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Introduction

During the past two decades, supercritical carlioride has been investigated as a possible
solvent for wood impregnation because of its unigbgsical properties [1]. Supercritical
CO, combines a gas like viscosity and surface tensith a liquid like density. The high
density makes supercritical carbon dioxide act ssleent while the low viscosity and surface
tension allow it to penetrate wood rapidly and adintly. Combine these properties with a
high diffusivity and the ability to fine tune solility through pressure and temperature control
and you have a very attractive solvent for woodregpation.

Traditionally, wood impregnation has been carriagt asing liquid solvents for
transport of biocides into wood [2]. The differenarieties of the traditional pressure
impregnation processes involve using pressure,uracor a combination the two to force a
liquid solution of biocides into the wood. Theirntmued use for well over 150 years is
testimony to the effectiveness and usefulnessesfdlprocesses.

Nevertheless, wood impregnation using liquids hawene unwanted technical and
environmental issues. Many low permeability woodcsgs provide a substantial resistance to
flow of fluids which makes it difficult or imposdid to impregnate these ‘refractory’ species
with liquid solvents [3]. Consequently, the listwbod species that can be impregnated using
liquid solutions is limited. After impregnation thveood will be wet from excess treatment
liquid and will need additional time to dry [4]. ltases where the end use of impregnated
products requires application of surface treatmsoth as paints the end consumer can be
forced to delay the application of such until theood has dried sufficiently. The
environmental issues include difficulties in avaigli exposure of workers and the
environment to treatment solutions [3].

The use of supercritical carbon dioxide as solygovides a potential solution to the
limitations of the liquid impregnation processecBuse of its low viscosity and surface
tension, supercritical COcan penetrate the refractory species otherwissidered non-
treatable. Furthermore, since €& atmospheric pressures is a'g#se treated wood is dry
and can be used immediately after impregnation. @xgosure of workers to treatment

solutions is greatly reduced, if not eliminatedjcg the treatment solution only exists at

! At atmospheric pressure, €@ a gas at temperatures above -78.5°C. Belowehigerature it exists as a
solid.



pressures above the critical point of £Qe. in closed loop systems. Similarly, the expes
of the environment to run off of excess treatméuntfis eliminated because the wood is dry
after treatment.

The supercritical wood impregnation process is wesd in [5] and is illustrated in
figure 1. The process can roughly be divided irteed steps: a pressurization phase, an
impregnation phase, and a depressurization phase.

Although the supercritical impregnation procedwehieoretically simple, it is difficult
to control in practical use. Because of the redyi\nigh pressures involved, there is a risk of
developing excessive pressure gradients in the wdch can lead to collapse or split of the
wood which most scientist or practitioners in theaawill be familiar with. Another challenge
is ensuring the required transport of biocidesuglothe wood substrate. The seriousness of
these challenges became apparent when the worlkts chmmercial supercritical wood
impregnation plant went out of business after otfisgee months of operation due to an
excessive failure rate of the impregnated produsthough the plant has since resumed
operation, the incident illustrated the fact thgtexcritical wood impregnation is not a simple

operation and highlighted the need for a betteetstdnding of the process.
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Figure 1. Main steps in the supercritical wood impregnatigrtle. At point ‘A’ wood is placed in a treatment
vessel and C@is forced into the wood (brown arrows) by incre@sthe pressure beyond the critical pressure
(Po) of CO,.. At supercritical conditions, between points ‘Bida‘'C’, the dissolved biocides (black arrows) move
with the CQ to the interior of the woodBetween points ‘C’ and ‘D’ the pressure is decrehdmck to
atmospheric levels. The G@xits the wood leaving the biocides behind.



Objective and outline

The main objective of the presented PhD project twagain a better understanding of the
supercritical wood impregnation process. As of 2ah@ process has developed from lab-
scale scientific experiments to industrial scalenoeercial production but the fundamental
understanding of the process is still only deveigpilnitially, the available scientific
literature within the area was reviewdehaper 1). Next, our research efforts were focused on
three specific areas of interest, namely, 1) pehitiiga of wood to supercritical carbon
dioxide Paper 1), 2) movement of biocides in the wood during ingration Paper Il

and 1V), and 3) microdistribution of biocides in the c&hll after impregnation.

The review will, together with the introductory ghters of the present dissertation,
provide the reader with a background to superalitimood impregnation in general and to the
proceeding chapters and papers in this dissertation

Supercritical wood impregnation is an interdisciply discipline which requires
understanding of the chemical and structural comipas of wood as well as the
thermodynamic behavior of compressed gasses. Ajthbasic introductory chapters can be
left out of dissertations, it was in this case tjinunecessary to include such chapters since
few readers will have a background spanning botasaof science. Thus, for readers with a
non-wood background an introductory chapter is @y on wood structure and composition
with emphasis on the chemical and structural featwelevant for the wood impregnation
process. For readers with a non-supercritical backgl a short introduction is given to the

thermodynamic behavior of compressed gasses.



Structural and chemical composition of wood

Supercritical wood impregnation is concerned witincing a fluid (CQ) through a wood
matrix. The structural composition of the netwogtaimines the ease at which fluids can be
forced through it. Wood is the secondary xylem,water conducting tissue, of trees or other
woody plants. In a living tree, the xylem is resgibte for conduction of water and nutrients,
storage of metabolites and mechanical support. KOO, through the wood has to be
conducted via the same flow paths that were usedht transport of water, nutrients and
metabolites in the standing tree.

The structural composition of wood may vary. Geltgréhere are two basic designs of
wood with gymnosperm wood being fundamentally défe than angiosperm wood. There
are, however, as many varieties of the basic strestas there are species. In this context,
focus will be on the structure of gymnosperm wogdneplified with the wood of Norway
spruce, used for experimental work RBaper Il, Ill, and IV, as well as commercial
impregnation.

The complexity of the structure of wood becomesaagpt when magnified a few
hundred times (figure 2)What superficially appears a solid material isialty quiet porous.

In the case of Norway spruce the porosity is alédu®o [6]. Due to the high porosity, wood
impregnation would be relatively straight forwafdall the cavities in the wood were well
interconnected. However, this is not the case.

Wood is made up of a matrix of dead wood cellsraiher, cell walls of dead wood
cells. The longitudinal oriented tracheid is thesndominant cell type in gymnosperms in
general, accounting for about 95 % of the celldNofway spruce [7]. Each tracheid has the
form of a hollow tube with a length-to-width ratmf about 100/1 where the cell wall
surrounds an empty cell lumen. In Norway spruce ttacheid length varies between 1.7-3.7
mm and diameter (width) between 2044 [7].

In the living tree, the transport of water fronetroots to the leaves occurs through the
tracheid lumens. Because of the limited lengthheftracheids the water must move through
numerous tracheids as it moves upwards in the Weder moves from one lumen to another
through intercellular openings in the cell wallsmgrised of bordered pit-pairs, which appear
as donut shaped apertures in the cell walls (fi@)reeach pit-pair is an ingenious piece of

2 To increase readability all figures in this clepire placed at the chapter end (page 12).



bioengineering that serves to ensure pit aspiratidhe event that air embolisms spread and
disrupt the liquid flow path from the root to theales [8,9].

For this purpose each pit-pair is equipped with aédvey system consisting of an
impermeable disc, the torus, suspended in a petmewdt, the margo (figure 4). In the
sapwood of the living tree the margo and torusasitpned in the middle of the pit cavity
allowing flow of water from on cell to the next tdugh the permeable margo (figure 5). While
allowing passage of water, the margo will trap @amwater meniscus by capillary action
preventing the spread of embolisms to the adjacelh{10]. The pressure difference between
air filled tracheid and the adjacent water filledcheid, where water is under tension, will
force the pit membrane (torus and margo) acrosschmimber until the torus blocks the
aperture (figure 6 and 7) of the pit border of Weer filled tracheid [8,11]. Thus, breakage of
the water column in the adjacent cell is prevelftigdire 8).

Softwoods pay the price of decreased conductivity Having the security against
embolisms provided by the bordered pits [11]. lliveag tree, as much as 50 % of the total
resistance to flow may be accounted for by the [ii®§. However, wood preservers pay an
even higher price for the torus-margo system. Wiehare aspirated, it is impractical, if not
impossible, to force liquids through the wood usiognventional pressure treatment
techniques. What's worse, pit aspiration is notaee rphenomenon in the living tree. In
addition to being caused by embolisms, it can loeidgint about by fungal attack and will, in
many species, occur as a natural process in thmeiticm zone between sapwood and
heartwood [13]. This leaves the heartwood of mapgcEes close to untreatable by
conventional pressure impregnation methods. Howesrace the heartwood of many wood
species often has a high degree of natural dunabilie to the deposition of extractives with
biocidal properties [13], the refractory naturéhefirtwood is in many cases not a problem.

It is of greater concern to the wood preservert gitaaspiration may be inflicted as a
result of the lumber drying process. Some wood ispesre more prone to pit aspiration than
others. In some species like Norway spruce, pitraspn will occur throughout the wood
during the drying process. The effectiveness ofagrated bordered pits in preventing liquid
flow was demonstrated by Peek and Goetsch [14] rgborded the time it would take for
samples of pine and spruce (presumably Scotsgrrgorway spruce) to equilibrate pressure
in the radial direction when pressurized with eitladr or water. After pressurizing dry

Norway spruce (moisture content 15% w/w) with wateb bar for 8 hours they were unable



to detect any pressure increase at a distance ohriOfrom the radial surface. The pine
samples reached pressure equilibration (5 ban) alffteut 1 hour. The use of higher pressures
to increase penetration of liquids does not sohee groblem, because the wood will often
collapse at pressure differences of about 16 bsofinvoods [15].

Apart from the lateral flow path through the longiinal tracheids, flow can also occur
through the rays running in the radial directiorotigh the wood connecting the phloem with
the xylem. The rays in Norway spruce make up aBopércent of the wood and consist of
tracheids as well as parenchyma cells [7]. In iied tree, the rays function as lateral flow
paths through which metabolites, water, and nusiean be moved from the phloem to the
xylem. Every longitudinal tracheid is connectedtdeast one ray cell via semi-bordered pits,
i.e. only the longitudinal tracheid side of theipibordered [7]. The openings of these pits are
about 1-2um in diameter and do not have the torus/margo systiethe bordered pit-pairs
between longitudinal tracheids. They are there@dweays open (figure 9). Finally, flow can
occur through resin canals which occur at reguitarvals throughout the wood (figure 10),
often plugged by resin (figure 11). The ability sipercritcal carbon dioxide to solubilize
resin [16], means that the resin canals might lpga@x the slightly increased permeability of

supercritical extracted wood we foundpaper II.

Chemical composition

In Paper Il we examined the interactions of selected orgamgitides with wood under
supercritical conditions. Wood is a chemically dse material primarily consisting of three
biopolymers, cellulose, hemicellulose, and lignlie biosynthetic pathway, structure, and
interactions of these polymers are still not fudlgrified [17]. For a detailed discussion of
these issues the reader is referred to textbookgoma chemistry e.g. [7,18] and reviews on
plant biopolymers e.g. [19-21]. Here it will sutfi¢o briefly discuss the role and abundance
of these polymers in Norway spruce. By far the dangart of the mass of (dry) gymnosperm
wood is accounted for by the cell walls of the libudinal tracheids. Tracheids are highly
specialized to fulfill the dual function of beingrducting as well as weight supporting tissue
of the standing tree. Lignocellulose accounts forethan 98 % of the dry mass of Norway
spruce. Of these polymers, cellulose is the mash@ddént making up about 42 % [18].
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Cellulose is a non-branched polysaccharide made frolymerization of glucose molecules
with a high degree of polymerization [7]. The cklke molecules are joined by hydrogen
bonds to form para-crystalline molecules which teelves are bundled together to form
micro-fibrils which crisscross the cell wall [19h the primary cell wall and in the s1 and s3
layers of the secondary wall the micro-fibrils argented in all directions. In the thicker s2
layer of the secondary wall the micro-fibrils rufose to parallel with the longitudinal
direction [3]. The primarily axial orientation ofi¢ micro-fibrils account for the anisotropic
behavior of wood with regard to moisture inducedrirdting and swelling [22].
Hemicellulose, the other important polysaccharidewiood, consists of several different
sugars. In Norway spruce, the main hemicellulosgas are mannose, xylose, glucose,
galactose, and arabinose, and hemicellulose accdonabout 25 % of the wood dry mass
[23]. Hemicellulose is a branched molecule witlowa degree of polymerization of about 200.
In the cell wall hemicellulose functions as an aiV® bonding together the wood
biopolymers and supporting the cellulose framewbtk,the exact mechanisms of interaction
are still being debated [17,24]. Together with wleke, the highly hydrophilic hemicellulose
is responsible for the hygroscopic behavior of wobite polysaccharide micro-fibrils have a
high tensile strength but are weak in compressianprovide the cell wall with the rigidity
needed to support growth on land, terrestrial glamtorporate lignin into the cell wall [25].
Lignin is a randomized network of polyphenolic caupds produced from the coupling of
the lignin precursors, coniferyl-, sinapyl, amgtoumaryl-alcohol [26]. The resulting polymer
is a complex, randomized phenolic structure witmarous types of linkages and functional
groups [21]. Lignin makes up about 27 percent ofvidty spruce [18]. Mechanically it has a
high hardness, making the combined lignin/cellulosmicellulose composite both rigid and
strong. Lignin also imparts hydrophobicity to therwise hydrophilic cell wall components
and is therefore important for hydrolic properties the xylem [27]. Summarizing, the
chemical composition of wood is complex and vaeal@ven without accounting for
extractives which may be present in smaller amounitgs both hydrophilic and hydrophobic

properties and will interact with most liquids ageakes.
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Norway spruce Norway spruce
(Picea abies) — (Picea abies)

Figure 2 SEM image of the radial and axial (top)rigure 3. SEM image showing the bordered pits in the
surfaces of wood from Norway spruce. The bordereatlial cell walls of longitudinal tracheids in Noey
pits connecting the longitudinal tracheids are evitl spruce.

as donut shaped apertures in the longitudinal teidh

walls.

.

\Q\
i

\‘Q\\§\§\\\\ N \\\i\\\

Figure 4. SEM image of a non-aspirated bordered pEigure 5. Schematic presentation of the flow paths in a
in Tsuga canadensis. The torus is suspended in fioftwood bordered pit (left). On the right, flow is
middle of the pit by the margo. Image frombstructed by the aspirated torus. Image from
Zimmermann (1987) [11]. Zimmermann (1987) [11].
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orway spruée Y — | Norway spruce Mag
(Picea abies) . (Picea abies) 4585x

Figure 6. SEM image of an aspired bordered pit ifrigure 7. SEM image of the axial surface of a single
Norway spruce seen from the radial surface. Thengitudinal tracheid in Norway spruce showing an
aperture of the pit border is visible through tloeus. aspirated bordered pit.

The network of the margo is also evident.

Norway spruce VE=Te]
(Picea abies) 10000x

Figure 8. Schematic presentation of the effect of piigure 9. SEM image of the piceoid pores in the cross
aspiration on the flow of sap in the xylem. Thigelds of Norway spruce.

tracheid marked ‘x’ is aspirated and the air is

prevented from entering the neighboring cells. lmag

from Zimmermann (1987) [11].
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No?way sprucé
(Picea abies)

Figure 10. SEM image of the axial surface in Norwayrigure 11. Close up of the resin canal in figure 10,
spruce containing a resin canal. showing the blockage of the pit by resin.
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Supercritical carbon dioxide

In 1822, a French Baron by the name of Cagniardad&@our made the first scientific
description of what would later be known as a scytgzal fluid [28]. He filled gun barrels
partly with liquids such as water, ethanol, anéw bthers. He then added a marble to the gun
barrels and forged the ends of the barrels tighe Baron then heated the gun barrels to see
what effect the application of heat and pressureldvbave on the liquids inside. He took the
highly pressurized barrels to his ear (!), ancehsd to the sound of the marble rolling back
and forth inside. To his surprise, with sufficidrgating of the gun barrels, the sound of the
marble would indicate that the liquid had somehasappeared. What Cagniard de la Tour
observed was not the disappearance of the liguikter, but its conversion to a supercritical
fluid.

Figure 12 shows a temperature-pressure (TP) phageath of carbon dioxide. The
phase boundary separating the liquid phase frongdlsephase, is a plot of the vapor pressure
of the liquid as a function of temperature. At thiegase boundary, the two phases are in
thermodynamic equilibrium, i.e. Gibbs free enerdytlee liquid phase equals Gibbs free
energy of the gas phase. However, the molar volointiee two phases may be very different,
especially at lower temperatures. With increasieiggerature at the phase boundary, the
molar volume of the two phases approaches eachr tiwause of the pressure induced
compression of the gas and the thermal expansidigwtl. At the critical point, the molar
volume of the two phases, as well as other physicgierties, becomes identical and the two

phases merge into a single phase termed a sujaiciinid.
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150 Above the critical temperature {T it

becomes impossible to produce the liquid
phase from compression of the gas phase.
100|  sofiq Supercritical With isothermal compression of the gas at

Fluid
temperatures above The molar volume of

P (Bar)

Liquid cp the gas decreases continuously but never

0 condenses to a liquid. Even in the

supercritical  fluid the intermolecular

Gas attractive forces are not strong enough to

TP prevent the molecules from drifting apart.

-100 -50 T (E{C) 50 100 In other words, the supercritical fluid will
Figure 12. Phase diagram of carbon dioxide showingexpand to fill out whichever system that
the conditions at which the different phases aegrtio-
dynamically stable. TP: triple point at -55.6 °C2%ar.
CP: critical point at 31.1 °C, 72.8 bar.

contains it and such a substance is, per
definition, a gas. However, because of the
high level of compression, the properties of sujtgcal fluids are different from those of
gases existing at atmospheric pressures.

Because of the high density, supercritical carbioxide may function as a, primarily,
non-polar solvent. The solubility of non-polar camapds in supercritical CQwill largely be
dependent on the chemical properties of the comgwamd the physical conditions of the
COQo.. Figure 13 shows how the solubility of naphtalen€0O; at 45 °C varies with pressure.
At low pressures, below about 60 bar, the solybitif naphtalene in carbon dioxide is
negligible. At higher compression the solubiliticieases. The slope of the solubility curve
has its maximum at around 100 bar and here théidibhuf naphtalene can be increased or

decreased significantly with relatively small chaagn pressure.
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Figure 13. The dependence of solubility of Figure 14.The dependence of the density of carbon
naphthalene in carbon dioxide at 45°C on pressure. dioxide on pressure for various isotherms,: P
Data collected by Val Krukoriis reduced pressure (P{R p,: reduced densityp(p.),

T,: reduced temperature (TJT The critical density

of CG is 0.467 g/ml.

