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Summary

The potential for using supercritical carbon dioxide to impregnate composites with
preservatives was investigated using tebuconazole as the biocide and plywood or
particleboard. Treatment pressure, temperature and impregnation time were varied to
determine the effects of these parameters on biocide retention, then the treated panels were
subjected to various tests for dimensional changes, water sorption, and mechanical
properties. Treatment for 30 minutes at 1800 psi and 60°C produced retentions well above
those required for fungal protection. None of the treatment conditions involved induced
significant changes in mechanical properties, nor did exposure to these conditions alter the
thickness of the panels. The results indicate that preservative impregnation using
supercritical fluids such as carbon dioxide can produce well treated panels with no negative
effects on board properties.

1. Introduction

Demand for wood-based structural panels is expected to continue growing as these
materials see increased use in structural applications. In many instances, these applications
occur where conditions are conducive for decay development. The problems associated
with these uses have stimulated research to protect wood-based composites against the
deleterious effects of moisture, wood-boring insects and decay organisms (Gertjejansen et
- al., 1989; Hall and Gertjejansen, 1982; Smith et al.,1993a,b).

In theory, wood-based composites should provide improved resistence to fungal
deterioration due to their higher pH and the presence of residual non-condensed phenols
(Schmidt, 1984; Deppe, 1970). However, in exterior applications, leaching offsets these
advantages whenever construction practices and coatings do not provide reliable,
permanent protection against moisture absorption. Thus, supplemental protection of these
~materials by preservative treatment is usually necessary to maximize performance.

Preservative treatment of wood-based composites can be achieved by adding a biocide to
the wood furnish, resin or other panel components prior to the hot pressing cycle or by
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pressure treatment of full-sized panels with liquid preservatives. There are however,
potential problems associated with each approach. Biocide addition prior to hot pressing
may interfere with the curing mechanism of the resin (Kreber et al., 1991; Sahle-Demessie,
1993; Vick, 1990; Vick et al., 1990) resulting in poor adhesion and marked decreases in
strength properties (Gertjejansen et al., 1989; Hall and Gertjejansen, 1982; Laks et al,
1988; Schmidt et al., 1987; Thompson, 1961). Many biocides are also chemically unstable
or have high vapor pressures and can volatilize during hot pressing (Deppe, 1970; Hedley,
1976). These volatile components may cause manufacturing problems or pose potential
health hazards (Anonymous, 1980). Compatibility studies between adhesives and
preservatives have been performed in an effort to resolve this problem; however, no
satisfactory methods have been identified to limit such effects (Gertjejansen et al., 1989;
Hall and Gertjejansen, 1982; Thompson, 1961; Schmidt et al., 1987; Vick, 1980; Vick et
al, 1990). Impregnation of full-sized panels, particularly with waterborne arsenical
preservatives under high vacuum and pressure, leads to excessive and unrecoverable
thickness swelling (Deppe, 1970; Hall et al., 1982). Warping and splitting can also occur
in the subsequent drying operation (Winandy et al., 1988; Lee, 1985). Treatments with
oilborne preservative systems induce less swelling, but the residual solvent may render the
panels unattractive to many potential users.

Vapor phase boron treatment of wood-based composite has recently been evaluated as an
alternative to conventional treatment processes (Murphy and Turner, 1989). Panels were
easily treated with minimal effects on physical and mechanical properties. However, boron
can leach when subjected to wetting, making this treatment less suitable for exterior
exposure. Chemical modification using new generations of polymer systems may also
have potential application to composite materials; however, the loadings required to
effectively protect panels remain far in excess of those deemed economical (Vasishth,
1983; Vasishth and DeSilva, 1981) and these materials may still cause adverse effects on
panel properties during impregnation.

Ideally, a treatment system for composites would readily penetrate the wood fiber-resin
matrix without disrupting the bond structure and result in uniform chemical deposition
throughout the panel. One innovative approach to this problem involves the use of
supercritical fluids (SCF) as biocide carriers during impregnation (Ito et al.,1984; Morrell
et al., 1993). The advantages in using SCF for treatment are derived from their unique
physical properties, phase behavior and solvent properties.

