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Abstract approved
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Supercritical fluid (SCF) impregnation is a promising preservative treatment

method, however, the development of SCF processes has been slowed by a limited

understanding of the process. Developing a better understanding of the effects of

various process parameters on treatment results would allow for a more rational

development of SCF impregnation. We explored a new process that introduced biocide

in a methanol solution and then reduced temperature to induce deposition.

Temperature induced deposition produced more reproducible retentions between

batches and reduced biocide consumption in comparison with the saturation method. A

close relationship was observed between biocide input (g) and retention up to 0.5 kg/m3

(Y = 0.0255x, R2 = 0.9535) using this method. Operating at higher temperature and

pressure reduced treatment reproducibility.

Although temperature induced deposition required additional cooling times, it

also produced higher retentions, an absence of clogging in lines, allowed for methanol

recycling, and created the potential for recycling liquid CO2. One possible drawback

was the presence of a liquid phase at the end of the process that might result in biocide

movement from the interior to the surface in wood.
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Different wood materials including ponderosa pine sapwood, plywood, and

oriented strand board showed varying biocide treatability due to differences in structural

composition and permeability of the various materials. Although liquid impregnation

produced similar retentions in all three wood materials, the liquid treatment can cause

detrimental effects on the mechanical and physical properties of wood composites.
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Supercritical Fluid Impregnation with Biocides of wood Using Temperature

Reduction

1. INTRODUCTION

Naturally durable or preservative treated wood exhibits remarkable

resistance to deterioration, and can be successfully used for many outdoor

applications. As wood demand for construction increases, however, there have

been insufficient supplies of naturally durable species to meet demands.

Preservative treatment of non-durable species can meet this increasing

demand for construction and manufacturing applications. Proper treatment with

preservatives to obtain sufficient retention and penetration provides excellent long-

term protection. Currently used preservative treatments are usually delivered

using liquid carriers. However, many species are resistant to fluid penetration.

Liquid carriers have high viscosity and low diffusivity that limit liquid

impregnation into many woods. These problems result in uneven distribution and

shallow penetration of preservatives for refractory species, even when long treating

periods are employed. Shallow penetration can increase the chance that the

treatment barrier will be compromised, shortening service life.
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Incising improves fluid flow into the wood, but has an adverse impact on

mechanical properties of the finished product and does not overcome the basic

treatability problems (Winandy and Morrell, 1998).

Conventional pressure treatment can also pose problems for composites.

Wood-based composites can be treated with preservatives by adding a biocide to

components prior to lay up, or by pressure treatment of finished products with

liquid preservatives. Adding biocide prior to lay-up may affect bond strength and

lead to emission of hazardous volatile materials during pressing. Treating finished

materials with water-based preservatives can produce warping or splitting of final

products as a result of swelling and subsequent redrying (Barnes and Amburgey,

1993). Treatment with oil-borne preservatives can limit these problems, but the

residual solvents in these products are often objectionable to users and produced

poor finishing properties.

Obtaining adequate preservative retention and penetration in solid wood and

wood materials without adversely affecting mechanical and aesthetic properties are

major concerns in the preservative treatment industry.



2. LITERATURE REVIEW

2.1 SUPERCRITICAL FLUIDS

An ideal solution to the problems of wood treatment was suggested by a

Japanese patent (Itou et al., 1984) that employed supercritical carbon dioxide as the

biocide carrier. Supercritical fluids (SCF) exist when both pressure and

temperature are above their critical values (Figure 2.1). Since there is no phase

boundary between gas and liquid, the fluid exhibits intermediate properties between

these phases. SCF's possess gas-like properties including low viscosity, high

diffusivity, high compressibility and miscibility with gases that facilitate transport

rates (Table 2.1). SCF's can also approach liquid-like densities, providing

significant solvating power (Krukonis, 1988). These unique properties make

SCF's ideal carriers for solutes. Supereritical carbon dioxide has 3 - 10 orders of

magnitude higher solvating power than CO2 at ambient conditions (Johnston and

Dixon, 1993).

Supercritical solvating power is readily adjustable using pressure and/or

temperature, which strongly affect density (Brantely et al., 1999). Fluid density

controls thermodynamic and transport properties of supercritical fluid. SCF

properties vary most widely near the critical value of the fluid, with small changes

of pressure and/or temperature producing dramatic changes in solvating power.
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SCFs can be dissolved into polymer matrices, cause swelling and

subsequently produce quicker and more complete diffusion of an impregnation

material (Sand, 1985; Zhang, 1996). The supercritical fluid can also act only as a

swelling agent where another separate component carries solutes into a substrate

(Perman et al., 1996).

Table 2.1. General ranges of selected physical properties of gases, supercritical
fluids, and liquids (Raynie, 1997).

Density Difthsivity Viscosity Surface Tension

p [g . mL'] D [cm2. 'I r [g. cm1 51] [dynes . cm']

Gas (0.6-2). iO3 0.1-0.4 (1-3). iO4 0

Supercritical fluid 0.2-1.0 (2-7). i0 (1-9). i0 0

Liquid 0.6-1.6 (0.2-2). i0 (0.2-3). 102 30-60
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Figure 2.1. Schematic pressure-temperature phase diagram (Johnston and Dixon,
1993)



2.2 SUPERCRITICAL FLUID APPLICATIONS

Supercritical fluids are widely used in extraction and purification processes

in the food and pharmaceutical industries (McHugh and Krukonis, 1994). The

advantage of supercritical fluid extraction (SFE) includes speed, energy efficiency,

ease of solvent removal, and high selectivity for extracted compounds (Awasthi

and Trivedi, 1997). SCFs are also used to produce particles, fibers, and thin films.

SCF's are already used in many applications including critical point drying,

petroleum separation, chromatography, low density polyethylene production, waste

destruction, and polymer recycling (Cancell et al., 1998; Clifford, 1998; Bray,

2000; Lora and Kikic, 1999).

Supercritical fluid polymer production employs an impregnation procedure

that can be closely related to biocide impregnation in wood-based materials.

SCF' s have been used to impregnate a variety of materials including catalysts

(McLaughlin and Skriba, 1990), polymer/polymer and polymer/metal composites

and nonionic surfactants in non-woven fibrous polyethylene material (Ma and

Tomasko, 1997). Supercritical fluid technology has also been used to produce

carbonlcarbon composites (Berneburg and Krukonis, 1985 and 1991). Ceramic

precursors can be deposited within the internal voids of reinforced carbon

composites, evenly distributing the solutes throughout the sample and reaching

gaps as small as one micron across.

The mechanisms of SCF polymer impregnation include partitioning,

precipitation, and trapping. As a supercritical fluid containing solutes penetrate

6
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into and swell the polymer, the solutes start to move into the matrix according to a

partition coefficient (K) expressing the affinity of the solute for the host material

compared to its affinity for the solvent (Lora and Kikic, 1999; Cooper, 2000).

West et al. (1998) demonstrated the importance of partition coefficients for delivery

of a high amount of azo-dye disperse red 1 into poly methyl methacrylate films.

Although the dye exhibited very low solubility in supercritical CO2, the

supercritical fluid could transport the dye into the films because of the high

partition coefficient. Howdle et al. (1994) used vibrational spectroscopy

techniques to observe the same effect on polymer films and powders.

Reduced solubility to induce precipitation of the solutes can be

accomplished using temperature and/or pressure reductions. Bertucco et al.

(1994) report that extremely rapid expansion of supercritical CO2 deposited

Ferrocene in a porous polymer matrix, and their fundamental mathematical model

predicted thermodynamic conditions during the process and the precipitation rate.

Solute trapping occurs when solvent exits the polymer and the matrix

shrinks. The reduced solvent pressure results in high-pressure centrifuge-like

separation and filtration (Berens et al., 1989).



2.3 SUPERCRITICAL APPLICATIONS IN THE FOREST PRODUCT INDUSTRY

SCF's have been used in the forest products industry to remove both

extractives (Poonawalla, 1977; Calimli and Olcay, 1978; Fremont, 1981; Torul and

Olcay, 1982; Beer and Peter, 1985; Ohira et al., 1994; Acda et al., 1998; Morrell

and Levien, 2000) and toxic materials including preservatives from wood (Levien

et al., 1994; Ruddick and Cui, 1995; Sahle-Demessie at al., 1997; Ping, 1997;

Schrive and Labat, 1998; Takeshita et al., 2000). SCF's have also been used to

delignify pulp (Koell et al., 1979; Kiran, 1995; Tokel, 1989; Tiliman and Lee,

1990) and as potential solvents for lignocellulose materials (Kiran, 1995; Symons,

1998). SCF's have been employed for impregnating polymers into wood to obtain

dimensional stability (Ward, 1989; Bane et al., 1999). Hermawan et al. (2000)

applied SCFs to treat cement-bonded particleboard prior to pressing, and found

significant mechanical and physical property improvements because of quicker

cement curing and enhanced hydration. Symons (1998) patented supercritical

carbon dioxide as a potential solvent for a lignocellulosic material, and Sahle-

Demessie et al. (1995) assessed the potential of SCF's to increase the permeability

of refractory species such as Douglas fir.

Union Carbide Co. introduced a supercritical CO2-assisted spray painting

and coating process (TJNICARB®), the first commercial application of SCF's to the

forest products industry in a process that reduces solvent emissions by up to 80

percent (Nielsen et al., 1995).

8



2.4 SUPERCRITICAL FLUID IMPREGNATION OF WOOD MATERIALS

Supercritical fluid technology can also be successfully applied to

preservative impregnation of wood. Low viscosity and surface tension coupled

with high diffusion coefficients improve SCF flow through the wood matrix. The

liquid-like densities of some SCF's can dissolve biocides at levels approaching

liquid solubility. In addition, solvating power can be adjusted using pressure

and/or temperature (Brantely et al., 1999). This tunable solvating strength can be

used to control the degree of biocide loading.

2.4.1 Impregnation Mechanism

The process for SCF biocide impregnation into wood materials can be

simply described. A biocide is dissolved in a supercritical solvent and wood is

exposed to the supercritical solution until the voids are filled. Finally, the biocide

is deposited as operating conditions (pressure and temperature) are lowered below

their critical values, decreasing biocide solubility. Biocide mixing with SCF can

be carried out by either direct biocide introduction to SCF/cosolvent solution inside

of a saturation vessel or by solubilizing biocide in a liquid cosolvent prior to

introduction into the SCF flow (Kayihan, 1992).

A saturation vessel (saturator) can be used to dissolve a biocide with a

supercritical solution of CO2 and cosolvent. The biocide is packed in filter paper,

9
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cellulose sponge or glass wool to increase solute-solvent contact. The saturated

solution is then introduced into a treatment vessel, which is maintained at a

constant pressure. Fairly large amounts of solute are required in the saturator to

guarantee a saturated solution over the entire process (Kayihan, 1992). The direct

introduction of the supercritical solution into the treatment vessel can eliminate the

need for a separate saturator (Itou et al., 1984).

2.4.2 Supercritical Carbon Dioxide

While there are a variety of potential supercritical fluids, carbon dioxide is

most widely used because of favorable properties that include low toxicity, low

cost, inert nature, non-flammability, low viscosity, and volatility (Filippi, 1982;

Clifford, 1998). The relatively low critical temperature (31.3 °C) and pressure

(1073 psi), which are readily attainable with commercially available equipment,

make carbon dioxide very attractive for many applications (Table 2.2).

Although supercritical carbon dioxide (SC-CU2) exhibits many desirable

properties, its polarity is lower than any hydrocarbon except methane (Sahle-

Demessie, 1994). Therefore, pure SC-CO2 shows limited affinity with polar

solutes, even at high densities. The addition of a small amount of cosolvent (Table

2.3) enhances the properties of the fluid by selective interaction with the solutes or

simply by changing the polarity of the fluid (Clifford, 1998; Brantley et al., 1999).



Table 2.2. Critical parameters of gases (Clifford, 1998).

Tc: critical temperature P: critical pressure

11

Fluid Critical Critical pressure Critical density

temperature pc [psi]
*2

Pc [glcm3]

T [C0]*l

Ammonia 132.65 1635.6 0.24

Carbon dioxide 31.17 1073.0 0.47

Ethane 32.34 706.3 0.20

Ethylene 9.35 730.8 0.22

Methanol 239.65 1174.5 0.27

Nitrous oxide 36.15 1056.3 0.45

Propane 96.85 615.8 0.22

Toluene 318.75 596.0 0.29

Water 374.35 3197.3 0.32
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Table 2.3. Critical parameters of cosolvents used with carbon dioxide (Clifford,

Tc: critical temperature P: critical pressure

The feasibility and efficacy of biocide impregnation into wood with SC-

CO2 has been evaluated in previous studies (Morrell et al., 1993). SC-CO2

impregnation produced deeper penetration, required shorter treatment time, and

produced more uniform biocide distribution than conventional liquid treatment

(Sahie-Demessie, 1994). The process also worked well for wood-based

composites (Acda, 1995; Acda et al., 1997a). Research has continued to

investigate relationships between solvent properties, retention/penetration, and

wood characteristics under different operating conditions (Sahle-Demessie, 1994;

Acda, 1995; Anderson, 1998; Schneider, 1999).

1998).

Substance T [C°]
*1

Pc [psi]
2

Methanol 240 1174.5

Ethanol 241 884.5

1-Propanol 264 739.5

2-Porpanol 235 696.0

2-Butanol 263 609.0

Acetone 235 681.5

Diethyl ether 194 522.0

Chloroform 263 783.0

Hexane 235 435.0

Benzene 289 710.5

Toluene 319 594.5
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The ultimate objective of SCF impregnation is to achieve deep penetration

at a sufficient retention throughout the wood. Ward (1989) reported that increased

methyl methacrylate (MMA) input resulted in higher polymer retentions in loblolly

pine. The amount of solute loading in solution is controlled by solvating power,

which varies with type of biocide and treatment conditions such as pressure,

temperature and amount of cosolvent.

