








Executive Summary

This study was undertaken to evaluate the physical effects of drying waterlogged
archaeological wood using supercritical carbon dioxide as compared to air drying and the
popular polyethylene glycol (PEG)/freeze drying method. Previous studies have shown
supercritical drying to be a potentially advantageous alternative to current methods of
drying waterlogged wood through reduced processing time, minimal shrinkage, and
increased success for reversibility.

Samples in the form of blocks and planks of a few centimeters in size were prepared from
two archaeological waterlogged wood sources and grouped into three treatment sets: one
for air drying, one for PEG/freeze drying, and the other for supercritical drying.
Supercritical drying was carried out by replacing water in the wood with methanol, and
then removing the methanol in a 250 ml chamber containing supercritical carbon dioxide.
Shrinkage was tracked by measuring pins inserted in the samples before and after
treatment and by 3D measurement via laser scanning. The scanning allowed a more
accurate measure of shrinkage through total volume determinations and 3D distortion
comparisons.

Subsamples were taken from randomly selected samples for characterization and
treatment. Analyses were carried out to determine the degradation state of the wood prior
to treatment. These analyses included density and maximum water content
measurements, and the identification and quantification of foreign inclusions in the wood,
such as iron corrosion products. The subsamples were examined using low-pressure
scanning electron microscopy before and after treatment to determine their state of
preservation and the microscopic effects of the imposed treatments.

The wood sources were found to vary in degree of degradation, but all were classified as
moderately to highly degraded. Elevated levels of sulfur and ash and very small amounts
of iron were found in the subsamples. Overall, PEG/freeze drying gave the best treatment
results with virtually no collapse of the wood cell structure and the least amount of
shrinkage. Air drying did not produce acceptable shrinkage results. Supercritical drying
gave shrinkage results close to the estimated expected shrinkage, but cracking occurred
on sets of samples from one of the wood sources. Cracking of these wood source samples
also occurred in the air-dried set.



2. Background

Waterlogged archaeological wood is susceptible to major structural collapse and
distortion during drying, due to the capillary stress imposed on the cells by liquid surface
tension. Current methods used by conservators including slow air drying, liquid solvent
replacement, bulking and impregnation, and freeze drying, seek to overcome or minimize
capillary stress on wood during drying. Slow air drying and liquid solvent replacement
treatments usually result in unacceptable distortion or cracking of the wood. Bulking and
impregnation treatments involve diffusing inert materials, such as PEG, into the wood to
strengthen or support the cell walls against capillary stress. The rate-limiting step in these
treatments is the diffusion of the bulking or impregnation agents into the wood, which
may take anywhere from a couple of months to multiple years. Freeze drying avoids
capillary stress altogether by eliminating the liquid; however, a cryoprotectant, such as
PEG, is needed to prevent damage to the cells during freezing. Consequently, this method
suffers from the same long treatment times as bulking and impregnation.

Current methods for drying waterlogged archaeological wood are often time-consuming,
unpredictable, expensive, and basically irreversible. For decades, conservators and
scientists have been exploring alternative treatment methods in search of a solution to the
above-stated problems. On such a mission, Barry Kaye and David Cole-Hamilton of the
University of St. Andrews developed the technique of drying waterlogged wood using
supercritical fluid (Kaye and Cole-Hamilton, 1994).

By compressing a gas or liquid at elevated temperatures, one can create a supercritical
fluid. The latter is basically a cross between a liquid and a gas, possessing certain
properties of both, including zero surface tension. Kaye and Cole-Hamilton found that by
employing supercritical carbon dioxide (sc-CO,) fluid to treat waterlogged archaeological
wood, drying times could be shortened by a factor of almost 10 and capillary stress
problems could be circumvented.

The treatment Kaye and Cole-Hamilton developed is based on solvent replacement. The
first step in their treatment involved replacing the water, which is immiscible with
supercritical carbon dioxide, with methanol. Above 50°C, methanol is totally miscible
with sc-CO, within a certain pressure range. The methanol-soaked artifacts were then
placed in a chamber and exposed to flowing sc-CO, to remove the methanol and dry the
object. After the solvent replacement step, the drying process usually took a matter of
days to complete (Kaye, Cole-Hamilton and Morphet, 2000).

Using this technique, Kaye and Cole-Hamilton treated over 100 waterlogged
archaeological samples and artifacts. They concluded that the treated artifacts exhibited
minimal shrinkage and were resilient and environmentally stable. In addition, the treated
artifacts had an aesthetically appropriate natural appearance, as their treatments did not
add bulking and impregnation agents to the wood (Kaye, Cole-Hamilton and Morphet,
2000). By excluding these agents, supercritical drying is virtually reversible. Teshirogi et
al. (2002) furthered the pioneering work of Kaye and Cole-Hamilton by publishing the
shrinkage results of wood samples treated using the supercritical method. They also
developed a mathematical diffusion model for the supercritical drying process.






























(24DX48, Vitris, Inc.) at -28 to -31°C and around 23 millitor to complete the freeze
drying process.

The samples and subsamples were periodically weighed during freeze drying to
determine the treatment endpoint. This was done by releasing the vacuum on the freeze
dryer and taking each sample/subsample out of the freeze dryer, one at a time, to weigh.
The temperature of the freeze-dry chamber was held at —20°C while weighing took place.
Care was taken not to let the wood thaw while weighing by keeping them out of the
freeze dryer for no more than 30 seconds each.

The masses of all samples and subsamples became constant after 33 hours of run time
(Figure 29, Appendix II). At this point, the freeze dryer was turned off and the wood in
the freeze-dry chamber allowed to equilibrate to the ambient lab temperature and a
relative humidity (RH) of 50% +10% for 72 hours before measuring the pins for
shrinkage.

5.3. Sample measurement

Shrinkage was tracked by taking pin measurements and by 3D scanning the samples. The
former is a method commonly used in studies pertaining to the evaluation of shrinkage in
waterlogged archaeological wood and was used to track radial and tangential shrinkage
between certain points on a wood sample. 3D scanning is a technique introduced for use
in this study and was successful in accurately tracking distortion in all directions and
evaluating total volume of the samples in both their wet and dry (treated) states.

Pin measurement

Shrinkage was tracked by inserting sewing pins in the faces of the samples. Two sets of
pins were inserted in the faces of the block samples. Each set tracked either radial (r) or
tangential shrinkage (Bt). One set of pins was inserted into one end of each of the planks
to measure radial shrinkage. Tangential shrinkage of the planks could not be measured
due to their limited thickness. The pin sets were placed in the same faces and areas in all
sample sets.

Measurements were carried out using digital calipers with a manufacturer specified
accuracy of 0.02 mm. Precision was accounted for by having the same person take the
before and after treatment measurements of all samples. Additionally, three
measurements were taken for each set of pins before and after treatment, due to the fact
that the pins did move some during measurement. The maximum standard deviation of
the measurement sets was 0.16 mm. The averages of the measurement sets were used to
calculate shrinkage results using the following equation:

waterlogged dimension - treated dimension
waterlogged dimension

x100

shrinkage (%) =

Average percent shrinkage was calculated for the blocks and planks in each set of air-
dried samples. The average air-dried shrinkage values along with the shrinkage values for
each sample were used to determine the anti-shrink efficiency (ASE) of the treated
samples. ASE expresses a percentage of shrinkage that has been suppressed by a drying
treatment as compared to the shrinkage of untreated (air-dried) wood. ASE was
calculated using the following formula:
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