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Abstract: The Huaguangjiao I is an ancient Chinese wooden shipwreck from the South Song Dynasty
(AD 1127–1279) discovered in the South China Sea in 1996. The first phase of its conservation,
desalination and desulfurization, was completed in 2016. In this paper, three archaeological wood
samples exhibiting different degrees of deterioration from Huaguangjiao No. 1 were consolidated
with PEG-4000 and dehydrated via freeze drying and supercritical CO2 drying methods. The di-
mensional stability, hygroscopicity, Fourier transform infrared spectroscopy (FTIR), and scanning
electron microscopy (SEM) were used to evaluate the effects of consolidation and dehydration. The
results showed that PEG4000 was an efficient consolidation material that also effectively decreased
shrinkage during dehydration. Furthermore, both vacuum-freeze and supercritical CO2 drying were
efficient methods for treating waterlogged archaeological wood. After PEG4000 impregnation, the
shrinkage percentage of the waterlogged archaeological wood became slightly lower than sound
wood. The moisture absorption of the experimental specimens ranged within 3.35%–4.53%, and
they comprised 50% sound wood, resulting in a marked improvement in dimensional stability.
FTIR spectra indicated that impregnation improved wood dimensional stability by reducing hy-
drophilic groups. These results show that this method can effectively treat waterlogged wood for
preservation purposes.

Keywords: dehydration; consolidation; ancient wood; shipwreck; supercritical CO2 drying;
vacuum-freeze drying

1. Introduction

Wood is one of the earliest natural materials used by human beings and has been
integral to the development of human civilization [1–4]. Ancient wood residues found
in soil or water, known as “waterlogged wood”, are important historical materials that
represent an significant resource for studying human civilization and culture, serving as
chief clues for characterizing the interactions between materials and the environment [5,6].
Waterlogged wood makes up an important part of ancient shipwreck finds, of which more
than 50 have been found in China and are of great historical significance to Chinese mar-
itime culture [7,8], most of them made soft wood. Among them, the shipwreck named
Huaguangjiao No. 1, dating from the Southern Song Dynasty (AD 1127–1279), was discov-
ered in 1996 near Huaguang Reef in the Xisha Islands, South China Sea. This shipwreck
has proven to be an important source for the study of China’s maritime Silk Road during
the Southern Song Dynasty [9,10]. In 2008, an archaeological excavation of the underwater
site of the ancient ship “Huaguangjiao I” was carried out, and 511 pieces of the wooden

Forests 2022, 13, 1919. https://doi.org/10.3390/f13111919 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f13111919
https://doi.org/10.3390/f13111919
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0003-0300-5715
https://doi.org/10.3390/f13111919
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13111919?type=check_update&version=2


Forests 2022, 13, 1919 2 of 12

ship were successfully retrieved. The first conservation phase of this ancient shipwreck,
involving desalination and desulfurization, was completed in 2016, and the next step will
be dehydration, reinforcement, and restoration.

In underground or underwater environments, wood can be preserved for thousands
of years in a saturated state. However, wood is susceptible to invasion by degrading
microorganisms even under anaerobic conditions, which decompose carbohydrates such
as cellulose and hemicellulose and compromise the physical and mechanical properties
of the wood [11]. Compared with sound wood, degraded wood is structurally fragile and
can exhibit irreversible deformations or cracking during conservation treatments, mainly
because the mechanical strength of degraded cell walls is much weaker than the capillary
force of evaporating moisture [12–14]. Therefore, consolidation is essential for strength-
ening deteriorated wood [15]. Generally, the compatibility of the chosen consolidation
agent with the wood is extremely important; its composition should not have side effects
that alter the properties of the wooden object [6]. Many varieties of additives have been
utilized to enhance the wood structures and avoid shrinkage or deformation, including
polyethylene glycol [16], polyalkylene glycol [17], grease, polymeric reagents, natural com-
posites [18], and sugars [6,19]. Even though many different consolidation agents have been
tested, only a few have been adopted in practice for conservation [20]. Polyethylene glycol
(PEG) is inexpensive, non-toxic, user-friendly, and effective at improving dimensional
stability, so it has been widely applied in conservation cases, including the Vasa war-
ship [21], Mary Rose [22], and Bremen Cog [23], in addition to numerous other waterlogged
wooden objects.