2.4.3 SCF Effects on Wood Properties

Although SCF treatment is an effective and promising way to impregnate

biocides into wood materials, the method also has raised concerns since the wood

materials are exposed to high pressures. SCF treatment did not affect the

mechanical properties of spruce small samples (Smith et al., 1993a, b). Acda et al.

(1997a) found no adverse effect on physical or mechanical properties of various

wood composites include plywood, flakeboard, particleboard, and medium density

fiberboard (MDF). Oberdorfer (unpublished) also found that SCF treatment did

not affect the properties of MDF and oriented strand board (OSB), but found

significant effects on laminated veneer lumber (LVL). SCFs can flow easily

through a wood composite because these materials usually have numerous void

spaces between strands and fibers that facilitate fluid flow. These voids spaces are

assumed to be larger than cell cavities in solid wood. Therefore, permeability of

composites tends to be higher than that of solid wood. For example, transverse
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permeability of commercial medium density fiberboard was about 4 times greater

than radial permeability of ponderosa pine sapwood and 280 times greater than

Douglas-fir sapwood (Smith, 1982). Despite this higher permeability, Mum et al.

(2001) reported strength losses in OSB following SCF treatment. Unlike small

samples, larger TCMTB (2-(thiocyanomethylthio) benzothiazole) treated southern

pine sapwood (19 mm by 19 mm by 510 mm long) experienced significant

reductions in modulus of rupture (MOR), modulus of elasticity (MOE) and work to

maximum load (WML) (Kim et al., 1997). Larger samples also showed significant

decreases in specific gravity and equilibrium moisture content, which suggest

removal of wood extractives and reduced hygroscopicity. Decreased

hygroscopicity might result from increased cellulose crystallinity (Tanahashi et al.,

1989; Yang et al., 1995). Acda et al. (1997a) also reported reduced moisture

uptake in wood composites after SCF treatment.

Specimen size can clearly affect the development of pressure gradients

causing stresses that exceed the material properties of the wood (Anderson, 1998).

In addition, refractory species with low specific gravity tend to restrict flow,

leading to the development of pressure gradients that induce treatment defects

(Acda et al., 2001).

Treatment defects result from pressure gradients, not hydrostatic pressure

on wood, which results in collapse, loss of physical properties and decreased

mechanical strength. If stress induced from the pressure gradient exceeds the

compressive or tensile strength of the treated wood, the wood experiences
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deformation and, ultimately failure. High pressure (4350 and 8700 psi) itself did

not produce obvious effects on compressive and tensile strength in spite of slight

increases in cellulose crystallinity (Yashiro and Takahashi, 1996), but abrupt

pressure changes can cause pressure gradients in larger, refractory woods.

Continuous monitoring of wood sections using strain gages revealed that the

maximum displacement resulted from the largest differentials between internal and

external pressure during pressurization and venting under supercritical conditions

(Kim and Morrell, 2000). Oberdorfer (unpublished) found no significant pressure

gradients in OSB and MDF during pressing and venting, but pressure gradients in

end-sealed laminated veneer lumber (LVL) exceeded the compressive strength of

the material. The LVL was affected because the glue lines restricted vertical flow

of SCF's during pressurization, while tensile forces leading to large displacement

eventually resulted in sample deformation during ventilation.

Kim and Morrell (2000) suggested that the SCF deformation could be

minimized using slow pressurization and rapid pressure drops during the venting

stage. The fast venting caused a distinct rebounding of spruce specimens, although

it likely caused large pressure gradients to develop across the sample. Specimens

fully recovered from deformation at faster venting rates. Oberdorfer (unpublished)

observed similar results in LVL.

Anderson (1998), however, demonstrated the importance of slower

pressurization and venting rates during SCF treatment. Slower pressure change

might prevent the development of internal pressure gradients that affect bending



16

properties and anatomical characteristics of wood. Schneider (1999) observed that

increasing rates of pressure change produced larger pressure differences across

samples, potential increasing the risk of wood failures.

SCF treatment can also alter other wood properties. Supercritical ammonia

darkened the wood and produced an amorphous appearance (Weimer et al., 1986).

Sahle-Demessie et al. (1995) found that supercritical fluid extraction (SFE)

increased permeability of Douglas-fir heartwood by opening occluded or aspirated

pits; however, this effect was not consistent. Schneider (1999) also reported no

uniform effect of supercritical CO2 on air permeability of eleven wood species.

SCF's made fiber surfaces smoother, possibly as a result of removal of extractives

from the fiber surfaces or from recrystallization due to CO2 sorption (Ma, 1996).

Hoshino et al. (1993) reported that maximum CO2 adsorption resulted in a 3.5

percentage weight increase on cellulose at 40°C and 1131 psi. CO2 adsorption

developed into multiple layers in the polymer matrix. Su (1997), however,

reported that X-ray diffraction could not detect changes in basic wood structure

after SCF impregnation of a ceramic component, and concluded that no CO2

penetration occurred in the crystalline region of the wood.

SCF effects on chemical components were investigated using different

supercritical fluid solutions (Li and Kiran, 1988; Funazukuri, 2000). SCF

sometimes produced thermal degradation of samples and decreased sample weight

due to dissolution of xylose, xylan, arabinogalactan and a-cellulose. These results

suggested that SCF's could be used as a reactive solvent for kraft lignin; however,
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Mueller et al. (1997) reported that liquid and supercritical carbon dioxide failed to

enhance accessibility of the hydroxyl groups on cellulose. Although these studies

have explored the reactivities and interactions between lignocellulosic materials

and supercritical fluids, the relationship remains poorly understood.

2.4.4 Biocide for Supercritical Fluid Impregnation

The selection of suitable biocides for SC-CO2 treatment is critical for

developing effective impregnation processes. Biocides with higher vapor

pressures or lower melting/boiling points show good solubility in SCF's (Sahle-

Demessie, 1994). Brogle (1982) also pointed out CO2 is a good solvent for many

low molecular weight, non-polar molecules. Triazole fungicides including

tebuconazole and propiconazole were among biocides with high solubility in SC-

0O2/cosolvent systems (Sahle-Demessie, 1994). Triazoles exhibit a broad

spectrum against decay fungi, leaching resistance, heat stability, and are relatively

non-toxic to humans (Exner, 1991). Sahie-Demessie (1994) measured the

solubility of various wood preservatives with or without cosolvents (Table 2.4 and

Table 2.5).



Table 2.4. Solubility of various wood preservatives in supercritical CO2 (Sahie-
*1Demessie, 1994)

IPBC*2 Pentachlorophenol Cu-8-quinolinolate

Tebuconazole*3 Cu-naphthenate Chlorothalonil*6

TCMTB*4 Amical_48*7

Propiconazole*S
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High (>2 %) Intermediate (0.8 - 2 %) Low (< 0.8 %)

*1
Solubility is expressed by mass %.

*2 3Jodo2.propynyl butyl carbamate
*3

a-[2-(4-chlorophenyl)ethyl]-3- a-(1, 1 -dimethylethyl)-JH-1, 2, 4-triazole-1-ethanol
*4

2-(thiocyanomethylthio) benzothiazole
*5 , ,

1 -(2-(2 .4 -dzchlorophenyl)-4-propyl-1, 3-dzoxolan-2-methyl)-JH-1, 2, 4-triazole
*6

tetrachloro-isophthalonitrile
*7DiiOdomethylptolyl suiphone



Biocide Temperature Cosolvent Effect

(°C) Methanol Ethanol Acetone

IPBC 40 4.91 2.00 4.72
55 2.17 1.59 Na
80 1.44 1.17 1.18

Tebuconazole 40 16.39 9.30 9.04
55 6.73 3.08 3.02
80 6.41 2.92 2.94

TCMTB 40 4.68 6.65 4.38
55 3.08 3.74 2.47
80 3.09 3.67 3.16

Propiconazole 40 Na Na Na
55 3.0 1.74 1.76
80 2.76 1.57 1.55

Cu-naphthenate 40 3.78 5.12 2.79
55 1.07 2.18 Na
80 1.57 1.01 1.99

Pentachlorophenol 40 5.47 Na 5.44
55 6.21 6.94 5.37
80 4.00 2.96 3.92

Amical-48 40 1.15 1.86 1.77
55 0.94 1.06 1.94
80 0.77 0.78 Na

Chlorothalonil 40 0.96 1.06 0.96
55 1.01 0.97 0.71
80 1.35 Na Na

Cu-8- 40 10.01 8.04 4.80
quinolinolate 55 10.00 5.04 2.50

80 Na Na Na
' Cosolvent effect is expressed by (solubility with cosolvent)/(solubility without

cosolvent).
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Table 2.5. Cosolvent effects on solubility of various wood preservatives at 3674 psi
and 3.5 mole % cosolvent (Sahie-Demessie ,1994)*1.



2.4.5 Supercritical Fluid Conditions

Solute solubility generally varies with respect to fluid density (Chrastil,

1982). SCF density can be adjusted infinitely with pressure and temperature

changes (Cancell et al., 1998; Brantely et al., 1999). Higher retentions and more

even distributions of biocide in wood were found under higher-pressure conditions

(Sahle-Demessie, 1994), but Acda (1995) reported no consistent effect of increased

pressure on biocide retention in composites. Increasing treatment temperatures can

decrease solute solubility by retrograde behavior where solute vapor pressure

exceeds the critical point as temperature increases (Marentis, 1988). Acda (1995)

found that tebuconazole retentions decreased as treatment temperature rose from 45

to 75 °C. Morrell et al. (1993) observed slight or no retention changes with

increased temperature.

Addition of small amounts of cosolvent can produce large changes in

composition or volumetric properties of the fluid phase (Brantely et al., 1999). For

example, methanol resulted in significantly higher biocide retentions in wood

(Sahle-Demessie, 1994; Acda, 1995). Solubility was enhanced by selective

interaction with the solutes or simply by changing the polarity of the fluid

(Clifford, 1998; Brantley et al., 1999).

Apart from solubility, other factors can influence biocide retention and

distribution. Longer treatment periods resulted in higher retention and smaller

retention gradients in solid wood (Morrell et al., 1993; Sahie-Demessie, 1994;

Acda, 1995) probably as a result of increased diffusion time. However, no
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consistent effect of longer treatment time was observed at various pressure levels in

another study (Acda et al., 2001). The effect of flow length and direction on

biocide retention have also been investigated (Sahie-Demessie, 1994). More even

biocide distribution was produced in wood with shorter flow paths or when fluid

flow in the treatment vessel was periodically reversed to improve mixing. Like

conventional liquid pressure treatment, wood permeability also affects biocide

retention and distribution in SCF treatment. Higher retentions and more uniform

distributions were obtained with more permeable wood species. Surface-center

retention ratios were found to be 2.4 and 6.8 for permeable ponderosa pine

sapwood and refractory Douglas-fir heartwood, respectively (Sahle-Demessie,

1994).

Although SCF treatment produces excellent biocide penetration, there are

large biocide gradients from the surface to the core of the wood (Sahle-Demessie,

1994; Acda, 1995: Acda et al., 2001). Sahle-Demessie (1994) found that biocide

retentions in 13 mm diameter Douglas-fir dowels were 2 to 230 fold greater in the

shell regions compared to the inner core depending on treatment conditions. Acda

(1995) and Acda et al. (2001) reported shell to core ratios of tebuconazole

concentrations ranging from 2.2 to 8.7, and these ratios tended to increase with

higher pressure. They suggested that the increase might reflect biocide movement

in the SCF to the surface as pressure decreased at the end of the treatment cycle.

Interestingly, biocide retention gradients were also affected by venting rate.
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Venting rate did not appear to affect mean retention, but more uniform biocide

distribution resulted from slower venting rates (Acda et al., 2001).

Models describing the relationship between treatment conditions and

treatability (retention and penetration) can be used to develop more controlled

treatments. Although models have been developed (Ward, 1989; Sahie-Demessie,

1994), none accurately predicts solute retention due to limited information on the

mechanisms of solute deposition in wood and wood-based materials. Ward (1989)

studied deposition of methyl methacrylate (MMA) into loblolly pine sapwood, and

found differences between the amount of MMA solubilized in the SCF assumed to

penetrate into wood and the final retention. The differences were attributed to

multi-component diffusion, capillary condensation and selective adsorption along

with simple flow. Sahie-Demessie (1994) also pointed out that the limited

understanding of the precipitation kinetics and solute-substrate interactions made

his model less reliable. Insufficient information about the solute/substrate

interaction is also regarded as a major obstacle for developing SCF impregnation

processes (Lora and Kikic, 1999).

2.5 IMPORTANCE OF DEVELOPING NEW SUPERCRITICAL FLUID IMPREGNATION
PROCESS

One of the limits to building an accurate biocide impregnation model in

wood is inconsistent process data, either due to the inherent character of SCF

treatment or the difficulty of controlling the treating system. Many studies have
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been conducted using a saturation method for biocide mixing and venting for

biocide deposition. The saturation method has some disadvantages. Solute levels

can change markedly with small changes in pressure/temperature or amount of

cosolvent. This property is one of the merits of SCF treatment, but can also lead to

variability among batches, especially in equipment where treatment conditions

cannot be precisely controlled. Acda (1995) and Sahle-Demessie (1994) found

larger standard deviations in preservative retention in comparison to means. The

relationship between pressure/temperature and retention was poor (Sahie-Demessie,

1994; Acda, 1995; Acda et al., 2001), while that between pressure/temperature and

solute solubility was stronger. For example, higher pressures increase solute

solubility thereby enhancing biocide input. It is difficult to observe the effect of

pressure alone on SCF impregnation using a saturation method. However, high

pressure increases retention and penetration in conventional liquid treatments (Hunt

and Garrett, 1967). One possible method for overcoming the disadvantages of the

saturation method is to mix biocide with liquid cosolvent prior to introduction into

the treatment vessel. Biocide input can be controlled below the saturation point to

assure that all biocide added into the system is dissolved in the SCF under given

conditions. One drawback to this approach is the need to keep an accurate mass

balance between cycles, otherwise biocide can build up in the system, producing

saturated conditions or sub-optimal biocide levels.

