 1” ancient wooden ship. Thermochim. Acta 2013, 551, 20–26. [CrossRef]

7. Han, L.; Guo, J.; Wang, K.; Gronquist, P.; Li, R.; Tian, X.; Yin, Y. Hygroscopicity of waterlogged archaeological wood from
Xiaobaijiao No.1 shipwreck related to its deterioration state. Polymers 2020, 12, 834. [CrossRef]

8. Han, L.; Tian, X.; Keplinger, T.; Zhou, H.; Li, R.; Svedstrom, K.; Burgert, I.; Yin, Y.; Guo, J. Even visually intact cell walls in
waterlogged archaeological wood are chemically deteriorated and mechanically fragile: A case of a 170 Year-old shipwreck.
Molecules 2020, 25, 1113. [CrossRef]

9. Li, R.; Guo, J.; Macchioni, N.; Pizzo, B.; Xi, G.; Tian, X.; Chen, J.; Jiang, X.; Cao, J.; Zhang, Q.; et al. Characterisation of waterlogged
archaeological wood from Nanhai No. 1 shipwreck by multidisciplinary diagnostic methods. J. Cult. Herit. 2022, 56, 25–35.
[CrossRef]

10. Chen, J.; Liu, S.; Yin, L.; Cao, H.; Xi, G.; Zhang, Z.; Liu, J.; Luo, R.; Han, L.; Yin, Y.; et al. Non-destructive preservation state
estimation of waterlogged archaeological wooden artifacts. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2023, 285, 121840.
[CrossRef]

11. Gelbrich, J.; Mai, C.; Militz, H. Evaluation of bacterial wood degradation by Fourier Transform Infrared (FTIR) measurements. J.
Cult. Herit. 2012, 13, S135–S138. [CrossRef]

12. Pizzo, B.; Giachi, G.; Fiorentino, L. Reasoned use of chemical parameters for the diagnostic evaluation of the state of preservation
of waterlogged archaeological wood. J. Archaeol. Sci. 2013, 40, 1673–1680. [CrossRef]

13. Tahira, A.; Howard, W.; Pennington, E.R.; Kennedy, A. Mechanical strength studies on degraded waterlogged wood treated with
sugars. Stud. Conserv. 2016, 62, 223–226. [CrossRef]

14. Wallstrom, L.; Kah, L. Wood surface stabilization with polyethyleneglycol, PEG. Wood Sci. Technol. 1995, 29, 109–119. [CrossRef]
15. Walsh-Korb, Z.; Averous, L. Recent developments in the conservation of materials properties of historical wood. Prog. Mater. Sci.

2019, 102, 167–221. [CrossRef]
16. Wang, X.; Zhao, L.; Deng, Y.; Li, Y.; Wang, S. Effect of the penetration of isocyanates (pMDI) on the nanomechanics of wood cell

wall evaluated by AFM-IR and nanoindentation (NI). Holzforschung 2018, 72, 301–309. [CrossRef]
17. Li, Q.; Cao, L.; Wang, W.; Tan, H.; Jin, T.; Wang, G.; Lin, G.; Xu, R. Analysis of the bacterial communities in the waterlogged

wooden cultural relics of the Xiaobaijiao No. 1 shipwreck via high-throughput sequencing technology. Holzforschung 2018, 72,
609–619. [CrossRef]

18. Lisuzzo, L.; Hueckel, T.; Cavallaro, G.; Sacanna, S.; Lazzara, G. Pickering emulsions based on wax and halloysite nanotubes:
An ecofriendly protocol for the treatment of archeological woods. ACS Appl. Mater. Interfaces 2021, 13, 1651–1661. [CrossRef]
[PubMed]

19. Guo, J.; Zhang, M.; Liu, J.; Luo, R.; Yan, T.; Yang, T.; Jiang, X.; Dong, M.; Yin, Y. Evaluation of the deterioration state of
archaeological wooden artifacts: A nondestructive protocol based on direct analysis in real time—mass spectrometry (DART-MS)
coupled to chemometrics. Anal. Chem. 2020, 92, 9908–9915. [CrossRef] [PubMed]