Drying (dehydration) is necessary for the preservation of waterlogged archaeological
wood because the presence of water will accelerate the deterioration of the wood and affect
its dimensional stability [24]. Compared to sound wood, degradation-related chemical
and physical changes in ancient wood cell walls weaken the cells, and degraded cell walls
tend to collapse due to capillary forces and the high surface tension of evaporating water,
which leads to further deterioration of the wooden structure [14]. Furthermore, water-
logged archaeological wood not only requires drying but also the addition of appropriate
reinforcing or protective agents to ensure the strength and dimensional stability of the
wood cell walls. Therefore, specialized drying methods are usually applied to waterlogged
wood, such as air drying, freeze drying [25], and super-critical CO2 drying [26–29]. Air
drying involves drying at room temperature, wherein the moisture evaporation rate can
be adjusted by controlling the air humidity; this is a slow-drying method. Freeze drying,
also known as sublimation drying, is a drying process in which wood is frozen to convert
water into ice, and then, the ice is sublimated into vapor under a higher vacuum. The
process of sublimating water directly into steam prevents the surface tension of water from
affecting the wood dimension. Supercritical CO2 (SuCO2) fluid has a lower supercritical
temperature (31.1 ◦C) and supercritical pressure (7.38 MPa); it has excellent solubility and
heat transfer characteristics and other good properties, such as availability, non-toxicity,
non-flammability, high recovery rate, and strong process selectivity. Freeze drying and
supercritical CO2 drying are two common fast-drying methods for waterlogged archaeo-
logical wood [30], which provide both calculable logistics and economic advantages while
also decreasing the dangers associated with bacterial and fungal growth.

To identify the optimal combination of PEG4000 as a consolidation agent and dehy-
dration methods for wood of the Huaguangjiao No. 1, this study tested the protective
effects of hypothetical dehydration and drying methods on archaeological wood from the
Huaguangjiao No. 1. Tested properties included moisture absorption, dimensional stability,
and mechanical characteristics. The results presented here provide an important reference
for the formulation of a secondary protection plan for the wood of the Huaguangjiao No. 1.
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2. Materials and Methods
2.1. Materials

Wood species of the “Huaguangjiao I” ancient shipwreck were identified as Chines
white pine (Pinus armandii), Scots pine (Pinus sylvestris), Chinese cypress (Cupressus ducloux-
iana), Chinese fir (Cunninghamia R. Br), and cinnamon wood (Cinnamomum trew). In this
paper, Scots pine (Pinus sylvestris) wood samples with varying degrees of deterioration
were extracted from 3 of the 511 plates (length > 5 m, width > 35 cm) obtained from Hainan
museum. These plates were water-saturated, with sizes between 5.5 cm and 16.8 cm,
with brown and black coloration. The maximum moisture, basic density, acid-insoluble
lignin content, and holocellulose content were measured according to the Chinese national
standards GB/T1931-2009 [31], GB/T1933-2009 [32], and GB/T2677.6-94 [33] (Table 1). All
three sample had maximum moisture values greater than 400%, indicating severe degrada-
tion [34]. The samples had a soft texture similar to chocolate, which allowed them to be
cut with a microtome knife. For the consolidation and dehydration tests, 10 test specimens
20 mm × 20 mm × 30 mm in size were prepared from each sample.

Table 1. Maximum moisture, basic density, acid-insoluble lignin content, and holocellulose content
of three wood samples.

Wood Samples Maximum
Moisture (%)

Basic Density
(g/cm3)

Acid-Insoluble
Lignin (%)

Holocellulose
(%)

1# 514.64 (40.81) 1 0.171 (0.007) 59.76 (2.78) 40.67 (1.67)
2# 742.89 (40.55) 0.153 (0.006) 61.45 (1.93) 39.60 (1.09)
3# 1146.45 (70.26) 0.142 (0.005) 62.98 (1.82) 36.60 (1.05)

1 The data present average values of seven samples (standard deviations in brackets).

2.2. PEG-4000 Impregnation

The 10 specimens from each sample (total 30) were immersed in 70% ethanol for one
week, then transferred into 96% ethanol for one week, reducing their moisture contents
from their initial levels to 73%–104% (measured as the reduction in ethanol concentration).
Subsequently, the specimens were immersed into 20% PEG4000 in a chamber at 60 ◦C. The
concentration of PEG4000 was increased by 5% every 48 h until full saturation, and the
dehydration experiment was carried out after 14 days of impregnation.

