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ABSTRACT

The effect of supercritical carbon dioxide impregnation on pressure development was assessed on
oriented strandboard (OSB), medium density fiberboard (MDF), laminated veneer lumber (LVL), and
solid-sawn Douglas-fir heartwood lumber. Pressure differences between the surface and the interior were
relatively small with MDF and OSB, owing to the presence of numerous pathways for fluid flow. Pressure
differences tended to be higher in LVL and solid wood, but were still below the levels necessary for
inducing material damage, except when flow directions were restricted and pressure was rapidly applied.
The results indicate that supercritical fluid (SCF) impregnation is suitable for most composites, although
care must be taken to limit pressure changes in situations where flow is restricted.

Keywords: Supercritical fluids, oriented strandboard, medium density fiberboard, laminated veneer
lumber, internal pressure.

INTRODUCTION

The growing use of wood-based composites
in construction has greatly increased the risk that
these materials will be used under conditions
that are conducive to decay. Although the pres-
ence of adhesives in some composites increases
decay resistance compared with solid wood of
the same species, these materials are generally
not markedly more decay resistant. Supplemen-
tal treatment with water-based preservatives is

possible with some materials such as plywood,
laminated timbers, or parallel strand lumber, but
it can lead to unacceptable, permanent expan-
sion and deformation on composites such as me-
dium density fiberboard (MDF), particleboard,
or oriented strandboard (OSB). Acceptable treat-
ments can be achieved with oil-based preserva-
tives, but residual solvents in the panels create
handling difficulties and odor issues. An alter-
native approach is to add preservative to the fin-
ish prior to pressing, but many composite manu-
facturers object to the use of pesticides in their
plants.† Member of SWST.
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The continued expansion of markets for
wood-based composites into decay prone appli-
cations will require the development of tech-
nologies for protecting against decay without ad-
versely affecting panel properties. One strategy
for impregnating panels is to use supercritical
fluids (SCFs) as carriers for biocides. Supercriti-
cal fluids are materials that have been heated and
pressurized beyond their critical temperature and
pressure (Clifford 1998). They have diffusivities
that approach those of gases, allowing them to
readily penetrate porous materials (Debenedetti
and Reid 1986). Many SCFs also have solvating
properties that approach those of liquids. Al-
though these materials have been explored for a
variety of extraction processes (Beer and Peter
1985; Calimli and Olcay 1978; Chou 1987; Eller
and King 2000; Fremont 1981; Funazukuri
2000; Hendriksen 2000; Kiran 1995; Larsen et
al. 1992; Levien et al. 1994; Morita et al. 1995;
Ohira et al. 1994; Ping 1997; Ritter and Camp-
bell 1986; Ruddick and Cui 1995; Sahle
Demessie et al. 1997; Sunol 1991, 1992; Terau-
chi et al. 1993) far less is known about their use
for deposition of materials in a wood matrix
(Acda et al. 2001; Bertucco et al. 1994; Brandt et
al. 1994; Kayihan 1992; Morrell and Levien
2000; Morrell et al. 1993; Smith et al. 1993).

Acda et al. (1997a, b) used supercritical car-
bon dioxide (SC-CO2) to deliver fungitoxic lev-
els of tebuconazole into plywood, particleboard,
MDF, and OSB without adversely affecting
panel properties. However, they noted a wide
variation in retention levels under similar pro-
cess conditions, as well as some densification of
the panels. The SCF-impregnation process is es-
pecially sensitive to pressure and temperature;
failure to control these variables can lead to sub-
stantial differences in deposition. Unfortunately,
little information exists on in situ pressure, tem-
perature, or dimensional changes during SCF
impregnation of wood-based materials. This in-
formation will be critical for developing repro-
ducible SCF impregnation processes for the
wide of array of wood products.

The objective of this research was to conduct
a carefully planned and controlled experiment
where wood-based composites were treated with

SC-CO2. The purpose was to monitor and evalu-
ate the effects of the SCF treatment on the di-
mensional and residual properties of sawn wood,
laminated veneer lumber (LVL), OSB, and
MDF.

MATERIALS AND METHODS

Four materials were selected for study: sawn
coastal Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) heartwood lumber, aspen OSB,
and two thicknesses of softwood MDF. The
LVL was composed of 9 plys of 2.54-mm-thick
Douglas-fir veneer cut into 20- or 30- by 30- by
60-mm-long specimens. All specimens were
conditioned to constant weight at 65% relative
humidity and 20°C prior to treatment.

In order to simulate larger panels and limit
flow paths, specific flow paths were restricted
by the application of two coats of a two-part
epoxy sealant. OSB panels required three coats
of epoxy for an effective seal.