20. Majka, J.; Zborowska, M.; Fejfer, M.; Waliszewska, B.; Olek, W. Dimensional stability and hygroscopic properties of PEG treated
irregularly degraded waterlogged Scots pine wood. J. Cult. Herit. 2018, 31, 133–140. [CrossRef]

21. Bjurhager, I.; Halonen, H.; Lindfors, E.L.; Iversen, T.; Almkvist, G.; Gamstedt, E.K.; Berglund, L.A. State of degradation in
archeological oak from the 17th century Vasa ship: Substantial strength loss correlates with reduction in (holo) cellulose molecular
weight. Biomacromolecules 2012, 13, 2521–2527. [CrossRef]

22. Björdal, C.G. Evaluation of microbial degradation of shipwrecks in the Baltic Sea. Int. Biodeterior. Biodegrad. 2012, 70, 126–140.
[CrossRef]

23. Blanchette, R.A.; Hoffmann, P. Degradation processes in waterlogged archaeological wood. In Proceedings of the Fifth ICOM
Group on Wet Organic Archaeological Materials Conference, Portland, ME, USA, 16–20 August 1993; pp. 111–142.

24. Chen, J.; Huang, X.; Chen, X.; Chen, Z. Corrosion type and conservation of archaeological waterlogged wood. Mater. Rep. 2015,
29, 96–101+128. (In Chinese)

25. Han, L.; Wang, K.; Wang, W.; Guo, J.; Zhou, H. Nanomechanical and topochemical changes in elm wood from ancient timber
constructions in relation to natural aging. Materials 2019, 12, 786. [CrossRef] [PubMed]

26. Harper, D.P. Effect of epoxy embedment on micromechanical properties of Brown-rot-decayed wood cell walls assessed with
nanoindentation. Wood Fiber Sci. 2012, 44, 1–5.

27. Guo, J.; Xiao, L.; Han, L.; Wu, H.; Yang, T.; Wu, S.; Yin, Y.; Donaldson, L.A. Deterioration of the cell wall in waterlogged wooden
archeological artifacts, 2400 years old. IAWA J. 2019, 40, 820–844. [CrossRef]

28. Björdal, C.G.; Fors, Y. Correlation between sulfur accumulation and microbial wood degradation on shipwreck timbers. Int.
Biodeterior. Biodegrad. 2019, 140, 37–42. [CrossRef]

29. Sandstrom, M.; Jalilehvand, F.; Damian, E.; Fors, Y.; Gelius, U.; Jones, M.; Salome, M. Sulfur accumulation in the timbers of King
Henry VIII’s warship Mary Rose: A pathway in the sulfur cycle of conservation concern. Proc. Natl. Acad. Sci. USA 2005, 102,
14165–14170. [CrossRef]

30. Jensen, P.; Jensen, J.B. Dynamic model for vacuum freeze-drying of waterlogged archaeological wooden artefacts. J. Cult. Herit.
2006, 7, 156–165. [CrossRef]

31. Jones, S.P.P.; Slater, N.K.H.; Jones, M.; Ward, K.; Smith, A.D. Investigating the processes necessary for satisfactory freeze-drying of
waterlogged archaeological wood. J. Archaeol. Sci. 2009, 36, 2177–2183. [CrossRef]