Cleaning up a SCF system is an inherent problem. While small-scale

equipment can be cleaned between cycles by purging with SCF fluid for a given
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time, it is difficult to remove residual biocide in bigger systems. Most SCF

applications use pressure changes to adjust fluid properties to produce rapid

deposition. This allows some biocide to escape through venting lines. Fluid

properties can also be adjusted with temperature changes, although the mass of the

treatment vessel makes such changes much slower. Rapid pressure drops can

result in uneven biocide distribution (Acda et al., 2001) and treatment defects in

refractory species (Anderson, 1998). Slower deposition associated with

temperature control might allow more uniform biocide distribution, while limiting

wood damage.

The saturation method used in previous studies produces fluctuating

retention values from batch to batch even under the same treatment conditions

(Sahle-Demessie, 1994; Acda, 1995). This variation may reflect the difficulty of

mixing within a treatment vessel, or biocide may be depleted within the saturation

vessel during the process so that unsaturated SCF flows through the samples to

extract previously deposited materials and produce varying biocide inputs for

different treatment batches. The problem might be solved by metering biocide

mixed in cosolvent into the treatment vessel during the treatment process.

Hassan (1997) found that obtaining a single phase in multi-component

mixtures of complex molecules in SCF required higher temperature and pressure

than the critical points for pure CO2. High retentions and deeper penetration were

observed in SCF treatments when pressure and temperature were well above the

critical point for the multiple components. However, biocide was also
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successfully impregnated at temperatures and pressures only slightly over the

critical point for pure CO2 and lower than that of mixture (Sahle-Demessie, 1994;

Acda, 1995; Acda et al., 2001). These results suggest that single and multiple

phases might be present under pressure/temperature conditions above and below

the critical point for multiple components (Hassan, 1997). However, the

relationship between phase behavior and biocide treatability (retentionlpenetration)

has not been fully investigated.

Although SCF biocide impregnation exhibits many advantages over

conventional pressure treatment, the technique remains experimental because

process parameters remain so poorly understood. Developing methods for

delivering uniform loadings throughout the wood and wood composites will be

essential for commercial application of these processes.



3. OBJECTIVES

Explore the addition of biocide in a solvent solution to reduce biocide

consumption and improve SCF uniformity.

Assess the use of temperature decreases at the end of the treatment cycle to

induce biocide deposition in wood.

Develop improved models that predict the effects of process conditions on

treatment results.
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4 MATERIALS AND METHODS

4.1 EXPLORE THE ADDITION OF BIOCIDE SIMULTANEOUSLY WITH COSOL VENT TO

REDUCE BIOCIDE CONSUMPTION AND IMPROVE FLUID UNIFORMITY

Obtaining reproducible results is critical for successful SCF treatment.

Ideally, the process would be a near-closed loop system whereby CO2 and biocide

were recovered at the end of each cycle. This recovered material, along with

supplemental amounts of biocide, solvent and cosolvent to replace that deposited in

the wood in the previous cycle are then added for the next cycle. Subsequent

treatment reduces the need to clean the system between batches.

Although most SCF applications use pressure for adjusting fluid properties,

this study used temperature for biocide deposition to limit biocide loss from the

system through venting

4.1.1 Sample Preparation and Biocide

The experiment was performed using Ponderosa pine sapwood (Pinus

ponderosa Laws). Since our primary concern was to investigate feasibility of the

new approach, we used a highly permeable wood species to minimize confounding

factors that might result if a refractory species were employed. Kiln-dried lumber

was cut into specimens (10 by 100 by 300 mm long), and the specimens were
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conditioned to constant weight at 20 °C and 65 % RH. Samples were not end-

sealed to reduce the risk of pressure gradients that might lead to mechanical sample

failure during SCF treatment and minimize error in mass balance due to

solubilization of the seal. Twelve specimens were treated in each cycle. Six

specimens each were placed in the upper and lower halves of the vessel to assess

the effect of position in the treating vessel on biocide distribution.

The biocide evaluated was Cyproconazole (Evipole TM) (2RS, 3RS; 2RS,

3RS)-2-(4-chlorophenyl)-3-cyclopropyl- 1 -(1 H-i ,2,4,triazole- 1 -yl)butan-2-ol

(Figure 4.1). This chemical shows high solubility in lower molecular weight

alcohols (Table 4.1). The toxic threshold for cyproconazole varies from 0.02 to

0.096 kg/rn3 depending on target fungi and sample aging procedures (Table 4.2).



C'

Molecular Weight: 292

Melting Point: 103 °C

Vapor Pressure (at 20 °C): 5.8 x 10 -8 psi

LD50: 2000 mg/Kg

Figure 4.1. Physico-chemical properties of Cyproconazole (Janssen, 1998)
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Table 4.1. Cyproconazole solubility in various solvents (Janssen's preliminary
solubility data, unpublished).

Table 4.2. Cyproconazole toxicity to selected decay fungi (Janssen's product
information sheet, no date, http ://www.j anssenpharmaceutica.be/pmp /Pages
/database/$Evipol/$leaflets /PIS%2OEvipol%20technical.pdf).

Toxic values (kg/in3)
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Unaged After leaching After evaporative

leaching

C. puteana

G. trabeum

P. placenta

T versicolor

0.0401 -

<0.0202

0.0389 -

0.0485 -

0.082

0.08 12

0.0959

0.0432 -

<0.0216

0.02 16

0.0954 -

0.0863

0.043

0.1947

0.1698 - 0.3461

<0.0214

0.0426 - 0.0859

0.196 - 0.3847

Solvent Solubility (gIL) at 25 °C

Water 0.14

Methanol > 200.00

Toluene 109.00

Xylenes, Mixture 112.00

Acetonitrile > 200.00

Acetone > 200.00

Ethyl Acetate > 200.00



4.1.2 Supercritical Fluid Impregnation Equipment

Samples were treated using a SCF impregnation device (Figure 4.2).

Standard grade carbon dioxide from a 23 kg gas cylinder (99.9 weight %, Industrial

Welding Supply) was admitted into a pre-heated treatment vessel (15.24 cm inside

diameter, 127 cm inside length) using a single-stage diaphragm compressor

(Fluiton Model A1-400). Pressure control was achieved using a back-pressure

regulator (Tescom Model 26-1722-24) to direct excess fluid back into the

compressor. After pressure reached the target pressure, a known amount of

cyproconazole mixed with 3.5 % mole fraction methanol (99.9 weight %, Fisher)

was introduced into the treating vessel using a cosolvent pump (Milton Roy). This

concentration of biocide was below the saturation value for SC-CO2 with the

methanol. We ensured that all biocide added to the system was dissolved in the

SCF under the given conditions by observing the fluid through a view cell. The

initial amount of biocide was based on the target retention in wood and system

volume (system total volume - wood sample volume). Actual sample volumes

were calculated using sample total volumes and void volumes. Once pressure

reached the desired level, the fluid was circulated through the vessel at 2 kg/mm.

Flow was reversed every 15 minutes to encourage even distribution of biocide

along the length of the vessel. At the end of the one hour treatment period, the

temperature was reduced 0.4 °C/min using a Brinkmann cooling circulator.

Pressure also decreased as temperature decreased. When both temperature and
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pressure decreased below the respective critical values (31.3 °C and 1073 psi), the

pressure was reduced at a rate of 60 psi 1mm by venting the system.

F
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Co2
Cylinder

Cooling
System

Cosolve Tank

Treatment
Vessel

Drain

Cosolvent
pump

Heating
Blanket

Pump

2Way Vaivesf\

Metering Valves

Alternating flow by
circulation pump

Figure 4.2. Schematic of the supercritical fluid impregnation device.
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4.1.3 Chemical analysis

After treatment, the samples were removed and the top, middle, and bottom

20 mm of each sample was removed and segmented into outer faces, intermediate

zones and inner cores (Figure 4.3). Material from each location was ground using

Wiley mill to pass a 30-mesh screen. The ground wood was subjected to

extraction using methanol for 3 hr at 65 °C. Remaining liquid at the bottom of the

treating vessel was collected and the total volume of the liquid was measured. The

biocide concentrations in the wood extracts and remaining liquid were measured

using high performance liquid chromatography (HPLC) by AWPA standard A28

(1996). The amount of biocide added for the next charge was based on these

analyses and was designed to replace biocide consumed in the previous cycle.

100mm

E

z /
Top /

/
Middle /

lottom

Core (3.0 - 5.0mm
from the surface)

10mm

Face
(0.0 - 1.5 mm
fromth surface)

Face/Core (1.5 - 3.0 him
from the surface)
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Figure 4.3. Sampling pattern for analysis of biocide distribution in panels treated
using supercritical fluid processes.



4.1.4 Preliminary experiment

Preliminary experiments employed a methanol-flush method to remove and

recover residual biocide after each SCF treatment instead of using mass balances

between individual treatment cycles to determine biocide input. Two liter of

methanol was added to the vessel following removal of all treated wood and this

material was circulated to solubilize any residual biocide. Two batches were

evaluated, each with 12 replicates of ponderosa pine sapwood. Twenty grams of

biocide were added in the treating vessel for each batch. The preliminary

experiments were conducted at a maximum pressure of 1500 psi at 40 °C over 30

minutes.

4.1.5 Retention Reproducibility

The ability to obtain reproducible retentions among batches was explored

using varying amounts of cyproconazole in the treating system. Three target

retentions (0.25, 0.50, and 1.0 kg/m3) were chosen to test the ability to control

retention using cooling induced deposition. Biocide dissolved in methanol was

added at the desired biocide concentration. Once the vessel reached 1500 psi and

40 °C, conditions were maintained for one hour. Mass balances for each batch

were calculated using previously described methods.
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4.1.6 Uniform Retention Gradient

Although SCF impregnation generally produces better retention and

penetration than conventional liquid pressure treatment, uneven biocide distribution

in SCF treatment may make the process commercially unattractive. While the

problem might reflect the inherent variability of wood, pressure and temperature

gradients in the wood at the end of cycle might also account for uneven biocide

distribution. Acda et al. (2001) suggested that biocide moved in the SCF to the

surface as pressure decreased during venting, and found that lower pressure release

rates resulted in more uniform biocide distribution from core to surface. Schneider

(1999) reported that higher-pressure gradients during pressurization and venting

were observed in refractory species than in more permeable species. He suggested

the higher pressure at the center of wood would lead to higher shell retentions after

venting since precipitation would occur more slowly in the interior of the wood.

There are, however, few definitive data that could be used to better understand the

process.

4.1.6.1 Cooling rate

Several techniques can be applied to reduce temperature or pressure

gradients at the end of treating cycle, including slower venting or cooling. To

better understand these effects, two cooling rates (0.2 and 0.4 °C/min) were used to

produce different temperature and pressure gradients.
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4.1.6.2. Initial vacuum

Preliminary trials produced uneven biocide distribution, even in pine

sapwood, although Schneider (1999) reported permeable pine species responded

almost instantaneously to pressure. Biocide gradients have also been detected in

medium density fiberboard (MDF) samples (Acda, 1995), although substantial

pressure gradients do not develop in this material (Oberdorfer, unpublished).

Therefore, uneven biocide distribution in SCF treated wood appears to result from

factors other than the development of pressure gradients. One possible reason for

uneven distribution might be interference from air pockets inside of wood.

Pressurized CO2 entering the wood may compress the air already in wood. These

compressed air pockets could prevent SCF laden biocide from penetrating into the

wood core. Therefore, we assessed the potential for this problem by introducing

an initial vacuum step prior to pressurization to remove as much air as possible

from wood. A two-stage direct drive vacuum pump (DV-142N, JIB Industries

INC.) was able to displace free air at 142 Llmin. The vacuum step might minimize

trapped air and potentially improve SCF penetration, although this required a

longer pressurization period at the beginning of the treatment cycle. The process is

similar to a full cell process in conventional liquid pressure treatment. Treatments

were compared to SCF processes without the initial vacuum step.

36



4.1.6.3. Multiple phases

The existence of multiple fluid phases in the treatment vessel could cause

uneven biocide distribution in samples. Multiple phases result when pressure or

temperature are below than the critical values for the multi-component mixture

(Hassan, 1997). Producing single phases in a multi-component mixture of

complex molecules (tebuconazole, methanol and carbon dioxide) in a SCF, requires

higher temperature and pressure than the critical values for pure CO2 (Hassan,

1997). Although a slightly different biocide was used in these tests, similar phase

effects with cyproconazole were assumed because the biocide has been observed to

have less effect on the critical value for multiple components fluids than cosolvents

(Hassan, 1997) and cyproconazole has structural similarity to previously tested

triazole compounds. We applied SCF conditions lower and higher than the critical

point for multi-components to evaluate phase effects on biocide treatability. The

low treatment temperature (40 °C) chosen was considered below the critical

temperature for multiple components while the high temperature (60 °C) chosen

was assumed to ensure a single phase.

4.1.7. Experimental design

37

Several process variables were assessed for their ability to produce uniform

distribution and to investigate pressure or temperature effects on biocide retention
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and penetration (Table 4.3). The total amount of biocide added to each charge was

20 grams based on a desired target retention of 0.5 kg/rn3 at 1500 psi and 40 °C.

We investigated the effect of a pre-vacuum and cooling rate on biocide retention

and distribution at 1500 psi/40 °C, and then applied the best conditions to different

temperature/pressure (T/P) combinations. We evaluated four T/P combinations to

investigate the relationship between pressure/temperature and retention under sub-

saturated fluid conditions. Each combination was replicated on three batches, and

each batch had 6 replicates. Samples were allocated into each treatment by

specific gravity to distribute variability across the treatments and improve

precision.

The retention data from different treatments were subjected to an ANOVA

for retention vs. process condition, and means were compared using Duncan's

multiple range tests at a 0.05 (n = 18: 3 batches x 6 replicates).

Table 4.3. Process variables evaluated in the tests.