Treatment parameters

All treatments were performed using a super-
critical fluid pilot plant (Fig. 1). Although the
treatment fluid in a SCF-impregnation process
will most likely comprise CO2, a co-solvent, and
the solute, CO2 alone was used in our trials and

FIG. 1. Components of the SCF impregnation plant used
in the experimental work.
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was assumed to closely mimic the conditions
encountered during treatments with a ternary
mixture. We used three different pressurization
and venting rates and each rate was repeated for
four to five samples (Table 1). The targeted
treatment pressure was well above the respective
critical value for CO2 (Pc: 7.38 MPa), since im-
pregnation tends to be more efficient at higher
pressures (Sahle Demessie 1994; Acda 1997b;
Sahle Demessie et al. 1998). The treatment pe-
riod was kept short to avoid excessive softening
and successive failure of the end sealant. With
the exception of a few treatments, the treatment
period of 10 min provided sufficient time for
pressure equilibration in the specimens.

Before the start of a treatment run, the tubing,
valves, treatment vessel, and the reservoir were
heated to the treatment temperature (40°C) using
heating blankets and heating tape. This reduced
the effects of rapid cooling during the expansion
of the gas on the steady function of the metering
valves. Standard grade CO2 (Industrial Welding
Supply, Albany, OR) was pumped from a tank
into the reservoir until the pressure inside the
latter reached approximately 31 MPa. About 1 h
before the start of the treatment, the specimens
were placed in the treatment vessel to allow
them to reach the target temperature. Thicker
specimens (31-mm MDF, LVL, and Douglas-
fir) were preheated to around 35°C just prior to
placement in the treatment vessel. The system
was flushed with CO2 before any initial heating
period. Upon completion of these preparations,
the data collection system was initialized and the
treatment vessel was pressurized.

Vessel pressure was steadily increased by
manually controlling the flow of CO2 from the
reservoir through two micrometering valves into
the treatment vessel. Although heating the
valves helped to reduce the negative effect of the

rapid temperature drop, this effect and the re-
sulting inconsistent flow could not be totally
avoided. Furthermore rapid increases in density
near the critical region made it more difficult to
maintain a linear pressure increase (Fig. 2). Pres-
sure drop was compensated for by initially pres-
surizing the treatment vessel to around 9.2 MPa,
since at the end of the pressurization the tem-
perature of the SC-CO2 tended to be slightly
higher than 40 C (Fig. 2).

Depressurization was controlled by allowing
the CO2 to flow through the metering valves to
a vent. Fresh CO2 gas was used for each treat-
ment, since the pilot plant configuration did not
accommodate collection and recycling.

Data acquisition

The data acquisition system consisted of a
Campbell CR 7X datalogger (Campbell Scien-
tific Inc. Logan, UT), a Campbell SC 32A in-
terface, and a laptop computer for data collec-
tion and short-term data storage. Given the num-

TABLE 1. Process parameters employed during SCF treatment.

Treatment
pressure

Pmax
Treatment

temperature

Treatment
period @

Pmax
Pressurization

rate Venting rate

9 MPa 40°C (313.02 K) 10 min 1.03 MPa/min 1.03 MPa/min
1.79 MPa/min 1.79 MPa/min
5.86 MPa/min 5.86 MPa/min

FIG. 2. Pressure development inside the treatment ves-
sel during an ideal and real treatment run at pressurization
and venting rates of 1.03 MPa/min showing deviations from
desired rates I and II.
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ber of operations the datalogger had to carry out
at the desired resolution, 1.5-s intervals were
determined to be the shortest practical intervals
for data collection. Data were collected using
Term Ver3.1 (Campbell Scientific Inc., Logan
UT). ProComm (Datastorm Technologies Inc.,
Columbia, MO) was used for the experiments on
MDF, LVL, and Douglas-fir.

Continuous pressure measurements were
made inside the samples by inserting a pressure
probe into a sample (Fig. 3). Lowery (1971;
1972) used Teflon� capillary tubing to measure
vapor pressure in samples of Engelmann spruce
during drying. A similar approach was also used
to determine pressure inside wood samples dur-
ing impregnation (Resch and Arganbright 1970;
Orfila and Hosli 1985; Cobham and Vinden
1995; Schneider and Morrell 1997; Schneider
1999) and vapor pressure inside wood composite
materials during pressing (Kamke and Casey
1988; Zavala and Humphrey 1996; Zavala
1990). The latter two studies further reduced the
dead volume in their thin stainless steel pressure
probes by using silicone oil to improve pressure
change transfer to the diaphragm of the pressure
transducer.