2. Supercritical Fluids

A pure supercritical fluid (SCF) exists at temperatures and pressures above it’s critical
values (Matson and Smith, 1989)(Figure 1). Under these conditions, the liquid and the
gaseous phases of the substance are indistinguishable, i.e. no phase boundary appears
regardless of the pressure to which the fluid is subjected.
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The physical properties of an SCF are typically intermediate between those of a gas and a
liquid (Hoyer, 1985) (Table 1). The high densities of SCF’s compared to those of
corresponding gases at ambient pressures, result in shorter intermolecular distances with
increased molecular interactions. Consequently, SCF’s at densities approaching those of
liquids can have significant solubilizing capacity even for solutes with low Vapor pressures
(Matson and Smith, 1989; Eckert et al., 1986). Furthermore, these properties can be varied
by modest changes in temperature and pressure, thereby permitting the tailoring of fluid
properties to suit specific applications (Ward, 1984).

Under supercritical conditions, the diffusion coefficient of a solute in the fluid is
substantially greater than it is in liquid solvents (Krukonis, 1988). Thus, SCF’s exhibit
many properties of gases including high diffusion rates and the ability to permeate semi-
porous media. In addition, SCF viscosities are commonly much lower than those exhibited
by liquids, facilitating both pumping and natural convection (Eckert et al.,, 1986). These
special properties make SCF’s an ideal media for mass transfer in processes that normally
utilize conventional liquids or gases, as well as other specialized applications wherein
subcitical fluids are inadequate.

The technical and economic feasibility of using SCF for chemical extraction and
purification of natural products have been widely studied (Krukonis, 1988; Modell, 1982
Laws et al.,, 1980; Ritter and Campbell, 1991; Ward, 1989, Zosel, 1974). Among these
processes are the decaffeination of coffee, the removal of active ingredients in hops and
spices, the removal of nicotine from tobacco, recrystallization of pharmaceuticals,
fractionation of oils and polymers and the treatment of liquid and solid wastes.

SCF’s have also been explored for wood extraction and treatment. Supercritical (SC)
carbon dioxide has been used to extract wood resins, fatty acids and other extractives
" (Fremont, 1981; Koll et al., 1984, Larsen et al., 1992; McDonald et al., 1982, 1983; Sahle-
Demessie, 1993). Other applications of SCF’s in wood processes involve extraction of
lignin from sulfite pulping liquors (McDonald et al,, 1982) and solid wood (Beer and Peter,
1986), extraction of formaldehyde from particleboard, in situ polymerization of monomers
into wood (Ward, 1989) and deposition of selected biocides in solid wood (Morrell et al.,
1993).

SCF’s were found to be useful for preservative impregnation of solid wood (Smith et al.,
1993 a,b; Morrell et al., 1993), but one area with significant potential for these systems is
treatment of wood-based composites. The ease of movement and ability to solubilize high
levels of biocide create the potential for complete treatment of panels with little or no
negative property changes.

While there is tremendous potential for using SCF’s to impregnate wood with biocides,
there is virtually no data on the ability of such treatments to penetrate composites or on the
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effects of such treatments on panel properties. In this report, we describe preliminary trials
to impregnate two panel types with a single biocide.

3. Materials and Methods

Panel Type: Commercial plywood and flakeboard were used in this study (Table 2). Due
to the limitations imposed by the size of the treatment vessel, panels were cut into defect-
free strips (38 mm x 500 mm x pane] thickness). All samples were edge sealed with two
coatings of epoxy resin and conditioned to a constant weight in a chamber maintained at
65% RH and 21° C prior to treatment.

Biocide: Tebuconazole (Preventol AB), a triazole, was used in all trials (99.9% pure, pH =
4.5 from Bayer AG, Pittsburgh,PA)(Figure 2). This chemical has broad spectrum activity
against wood decay fungi, is leach resistant, light and heat stable and soluble in both
solvent and water-borne formulations (Exner, 1991). Previous studies had shown that this

biocide also has excellent solubility in supercritical carbon dioxide (Sahle-Demessie,
1994).