http://doi.org/10.1016/j.tca.2012.10.010
http://doi.org/10.3390/polym12040834
http://doi.org/10.3390/molecules25051113
http://doi.org/10.1016/j.culher.2022.05.004
http://doi.org/10.1016/j.saa.2022.121840
http://doi.org/10.1016/j.culher.2012.03.003
http://doi.org/10.1016/j.jas.2012.12.003
http://doi.org/10.1080/00393630.2016.1169364
http://doi.org/10.1007/BF00229340
http://doi.org/10.1016/j.pmatsci.2018.12.001
http://doi.org/10.1515/hf-2017-0123
http://doi.org/10.1515/hf-2017-0132
http://doi.org/10.1021/acsami.0c20443
http://www.ncbi.nlm.nih.gov/pubmed/33379868
http://doi.org/10.1021/acs.analchem.0c01429
http://www.ncbi.nlm.nih.gov/pubmed/32608237
http://doi.org/10.1016/j.culher.2017.12.002
http://doi.org/10.1021/bm3007456
http://doi.org/10.1016/j.ibiod.2012.01.012
http://doi.org/10.3390/ma12050786
http://www.ncbi.nlm.nih.gov/pubmed/30866457
http://doi.org/10.1163/22941932-40190241
http://doi.org/10.1016/j.ibiod.2019.03.010
http://doi.org/10.1073/pnas.0504490102
http://doi.org/10.1016/j.culher.2006.05.001
http://doi.org/10.1016/j.jas.2009.05.028


Materials 2023, 16, 104 10 of 11

32. Lu, H.; Zhang, S.; Liu, D.; Chen, G.; Zheng, Y.; Ma, D.; Luan, T.; Wang, F.; Jin, H. Research progress of freeze drying for
unearthed/salvaged waterlogged wooden archaeological artifacts. Sci. Conserv. Archaeol. 2020, 32, 126–137. (In Chinese)

33. Pournou, A.; Moss, S.T.; Jones, A.M. Preliminary studies on polyalkylene glycols (PAGs) as a pre-treatment to the freeze-drying of
waterlogged archaeological wood. In Proceedings of the 7th ICOM-CC Working Group on Wet Organic Archaeological Materials
Conference, Grenoble, France, 19 October 1998; pp. 104–109.

34. Antonelli, F.; Galotta, G.; Sidoti, G.; Zikeli, F.; Nisi, R.; Davidde Petriaggi, B.; Romagnoli, M. Cellulose and lignin nano-scale
consolidants for waterlogged archaeological wood. Front. Chem. 2020, 8, 32. [CrossRef]

35. Cavallaro, G.; Donato, D.I.; Lazzara, G.; Milioto, S. Determining the selective impregnation of waterlogged archaeological woods
with poly(ethylene) glycols mixtures by differential scanning calorimetry. J. Therm. Anal. Calorim. 2013, 111, 1449–1455. [CrossRef]

36. Zhou, Y.; Wang, K.; Hu, D. High retreatability and dimensional stability of polymer grafted waterlogged archaeological wood
achieved by ARGET ATRP. Sci. Rep. 2019, 9, 9879. [CrossRef]

37. Fredriksson, M.; Thybring, E.E. On sorption hysteresis in wood: Separating hysteresis in cell wall water and capillary water in
the full moisture range. PLoS ONE 2019, 14, e0225111. [CrossRef] [PubMed]

38. Glastrup, J.; Shashoua, Y.; Egsgaard, H.; Mortensen, M.N. Degradation of PEG in the warship Vasa. Macromol. Symp. 2006, 238, 22–29.
[CrossRef]

39. Yi, Y.-H.; Kim, S.-C.; Park, Y.-M.; Kim, K.-S. Experiment on conservation treatment method (PEG, sucros and lactitol) and degree
of state-change with RH of waterlogged archaeological wood. Conserv. Sci. Museum 2000, 2, 19–25.

40. Han, L.; Guo, J.; Tian, X.; Jiang, X.; Yin, Y. Evaluation of PEG and sugars consolidated fragile waterlogged archaeological wood
using nanoindentation and ATR-FTIR imaging. Int. Biodeterior. Biodegrad. 2022, 170, 105390. [CrossRef]

41. Shen, D.; Li, N.; Fu, Y.; Macchioni, N.; Sozzi, L.; Tian, X.; Liu, J. Study on wood preservation state of Chinese ancient shipwreck
Huaguangjiao I. J. Cult. Herit. 2018, 32, 53–59. [CrossRef]

42. Lionetto, F.; Quarta, G.; Cataldi, A.; Cossa, A.; Auriemma, R.; Calcagnile, L.; Frigione, M. Characterization and dating of
waterlogged woods from an ancient harbor in Italy. J. Cult. Herit. 2014, 15, 213–217. [CrossRef]