Using supercritical solvents therefore gives theefie of controlling solubility to an extent
that is not possible using liquid solvents. Thisllisstrated further in figure 14 above. The
figure shows how relatively small changes in terapee and pressure can result in large
changes in carbon dioxide density, especially torditions near the critical point. Notice, in
figure 14, how the shape of the isotherm fpr=T1.4 &43.5 °C) is roughly the shape of the
solubility isotherm (45 °C) for naphtalene in figut3. Since solvent power of @@ closely
related to its density, solvent power can be mdatpd by temperature and pressure control.
Despite its high density, supercritical carbon diexhas low viscosity and very low
surface tension. These properties are especiadfplughen impregnating wood and explain

why supercritical fluids can penetrate wood magio®re effectively than liquid solvents.

3 val Krukonis, 360 Merrimack Street, Lawrence, M28a3
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Developments in supercritical wood impregnation

In Paper I, the scientific developments within the field afpgrcritical wood impregnation
were reviewed.

Research efforts have primarily been focused owarsg the questions 1) what effect
does supercritical treatment have on physical aedhamnical properties of wood? 2) can
supercritical treatment deliver a sufficient amouwft biocide to the wood? 3) does
supercritical impregnation slow down biodegradatiates? In addition, there have been some
efforts concentrated at modeling the supercritio@abd impregnation process.

All published research on supercritical wood impragpn has been carried out using
carbon dioxide. A number of studies have examihedeffect of supercritical carbon dioxide
on the mechanical wood properties — mainly MOR (ohasl of rupture) and MOE (modulus
of elasticity) [29-33]. Some of these studies repof significant changes in physical
properties, while others did not observe any sigaift changes as a result of treatment. The
same was true for studies on wood composites [33R®ssurization and depressurization
rates are not consistently stated in these stumhesit is likely that some of the reported
adverse effects on physical properties were cabsgedevelopment of excessive pressure
differences in the samples. The fact that the mlaysproperties of many samples were
unaffected, even after exposure to treatment pressibove 300 bar as reported in [32] seems
to suggest that supercritical carbon dioxide ielftdoes not significantly affect the physical
properties of wood. Similarly, the strength of theernal bonds between wood and adhesives
in wood composites seem to be unaffected by expasusupercritical carbon dioxide [36].
However, the jury is still out on this issue andl wemain so until someone makes a study
where samples are pressurized and depressurited edtes so the potential influence of the
differential pressure factor can be dismissed.

Because the exposure to supercritical carbon deoglimes not seem to be a source of
damage to the wood on its own, impregnation of wogd species should be possible. The
key to avoiding damages in the wood structure lmescontrolling pressurization and
depressurization rates so that excessive pressteeedtials in the wood do not develop. The
density of carbon dioxide increase by a factor ofenthan 450 from 1 to 150 bar at 40 °C
indicating the significant mass flow through the adoduring supercritical impregnation.
Permeability is a measure of the resistance oflgacbto fluid flow. It is therefore a key

18



parameter in determining how fast a piece of woad be pressurized and depressurized
without being damaged [37]. Several studies haweestigated the effect of different
pressurization rates on the development of presdifferentials inside treated samples
[15,38-42]. Most of these studies concluded tha&sgurization rates and depressurization
rates were correlated with internal pressure respoend, thus, the permeability of the
samples. Oddly, the only study that actually mess$uhe permeability of the samples was
unable to find a correlation between internal puessesponse and permeability of softwood
samples [40]. A few studies have examined the eémite of exposure to supercritical carbon
dioxide on the permeability of samples [40,43]. Sdeare discussed further in the next
chapter and ifPaper II.

Biocide deposition and distribution are importantetia for any wood impregnation
process. Several investigators have measured digpoand distribution after supercritical
impregnation. Experiments have been carried outboth solid wood and on wood
composites and with a range of organic biocideshaw® shown supercritical carbon dioxide
being able to impregnate a wide range of wood sgeand wood composites with organic
biocides [32,44-50]. The studies have showed thgierritical carbon dioxide can
impregnate wood with a sufficient amount of biosidelowever, many studies report of more
or less pronounced concentration gradients in ignated samples. Concentration gradients
are unwanted since they mean that if the coresainaple is to meet a concentration target, the
outer part of the sample will be over-treated rsglin a waste of biocide.

The reasons for the observed gradients are selismussed in detail but some attempts
have been done at clarifying the influence of opegaconditions on biocide distributions
[47-50]. Although distributions seem to be influeddoy operating conditions it is difficult to
draw any definitive conclusions about the influebesed on the available literature. Kang et
al. [50], for example, investigated the distributi@f cyproconazole in ponderosa pine
impregnated at the four combinations of temperatune pressure (T = 40 or 60 °C; P = 103
or 206 bar). At 60 °C, the deposition in samplesated at 206 bar (370 glhwas higher than
the deposition at 103 bar (153 gjrperhaps reflecting the density increase o, @higher
pressure. However, at 40 °C the deposition at 206378 g/m) was substantialljower than
the deposition at 103 bar (510 §jnmaking it difficult to reach a conclusion abotiet

influence of any of the three parameters, tempezapressure, and density.

19



Lucas et al. [51] indicated that wood-biocide iat#rons under supercritical conditions
might be substantial. Wood-biocide interactions hhitherefore be an important factor in
determining deposition and distribution of biocidesupercritical impregnation.

In paper Il andPaper IV we examined the interactions between wood andd®edn
an atmosphere of supercritical carbon dioxide agpothesized that the reason for the
observed concentration gradients in impregnateddvoonlld be due to the wood filtering the
biocides from the C@as the fluid mixture moves through the wood matife also showed
that the prevailing physical conditions had a laigBuence on the magnitude of the
wood/biocide interactions. It should therefore hesgble to influence the concentration
gradients by controlling the impregnation condison

The ultimate goal of the supercritical impregnatgnocess is to make the impregnated
wood products less susceptible to biological desfiad such as breakdown by fungi and/or
insects. Several studies have investigating thiodiical performance of impregnated wood
products. Most of these have been laboratory dezsty [52-57], but a few results from field
tests have also been reported [58,59]. These studieclude that if a sufficient amount of
biocide is delivered to the wood biodegradatioesawill decrease compared to non-treated
controls. In other words, biocides deposited bygtpercritical impregnation process retain
their toxicity and supercritical impregnated woaahcaherefore slow down biodegradation.
Finally, a report comparing the performance of caroially available supercritical
impregnated wood with pressure (liquid) impregnaachples as well as non-treated controls
under tropical (Malaysia) and temperate (Denmaok)ddions is available [60]. In this report,
biodegradation was of the supercritical impregna@ehples was slowed down significantly
compared to non-treated controls. The performam¢heosupercritical impregnated samples
was comparable with samples impregnated by conwaaitmethods.

Summing up past research, it can be concludedstharcritical impregnation can be
performed without significantly altering the phyalicappearance and properties of the
impregnated wood. However, one must be aware ofitigations given by the wood itself
and must design an impregnation schedule that takesaccount the properties of the
material being impregnated. Even though superafit€O, penetrates wood much more
easily than liquids, care must still be taken fovalthe wood to equilibrate pressure during
the pressurization and depressurization phasetdadack of progress on the modeling front
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of supercritical wood impregnation research, desgran optimal treatment schedule is for
the most part currently down to trial and error.

Supercritical wood impregnation has been shown ldapaf depositing a sufficient
amount of biocides inside wood samples and therstipeal impregnated wood have been
shown capable of slowing biodegradation rates. Hewethe movement of biocide through
the wood matrix during impregnation seem to be ngjty related to the design of the
impregnation schedule and therefore to the prengiliphysical conditions during
impregnation. Thus, in designing an impregnatiocleyor supercritical wood impregnation,
one has to consider not only how fast the,€én be transported in and out of the wood, but
just as importantly how fast the biocides will benisported to the core of the wood.
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Permeability of wood to supercritical carbon dioxice

Permeability is a measure of the ability of a psrobject to conduct fluids. The higher the
permeability, the larger the flow the sample consluat a given differential pressure. In
supercritical wood impregnation, the bulk flow o®Lin and out of the wood is achieved by
creating a pressure difference between the extamar the interior of the wood, i.e. by
pressurizing and depressurizing the impregnatiasele If the pressure differences build up
to level that exceeds the internal strength progeedf the wood, it will fail. The phenomenon
is known from traditional pressure impregnation hteques using liquids and from
impregnation using supercritical carbon dioxide.c&ssive pressure differences during
pressurization will likely result in collapse, whilexcessive pressure differences during
depressurization will lead to split. The criticakepsure difference at which damages occur
will depend on the species being impregnated. igard pressure impregnation of softwoods
it is often used as a general rule that the impgn pressure should not exceed 14-16 bar
[61]. Wood species with high permeability shoulddide to withstand higher pressurization
and depressurization rates than low permeabilitycigs because they will equilibrate
pressure differences more rapidly. Designing annggt treatment schedule for a given
species will thus depend on the permeability ot w@ecies. It is therefore of interest to
examine wood permeability.

Permeability calculations for wood are frequenthséd on Darcy’'s Law for flow of
fluids through porous media which states that [62]:

Conductivity =— "X 1)
Gradient
For wood measurements conductivity is termed pelpitigaand can write a general equation
for permeability:
I A
k= QuIA_QLu 2)
AP/L  APA

Darcy’s Law is based on several assumptions inofudj) the flow is viscous and linear, 2)

the porous media is homogeneous, 3) the fluiddsmpressible, and 4) there is no interaction

between the fluid and the porous media.

* Symbol explanations are given in the list of syfabpage 47.
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All of these assumptions are violated to a certaitend in the case of flow through
wood. Although longitudinal flow is predominantpd¥ can occur in three directions. The
flow path is continuously obstructed by pits and flow is forced to change direction to get
from one tracheid to another which may cause noegali flow, violating the first assumption.
Considering the second assumption, wood is stralipuromplex and non-homogeneous. The
third assumption is violated when permeability isasured by gases and supercritical fluids
but not when the measuring fluid is a liquid. As the fourth assumption, because of the
complex chemical structure of wood most liquids amany gases will interact with wood.
Nevertheless, in the lack of a perfect model Dardyaw has been the preferred option for
wood permeability calculations.

Because of the importance of wood permeability, avdiy supercritical impregnation
but also conventional liquid pressure impregnatotata on wood permeability can be found
in the literature for several species and measwidid both liquids and gasses e.g. [63-65].
Permeability values are generally higher when meaisby gases than when measured by
liquids. For modeling of the supercritical wood iragnation process, correct permeability
values are important input parameters that deterrntie maximum rate of mass transfer
through the wood during pressurization and depressgion.

Traditionally, wood characterization for the supgical wood impregnation process,
has been carried out using permeability measurenoantied out with gasses at low pressures
as no permeability data exist for supercriticaldtu However, these values may not reflect
the true permeability towards supercritical fluiddich have densities closer to liquids.
Therefore, inPaper I, the permeability of Norway spruce to supercritearbon dioxide was
measured.

For the calculation of the permeability, an equasaitable for supercritical fluids was
developed, since equations could only be foundhénliterature for liquids and gasses. Since
Darcy’s Law assumes that the measuring fluid ismmgressible, compensation is required for
compressible fluids such as gasses and supertfitichs.

To allow permeability to be calculated for compriekesfluids such as gasses, equation

(2) is written in differential form:

K=o QA __QudX (3)

2 AdP/dx AdP
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Historically, gas permeability has been calculatedthe wood science literature by the

following equation:

= ULARy @
AAPP

The derivation of the equation is given below.

Qv is substituted wit/t in equation (3):

\% Vi dx

== = =— 5
t % tA dP ®)
It is assumed that the gas can be described byg¢akgas law:
PV = nRT (6)
Substituting V with nRT/P in equation (5) yields:
V:E = kg:—mx - KJP cP:—LTId (7)
P tAPdP tA
Integration and evaluation of integrals yields:
Pi _ _NRTy o
Ky J,, PdP = " [ ax ®)
g
« (P —Rur) _ nRTuL ©
’ 2 tA
g
= 2nRTu L (10
tA( By~ %UT)( Ay + %UT)
Since the Py + Pour)/2 equal® andPyy — Pout equalsAP we arrive at equation (4):
(B * Four) +2P°UT) =P ; (By,-Ry)=AP ; nRT= PV
U
VLuP, Q R
ky=—"—"=2 « k=""2I (seq(4 11
¢ tAAPP T ppp T4 -

Equation 4 (= eq. 11) has been used extensivelthénliterature when calculating gas
permeability of wood e.g. [66-71]. Experiments aaally done by applying a pressure
differential over small wood dowels at pressuresyvelose to atmospheric levels and
recording the resulting volumetric gas flow throutje dowel. The pressure differential is
usually created by drawing a vacuum on one theebaflthe dowel or by creating a slightly

increased pressure at the inlet. Equation 4 mightdequate to calculate permeability at
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atmospheric levels. However, when calculating peaitmigy at higher pressures, as is needed
when calculating permeability for supercriticalifls, equation 4 might not give a correct
estimate of the permeability since the superclifioad will not show ideal gas behavior.

To allow for the calculation of permeability of nadeal gases we look at mass flow
instead of volumetric flow. The general expressitum permeability measured with

compressible fluids (eq. 3) still applies:

dx
= NH QK (12)
AdP/dx AdP

QV/Ais the velocityy, of the flow through the object:
__vudx v——k3 dP

Q _
XV -y 13
A =k dP M dX (13)
Dividing v with the specific volumeyy, yields the flux of matter, through the object:
J= l = —ﬁ (14)
VvV, Vudx
Multiplication with A yields the mass flow per time un@Qu:
_ . kAdP
=AJ=- 15
Qu V.1 dx (15)
g
dP _ Q,u dx
N <V sl 16
Sy A (16)

m

If conditions are constanQy has the same value at any point in the object Gard be
calculated from the volume of the gas at eitheetior outlet pressure from an equation of

state. It is assumed thét, is a known function of andP. Integration of eq. (16) yields:

Pour AP __QM/JL
SN Vi (17)

SincePourt < PN, the integral on the left hand of equation 17agative and we term #lp.

The integral can be approximated by numerical waiegn. Finally, we arrive at:

_Quly
Ky = LA (18)

Equation 18 was used for the calculations of peltigavalues inPaper II. A custom made

apparatus was assembled for the collection of ((fgre 15).
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Figure 15.Schematic presentation of the experimental sebuméasuring permeability at high pressure.

A wood dowel, glued into a metal tube with epoxyaswnounted on the apparatus in such a
way that a pressure differential could be estabtisbver the dowel. With the pressure
differential established, the resulting volumeftmv through the dowel was measured with
either a liquid displacement flow meter or a bubfldey meter. From the collected data (flow
rate, inlet pressure, differential pressure, terjpee, fluid viscosity) the permeability was
calculated using eq. (18).

For every dowel, three measurements were carriedirousuccession. First, the
permeability was measured at atmospheric levelagplying an inlet pressure of 6 bar and
leaving the outlet open to the atmosphere. A secomdsurement was then taken at
supercritical conditions (P ~ 155 bar, T ~ 45 °Bipally, after depressurizing the dowel, a
third measurement was taken at atmospheric legats/estigate the effect of the exposure to
supercritical conditions on the permeability of theod. Pressurization and depressurization
was done at a constant rate of 5 bar per minutavted building up excessive pressure

differences which could potentially damage the dowe

Effect of supercritical C@on the post-treatment permeability of Norway spruc

Comparing the permeability from the atmospheric sneaments, before and after exposure to

supercritical conditions, we found a slight butistacally significant increase in permeability
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after treatment Raper 1l). The average increase was found to be 12 % wdivigual
changes ranging from -14 % to + 62 % (Figure 16).

In a similar study, Sahle-Demessie et al. [43]
70 4

0 o0 compared the permeability of Douglas fir dowels
§ 50 | before and after exposure to supercritical carbon
gzz . : dioxide. They found the average permeability to
% 20 - . increase 133 %. Similar to the findings Raper I,

g 101 “’. M ”’ { they observed a large variation in the results witk
& _137 be . * . fith of the samples recording a decreased
-20 " ‘ ‘ permeability after treatment. Douglas fir contaes
’ 1CS)ampIe ;o ? relatively high amount of extractives and the atgho

argued that solubilization and removal of extraesiv
Figure 16.Permeability change in percent

a5 a result of exposure {o supercritical £0 clogging pit membranes might be the reason for the
enhanced permeability of treated samples. Likewise

they suggested that redeposition of solubilizedaekitves on the pit membranes during

depressurization might account for the decreasadgability in some samples.

As part of a study examining effects of wood cherastics on pressure response in
wood during impregnation, Schneider et al. [40] eeed permeability changes in 12
different species after exposure to supercriticatbon dioxide. Their study measured
permeability in the radial direction and found egkavariation between species. Six of the
examined species had permeability increased asuét of treatment while permeability of the
remaining six species was decreased. They did rogope potential explanations for the
large variation.

The slightly increased permeability after treatmfenind in our study could possibly be
caused by removal of extractives in the wood bystingercritical carbon dioxide as suggested
by the authors above. If extractives clogging thhermbrane are solubilized it might cause
deaspiration of the pits. However, Norway sprucetaims only low amounts of extractives
and no significant weight change of the dowels whserved in our study as a result of
exposure to supercritical GOThe low amount of extractives in Norway sprucerisnarily
located as resin in the resin canals. It is posshmdt supercritical carbon dioxide could extract

the resin from the resin canals. Unplugging thénreanals might have a significant impact
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on the permeability of the wood, because of thealsannique anatomy. The longitudinal
tracheids through which the flow must otherwiseuscare as explained earlier, geometrically
narrow tubes which are limited in length. Flow tlgb the tracheids is continuously facing
obstructions in the form of dead ends at the enth@ftracheids and aspired bordered pits in
the cell walls. In contrast, the longitudinal resamals have a diameter ten times or more that
of the largest tracheids and run unobstructed dosiclerable distances through the wood. If
these canals, albeit few in numbers, are unpludggdsupercritical treatment it could
potentially upon up large unobstructed flow pathattmight account for the increased

permeability as a result of exposure to superatitarbon dioxide.

Permeability of Norway spruce measured by supecatitarbon dioxide

Compared to the measurements with gaseousaC@ear atmospheric levels, the permeability
of Norway spruce increased when measured with stipeal CO,. The measurements done

at around 155 bar and 45 °C increased 250 % orage®ecompared to the low pressure
measurements. Except for one outlier, individuanges ranged between 20-500 % (figure
17).