Solvent and Cosolvent: Carbon dioxide (CO,) and methanol were used as solvent and
cosolvent, respectively. Carbon dioxide has favorable transport properties including low
viscosity, a high diffusion coefficient and good thermal properties (Filippi, 1982; Brogle,
1982). The critical temperature (31.3° C) and pressure (1073 psig) were readily attainable
with available equipment. Carbon dioxide is a safe, non-flammable and inexpensive
solvent (Brogle, 1982).

Supercritical Impregnation Apparatus: Panels were treated using an impregnation device
(Figure 3) in which supercritical carbon dioxide with 3% mole fraction methanol was
admitted into a pre-heated saturator containing tebuconazole. The solution was then sent
into a pre-heated treatment vessel (120 mm diameter and 508 mm long) containing the
samples. Pressure was then increased to the desired level after which a 12 mL/min flow
rate was maintained through the system. Previous trials indicated that this flow rate
resulted in a saturated mixture passing through the vessel (Sahle-Demessie, 1993;
Junsophonori, 1994). Flow direction through the treatment vessel was reversed at 3 minute
intervals to help maintain an even distribution of biocide along the length of the vessel. At
the conclusion of the pressure period, the mixture was sent through a separator (5-10
psig/sec) where the biocide was removed from solution. The sudden drop in pressure and
temperature below the critical points during venting decreased biocide solubility resulting
in precipitation of biocide in the panels.

Treatment Conditions and Experimental Design: Biocide solubility in supercritical fluid

can be affected by temperature, pressure and the presence of cosolvents, but the effects of
each variable on treatment are poorly understood. In this regard, the treatment apparatus




was used to evaluate the effects of pressure (1800, 3600, 4500 psig), temperature (45°, 60°,
75°C) and treatment time (5, 15, 30 minutes) on tebuconazole retention and distribution in
each panel type. Each treatment was assessed on 9 samples for each type of panel.
Untreated, unexposed samples for each panel type were used as controls.

Panel Assessment: At the conclusion of treatment, the panels were removed from the
vessel and carefully inspected for evidence of splits, delamination or other .treatment
defects. The degree of swelling and weight gain (nearest 0.01g) were also measured.
Thickness was measured at three marked points and water absorption and thickness
swelling were expressed as percentage of original weight and thickness, respectively,

Chemical Analyses: Tebuconazole retentions were determined afier impregnation by
cutting 15 mm wide sections from both ends and the middle portion of each sample (Figure
4). Distribution of biocide within each section was determined by slicing 2 mm sections
from the top, middle and bottom portion of each specimen to produce 3 samples for
analyses (face, mixed face/core and core). The samples were ground to pass a 30 mesh
screern, then extracted in methanol for 3 hours. The extract was filtered (45 pm) and
analyzed on a Shimadzu high performance liquid chromatograph (HPLC) according to
procedures described in AWPA Standard A23 (AWPA, 1994).

Evaluation of Mechanical Properties: The potential effects of prolonged exposure to high
pressure under SC conditions (12-30 times that of conventional pressure treatment) and
elevated temperatures on the mechanical properties of each type of panel were evaluated
using the test methods in ASTM D 1037 (ASTM, 1993). All boards were tested for static
bending, internal bond (IB), water absorption and thickness swelling, although some
modification in specimen size was necessary due to constraints imposed by the size of the
treatment vessel (Table 3). Tests were also performed to determine plywood shear strength
and wood failure (U.S. Product Standard 1-83) (APA, 1983). The results were subjected to
an analyses of variance (ANOVA) and the resulting means were compared to similar tests
performed on untreated samples using 95% Tukey’s Highly Significant Difference (HSD)
(STSC, 1993) to determine if treatment induced significant strength losses.

4. Results and Discussion

Effect of Treatment Pressure on Biocide Retention: Tebuconazole retentions for both
panel types increased significantly as pressure increased from 1800 to 3600 psig when the
vessel was maintained at 60° C for 30 minutes (F igure 5). Increasing pressure from 3600 to
4500 psig resulted in significant decreases in retentions for flakeboard but not plywood.
Impregnation under supercritical conditions at pressures ranging from 1800 to 4500 psig
resulted in mean retentions of 0.86 to 5.83 kg/m® (Figure 5). All values, however,
exceeded the reported toxic thresholds for tebuconazole against wood degrading fungi
(0.13 to 0.45 kg/m’) (Exner, 1991).
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Increased biocide uptake between 1800 and 3600 psig reflects increasing tebuconazole
solubility with increasing CO; density (Sahle-Demessie, 1993). The cause of the decreased
retention at 4500 psig for flakeboard is unclear. Interactions between pressure and other
treatment parameters may have caused this effect. The limited number of observations,
however, preclude further delineation of these effects.