Process variables Test levels

Cooling rate (°C/min) 0.2, 0.4

Vacuum period (mm) 0,60

Pressure Qsi) 1500, 3000

Temperature (°C) 40, 60



4.2 AssEss THE USE OF COOLING FOR BIOCIDE DEPOSITION IN WOOD

4.2.1 Comparison with venting

Although cooling control allowed for mass balance control in the system

without biocide loss through venting, the resulting process was relatively slow in

comparison with pressure control. Therefore, it was worth determining whether

pressure reduction could produce reproducible retentions over several batches. In

the cooling deposition experiment, the corresponding pressure decrease rate due to

the temperature decrease of 0.4 °C/min was about 13 psi/mm. Pressure release

rates of 130 psi/mm were used for venting deposition. For this test, three batches

were assessed at a treatment pressure of 1500 psi/40 °C using a total of 20 g

cyproconazole in the system for each batch. The wood samples were analyzed for

cyproconazole as described earlier and the retention data from different deposition

methods were compared using t-tests at a. = 0.05 and 0.01 (n = 18: 3 batches x 6

replicates).

4.2.2 Effect of wood material type on biocide deposition

Once the solid wood tests were completed, a smaller experiment was

conducted using plywood and oriented strand board (OSB) to evaluate the effect of

wood type on treatment result obtained using temperature induced deposition.
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Board type Properties
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Commercial plywood and OSB were cut into 100 by 300 mm long

specimens (Table 4.4). The specimens were conditioned to constant weight at 20

°C and 65 % RH, then twelve specimens were treated in each cycle. Six samples

each were placed in the upper and lower halves of the vessel as described for the

solid wood samples.

The panels were treated using the best process variables found in the solid

wood study. The mean biocide retentions for the different wood types were

subjected to an ANOVA, and compared using Duncan's multiple range tests (solid

wood, plywood OSB) at a = 0.05 (n = 18: 3 batches x 6 replicates).

Table 4.4. Properties of panels used for this study.

Plywood Douglas-fir face

Exterior type (PF bonded) 3-ply

0.40 glcc density

Panel thickness: 12 mm

OSB Aspen wafers

Exterior type (PF bonded)

0.57 g!cc density

Panel thickness: 12mm



4.2.3 Comparison with Conventional Liquid Pressure Treatment

Once the best process variables were determined, the results obtained via

SCF processes were compared to conventional pressure treatment with preservative

in liquid solvent.

An initial treatment trial was performed using only solvent to assess

solution uptake, then this value was used to determine the solution concentration

for the main treatment trial. The biocide was mixed in mineral spirits (Shellsol A

150, Shell) at concentrations of 0.09, 0.18 and 0.26 % to produce the same

retentions obtained using SCF impregnation for plywood, solid wood, and OSB

respectively. The solution was impregnated using a full cell process consisting of

a 30-minute vacuum (- 14 psi) followed by a 1-hour pressure period (100 psi).

Three batches each consisting of 12 samples for each wood material were

treated. Samples that were end-matched to those used for SCF treatment were

employed for the comparison. Individual samples were weighed before and after

treatment to determine net solution retention, then air-dried (2 weeks) and finally

oven-dried (40 °C, 2 weeks) to remove the solvent. After obtaining complete

solvent evaporation, the samples were cut and assayed in the same maimer as

described for the SCF treatment. The treatability data from conventional liquid

pressure treatment were compared with those from the SCF process using a

Bonferroni's t-test at a = 0.05 (n = 18: 3 batches x 6 replicates).
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5 RESULTS AND DISCUSSION

5.1 EXPLORE THE ADDITION OF BIOCIDE IN A COSOLVENT SOLUTION TO REDUCE
BIOCIDE CONSUMPTION AND IMPROVE FLUID UNIFORMITY

5.1.1 Preliminary experiments

Two trials showed that cyproconazole penetrated into the core of wood

samples after as little as 30 minutes with small variations in total biocide retention

among replicates, but there were substantial variations in retention gradients within

individual samples from the core to the surface (Table 5.1).

Although the same treatment conditions were applied in the two trials,

overall retentions increased by about 100 % in the second batch (Table 5.1),

indicating that the methanol flush did not remove all the residual biocide and

illustrating the difficulty of producing consistent deposition using methanol flushes

between batches. We observed similar trends in the retention ratios between core,

face/core, and face as a result of the inability to completely eliminate residual

biocide from the system. This residual biocide could not be factored into

subsequent inputs for the next cycle, making consistent treatment difficult. Since a

large SCF system could not avoid this inherent cleaning problem, improving the

ability to estimate mass balances between individual treatment cycles will be

essential for producing reproducible retentions.
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Retention (kg/m3)a

Trial 1
Sample location in the treating vessel

Trial 2

aValues represent means of measurements on 6 samples per location per batch.
Mean represents averaged values of two different sample locations. Numbers in
parentheses represent one standard deviation.
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Upper Lower Mean
Bottom Core 0.452 (0.047) 0.5 16 (0.123) 0.484

Core/Face 0.462 (0.067) 0.575 (0.25 1) 0.518
Face 1.113 (0.212) 1.494 (0.293) 1.303

Middle Core 0.001 (0.002) 0.013 (0.021) 0.007
Core/Face 0.004 (0.009) 0.05 1 (0.045) 0.028
Face 0.723 (0.184) 0.819 (0.182) 0.771

Top Core 0.271 (0.063) 0.245 (0.035) 0.258
Core/Face 0.268 (0.047) 0.279 (0.084) 0.273
Face 1.003 (0.171) 0.969 (0.170) 0.986

AVG. 0.386 0.451 0.419

Bottom Core 1.055 (0.294) 1.002 (0.530) 1.028
Core/Face 1.067 (0.246) 1.155 (0.463) 1.112
Face 2.515 (0.411) 2.576 (0.982) 2.545

Middle Core 0.015 (0.010) 0.021 (0.011) 0.018
Core/Face 0.060 (0.032) 0.049 (0.027) 0.055
Face 1.521 (0.349) 1.839 (0.275) 1.680

Top Core 0.7 10 (0.088) 1.696 (0.288) 1.203
Core/Face 0.657 (0.098) 1.688 (0.269) 1.172
Face 2.033 (0.359) 3.375 (0.373) 2.704

AVG. 0.852 1.142 0.997

Table 5.1. Cyproconazole distribution in pine samples treated using supercritical
fluid carbon dioxide where the biocide was introduced as a solution in methanol
and cooling was used to initiate deposition. A methanol flush was used to clean
the treatment system of biocide after each treatment.

Sample location in the treating vessel
Upper Lower Mean



5.1.2 Retention Reproducibility

The metering of a cosolvent/biocide solution into the supercritical carbon

dioxide produced more consistent target retentions (Table 5.2 - 5.4) in comparison

with the saturation method used in previous studies (Sahie-Demessie, 1994; Acda,

1995; Acda et al., 2001). The saturation method produced fluctuating retention

values from batch to batch, even under the same treatment conditions. This

variation may reflect the difficulty of mixing within a treatment vessel, or may

occur as biocide is depleted within the saturation vessel so that unsaturated SCF

flows through the samples near the end of the pressure period. As a result,

unsaturated SCF could solubilize and remove biocide already in the wood. The

problem might be solved by continuously metering biocide dissolved in cosolvent

into the treatment vessel over the course of treatment to maintain uniform biocide

concentrations.

The use of a mass balance to estimate biocide inputs into the system,

biocide retentions in the wood, and biocide recovered in cosolvent yielded

reproducible retentions between batches at the lower retentions (0.25 and 0.50

kg/rn3), while the higher retention (1.0 kg/rn3) showed relatively large variations

among batches (Table 5.2 - 5.4). Biocide concentrations might approach the

saturation point at the higher biocide input level. Junsophonsri (1994) reported

that tebuconazole solubility was 4.0 12 x 10 on a weight fraction basis at 0.7

g/cm3 fluid density. The same fluid density was observed at 1500 psi and 40 °C in
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our system, and the calculated solubility using the weight fraction and volume of

vessel and tubing in our treating system was 60 g. Although we used another

triazole compound, the tebuconazole data suggest that cyproconazole solubility at

the higher retention approached the saturation value. Proximity to the upper limit

of solubility could produce large retention variations among batches (Acda, 1995).

Increasing the biocide input generally increased retention (Figure 5.1). A

linear relationship was obtained between biocide input (g) and retention (kg/rn3) at

the low and medium retentions (Y = 0.0255x, R2 = 0.9535), however, simple linear

regression was poor when data were plotted from all three target retentions. The

higher retention (1.0 kg/rn3) also had a larger standard deviation compared to the

low and medium retentions. The toxic threshold for cyproconazole is 0.02 - 0.096

kg/rn3 (Janssen's product information sheet, n. d.) meaning that even the lower

retention (0.25 kg/rn3) would be sufficient to prevent decay. Most biocide

retentions were well above the biocide toxic threshold when samples were treated

using the saturation method (Sahie-Demessie, 1994; Acda, 1995; Acda et al.,

2001). This over treatment would consume additional amounts of costly biocide

with little gain in performance Theoretically, precise solubility data can be used

to obtain target retentions, however, it has been very difficult to apply pure data to

SCF biocide impregnation of wood. The major problem with using the saturation

method is that solubility can vary dramatically with small changes in pressure,

temperature, or amount of cosolvent. These solute/solubility variations are most

dramatic near the critical point. Coincidently, these conditions are where most
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SCF treatments are conducted since the SCF density varies most widely in this

region (Brogle, 1982; Chrastill, 1982; Sahie-Demessie, 1994; Cancell et al., 1998;

Brantley et al., 1999). Although easy solubility adjustment is a favorable property

of SCF's, this sensitivity could lead to high retention variations among samples and

between batches, especially in equipment without precise temperature or pressure

control. Metering of biocide/cosolvent solutions reduces this potential for

variation, while reducing biocide consumption and producing more uniform

biocide deposition between samples. The standard deviations for retentions

produced using biocide metering (Table 5.2 - 5.4) were far smaller than those

produced by the saturation method (Sahie-Demessie, 1994; Acda, 1995; Acda et

al., 2001).

While retention gradients were observed from core to surface within

individual samples at all three target retentions, similar trends were noted in biocide

retentions between core, face/core, and face (Figure 5.2). Since our samples were

not end-sealed, the middle section should more closely represent a large sample.

Top and bottom sections were directly exposed to biocide during the SCF

treatment, which resulted in relatively high biocide concentrations, even in the

cores of these sections. Retention ratios between the surface and middle of panels

in all three treatments ranged from 9.23 to 15.86 and tended to increase at higher

biocide inputs. Retention gradients were also observed when venting was used to

induce deposition (Sahie-Demessie, 1994; Acda, 1995; Acda et al., 2001). These

gradients may reflect movement of biocide to the surface as supercritical fluid turns
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to the liquid or gas state at the end of the treatment cycle. Acda (1995) reported

that the top and bottom portions of samples contained higher levels of chemical

than middle parts, and suggested that the expansion at the end of the treatment

created retention variation. The potential for biocide movement at the end of the

treatment cycle is also supported by data showing that different venting rates

affected biocide distribution from the core to surface within samples (Acda et al.,

2001).



aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.
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Table 5.2. Cyproconazole retentions in pine samples treated in supercritical CO2 to
a target retention of 0.5 kg/rn3.

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.257 (0.0 16) 0.303(0.064) 0.209(0.063) 0.256

Face/Core 0.267(0.040) 0.288(0.074) 0.258(0.138) 0.271

Face 0.676(0.111) 0.611(0.078) 0.511(0.094) 0.599
Middle Core 0.047(0.011) 0.048 (0.0 14) 0.036(0.007) 0.044

Face/Core 0.058(0.012) 0.078(0.022) 0.050(0.021) 0.062
Face 0.406(0.06 1) 0.428(0.065) 0.385(0.039) 0.406

Top Core 0.158 (0.03 1) 0.182(0.016) 0.175(0.057) 0.172
Face/Core 0.150(0.018) 0.176(0.009) 0.143(0.036) 0.156
Face 0.527(0.049) 0.406(0.033) 0.420(0.038) 0.451

AVG. 0.283 0.280 0.243 0.269



aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Table 5.4. Cyproconazole retentions in pine samples treated in supercritical CO2 to
a target retention of 1.0 kg/rn3.

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.
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Table 5.3. Cyproconazole retentions in pine samples treated in supercritical CO2 to
a target retention of 0.25 kg/m3.

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.544(0.173) 2.093(0.225) 1.272(0.111) 1.303

Face/Core 0.567(0.163) 2.227(0.320) 1.445(0.096) 1.413
Face 1.806(0.411) 2.9 16(0.788) 3.647(2.122) 2.790

Middle Core 0.092(0.026) 0.050(0.027) 0.155(0.063) 0.099
Face/Core 0.093(0.036) 0.110(0.082) 0.268(0.129) 0.157
Face 1.417(0.3 13) 0.691 (0.207) 2.601(0.743) 1.570

Top Core 0.879(0.067) 0.380(0.151) 1.324(0.558) 0.861
Face/Core 0.819(0.044) 0.394(0.143) 1.339(0.499) 0.85 1

Face 2.294(0.302) 0.973 (0.225) 3.210(0.561) 2.159

AVG. 0.946 1.093 1.696 1.245

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.444(0.124) 0.423(0.100) 0.423(0.111) 0.430

Face/Core 0.466(0.179) 0.402(0.101) 0.420(0.101) 0.429
Face 1.218(0.314) 1.167(0.170) 1.100(0.112) 1.162

Middle Core 0.032(0.012) 0.081 (0.058) 0.057(0.022) 0.057
Face/Core 0.047(0.0 17) 0.100(0.043) 0.067(0.004) 0.07 1

Face 0.833(0.153) 0.837(0.177) 0.908(0.230) 0.859
Top Core 0.320(0.066) 0.342(0.104) 0.234(0.031) 0.299

Face/Core 0.296(0.032) 0.323(0.065) 0.233(0.045) 0.284
Face 1.030(0.162) 1.007(0.189) 0.949(0.122) 0.995

AVG. 0.521 0.520 0.488 0.510
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Figure 5.1. Relationship between biocide input into the SCF treatment system and
average retention of cyproconazole in ponderosa pine sapwood samples as shown
using simple linear (A) and multiple regression (B).
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Toxic

Threshold

BFC MC M TC TFC TF AVG.