The probes were 80 mm long and were cut
from stainless steel tubing (High Pressure
Equipment Co., Erie, PA) (1.59 mm o.d., 0.15

mm i.d.). The small inner diameter helped to
minimize dead volume. A two-stage hole, with
holes 3.2 mm and 1.6 mm in diameter, was
drilled into the sample (Fig. 3). The probe was
inserted to the desired depth and the space
around the probe was filled by injecting heated
epoxy with a syringe. Heating the resin lowered
viscosity, allowing the resin to more evenly fill
the spaces around the probe. In addition, the
steel surfaces of the pressure probes were lightly
abraded with sandpaper to enhance epoxy and
resin bonding. A polyurethane sleeve was placed
around the probe 3.2 mm in to prevent epoxy
from reaching the tip and thus hindering flow
into the probe. The 1.6-mm hole diameter was
also extended slightly beyond the length of the
probe to create a small void space that helped to
prevent local differences in permeability from
affecting the consistency of the pressure mea-
surements.

The pressure samples were suspended inside
the treatment vessel from the vessel cap using a
stainless steel cage that minimized specimen
movement during treatment (Fig. 4). The pres-
sure signal was transferred from the probes in-
side the samples to the transducers on the out-
side of the treatment vessel via stainless steel
tubing fed through the plug of the vessel. The
first section of the tubing had the same specifi-
cations as the tubing used for the pressure probes

FIG. 3. Schematic of the probe used to measure pressure
inside of samples during SCF impregnation.

FIG. 4. Schematic of sample installation and measure-
ment set-up in the treatment vessel.
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and used as the transfer medium. The tube was
connected to a 3.18-mm-diameter tubing filled
with Dot 5 silicone oil (Johnsen, Dallas, TX) to
transfer the pressure from the microbore tubing
to the Omega PX 520–5K GI pressure transduc-
ers (Omega Engineering Co., Stamford, CT).
The electrical output signal from the pressure
transducers was processed by the Campbell
datalogger and stored on a laptop computer.
Pressure was also simultaneously displayed on
the control panel of the SCF impregnation
equipment. Each pressure sample was visually
inspected after treatment to detect evidence of
damage. Each sample was then cut in half to
allow inspection of probe installation. The pres-
sure probes were then removed from the sample
and the adhering epoxy resin was sanded off so
the probes could be reused.

Temperature measurement

Temperatures on the surface and inside the
wood were measured using ANSI Type K ther-
mocouples (TT-K-36 by Omega Engineering
Inc., Stamford, CT). Treatment fluid tempera-
tures inside the vessel were measured using
thicker ANSI Type K thermocouple (TT-K-24).
The same material was used to provide all the
connections between the thermocouples and the
datalogger by routing the wires through a
feedthrough (Connex Buffalo Technologies,
Buffalo, NJ) installed in the plug of the vessel.

The “Liquid Crystal Polymer” housing of the
miniature connectors (HMPW-K-MF, Omega
Engineering Inc., Stamford, CT) was not notice-
ably swollen or otherwise affected by SC-CO2.

One thermocouple was epoxied into a 1.02-
mm-diameter predrilled hole close to center in
each OSB and MDF specimen (Table 2). Two
thermocouples were installed inside LVL and
Douglas-fir specimens, one at the center of the
specimen and one 10 mm from the open, un-
sealed edge and at equal distances from the
sealed sides. One thermocouple was glued to the
surface of each specimen. The thermocouple
wire was strong enough to act as a support for
the specimens, which were suspended approxi-
mately 100 cm below the vessel plug. Thermo-
couple output was processed by the Campbell
datalogger using its standard program setting for
Type K thermocouples.

RESULTS AND DISCUSSION

Pressurization

Internal pressure in OSB and MDF during
pressurization at three different rates showed
that gaseous as well as SC-CO2 rapidly pen-
etrated the respective material matrices (Figs. 5
and 6). No treatment defects were observed in
any of the pressure samples. Although the vari-
ability of the measured pressure gradients on a

TABLE 2. Specifications of samples used to measure pressure development during SCF treatment.

Material
Avg. density

(kg/m3)a
Replicates
(pressure)

Replicates
(temp)

Thickness
(mm)

Width
(mm)

Length
(mm)

Flow path
(mm)b

OSB 643.2 (42.5) 30 — 10.9 60 60 20 (x), 5 (v)
— 30 10.9 60 60 30 (x), 5 (v)
30 — 10.9 60 60 40 (x), 5 (v)
6 — 10.9 60 60 5 (v)

MDF 804.2 (22.1) 36 18 17 60 60 7 (v)
769.8 (8.1) 12 6 31 60 60 14 (v)

LVL 583.0 (19.3) 24 12 30 60 60 30 (p)
19 12 30 60 60 30 (v)
5 — 30 20 60 10 (v)