Retentions obtained at 1800 psig were acceptable for biological performance. Hence this
pressure was used as the baseline for examining the effects of other parameters on
treatment.

Effect of Treatment Time on Biocide Retention: Increasing treatment time from 5 to 30
minutes increased tebuconazole retentions for both panel types treated at 1800 psig and
60°C (Figure 6). Treatment periods as short as 5 minutes resulted in mean retentions
ranging from 0.07 to 1.08 kg/m® depending on panel type. Five of six retentions would
confer protection against brown rot fungi while the 15 minute treatment of plywood
resulted in an inadequate retention. The rapid chemical absorption confirms earlier reports
of extremely rapid penetration of materials by supercritical fluids (Smith et al., 1993a,b).

Effect of Treatment Temperature: Increasing treatment temperature from 45 to 75°C in
charges treated at 1800 psig for 30 minutes resulted in significant decreases in retention for
both panel types (Figure 7). The highest biocide retentions at 1800 psig were obtained at
45°C. Mean retentions at 45°C ranged from 1.73 to 2.62 kg/m® for the panels, easily
exceeding the reported toxic thresholds for tebuconazole (Exner, 1991).

Decreasing retentions with increasing temperature may be due to retrograde condensation
wherein, tebuconazole solubility decreases due to lower fluid density even though the
pressure is higher (Marentis, 1988). Since biocide solubility decreases as temperature
rises, the amount of chemical available for deposition decreases.

Preservative Distribution: The excellent preservative distribution across all samples
illustrated the ability of SCF’s to deliver biocide through plywood or flakeboard (Figure 8).
Furthermore, retention gradients from the outer to inner zones were far more uniform than
would be found with conventional pressure impregnation (Mitchoff and Morrell, 1991). A
steep gradient can be extremely useful where materials are unlikely to be cut or otherwise
damaged in service. However, shallow gradients would be more useful for panels, since
they are likely to be cut after treatment. Uniform biocide distribution would ensure
adequate protection despite these cuts.

In addition to treatment variables such as pressure, temperature and time, chemical
absorption may also be influenced by the structural properties of the boards i.e. density,
particle size and distribution, porosity, and species composition. An ANOVA of chemical
retention and panel density showed significant differences in tebuconazole concentration in
boards of differing densities (p-value = 0.0053). However, no pattern of variation was




detected from a plot of the data. Further study will be required to better understand the
influence of board properties and other related variables such as resin distribution and
added wax on biocide distribution under supercritical conditions.

Panel Assessment: No signs of splits, collapse, delamination or other treatment defects
were observed for either panel type. In comparison, high pressure-liquid treatment of
coniferous woods can induce collapse and other structural changes (Walters, 1967; Walters
and Whittington, 1970). The absence of treatment defects suggests significant pressure
gradients which would affect structural integrity were absent during treatment. All samples
remained dry and clean with no significant changes in appearance. As a result, SCF treated
panels could be used immediately after treatment.

Measurements following treatment showed no significant changes in specimen thickness,
while sample weights increased slightly (Table 4). In contrast, excessive and
unrecoverable thickness swelling results from conventional liquid treatment of wood-
composites (Deppe, 1970; Hall et al., 1982). In some instances, samples in the current
study experienced small weight losses after treatment. These losses may be caused by
solubilization of wood extractives or resin components during exposure to supercritical
conditions (Larsen et al., 1992; Ritter and Campbell, 1991; Tillman and Lee, 1990).