The substantial increase in permeability is tempora
1400 -

IS because, as was illustrated above, the permeahftiey
S 1200 - '
by 1000 treatment drops again to levels comparable to the
o |
8 800 permeability before treatment. Thus, the increasesd
[&]
£ 600 not seem to be the result of damages like crackls an
Qo
g 400 ’: :—. splits that might have developed during treatmeiad
= »
£ 200 ¥ S el splits in the wood been the reason for the incetase
*e® "’0’ . "y .
0 ‘ ‘ permeability above the critical pressure an inadas
0 10 20 30
Sample # permeability would have been expected after treatme
as well.
Figure 17. Percent change in perme- iff . bil | | .
ability from measurements at close to Differences in permeability values also exist

atmospheric pressures to measuremenﬁetween

with supercritical CQ at 150 bar. liquid and gas measurements. Permeability

values measured with a gas are often higher thaanwh
measured with a liquid. This difference has begrlamred by the influence of Knudsen flow,

or slip-flow, which would be proportionally higher gas flow than in liquid flow. Slip flow
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occurs at Knudsen numb2f 1 or above, i.e. when the mean free path ofibkecules are
in the same range or larger than diameter of the tn which they are flowing [72]. In this
case, the flow is primarily restricted by molecutailisions with the tube wall and not by
intermolecular collisions. This creates an adddiaslip-flow factor because the fluid velocity
at the capillary walls is different from zero asassumed in viscous flow. Even though the
diameters of the tracheids are substantially latgan the mean free path of air molecfjles
the dimensions of the pits approach these valuesaddition, many gas permeability
measurements have been carried out by drawing @uwaon the outlet side, increasing the
mean free path and thus the Knudsen number further.

However, considering the difference in permeabiiiom the gas measurements to the
supercritical measurements, the liquid like deneityhe supercritical fluid would lead to a
much lower mean free path compared to the gas.,Téwdrary to the observation, the
permeability measured with supercritical fluids wsldo be lower, not higher, than the
permeability measured by gases.

A possible explanation for the increased permedslali supercritical pressures could be
that the carbon dioxide in its supercritical siatable to permeate the numerous aspirated tori
in the bordered pits separating the longitudiretheids. For reasons explained earlier the tori
has developed with evolution to be impermeablagoids and gases at atmospheric levels.
However, it is likely that the torus at supercaticonditions could behave as a permeable
membrane which would allow some degree of flow @bescritical carbon dioxide. Each
tracheid has numerous bordered pits and if thesenbe permeable, despite their aspired
state, it could cause a substantial increase im@ability. This hypothesis might also explain
the large spread in permeability changes betweeplea which ranged from 20-500 %. The
samples showing the higher changes might be samjitlesa higher number of aspirated tori
per volume of wood. However, no studies could haébdiscussing the variation and number
of pits per volume of wood in Norway spruce.

The implications of the higher permeability at sup#ical pressures is that, for
supercritical wood impregnation, it is not sufficicdco measure permeability at atmospheric
levels if one wants to have a correct measure @pgrmeability in the entire pressure range.
A precise estimate of the permeability is importahen modeling the mass transfer of LO
in and out of the wood during impregnation. The eled pressurization and depressurization

® Knudsen number (Kn) = mean free path (m)/capiltiameter (m)
® The mean free path of,Mnolecules at atmospheric pressure is around 60 nm.
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rates will depend on the permeability values. Whid indication that permeability is higher at
higher pressures, it is likely that pressurizatiand depressurization rates will be
underestimated at higher pressures. However, addltimeasurements are needed to support
the modeling effort. The findings presented heegurally leads to the follow up questions: If
permeability is higher at 150 bar what is it theénrdermediate pressures? Is the increase
linear with pressure or does it rise suddenly &figr passing the critical pressure? Answering

these questions would be relevant goals for futesearch.

30



Wood-biocide interactions in supercritical carbon doxide

Wood biocide interactions are important becausg tn@y determine the transport of biocides
through the wood structure during impregnation. Thwrpose of supercritical wood
impregnation is to deposit chemicals in the woodrixmaTlhe speed of which this can be done
Is important for the overall economy of the procdsgherefore becomes important to know
the speed at which, not only @@oves through the wood structure, but just as mapdy
how fast a given biocide dissolved in the £@®netrates the wood. BRaper IlI, it was
illustrated that the velocity by which the biocidaster the wood might very well be different
from the velocity of the C®

Several investigators have described concentrajraalients in wood samples after
supercritical treatment [32,44-49]. The concenbratgradients arise even though in-situ
pressure measurements from the interior of woodptssrduring impregnation can confirm
the complete penetration of treatment solution coevsamples [15,38-42]. The wood seems
to be filtering the biocides from the G@s the supercritical mixture flows through the doo
The experiment inPaper Ill was set up in an attempt to show whether such a
chromatographic effect was indeed taking place #&nsh, whether its magnitude could be
guantified.

A column packed with sawdust from Norway spruce waminted on a supercritical
chromatograph (figure 18). A flow of supercriti€aD, was established through the length of
the column. Three different organic biocides, temazole, propiconazole, and, IPBC (figure
19) were injected separately to the pre-columnastreof CQ at various supercritical
conditions: 80, 100, and 150 bar at 40 °C as weB@ 110, and 150 bar at 50 °C. The time
for the fungicides to pass the wood packed colunas determined using a UV-detector

mounted downstream from the column.

|
I
®) P
Column
’ I ] II uv II

Oven

Figure 18 Schematic presentation of the experimental setsegd to examine wood-biocide interactions
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S The results confirmed the chromatographic
cl—<i>—cm—cﬂri—l—cﬂ1 . .
Tebuconazole L effect of wood. The movement of biocides
\
(J\/ through the column was significantly
o m slower than the movement of carbon
Propiconazole Qj@/ dioxide. The retention times were
l\N significantly different for the three
J -
biocides at any one pressure/temperature
IPBC /\)L/\/\ combination. As the physical conditions
' were changed, the retention times of the

F_igu_re 19. Chemical structure of the investigated fungicides changed accordingly.
plocides: The retention times are measures of
the degree of interaction between the biocides thedwood. The higher the degree of
interaction, the longer the retention times. Howetlge retention times are not immediately
comparable between each set of physical conditi@tsiuse of the differences £@ensity
and, thus, flow rate at the different conditionsefiefore, partition ratios were calculated to
enable comparison of the degree of interaction éetwbiocides and wood across the selected
physical conditions. If a piece of wood is adde@teessel containing a biocide dissolved in
CO,, some of the biocide will adsorb to the wood iregersible process. Depending on the
affinity of biocide to the wood and on its solubjlin CO, at the prevailing conditions, an
equilibrium will be established between the conmin of biocide in the wood and in the
CO,. The partition ratio is a measure of this equilibr, i.e. the relation between the
concentration of biocide in the wood and the,C® large partition ration indicates a strong
affinity of the biocides to the wood. The partiticatios Kp) were calculated from:
_ k™*V,,
VS

Ko (19)

whereVy, is the volume of the mobile phase angs the volume of the stationary phakeis
the retention factor given by:

ty —t
k'=-R_M (20)
tM
where tgi is the retention time of biocideandty, is the hold-up time, i.e. the retention time of

CO; through the column.

32



The calculated partition ratios were shown to iaseeisobarically as temperature was
increased from 40 °C to 50 °C and isothermallyrassure was decreased from 150 bar to 80
bar. Thus, the partition ratios were shown to desmewith increasing density of ¢Q@igure

20).

90 - The results show that when the

80 . . .
® Tebusomls COy/biocide mixture penetrates
O Propiconazole

IPBC

" the wood during impregnation the

60 1
CO, will move faster than the

50

biocides because of the

40

Partition ratio

30 chromatographic effect of the

20 - wood. If the direction of flow is

10 1

changed too early (de-

o+ . . . - Z o ]
00 01 02 03 04 05 06 07 08 09 pressurization), a concentration
CO, density (g/ml . . .
z donsiy (9/m) gradient is likely to result

Figure 20.Partition ratios as a function of CQlensity. hecause of incomplete

penetration of biocides. Complete
penetration of treatment fluid, which can be conéd by in-situ pressure differential
measurements, is therefore not necessarily equivadecomplete penetration of biocides.
Additional impregnation time will most likely be eged to achieve satisfactory penetration of
biocides.

As mentioned earlier, overall treatment time isimportant parameter for the overall
economy of the treatment process. A lot of pubilicet have therefore focused on the effects
of treatment on the physical integrity of the ingmwated wood, i.e. will the wood be
physically damaged by treatment and how fast caatrtient be carried out without impairing
damages? While these questions are important teeang is possible that the limiting factor
for the overall supercritical wood impregnation&ims not have fast G&an be forced in and
out of the wood matrix, but rather how fast thecies will be distributed in the wood.

The described method provides a means of screeniisging and potential biocides
with the supercritical wood impregnation processs#ming that the goal is to get the fastest
possible impregnation time, there would be an iticerto choose biocides with low partition

ratios.
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A range of additional studies could be carried with described experimental set-up,
which would further enhance our understanding obavbiocide interactions in supercritical
CO.. For example, a study examining the influenceeaiperature at equal density would be
welcome. This could be done by comparing retentiimes measured at e.g. (40 °C, 91 bar);
(50 °C, 110 bar); (60 °C, 129 bar); and (70 °C, bd® — TP-combinations that all result in a
CO, density of roughly 0.5 g*rffl. Another important question is establishing tHaignce of
wood structure on the partition ratios. The sawdissd as column material Paper Il
might behave differently than solid wood and migbt reflect the issues encountered when
impregnating solid wood correctly. The influencewafod structure might be carried out by
replacing the sawdust in the column with solid waglded into the column. Using this
approach, differences between wood species, etgebe hardwood and softwood species
could also be examined. Finally, the column maltexdald be replaced by cellulose, hemi-
cellulose, or lignin to investigate the relativéluence of the three major wood biopolymers
on the retention times.



Microdistribution of biocides
in supercritical impregnated wood

Distribution of biocides in wood is usually des&tbat the macroscopic level as depth of
penetration. However, impregnation efficiency maydependent on the microdistribution as
well, i.e. the distribution of biocides in the irndiual cell walls. Certain wood destroying
organisms such as soft rot fungi may be able tectgkly degrade the inner parts (S2 layer)
of the wood cell walls [73-75]. If biocides are pisluperficially deposited in the S3 layer next
to the cell lumens, there might still be a riskbaideterioration of the cell walls.

Knowledge of the microdistribution of biocides afsepercritical impregnation would
also give indications as to whether supercritiGabon dioxide functions as a swelling or a
non-swelling solvent. Strong indications alreadisethat supercritical carbon dioxide acts as
a swelling solvent because liquid extraction ofesaptical impregnated wood yields a higher
concentration of biocides when extraction is carpet with swelling solvents than with non-

swelling solvents (Ole Henriks&mersonal communication).
Microdistribution analyses using SEM-EDS

An experiment was set up for measuring the mictodigion of biocides in supercritical
impregnated wodd The objective was to measure the distribution badcides across
individual cell walls using a scanning electron rogcope (SEM) equipped with energy
dispersive x-ray spectroscopy (EDS) for elemengétction.

The image of an SEM is produced by bombarding &mepde with electrons in the form
of a narrow electron beam that repeatedly scansuftface of the sample. The interaction of
the electron beam with the surface of the samplsesa secondary electrons to be emitted
from the atoms near the surface of the sample. SHwndary electrons are collected to
produce the SEM image.

However, a range of other signals are produced whenprimary electron beam

collides with the sample. One of those signals-iays. When electrons are emitted from the

" Ole Henriksen, Hampen Treeforarbejdning A/S, Pathgd 3, 7362 Hampen, Denmark. oh@superwood.dk
® The experiment was done in collaboration withBrepartment of Wood Science and Engineering at Grego
State University and Dr. Jeffrey Morrell.
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surface atoms as described above, they are repbgcekctrons from higher energy electron
orbitals within the same atom. The replacement beagiccompanied by a release of energy in
the form of x-rays. Each x-ray will have an enecpgracteristic of the element from which it
originated. EDS provides information of the elenaéobmposition of a sample by analysis of
the emitted x-rays.

The technique has previously been used to exarheentcrodistribution of biocides in
wood after conventional pressure impregnation[@8:.78]. These studies have examined the
microdistribution of electron dense metals and i@t such as copper, chrome, zinc, and
arsenic. However, these compounds have very loubsgiy in supercritical carbon dioxide
and could not be used in the experiment presergezl Additional studies have examined the
distribution of inorganic compounds such as cherafter conventional impregnation e.g.
[79,80].

In the current experiment, it was decided to impegg with the organic fungicide IPBC
(3-iodo-2-propynylbutylcarbamate CAS 55406-53-6PBC contains iodine which only
occurs naturally in trace amounts in wood. Consetiyet should be possible to establish the
distribution of IPBC in the wood by mapping the ggece of iodine atoms. In addition, IPBC
has a relatively high solubility in supercriticadrbon dioxide. It was assumed that with an
atomic number of 53, the electron density wouldshéficient to enable detection in small
amounts.

Accordingly, wood cubes (19 x 19 x 19 mm) from $aub yellow pine Rinus taeda
were impregnated with IPBC by supercritical carldbioxide. Southern yellow pine was
chosen because its relatively thick cell walls wioallow for better resolution between
biocide loadings in the inner and outer parts efdall walls.

The pine cubes were impregnated to a target leévBDO ppm (w/w), a level close to
use level concentrations. After impregnation, oellls of the inner parts of the samples had
to be exposed. The easiest way of doing this wbale been cutting the samples with a
razorblade to achieve clear cut surfaces of theveals for analysis. Cutting the samples
would, however, potentially cause relocation ofcies, due to the sliding motion of the
blade. Thus, the samples had to be exposed withdwife blade contacting the cell walls.
The initial approach was to initiate a split in themple with a razorblade and then carefully
follow the split through by pulling the sample apaithout the help of the razor blade.

However, the exposed radial or tangential surfaceduced by this approach turned out to be

36



too fuzzy when examined in the SEM. As an alteugatsmall samples about 10 x 10 x 3 mm
were frozen in liquid nitrogen before being brokacross the longitudinal tracheids by
clamping down on each “end” of the sample with addeflat-nosed pliers (also cooled by
liquid nitrogen) and then snapping the sample ia pieces. This approach caused many of
the tracheids to break in such a way that a cleacture was achieved at an angle of 90° to

the longitudinal axis exposing the inner layershef cell walls nicely for analysis (Figure 1).

o o \ / % %  Samples were examined for distribution of
iodine by SEM-EDS. The acceleration

voltage was set at 20 kV with a current of 4
nA. The working distance was about 11
mm and the spot size was set to 1. The
microscope was zoomed in on the cell walls
of the sample and information on the

distribution of iodine was collected by

. mapping the presence of iodine in the view
o ‘:"'LHFW ;pot."gw e area. Using this approach the impregnated

20.0kV [11.1 mm|37.3 um| 1.0 |4.00 nA| Quanta 3D FEG - OSU

Figure 1. Cell walls of longitudinal tracheids exposedsampIeS were compared to non-treated
by breaking frozen samples cooled by liquid nitrage  ¢ontrols.

However, no iodine was found in any of the impreégdasamples, i.e. no difference in
iodine was detected between the samples and the&olnFigure 2 shows a typical
distribution map and its corresponding image frome @f the non-treated control. The

distribution map shows the background noise in ¢B# wall when scanning for x-rays

emitted by iodine atoms.

Figure 2. SEM image of exposed cell walls of Southern yeflowe (left) and the corresponding distribution
map (right). The distribution map shows the backma noise in the control sample (non-treated) when
analyzing for iodine.
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A second set of samples were impregnated to 200, pour times the previous
concentration, and analyzed for iodine content.02pPm IPBC is equivalent to about 900
ppm iodine, but even with the elevated concentmaitowas not possible to register a

difference between non-treated and treated samples.

Microdistribution analyses using SEM-WDS

After failing to map the distribution of biocidesing the SEM-EDS, the experiment was
repeated, this time using a scanning electron reamoee equipped with wavelength dispersive
spectrometry (WDS) for element detection. WDS ubessame x-rays as EDS to analyze the
elemental composition of a sample, but whereas E&f8s a broad range of energies and,
thus, wavelengths at the same time, WDS only asalyme wavelength and, thus, one
element at a time.

The advantage of WDS is a lower detection limimtlZDS. The disadvantage is that
only one element can be analyzed at a time andtbaipatial resolution is lower than EDS.
The lower resolution meant that the microdistribntanalysis across a single cell wall could
not be performed. It was only possible to analyweaflarger area containing about three cell
walls and the lumens in between. Since it was asible examine microdistribution on a
cell wall level, the samples for WDS analysis colddprepared by cutting with razor blades,
as possible biocide “smearing” by the blades wagldbe an issue.

Samples for the experiment were impregnated witBCIRising supercritical carbon
dioxide to a target level of 2000 ppm. Additionahples were vacuum treated with IPBC
dissolved in white spirits to target levels of 60ffim. All samples were analyzed for iodine
content by SEM-WDS and compared to non-treatedralsntAs had been the case with the
EDS measurements, it was not possible to registgrdédference in iodine content between
non-treated and treated samples. Not even the wat¢reated samples treated to 6000 ppm
gave a response.

Because of the inability to spot iodine, attentisras changed from IPBC to
propiconazole to examine if the chlorine atomshas biocide could be detected. A new set of
samples were impregnated with propiconazole, time tto a target level of 4000 ppm,
equivalent to about 850 ppm chlorine. In additisamples were vacuum treated with
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propiconazole in white spirits to a target level @00 ppm. The treated samples were,
together with non-treated controls, analyzed by SEMS for chlorine content.

This time an increased level of chlorine was detkdh the supercritical impregnated
samples. However, the increase was only apparesanre of the samples. Figure 3 shows the
distribution of chlorine in a non-treated contréigure 4 shows the distribution of chlorine in
four different supercritical impregnated samples.igevident from figure 4 only two of the
four samples (#1 and #4) had a clearly increasateab of chlorine. Sample #3 had a slightly
increased content in the lower part of the analgsea, while sample #2 did not seem to be
different from the non-treated control. Two of th@cuum impregnated samples were also
examined (figure 5). They did not differ noticealitgm the non-treated controls, although
one of the samples showed a slight increase.

The apparent difference in distribution betweendhmples was surprising. Because of their
relatively small dimensions (19x19x19 mm) it wapected that distribution would be more
or less uniform. The above samples were exposurdseaadial surfaces. However, it was
not noticed whether exposures were done in lateveoaghrlywood areas of the samples. The
observed differences might have been due to sortteeaxposures being done in a latewood
zone and some in an earlywood zone.

To examine this hypothesis, another set of sampleie prepared from the same
material as used for the radial exposures buttitme with the tangential surfaces exposed,

some in the latewood zone and some in the earlywood.

