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Introduction
Unearthed archaeological wooden artifacts in southern China 

often contain a large amount of water. In most cases the artifacts are 
more or less decayed. To preserve them, most of the water has to be 
removed, and the structures must be enhanced with consolidants. 
Many materials have been applied with certain extent of success. 
Chen and Cui used sucrose as the primary consolidant for the 
conservation of painted woodwork [1]. The China Institute of 
cultural relics replaced the water in bamboo slips with alcohol and 
ether and consolidated them with mastic gum [2]. PEG is a common 
material for waterlogged wood conservation. Many tests and 
practices have been reported about its applications. Hocker, et al. [3] 
shared their fifty years’ experience of using PEG for conservation, 
PEG was thought to be reliable, repeatable, economical and 
convenient provided precautions were taken. Hoffmann found 
that the PEG-impregnated archaeological oak planks could be bent 
safely and quickly to greater deflections than would be necessary to 
re-shape the hull [4]. Morlat-Thérias, et al. carried out experiments  
on the durability of PEG and other polymers used in consolidation of  
wet archaeological wooden objects [5]. Babiński screened the PEG  

 
consolidate for the pretreatment of archaeological pine wood based 
on dimensional stability and hygroscopicity of the freeze-dried 
wood samples [6]. One author of this paper, Liu used PEG2000 as 
bulking and consolidating agent to treat an archaeological camphor 
tree excavated at the Homutu Ruins [7].

Although many consolidates have been found and used but 
searching for ideal consolidates is still on the way [8]. Considering 
the conservation ethics claim that every material used must be 
removable, the consolidates are usually dissolved in solutions 
before they diffuse or immigrate into the artifacts. There are a 
few researches focusing on the impregnation or soaking process. 
Kang et al investigated the penetration of PEG4000 and sucrose in 
four kinds of archaeological waterlogged woods which had been 
degraded to various degrees and quantified the deformations of 
the specimens [9]. The authors studied the mass transfer process of 
PEG impregnation with fragments, the influential factors including 
sample basic density, fiber orientation, PEG molecule weight, PEG 
solution concentration and temperature were investigated [10].
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Abstract 
Heated impregnation is a routine dealing operation for unearthed archaeological wooden artifacts. Most of the water can be 

replaced and the voids can be filled with stabilizing chemical agents by putting the artifacts in the solutions at elevated temperatures. 
The impregnation process usually lasts for days, even for months. Traditionally the concentration and temperature of the soaking 
solution are regulated manually, which leads to high labor intensity and low efficiency of impregnation. In this paper special 
equipment was developed for the heated impregnation of archaeological wood with polyethylene glycol (PEG). The temperature 
of the solution was controlled, and the weight was monitored to give hints for changing the PEG concentration. The solution in 
the soaking tank was periodically circulated to enhance the mass transfer. Numerical simulations were carried out for the flow in 
the tank and the diffusion of PEG in the artifact. Compared with static soaking, the periodical stirring could effectively reduce the 
impregnation time. The equipment was put into use for handling several archaeological wooden artifacts with PEG4000. Good 
results had been obtained. The shapes and appearances of the artifacts were well kept.
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During recent years infrastructures and buildings are being 
built at a large scale in China. Many archaeological artifacts were 
inevitably unearthed, including wooden artifacts. To conserve 
these artifacts safely becomes a heavy task due to limited staffs and 
resources. In Museum of Zhejiang Province, we used to impregnate 
wooden artifacts with static solutions whose concentrations were 
raised by natural evaporation. The handling of artifacts took a long 
time. In order to increase the efficiency of impregnation, special 
equipment was developed by the museum and Zhejiang University.

Impregnation equipment

As shown in Figure 1, the impregnation equipment mainly 
consisted of three tanks, one holding case, one chain block, two 
circulation pumps, some sensors and one electrical cabinet. The sizes 
of the water tank, solution tank and PEG were 280×129×100cm, 
245×100×70cm, 500×325×200mm respectively. PEG4000 made 
in Korea was used in the tests. Figure 2 shows the photo of the 

installed equipment. The woods were held in the holding case as 
shown in Figure 3. The holding case was moved up and down with 
the chain block. A weight sensor was installed on the holding rope. 
The PEG solution in the solution tank was circulated periodically 
with a pump. The solution temperature was indirectly controlled 
with the temperature of the water bath, which was sensed by 
PT100 installed on the water pipeline. The PEG concentration in the 
solution tank could be changed by addition of pure PEG from the 
PEG tank. The circulation of the solution dispersed the pure PEG. In 
order to avoid the damage of washing on the wooden objects, the 
solution velocity in the tank was designed to be less than 0.3m/s, on 
the other hand, the time ratio of circulation was limited not higher 
than 10%. The impregnation process was monitored by the weight 
sensor. For each stage of the process, the change of the weight 
value tended to drop gradually, to be almost zero finally. The above 
mentioned monitoring and control were realized with a S7-200 
programmable logical controller (PLC).

Figure 1: Schematic diagram of the impregnation equipment.

