
EFFECTOF SUPERCRITICAL CARBONDIOXIDE TREATMENTONGAS
PERMEABILITY OF PAULOWNIA FORTUNEI HEARTWOOD

AND SAPWOOD

Huadong Xu
Associate Professor

College of Engineering and Technology
Northeast Forestry University

Harbin 150040, China
E-mail: huadongxu@yahoo.com

Hamid Reza Taghiyari
Associate Professor

Faculty of Materials Engineering and New Technologies
Wood Science and Technology Department
Shahid Rajaee Teacher Training University

Tehran, Iran
E-mail: htaghiyai@yahoo.com

Milo Clauson
Senior Faculty Research Assistant

E-mail: milo.clauson@oregonstate.edu

Michael R. Milota
Professor Emeritus

E-mail: mike.milota@oregonstate.edu

Jeffrey J. Morrell*†
Professor

Department of Wood Science and Engineering
Oregon State University
Corvallis, OR 97331

E-mail: jeff.morrell@oregonstate.edu

(Received July 2018)

Abstract. Many wood species are resistant to penetration of liquids. Impermeability can affect a variety of
properties including the ability to deliver preservatives, adhesive bonding, and coating applications. De-
veloping methods for altering this characteristic could help in utilization of impermeable species. One
method for altering wood characteristics is through the use of supercritical carbon dioxide (SC-CO2) which
can solubilize a wide range of organic compounds. In this report, we examined the ability of varying SC-CO2

conditions to improve the permeability of Paulownia fortunei. All of the processes tested improved gas
permeability andmost reduced the frequency of tyloses in the vessels. The results suggest that SC-CO2 could
be used to modify the permeability of this species.
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INTRODUCTION

The genus Paulownia contains six recognized
species that are native to China. The two most
commonly planted members of this genus,
Paulownia tomentosa and Paulownia fortunei,
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are both characterized by the ability to rapidly
colonize open sites (Tang et al 1980). This has led
to the species being used in mine reclamation or
activities where other species have difficultly
colonizing heavily degraded soils. At the same
time, the rapid growth and ability of these trees to
colonize disturbed sites has them to be considered
invasive in some environments.

Paulownia produces a wood that has many po-
tential uses, including exterior exposures. Pau-
lownia, however, has little natural resistance to
decay and must be supplementally treated with
preservatives to perform in these environments
(Tang et al 1980). Unfortunately, the wood of
these species contains abundant amounts of
tyloses that block flow and limit preservative
penetration. Using this material in exterior ex-
posures will require overcoming these blockages
to develop an effective preservative barrier in the
wood.

There are a variety of methods for improving
the treatment of wood, including controlled
drying, solvent drying, microwave treatment,
and steaming (Coté 1963; Stamm 1963; Thomas
and Nicholas 1966; Siau 1971; Togovnikov and
Vinden 2010; Taghiyari et al 2014). These pro-
cesses are generally aimed at altering the pits to
limit aspiration or remove extractives that have
been deposited on the pit membranes. Tyloses
present a more formidable barrier because they
are formed while the tree is alive and are not a
function of postharvest processing. Although
organic solvents might present one possible ap-
proach to removing or modifying tyloses, it is
difficult to deliver these materials deeply into the
refractory wood. They are also often costly and
large quantities of the solvent will remain in the
wood after treatment. One alternative to tradi-
tional liquid solvents is the use of supercritical
carbon dioxide (SC-CO2). Supercritical fluids
(SCFs) have a number of advantages over tra-
ditional solvents (McHugh and Krukonis 1994).
They have high diffusivities, allowing them to
move through wood like a gas, coupled with
excellent solvating capabilities that allow them to
dissolve a variety of organic molecules at levels
approaching those of a liquid solvent. The ability

of an SCF to solubilize a given material can be
easily adjusted by altering pressure or tempera-
ture. SC-CO2 is frequently used in these pro-
cesses because it has a relatively low critical
temperature and pressure (31.1°C and 7.39 MPa,
respectively). This is especially important in
wood materials because excess pressure differ-
entials can reduce the structural properties of the
material.