Location

B: bottom C: core

M: middle F/C: face/core

T: top F: face

Figure 5.2. Cyproconazole retentions at selected distances from the end (bottom,
middle, top) and depths from surface (face, face/core, core) in ponderosa pine
sapwood samples treated to one of three target retentions.
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Sample location in the treating vessel also affected biocide retention (Table

5.5). Higher retentions occurred in samples exposed in lower parts of the treating

vessel (Figure 5.3 and Table 5.5). This trend was observed in 7 of 8 batches at

1,500 psi and 40 °C (Figure 5.4). Although batch 4 showed higher upper

retentions, the differences were negligible. Sahle-Demessie (1994) also noted

axial variation in biocide retention where higher retentions appeared in samples

near the bottom of the vessel. He suggested that the variation resulted from the

effect of flow direction since the differences were most pronounced when flow was

unidirectional. However, our system employed alternative flow to encourage

mixing in the treatment vessel. In addition, we used a different deposition method

(cooling vs. venting), suggesting that other factors could account for the axial

biocide variation. One possible explanation could be specific gravity of the solute

during deposition. Cooling results in a liquid phase, and liquids with high density

tend to move to the bottom of the treating vessel. The resulting liquid

CO2/methanol solution might still solubilize some biocide. Liquid CO2 is miscible

with methanol, and is a very non-polar solvent ranging in polarity near hexane and

pentane (Brogle, 1982). Cyproconazole has low solubility in pure hexane;

however, addition of methanol may enhance the biocide solubility and allow the

methanol/CO2 solution might allow biocide to move into the lower section of the

panel. Phase behavior at the end of the treatment cycle is generally overlooked,

but consistent retention gradients depending on sample location in treating vessel in

our and other studies suggest that it deserves further attention.



Sample Location in Vessel

Figure 5.3. Relationship between biocide retention and sample location in
ponderosa pine sapwood samples treated with cyproconazole in supercritical CO2
at 1,500 psi and 40°C.

Table 5.5. Biocide retention variations in ponderosa pine sapwood samples located
in the upper or lower parts of the treating vessel when treated with cyproconazole
in supercritical CO2 at 1,500 psi and 40 °C.
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3aRetention (kg!m)

Upper Lower T-value b

0.456 (0.068) 0.536 (0.097) 3.31 **

a Values represent means of 24 samples. Values in parentheses represent a
standard deviation.
b ** = significant by a t-test (a = 0.01).
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1 2 3 4 5 6 7 8

Treatment Charge No. A AVG.
Upper

. Lower

Figure 5.4. Biocide retentions in samples placed at upper and lower locations in the
treatment vessel over 8 treatment charges treated to a target retention of 0.5 kg/rn3.



5.1.3 Uniform Retention Gradient

5.1.3.1 Use of cooling rate and initial vacuum to control deposition

The use of biocide metering could not completely overcome the problem of

uneven biocide distribution from the surface to the core within individual samples.

We evaluated application of a vacuum at the start of the process to remove initial

air coupled with slow cooling at the end of the process to produce more controlled

deposition, however, neither process decreased biocide gradients (Table 5.6 and

Figure 5.5). Three different treatments showed similar biocide retentions and

retention ratios between the core, face/core, and face (Figure 5.6, and Table 5.7 -

5.9).

Although initial vacuums and slow cooling did not improve biocide

gradients within samples, it is difficult to attribute the uneven biocide distribution

solely to the inherent variability of wood. Previous studies also showed retention

gradients (Sahie-Demessie, 1994; Acda, 1995; Acda et al., 2001), reportedly

resulting from movement of biocide to the surface at the end of the treatment cycle

as solvent drops out of the supercritical region (Acda et al., 2001; Schneider, 1999).

An alternative explanation might be that diffusion of biocide from high

concentration in the treatment fluid to lower levels in the wood had not yet reached

a steady state. Further trials would be required to test this possibility.

Experiments using different cooling rates did not completely determine

whether pressure and temperature gradients at the end of cycle might account for
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uneven biocide distribution. Only two slow cooling rates (0.2 and 0.4 °C/min)

were employed because of equipment limitations. The cooling rates tested

required 30 and 60 minutes, respectively. Faster cooling rates would be required

to investigate the relationship between temperature gradients and the uneven

biocide distribution. We recommend using more sophisticating methods including

more subdivided pressure or temperature conditions, their combinations and step-

by-step adjustment to encourage smaller biocide retention gradients.

An initial vacuum step (- 14 psi for 60 minutes) did not produce any

treatment improvement, however, it was not clear whether the applied vacuum

removed all air. While longitudinal flow occurs primarily through pits in

tracheids, lateral flow must occur through complex cell structures including

bordered pits, ray tracheids, and ray parenchyma (Siau, 1984). When a vacuum is

applied, the small diameter connections restrict flow. The only way to increase

flow through a given opening is by increasing the pressure across that opening. A

vacuum pump does not create pressure to increase flow, but does create a void

towards which the system pressure flows. Even small amounts of trapped air

inside the wood could also result in mixing problems due to multiple phases

(supercritical CO2, biocide, cosolvent and air) that act as barriers to fluid flow.

Multiple phases result in reduced flow compared to a single phase (Hawes, 1996).

Higher temperatures and pressures than the critical points for pure CO2 are required

to obtain a single phase in multi-component mixtures of complex molecules in SCF

(Hassan, 1997). A prolonged vacuum period would be required to test the



hypothesis that removing all air from the wood will minimize the effects of

multiple phases.

Figure 5.5. Biocide retention in ponderosa pine sapwood samples treated with
cyproconazole in supercritical CO2 with or without an initial vacuum and using 2
rates of cooling to induce deposition.

Table 5.6. ANOVA of the effect of cooling rate and initial vacuum treatment on
cyproconazole retention in ponderosa pine sapwood samples treated with
cyproconazole in supercritical CO2.

.

No-vacuum
0.4 °C/min
Cooling rate
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0.2 - Pre-vacuum Pre-vacuum
0.2 °C/min 0.4 °C/min
Cooling rate Cooling rate

0.0

Treatment

Source DF Sum of square Mean square F-value Pr > F
Model 2 0.0069 0.0035 0.7000 0.5013
Error 51 0.2529 0.0050
Corrected Total 53 0.2598
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Toxic
Treshold

BC BFC BF MC MFC MF TC TFC IF AVG.

Location

B: bottom C: core

M: middle F/C: face/core
T: top F: face

Figure 5.6. Effect of initial vacuum at the start of treatment and different cooling
rates at the end of the process on retention of cyproconazole in ponderosa pine
sapwood samples following supercritical CO2 treatment.
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Table 5.7. Cyproconazole retentions in ponderosa pine sapwood samples subjected
to an initial vacuum and a final cooling rate of 0.4 °C/min during supercritical CO2
treatment.

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Table 5.8. Cyproconazole retentions in ponderosa pine sapwood samples subjected
to an initial vacuum and a final cooling rate of 0.2 °C/min during supercritical CO2
treatment.

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.444(0.124) 0.423(0.100) 0.423(0.111) 0.430

Face/Core 0.466 (0. 179) 0.402 (0. 101) 0.420(0.101) 0.429
Face 1.218 (0.3 14) 1. 167 (0. 170) 1.100(0.112) 1.162

Middle Core 0.032 (0.0 12) 0.08 1 (0.058) 0.057(0.022) 0.057

Face/Core 0.047(0.0 17) 0. 100 (0.043) 0.067(0.004) 0.071

Face 0.833(0.153) 0.837 (0. 177) 0.908(0.230) 0.859
Top Core 0.320(0.066) 0.342(0.104) 0.234(0.031) 0.299

Face/Core 0.296(0.032) 0.323 (0.065) 0.233(0.045) 0.284
Face 1.030 (0. 162) 1.007(0.189) 0.949(0.122) 0.995

AVG. 0.521 0.520 0.488 0.510

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.438(0.120) 0.400(0.076) 0.449(0.098) 0.429

Face/Core 0.47 1 (0.126) 0.425 (0.056) 0.45 1 (0.09 1) 0.449
Face 1.129(0.328) 0.935(0.062) 1.083(0.182) 1.049

Middle Core 0.054(0.015) 0.043(0.006) 0.05 1(0.011) 0.049
Face/Core 0.095(0.027) 0.089(0.018) 0.101(0.048) 0.095

Face 0.855(0.214) 0.776(0.084) 0.788(0.174) 0.806
Top Core 0.331(0.079) 0.244 (0. 044) 0.322(0.053) 0.299

Face/Core 0.352(0.068) 0.265(0.044) 0.340(0.051) 0.319
Face 0.954(0.154) 0.876(0.092) 0.966(0.136) 0.932

AVG. 0.520 0.450 0.506 0.492
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Table 5.9. Cyproconazole retentions in ponderosa pine sapwood samples subjected
to no initial vacuum and a final cooling rate of 0.4 °C/min during supercritical CO2
treatment.

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Retention (kg/m3)a

Batch I Batch 2 Batch 3 Mean
Bottom Core 0.468(0.048) 0.515(0.033) 0.462(0.157) 0.482

Face/Core 0.457(0.045) 0.533 (0.080) 0.469 (0.23 9) 0.486

Face 1.153(0.224) 1.353(0.221) 1.412(0.408) 1.306

Middle Core 0.033(0.023) 0.039(0.025) 0.059(0.022) 0.044
Face/Core 0.030(0.013) 0.040(0.016) 0.062(0.006) 0.044
Face 0.677(0.073) 0.813(0.122) 0.872(0.143) 0.787

Top Core 0.264 (0. 06 1) 0.316(0.062) 0.258(0.059) 0.279
Face/Core 0.25 1 (0.03 1) 0.3 00 (0.03 5) 0.280(0.073) 0.277
Face 0.894(0.072) 1.054(0.099) 0.953(0.135) 0.967

AVG. 0.470 0.55 1 0.536 0.519



5.1.3.2. Temperature and pressure effects on biocide retentions

The relationship between pressure/temperature and retention was

investigated with minimum change in concentration of biocide. The biocide input

for each treatment was consistent because the amount of biocide applied (20g) did

not reach the saturation point of the solute in most treatments. Therefore, the

confounding factor of solubility could be eliminated in most treatments except for

the treatment at 60 °C and 1500 psi. Cyproconazole retentions for ponderosa pine

sapwood decreased significantly as temperature increased from 40 to 60 °C at 1500

psi, while the effects were less clear for the same temperatures at 3000 psi (Table

5.10 5.14, Figure 5.7 - 5.8). Larger reductions in retention (70 %) occurred with

a 20 °C increase at 1500 psi, while no change was observed at 3000 psi. The

increased temperature sensitivity at 1500 psi probably reflects the proximity to the

critical pressure, where small changes in process conditions can have large effects

on solubility.

Temperature changes affect solute vapor pressure, solvent density and

intermolecular interactions in the fluid phase, which all influence solute solubility.

Solubility changes depending on solute vapor pressure and solvent density.

Increasing temperature increases the vapor pressure of the solute but decreases

fluid density. Fluid density is much more sensitive to temperature than is the

vapor pressure at pressures just above the critical pressure (Johnston and Eckert,

1981; Hoyer, 1985; Marentis, 1988). As a result, decreasing solvent density was a
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greater factor than increasing the solute vapor pressure. The result was decreased

solubility with increasing temperatures by a process termed retrograde

vaporization, producing lower retentions at higher temperatures at 1500 psi (Table

5.14 and Figure 5.8). However, solute vapor pressure effects dominate the solvent

density effect at higher pressures, leading to a higher solubility and higher

retentions. Sahie-Demessie, (1994) studied the effect of temperature on biocide

solubility, and found that retrograde vaporization effects resulted in lower solubility

at pressures below 2645 psi, but vapor pressure effects increased solubility above

3000 psi. In our study, the retrograde vaporization effect was clearly evident

between 1500 and 3000 psi. Decreased fluid density from 0.7 to 0.38 g/cm3

(Figure 5.9 and Figure 5.11) decreased solubility and reduced the amount of

chemical available for deposition at 1500 psi and 60 °C. Acda (1995) also

observed decreased tebuconazole retention as treatment temperature rose from 45

to 75 °C.

Biocide retention also decreased with pressure changes from 1500 to 3000

psi at 40 °C, and increased with pressure change at 60 °C (Table 5.14, Figure 5.7

and Figure 5.8). This decreased retention conflicts with results obtained in

saturated SCF treatments, but it is unclear what caused this effect (Sahle-Demessie,

1994; Acda, 1995; Acda et al., 2001).

Increasing pressure enhances the solubility of biocides because of increased

specific interactions between the solute and solvent molecules (Chrastill, 1982).

Enhanced interactions result from increased fluid density and decreased
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intermolecular mean distances between molecules. Although increased solubility

was observed at 60 °C in our study, the solubility effect did not play an important

role at 40 °C because of the limited amount of biocide in the system. In the

saturation method, higher pressure increases biocide solubility, increasing biocide

input in comparison to lower pressures. It is difficult to observe the effect of

pressure alone on SCF impregnation using the saturation method because of the

inability to control biocide input. All biocide in the system can be totally

dissolved in the unsaturated method even at lower pressures, negating any

solubility effect. As mentioned, biocide levels in the system (20 g) were not

saturated at 40 °C and 1500 psi; however, this did not explain the decreased

retention at 3000 psi at 40 °C.

While high pressure increases retention and penetration in conventional

liquid treatments (Hunt and Garrett, 1967), the role of pressure in SCF treatment is

less clearly understood because of the confounding effects of solubility. Higher

pressure creates a larger driving force for bulk flow into wood and enhances

biocide solubility. Although the larger driving force produced more even biocide

distribution in the wood, the depth of penetration did not increase (Table 5.10 -

5.13, and Figure 5.7). The effects of pressure are also not clearly understood in

saturation SCF treatments (Sahle-Demessie, 1994; Acda, 1995).
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Table 5.10. Cyproconazole retentions in ponderosa pine samples following
impregnation with supercritical CO2 at 40°C and 1,500 psi for 60 mm.
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ayalues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Table 5.11. Cyproconazole retentions in ponderosa pine samples following
impregnation with supercritical CO2 at 60°C and 1,500 psi for 60 mm.