Douglas-fir 596.3 (71.9) 7 3 30 60 60 30 (R)
7 4 30 60 60 30 (T)

a Density after equilibration at 20°C and 65% RH. Values in parentheses represent one standard deviation.
b The letters in parentheses give the designated flow path in the samples: (x) horizontal, parallel to fiber or strand orientation; (v) vertical, perpendicular to

plane of composite panel or plies in LVL; (p) vertical, parallel to plane of plies in LVL; (R) radial in solid wood; (T) tangential in solid wood.
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percentage basis was high—especially at the
lower pressurization rates—neither OSB nor
MDF specimens were exposed to excessive
compressive stresses as the pressure was raised
from 0.1 MPa (atmospheric pressure) to 9 MPa.
Maximum pressure gradients were measured be-
tween 0.1 and 1 MPa and near the phase transi-
tion to the supercritical region. Flow conditions
seemed to stabilize again above 8.0–8.5 MPa.
Increased pressure gradients coincided with a
rapid and substantial increase in calculated CO2

density and solvating strength near the critical
pressure (Fig. 7). Rapid density increase under
constant volumetric flow should be counteracted
by higher pressure gradients and increased fluid
flow velocity. Mass flow above the phase tran-
sition region declined as fluid density increased
more slowly with increasing pressure (Fig. 8).

This should lower pressure gradients as shown
in the experimental data. The small increase in
fluid viscosity will also result in a higher pres-
sure gradient. Darcy’s law is strictly applicable

FIG. 5. Development of internal pressure and pressure
gradients in OSB during pressurization at (a) 1.03, (b) 1.79,
or (c) 5.86 MPa/min. Each line represents a single embed-
ded sensor response.

FIG. 6. Development of internal pressure and pressure
gradients in 17-mm-thick MDF during pressurization at (a)
1.03, (b) 1.79, or (c) 5.86 MPa/min. Each line represents
response from a single pressure sensor.

FIG. 7. Development of reduced density (/c) at 5 tem-
peratures during pressurization to 9 MPa at rates of 1.03,
1.79, and 5.86 MPa/min.
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to single-phase flow only. Permeability is no
longer totally dependent on the substrate if two
or more phases are present and the available
flow area must be divided by introducing a mul-
tiplication factor referred to as relative perme-
ability (Hawes 1996). This effect may be negli-
gible, however, since it may not occur in a su-
percritical fluid and since the single-phase
model successfully predicts supercritical fluid
flow through a porous material. Furthermore, the
stability of permeability during supercritical
fluid flow through wood is unknown. Many
low-molecular-weight wood constituents are
soluble in SC-CO2 and reports indicate that such
substances are indeed dissolved during SCF
treatments (Ritter and Campbell 1991; Sahle

Demessie et al. 1995). Finally, interactions be-
tween the SC-CO2 and the silicone oil used in
the section of the tubing connecting the pressure
probes to the transducers may influence the ac-
curacy of the pressure measurements.

Pressure gradients over a pressure range of
3.0 to 6.5 MPa were similar during pressuriza-
tion at all three rates although variability in-
creased at the highest pressure rate. Average
pressure gradients in MDF and OSB did not ex-
ceed 0.1 MPa at any of the three pressurization
rates (Table 3). Measurements at the two lower
pressurization rates were strongly influenced
by electronic noise in the data acquisition sys-
tem. This interference exceeded any slight dif-
ferences between the MDF sample configura-
tions despite the longer flow paths in the 30-
mm-thick specimens and their slightly lower
permeability.

Development of internal pressure in LVL was
strongly affected by the designated flow direc-
tions. No excessive pressure gradients devel-
oped when CO2 flowed parallel to the grain di-
rection (Fig. 9). Six specimens developed very
fine cracks in the epoxy sealants, which may
have resulted from pressure build-up underneath
the sealant or by small deformations in the
samples. Wood was not visibly damaged on any
of the specimens. Gaps, knots, and finger-joints
created pathways for parallel flow in LVL. Ve-
neer permeability was further increased by the

FIG. 8. Relationship between calculated mass flow into
an OSB sample and pressurization rate (1.03, 1.79, or 5.86
MPa/min.) and temperature (304, 307, 310, or 320°K).

TABLE 3. Average pressure gradients in OSB, MDF, and LVL during pressurization at 1.03, 1.79, or 5.86 MPa/min.