SC-CO2 treatment had variable effects on the
permeability of Douglas-fir heartwood (Pseu-
dotsuga menziesii), improving gas permeability
in most specimens but decreasing it in others
(Sahle-Demessie et al 1995). The variations were
attributed to the inability to control redeposition
of extractives within the wood as pressure was
reduced below the critical pressure. Xiao et al
(2009) also found that SC-CO2 treatment with
various alcohols as cosolvents improved the
permeability of Masson pine (Pinus massoniana)
and Chinese sassafras (Sassafras tzumu). These
results suggest that some form of mild SC-CO2

treatment might be used to improve the perme-
ability of Paulownia before traditional pressure
impregnation or possibly as part of a two-step
SCF process whereby tyloses were removed in
step one and a traditional biocide was delivered
into the wood in a second step.

The potential for removing tyloses and increasing
the permeability of P. fortunei using SC-CO2 was
investigated in the following study.

MATERIALS AND METHODS

Sapwood and heartwood boards of P. fortunei
were obtained from a local source. Cylindrical
core samples (15 mm diameter by 50 mm long in
the longitudinal direction) were cut from the
boards, taking care to segregate sapwood and
heartwood samples. The cores were air-dried and
later cut in half to produce 15 mm diameter by
25 mm long plugs that were assigned to one of
five treatment groups. The cores were condi-
tioned to a stable weight at 23°C and 65% RH
before being evaluated for longitudinal gas per-
meability using previously described procedures
(Comstock 1965, 1967, 1970; Milota et al 1995).
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Each core was placed into a rubber stopper that
had been drilled along its longitudinal axis to the
core diameter. The stopper with the core was
placed into a test jig so that flow occurred along
the longitudinal axis of the core. The core was
slightly compressed in the jig to limit flow around
the edges of the core. Nitrogen gas was in-
troduced to a pressure of approximately 0.138
MPa (gauge) and rotameters were used to mea-
sure flow on the downstream side of the core. The
resulting data were used to calculate permeability
according to previously described procedures
(Comstock 1965; Comstock and Coté 1968;
Milota et al 1995) as follows:

Kg ¼Q

A
� η� L

ΔP
� P

P0 � 10� 2;

where

Kg ¼ gas permeability, mm2

A ¼ specimen area, cm2

L ¼ specimen length, cm

Q ¼ gas flow rate, cm3/s

η ¼ gas viscosity, Pa$s

ΔP ¼ pressure drop, MPa

P ¼ pressure at rotameter, MPa

P0 ¼ pressure in sample, MPa

The cores were then subjected to SC-CO2 treat-
ment. Samples were placed into the treatment
vessel, liquid CO2 was introduced, and pressure
was raised to either 7.6 or 13.8MPa over a 3-5min
period at 40 or 80°C. Pressure was maintained at
the target level for 30 or 60min, while the CO2was
circulated. At the end of the desired time period,
the vessel was vented at a rate of 1.0MPa/min. Ten
heartwood and ten sapwood samples were eval-
uated per treatment condition.

The samples were then reconditioned at the same
temperature and RH conditions before being retested
for gas permeability as previously described.

Permeability before and after treatment was
compared using a series of paired t-tests (α ¼

0.05) for each treatment. In addition, selected
samples were examined microscopically on two
sections per treatment. Briefly, thin cross-sections
were cut 1-2 mm inward from the surface, stained
with 1% safranin O, and examined under a light
microscope. The presence of tyloses in the ves-
sels was assessed on four or five fields per section
by counting the number of vessels with tyloses as
a percentage of the total vessels present in that
field. The results were compared with examina-
tion of sections not subjected to SC-CO2 ex-
traction. The methodology was, admittedly
subjective, but it provided some measure of any
gross changes in wood anatomy associated with
treatment.

RESULTS AND DISCUSSION

One of the issues associated with gas perme-
ability measurements is the high degree of var-
iability inherent in the process. This variability
reflects differences in distribution of conducting
elements throughout porous media and is espe-
cially critical in ring porous woods because the
presence of larger vessels in a sample can
markedly alter the permeability. As a result,
comparisons between pre– and post–SCF treat-
ment permeability represented a more direct
method for assessing any treatment-associated
changes.