Traditionally, weight gain after treatment has been used as a measure of preservative
absorption. However, in this study, weight gain was poorly correlated (R = 0.01 - 0.35)
with chemical absorption. Simultaneous extraction of wood extractives and other wood
constituents during the supercritical treatment appears to mask biocide absorption.
Combinations of weight gain and other process variables such as pressure, temperature, or
treatment time were also poorly correlated with chemical absorption (R?=0 - 0.29).

Water Absorption and Thickness Swelling: Treatment pressures and temperatures had no
significant effects on water absorption or thickness swelling in panels tested after a 24-hour

soak compared to untreated controls (Tables 5 and 6). The ANOVA showed that
tebuconazole had no effect on water absorption or thickness swelling within the retention
range obtained in this study. The results suggest that supercritical fluid conditions used in
this study had no significant negative effect on dimensional stability of the treated panels.
Quite the contrary, the treatment appeared to produce slight improvements in flakeboard.
The nature of these changes are unclear, although they may reflect densification of the
panel or, more likely, extraction of more hygroscopic components during the treatment.

Evaluation of Mechanical Properties: Effective biocide protection is essential for the
performance of many panel products but equally important in this process is the impact of
treatment on physical and mechanical properties of the treated product. An analysis of
variance (ANOVA) of moduli of elasticity (MOE) and modulus of rupture (MOR) showed
that treatment pressure, temperature, or pressure period had no significant effect on
stiffness or bending strength for flakeboard compared to untreated control panels (Figure
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10). Shear tests and examination of failure zones suggested that supercritical fluid
impregnation induced no significant negative effects on plywood specimens (Table 7).
Previous studies with liquid solvents indicate that prolonged exposure to high pressure and
elevated temperatures during treatment can result in considerable mechanical damage
(Walters, 1967; Walters and Whittington, 1970; Mitchell and Barnes, 1986).

Previous studies suggested that mechanical properties of wood-composites declined
following conventional treatment with several wood preservatives (Boggio and
Gertjejansen, 1979; Hall et al., 1982). Our results indicate that these effects are absent in
supercritical fluid impregnated materials.

5. Conclusions

Supercritical carbon dioxide was capable of solubilizing and delivering acceptable levels of
tebuconazole into both plywood and flakeboard without adversely affecting the physical
and mechanical properties of the test samples.

Supercritical fluids provide an attractive alternative to conventional liquid treatments. This
new technology avoids problems encountered with conventional fluid pressure
impregnation such as excessive thickness swelling and decreased mechanical properties.
However, the effects of process variables and board properties on biocide penetration and
deposition must be more thoroughly understood before commercial treatment processes are
developed.

Despite the need for further research, the process has demonstrated the potential for
producing panel products capable of performing under a variety of conditions where
conventional products would fail.
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Table 1. Typical properties of gas, liquid and supercritical fluids (SCF) (18).

Property Gas SCF Liquid
Density (g/cc) (0.6-2)x10-3 0.2-0.9 0.1-1.6
Diffusion 0.1-0.4 (0.2-0.7)x10-3 (0.2-2)x10-5
coeff.(cm3/sec)

Viscosity (cP) (1-3)x10-2 (1-9)x10-2 0.2-3

Table 2. Properties of panels used for supercritical fluid (SCF) treatment.

Board Type Properties
Plywood Douglas-fir face; exterior type (PF bonded) 5-ply; 0.47-0.50
g/cc density, 15 mm thick.
Flakeboard Wafers from mixed softwood; exterior type (PF bonded);
0.60-0.65 g/cc, random orientation, 10 mm thick

Table 3. Modified sample dimensions used for evaluation of mechanical properties of SCF
treated and untreated panels (ASTM D 1037).

Test Replications Sample Dimension
Static Bending 9 38 mm x 305 mm x panel thickness
Internal Bond (IB) 4 38 mm x 50 mm x panel thickness
Moisture Absorption 6 38 mm x 203 mm x panel thickness
Thickness Swelling 6 38 mm x 203 mm x panel thickness

Table 4. Effect of Supercritical Fluid impregnation on thickness swell and weight change in
various panel types.