Material
Pressurization rates

(MPa/min)
Average pressure gradient

(MPa)a
Standard deviation

(MPa)a
Number of

samples/runs

OSB 1.03 0.016 0.025 10/5
1.79 0.012 0.016 5/4
5.86 0.097 0.084 7/5

MDFb 1.03 0.035 0.028 8/4
1.03 (17 mm) 0.042 0.030 6/3

1.79 0.056 0.026 8/4
1.79 (17 mm) 0.055 0.030 6/3

5.86 0.098 0.058 8/5
5.86 (17 mm) 0.078 0.063 7/4

LVL (p) 1.03 0.242 0.024 4/4
1.79 0.282 0.108 3/3
5.86 0.507 0.560 3/3

a Average and standard deviations of pressure gradients measured between 3.0–6.5 MPa.
b Values for averages and standard deviations calculated from a combination of 17- and 31-mm thick samples (PL, PM and PH) and from 17-mm samples only.
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presence of lathe-checks that were clearly vis-
ible to the naked eye.

As with MDF and OSB, pressure gradients
peaked during initial pressurization and phase
transition; however, peaks were not as distinct in
LVL. Although average pressure gradients in-
creased at higher pressurization rates, reflecting
two runs with exceptionally high pressure gra-
dients (Fig. 9), the influence of pressurization
rate was not as strong as expected (Table 3).
Indeed, internal pressure response during pres-
surization at 5.86 MPa/min seemed to be more
rapid than at lower rates. The reason for this
observation remains unclear. Gaseous and su-
percritical CO2 flow patterns through materials
with more diverse flow paths should differ from
the assumed Darcyan flow regime. The devel-

opment of pressure gradients in Douglas-fir
heartwood showed a much stronger dependence
on the pressurization rate (Fig. 10). Pressure gra-
dients in Douglas-fir samples during penetration
by tangential flow were around 5–10 times
higher than in LVL. These differences illustrate
the importance of alternative flow paths during
high pressure impregnation of semi-porous ma-
terials such as wood.

CO2 flow in the vertical direction was
strongly influenced by the gluelines (Fig. 11).
The majority of the LVL samples were nearly
impenetrable across the gluelines. Consequently
two specimens experienced slight crushing
while the other specimens were severely
crushed, particularly in plies with a high per-

FIG. 9. Development of internal pressure and pressure
gradients in LVL with flow restricted to the parallel direc-
tion during pressurization at (a) 1.03, (b) 1.79, or (c) 5.86
MPa/min. Each line represents a single pressure transducer.
P vessel represents vessel pressure during one treatment.

FIG. 10. Development of internal pressure and pressure
gradients in Douglas-fir heartwood with flow restricted to
the radial or tangential direction at pressurization rates of (a)
1.03, (b) 1.79, or (c) 5.86 MPa/min. Each line represents a
single pressure transducer. P vessel represents the vessel
pressure during one treatment. Lines with the same symbols
represent similar wood orientations.
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centage of earlywood. Collapse occurred in most
samples within 15 mm of the center, supporting
the hypothesis that the stresses built up towards
the center of the specimen. However, collapse
sometimes occurred in plies closer to the surface
and in one specimen where the flow path length
was reduced to 1 cm. This suggests that the pres-
sure drop varied between specimens and was
strongly influenced by the position of individual
gluelines, which formed a closed film between
plies and retarded CO2 flow. Specimen failure
under the high compressive force opened cracks
in the sealant for parallel flow that sharply re-
duced the pressure differential.

Maximum pressure gradients should therefore
be regarded as a stronger indicator of compres-
sive strength than permeability. Maximum pres-
sure gradients ranged from 3.5 to 7.5 MPa. a

range corresponding to the design values for
compressive strength of LVL (2.8 to 4.2 Mpa)
(USDA 1999). Exposing LVL samples with
their parallel and longitudinal flow paths sealed
led to steadily increasing internal pressures until
failure in compression occurred (Fig. 12). Flow
in the vertical direction in LVL samples trans-
lates into radial flow in the individual Douglas-
fir veneers. Comparison between results from
LVL samples and those from solid Douglas-fir
samples showed that pressure gradients in LVL
were up to 7 times higher. Because collapse oc-
curred at very low pressurization rates, the in-
creased pressure gradients with increasing press-
ing rates could not be observed in the same way
in LVL as in Douglas-fir samples (Fig. 10).

Penetration in solid Douglas-fir specimens
followed the assumed Darcyan flow model more
closely than LVL. Pressure gradients increased
markedly with increasing pressing rates. Pres-
sure gradients in samples with radial flow paths
rose proportionally with increased pressurization
rates. Pressurizing the treatment vessel at 5.86
MPa/min produced collapse in two samples.
Pressure gradients were much higher in the two
samples with flow restricted to the tangential
direction than in those with radial flow paths
when samples were pressurized at 1.03 MPa/
min. This effect was either reduced or inconsis-
tent at pressurization rates of 1.79 and 5.86 MPa/
min, respectively.