2.3. Drying Process

Immediately after impregnation, the prepared wood specimens were divided into two
groups for vacuum freeze-drying (FD) (five specimens from each sample) and supercritical
CO2-drying (SCD) tests (five specimens from each sample).

The freeze dryer for the vacuum-freeze-drying experiment was the LGJ-10C (Beijing
Sihuan Science Instrument Factory Co., Ltd., Beijing, China), the inner diameter of the
sealing hood was 200 mm, and the diameter of freezing tray was 180 mm. The specimens
were dried at −50 ◦C for 12 h and then placed in a freeze dryer at 40 ◦C and 30 Pa. During
freeze drying, the water in the specimens can sublimate directly from a solid state to a
gaseous state, eliminating any capillary action.

The supercritical CO2-drying system used in this experiment was the DY221-50-06,
which was produced by Nantong HuaAn Supercritical Fluid Extraction Co., Ltd. (Nantong,
China). Its structure consists of three parts: a circulating pump, drying adsorption container,
CO2 bottle, and drying containers (5 L and 2 L), as shown in Figure 1. The PEG4000-
impregnated specimens were placed in the drying container and sealed. Liquid CO2 was
pumped into the drying container, then the pressure and temperature were increased to
30 MPa and 40 ◦C for 30 min, saturating the sample with liquid CO2 before slowly reducing
the pressure to the ambient pressure. As the pressure was reduced, the supercritical CO2
was converted into gas, which carried water with it, removing it from the specimen.
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Figure 1. Supercritical CO2 drying system.

After drying by the two methods, all specimens were placed in an oven at 50 ◦C and
40% relative humidity to adjust the moisture until reaching equilibrium and weighed.

2.4. Weight Percentage Gain (WPG)

The WPG is calculated from the initial weight and moisture content of the specimen
and the mass after PEG4000 impregnation and dehydration, according to Equation (1), as
given below:

WPG =
ww − w0/(MC − 1)

w0/(MC − 1)
× 100% (1)

where w0 is the initial weight of the specimen (g) before impregnation; MC is the maximum
moisture from Table 1; and ww is the weight of the specimen (g) after PEG4000 impregnation
and dehydration.

2.5. Shrinkage Percentage (SP)

Wood shrinks when drying and swells as it is absorbing water. When the mois-
ture content of wood is below the fiber saturation point, the water mainly exists in
the form of combined water, which is an important factor affecting the wood dimen-
sional. PEG impregnation can effectively reduce shrinkage and prevent cracking dur-
ing wood drying. The shrinkage percentage is determined based on the dimensions in
three directions before and after consolidation and drying according to Equation (2), as
shown below:

SP =
la − lb

la
× 100% (2)

where la and lb are the tangential (mm), radial (mm), or longitudinal (mm) dimensions or
the volume (mm3), before and after treatment, respectively.

2.6. Estimation of Wood Dimensional Stability

The estimations of wood dimensional stability were based on swelling tests, which
were implemented in accordance with GB/T standards 1931–2009. All the immersed and
dehydrated specimens were stored at 20 ◦C with 65% humidity until the moisture content
of the specimen reached equilibrium. The swelling coefficient was determined based on
the dimensions of specimens before and after conditioning, according to Equation (3) given
below:

a =
lw − l0

l0
× 100% (3)

where a is the swelling coefficient in the tangential (mm), radial (mm), or longitudinal (mm)
directions or for the volume (mm3). l0 is the dimension of specimen before conditioning; lw
is the dimension after consolidation and dehydration.
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2.7. Moisture Absorption (MA)

The MA values are determined using the weight of specimens before and after
conditioning according to the GB/T 1931–2009 criterions, which is calculated via
Equation (4):

MA =
wa − wb

wb
× 100% (4)

where wb (wa) is the specimen weight before (after) conditioning in the climate chamber (g).