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.087(0.010) 0.074(0.014) 0.114(0.031) 0.092

Face/Core 0.084(0.015) 0.071 (0.013) 0.115(0.037) 0.090
Face 0.594(0.149) 0.353(0.063) 0.237(0.058) 0.395

Middle Core 0.015(0.011) 0.013(0.010) 0.029(0.009) 0.019
Face/Core 0.013(0.013) 0.011(0.008) 0.032(0.009) 0.019
Face 0.414(0.090) 0.322(0.072) 0.207(0.035) 0.314

Top Core 0.069(0.010) 0.068(0.015) 0.089(0.026) 0.075
Face/Core 0.062(0.013) 0.062(0.013) 0.087(0.023) 0.070
Face 0.392(0.055) 0.299(0.043) 0.223(0.037) 0.305

AVG. 0.470 0.55 1 0.536 0.5 19

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.444(0.124) 0.423(0.100) 0.423(0.111) 0.430

Face/Core 0.466(0.179) 0.402(0.101) 0.420(0.101) 0.429
Face 1.218(0.314) 1.167(0.170) 1.100(0.112) 1.162

Middle Core 0.032(0.012) 0.081 (0.058) 0.057(0.022) 0.057
Face/Core 0.047(0.017) 0.100(0.043) 0.067(0.004) 0.071
Face 0.833(0.153) 0.837(0.177) 0.908(0.230) 0.859

Top Core 0.320(0.066) 0.342(0.104) 0.234(0.031) 0.299
Face/Core 0.296(0.032) 0.323(0.065) 0.233(0.045) 0.284
Face 1.030(0.162) 1.007(0.189) 0.949(0.122) 0.995

AVG. 0.521 0.520 0.488 0.510



Table 5.12. Cyproconazole retentions in ponderosa pine samples following
impregnation with supercritical CO2 at 40°C and 3,000 psi for 60 mm.
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aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Table 5.13. Cyproconazole retentions in pine samples following impregnation with
supercritical CO2 at 60°C and 3,000 psi for 60 mm.

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.3 34 (0.039) 0.359(0.147) 0. 313(0.068) 0.335

Face/Core 0.333 (0.073) 0.363(0.146) 0. 338(0.067) 0.345

Face 0.697(0.079) 0.758(0.131) 0 .760 (0. 141) 0.738
Middle Core 0.042(0.0 14) 0.044(0.021) 0 .031 (0.008) 0.039

Face/Core 0.078 (0.0 15) 0.066(0.018) 0. 062 (0.011) 0.069
Face 0.617(0.079) 0.611(0.104) 0 .594(0.116) 0.607

Top Core 0.263 (0.05 1) 0.293(0.082) 0 .229(0.028) 0.262
Face/Core 0.259(0.048) 0.290(0.084) 0. 271 (0.040) 0.273
Face 0.664(0.072) 0.688(0.195) 0 .638(0.075) 0.663

AVG. 0.365 0.386 0.360 0.370

3aRetention (kg/rn)
Batch 1 Batch 2 Batch 3 Mean

Bottom Core 0.292(0.133) 0.251(0.093) 0.394(0.058) 0.312
Face/Core 0.303(0.140) 0.333(0.082) 0.435(0.056) 0.357
Face 0.834(0.471) 0.713(0.146) 0.920(0.2 10) 0.822

Middle Core 0.075(0.083) 0.030(0.010) 0.078(0.034) 0.061

Face/Core 0.075(0.024) 0.103(0.081) 0.148(0.037) 0.109
Face 0.363(0.131) 0.489(0.073) 0.650(0.149) 0.501

Top Core 0.197(0.026) 0.220(0.035) 0.465(0.087) 0.294
Face/Core 0.194(0.023) 0.246(0.039) 0.486(0.113) 0.309

Face 0.435(0.089) 0.512(0.068) 0.974(0.213) 0.640

AVG. 0.308 0.322 0.506 0.378



Pressure and Temperature

Figure 5.8. Effect of temperature and pressure combinations on cyproconazole
retentions in ponderosa pine sapwood samples following supercritical CO2
treatment.

Table 5.14. ANOVA of the effect of treatment condition (pressure/temperature
combination) on cyproconazole retention and comparisons between retentions as
shown by Duncan's multiple range test.
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a Values in parentheses represent a standard deviation. Means in the same colunm
followed by the same letter(s) do not differ significantly by Duncan's multiple
range test (a = 0.05).

Source DF Sum of square Mean square F-value Pr > F
Model 3 1.1777 0.3926 74.51 <0.0001
Error 68 0.3583 0.0053
Corrected Total 71 1.5360

Treatment Replication (N) Cyproconazole Retention (kg/m3)21

40°C/lSOOpsi 18 0.5 10 (0.074) A

40°C/3000psi 18 0.378 (0.114) B
60°C/3000psi 18 0.370 (0.035) B
60°C/lSOOpsi 18 0.153 (0.038) C
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Multiple phases in the treatment solution could cause mixing problems that

produce biocide gradients within samples. Although Darcy's law predicts flow

through porous materials, this law only applies to flow of single-phase fluids

through a porous medium. In multi-phases flows, the available flow area is

divided between the phases, which tends to reduce the effective permeability of the

individual phases (Hawes, 1996). In order to investigate the phase effect on

biocide treatability, we applied a series of pressure and temperature combinations

above and below the critical point for multiple components. Hassan (1997) found

that obtaining a single phase in multi-component mixtures of complex molecules in

a SCF required higher temperature and pressure than the critical points for pure

CO2. He reported that critical temperature and pressure of the

CO2/methanol/tebuconazole mixtures increased by about 9 °C and 10 psi,

respectively, as cosolvent increased 5.3 times with a constant amount of

tebuconazole. While the presence of tebuconazole alone had little effect on the

critical temperature, it increased the critical pressure by about 10 psi. Although we

used a slightly different biocide, we assumed similar phase effects with

cyproconazole because biocide has less effect on the critical point for multiple

components fluids than cosolvents (Hassan, 1997) and cyproconazole is in the

same class of triazole compounds. One possibility is that the low temperature (40

°C) condition was below the critical temperature for multiple components,

however, the lower temperature conditions produced higher retentions than at

higher temperature conditions where a single phase was present (Figure 5.8 and
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Table 5.14). High retentions and deeper penetration have generally been found in

SCF treatments where the pressure and temperature were well above the critical

point for the multiple components; however, successful impregnation has also been

obtained at temperatures and pressures only slightly over the critical point for pure

CO2 and lower than that of mixture (Sahie-Demessie, 1994; Acda, 1995; Acda et

al., 2001). These inconsistent results may reflect retrograde vaporization due to

temperature changes, which could counter the effect of uniform mixing in a single

phase near the critical point for multiple components. The relationship between

phase behavior and biocide treatability (retentionlpenetration) merits further

investigation.

Pressure, temperature and fluid density changes were recorded during

vacuum, pressurization, treatment, cooling and final venting segments of the

treatment process (Figure 5.9 - 5 .12). The treating vessel was preheated to the

target temperature and maintained at that temperature over the 1 hour vacuum

period. As pressure increased, temperature quickly dropped because of CO2

expansion, despite continuous heating of the vessel. Oberdorfer (unpublished)

reported that pressurization at higher rates produced faster venting of the reservoir

that led to faster and more severe temperature drops. We observed that severe

temperature drops froze condensed water in the connection between the reservoir

and the treatment vessel. After the initial temperature drop, temperature started to

rise as CO2 was compressed in the treatment vessel and the external heating sources

recovered. Rapid variation in temperature was observed in the supercritical region
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because increased conductivity of CO2 results in convection governing temperature

change in this region (Vesovic et al, 1990).

The changes in pressure and temperature showed similar patterns because

energy released from condensation of gaseous CO2 (latent heat) increased

temperature along the saturation line and vice versa (Figure 5.9 - 5 .12).

Temperature approached very near the critical value when the critical pressure was

reached. During the treating period, the temperature and pressure were relatively

constant at all four pressure/temperature combinations. SCF density can be readily

adjusted with pressure and temperature changes (Cancel! et al., 1998; Brantley et

al., 1999), and it was obvious that fluid density varied with our pressure and

temperature changes (Figure 5.9 - 5 .12). While fluid density increased in

accordance with temperature and pressure during initial pressurization and treating,

fluid density lagged behind pressure and temperature changes during cooling, and

equilibrated during venting (Figure 5.9 5 .12). These density changes revealed

phase changes during SCF treatment. Carbon dioxide gases turned to liquid due to

compression during pressurization, and the liquid became a supercritical fluid at its

critical point. Fluid densities were 0.7, 0.85, 0.38 and 0.75 during treatment at the

1500 psi/40 °C, 3000 psi/60 °C, 1500 psi /60 °C and 3000 psi /60 °C.

pressure/temperature combinations, respectively (Figure 5.9 - 5 .12). Although

pressure and temperature decreased during cooling, the fluid density remained

stable until venting. Although no fluid density changes were detected, phase

change occurred during the cooling step. The phase diagram (Figure 2.1) indicates
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that a liquid phase should occur after cooling below the critical temperature and

liquid was also observed through a view cell on the vessel. The liquid stage

maintained a fluid density very close to that of the SCF and even experienced

increased density at 1500 psi and 60 °C (Figure 5.9 - 5 .13).

While it is unclear how the liquid or supercritical CO2 affected biocide

impregnation, solvent properties (density, solvating strength, viscosity etc.) should

experience the most dramatic changes under near-critical conditions. While simple

evaporation can separate solute and solvent in liquid CO2, separation by simple

evaporation is not possible in the supercritical region (Brogle, 1982). Apart from

this, no principal differences exist between the liquid and the supercritical phase.

As a result, the SCF treatment using temperature induced deposition should also

consider the period when CO2 is in the liquid phase. Subcritical liquid CO2 exists

from 55 °C to + 31 °C and from 73.5 psi to 1087.5 psi (Brogle, 1982).

Subcritical liquid CO2 is found in the triangle formed by the boiling line, the

melting line and the line of critical pressure on a phase diagram. Liquid CO2 can

be handled like an ordinary liquid under constant pressure and it can be easily

evaporated and reliquefied using temperature changes. The solvent and solute can

be easily separated by evaporation because CO2 vapor has minimal solvent power.

Since liquid CO2 is miscible with common liquid solvents from methanol to

pentane and with pure hydrocarbon monoterpenes, aldehydic and ketonic

monoterpenes and all liquid carbonic acids (Francis, 1954), the liquid CO2 could

easily mix with cosolvent methanol in the treating vessel. The cyproconazole
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solubility of liquid CO2 itself would be very low in the treating vessel because the

liquid CO2 is a very non-polar solvent, ranging in polarity near hexane and pentane

(Francis, 1954). Although the solvent power of liquid CO2 is not high compared

with ordinary supercritical CO2, the addition of cosolvents can enhance this

property. Therefore, biocide could move to the surface during the liquid phase,

resulting in biocide gradients and causing higher retentions in the samples located

at the bottom of the treating vessel. The liquid CO2 would show similar phase

behavior to the supercritical fluid in the end of treating cycle because liquid CO2

also shows retrograde vaporization (Brogle, 1982) unlike ordinary non-polar

solvents that exhibit increased solvating power with temperature increases.

For future applications of SCF treatments, phase behavior must be

considered when process parameters approach the critical point and thermodynamic

parameters should be investigated for the liquid stage as well as the supercritical

stage.
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Figure 5.13. Fluid density changes during supercritical CO2 treatment of ponderosa
pine sapwood samples with cyproconazole at different temperature/pressure
combinations.
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While density at 1500 psi and 40 °C was about 2 times higher than at 1500

psi and 60 °C, retention increased 233.3 percent. Solute solubility is closely

related to fluid density (Chrastill, 1982; Cancell et al., 1998; Brantley et al., 1999),

and the solute solubility might be reduced by a third as temperature increased from

40 to 60 °C at 1500 psi. Although fluid density increases of 21.4 and 7.1 percent

were observed at 40 and 60 °C, respectively, treatment results did not improve at

3000 psi in comparison with 40 °C and 1500 psi (Table 5.14). Enhanced solubility

due to increased density should raise biocide input and this was evidenced by

improved biocide treatability when using the saturated SCF method (Sahie-

Demessie, 1994). The unsaturated SCF impregnation process probably did not

experience the higher retentions and more even biocide distributions at higher

density conditions because solubility was not subjected to change. Although

solvating power increased with fluid density, there was no additional biocide

available at the higher density. It is not clear why retentions decreased at both

higher density conditions compared to the 1500 psi and 40 °C treatment. One

possible explanation could be the effect of liquid CO2 during the cooling. After

the temperature was dropped below the critical point in the 1500 psi and 40 °C

treatment, pressure also decreased below the critical point. However, pressure

remained well above the critical point after temperature decreased below the

critical point in the 3000 psi treatment. These conditions would result in the

presence of liquid CO2, which is more sensitive to sudden phase changes during

venting. The thermodynamic characteristics of liquid phases must be considered
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for future applications of SCF treatments. Retentions obtained under low pressure

and temperature conditions (1500 psi and 40 °C) were well above the toxic

threshold of 0.02 - 0.096 kg/rn3 for cyproconazole (Janssen, product information

sheet), suggesting that it would not be necessary to use higher pressures or

temperatures to achieve acceptable treatment. Therefore, the new unsaturated SCF

method could also result in energy savings to obtain adequate treatment, decreased

treatment times, and, for some species, reduced potential for negative effects on

material properties.



5.2 ASSESS THE USE OF COOLING FOR BIOCIDE DEPOSITION IN WOOD

5.2.1. Comparison with venting

The use of cooling to induce biocide deposition resulted in reproducible

retentions over several batches using mass balance to control the system.