Radial permeability of solid wood should be
enhanced by the rays resulting in lower pressure
gradients. However, published permeability val-

FIG. 11. Development of internal pressure and pressure
gradients in LVL with flow restricted to the vertical direc-
tion during pressurization at (a) 1.03, (b) 1.79, or (c) 5.86
MPa/min. Each line represents a single pressure transducer.
P vessel represents vessel pressure during one treatment.

FIG. 12. Development of pressure gradients in LVL dur-
ing pressurization at rates ranging from 0.14 to 5.86 MPa
with flow restricted to the vertical direction. Dotted lines
show the range of reported compressive strength for LVL.
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ues for Douglas-fir heartwood are not consis-
tently lower in the radial direction (Comstock
1970; Choong et al. 1972; Schneider 1999).
Variability between individual specimens might
contribute to the small differences in pressure
gradients between samples with radial and tan-
gential flow paths. Comparisons between LVL
and Douglas-fir samples indicated that the pen-
etration process and ultimately calculations of
allowable pressurization rates were more com-
plex in the laminated material.

Venting rate

Internal pressure in OSB and MDF samples
decreased at rates similar to the respective ven-
tilation rates (Figs. 13 and 14, respectively).
Substantial pressure gradients were not encoun-
tered nor was visible damage observed on any
specimens. Peaks in pressure gradients were ob-

served during phase transition and towards the
end of the ventilation. Increased pressure gradi-
ents in the region near the critical point probably
occur for the same reasons described earlier.
Maximum tension forces as a result of pressure
gradients were exerted on the samples at the end
of the venting stage.

Schneider (1999) also encountered pressure
gradients in refractory solid wood samples at the
end of the venting stage; however, his gradients
were much higher as were the time periods until
pressure equilibrated. In our experiments, total
pressure equilibration generally took less than 2
min. Pressure gradients between the vessel and
panel interior were very small in the pressure
range between 3.0 and 6.5 MPa at higher venti-
lation rates (Table 4); however, pressure gradi-
ents were more pronounced during the phase
transition and the final pressure drop. A more
rapid expansion of the fluid at higher venting

FIG. 13. Development of internal pressure and pressure
gradients in OSB during venting at (a) 1.03, (b) 1.79, or (c)
5.86 MPa/min. Each line represents a single pressure trans-
ducer.

FIG. 14. Development of internal pressure and pressure
gradients in 17-mm-thick MDF during ventilation at (a)
1.03, (b) 1.79, or (c) 5.86 MPa/min. Each line represents a
single pressure transducer.
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rates brought about a more severe drop in tem-
perature and fluid density near the critical region
contributing to increased pressure gradients with
increased venting rates. Pressure differences be-
tween OSB and MDF samples with different
flow paths and flow path lengths were again
negligible (Figs. 13 and 14).

Pressure gradients that developed during vent-
ing in LVL specimens with flow restricted to the
parallel direction were comparable to those ob-
served at similar pressurization rates, but there
was no evidence of wood damage (Fig. 15).
Small cracks in the epoxy on six specimens were
regarded as qualitative indicators of pressure de-
velopment underneath the resin or of slight de-
formation in the samples. Although higher pres-
sure gradients were observed in several treat-
ments near the critical region and near the end of
the venting stage, these effects were less pro-
nounced in LVL. Higher temperatures as a result
of wood occupying more vessel volume during
the LVL treatments may have limited density
decreases and thus the development of pressure
gradients (Fig. 7). LVL samples also tended to
be less permeable than OSB and MDF as evi-
denced by the slower equilibration to atmo-
spheric pressure at the end of the treatment.
Pressure gradients in LVL with parallel flow
paths were still several times lower than those

TABLE 4. Average pressure gradients in OSB, MDF, and LVL during venting at 1.03, 1.79, and 5.86 MPa/min.

Material
Pressurization rates

(MPa/min)
Average pressure
gradient (MPa)a

Standard deviation
(MPa)a

Number of
samples/runs

1.03 −0.019 0.059 10/5
OSB 1.79

5.86 −0.053 0.032 10/5
1.03 −0.071 0.035 8/4

1.03 (17 mm) −0.067 0.037 6/3
MDFb 1.79 −0.094 0.087 8/4

1.79 (17 mm) −0.100 0.095 6/3
5.86 −0.110 0.040 7/7

5.86 (17 mm) −0.100 0.024 6/6
1.03 −0.201 0.183 4/4

LVL (p) 1.79 −0.275 0.122 4/4
5.86 −0.357 0.257 4/4

LVL (v) 1.03 −0.298 0.316 4/4
1.79 −0.367 0.054 4/4
5.86 −0.712 0.338 4/4

a Average and standard deviations of pressure gradients measured between 3.0–6.5 MPa.
b Values represent means and standard deviations for a combination of 17- and 31-mm thick samples and from 17-mm samples only.