20 i C1RKa 15.kV

Figure 3. SEM image of the scanned area of a radial surfat&authern yellow pine control (non-treated)
containing three exposed cell walls (left), and tloeresponding distribution map (328x313 pixelskbforine
as measured by SEM-WDS (right).
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Figure 4. SEM images (left) of the scanned areas of radiabkposed surfaces of Southern yellow pine,
supercritical impregnated with propiconazole. Theresponding distribution maps (328x313 pixelsgtubrine
as measured by SEM-WDS are shown on the right.
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20.pm C1Ka 15.kV

20.pm C1ka 15.EV

Figure 5. SEM images (left) of the scanned areas of radeMposed surfaces of Southern yellow pine, vacuum
impregnated with propiconazole. The correspondiisgyithution maps (328x313 pixels) of chlorine asasweed
by SEM-WDS are shown on the right.

Figure 6 show the distribution of chlorine in tla¢elwood and earlywood of the samples
impregnated with propiconazole. An elevated conegion of chlorine is evident in both the
earlywood and the latewood. However, the chlorieensed to be concentrated in the rays
rather than longitudinal tracheids. This tendencgswalso observed for the vacuum
impregnated samples. This time the vacuum impreghsamples had a higher concentration
of chlorine than the supercritical impregnated sias)dut again the majority of the chlorine
content seemed to be concentrated in the raysrridudue the longitudinal tracheids.

The results indicate that the distribution of bees after supercritical impregnation, as
well as vacuum impregnation, is less uniform tharatwvould be expected. The images of
tangential surfaces suggest that the biocides ntuighgresent in higher concentrations in the
rays than in the longitudinal tracheids. This segoebe the case for supercritical as well as
vacuum impregnated samples, although two of the fadially exposed supercritical

impregnated samples apparently also had an eveibdisn in the longitudinal tracheids.
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Supercritical
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Supercritical
Earlvwooc

Supercritical
Supercritical
Latewooc

Latewooc

Vacuum
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Vacuum
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100 C1Ea 15.kV

Vacuum
Latewooc
Vacuum
Latewooc

Figure 6. SEM images (left) of the scanned areas of tangintxposed surfaces of Southern yellow pine,
supercritical (top two rows) and vacuum (bottom twass) impregnated with propiconazole. The correspog
distribution maps (328x313 pixels) of chlorine asasured by SEM-WDS are shown on the right.
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Future work on this work this subject could bené&fdm the following guidelines.
lodine does not seem to be easily detectable amaddshot be used for this purpose. Chlorine
seems a better option. DeGroot and Kuster [80]essfally mapped the distribution chlorine
in PCP (pentachlorophenol) impregnated wood. Howetleey used minimum chlorine
concentrations of around 3800 ppm which might bghéi than what is achievable with
deposition by supercritical carbon dioxide. Therefempregnation should preferably be done
with saturated solutions to achieve maximum possigtention and not with use level
concentrations as was done here. Alternatively,pitssibility of using radioactive material
could be investigated.

Having impregnated the samples, it should be asteda whether the microdistribution
of biocides is as variable as suggested by rebeits. To meet this end, distribution maps
should be made of both transverse, radial, ancetaia sides of impregnated samples. These
maps should be produced in a larger scale thamdiadual cell wall. Both using SEM-EDS
and SEM-WDS, an area about 500 x 900 would be useful. Once the distribution variation
on this larger scale has been established, attenéin be directed at the microdistribution on
a cell wall level.

It is possible that other analysis methods coulduged for microdistribution studies.
Kurti et al. [81] used Raman microscopy for the nodtistribution studies of propiconazole in
white spruceRicea glaucy They reported a detection limit of 2000 ppm whig achievable
by supercritical impregnation. Raman microscopy Malso have resolution in the range of

what is needed to study for studying distributiabghe cell wall level.
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Summary

Although supercritical wood impregnation has baerestigated for almost two decades, our
understanding of the process is still only deveigpiThis dissertation focused on movement
of carbon dioxide and biocides in wood during ingpration. Initially, past research within
the field of supercritical wood impregnation wasiegved. The longitudinal permeability of
wood to supercritical carbon dioxide was invesgdatand an equation for calculating
permeability of wood when measured with non-idemdsgs was put forward. Permeability
measurements suggested that supercritical treath&drway spruce causes a small increase
in permeability of around 12 % on average. The bimarease in permeability might be
caused by solubilization and removal of resin i itsin canals. The permeability of Norway
spruce when measured with supercritical carbonidéowas two and a half times higher than
when measured with gasses. However, individual gbsiwaried from 10-600 %. The reasons
for the apparent increase in permeability when mmeaswith supercritical carbon dioxide is
unclear, but may be caused by supercritical cardoxide passing through the tori of
aspirated pit membranes between tracheids.

The mechanisms of biocide migration in wood dursngercritical wood impregnation
were examined using a supercritical chromatograelected organic fungicides
(tebuconazole, propiconazole, and IPBC) were trame@ by supercritical carbon dioxide
through a column packed with Norway spruce sawdilst. retention times of the fungicides
were used to calculate partition ratios as a meaguthe level of wood-biocide interactions.
Wood-biocide interactions were found to be subshrdnd highly dependent on the
prevailing physical conditions. They were also hygtorrelated with C@density. The results
showed that wood has a chromatographic effect ocides and, therefore, that carbon
dioxide and biocides are transported though the dwomatrix at different velocities.
Knowledge of the degree of interaction at differepérational conditions is key to the control
of biocide movement during supercritical wood ingpration and to control biocide gradients
in impregnated products. In addition, as a consecpi®f the chromatographic behavior of
wood, overall impregnation times, an important exoit parameter, seems to be limited by
the movement of biocides — not by the rate at whiabod can be pressurized and

depressurized without impairing damages.



Microdistribution of biocides after supercriticalood impregnation using SEM-EDS
was examined. Impregnation was carried out withGR#@th the aim of detecting the iodine
atom of this biocide in the wood cell walls aftenpregnation. However, the mapping of
iodine was unsuccessful since it, in the conceptratused for supercritical impregnation,
was not detectable by the chosen technique. Additiexperiments, carried out on wood
samples impregnated with propiconazole and analyZor chlorine using SEM-WDS,
confirmed the presence of chlorine although théritligtion seemed to be higher in the rays
than in the tracheids. The resolution of the SEM$ViRas not high enough to plot the
distribution of biocides across individual cell ¥galAdditional work will be needed to clarify
the cell wall microdistribution of biocides depesitby supercritical fluids.

Directions for research

As frequently happens in the world of science, thsk has generated more questions than
answers. There should be enough challenges forradewew studies within this area.
Accordingly, a study on gas transport in wood agiesu (and sub-) critical conditions would
be valuable; as would a study focusing on the mimmaand distribution of biocides.

Additional work is needed to establish the develeptrof permeability as a function of
pressure. Wood seem to have a higher permeabitignwneasured at high pressure, but it is
not known whether the increase is linear from lowspure to high pressure or whether there
is a sudden increase in permeability at some gogtbeyond the critical pressure. Additional
measurements of radial and tangential permealaifitjunction of pressure could enable 3-D
modeling of gas transport in wood during impregwatiTheoretical considerations of the
validity of basing high pressure permeability c#tions on Darcy’s Law would also be
welcome. Perhaps there are better ways of caloglgermeability?

In this work we focused on the influence of £€bnditions on the level of wood-
biocide interactions and migration. However, th#uence of the physical and chemical
structure of wood is still unknown. Is biocide nation comparable in softwoods and
hardwoods considering the large variation in ste? Is it comparable for softwood of
different permeability? What is the role of theiindual wood biopolymers in wood-biocide

interactions? Which available biocides are begeduor supercritical wood impregnation?
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Finally, it should be mentioned that in the coun§¢his work we have seen increasing
evidence that there is a substantial,@Qsorption to wood during the supercritical trestin
(unpublished). The mechanisms behind the adsorpfiearbon dioxide and their importance
for the impregnation process are still uncleardmgerve further attention. In addition, there is
evidence (unpublished) that the moisture contewadd is influencing the rate of pressure
equilibration during impregnation. The issue of wawnoisture content and its influence on
supercritical wood impregnation has been virtualbn-existent in past research and is yet

another area that deserves more attention.
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List of symbols

A = area of cross section of objectfm

dP = pressure variable of integration

dx = length variable of integration

J = flux of matter through object (kg frs?)

k, = permeability measured with non compressibleidigm® m™)
k, = permeability measured with ideal gas’ fm')

ks = permeability measured with non-ideal gas (nt)
kg = “gas permeability” (Mm™) (same as$

L = length of object (m)

n = amount of gas (moles)

P = Pressure (bar)

Pin = Pressure at high pressure end of object (bar)
Pout = Pressure at low pressure end of object (bar)
AP = Pressure differential across object (bar)

P = average pressure across object (bar)

Qv = volumetric flow rate (ms?)

Qw = mass flow rate (kg%

R = gas constant (8.314 x P®ar n? mol* K

t =time (s)

T = temperature (K)

u = viscosity of measuring fluid (Pa s) or (bar s)
v = velocity of flow (m &)

Vim = specific volume (rhkg™)

V = volume ()
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1. Introduction

During the past two decades, the possibility of using super-
critical fluids for impregnation of wood with biocides has been
investigated.

Wood is a biodegradable material that can be treated with
biocides to suppress biodegradation and prolong its service life
when used as a building material. Traditional pressure impregna-
tion methods have changed little since Bethell patented the Bethell,
or full cell, process in 1838 [1]. This process uses an initial period
of vacuum followed by application of pressure to force a biocide
loaded liquid into the wood structure. However, the process has

* Corresponding author. Tel.: +45 2281 9640; fax: +45 3533 1508.
E-mail addresses: awk@life.ku.dk (A.W. Kjellow), oh@superwood.dk
(O. Henriksen).

0896-8446/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.supflu.2009.06.013

some technical drawbacks such as the inability of treating wood
species with a high internal resistance to fluid flow. It also leaves
the wood more or less saturated with treatment liquid requiring
additional time to dry. Environmental concerns also exist due to
the difficulty of handling the treatment liquids without exposure
to workers and the environment.

The use of supercritical fluids for wood impregnation has been
proposed as a possible solution to the limitations presented by
conventional wood impregnation methods. In the supercritical
treatment, CO, is used in its supercritical state as a carrier medium
for organic biocides. Supercritical wood impregnation has evolved
from lab scale experiments to commercial application [2] and
a number of patents describing methods of supercritical wood
impregnation exist [3-9].

The idea of using supercritical fluids for wood impregnation
is appealing because of the properties of fluids in the supercrit-
ical state. While supercritical fluids have densities and solvating
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powers approaching those of liquids, allowing for dissolution of bio-
cides, they also have zero surface tension and gas-like viscosities
and diffusivities allowing for easier penetration of wood com-
pared to liquids. Carbon dioxide has been the fluid of choice for
research as well as the cited commercial application. CO, has sev-
eral advantages — it is inexpensive, readily available, non-toxic,
non-flammable, and has a relatively low critical temperature of
31.1°C. Supercritical CO, also seem to have little reactivity towards
the three main constituents of wood, i.e. cellulose, hemi-cellulose,
and lignin [10]. It is, however, to some extent capable of dissolving
wood extractives and has been used to collect extractives from a
wide variety of wood species such as species of pine [11,12], juniper
and cedar [13-15], and eucalyptus [16].

The extractive capability of supercritical CO, has also been
investigated as a means of removing chemicals such as PCP
(pentachlorophenol) [17], formaldehyde [18], DDT (dichloro-
diphenyl-trichloromethane) [19], and CCA (chromated copper
arsenate) [20] from wood products and as a means of neutralizing
and strengthening paper [21].

This paper reviews the research carried out within the field of
supercritical wood impregnation and is intended for researchers
seeking an overview and state of the art.

Selected results and conclusions from papers within four areas
of supercritical wood impregnation covering treatment effects on
physical properties of wood, biocide deposition, biological perfor-
mance, and modeling are presented and discussed.

2. Dimensional stability and changes in physical properties

2.1. Solid wood

Much of the research within the field of supercritical wood
impregnation has focused on examining the effects of treatment
on the physical properties of treated wood. Initial studies by
Smith et al. were carried out on small match-size wood pieces
(2.4mm x 2.4mm x 54mm) of ponderosa pine (Pinus ponderosa)
[22] and white spruce (Picea glauca) [23] at treatment pressures
up to 27.6 MPa, treatment temperatures up to 80 °C, and treatment
times up to 2h. No significant differences in MOR (modulus of
rupture) or MOE (modulus of elasticity) were detected between
untreated and treated samples in these studies even at pressuriza-
tion rates of 13.8 MPa/min.

However, working with larger samples of southern pine (Pinus
taeda) sapwood (19 mm x 19 mm x 510 mm), Kim et al. [24] found
significant differences in MOE and work to maximum load (WML)
between untreated samples and samples treated with supercriti-
cal CO, and TCMTB (2-(thiocyanomethylthio)-benzothiazole). The
experiments were carried out at 50°C for 30 min at pressures
ranging from 12.4 to 24.8 MPa. The treatment effect on MOR was
inconclusive with two of the five treatment pressures showing sig-
nificant decreases in MOR of treated samples.

Acda et al. [25] examined the influence of treatment pressure
on MOR and MOE of Douglas-fir (Pseudotsuga menziesii), white oak
(Qurcus alba), red alder (Alnus rubra), western red-cedar (Thuja pli-
cata), and white spruce. Samples (25 mm x 25 mm x 503 mm) were
treated with supercritical CO, and tebuconazole at 60 °C for 30 or
60 min at pressures of 12.4, 24.8, or 31.1 MPa followed by venting
at 1.24 MPa/min. MOE was not significantly affected in Douglas-fir,
white oak, red alder, and white spruce while a significant decrease
was noted for western red-cedar especially at high treatment pres-
sure. MOR seemed to decrease with higher treatment pressure in
western red-cedar and white spruce but the changes were not sig-
nificant. MOR was unaffected in Douglas-fir, white oak, and red
alder.

For samples measuring 15mm x 15 mm x 120 mm, Muin et al.
[26] found MOR and MOE of Japanese red pine (Pinus densiflora)

and Cryptomeria (Cryptomeria japonica) to be unaffected by super-
critical treatment with IPBC (iodopropynyl butylcarbamate)at 50 °C
and 9.81 MPa for 30 min. However, MOE and MOR of Japanese larch
(Larix kaempferi (Larix leptolepis in original paper)) was found to
decrease to 82% and 72% of original values, respectively.

The influence of supercritical CO, on the permeability of wood
was examined by Sahle-Demessie et al. [27]. They measured lon-
gitudinal permeability of Douglas-fir heartwood before and after
exposure to supercritical CO, with and without co-solvents. They
found permeability to increase significantly after treatment for 8
of 10 different treatment conditions. However, permeability was
found to decrease in 19% of the samples. The authors suggested
that increases in permeability could be due to solubilization and
removal of extractives in pit membranes leading to unblocking of
pits and thus a decrease in flow resistance of the wood. For all
samples they found an average weight loss of 3.32% as a result of
supercritical treatment indicating that a removal of extractives had
occurred. The authors speculated that the re-deposition of extrac-
tives in pits during depressurization could be the reason for the
decreased permeability in the remainder of the samples. The weight
loss was comparable to the 2.1% weight loss reported by McDonald
et al. [12] for supercritical CO, extraction of southern pine while
Li and Kiran [10] reported negligible weight loses of 0.5, 0.0, and
0.0% for extraction of white pine (Pinus strobus), red spruce (Picea
rubens), and sugar maple (Acer saccharum), respectively.

2.2. Wood composites

In addition to studies on solid wood a number of studies have
examined the effects of supercritical treatment on wood compos-
ites. Acda et al. [28] subjected four different wood composites
to supercritical treatment with tebuconazole with methanol as a
co-solvent at pressures between 12.4 and 31.0 MPa, temperatures
between 45 and 75 °C, and treatment times between 5 and 30 min.
They found no significant changes in dimensional stability, MOR or
MOE in any of the composites compared to untreated controls.

Muin et al. [26,29] also examined the effect of supercritical
impregnation on the bending properties of wood-based com-
posites. They found MOE and MOR to decrease significantly in
OSB (oriented strand board) whereas the other tested composites
(MDF (medium density fiberboard), softwood plywood, hardwood
plywood, and particleboard) showed no significant decrease in
strength properties with the exception of softwood plywood where
MOE was lower. MOR of particleboard was found to increase signif-
icantly as a result of treatment. The effect of supercritical treatment
on wood-adhesive integrity was measured by Acda [30] who exam-
ined the effect of treatment on the tensile strength perpendicular
to the surface (internal bond) of various composites. In most cases
tensile strength increased as a result of treatment, however, the
changes were not reported to be significant.

2.3. Displacement and differential pressure measurements

All of the studies mentioned above are concerned with investi-
gating the effects of treatment conditions, i.e. treatment pressure,
temperature and time but do not consider the importance of
pressurization rates or depressurization rates. While treatment
pressure, temperature and time may influence the physical prop-
erties of treated wood, several newer studies have shown that
negative effects of treatments are likelier to stem from damages
occurred during pressurization and/or venting. Therefore, it is
unfortunate that most of the studies above do not state both the
pressurization and release rates as some of the reported detri-
mental effects of treatment might stem from damages occurred
during pressurization or venting and not because of the actual treat-
ment conditions. Even though wood is a permeable material and
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therefore to some extent will allow fluid flow through its interior,
permeability, and thus conductivity, vary markedly both between
and within species and many species provide substantial resistance
to flow especially to the flow of liquids [31]. Darcy’s law describing
the flow of fluids through porous media is often used to character-
ize the flow of fluids through wood. For liquid flow, Darcy’s law may
be written as:

kA AP
T

Q= (1M
where Q=conductivity (m3/s), k=permeability (m3/(mPas)),
A=area of cross-section through which there is flow (m32),
AP=pressure differential giving rise to flow (Pa), and L=1ength of
flow path (m).

Darcy’s law states that bulk flow through a piece of wood is
dependent on the permeability of the wood and the differential
pressure giving rise to bulk flow.

Therefore, when pressurizing a piece of wood with a fluid, a pres-
sure differential can develop between the surface of the wood and
its interior, because wood does not equilibrate pressure instantly.
This has been shown to be true for liquids and gases [32,33] and
recent studies have confirmed the same phenomenon when pres-
surizing wood with supercritical fluids [34-36].