2.8. Morphological Characteristic

Morphological observations were performed using a scanning electron microscope
(SEM) manufactured by Hitachi S-3400N II, Tokyo, Japan, to evaluate the changes in the
microscopic shape and physical structure of the specimens before and after consolidation
and dehydration.

2.9. Chemical Structure Analysis Using FTIR Spectroscopy

To illustrate the changes in the chemical structure of degraded and impregnated wood,
samples of sound wood of Scots pine (Pinus sylvestris), untreated archaeological wood,
and PEG 4000-impregnated wood were ground and sieved through an 80-mesh for FTIR
investigation. The prepared specimens were collected by direct transmittance using a
standard FTIR spectrometer (Tensor 27, Bruker, Germany) through 32 scans at a resolution
of 4 cm−1 ranging from 700 to 4000 cm−1.

2.10. Statistical Analyses

Consolidation and dehydration effects on waterlogged archaeological wood were
investigated based on shrinkage percentage, swelling tests, and moisture absorption. These
data were analyzed using two-way ANOVA in the SPSS software (IBM Corporation, IBM
SPSS Statistics for Windows, v.25, Armonk, NY, USA) with the probability level set at
0.05. Homogeneity of variance was analyzed using the Levene test, and normality of
data was determined using the Shapiro–Wilk test. Fisher’s protected least-significant-
difference (LSD) test was used to check for significant differences among treatment means
with α = 0.05.

3. Results and Discussions
3.1. Weight Percentage Gain (WPG) and Shrinkage Percentage (SP)

WPG is based on the net weight gain of the waterlogged archaeological wood after
PEG4000 impregnation, which depends on the permeability of the PEG4000 solution into
the wood. Figure 2 presents the results of WPG after consolidation and dehydration. After
comparisons of archaeological wood in different deterioration states, the most deteriorated
sample (3#) had the largest WPG value (255%–278%), while the WPG of the specimens from
the least deteriorated wood sample (1#) was only 107.79%–109.33%. This indicated that
while the degradation of cellulose and hemicellulose weakened the cell wall strengths, it
also improved the permeability, resulting a better accessibility of the cell walls for PEG4000.
Comparing with specimens from FD and SCD groups, dehydration had no significant effect
on effect on the weight percentage gain.

Shrinkage is a characteristic of the wood-drying process, whether for sound wood or
waterlogged archaeological wood. Wood is an anisotropic material and exhibits different
shrinkage percentages in the tangential, radial, and longitudinal directions. According
to data from the wood database, the shrinkage percentage of Scots pine in the tangential
and radial directions is 8.3% and 5.2%, respectively, and 13.6% in volume, with a tangen-
tial/radial shrinkage rate ratio of 1.6. The observed shrinkage percentages of specimens are
shown in Figure 3, and after consolidation and dehydration, the shrinkage in the tangential
direction was 4.86%–6.21%, in the radial direction was 1.87%–4.16%, and in volume was
7.49%–11.42%, with a tangential/radial shrinkage rate ratio of 1.4–2.6. This revealed that
PEG4000 effectively prevented shrinkage of cell walls during drying, resulting in smaller
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shrinkage rates in waterlogged archaeological wood than in sound wood. By comparing
among the shrinkage ratios of the specimens after treatment by two different dehydration
methods, the shrinkage ratio of the specimens treated with vacuum freeze drying was
slightly smaller, which may have been because the specimens slightly expanded after
12 h at −50 ◦C, and their volume decreased very little after sublimation of the solid water.
Shrinkage of specimens from samples 2# and 3# was greater than that of specimens from
sample 1#, illustrating that specimens with higher degrees of deterioration had higher
shrinkage percentages due to their weakened cell walls.

Figure 2. Weight percentage gain of specimens from different samples.

Figure 3. Shrinkage percentage of specimens from different samples.

According to statistical analysis results in Table 2, dehydration method did not sig-
nificantly affect the shrinkage percentage of the specimens. However, after dehydration,
specimens from vacuum freeze drying exhibited slightly less shrinkage. Degree of degrada-
tion significantly affected shrinkage in all three directions as well as WPG. Specimens with
higher degradation had weaker cell walls, experienced more shrinkage, and took up more
PEG4000. The interaction between degradation degree and dehydration method did not
significantly affect specimens’ shrinkage, with p-values of 0.090–0.931, but did significantly
affect WPG.
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Table 2. Consolidation and dehydration effects on shrinkage percentage and WPG.