43. Pizzo, B.; Pecoraro, E.; Alves, A.; Macchioni, N.; Rodrigues, J.C. Quantitative evaluation by attenuated total reflectance infrared
(ATR-FTIR) spectroscopy of the chemical composition of decayed wood preserved in waterlogged conditions. Talanta 2015, 131, 14–20.
[CrossRef] [PubMed]

44. Kilic, N.; KILIÇ, A.G. Analysis of Waterlogged Woods: Example of Yenikapi Shipwreck. Art-Sanat Derg. 2018, 9, 1–11.
45. Donato, D.I.; Lazzara, G.; Milioto, S. Thermogravimetric analysis- A tool to evaluate the ability of mixtures in consolidating

waterlogged archaeological woods. J. Therm. Anal. Calorim. 2010, 101, 1085–1091. [CrossRef]
46. Jakes, J.E.; Hunt, C.G.; Yelle, D.J.; Lorenz, L.; Hirth, K.; Gleber, S.C.; Vogt, S.; Grigsby, W.; Frihart, C.R. Synchrotron-based X-ray

fluorescence microscopy in conjunction with nanoindentation to study molecular-scale interactions of phenol-formaldehyde in
wood cell walls. ACS Appl. Mater. Interfaces 2015, 7, 6584–6589. [CrossRef]

47. Konnerth, J.; Gierlinger, N.; Keckes, J.; Gindl, W. Actual versus apparent within cell wall variability of nanoindentation results
from wood cell walls related to cellulose microfibril angle. J. Mater. Sci. 2009, 44, 4399–4406. [CrossRef]

48. Wagner, L.; Bader, T.K.; Eberhardsteiner, J.; de Borst, K. Consequences of Microbial Decay on Mechanical Properties of Wood Cell Walls.
In Proceedings of the Conference of the ASCE Engineering Mechanics Institute (EMI 2015), Stanford, CA, USA, 16–19 June 2015.

49. Chen, X. An Economic Globalizing, Regional Embedding, and State Scaling: A Comparative Analysis of the Pearl River Delta
and the Yangtze River Delta in China. In The Regional and Local Shaping of World Society; Zurich: New Brunswick, NJ, USA, 2007;
pp. 79–80.

50. Chen, X.; Yuan, Y.; Pan, B.; Zhang, N. Timber species identification and analysis of an ancient ship from Banjing river in Taicang.
Sci. Conserv. Archaeol. 2019, 31, 75–84. (In Chinese)

51. GB/T 1931 (2009); Wood Moisture Content Measuring Method—Wood-Determination of Moisture Content for Physical and
Mechanical Test. Standardization Administration of China: Beijing, China, 2009.

52. Segal, L.; Creely, J.J.; Martin Jr, A.E.; Conrad, C.M. An empirical method for estimating the degree of crystallinity of native
cellulose using the X-ray diffractometer. Text. Res. J. 1959, 29, 786–794. [CrossRef]

53. Meng, Y.; Wang, S.; Cai, Z.; Young, T.M.; Du, G.; Li, Y. A novel sample preparation method to avoid influence of embedding
medium during nanoindentation. Appl. Phys. A 2013, 110, 361–369. [CrossRef]

54. Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load and displacement
sensing indentation experiments. J. Mater. Res. 1992, 7, 1564–1583. [CrossRef]

55. Xu, Y.; Wu, D.; Li, D. Wooden testing of ancient boat from Yuan Dynasty found in Nantong. J. Fujian Coll. For. 1995, 15, 87–90.
(In Chinese)

56. Popescu, C.; Vasile, C.; Popescu, M.; Singurel, G.; Popa, V.I.; Munteanu, B.S. Analytical methods for lignin characterization. II.
Spectroscopic studies. Cellul. Chem. Technol. 2006, 40, 597–622.