The experiments on very small samples by Smith et al. [22,23]
led to the conclusion that supercritical fluids could penetrate wood
instantly without the development of differential pressure. How-
ever, Anderson et al. [37] argued with reference to Darcy’s law that
pressure differences can be expected to develop during supercrit-
ical treatment of wood and that treatment damages are likely to
develop during pressurization or venting. They investigated the
effect of pressurization rate, venting rate, and treatment pressure
on the bending properties (MOR, MOE, and WML) of Douglas-
fir, yellow-poplar (Liriodendron tulipifera), western red-cedar, and
Engelmann spruce (Picea engelmannii). All four species (in samples
38 mm x 38 mm x 585 mm) were given eight different combina-
tions of treatments with pressurization and venting rates of 0.34 or
3.44 MPa and maximum treatment pressures of 10.34 or 20.69 MPa.

Results varied between the species. No significant negative
effects were found on the bending properties of yellow-poplar
and Douglas-fir. In western red-cedar, fast venting had a negative
influence on bending properties while all treatment rates had a
negative effect on bending properties of Engelmann spruce. The
authors suggested that the differences found between the species
could be attributed to differences in permeability. Less permeable
species like western red-cedar and spruce do not equilibrate pres-
sure between the inside and outside of the sample as well as more
permeable species. If pressurization or venting is done too quickly,
the resulting pressure difference may build up to a level exceed-
ing the compressive or tensile strength of the wood resulting in
wood collapse or split. Therefore, they suggested that slower pres-
surization and venting rates might be needed to avoid build up of
excessive pressure gradients in wood during supercritical impreg-
nation.

Kim and Morrell [38] used strain gauges to measure the displace-
ment of samples of spruce (38 mm x 50 mm x 200 mm) during
supercritical treatment and the influence of pressurization and
venting rates on displacement. Maximum displacement (i.e. in
situ displacement during treatment) was found to increase with
increasing pressurization rates while the residual displacement (i.e.
permanent displacement after treatment) decreased with more
rapid venting rates. However, the samples subjected to slow venting
rates and showing larger permanent displacement also showed a
higher maximum displacement although they were pressurized at
the same rate as the samples vented more rapidly. The authors sug-
gested that treatment conditions could be controlled to minimize
displacement.

In a study by Oberdorfer et al. [39], the effect of pressuriza-
tion and venting rate on deformation of OSB, MDF, LVL (laminated
veneer lumber), and Douglas-fir heartwood was examined using
strain gauges. They found OSB, MDF, and Douglas-fir to show mini-
mal displacement during treatment whereas in situ and permanent
displacement were recorded for LVL.

The above studies show that differences in pressure are likely
to develop between the inside and outside of wood samples sub-
jected to supercritical treatment and that the level of the pressure
differential to some extent can be controlled by adjusting pres-
surization and venting rates to avoid permanent damages from
occurring. Other researchers have confirmed the development of
pressure differences in wood treated with supercritical fluids and
even measured their actual magnitude. Schneider [34] developed a
method to measure, in situ, pressure differences occurring in a piece
of wood during supercritical treatment and used it to measure the
pressure responses in wood samples from 11 different species. He
found that the development of pressure differentials was depen-
dant on pressurization and venting rates and sample geometry, i.e.
the distance between the core and surface of the sample. He also
indicated that permeability was directly correlated with differential
pressure development.

Schneider et al. [35] measured the development of pressure dif-
ferentials occurring in samples of solid wood from four species:
ponderosa pine, Douglas-fir, white fir (Abies concolor), and Pacific
silver fir (Abies amabilis). Pressurizing and venting samples of
30(R) x 60(T) x 60(L) mm at a rate of 0.276 MPa/min they found ini-
tial pressure response to be highly dependant on permeability with
ponderosa pine, Douglas-fir, and white fir recording maximum avg.
APs during pressurization of 0.268, 0.375, and 2.089 MPa, respec-
tively. Pacific silver fir collapsed. The effect of sample size on the
pressure response of Douglas-fir was also examined with maximum
avg. APs apparently increasing by an approximate factor of 3 for
every 15 mm increase of the distance from the wood center to the
surface. Increasing the pressurization and venting rate for Douglas-
fir to 0.827 MPa/min resulted in a doubling of the maximum avg.
AP to 0.791 MPa which was still not sufficient to inflict damage to
the samples. In a study involving heartwood of scotch pine (Pinus
sylvestris) with dimensions of 20 mm x 20 mm x 60 mm, Drescher
et al. [36] found total pressure differential between core and sur-
face of the samples not to exceed 1.3 MPa during pressurization in
steps of 1.6 MPa every 5 min. None of the samples were damaged
during treatment.

According to Darcy’s law, pressure response in wood during
pressurization and venting should be directly correlated to per-
meability. Intuitively, this seems a reasonable assumption since
permeability is a measure of resistance to flow. Low permeability
would signify large resistance to flow, which would lead to rapid
build up of pressure gradients. However, Schneider et al. [40] sur-
prisingly was unable to prove any correlation between permeability
and the development of pressure differences for eight species of
softwoods. APs were measured continuously during treatment
(pressurization and venting rates 0.276 MPa; treatment pressure
at 10.3 MPa) and the development of pressure gradients followed
the same pattern as reported by Schneider et al. [35]. Douglas-fir
and especially species of pine equilibrated pressure fairly rapidly
and did not suffer any damage from treatment while species of
fir, Engelmann spruce, and western red-cedar equilibrated pres-
sure slowly and eventually collapsed during pressurization. Pines
are generally considered to have larger permeabilities than firs and
spruces [31] and the observation that pines did not suffer dam-
ages while fir and spruce did, seems to support the assumption
that higher permeability species equilibrate pressure more rapidly.
However, when the authors correlated the pressure differences
with actual permeability measurements from the same study they
were unable to prove any correlation. They investigated the influ-
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ence of parameters such as permeability in all three dimensions,
diameter, frequency and area of resin canals, and width, length, and
area of tracheids but were unable to detect any meaningful rela-
tionships between parameters and pressure responses with few
exceptions. They did find a significant correlation between larger
longitudinal resin canal diameters and lower AP, but this was coun-
teracted by the finding that larger radial resin canal frequency
significantly enlarged AP.

Differential pressure measurements on composites were done
by Oberdorfer et al. [41] who measured, in situ, the effect of
three different pressurization and venting rates (1.03, 1.79 and
5.86 MPa/min) on pressure difference in OSB during supercritical
treatment. They found pressure equilibration to be rapid with pres-
sure differences during pressurization and venting rarely exceeding
0.45 and 0.2 MPa, respectively, and concluded that pressurization
and venting rates up to 5.86 MPa/min do not seem capable of caus-
ing damage to OSB.

Oberdorfer et al. [42] then used the same methods to investigate
the effect of pressurization and venting rates on internal pressure
development of OSB, MDF, LVL, and Douglas-fir heartwood. OSB and
MDF were found to equilibrate pressure rapidly and show no signs
of damage at pressure and venting rates up to 5.86 MPa/min. Pres-
sure development in LVL were strongly influenced by the glue lines
as these were found to be almost impenetrable. Samples with flow
allowed in the grain direction equilibrated pressure fairly rapidly
and showed no signs of damage, while samples with this flow path
sealed developed pressure gradients strong enough for the sam-
ples to collapse even at the slowest pressurization rate used at
0.14 MPa/min. Pressurizing Douglas-fir samples at 5.86 MPa/min
resulted in excessive pressure gradients leading to collapse in
some, but not all samples. Samples pressurized and vented at
1.79 MPa/min showed no signs of damage.

Summarizing the results above it can be concluded that initial
suggestions based on experiments with very small samples that
supercritical CO, provides complete and instantaneous penetra-
tion of wood without negative effects on wood properties were too
optimistic. Very small samples may indeed be able to equilibrate
pressure instantly, but larger samples can provide a substantial
resistance to flow. This may cause build up of internal pressure gra-
dients in the wood especially if flow in the longitudinal direction is
restricted. If the compressive or expansive forces arising from pres-
sure gradients exceed the compression or tensile strength of the
wood, collapse or rupture of the wood structure may occur.

The rates of pressure application or release that can be applied
without negatively affecting wood properties seem to be specific to
the wood species or composite in question with permeability influ-
encing the rate of differential pressure build up and the strength
properties of the sample determining the physical stress the sam-
ple can withstand. If pressurization and venting is carried out at
rates that do not cause build up of excessive internal pressure dif-
ferentials, treatment of most wood species and wood composites
without excessive detrimental effects on wood properties seem
possible. The evidence so far suggest that high pressure in it self
does not significantly affect the physical properties of wood. How-
ever, it must be said that very little is known about the interaction
of supercritical CO, and lignocellulose. Li and Kiran [10] suggested
that interactions between supercritical CO, and lignocellulose are
non-reactive. This was based on the absence of weight loss from
treated materials. However, CO, may interact with lignocellulosic
materials in ways that do not produce weight loss. Sorption of
CO, to synthetic polymers under supercritical conditions can cause
swelling of polymers and affect their glass transition temperature
and their physical and mechanical properties [43]. Since wood to a
large extent consists of amorphous polymers, CO, treatment might
have a similar effect on wood properties especially at conditions far
from the critical temperature and pressure.

3. Biocide deposition, retention and distribution

The ability of supercritical fluids to deposit biocides in wood
has been investigated in a number of studies. Working with bio-
cide saturated CO,, Sahle-Demessie et al. [44] studied the effects
of treatment period and treatment pressure on maximum deposi-
tion and resulting distribution of TCMTB in Douglas-fir heartwood
during supercritical treatment. At all treatment pressures and
times they noticed a concentration gradient from the surface
to the core of the wood samples. At a constant treatment time
of 30min they found retention in the center of wood pieces
(30mm x 30 mm x 100 mm) to increase 7-fold as treatment pres-
sure increased from 14.0 to 27.0 MPa. The concentration gradient
from the surface to the core of the wood also became less pro-
nounced at 27.0 MPa. Increasing the treatment period from 30 to
90 min while maintaining treatment pressure at 25.0 MPa leveled
out the concentration gradient considerably, yielding retention lev-
els of about 1kg/m? at all depths.

Acda et al. [45] investigated the deposition of tebuconazole in
wood composites. Biocide retention increased significantly when
treatment pressure was increased from 12.4 to 24.8 MPa. However,
a further increase in pressure to 31.0 MPa resulted in significant
decrease in biocide retention to levels in between those found for
12.4 and 24.8 MPa except for MDF where retention even dropped
below the 12.4MPa level. The increase in retention from 12.4 to
24.8 MPa can be explained by the increased solvent power of super-
critical fluids with higher pressure. Isothermally, the higher fluid
density at higher pressures should result in a higher amount of
dissolved biocide provided the fluid is kept saturated. However,
since solubility should have been even higher at 31.0 MPa the
reported retention at this pressure is not immediately obvious.
In any case, retention levels for all treatment were found to lie
above the threshold values for fungal attack. Increasing temper-
ature 45— 60— 75°C resulted in decreased retention levels but
all retention levels were still above the reported threshold values
for fungal attack. Treatment times as low as 5 min were found to
deliver adequate amounts of biocide into the composites. Biocide
penetration was found to be complete in all composites and the
reported concentration gradients between inner and outer parts of
the samples were found to be between 1.1 and 9.6.

Acda et al. [25], investigating the effect of treatment pressure
and time on retention of tebuconazole in five species of wood, did
find biocide retentions to increase consistently when pressure was
increased from 12.4 to 31.0 MPa. They also reported concentration
gradients between inner and outer parts of the samples. Gradients
tended to increase with treatment pressure and were in the range
of 2.2-8.7 which the authors suggested could be due to movement
of biocide with CO, from the core to the surface during depres-
surization. Treatment pressures of 24.8 or 31.0 MPa were needed
to deliver acceptable amounts of biocide in the inner part of sam-
ples. However, because of the pressure gradients, this resulted in
overloading of the outer parts. In contrast to results reported by
Sahle-Demessie et al. [44], treatment times were found to have no
significant influence on retention.

Muin and Tsunoda [46] investigated the influence of treatment
pressure and temperature on the retention and distribution of the
termiticide silafluofen in five different wood composites. For every
treatment they introduced 4 g of silafluofen, but failed to report
whether this amount resulted in a saturated or sub-saturated fluid
during the different treatment conditions. Treatment pressure var-
ied between 7.85 and 11.77 MPa and temperature between 35 and
55°C. Treatment pressure had varying effect on retention depend-
ing on the substrate. For example at 35 °C maximum retention for
plywood, MDF, and OSB was recorded at treatment pressures of
7.85, 9.81, and 11.77 MPa, respectively. Effect of temperature was
equally inconsistent. However, all treatment conditions resulted in
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biocide retention above the reported threshold for termite attack
and concentration gradients between inner and outer parts of the
samples were between 1.1 and 6.5.

Drescher et al. [47] investigated the use of supercritical CO, for
impregnation of wood with color agents but were only able to get
superficial color retention. They suggested that the shallow pen-
etration of color agents compared to biocides was a result of the
low solubility of the investigated color agents (5-40 mg/kg CO, at
20.0 MPa) compared to those reported for biocides. Solubilities of
more than 2 mass percent were reported by Sahle-Demessie [48]
for several biocides.

Many of the above studies worked with biocide saturated CO,
and therefore were really studies on the effects of operating condi-
tions on maximum possible retentions. The results clearly indicate
that it is possible to impregnate wood with adequate amounts of
biocide using supercritical fluids as solvents. However, since over-
loading is not desirable, the question is what effect the treatment
conditions would have on the deposition of a limited fixed amount
of biocide under sub-saturated conditions.

Working at sub-saturated conditions, Kang et al. [49] compared
the effect of two different methods of inducing biocide (cyprocona-
zole) deposition in ponderosa pine sapwood. The methods used the
same treatment conditions at 10.3 MPa and 40°C for 60 min but
differed in the venting schedule. The first method termed “pres-
sure induced deposition” aimed at achieving biocide deposition by
venting at a constant rate of 0.866 MPa/min until atmospheric pres-
sure. In principle this is the same method that has been applied in
almost all previous studies of supercritical impregnation. The sec-
ond method, termed “temperature induced deposition” involved
reducing the temperature by 0.4°C/min at the end of treatment.
This caused a simultaneous reduction of pressure of 0.087 MPa/min.
When both temperature and pressure were below the critical val-
ues the vessel was vented at 0.4 MPa/min. The temperature induced
deposition method produced higher retentions (55%) than the
pressure induced method but it also seemed to produce steeper gra-
dients. Using the temperature induced method, the authors were
able to achieve retention targets of 0.25 and 0.5 kg/m> with rela-
tively high accuracy. The fact that they were able to consistently
achieve the retention targets was attributed to working with sub-
saturated fluids.

Kang and Morrell [50] examined the influence of treatment
time (30 or 180 min) on the retention and distribution of cypro-
conazole (sub-saturated fluid) in samples of Douglas-fir heartwood
with varying dimensions (20x20 mm, 40x40 mm or 90 x 90 mm
squares of 100 mm length). Like previous studies they measured a
concentration gradient between the inside and outside of samples.
Interestingly they noted a higher biocide concentration at a given
sample depth in the 90 x 90 mm samples compared to the smaller
samples. The longer treatment time of 180 min did not have a large
effect on biocide retention or distribution. Kang et al. [51] allowed
a similar experiment to run for up to 720 min and this time they
did find biocide retentions at a given sample depth to increase with
treatment time, especially for the two larger samples treated for
720 min. Based on this observation the authors suggested that diffu-
sion is the dominant factor determining biocide movement during
supercritical wood impregnation.

Another interesting study by Kang et al. [52] examined the
effect of treatment pressure and temperature on the deposition of
a fixed amount of cyproconazole in ponderosa pine sapwood under
sub-saturated conditions. They found process conditions to have a
large influence on retention levels even though the same amount
of biocide was available for each treatment. The apparently most
favorable conditions at40°C, 10.3 MPayielded retentions levels that
were more than three times as high as the least favorable condi-
tions at 60°C, 10.3 MPa. At 40°C, an increase in pressure from 10.3
to 20.6 MPa resulted in a decrease in biocide retention from 0.510 to

Biocide

Chemical
&
physical
interactions

CO, = - \Wood

Fig. 1. The deposition and distribution of biocides in wood upon supercritical
impregnation is governed by chemical and physical interactions between CO,, wood,
and biocides. The addition of co-solvents will complicate matters further.

0.378 kg/m?3. At 60°C the same increase in pressure caused reten-
tion to increase from 0.153 to 0.370 kg/m3. The authors suggest that
the observed decrease in retention with increasing temperature at
10.3 MPa was likely the result of decreased solute solubility due
to decreased fluid density at higher temperatures. At 20.6 MPa the
increase in temperature would have a similar effect on fluid density
but no difference in retention was observed. This could, they argue,
be explained by an increase in vapor pressure and thus increased
solubility of the biocide which, at the higher pressure, could be large
enough to cancel the effect of the decreased fluid density caused by
the increase in temperature.

It has been common practice by supercritical wood researchers
to relate retention levels to biocide solubility in the supercriti-
cal fluid. The primary premise for deposition of biocide in wood
during supercritical impregnation is presupposed to be loss of bio-
cide solubility and, thus, precipitation of biocide as the fluid goes
from supercritical to subcritical conditions during venting. Accord-
ingly, biocide retentions should increase with biocide solubility.
This seems reasonable when working with saturated fluids. The
higher the concentration of biocide in the fluid, the higher the con-
centration of biocide in the impregnated wood.

When impregnation is carried out with sub-saturated fluids,
however, the observed differences in deposition are unlikely to stem
solely from differences in solubility because increasing biocide sol-
ubility at sub-saturated conditions does not make any more biocide
available for deposition. Differences in deposition observed when
working with sub-saturated fluids must also take into account the
interactions between the biopolymers of the wood and the biocides
under the given conditions (Fig. 1). These interactions have not been
studied in detail perhaps because they are generally assumed to be
negligible. However, a paper by Lucas et al. [53] suggests that these
interactions might be substantial.

Lucas et al. [53] investigated the influence of treatment condi-
tions on impregnation of radiata pine (Pinus radiata) with decanal.
Their method of impregnation was different from those used in
most other studies. The majority of previous studies have carried
out impregnation by pressurizing and heating the impregnation
vessel with CO, and biocides to determined conditions, then sealing
of the vessel and keeping the conditions allowing the CO,-biocide
mixture to penetrate the wood (with or without circulation) before
depressurizing the system. Lucas et al. [53] instead used a flow
through column to measure equilibrium loadings of solute between
wood and CO,. The CO,-biocide mixture, pressurized and heated
to the desired conditions, entered the vessel at one end, flowed
through at a given rate before exiting the vessel at the other end.
Thus, the CO,-biocide mixture was not allowed to reenter the vessel
upon exit.