Thickness Swelling (%) Weight Gain (%)
Panel Type | Replicates
Mean Range Mean Range
(St. Dev.) { (St.Dev.)
Plywood 55 1.17 (0.80) | -0.336 to 3.449 2781 -0.98t06.19
Flakeboard 49 1.52 (1.11) -0.05t04.97| 0.86(0.70)| -0.72t02.86
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Table 5. Effect of treatment pressure and temperature on water absorption after 24-hour
soak in water (ASTM D 1037) in various panel types following impregnation with

supercritical CO; at selected pressures at 60° C for 30 minutes or selected
temperatures at 1800 psig and 60° C.

Water Absorption (%)

Panel Type Pressure (psig) Temperature ( °C)
Control 1800 3600 4500 45 60 75
Plywood 305A| 334A| 334A| 327A] 348A| 334A| 36.0A
Flakeboard 440A| 278AB| 20.7B| 27.1AB| 46 7A| 278A 294A

*Values represent means of 6 replicates per treatment. Values followed by the same letter do
not differ significantly by Tukey’s HSD ( = 0.05).

Table 6. Effect of treatment pressure and temperature on thickness swelling after 24-hour
soak in water (ASTM D 1037) in various panel types following impregnation with
supercritical CO; at selected pressures at 60° C for 30 minutes selected
temperatures at 1800 psig and 60° C.

Panel Type | Control Thickness Swell (%)*
Pressure (psig) Temperature ( °C)
1800 3600 4500 | 45 60 75
Plywood 3.7A 3.7A 30A 32A 36A 3.7A 36A
Flakeboard | 17.8 AB 98B 7.5B| 10.9A]| 128 AB 98B| 10.8B

* Values represent means of 6 replicates. Values followed by the same letter do not differ
significantly by Tukey’s HSD ( =0.05)




Table 7. Effect of temperature, pressure and treatment time during supercritical fluid
impregnation of plywood on shear strength and percent wood failure.

Shear Strength (psi) Wood Failure (%) -
Trea:tment Pressure (psig) Temperature (°* C) Pressure (psig) Temperature (* C)
i)
Control{ 1800 | 3600 | 4560 45 &0 75 |Control} 1800 | 3600 | 4500 45 60 75

0 [i34@DA SHA

5 130(Z5)A 97(3A

15 131ZDA Sa(aA

30 135(38)A129(28)Al134(20)A 126(20)A[1 35(3B)A 1172004 R2NA [ 9AA | 95(5)A | 93(6)A | 92(MA | 96(a)A

Figure 1. Phase diagram of a pure substance.
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Figure 2. Chemical structure of tebuconazole (a-[2-(4-chloi'0phenyl)ethyl]-a-(l, 1-
dimethyl)-1H-1,2,4-triozole-1-ethanol) (Exner, 1991).
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Figure 3. Device used for superecritical fluid impregnation studies.
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Figure 4. Sampling pattern for assessing biocide distribution and retention in SCF treated
composites.

Figure 5. Effect of pressure on tebuconazole retention in various panel types during
treatment with supercritical CO; maintained at 60°C for 30 minutes. Bars of the same panel

type with the same letters do not differ significantly by Tukey’s Highly Significant
Difference test at o. = 0.05.
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Figure 6. Effect of treatment time on tebuconazole retention in various panel types during
treatment with supercritical CO; at 1800 psig and 60°C. Bars of the same panel type with

the same letter are not significantly different by Tukey’s Highly Significant Difference test at
o =0.05,
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Figure 7. Effect of treatment temperature on tebuconazole retention in various panel types
during treatment with supercritical CO; at 1800 psig for 30 minutes. Bars of the same panel

type with the same letter are not significantly different by Tukey’s Highly Significant
Difference test at o = 0.05.

Pressure = 1800 psig

Time = 30 min

Retention (kg/m3)

45 60 75
Temperature (°C)

M Plywood BFlakeboard |




Figure 8. Tebuconazole distribution at selected debths from the surface of panels treated
with supercritical CO;under conditions maintained at a) 1800 psig and 60°C for 30 min. b)
1800 psig and 45°C for 30 min. or ¢) 3600 psig and 60°C for 30 min.
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Figure 10. Effect of a) treatment pressure b) temperature, or ¢) pressure period on MOE
and MOR of various panel types impregnated with tebuconazole using supercritical CO; at

60°C for 30 minutes.
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