57. Yang, L.; Wu, Y.; Yang, F.; Wang, W. Study on the preparation process and performance of a conductive, flexible, and transparent
wood. J. Mater. Res. Technol. 2021, 15, 5396–5404. [CrossRef]

58. Wu, Y.; Zheng, Y.; Yang, F.; Yang, L. Preparation process and characterization of mechanical properties of twisted bamboo spun
fiber bundles. J. Mater. Res. Technol. 2021, 14, 2131–2139. [CrossRef]

59. Xiong, X.Q.; Bao, Y.L.; Liu, H.; Zhu, Q.; Lu, R.; Miyakoshi, T. Study on mechanical and electrical properties of cellulose
nanofibrils/graphene-modified natural rubber. Mater. Chem. Phys. 2019, 223, 535–541. [CrossRef]

http://doi.org/10.3389/fchem.2020.00032
http://doi.org/10.1007/s10973-012-2528-7
http://doi.org/10.1038/s41598-019-46366-7
http://doi.org/10.1371/journal.pone.0225111
http://www.ncbi.nlm.nih.gov/pubmed/31730652
http://doi.org/10.1002/masy.200650604
http://doi.org/10.1016/j.ibiod.2022.105390
http://doi.org/10.1016/j.culher.2018.01.009
http://doi.org/10.1016/j.culher.2013.02.003
http://doi.org/10.1016/j.talanta.2014.07.062
http://www.ncbi.nlm.nih.gov/pubmed/25281067
http://doi.org/10.1007/s10973-010-0717-9
http://doi.org/10.1021/am5087598
http://doi.org/10.1007/s10853-009-3665-7
http://doi.org/10.1177/004051755902901003
http://doi.org/10.1007/s00339-012-7123-z
http://doi.org/10.1557/JMR.1992.1564
http://doi.org/10.1016/j.jmrt.2021.11.021
http://doi.org/10.1016/j.jmrt.2021.07.080
http://doi.org/10.1016/j.matchemphys.2018.11.041


Materials 2023, 16, 104 11 of 11

60. Zhao, Z.; Wu, D.; Huang, C.; Zhang, M.; Umemura, K.; Yong, Q. Utilization of enzymatic hydrolysate from corn stover as a
precursor to synthesize an eco-friendly adhesive for plywood II: Investigation of appropriate manufacturing conditions, curing
behavior, and adhesion mechanism. J. Wood Sci. 2020, 66, 1–10. [CrossRef]

61. Zhao, Z.; Huang, C.; Wu, D.; Chen, Z.; Zhu, N.; Gui, C.; Yong, Q. Utilization of enzymatic hydrolysate from corn stover as a
precursor to synthesize an eco-friendly plywood adhesive. Ind. Crops Prod. 2020, 152, 112501. [CrossRef]

62. Wu, X.; Yang, F.; Gan, J.; Zhao, W.; Wu, Y. A flower-like waterborne coating with self-cleaning, self-repairing properties for
superhydrophobic applications. J. Mater. Res. Technol. 2021, 14, 1820–1829.

63. Yan, X.; Chang, Y. Investigation of waterborne thermochromic topcoat film with color-changing microcapsules on Chinese fir
surface. Prog. Org. Coat. 2019, 136, 105262. [CrossRef]

64. Zhao, C.; Zhang, X.; Liu, L.; Yu, Y.; Zheng, W.; Song, P. Probing chemical changes in holocellulose and lignin of timbers in ancient
buildings. Polymers 2019, 11, 809. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1186/s10086-020-01933-9
http://doi.org/10.1016/j.indcrop.2020.112501
http://doi.org/10.1016/j.porgcoat.2019.105262
http://www.ncbi.nlm.nih.gov/pubmed/31064079

	Introduction 
	Materials and Methods 
	Materials 
	Microscopic Identification 
	X-ray Diffraction 
	Chemical Structure Analysis 
	Quasi-Static Nanoindentation Test 
	Morphological Characteristics 

	Results 
	Microscopic Identification 
	X-ray Diffraction 
	Chemical Structure Analysis Using FTIR Spectroscopy 
	Nanoindentation Test 
	Morphology 

	Conclusions 
	References