The authors argued that the mechanism for impregnation of
biocides in wood with supercritical fluids involves more than just
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a simple deposition due to decreased solubility of biocides upon
depressurization. They described the deposition mechanism as an
adsorption process whose equilibrium amongst other things is
determined by the partition coefficients of solutes between wood
and CO,, i.e. the relative affinity of solutes for the solid phase com-
pared to the fluid phase. By monitoring the biocide concentrations
in the CO, before (Cp) and after (C) the vessel the authors were able
to establish the saturation time (i.e. time for Cy to equal C) and calcu-
late the retention of decanal at this equilibrium as well as examine
the effects of process conditions (pressure, temperature, and flow
rate) on retention. Despite an increase in fluid density, retention
levels decreased as operating pressure was increased from 10.0 to
12.5MPa at 35 °C. The authors explained the decrease in retention
level at higher pressure by the accompanied decrease in parti-
tion coefficient, i.e. lower biocide-wood interactions compared to
biocide-CO, interactions at higher densities. At 10.0 MPa, increas-
ing the temperature from 35 to 46.8°C resulted in a decrease in
retention which again was explained by a decrease in the partition
coefficient with rising temperature. Changing the flow rate influ-
enced the time to reach equilibrium but had little, if any, influence
on retention levels. The study highlights the importance of consid-
ering wood/biocide interactions when analyzing biocide retentions
in supercritical impregnated wood.

Supercritical fluids have been shown to be capable of deliver-
ing adequate amounts of biocide into wood and wood composites.
Impregnation to target retentions has also proved possible. Evi-
dence is inconclusive as to what extent biocide distribution is
dominated by bulk flow or diffusion. Impregnation usually leaves
a more or less pronounced concentration gradient between the
surface and core of treated samples. Most investigations of bio-
cide retention and distribution have focused on biocide solubility
in supercritical CO; in trying to explain the observed retentions and
gradients. However, wood/biocide interactions are likely to play an
equally important role in determining biocide deposition and these
interactions need to be studied more thoroughly.

4. Biological performance

Morrell et al. [54] established a soil block test to compare the
biological performance of supercritical or conventional (full cell
process using toluene) treated spruce. They used IPBC or PCP as
fungicides and the results indicated no significant difference in per-
formance between the two treatment methods. In another lab scale
test, Acda et al. [55] tested the performance of tebuconazole treated
wood composites against different fungi in a soil block test. They
found the supercritical treatment with tebuconazole to provide
excellent protection against basidiomycetes in plywood and parti-
cleboard. Thresholds for plywood and particleboard exposed to the
brown rot fungi Gloeophyllum trabeum were 0.12 and 0.01 kg/m?3,
respectively, while the threshold for flakeboard was 2.48 kg/m?3.
However, the treatment provided little protection for MDF. For sam-
ples exposed to the white rot fungi Phlebia subserialis thresholds for
plywood, particleboard, flakeboard, and MDF were 0.25, 0.16, 1.45,
and 1.50 kg/m?3, respectively. They also found the treatment to be
effective against soft rot fungi.

Muin and Tsunoda [56] tested the performance of wood com-
posites impregnated with IPBC at varying treatment pressures and
temperatures. They found that most of the treatments did not
provide a satisfactory decay resistance of <3% mean mass loss of
samples exposed to decay fungi. The results were probably due
to a limited and insufficient amount of biocide being used per
treatment. The authors did not undertake a chemical analysis to
establish the retention of IPBC in the treated samples, meaning that
the conclusions were limited. Muin and Tsunoda [57] then tested
the performance of wood composites treated with the termiticide
silafluofen at different treatment conditions. Although treatment

efficiency varied with operating conditions, for every composite
tested (MDF, soft- and hardwood plywood, particleboard, and OSB)
they were able to obtain retention levels above the reported toxic
threshold of 0.025 kg/m3 and mean mass losses of less than 3% in
samples exposed to the termite Coptotermes formosanus.

Finally, Muin and Tsunoda [58,59] tested the performance of
wood composites treated with a mixture of IPBC and silafluofen
(10:1) at three different combinations of pressure and temperature.
The biocide mixture contained a larger amount of IPBC and a lower
amount of silafloufen compared to the previous studies. This time
they found that IPBC levels in most of the treatments were high
enough to suppress the mean mass loss of samples exposed to the
brown rot fungi Trametes versicolor or the white rot fungi Fomitopsis
palustris to a satisfactory level of less than 3% mass loss. Perfor-
mance against C. formosanus was lower than the previous study
involving silafluofen [57] indicating that the amount of silafluofen
in the mixture was now too low.

Field tests of biological performance of supercritical treated
wood are scarce. Morrell et al. [60] reported results from a 48-
month field test of tebuconazole treated wood composites set up
in Hilo, Hawaii. The test involved samples of OSB (from aspen),
MDF (from softwood), particleboard (from softwood), and plywood
(from Douglas-fir) treated to different retention levels by varying
the treatment conditions (pressure, temperature, and treatment
time). The natural durability of untreated samples varied substan-
tially between the four types of composites with aspen OSB being
the least durable and Douglas-fir plywood the most durable of the
tested materials. The performance of the treated samples reflected
the natural durability in the way that after impregnation, the sam-
ples with a high natural durability performed better than samples
with a low natural durability. Samples treated to low retentions
(<0.20 kg/m3) generally decayed at rates only slightly slower than
untreated samples. All OSB samples failed within 30 months regard-
less of retention level. It was possible to suppress significant decay
in MDF and particleboard even after 48 months of exposure but
it took relatively high retention levels to do so. MDF and particle-
board treated to retention levels above 2.4-3.0 kg were in very good
condition even after 48 months suggesting a threshold for protec-
tion of MDF and particleboard around this level. Results were not
entirely consistent however since one set of MDF samples treated
at 0.13kg/m3 and another set of particleboard samples treated
to retention of 0.10 kg/m3 showed surprisingly high resistance to
degradation even after 48 months. The best performing compos-
ite was Douglas-fir plywood which showed little or no decay after
48 months when treated at retention levels >1.12 kg/m3. Tebucona-
zole impregnation by supercritical fluids was thus shown to provide
a reasonable protection against decay, but the concentrations of
biocide needed were larger than what was previously reported for
laboratory decay tests [55].

Morsing et al. [61] reported of ongoing Malaysian field tests
(lap-joint according to ENV 12037 and L-joint according to EN 330)
involving both supercritical and pressure impregnated samples of
Scots pine sapwood (P. sylvestris) and Norway spruce (Picea abies)
but their discussion of results is limited. This paper also reported
results from laboratory tests (according to EN 113) where the toxic
threshold found for supercritical impregnated samples were com-
parable to those found for samples impregnated by conventional
methods using the same biocides, i.e. a mixture of tebuconazole,
propiconazole, and IPBC. Finally, the study concluded that the
supercritical treated samples were not especially sensitive to evap-
oration due to high temperature (according to EN 73) or leaching
(according to EN 84).

Although results from biological tests are limited they show
that biocides deposited by supercritical CO, are capable of slow-
ing biodegradation rates of wood. Threshold values will of course
depend on the biocide(s) in question, but there the limited studies
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give no indications that supercritical deposition gives weaker per-
formance in comparison with conventional treatment methods if
the same biocides are used. Therefore, indications are that biocides
retain their toxicity after deposition by supercritical CO5.

5. Modeling

Some attempts at developing mathematical models to describe
and predict different aspects of supercritical wood impregnation
have been conducted. Hasan et al. [62] tried to model the phase
behavior of multi-component mixtures of CO,/biocide/co-solvent
but concluded that the models were only successful at conditions
far from the critical point. In an attempt to minimize the prob-
lems associated with resin bleeding during supercritical treatment
of wood due to the solubility of CO, in wood resin, Laursen et al.
[63] modeled the solubility of CO, and N, in wood resin by mea-
suring the solubilities of the two gases in a model resin mixture
of a-pinene, oleic acid, and abietic acid and using the data to esti-
mate the parameters for a modified Huron-Vidal first order model.
They concluded that the model was able to qualitatively describe
the CO,/N;/resin mixtures.

Sahle-Demessie and co-workers [44,48] formulated a model to
predict the retention and spatial distribution of biocides in super-
critical treated wood. The model was based on one-dimensional
compressible flow through a porous media and depended on a sin-
gle constant based on measurable fluid and wood characteristics.
The model predicted a concentration slope from the surface to the
core of treated samples as well as a larger retention of biocide at
any given point with higher treatment pressure. This was in good
agreement with the experimental data from impregnation of solid
Douglas-fir in the same study. However, the reason for the modeled
gradient was that the CO, was not modeled to fill up the wood com-
pletely during the treatment schedule. This is not in agreement with
the differential pressure measurements carried out by Schneider et
al. [35] in which the CO, is shown to penetrate similar samples.
The authors concluded that the model needed improvement espe-
cially to allow for incorporation of wood/biocide interactions such
as reaction and adsorption/desorption behavior.

Kang et al. [51] used experimental data and Egner’s solu-
tion method for one-directional diffusion to calculate diffusion
coefficients for movement of cyproconazole in Douglas-fir during
supercritical treatment. They found diffusion coefficients tended to
increase over time suggesting an increased permeability over time
as well perhaps as a result of dissolving of wood extractives block-
ing intercellular pits. Diffusion coefficients were, however, found to
be abnormally high as concentration gradients approached zero.

Lucas and co-workers [53,64] developed a two parameter model
to describe the impregnation of radiata pine (P. radiata) with
decanal and compared the predictions of the model with exper-
imental results. The authors argued that the effectiveness of the
impregnation process is chiefly determined by mass transfer from
the fluid, modeled by a mass transfer coefficient, and equilibrium
distribution of biocide between the solid (wood) and fluid (CO;)
under given process conditions, modeled by a partition coeffi-
cient. The model predictions corresponded well with experimental
data and thus the model seemed capable of predicting impreg-
nation curves of decanal impregnation of radiata pine using the
described set up. Due to its chemical structure, decanal probably
has a higher solubility in supercritical CO, compared to the bio-
cides used in most other studies (e.g. tebuconazole, cyproconazole,
IPBC, PCP) and is capable of bonding chemically as well as physi-
cally to lignocellulosic material. Therefore, the maximum retention
levels reported by Lucas et al. [53] approached 250 kg/m3 which
was substantially higher than maximum retention levels reported
elsewhere.

Limited success has been achieved in trying to model the super-
critical impregnation of wood with biocides. The model developed
by Lucas et al. [53] was successful in predicting total retention of
decanal in radiata pine, but did not consider the issue of concentra-
tion gradients. From the viewpoint of the manufacturer a successful
impregnation model should, ideally, be able to predict not only total
retention but also distribution of biocides. Such a model has yet to
be developed.

6. Conclusion

Summarizing the results from the research reviewed above, it
can be concluded that impregnation of wood using supercritical
CO,, has proven to be a viable way of impregnating wood with bio-
cides. Initial reports based on experiments with very small wood
samples indicated that supercritical CO, was able to penetrate the
wood structure instantly without causing damage to impregnated
samples. This conclusion turned out to be overly optimistic when
studies involving larger samples showed that excessive pressur-
ization or depressurization rates caused failure in many types of
wood. Nevertheless, the studies on larger samples also showed
that if process conditions are monitored and controlled according
to limits given by the properties of the wood species or compos-
ite being treated, impregnation of most wood materials is possible
without causing excessive detrimental effects on wood properties.
Biocide retention studies, as well as studies on the performance
of supercritical impregnated wood against biological attack, have
shown that it is possible to deposit sufficient amounts of biocides in
the wood using supercritical technology to slow biodegradation to
acceptable levels. However, gradients between concentration lev-
els in inner and outer parts of treated samples are likely to exist
and could be a challenge when impregnating wood of larger sizes.
Therefore, one of the main future challenges for researchers within
this field will be to reduce the observed concentration gradients
in impregnated wood. Another major challenge will be to develop
mathematical models that can describe the movement of CO,, bio-
cides and co-solvents in wood during impregnation. A key means
of meeting these challenges is to develop a better understanding of
CO,/wood/biocide/co-solvent interactions.
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Abstract

Wood permeability is a key factor in determiningegsurization and depressurization rates for sufieatrwood
impregnation. However, permeability data for sugéoal fluids in wood has not been previously pebéd. Here we
report the permeability of Norway spruce measurét supercritical carbon dioxide. An equation fbe tcalculation
of permeability to supercritical fluids is presahtdhe supercritical C&permeability was found to be 250 percent
higher than the COpermeability measured at atmospheric levels. lhyipothesized that the higher supercritical
permeability may be caused by the aspirated pitagbpermeable to supercritical carbon dioxide. tditon,
permeability values measured with gasses at atmoisplevels before and after exposure to supetatitcarbon
dioxide are presented. Exposure to supercriticabara dioxide resulted in a small but significantrease in

permeability of 12 percent.

1. Introduction

Supercritical carbon dioxide can be used as solf@nt
wood impregnation [1]. The technique is
commercialized [2] and exploits the combination of
physical properties possessed by supercriticadglui
While having density comparable to liquids, carbon
dioxide in its supercritical phase has low visgpsihd
low surface tension which allows it to flow through
wood with less resistance than solvents in theidiqu
phase. Thus, by using supercritical £@&s solvent,
impregnation of wood species otherwise considered
refractory such as spruci¢ea sp.) is now possible.

However, despite the low viscosity and surface
tension of supercritical fluids, wood can provide a
substantial resistance to the flow of these fluids
through its interior. The magnitude of resistanoe t
fluid flow is dependant on the permeability of theod
species. Permeability data for many wood species ar
available in the literature and are often computsitig
one of two versions of Darcy’s law — one version fo
calculation of permeability to liquids, and another
version for calculation of permeability to gasep [3

No permeability data exists for permeability of
wood to supercritical fluids. For modeling purposes
is important to establish the permeability of waod
supercritical fluids.

This paper examines the permeability of Norway
spruce Picea abies) to supercritical carbon dioxide. It
also presents an equation for calculating permigabil
when measured with supercritical fluids.

2. Materialsand methods

Experimental

Wood from Norway spruce was provided by Vida
Wood, Sweden. Two cylindrical dowels (final
dimensions L = 50 mm, @ = 6 mm) were drilled in the
longitudinal direction from each of 27 differentards.
The dowels, conditioned to 10 % moisture content,
were glued into 50 mm long pieces of high pressure
steel tubing (ID = 6 mm) using two component epoxy.

After hardening of the glue, the ends of the wood
pieces, which had intentionally been cut several
millimeters too long, was shaved off to the levethe
tubing assuming their final dimension of 50 mm in
length. The shaving was done to eliminate the ok
fines from the band saw cut in the tracheid entanc
affecting the permeability [4]. The tubing with tkad
cut dowel was attached with fittings to mount itthe
experimental set-up as demonstrated in figure 1.

Additionally, an inert permeability reference dowel
was produced from sintered metal by Dansk
Sintermetal A/S, Denmark. The metal dowel was also
glued into high pressure steel tubing.

The experimental set-up (figure 1) was designed to
measure the permeability of wood to £@t both
atmospheric and supercritical conditions. Two lesttl
of CO, (Linde 4.8) provided flow for the system. One
was equipped with a pressure reduction valve aad us
for low pressure measurements while the other was
connected to a diaphragm pump (Burdosa MV 055.3/5)
and used for high pressure measurements.

Downstream from the CO bottles the tubing
containing the wood dowel was mounted. A by-pass
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valve allowed for simultaneous pressurization and
depressurization of both ends of the dowel.

computer. Downstream from the dowel, two differgntl
sized needle valves controlled system pressure. One

Thermometers and pressure gauges with accuracies of was a large diameter needle valve (V5) to use for

+0.1 °C and 0.1 bar, respectively was fitted othbo
the inlet and the outlet side of the dowel. A diffietial
pressure meter (Smar LD301) measured the diffalenti
pressure between inlet and outlet pressure witB1+0.
bar accuracy.

The values of the inlet pressure and the diffeagénti
pressure meter were recorded during the experiment
using a data logger (DataQ 148U) connected to a

&)

pressure regulation during the pressurization dred t
depressurization phases. The other was a small
diameter needle valve that enabled precise coofrol
the differential pressure needed for the high pmess
measurement. Flow was measured with a wet-test drum
type flow meter (Schlumberger) or, for very lowwlo
rates, with a bubble flow meter. The temperaturthef
system was controlled by water heating to 45 °C.

&

®

Figure 1. Schematic presentation of the experimental setup.

Each individual dowel was subjected to three
permeability measurements in succession: One at
atmospheric levels before exposure to supercritical
conditions (k), one at supercritical conditions,Jkand
then one at atmospheric levels again after expasure
supercritical conditions gk

The individual measurements were carried out as
follows. For the first measurement at atmospheric
levels, V2, V3, and V5 were opened. The flow thioug
the dowel was now measured with one of the two flow
meters while the values of T1, T2, P1, P2, aRdwere
recorded. Next, with V1, V3, and V4 open and dtlest
valves closed, the pressure of the system wasdsete
at a rate of 5 bar per minute until the inlet pvesshad
reached 155 bar. The by pass valve (V4) was then
closed and V6 were opened to provide a pressure
differential of about 2 bar. The flow was measured
again while the temperature and pressure readiegs w
recorded. V1 and V6 were then closed while V4 was
opened and the system was depressurized at afrate o
bars per minute by opening and closing V5 until

£

Dowel

Q0

atmospheric pressure was obtained. The second

measurement at atmospheric level was then repeated.
Finally, the permeability of the metal dowel was

measured at the same conditions as the wood dowels.

Calculations

Calculations were carried out using an equatioredas
on Darcys law and adapted for non-ideal gasses.
Frequently, gas permeability values are calculé&izu

the following equation based on Darcys Law that
accounts for the compressibility of gasses [5-9]:

where, k is the permeability ar@d is the volumetric
flow through a sample with cross areand lengthx. p
is the viscosity of the measuring fluid ang,”AP, and

P is the inlet pressure, differential over the objead
mean pressure in the object, respectively. Equgtiopn
can be modified, e.g. to account for the possible
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influence of molecular slip flow as described by
several authors [3,10-12].

However, since equation 1 is based on ideal gas
behavior it will likely not be accurate when applito
supercritical fluids. A new equation was therefore
constructed based on Darcys Law but adapted for non
ideal gasses.