Consolidation and Dehydration Effects
Shrinkage Percentage

WPG
Tangential (%) Radial (%) Longitudinal (%) Volume (%)

Degradation degree
1# 5.08 b 2.20 b 0.69 b 7.81 c 108.61 c

2# 4.97 b 3.09 a 1.30 a 9.11 b 166.39 b

3# 6.10 a 3.58 a 1.23 a 10.57 a 266.50 a

Dehydration method
FD 5.25 a 2.78 a 1.00 a 8.80 b 177.46 a

SCD 5.52 a 3.14 a 1.15 a 9.52 a 183.54 a

p-values
Degradation degree <0.0001 0.012 0.027 <0.0001 <0.0001

Dehydration method 0.215 0.315 0.426 0.048 0.071
Degradation degree × dehydration

method 0.931 0.090 0.155 0.110 0.003

Note: p-values indicate significance of influencing factors. The smaller the p-value, the higher the significance.
When the p-value is less than 0.05, the influencing factor is considered significant, and when the p-value is greater
than 0.05, it is not significant. The same small superscript letters (a,b,c) within a group are not significantly different
based on Fisher’s Protected LSD test at the 0.05 significance level.

3.2. Estimation of Wood Dimensional Stability and Moisture Absorption (MA)

Dimensional stability is an important factor for wooden relics since changes in dimen-
sions will lead to deformation or cracking, affecting their preservation and exhibition [35].
The swelling coefficients of specimens from the three wood samples with different degrees
of degradation are presented in Figure 4. The swelling coefficients for volume reflect the
volumetric swelling (3.71%–5.24%), which was much higher than the swelling coefficients
in the tangential, radial, and longitudinal directions. Similarly, the sound wood swelling
coefficient in the longitudinal direction (0.43%–1.16%) was much smaller than those in
the tangential (1.70%–2.73%) and radial (0.92%–2.06%) directions. Among the swelling
coefficients of specimens from different wood samples, the values from sample 3# were
higher than those from samples 1# and 2#. There were no significant differences in the
swelling coefficients between the two different dehydration methods.

Figure 4. Swelling coefficients of specimens from different samples.

Both wood and PEG4000 have absorbent characteristics and absorb moisture in wet
conditions, resulting in volume expansion, especially when the wood has not yet reached
its fiber saturation point. Under conditions of 50 ◦C and RH = 40%, the equilibrium mois-
ture content (EMC) of sound wood is about 6.6%, and the EMC of sound wood under
20 ◦C and RH = 65% is about 11% depending on wood species, sapwood or heartwood,



Forests 2022, 13, 1919 8 of 12

tree age, and so on. The moisture absorption values of specimens from different samples
can be found in Figure 5. All values ranged only between 3.35% and 4.53%, which were
similar with sound wood moisture absorption and were smaller than untreated water-
logged archaeological wood [30]. This indicated that water absorption by the hydrophilic
components was restricted when the degraded wood was impregnated with PEG4000.
Clearly, PEG4000 impregnation significantly reduced wood MA and thus enhanced wood
dimensional stability.

Figure 5. Moisture absorption of specimens from different samples.

According to the experimental results presented in Table 3, the dehydration method
did not significantly affect either dimensional stability or moisture absorption of specimens,
with p-values between 0.237 and 0.900. The degree of degradation had a significant effect
on shrinkage only in the radial and longitudinal directions and in volume, with p-values of
0.001, 0.027, and 0.049. Degradation degree had no significant effect on dimensional stability
in the tangential direction or on moisture absorption. The influence of the interaction
between degradation degree and dehydration method did not significantly affect specimens’
dimensional stability or moisture absorption, with p-values 0.035–0.487.

Table 3. Consolidation and dehydration effects on wood dimensional stability and moisture absorp-
tion.