However, cooling control was relatively slower than venting control (30 minute

cooling time and 15 minute final venting period). Although the use of venting to

induce deposition required less treatment time, retentions were significantly lower

than those produced using cooling (55.9 %) (Figure 5.14 - 5.15 and Table 5.17).

Retention differences observed from core to surface within individual samples were

similar for both deposition methods (Figure 5.14). Retention ratios from the face

to core decreased from 15.07 to 6.63 when venting was employed (Figure 5.16).

The higher surface deposition in samples treated using temperature induced

deposition might be attributed to different deposition methods. When supercritical

solutions expand, the dissolving power of the solvent changes dramatically during

its transition from a supercritical fluid to a gas or liquid. Supercritical fluids have

significant dissolving capacity while gas exhibits negligible solvating power.

Liquids should possess much less solvating power than SCF. Venting deposition

encourages rapid nucleation and growth of solute particles with sufficient solute

density prior to the expansion (Sahle-Demessie, 1994). Rapid expansion of

supercritical fluids has been used to produce powders, films and fibers through

homogenous nucleation of the solute species present in the solutions prior to

80
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expansion (Smith et al., 1986; Matson et al., 1989; Mohamed et al., 1989). Since

nucleation is triggered mechanically by pressure change rather than thermally by

temperature change, the solute produces uniform micro-and nano-scale particles

within microseconds (Peterson et al., 1987; Matson et al., 1987). Depending on

the conditions at which the expansion occurs, nucleation forms products of various

morphologies such as droplets, powders, fibers or thin films (Matson et al., 1987,

1989; Lele and Shine, 1992). However, nucleation might occur only near the

venting valve where dramatic pressure drops occur. Most other parts of the

treating vessel could experience decreased amounts of biocide as the biocides

moved to the areas near the valves. This biocide starvation could lead to lower

deposition on the sample surface compared to cooling deposition. Biocide

deposition near the venting lines also caused clogging during rapid venting (Sahle-

Demessie, 1994; Acda, 1995), while this problem was absent when cooling was

used to induce deposition.



aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Table 5.16. Cyproconazole retentions in ponderosa pine samples when venting was
used for biocide deposition following supercritical CO2 treatment at 1500 psi and
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Table 5.15. Cyproconazole retentions in ponderosa pine samples when cooling was
used for biocide deposition following supercritical CO2 treatment at 1500 psi and

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

40 °C.

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean

Bottom Core 0.444(0.124) 0.423(0.100) 0. 423 (0.111) 0.430

Face/Core 0.466(0.179) 0.402(0.101) 0. 420 (0. 101) 0.429

Face 1.218 (0.3 14) 1.167(0.170) 100 (0. 112) 1.162

Middle Core 0.032 (0.0 12) 0.08 1 (0.058) 0.057(0.022) 0.057

Face/Core 0.047(0.017) 0.100(0.043) 0.067(0.004) 0.071

Face 0.833 (0.153) 0.837 (0. 177) 0.908(0.230) 0.859

Top Core 0.320(0.066) 0.342(0.104) 0.234(0.031) 0.299

Face/Core 0.296(0.032) 0.323(0.065) 0.233 (0.045) 0.284

Face 1.030(0.162) 1.007(0.189) 0.949(0.122) 0.995

AVG. 0.521 0.520 0.488 0.510

40 °C.

Retention (kg/ )i

Batch 1 Batch 2 Batch 3 Mean

Bottom Core 0.261(0.061) 0.185(0.060) 0.212(0.059) 0.219

Face/Core 0.230(0.046) 0.189(0.053) 0.229(0.092) 0.216

Face 0.501 (0.05 1) 0.399(0.074) 0.326(0.084) 0.409

Middle Core 0.054(0.031) 0.057(0.016) 0.049 (0.03 8) 0.054

Face/Core 0.046(0.026) 0.066(0.005) 0.079(0.042) 0.064

Face 0.420(0.043) 0.3 13 (0.083) 0.343(0.067) 0.358

Top Core 0.183 (0.051) 0.145(0.047) 0. 145 (0.061) 0.158

Face/Core 0.164(0.055) 0.172(0.083) 0.139(0.048) 0.158

Face 0.453(0.089) 0.339(0.143) 0.374(0.079) 0.389

AVG. 0.257 0.207 0.2 11 0.225
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Deposition method

Figure 5.15. Biocide retention in ponderosa pine sapwood samples treated with
cyproconazole in supercritical CO2 at 1500 psi and 40 °C when biocide deposition
was induced using temperature or pressure reductions.

Table 5.17. Biocide retention of ponderosa pine sapwood samples produced using
different deposition methods following supercritical CO2 treatment with
cyproconazole at 1500 psi and 40 °C.

Retention (kglm3)a T-value b

Cooling Venting
0.5 10 (0.074) 0.225 (0.037) 14.57 **

a Values represent means of 18 samples. Values in parentheses represent one
standard deviation.
b ** = significant (a = 0.01).

84

Temperature reduction
(Cooling)



0.9

0.8

0.7

E
0.6

. 0.5

0
: 04

0.3

0.2

0.1

Toxic
Threshold

0

0-1.5
1.5 - 3.0

OVenting CooIing

3.0 - 5.0
1.5 - 3.0

Figure 5.16. Biocide retention at selected locations in ponderosa pine sapwood
following supercritical CO2 treatment with cyproconazole at 1500 psi and 40 °C
where biocide deposition was induced using cooling or venting.
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Pressure, temperature and fluid density changes were compared for

treatments using temperature or pressure reductions to induce biocide deposition

(Figure 5.17 and Figure 5.18). Temperature and pressure were similar during

treatment, but varied during deposition for the two biocide-deposition methods,

reflecting the similarities of the processes (Figure 5.17 and Figure 5.18). Fluid

densities of both deposition methods were almost identical except during cooling

and venting (Figure 5.19). Fluid density when cooling was used to induce

deposition lagged behind that for venting deposition during cooling, and venting

(Figure 5.19). Except for the lag in fluid density, no principal differences existed

between the deposition methods, suggesting that this lag played a critical role in

biocide impregnation. While it is unclear how liquid CO2 affects biocide

deposition, solvent properties (density, solvating strength, viscosity etc.) should

vary most dramatically in this phase.
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Figure 5.17. Temperature, pressure, and fluid density during supercritical CO2
treatment of ponderosa pine sapwood samples with cyproconazole at 40 °C
andl500 psi when cooling was used to induce biocide deposition.
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Figure 5.18. Temperature, pressure, and fluid density during supercritical CO2
treatment of ponderosa pine sapwood samples with cyproconazole at 40 °C
andi 500 psi when venting was used to induce biocide deposition.
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Figure 5.19. Fluid density changes during supercritical CO2 treatment of ponderosa
pine sapwood samples with cyproconazole when cooling or venting were used to
induce biocide deposition.
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An ideal SCF process would be a near-closed loop system whereby CO2

and biocide were recovered at the end of each cycle. While most of the methanol

evaporated when venting was used for deposition, a high proportion of methanol

was recovered when cooling was used for deposition, even without any special

traps. The amount of recovered methanol fluctuated with batches at 1500 psi and

40 °C. While 450 mL of methanol was introduced into the treating system, an

average of 200 mL methanol was recovered (standard deviations 68 mL) The

initial amount of methanol was calculated to be 3.5 % mole fraction of total CO2 in

the treating system (Table 5.18). The lost methanol might remain in the sample or

have escaped through venting lines. The amount of recovered methanol also

varied with different pressure/temperature combinations (Table 5.18 and Figure

5.20). For example, 82.9 % of the added methanol was lost from charges treated at

1500 psi and 60 °C (Table 5.18). This large loss might be attributed to the higher

temperatures that facilitated more methanol penetration into the wood samples.

The second highest percent methanol loss was observed at 3000 psi and 60 °C

suggesting that temperature was the primary cause of the loss. Cosolvent losses

during treatment might decrease solvating power. Since solute solubility is highly

dependent on small amounts of cosolvent (Clifford, 1998; Sahle-Demessie, 1994;

Brantley et al., 1999), decreased solute solubility due to cosolvent loss could lead

to low retentions at elevated temperatures.
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Table 5.18. Methanol losses following supercritical CO2 treatment of ponderosa
pine sapwood samples with cyproconazole at different pressure/temperature
combinations.

aValues represent mean of 3 measurements. Numbers in parentheses represent one
standard deviation.
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Figure 5.20. Effect of temperature and pressure during supercritical CO2
impregnation with cyproconazole on recovery of methanol at different
pressure/temperature combinations.
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Although additional cooling time was required when temperature reduction

was used to induce deposition, this method had some advantages over venting

deposition including higher retentions, absence of clogging in lines, ability to

recycle methanol, and potential for recycling liquid CO2. Recycling of liquid CO2

without recompression would result in significant energy savings.



5.2.2. Effect of wood material type on SCF impregnation

Once initial tests revealed that the best treating conditions for impregnating

solid wood were 1500 psi and 40 °C, then additional experiments were conducted

using plywood and oriented strand board (OSB) to evaluate the effect of wood type

on treatment process.

OSB samples experienced higher retentions as well as more uniform

biocide distribution than found in solid wood or plywood at a given biocide input

(20 g), while retentions of plywood samples were lower than those found for

ponderosa pine sapwood (Figure 5.21 - 5.22; Table 5.19 5.22). These results

indicated that biocide treatability might reflect differences in structural

composition, permeability and mass or heat capacity of the various materials.

Permeability differences could be an important factor in biocide retention

and penetration in wood materials. Wood-based composites are generally more

permeable than solid wood of comparable specific gravities (Lehmann, 1972). The

permeability of wood composites has only aroused interest rather recently (Bolton

and Humphrey, 1994). Haselein (1998) described flow in wood composites using

horizontal and vertical permeability corresponding to longitudinal and transverse

permeability of solid wood. The permeabilities of composite panels are influenced

by density, density distribution, particle geometry and size, and resin content (Futo,

1970; Denisov et al, 1975; Haas et al., 1998). While the permeabilities of

ponderosa pine sapwood are 1.88 x 10 13 m2 and 1.97 x 1014 m2 in the
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longitudinal and transverse directions, respectively (Schneider, 1999),

permeabilities of OSB were calculated to be 2.64 and 1.66 x 10_b m2 in the

longitudinal (horizontal) and transverse (vertical) directions, respectively

(Oberdorfer, unpublished). The higher permeability of OSB results from the

presence of interconnecting gaps that provide for more open flow around particles

rather than through them (Haas et al., 1998). These gaps help to explain the higher

biocide retentions in OSB.

Reductions in biocide retention and penetration in plywood might also

result from interference of glue lines. Glue lines reduced moisture migration in

glued laminated beams (Hoyle et al., 1994), and gas flow across a glue line was

significantly reduced in the hot pressing of veneer-based products (Zavala and

Humphrey, 1994). Oberdorfer (unpublished) observed large pressure differentials

in laminated veneer lumber during SCF treatment. The relative magnitude of the

permeability reductions is influenced by glue viscosity, glue content, pressing

condition and wood-glue interactions (Futo, 1970). Plywood may have

experienced lower surface retentions than are found in ponderosa pine because the

outer plies were Douglas-fir heartwood (Figure 5.21). Schneider (1999) measured

time to pressure equilibrium after vessel pressure reached 1500 psi for Douglas-fir

heartwood and ponderosa pine sapwood using supercritical CO2. The equilibrium

time took 25 % longer in Douglas-fir heartwood while the permeabilities of

Douglas-fir heartwood were 2.6 and 3.0 times less than those of ponderosa pine

sapwood in the longitudinal and transverse directions, respectively.
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Figure 5.21. Retention of cyproconazole following supercritical CO2 impregnation
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Table 5.19. Cyproconazole retentions in pine samples following impregnation with
supercritical CO2 at 40 °C and 1500 psi for 30 mm.

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Table 5.20. Cyproconazole retentions in OSB samples following impregnation with
supercritical CO2 at 40 °C and 1500 psi for 30 mill.

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.444 (0. 124) 0.423(0.100) 0.423(0.111) 0.430

Face/Core 0.466(0.179) 0.402(0.101) 0.420(0.101) 0.429

Face 1.218 (0.3 14) 1.167(0.170) 1.100(0.112) 1.162

Middle Core 0.032 (0.0 12) 0.081 (0.058) 0.057(0.022) 0.057
Face/Core 0.047 (0.0 17) 0.100(0.043) 0.067(0.004) 0.071
Face 0.833(0.153) 0.837(0.177) 0.908(0.230) 0.859

Top Core 0.320(0.066) 0.342(0.104) 0.234(0.031) 0.299
Face/Core 0.296(0.032) 0.323(0.065) 0.233(0.045) 0.284
Face 1.030(0.162) 1.007(0.189) 0.949(0.122) 0.995

AVG. 0.521 0.520 0.488 0.510

Retention (kg/m3)'
Batch 1 Batch 2 Batch 3 Mean

Bottom Core 1.487(0.616) 1.565(0.325) 1.374(0.335) 1.476

Face/Core 0.888(0.356) 0.881(0.238) 0.864(0.311) 0.878

Face 0.705(0.287) 0.738(0.117) 0.724(0.145) 0.722

Middle Core 0.454(0.156) 0.600(0.209) 0.497(0.100) 0.517
Face/Core 0.228(0.086) 0.336(0.116) 0.349(0.107) 0.304

Face 0.531(0.171) 0.647(0.215) 0.512(0.063) 0.563

Top Core 0.927(0.520) 0.502(0.026) 0.540(0.126) 0.656

Face/Core 0.552(0.315) 0.329(0.036) 0.399(0.104) 0.427
Face 0.716(0.205) 0.517(0.102) 0.470(0.092) 0.568

AVG. 0.721 0.680 0.637 0.679
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Table 5.21. Cyproconazole retentions in plywood samples following impregnation
with supercritical CO2 at 40 °C and 1500 psi for 30 mm.

aValues represent means of retention measurements on 6 samples per location per
batch. Mean represents retention for three charges per level. Numbers in
parentheses represent one standard deviation.