Permeability,k, can be expressed in differential form
by the general formula:

_ Q

= &)
AdP/dx

where,Q is the volumetric flow through a sample with

cross areaA and lengthx, and AP is the pressure

differential over the objecQ/A = v is the velocity of

the flow, thus:

dP
=k 3
v=k— (3)

Dividing (2) by the molar volumeW,) yields the flux
of matterJ:

Kk dP

J=-
Vv, dx

(4)

Multiplying (3) with A gives the flow of matter per unit
of time,q:

= —kﬁﬁ (5)
V,, dx
Rearrangement and integration yields:
Pu AP gL
k[“=—=-LT 6
J. VA (6)

where, P, and P, is the inlet and outlet pressure,
respectively L is the length of the object. Sin€g, >

P, the integral is < 0 and is termet}.-Multiplication

with the viscosityu, makesk independent of the fluid
used for measurements and we arrive at a general
formula for calculatind for non-ideal gases:

=44 )
Al
At constant conditions, the value of is the same
anywhere in the object and can be calculated, using
equation of state for the appropriate fluid, frohet
volume of the gas passing per unit of time at theti
or outlet of the objectl, can be determined by
numerical integration. Here, we determingdusing
Simpsons rule with n=10. Eq. (6) was used to cateul
permeability at atmospheric as well as superctitica
pressures. The differences in permeability betwieen
and k and betweenkand k were calculated for each
of the samples (n=27) followed by a paired diffeen
tests to evaluate the null hypotheses of mean
differences being equal to zero.

3. Results and discussion

Table 1 shows the mean permeability valuespkk
and k. Mean permeability before treatment)(kvas
found to be 0.0064um’. The variation between
individual samples was relatively high as permebil
values ranged from 0.0008 to 0.03Qim* before
treatment.

Figure 2 shows the individual pair-wise percentage
changes in permeability from; kKo k; (the two low
pressure measurements). Mean permeability increased
12 % as a result of exposure to supercriticah.Ckhe
increase was found to be significant. However,
individual permeability changes ranged from -14&%6 t
+62 % with 19 % of the samples showing a decraase i
permeability after treatment.

Table 1. Mean permeability of samples measured before, during, and after treatment with supercritical carbon dioxide.

Measuremenit P # of Mean Mean of paired t-valu¢ p-value
(bar) samples permeability differences from k
(n) (um?)°
kq 35 27 0.0064 (0.0062) - - -
ko 154 27 0.0198 (0.0205) 1.34e-02 4.603  9.58e-05
ks 35 27 0.0072 (0.0066) 7.65e-04 3.087  4.76e-03

ap . . .
P is the mean pressure in dowels during measurement

® value in parenthesis is one standard deviation freean value
¢ Paired difference test of sample means
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Figure 2. Permeability change in percent as a result of exposure to
supercritical CO,.

The slight but significant permeability increase of
12 % between the kand k measurement could be
caused by physical or chemical changes in the vesod
a result of exposure to supercritical CE&xcessive
pressurization and depressurization rates have
previously been shown to have detrimental effects o
wood structure [13,14]. Large pressure differences
during pressurization and de-pressurization carseau
collapse or rupture in the cellular structure @& #ood
opening up larger flow paths. Chemically, supeialt
CO, could solubilize extractives in the cell walls and
the intercellular pits which might lead to “de-
aspiration” of aspirated pits. De-aspiration of spit
might also be facilitated by smaller pressure
differences during the process.

Sahle-Demessie et al. [15] examined the change in
permeability of wood of Douglas firPgeudotsuga
menziesii) before and after exposure to supercritical
CO,. They found the permeability to increase 117 % on
average after supercritical treatment. As in thesent
study they found permeability to decrease in 19% o
the samples. Douglas fir contains a high amount of
extractives compared to Norway spruce. The incrbase
permeability found by Sahle-Demessie et al. might
therefore be explained by removal of extractivesrir
the wood. However, despite an average weight-léss o
more than 3 % the authors found no significant
correlation between weight loss and permeability: F
this reason, they suggested that the increased
permeability might be the cause of structural clesng
in the wood structure during treatment. The autldas
not mention the pressurization and de-pressurizatio
rates, but if those rates were excessive it sedmly |
that the increased permeability could have beesezhu
by structural changes. Furthermore, it was
hypothesized that the reason for the decrease in
permeability in 19 % of the dowels could be cloggin

of pit membranes due to redeposition of solubilized
extractives during depressurization.

In the present study pressurization and de-
pressurization rates were kept at low levels. It is
unlikely that the increase in permeability after
treatment could be caused by collapse or splithan t
wood as a result of excessive pressure differences.

A more likely possibility for the slightly increage
permeability could be solubilization of resin insire
canals. Resin canals are not widely abundant in
Norway spruce but nevertheless present on a censist
basis. Solubilization of resin in these canals migbt
bring about a significant weight change but couéd b
sufficient to open up flow paths significantly wide
than the tracheid to tracheid flow paths otherwise
available which might lead to an increase in
permeability.

Figure 3 shows the individual pair-wise percentage
changes in permeability fromy, ko k, (the initial low
pressure  measurement and the  supercritical
measurement). All samples showed an increase in
permeability k to k. The increase was found to be
significantly different from zero with a p-value of
9.58e-05. On average the increase was 250 %.
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Figure 3. Percent change in permeability from measurements at
close to atmospheric pressures to measurements with supercritical
carbon dioxide at 150 bar pressure.

Measurements on the metal dowel did not show a
corresponding significant increase in the permésbil
at supercritical levels. The permeability at 154sbha
(0.0016 um?) was only 3 % higher than the
permeability at atmospheric levels (0.0Qi#).

The substantial increase in permeability at
supercritical levels is not immediately obvious,t bu
could either be caused by temporary changes in the
wood structure, differences in flow patterns at
supercritical conditions, and/or interactions betwe
the fluid and the substrate.

Since no significant changes were detected between
the high pressure and low pressure measuremeheof t
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inert reference dowel, it is likely that the high
differences for the wood dowels is caused by cheinge
in the wood structure, or wood-GQOnteractions at
higher pressures.

Pressurization and depressurization rates were kept
low so changes in wood structure caused by damages
due to excessive internal pressure differences are
unlikely. Furthermore, if the increased permeapilit
was the result of damages to the wood structuee, th
permeability after treatment should also have been
substantially higher than the before treatmenteslu

Interactions between wood and £@ight possibly
affect the permeability. Supercritical GDave been
shown to adsorb in significant amounts to many
different organic polymers [16]. Supercritical €@
might likewise adsorb to some extend to wood. If
adsorption is occurring it is likely to cause sotegree
of swelling of the wood. However, in the case of
swelling one would expect the permeability to dasee
due to the decreased porosity which is contrarguio
observations.

Since the permeability increase was exclusive ¢o th
supercritical measurement, there seem to be fldhspa
available for supercritical COwhich are not available
for CO, at atmospheric pressures.

A possible explanation for increased amount of
flow paths at supercritical conditions could bet t6&,
in its supercritical phase is able to penetrate the
aspirated tori of the intertracheid bordered pits.
spruce wood, the larger part of the bordered pits a
aspirated which accounts for the low permeability o
this species. The tori consist of a network ofudeie
and hemicellulose which is embedded in a matrix of
pectin [17,18]. It is evolutionary developed to tea
against the spread of air embolisms in the condgcti
xylem of the living tree [19]. Therefore, it is
impermeable to flow of both liquids and gasses at
atmospheric pressure but might be permeable to the
flow of supercritical CQ

Supercritical C@ can interact with a range of
organic polymers [20]. Interaction with supercafic
CGO, can change the physical and mechanical properties

of polymers and cause weight gain through ,CO
adsorption, swelling, and plasticization throughe th
lowering of glass transition temperatures [21].idt
likely that supercritical C@could swell and soften the
torus polymers, especially the pectins, to allowtfe
mass transfer of CQhrough the torus.

The increased permeability at supercritical
conditions has implications for the supercriticados
impregnation process. Wood permeability is a key
factor in determining how fast wood can be pregsati
and depressurized without suffering internal darsage
as a result of excessive internal pressure gresli€iar
the economic performance of the process it is
important to minimize overall impregnation times. |
the limits of pressurization and depressurizatiates
are calculated on the basis of permeability
measurements with gases at atmospheric levels, they
will be underestimated in the supercritical region.

4, Conclusion

The exposure of wood dowels (Norway spruce) to
supercritical carbon dioxide had a small but sigaift
effect on the permeability of the dowels. Average
permeability values after exposure were 12 percent
higher than the before exposure values. During
exposure to supercritical GOaverage permeability
was 250 percent higher than the gas permeability
measured at atmospheric levels. It is hypothesiaatl
the increased permeability at supercritical condgi
could be explained by the tori of aspirated intatreid
bordered pits acting as semipermeable membranes,
impermeable to liquids and gasses at atmospheric
levels but permeable to supercritical carbon diexid
The increased permeability of Norway spruce
measured with supercritical carbon dioxide meaas th
pressurization and depressurization of Norway spruc
can be carried out at higher rates in the sup@akit
region without creation of internal damages in the
wood.
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The degree of interaction between selected organic biocides (tebuconazole, propiconazole, and IPBC)
and wood under supercritical conditions was investigated using a supercritical fluid chromatograph. The
biocides were carried through a sawdust column by CO at various conditions. Retention times differed
markedly both between the examined biocides and between physical conditions. Tebuconazole showed
a higher affinity for wood than the other biocides. For all biocides, wood affinity was highest and, thus,
fluid affinity lowest, at lowest pressures.
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1. Introduction

The service life of wood and wood products can be prolonged
by impregnation with biocides that decrease the level of biodegra-
dation. Most industrial impregnation is carried out under pressure
using liquids as carrier solvents for biocides. However, wood has
a high resistance to fluid flow. Supercritical fluids have a combi-
nation of physical properties such as low viscosity, low surface
tension, high diffusivity, and high solvent power, which makes
them an attractive alternative to solvents in the liquid phase for
wood impregnation.

A number of studies were carried out to investigate the
deposition and distribution of biocides from supercritical wood
impregnation [1]. An important aspect of impregnation is the
movement and deposition of biocides during impregnation. This
aspect has, however, received little attention. The main principle
behind biocide deposition in wood during supercritical impregna-
tion is often described to be the loss of biocide solubility as the
fluid undergoes the phase transition from super- to sub-critical
state during depressurization. However, the often reported exis-
tence of concentration gradients between biocide loadings in inner
and outer parts of impregnated samples [2-6] suggests that other
factors are influencing biocide movement and deposition.
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It is known from in situ differential pressure measurements
during supercritical impregnation that the supercritical fluid fully
penetrates the wood matrix during treatment [7,8]. If the supercrit-
ical fluid is evenly distributed in the wood matrix and the biocides
are not, it indicates that the wood is retaining the biocides as the
fluid penetrates the wood matrix. In other words there is a strong
indication that deposition of biocides is taking place at supercrit-
ical conditions and that deposition is therefore not only due to a
sudden loss of solubility during depressurization. Lucas et al. [9]
measured equilibrium loadings of decanal in wood during super-
critical CO, treatment. They showed that equilibrium loadings were
substantial and concluded that the mechanism of deposition was
a favorable partition ratio of biocide to wood under supercritical
conditions [Cyood/Cauia] instead of deposition of biocides during
depressurization.

This work examines the interaction of three organic biocides
with wood under supercritical conditions and shows that the key
to understanding the deposition of biocide in supercritical impreg-
nation lies in the partitioning of biocides between wood and CO,.
Implications for supercritical wood impregnation are discussed.

2. Materials and methods
2.1. Chromatographic system

A Hewlett Packard G1850A SFC was used for the experiments.
The system was equipped with a dual pistons reciprocating pump,

cooled to 5°C by Peltier cooling system, and a column oven with
+1% accuracy. It also included an automatic injection system con-
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Fig. 1. Chemical structure of the investigated biocides.

sisting of an HP GC AutoSampler Controller G1512AX and an HP
7673 Automatic liquid sampler. A UV detector, HP 1050, was also
built in. All system parameters were controlled by HP ChemStation
software. The pump was fed by CO, from a pressurized bottle (Air
Liquide E290).

2.2. Column

Wood particles from Norway spruce (Picea abies) was ground
to a particle size less than 0.125 mm of which 3.4 g (dry weight)
was used to pack a column (L: 294 mm; ID: 6.35 mm). At this parti-
cle size, the greater part of the wood cells is reduced to fragments
of cell walls. Consequently, the porosity and pore volume of the
material should be low and the greater part of the column mate-
rial should be available for interaction. To keep the wood particles
from flushing out of the column, both ends of the column were
packed tight with glass wool, a thin cellulose filter, and a thin metal
sieve (labelled “fine” but otherwise no data). To remove the extrac-
tives from the wood particles, which could otherwise influence the
detector response, the column was extracted at 40 °C and 300 bar
for 4 h, before it was mounted on the chromatograph.

2.3. Biocides

Tebuconazole (CAS 107534-96-3), propiconazole (CAS 75881-
82-2) and IPBC (3-iodo-2-propynylbutylcarbamate CAS 55406-53-
6) (Fig. 1) were obtained (>96% purity) from Lanxess AG, Janssen
Pharmaceutica, and Troy Chemical Company, respectively.

2.4. Method

Pressures were set at 8.0, 10.0, 11.0 or 15.0 MPa while the tem-
perature was set at either 40 or 50°C. The pressure drop over the
column was 0.4 MPa, so a pressure of 8.0 MPa signified an inlet and
outlet pressure of 8.2 and 7.8 MPa, respectively. The pump was set
to provide a constant flow of 2 ml CO, min~! measured at 5°C and
57 bar.

For each combination of pressure and temperature the biocides
dissolved in ethanol were injected to the column and the retention
times recorded. For each biocide the retention time was determined
as the average of two separate runs. Initial test were performed

mAU
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404
-«—— Tebuconazole
30
201

10

MMM“

20 40 60 80

100min

Fig. 2. Chromatogram of the detector response (mAU at 200 nm) to tebuconazole
0.5% dissolved in ethanol. Conditions at 50°C and 11.0 MPa. The first peak was due
to disturbance of the flow by the injection.

in order to establish an appropriate concentration of biocides in
the injected ethanol. For every run the injection volume was 7 .l
Concentrations were selected to produce the best possible detector
response with emphasis on avoiding overloading of the column.

AUV spectrum (in ethanol) was obtained from each of the three
biocides and for each biocide the detector was tuned to match the
wavelength of maximum absorption, i.e. 200, 204 and 202 nm for
tebuconazole, propiconazole, and IPBC, respectively. After injec-
tion, the retention time of the given biocide was established from
the chromatogram (Fig. 2) and a new run was initiated.

3. Results and discussion

The measured retention times are listed in Table 1 along with
the calculated retention factors (k') and partition ratios (Kp). The
partition ratio can be interpreted as the concentration of biocide in
the stationary phase relative to the concentration in the fluid phase
and is in this work equal to the linear adsorption coefficient since
the concentrations of biocides used were relatively low. Retention
factors and partition ratios were calculated as follows:

K = i — v (1)
tm

and

KD _ k VM (2)

S

where tg; is the retention time of biocide i, ty; is the hold-up time,
Vi and Vs are the volumes of the mobile phase and the stationary
phase which were 6.73 cm3 and 2.27 cm?, respectively.

The hold-up times, i.e. the time it would take the hold-up volume
(Vum) surrounding the stationary phase to elute were calculated.
Because the specific volume of the mobile phase at either side of
the pump was different, the hold-up time changed depending on
the experimental conditions. The pump was fed by CO, at a flow
rate of 2 ml/min at constant conditions, i.e. liquid CO, at 5°C and
5.7 MPa with a specific volume of 1.09 cm? g~1. On the column side
of the pump the specific volume of CO, varied between 1.28 and
3.60 cm3 g1 resulting in variations in mobile phase flow and hold-
up time accordingly. The hold-up time (ty;) can be calculated from
the flow entering the pump (Fjy), the specific volume of CO, at
either side of the pump (vjy and voyr ), and the volume of the mobile
phase (Vy):

_ FVMVIN 3)
INVout
The calculations of the hold-up time were done under the assump-
tion that CO, does not interact with the stationary phase.
The initial intention was to measure retention times at tem-
peratures of 40 and 50 °C and pressures of 8.0, 10.0, and 15.0 MPa.
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Table 1
Retention times, retention factors, and partition ratios of three different biocides in a wood filled column subjected to a flow of carbon dioxide at various supercritical
conditions.
T(°C) P (MPa) p (COz) (g/cm?) Biocide? (i) Retention timeP, tg;;) (min) Retention factor<, k' Partition ratio®, Kp
Tebuconazole - - -
3.0 0278 Propiconazole (0.2) 16.0 (0.3) 14.6 (£0.4) 434 (£1.0)
) ' IPBC (10) 6.6 (0.4) 5.5 (+0.4) 16.2 (£1.1)
CO, (Hold-up time) 1.04 = =
Tebuconazole (0.25) 16.0 (0.3) 5.9 (£0.1) 17.5 (£0.4)
Propiconazole (0.05) 6.4 (0.0) 1.8 (£0.1) 5.2 (£0.1)
=Y LY g2 IPBC (5) 5.7 (-)° 15(-) 43(-)
CO; (Hold-up time) 2.3d = =
Tebuconazole (0.1) 8.7 (0.0) 2.0 (£0.0) 6.0 (£0.0)
15.0 0780 Propiconazole (0.02) 5.5(0.1) 0.9 (+£0.0) 2.7 (£0.1)
) : IPBC (5) 5.8(0.1) 1.0 (+0.0) 3.0(x0.1)
CO; (Hold-up time) 2.94 - -
Tebuconazole (1.5) 39.4(04) 27.2(£0.3) 80.6 (+1.0)
10,0 0384 Propiconazole (0.2) 19.5(1.0) 12.9 (£0.8) 38.4 (£2.3)
) . IPBC (10) 9.0(0.4) 5.4 (£0.3) 16.1 (£0.9)
CO; (Hold-up time) 1.44 - -
Tebuconazole (0.5) 21.0(0.5) 10.3 (+0.3) 30.7 (+0.8)
Propiconazole (0.05) 10.0 (0.5) 4.4 (£0.3) 13.1 (£0.8)
50 Reo 0503 IPBC (5) 6.8 (0.5) 2.6(20.3) 7.9 (+0.8)
CO, (Hold-up time) 1.94 = =
Tebuconazole (0.1) 10.0 (0.1) 2.9 (£0.0) 8.5 (£0.2)
15.0 0700 Propiconazole (0.02) 5.4(0.0) 1.1 (£0.0) 3.3(£0.1)
) : IPBC (5) 5.8 (0.0) 1.3 (£0.1) 3.7 (+£0.0)
CO; (Hold-up time) 2.64 = =

2 Value in parenthesis is the concentration of biocide in the injection fluid in percent (weight).
b First value is the mean of two measurements. Value in parenthesis is one standard deviation.
¢ First value calculated from the mean retention time. Value in parenthesis is the deviation to the first value caused by =+ one standard deviation of the retention time.

d Calculated value.

¢ Only one measurement.