Consolidation and Dehydration Effects
Wood Dimensional Stability

MA
Tangential (%) Radial (%) Longitudinal (%) Volume (%)

Degradation degree
1# 2.41 a 1.03 b 0.53 b 4.02 a 3.94 a

2# 2.09 a 1.71 a 1.01 a 4.89 a 4.22 a

3# 2.22 a 1.82 a 0.99 a 5.11 a 3.47 a

Dehydration method
FD 2.37 a 1.47 a 0.79 a 4.70 a 3.64 a

SCD 3.11 a 1.57 a 0.90 a 4.65 a 4.12 a

p values
Degradation degree 0.489 0.001 0.027 0.049 0.315

Dehydration method 0.237 0.529 0.426 0.900 0.246
Degradation degree × dehydration

method 0.035 0.245 0.155 0.318 0.478

Note: p-values indicate significance of influencing factors. The smaller the p-value, the higher the significance.
When the p-value is less than 0.05, the influencing factor is considered significant, and when the p-value is greater
than 0.05, it is not significant. The same small superscript letters (a,b) within a group are not significantly different
based on Fisher’s Protected LSD test at the 0.05 significance level.

3.3. FTIR Spectroscopy

Figure 6 presents the FTIR spectra of sound wood, sample 3# wood, and a wood
specimen immersed in PEG4000. Compared to the spectrum of sound wood, the spec-
trum of the sample 3# wood had clear differences. There were elevated peaks at around
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1730 cm−1 related to the C=O tensile vibration of xylan and around 1370 cm−1 related to
CH deformation (symmetric) in carbo-hydrates, but the peaks belonging to the stretching
vibration of the carbon-oxygen double bond of xylan acetyl group (CH3C=O) were tiny
or absent, indicating that the cellulose and hemicellulose contents in the waterlogged
archaeological wood samples were low [36–38]. In contrast, the peaks at 1598 cm−1 corre-
sponding to C=C stretching of the aromatic ring (lignin) [39] were slightly elevated in the
deteriorated wood, while the peaks around 1510 cm−1 were not much different, indicating
that the content of lignin in the ancient wood had increased [40], which meant that the
lignin had only slightly degraded during the deterioration process, which was consistent
with previous findings [34,41–43]. In the spectra of the PEG4000 immersed wood, the band
at 3400 cm−1 corresponding to the stretching vibration of hydroxyl (-OH) [44–48] decreased
notably; these groups are related to the hydrophilic chemical composition and may be why
the dimensional stability was improved.

Figure 6. FTIR spectra of the specimens immersed in PEG4000 and those un-impregnated.

3.4. Morphology

SEM micrographs of the specimens in the untreated and impregnated groups are
presented in Figure 7. PEG4000 was found to be fully integrated throughout the spec-
imen structure. It was evident that thick PEG4000 had attached to the tracheid walls
of the specimens, preventing MA in the conditions in which the archaeological wood
was placed, which improved its dimensional stability. PEG4000 could, therefore, reduce
MA when it covered intrinsic layers of archaeological wood, thereby enhancing wood
dimensional stability.

Figure 7. SEM micrographs of the un-impregnated group (left) and the PEG4000 impregnated group
(center and right).
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4. Conclusions

PEG4000 solution impregnation treatment effectively enhanced the stability of water-
logged archaeological wood and reduced wood shrinkage during dehydration. Under the
protection of PEG4000, vacuum freeze drying and supercritical CO2 drying both proceeded
rapidly and were effective dehydration methods for waterlogged archaeological wood. The
shrinkage of ancient wood during dehydration was slightly less than that of sound wood.
PEG impregnation reduced water absorption in ancient wood to only 3.35 to 4.53%. Under
the conditions of 20 ◦C and RH = 65%, ancient wood absorbed moisture, with a much larger
swelling coefficient in the tangential direction than in the radial and longitudinal directions.
The degree of deterioration significantly influenced the shrinkage, swelling, and moisture
absorption of ancient wood. The FTIR analysis showed that PEG4000 impregnation signifi-
cantly reduced the hydrophilic groups in ancient wood, which was an important factor in
reducing water absorbance and improving stability. SEM images showed that the PEG4000
solution in ancient wood had good accessibility of the cell walls and was uniformly at-
tached throughout the tracheid walls. Therefore, PEG4000 is an effective consolidation and
dehydration pre-treatment material for waterlogged archaeological wood.
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