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 Mean
Bottom Core 0.153(0.038) 0.135(0.023) 0. 156(0.032) 0.148

Face/Core 0.515 (0. 137) 0.503(0.157) 0.399 (0. 166) 0.472
Face 0.455(0.141) 0. 534 (0.200) 0.428 (0. 171) 0.472

Middle Core 0.099(0.020) 0.114(0.027) 0.089(0.031) 0.101

Face/Core 0.063(0.024) 0.161(0.105) 0.049(0.020) 0.091

Face 0.338(0.104) 0.313(0.140) 0.307(0.119) 0.320
Top Core 0. 139 (0.021) 0.110(0.024) 0.122(0.034) 0.124

Face/Core 0.251(0.055) 0.265 (0.122) 0.179(0.058) 0.23 1

Face 0.369(0.090) 0.307(0.094) 0.279(0.078) 0.318

AVG. 0.265 0.27 1 0.223 0.253



Wood materials

Figure 5.22. Biocide retentions in plywood, OSB and solid wood following
supercritical CO2 impregnation at 1500 psi and 40 °C.

Table 5.22. ANOVA and Duncan's multiple range tests examining the effects of
wood material type on cyproconazole retention.
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a Values in parentheses represent one standard deviation. Means followed by the
same letter(s) do not differ significantly by Duncan's multiple range test (a = 0.05).

Source DF Sum of square Mean square F-value Pr > F
Model 2 1.6566 0.8283 100.36 <0.0001
Error 51 0.4209 0.0083
Corrected Total 53 2.0775

Treatment Replication (N) Cyproconazole Retention (kglm3)a

OSB 18 0.679 (0.122) A
Solidwood 18 0.510(0.074)B
Plywood 18 0.253 (0.066) C
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Material density had little effect on biocide retention and distribution in

ponderosa pine sapwood samples (Figure 5.23). The average densities of OSB,

solid wood and plywood were 0.56, 0.41 and 0.40 g!cm3, respectively. Since OSB

was much denser, the material should have less void space compared to solid wood

and plywood. However, the OSB showed better biocide treatability (retention and

penetration), because gaps between flakes had a greater effect on flow.

Retention gradients were observed from the surface to core within

individual samples of solid wood and plywood, but the trends were similar (Figure

5.21). While retention ratios had surface to core ratios in plywood and solid wood

of 15.07 and 3.16, respectively, little retention gradient (1 .08) was observed in OSB

samples (Figure 5.23). Acda (1995) also observed retention ratios in plywood and

OSB using the saturated biocide method. The smaller gradients in OSB probably

reflect the presence of interconnecting gaps. The larger gradients in solid wood

samples might result from movement of biocide to the surface at the end of the

treatment cycle (Acda et al., 2001). Schneider (1999) suggested that pressure

gradients formed at the end of cycles would lead to higher shell retentions.

Although ponderosa pine sapwood did not appear to develop substantial pressure

gradients, even slight pressure gradients could affect distribution. The absence of

pressure gradients in OSB (Oberdorfer, unpublished) limits the potential for biocide

migration at the end of the treatment process.

Despite the absence of density effects, density profiles did appear to affect

biocide distribution in the OSB samples (Figure 5.24 - 5.26). OSB samples had



100

higher retentions in the core than the face/core. Increased void volume at the

center of the panels would increase the volume of biocide laden supercritical CO2

present at the end of the process.

Thermal conductivity might also influence biocide distribution, however,

this property is closely related to material density (USDA, 1999). The potential

for a thermal effect would be negligible because of the absence of a density effect

(Figure 5.23). Thermal conductivity of CO2 substantially increases in the

supercritical region (Vesovic et a!, 1990). Oberdorfer (unpublished) detected only

small temperature variations in composite samples near or above supercritical

conditions; however, temperature variations became much more distinctive during

venting and were more severe at higher ventilation rates. Temperature gradients at

the end of cycles might cause the development of biocide gradients in a manner

similar to that found with pressure. Since temperature varies with pressure

changes in SCF treatment, temperature gradients could also be accompanied by

pressure gradients.

During SCF treatment for OSB, we also found that wax present in the

panels was extracted. Fourier Transform Infrared Spectroscopy (FT-1IR: Nexus
TM

470 spectrometer) revealed that only wax was extracted and no resin was present

(Figure 5.27). The removal of the wax was an unexpected side effect of the

treatment. Supercritical CO2 should be capable of solubilizing a variety of non-

polar materials from wood including wax additives. This extraction could have

major effects on composite performance under wetting conditions, and might also



0.9

0.8

0.7

0.6

0.3

0.2

0.1

0

101

help explain prior studies showing strength effects in supercritical CO2 treated OSB

(Mum et al., 2001). One approach to overcoming this problem would be to omit

waxes during manufacture, then add them during SCF impregnation. This

anomaly also clearly illustrates the importance of testing materials prior to scale-up

of processes.
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Figure 5.23. Relationship between wood density and retention of cyproconazole in
ponderosa pine sapwood treated with supercritical CO2 at 1500 psi and 40 °C.
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Figure 5.27. FT-IR spectra for unknown material from recovered methanol after
supercritical CO2 treatment of OSB.



5.2.3. Comparison with Conventional Liquid Pressure Treatment

The treatment results from the optimum process conditions for solid

ponderosa pine (1500 psi and 40 °C) for SCF treatment using cooling to induce

deposition were compared to those produced by conventional pressure treatment to

the same target retention.

Net retentions showed that variations between conventionally treated

charges were minimal for a given material (Table 5.23). Chemical assays also

showed similar retention values (Table 5.24). Bonferroni's t-test showed that

retentions in solid wood and plywood did not differ significantly between SCF and

conventional liquid pressure treatment. OSB retentions were significantly greater

in conventionally treated material (Table 5.25 and Figure 5.28).

Biocide ratios in middle sections were smaller in conventionally treated

ponderosa pine sapwood (15.07 vs. 2.71) (Figure 5.29), and similar to SCF treated

material for plywood (3.17 vs. 3.46) (Figure 5.30). The latter finding suggested

that the glue line hindered both supercritical CO2 and liquid flow. Retention ratios

in SCF treated OSB were twice as large (from 1.08 to 2.24) as in the conventional

treatment (Figure 5.31).
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Table 5.23. Gross retentions of cyproconazole in three different wood materials
treated using conventional pressure impregnation.

106

Retention (kg/m3)a

Batch 1 Batch 2 Batch 3 AVG.

aValues represent mean of 12 retention measurements. AVG represents averaged
values of all three batches. Numbers in parentheses represent one standard
deviation.

Plywood 0.284(0.018) 0.279(0.034) 0.265(0.079) 0.276(0.050)
Solid wood 0.587(0.054) 0.588(0.042) 0.546(0.084) 0.573(0.064)
OSB 0.707(0.066) 0.782(0.026) 0.742(0.036) 0.744(0.054)



Table 5.24. Cyproconazole retentions in three different wood materials
impregnated using SCF or conventional liquid treatment.
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aValues represent means of 6 and 18 retention measurements per material and
position for conventional and SCF treatment, respectively. Numbers in parentheses
represent one standard deviation.

Retention (kg/m3)a

Solid wood SCF Conventional
Bottom Core 0.430(0.112) 0.3 83 (0.078)

Face/Core 0.429(0.127) 0.469(0.089)
Face 1.162(0.199) 0.900(0.212)

Middle Core 0.057(0.031) 0.363(0.089)
Face/Core 0.07 1 (0.02 1) 0.337(0.058)
Face 0.859(0.187) 0.983(0.176)

Top Core 0.299(0.067) 0.392(0.103)
Face/Core 0.284(0.047) 0.459(0.114)
Face 0.995(0.158) 0.834(0.253)

0.510 0.569

OSB SCF Conventional
Bottom Core 1.476(0.425) 0.730(0.156)

Face/Core 0.878(0.301) 0.648 (0.15 1)
Face 0.722(0.183) 1.611(0.538)

Middle Core 0.517(0.155) 0.574(0.143)
Face/Core 0.304(0.103) 0.506(0.073)
Face 0.563(0.150) 1.286(0.425)

Top Core 0.656(0.224) 0.727(0.203)
Face/Core 0.427(0.152) 0.625(0.142)
Face 0.568(0.133) 1.328(0.367)

0.679 0.893

Plywood SCF Conventional
Bottom Core 0.148 (0.03 1) 0.210(0.072)

Face/Core 0.472(0.153) 0. 179 (0.046)
Face 0.472 (0. 171) 0.5 19 (0. 105)

Middle Core 0.101 (0.026) 0. 140 (0.044)
Face/Core 0.09 1 (0.050) 0.098 (0.03 6)
Face 0.320 (0. 121) 0.485(0.140)

Top Core 0.124(0.026) 0.202(0.067)
Face/Core 0.23 1 (0.078) 0.235(0.073)
Face 0.318(0.087) 0.639(0.155)

0.253 0.301
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Table 5.25. ANOVA and Bonferroni's t-test examining the effect of impregnation
method on cyproconazole retention in three different wood materials.

DF Sum of square Mean square F-value Pr > F
<0.0001
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56.77

a Values in parentheses represent one standard deviation. Means followed by the
same letter(s) do not differ significantly by Bonferroni's t-test (a = 0.05).

Treatment Replication (N) Cyproconazole Retention (kg/m3)a

Conventional OSB 6 0.893 (0.190) A
SCF OSB 18 0.679 (0.122) B
Conventional Solid wood 6 0.569 (0.090) BC
SCF Solid wood 18 0.5 10 (0.074) C
Conventional Plywood 6 0.301 (0.067) D
SCF Plywood 18 0.253 (0.066) D

Source
Model 5 2.8654 0.573 1

Error 66 0.6663 0.0101
Corrected Total 71 3.53 17
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Figure 5.29. Biocide retentions at selected distances from the surface in ponderosa
pine sapwood panels treated with cyproconazole using conventional and SCF
impregnation processes.
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Figure 5.30. Biocide retentions at selected distances from the surface in plywood
panels treated with cyproconazole using conventional and SCF impregnation
processes.

110

Depth from surface (mm)
0- 1.5



- 0.9

0.80)

0.7C

0.6
C

. 0.5

0.4

0.3

0.2

0.1

Toxic ;'
Threshold

0 - 1.5

0 SCF Conventional

Depth from surface (mm)

Figure 5.31. Biocide retentions at selected distances from the surface in OSB
panels treated with cyproconazole using conventional and SCF impregnation
processes.

111



112

Although liquid impregnation produced similar retentions in all three wood

materials, conventional treatment can adversely affect the mechanical and physical

properties of wood composites (Hunt and Garratt, 1953; Deppe, 1970), and induce

warping or splitting of final products as a result of swelling and subsequent

redrying (Barnes and Amburgey, 1993). Because of biocide solubility issues, our

materials were treated with cyproconazole in an organic solvent which eliminated

the potential for water induced defects, however, it took over 4 weeks of air and

oven drying to completely remove the solvent. Even after drying, these samples

retained a strong residual solvent odor that would be objectionable to most users.



6. CONCLUSIONS AND RECOMMENDATIONS

6.1 CoNcuisloNs

The addition of a cosolvent/biocide solution to a SC-CO2 using mass

balance to determine biocide input levels produced more consistent retentions

between batches and reduced biocide consumption in comparison with the

saturation method used in previous studies. A linear relationship was obtained

between biocide input (g) and retention up to 0.5 kg/rn3 (Y = 0.0255x, R2 =

0.953 5), but biocide input and retention were poorly correlated at higher retentions.

Use of temperature reduction to induce deposition did not produce uniform

biocide distribution within individual samples from the surface to the core.

Neither drawing a vacuum at the start of the process to remove initial air nor slower

cooling decreased biocide gradients, suggesting that other factors affected biocide

distribution.

Cyproconazole retentions decreased significantly at the higher treatment

temperature at 1500 psi, while temperature effects were less clear at 3000 psi.

This suggests that retrograde vaporization affected biocide solubility between 1500

and 3000 psi. Biocide retention also decreased with increasing operating pressure,

but it is unclear what caused this effect.

Higher retentions in the samples located at the bottom of the treating vessel

suggested that biocide could move to the surface from inside of wood during the
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liquid phase as temperature fell below the critical temperature, and that liquid CO2

in the vessel bottom at the end of the process might influence treatment results.

Although using cooling to induce biocide deposition was slower than

venting, this method showed several advantages including higher retentions,

absence of line clogging, the ability to recover methanol, and the potential for

recycling liquid CO2.

The experiments using different wood materials including ponderosa pine

sapwood, plywood and OSB revealed that biocide treatability differed with

structural composition and permeability of the various materials.

Liquid impregnation produced retentions that were comparable those

produced using SCF treatment in all three wood materials, however, conventional

liquid treatment can adversely affect the mechanical and physical properties of

wood composites. Treatment with liquid solvent required over 4 weeks of

redrying and the wood still retained a strong residual solvent odor that was absent

in SCF treated wood.



6.2 RECOMMENDATIONS

Developing a better understanding of the relationship between SCF process

parameters and biocide retention using cooling induced deposition will be essential

for defining a more controllable treatment process.

Biocide retention gradients are an inherent problem for all treatments of

wood-based materials; however, the problem should be reduced for SCF treatment.

More sophisticated methods should be used to investigate the treatment effects on

biocide gradients, including more subdivided pressure or temperature conditions,

their combinations and step-by-step adjustment of temperature or pressure.

Air inside wood can either physically interfere with flow or produce

multiple phases. However, the effect of air present in the wood at time of

treatment was not fully addressed in this study. A prolonged vacuum period would

be required to remove all air in the wood.

Phase behavior at the end of the treatment cycle has not been studied, and

very little information is available on the effects of liquid CO2 on biocide retention

in wood. These relationships must be considered when process parameters

approach the subcritical region. Thermodynamic parameters should be

investigated for the liquid stage as well as the supercritical stage for future

applications of SCF treatments.

It is also necessary to develop predictive models describing expected results

under varying treatment conditions. Accurate models can help to better understand

the effects of the treatment parameters on the impregnation while eliminating
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lengthy and costly experiments required to determine process parameters effects

when treatment conditions are changed.
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