Gas permeability values for the sapwood and
heartwood samples before SCF treatment were
virtually identical, averaging 0.00695 and 0.00690
KSp, respectively (Table 1). The presence of
tyloses in both materials likely resulted in similar
results, although there were substantial variations
within individuals samples within a given treat-
ment group.

Exposure of sapwood samples to varying SCF
treatments was always associated with increased
average gas permeability, although the improve-
ments were not always significant (Table 1). For
example, treatment at 7.6 MPa and 40°C for
30 min produced only a 5% increase in sapwood
permeability, whereas increasing the treatment
time to 60 min improved permeability by 14 0.5%
and the results were significant. In both cases,
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permeability improved in a majority of samples
(70% and 80% of samples for the 30- and 60-min
treatments, respectively). Increasing the treat-
ment temperature to 80°C also improved sap-
wood permeability, but the improvements were
only significant for the 30-min treatment time.
The high degree of inherent variability in per-
meability made it difficult to delineate treatment
differences; however, sapwood permeability in-
creased in 70-100% of sapwood specimens for
the five treatments.

Permeability in heartwood subjected to SCF
treatments also improved in most samples (Table 1).
Permeability tended to improve to a greater
extent with either prolonged treatment time or
increased pressure, although the differences
were not always significant. For example, per-
meability increased by 10.8% and 46.9%, re-
spectively, for the 30- and 60-min treatments at
40°C and 7.6 MPa, and 11.2% and 64.3%, re-
spectively, for the same treatment times when
the temperature was increased to 80°C. In-
creasing pressure to 13.8 MPa at 80°C also
produced significant improvements in perme-
ability. Permeability also improved in more
heartwood specimens with 100% of the samples
seeing increased permeability in four of the five
treatments. These results indicate that SCF with
carbon dioxide induced substantial changes in
permeability of this material.

Gas permeability serves as a measure of overall
permeability in the wood, but it does not provide
data on what anatomical features of the wood
have been affected. Paulownia is characterized
by the presence of tyloses in the vessels that
restrict fluid flow. The tremendous solvating
properties of SC-CO2 have the potential to sol-
ubilize many materials including many epoxies
and other sealants (Schneider et al 2005, 2006).
They could have a similar effect on tyloses.
Comparisons between thin sections cut from
plugs not subjected to treatments with those
subjected to various SCF treatments showed a
general reduction in the percentages of cells with
tyloses following treatment except for the 30-min
treatment of sapwood samples at 80°C and
7.6 MPa, and the 60-min treatment for heartwoodT
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samples under the same conditions (Table 2).
Changes in tyloses frequency were not signifi-
cant, generally less than 25% reductions, but they
indicated that SC-CO2 was capable of removing
or redistributing materials associated with a
general improvement in gas permeability.

The results suggest that some form of SCF
treatment might be useful for altering the per-
meability of species such as Paulownia. These
processes would have obvious applications for
preservative deposition, and one facility in Den-
mark currently uses SC-CO2 to impregnate Norway
spruce. The advantage of this process is that careful
selection of temperature and pressure conditions
could allow treatment and extraction to occur si-
multaneously. Less aggressive extraction condi-
tions could also be used to alter surface permeability
to enhance properties such as resin penetration and
bonding properties.

CONCLUSIONS

SCF treatment produced consistent improve-
ments in gas permeability in P. fortunei that were
associated with reductions in the percentage of
cells containing tyloses. The results suggest that
SCF treatment could be used to enhance per-
meability as a means of improving preservative
treatment of this species.
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frequency of tyloses in vessels of Paulownia fortunei.

Temperature
(°C)

Pressure
(MPa)

Time
(min)

Cell with tyloses (%)

Sapwood Heartwood

— — — 60.95 72.02
40 7.6 30 45.79 55.69
40 7.6 60 48.02 56.72
80 7.6 30 66.67 50.93
80 7.6 60 50.63 67.21
80 13.8 30 44.25 42.00
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