FIG. 15. Development of internal pressure and pressure
gradients in LVL with flow restricted to the vertical direc-
tion during ventilation at (a) 1.03, (b) 1.79, or (c) 5.86
MPa/min. Each line represents a single pressure transducer.
P vessel represents the vessel pressure during one treatment.
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found with Douglas-fir samples opened to tan-
gential flow (Fig. 16).

LVL samples open to vertical flow experi-
enced limited flow (Fig. 15) and most were dam-
aged during treatment. Therefore, the reported
values more likely reflect penetration by parallel
flow through cracks in the sealant rather than by
true vertical flow. The results suggest that glue-
lines hindered flow to such an extent that even
very slow pressure changes produced mechani-
cal damage.

Pressure development in solid Douglas-fir
samples indicated that the material had lower
tangential permeability (Fig. 17). Ventilation at
1.03 or 1.79 MPa/min led to splitting of three
samples with tangential flow paths. Maximum
pressure gradients were observed at the end of
venting, and final pressure equilibration often

required more than 30 min after the vessel had
returned to atmospheric pressure. Differences in
tangential and radial permeability became very
noticeable during the process. The assumed flow
pattern was again reflected, to a high degree, by
the increases in pressure gradients as venting
rates increased from 1.03 to 1.79 MPa/min. Se-
vere specimen damage limited data collection
for Douglas-fir samples vented at 5.86 MPa/min.

Temperature measurements

Expansion of supercritical CO2 from the res-
ervoir into the treatment vessel during pressur-
ization tended to lower the system temperature.
Pressurization at higher rates led to faster, more
severe temperature drops (Fig. 18). Temperature
development during pressurization can be af-
fected by heat conduction from heating devices
to different components of the treatment plant.
Although these devices could not prevent drops
in temperature below the target value (40°C,
313K) during pressurization, they limited the ex-
tent of decline.

FIG. 16. Development of internal pressure and pressure
gradients in LVL with flow restricted to the parallel direc-
tion during ventilation at (a) 1.03, (b) 1.79, or (c) 5.86
MPa/min. Each line represents a single pressure transducer.
P vessel represents the vessel pressure during one treatment.

FIG. 17. Development of internal pressure and pressure
gradients in Douglas-fir heartwood with flow restricted to
the radial or tangential direction during ventilation at (a)
1.03 and (b) 1.79 MPa/min. Each line represents a single
pressure transducer. P vessel represents the vessel pressure
during one treatment. Lines with the same symbols repre-
sent similar wood orientations.
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Temperature development at different loca-
tions in the treatment system varied substantially
between individual treatment runs (Table 5).

The reasons for these variations are unclear,
since target temperature and initial temperature
of the reservoir were constant for all treatments.
Temperatures during pressurization at all three
measurement locations in the vessel initially in-
creased from 40°C up to 55°C then declined to
levels on the saturation line corresponding to the
pressure present in the system in all treatments at
pressing rates at or above 1.79 MPa/min and in
several treatments at 1.03 MPa/min. Energy re-
leased during condensation of gaseous CO2 (la-
tent heat) then increased temperature. Conse-
quently, the temperature in the system was at or
very near the critical value when the critical
pressure was reached.

Although it is unclear how the presence of
two physical states of CO2 might affect treat-
ment, solvent properties (density, solvating
strength, viscosity, etc.) undergo their most dra-
matic changes near the critical region. For future
applications of SCF treatments, these relation-
ships must be considered when selecting target
temperatures or process parameters that influ-
ence temperature. Failure to consider these in-
fluences will result in sub-critical conditions that
introduce considerable variation to the process
(Fig. 18).

Rates at which temperature changes occurred
depended on the media surrounding the thermo-
couples (CO2, CO2/wood, or wood) and the rate
of heat exchange between media. Convection fa-

FIG. 18. Temperatures in the treatment vessel, on the
surface and at the center of (a) OSB, (b) MDF, and (c) LVL
samples during pressurization at 3 rates.

TABLE 5. Average temperature maxima and minima measured inside the treatment vessel, on the surface and at the center
of OSB, MDF, and LVL samples during pressurization at three rates.