Figure 2: Photo of the impregnation equipment. Figure 3: : Woods in the holding case.
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Modeling of the impregnation process

For the impregnation process taken place in the new 
equipment, only the diffusion of PEG in the woods was considered. 
The diffusion coefficients of PEG4000 in woods were taken from 
our previous study as shown in Figure 4 [10]. The diffusion 
coefficients of PEG4000 in bulk aqueous solution were estimated 
with literature data, Flory-Huggins theory and free volume theory 
[11-13]. Figure 5 shows the dependence of diffusion coefficient on 
mass fraction of PEG4000 and temperature. Compared with the 
diffusion coefficient of PEG4000 in woods, the diffusion coefficient 

of PEG4000 in bulk solution is 2～3 orders of magnitude higher. 
The PEG solution in the solution tank was stirred periodically, thus 
it was assumed homogeneous. The mass transfer resistance on 
the soaking solution side was negligible compared with the mass 
transfer resistance in the wood. Constant concentration boundary 
was assumed on the surface of the object. For wooden objects with 
regular shape, e.g. flat plate, cylinder, the temporal and spatial 
concentration distribution and the average concentration in the 
object could be easily calculated with existed formulas [14]. For 
wooden objects with irregular shape, the modeling and simulation 
were done with COMSOL.

Figure 4: diffusion coefficients of PEG4000 in archaeological wooden samples.

Figure 5: Diffusion coefficients of PEG4000 in bulk solutions.

Figure 6: Impregnation process taken place in the old equipment.

The impregnation process taken place in the old equipment was 
also calculated for the aim of comparison. Since the elevation of PEG 
concentration was realized by evaporation, constant concentration 

boundary was assumed on the surface of the solution, as shown 
in Figure 6. The viscosities of PEG4000 solutions were high, thus 
the convection in the solution was neglected. Only diffusion was 
considered in the simulation.

Results and Discussion
The impregnation time might be estimated with the above 

models. Considering an impregnation protocol with three steps: 
1) 40 °C, 30% PEG; 2) 50 °C, 40% PEG; 3) 60 °C, 50%, each step 
ended when 0 1 0( ) / ( )c C C C− −  reached 80%, where c  was the 
average PEG concentration in the wood, C0 was the initial PEG 
concentration in the wood, C1 was the PEG concentration of the 
soaking solution. Figure 7 shows the time needed for each step 
for four cases: loose plate, loose cylinder, dense plate, and dense 
cylinder. As the thickness of the plate or the radius of the cylinder 
increases, the times needed for three steps increase almost at the 
same magnitude. As a brief approximation, the time increases 
linearly with the thickness or the radius. For artifacts with complex 
shape, numerical simulation was employed as a tool to estimate 
the impregnation time, and to justify the process. As an example, 
Figure 8 (a) ～(d) show the concentration distributions at different 
time nodes for one protocol A: 1) 30 °C, 20wt% PEG, lasting for 
two days; 2) 30 °C, 30wt% PEG, lasting for three days; 3) 40 °C, 
40wt% PEG, lasting for two days; 4) 50 °C, 50wt% PEG, lasting 
for 23 days. Figure 9 shows the average concentration change 
during the impregnation process. After 30 days of soaking the 
average PEG concentration in the wood reaches a high level, but 
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the concentration gradient is also high which may cause excessive 
stress and crack [9]. During most of the impregnation process, the 
concentration difference between the maximum and the minimum 
is greater than 30wt%. To reduce the risk of crack, another protocol 
B was simulated: 1) 30 °C, 20wt% PEG, lasting for 25 days; 2) 30 °C, 
30wt% PEG, lasting for 25 days; 3) 40 °C, 40wt% PEG, lasting for 25 

days; 4) 50 °C, 50wt% PEG, lasting for 25days. Figure 10 (a)～(d) 
show the concentration distributions at different time nodes for 
this protocol. After increasing the dealing time, the concentration 
difference between the maximum and the minimum could be kept 
under 20wt%.

Figure 7: The handling time for each step for four cases.

Figure 8: PEG concentration distributions at various time nodes for A protocol.
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Figure 9: Average PEG concentration vs. time.

 
Figure 10: PEG concentration distributions at various time nodes for B protocol.

To demonstrate the benefit that was brought by the new 
equipment, a brief calculation was made for the impregnation of 
a planar wooden sample with thickness of 50mm. In traditional 
equipment, the solution depth was assumed to be 100mm, e.g. 
a=50mm, b=100 in Figure 6. The impregnation protocol was as 
follows: 1) 30 °C, 20wt% PEG, lasting for five days; 2) 30℃, 30wt% 
PEG, lasting for five days; 3) 40 °C, 40wt% PEG, lasting for five 
days; 4) 50 °C, 50wt% PEG, lasting for 15 days. After 30 days of 
impregnation, the average PEG concentrations in the sample were 
respectively 17.6wt% and 19.8wt% for the traditional equipment 
and the new one. The impregnation time could be reduced by 

～10%. If ratio of the solution depth to sample thickness increased, 
the superiority of the new equipment would be more obvious. The 
other advantage of the new equipment was its weighing capacity, 
which could help to judge the end of impregnation. Figure 11 
shows the wooden artifacts before and after the impregnation. 
These artifacts were unearthed at Guangfulin, Shanghai. It can be 
noted that the wood shapes and grains were well kept after 120 
days of impregnation. The final concentration of the bulk solution 
was about 40%. The success operation of the new equipment was 
verified.
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Figure 11: Photos of the artifacts unearthed at Guangfulin, Shanghai.

Conclusion
The conservation of unearthed artifacts remains a heavy 

task in current China. An impregnation equipment with more 
automation measures was developed to handle waterlogged woods. 
Appropriate stirring was adopted to accelerate the impregnation 
process. The modeling of the mass transfer involved could make the 
impregnation protocol more reasonable. With the new equipment 
good results were obtained in the dealing of unearthed artifacts.
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