Samples

tVessel (°C) t Surface (°C) tCenter (°C)

MIN MAX MIN MAX MIN MAX

OSBa

1.03 33.7 (6.9) 50.5 (2.9) 35.1 (2.8) 48.6 (1.6) 40.1 (3.4) 49.7 (1.8)
1.79 5.2 (7.5) 47.3 (2.8) 10.9 (6.4) 45.4 (1.3) 28.4 (11.2) 45.8 (1.8)
5.86 −7.2 (9.6) 46.4 (4.2) 14.0 (11.7) 43.5 (4.7) 29.7 (7.3) 44.2 (3.2)

MDFb

1.03 34.8 (0.5) 48.1 (2.0) 25.8 (8.7) 46.2 (0.7) 40.3 (0.5) 47.3 (0.5)
1.79 −9.0 (18.5) 46.5 (3.5) 13.5 (20.1) 45.1 (2.6) 27.7 (15.7) 45.34 (1.8)
5.86 7.5 (15.0) 44.8 (2.4) 23.7 (9.1) 43.5 (0.9) 40.0 (0) 50.8 (1.2)

LVLb

1.03 30.8 (3.8) 48.8 (1.2) 25.6 (7.8) 45.5 (1.2) 34.6 (5.2) 46.9 (2.5)
1.79 0.4 (6.7) 46.8 (3.6) 14.2 (8.3) 43.9 (1.9) 26.7 (6.1) 44.6 (0.3)
5.86 −1.9 (24.2) 45.4 (2.9) 18.8 (13.4) 43.0 (1.5) 26.7 (0.6) 42.7 (1.0)

a Averages (standard deviations) of 5 treatment runs.
b Averages (standard deviations) of 4 treatment runs.
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cilitated more rapid temperature changes in the
supercritical region, where thermal conductivity
of CO2 substantially increases (Vesovic et al.
1990). Temperature variations between the three
measurement points tended to be small near or
above supercritical conditions. Treatments of
samples that had been stored below 0°C before
the experiments showed that even temperature
distribution was reached more rapidly after the
system was completely filled with SC-CO2. Dif-
ferences in structural composition of the test ma-
terials were not associated with appreciable dif-
ferences in temperature development, although
differences in mass and heat capacity between
samples produced some internal temperature dif-
ferences (Table 5).

Expansion of supercritical and gaseous CO2

during venting led to instantaneous temperature
drops that were more severe at higher ventilation
rates (Table 6, Fig. 19). Differences between
vessel, surface, and internal temperature differed
only slightly until the pressure decreased to
about 4–6 MPa; then temperatures started to
differ significantly from the surface. Further in-
ternal temperature decreases were dampened by
the latent heat in the sample. Internal tempera-
ture continued to decline at the end of venting,
even while the surface and vessel temperatures
increased rapidly in response to externally ap-
plied heat. This anomaly probably reflects the
continued expansion of CO2 within the samples,
especially with LVL and Douglas-fir. As with
temperature decreases during pressurization,
changes during venting can dramatically affect

SCF solubility, and thus deposition patterns of
solubilized biocides. Developing a better under-
standing of these changes can help in developing
better processes for using both temperature and
pressure to control deposition.

TABLE 6. Average temperature minima measured inside the treatment vessel, on the surface and at the center of OSB,
MDF, and LVL samples during ventilation at three different rates.

Venting rate (MPa/min) tVessel (°C) MIN tSurface (°C) MIN tCenter (°C) MIN

1.03 24.6 (3.5) 22.5 (0.7) 21.5 (1.2)
OSBa 1.79 19.9 (2.1) 17.8 (1.3) 16.3 (1.2)

5.86 −1.7 (2.2) 5.0 (3.2) 10.9 (1.4)
1.03 24.7 (2.0) 24.8 (1.1) 23.5 (1.6)

MDFa 1.79 15.4 (0.9) 17.7 (3.4) 17.5 (0.9)
5.86 −4.4 (0.4) 10.2 (1.7) 18.0 (1.1)
1.03 26.4 (2.2) 23.7 (1.1) 22.2 (0.3)

LVLb 1.79 19.9 (1.9) 20.4 (3.2) 17.5 (1.3)
5.86 1.5 (0.6) 7.7 (2.9) 17.3 (1.1)

a Averages (standard deviation) of 5 treatment runs.
b Averages (standard deviation) of 4 treatment runs.

FIG. 19. Temperatures in the treatment vessel, on the
surface and at the center of (a) OSB, (b) MDF, and (c) LVL
samples during ventilation at 3 rates.
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CONCLUSIONS

The results demonstrate that changes in wood
condition following SCF impregnation can be
directly linked to pressure differentials that de-
velop during various stages of treatment. These
differentials are highly dependent on material
characteristics and appear to be controllable by
varying process conditions to allow for adequate
time for pressure equilibration. These results
also suggest that careful characterization of the
material properties of the wood based material
can play an important role in reducing treatment
damage.
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