However, due to the low efficiency of the sawdust column (dis-
cussed below) it was not possible to establish retention times for
any of the biocides at 50°C and 8.0 MPa. We made an extra set of
measurements at 50 °Cand 11.0 MPainstead. At40 °Cand 8.0 MPa it
was only possible to establish the retention time for propiconazole
and IPBC.

Figs. 3 and 4 show a graphic presentation of the partition ratios
at the examined physical conditions.

The results show that the physical conditions had a large influ-
ence on the partition ratios of the three biocides and the partition
ratios were markedly different for each biocide at constant condi-
tions. The partition ratios increased with decreasing pressure and
increased at the higher temperature. This hints at a correlation
between partition ratios and CO, density. Fig. 5 shows the partition
ratios as a function of CO, density.
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Fig. 3. Partition ratios of biocides at 40 °C and varying pressures.

The results show a strong correlation. As CO, density increases
the solubility of the biocide in the fluid increases and the equilib-
rium (4) is shifted to the left-hand side which will cause a decrease
of the partition ratio.

[Biocide]co, « [Biocidelyqood (4)

However, the equilibrium (4), and thus the partition ratio, is not
only influenced by biocide solubility in CO, but also by the affinity
of the biocides for wood. Previously, some solubility measurements
of the three biocides in supercritical CO, were carried out by the
authors at nine different combinations of temperature and pres-
sure, i.e. three different isotherms (at 40, 50, and 60°C) with three
measurements (110, 130, and 150bar). The data showed that for
any one of the examined conditions propiconazole had the highest
(~0.7-7.0%, w/w) and tebuconazole the lowest (~0.1-1.0%, w/w)
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Fig. 4. Partition ratios of biocides at 50 °C and varying pressures.
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Fig. 5. Partition ratio as a function of CO, density.

solubility of the three biocides. Comparing with the results of the
present work, it can be seen that the biocide showing the highest
solubility (in this case propiconazole) may not be the same as the
one showing the lowest partition ratio (in this case IPBC).

The present study supports the conclusion by Lucas et al. [9] that
deposition of biocides is controlled by more than just loss of biocide
solubility at the super- to sub-critical transition during depressur-
ization. At any time during the impregnation process a substantial
part of the biocide will be adsorbed to the wood. In this study, even
ataCO, density of 0.78 gml~1, the partition ratio was still above 2.6.
During depressurization the partition ratio is gradually increased
to such a degree that by far the larger part of the introduced biocide
will already be adsorbed to the wood when the fluid undergoes the
phase transition from super- to sub-critical state.

Previous reports on biocide deposition following supercriti-
cal impregnation frequently report of a concentration gradient
between the inner and outer parts of impregnated samples but
have been undecided in their explanations of the observed gra-
dients [2-6]. The results presented here indicate that the reason
for the observed gradients is that wood acts as chromatographic
material which filters the biocides from the CO, as the fluid moves
through the wood matrix.

During pressurization, the wood gradually fills up with CO,, i.e.
there is a bulk flow of CO, from the outside to the interior of the
wood. At low pressures the solubility of the biocides will be neg-
ligible meaning that the wood matrix fills up with CO, without
biocides. As the pressure and temperature is increased the biocides
gradually dissolve and travel with the CO, to the interior of the
wood. However, because of the high degree of interaction between
wood and the biocides the movement of biocides through the wood
matrix is slower than the movement of CO,. Therefore, when CO,
penetration of the wood sample is complete the penetration of bio-
cides is likely to be incomplete. After pressure equilibration, the
biocides will move through the wood matrix by diffusion and the
rate of diffusion will depend on the partition ratios. During depres-
surization, the direction of flow of both CO, and biocides in the
wood matrix is reversed. Thus, the wood-biocide interactions now
work to the benefit of the wood preserver by holding back the
biocides in the wood structure. However, there will still be a net
migration of biocides towards the surface of the wood adding to
the steepness of the concentration gradient.

The exact nature of interactions between wood and the exam-
ined biocides are unknown. In principle, the interactions could be
both physical and chemical. Physically, sawdust has a very irreg-
ular structure and each grain of sawdust could have numerous

microcavities able to temporarily hold back molecules. More likely
though, the interaction can be considered chemical in nature. Wood
has a complex chemical structure and the possibilities for chemical
interaction with the biocides are numerous. Wood consists primar-
ily of three major biopolymeric units: cellulose, hemicellulose, and
lignin. Cellulose is an unbranched polysaccharide composed of 3-
D-glucopyranose units, hemicellulose is a branched polysaccharide
composed mainly of hexoses, pentoses and hexuronic acids, and
lignin is a complex matrix consisting of a randomized polypheno-
lic backbone of monolignols (coniferyl alcohol, p-coumaryl alcohol,
and sinapyl alcohol). In the case of Norway spruce, cellulose, hemi-
cellulose, and lignin account for approximately 48, 22, and 28% of
the mass of the wood, respectively, although the exact composi-
tion will vary between trees and even within a single tree [10]. Due
to the OH-groups present on the cellulose and especially hemicel-
lulose, wood is generally hydrophilic in nature. However, lignin
is more hydrophobic meaning that wood can interact with both
hydrophilic and hydrophobic substances. Thus, the biocides could
potentially interact with a wide range of macromolecules present
in the wood matrix.

Tebuconazole has a hydroxyl group located across from its
azole group. The hydroxyl group may form hydrogen bonds to the
hydroxyl groups in the wood increasing the partition ratio, explain-
ing the high partition ratios of tebuconazole.

Considering the cause for the different retention times, it should
be taken into consideration that the experiments were done with
sawdust as the stationary phase. When industrial scale impreg-
nation is carried out the stationary phase is solid wood. There is
a large structural difference between a matrix consisting of solid
wood and a matrix of sawdust. This could give rise to differences in
flow patterns that might influence biocide movement. In addition,
the surface available for chemical interactions could be slightly dif-
ferent from sawdust to solid wood. A fluid flowing through a matrix
of sawdust would likely come into contact with more lignin than it
would if it passed through a piece of solid wood because the lignin
rich middle lamellas would be exposed in sawdust but unexposed
in solid wood. It is possible that these differences between sawdust
and solid wood could lead to different retention times and partition
coefficients had the experiments been carried out using a piece of
solid wood as the stationary phase.

The sawdust column was able to fulfill the purpose of the present
study. However, compared to a pre-packed chromatographic col-
umn, the efficiency of the sawdust column was very low with an
estimated number of theoretical plates of about 10. Consequently,
peak broadening increased considerably with time meaning that
at the longer retention times the introduced amount of biocide
needed to be higher to produce a peak. In doing so, we introduced
the risk of overloading the column as is evident from Fig. 2. This
likely resulted in underestimated retention times and thus under-
estimated partition ratios. At 8.0 MPa and 50 °C we were unable to
produce a peak for any of the biocides without heavily overloading
the column while at 8.0 MPa and 40 °C we were unable to produce
a peak for tebuconazole. To minimize the problems associated with
overloading of the column, future experiments would likely benefit
from increasing the amount of stationary phase.

The results presented here could have implications for the eval-
uation of biocides to be used for supercritical impregnation, but
may also be relevant for other pressurized impregnation processes.
Overall treatment time is an important parameter in determining
the economic viability of the impregnation process. With the evi-
dence that some biocides are transported more quickly through
the wood than others, there would be an incentive to choose these
biocides over the slower moving ones as long as the toxicity is at
the same level. Passing the biocides through a sawdust column sub-
jected to supercritical conditions provides a means of screening the
biocides in this respect.
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4. Conclusion

Wood in the form of sawdust has been shown to have a chro-
matographic effect on the biocides tebuconazole, propiconazole,
and IPBC when subjected to a flow of supercritical CO,. The bio-
cides had markedly different retention times and thus partition
ratios and the values were highly dependent on the physical con-
ditions, i.e. pressure and temperature. Tebuconazole recorded the
highest retention time and partition ratio which could be caused
by its hydroxyl group interacting with the hydroxyl groups in the
wood. The results indicate that the retention times and partition
ratios of biocides need to be taken into account when evaluating
new - and existing - biocides for compatibility with the supercrit-
ical impregnation process because the partition ratios could have
a significant influence on the overall treatment time, and thus the
economy of the impregnation process. Running biocides through a
column of sawdust seems to be a useful method of evaluating the
compatibility of biocides with the supercritical wood impregnation
process.
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ABSTRACT

Understanding the movement and deposition of biocides in wood is a fundamental aspect of the
supercritical wood impregnation process and a key issue in developing the process e.g. to handle
wood of larger dimensions. Previous research on supercritical wood impregnation frequently
reports of a biocide concentration gradient in impregnated samples i.e. a lower concentration of
biocides in the core of the samples than nearer the surface. Researchers seldom comment on the
reasons for the observed gradients, and the subject of biocide/wood interactions is generally
overlooked. In this paper we investigate the interactions between wood and propiconazole in
supercritical carbon dioxide and hypothesize that the reasons for the observed gradients is that
wood has a chromatographic effect on the biocides as they move with the carbon dioxide through
the wood matrix. The degree of interaction at different conditions is estimated by calculation of
partition ratios.

Keywords: propiconazole, supercritical carbon dioxide, supercritical chromatography,
interaction, impregnation

1. INTRODUCTION

During the past two decades supercritical carbon dioxide has repeatedly been investigated as a
solvent for wood impregnation. The majority of the research has focused on the effects of
supercritical treatment on the physical properties of wood and a wide variety of wood species
have been treated with an equally wide array of organic biocides (e.g. Anderson et al. 2000,
Acda et al. 2001). Researchers often report of a concentration gradient between biocide
concentrations in the inner and outer parts of supercritical impregnated samples (e.g. Sahle-
Demessie et al. 1995, Acda et al. 1997, Kang et al. 2006). Despite these observations, the issue
of biocide movement and deposition has received little attention and most studies do not discuss
these gradients beyond noting their existence.

From differential pressure measurements carried out in-situ during supercritical wood
impregnation, it is known that the carbon dioxide penetrates the wood during treatment to the
extent that pressure inside and outside of the sample equilibrates (Schneider et al. 2005,
Schneider et al. 2006, Drescher et al. 2006). The biocide concentration gradient is therefore not
the result of incomplete penetration of wood samples by the COy/biocide mixture. Probable
causes for the gradients could then be that either 1) part of the biocides gets re-extracted from the
wood as the carbon dioxide leaves the wood during depressurization, or 2) the biocides get
filtered from the carbon dioxide as the mixture fills up the wood matrix.
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Understanding biocide movement and the deposition mechanisms is an important part of the
continued development of the supercritical wood impregnation process especially when
impregnating wood of larger dimensions. This paper examines the interaction of propiconazole,
an organic anti-fungal triazole-compound, and wood in a supercritical carbon dioxide
atmosphere by measuring the retention times of propiconazole in a wood filled column mounted
on a supercritical chromatograph.

2. MATERIALS AND METHODS

2.1 Materials

Propiconazole >96% purity was supplied by Janssen Pharmaceutica, Belgium. Sawdust with a
particle size < 125um was prepared from boards of Norway spruce (Picea abies) supplied by
Vida Wood, Sweden. The supercritical chromatograph was a HP G1850A ChemStation equipped
with a HP 1050 UV detector. Carbon dioxide was from a pressurized bottle, Air Liquide E290.

2.2 Methods

A column was build by filling a metal cylinder with sawdust. The column had a length of 294
mm and an inside diameter of 6.4 mm. Sawdust was prepared from Norway spruce and passed
through a 125 pum mesh. 3.4 g of the fraction passing the mesh was transferred to the column.
The ends of the column were packed tight with metal sieves and cellulose filters on top of glass
wool to prevent the sawdust from leaving the column during the experiments. Thus the column
build-up was as follows: metal sieve — cellulose filter — glass wool — sawdust — glass wool —
cellulose filter — metal sieve. The metal sieves were intended for column preparation and labeled
“fine” but the actual mesh size was unknown.

The column was mounted on the chromatograph and subjected to a flow of carbon dioxide at
various supercritical conditions. For each run the propiconazole was dissolved in ethanol and the
ethanol-propiconazole mixture was injected into the pre-column flow path of the carbon dioxide.
The propiconazole was then moved downstream through the column to the detector. The
retention time was established from the resulting chromatogram and the procedure was repeated.
All system parameters i.e. pressure, temperature, flow rate, injection volume, and detector
wavelength were controlled via system software (HP ChemStation). Temperature was set to
either 40 or 50°C and the pressures were set to either 8, 10, or 15 MPa when running at 40°C,
and 10, 11, or 15 MPa when running at 50°C. We were unable to record a retention time at 50°C
and 8 MPa and therefore made an extra set of measurements at 11 MPa instead. For all runs the
flow rate was set at 2 ml CO,/min and the detector was set to measure the absorbance at 204 nm
based on the measured UV spectra of propiconazole in ethanol.

3. RESULTS AND DISCUSSION

The measured retention times are reported in Tab. 1. Also reported are the retention factors and
the partition ratios calculated as follows:

1)
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where K" is the retention factor, t is the recorded retention time, ty is the hold-up time, Kp is the
partition ratio®, V is the volume of the mobile phase (i.e. the hold-up volume), and Vs is the
volume of the solid phase (i.e. the volume of the sawdust). Kp is essentially a measure of the
partitioning of biocide between the solid phase and the fluid phase i.e. the ratio of the biocide
concentration in the wood to the biocide concentration in the fluid phase at equilibrium. A value
higher than 1, would signify a higher affinity of propiconazole for wood than for CO,. The table
also lists the hold-up times i.e. the retention times of the carbon dioxide. The hold-up times were
calculated under the assumption that the CO; did not interact with the sawdust. Under this
assumption the hold-up time can be calculated from the flow rate into the pump (Fn) and the
volume of the mobile phase (V) taking into account the difference in fluid specific volume at
either side of the pump (v v and v our):

_ Vo

Ty 3)

FinUour

The pump input was liquid CO, at 57 bars cooled to 5°C sov y Was a constant 1.09 cm®/g. v out
varied depending on the physical conditions of the run between 1.28 cm®g and 3.60 cm®/g.

Table 1. Retention times of propiconazole in the wood column under the indicated physical conditions.
Corresponding retention factors and partition ratios are shown together with the calculated hold-up times
of CO..

T P Molecule Retention time Retention Partition ratio

(°C) (MPa) R; (min) factor (K') (Kp)
8.0 Propiconazole 16.0 5.2 43.3

' CO; (hold-up time) 1.07*
Propiconazole 6.4 1.7 5.1

40 10.0 CO;, (hold-up time) 2.42*
15.0 Propiconazole 5.5 0.8 2.6

' CO;, (hold-up time) 2.99*
10.0 Propiconazole 19.5 12.4 38.3

' CO;, (hold-up time) 1.46%
Propiconazole 10.0 4.2 12.9

S0 11.0 CO;, (hold-up time) 1.93*
15.0 Propiconazole 5.4 1.0 3.1

' CO; (hold-up time) 2.68*

*) Calculated value

Fig. 1 and Fig. 2 show the estimated partition ratios at the examined physical conditions. First,
experiments were run at a constant temperature of 40°C and three different pressures 8, 10 and
15 MPa. Next, the temperature was increased to 50°C and the measurements were repeated at the
same pressures. However, we were unable to record a retention time at 8 MPa, because the
affinity of propiconazole to wood at these conditions were so large that a peak could not be
established from the chromatogram. The efficiency of the sawdust column was very low
meaning that peak broadening increased considerably with time. At 50°C and 8 MPa, the

1) Kp has often in the past been termed partition coefficient. However, the International Union of Pure and Applied
Chemistry (IUPAC) has discontinued this term and instead recommend using the term partition ratio (IUPAC
2009).
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chromatogram did not show a peak but rather a very long low hill which made a correct
establishment of the retention time impossible. A measurement was made at 11 MPa instead.
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Figure 1. Estimated partition ratios for Figure 2. Estimated partition ratios for

propiconazole in a wood/CO, system at 40°C and  propiconazole in a wood/CO; system at 50°C and

varying pressures. No experiments were done at varying pressures. Experiments at 8 MPa were done

11 MPa. but the retention time could not be recorded at this
pressure.

The results show that the experimental conditions had a large influence on the
wood/propiconazole interactions. Partition ratios decreased isothermally with increasing
pressures. Isobarically, partition ratios decreased with decreasing temperatures. These results
indicate a correlation between the CO, density and the partition ratios. Fig. 3 shows the partition
ratios as a function of CO, density.
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Figure 3. Partition ratios as a function of CO, density.

As can be seen from Fig. 3 there is a strong relationship between the density of the CO, and the
partition ratio. This tendency is not surprising since at the higher densities there are more
molecules of CO, available for interaction with the propiconazole which leads to a higher

solvating capacity which in turn shifts the equilibrium [Biocide], _, <> [Biocide]_, to the right.

However, the magnitude of propiconazole interactions with wood surprising was unexpected. All
partition ratios were above 1.0 signifying that the affinity of propiconazole for wood was
significantly higher than for CO, at all conditions. Even at CO, densities approaching 0.8 g/ml,
propiconazole still has a higher affinity for wood than for CO,. At lower densities the affinity for
wood is such that the equilibrium is shifted almost completely to the side of the wood.
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The deposition of biocides in supercritical wood impregnation is often described to be caused by
precipitation of the biocide as the fluid undergoes the super- to sub-critical phase transition
during depressurization. However, based on studies involving impregnation of radiata pine
(Pinus radiata) with decanal, Lucas et al. 2007) concluded that the controlling mechanism of
biocide deposition is not precipitation but rather a favorable partition ratio of the biocide for the
wood compared to the CO,. Our results support the findings by Lucas et al. (2007). The
deposition of biocides is likely the result of adsorption/desorption behavior rather than a
precipitation process.

The results presented here could help explain the concentration gradients often reported by
supercritical wood impregnation researchers. As the wood fills up with the wood/biocide mixture
during pressurization it separates chromatographically the biocide from the CO,. The
concentration of biocide in the treatment solution will thus decrease from the surface of the wood
towards the center. When the impregnation pressure has been reached and there is no longer a
net flux of CO, into the wood, the biocide is left to move by diffusion towards the center of the
wood. The velocity by which the biocides move by diffusion will be dependant on the Kp-value.
During depressurization there is, of course, a net flux of CO, out of the wood but now the high
wood affinity of the fungicides become beneficial to the wood preserver as the biocides are held
back in the wood as the CO; exits.

Minimizing treatment times is important for the economic viability of the supercritical treatment
process. Therefore, a lot of research has focused on examining the effects of different
pressurization and depressurization rates on the mechanical properties of impregnated wood in
order to try to establish just how fast wood can be pressurized and depressurized without being
damaged. However, the results presented here indicate that the rate limiting factor in
supercritical wood impregnation might not be how fast wood can be pressurized without causing
failures but rather how fast biocides can be delivered to the center of impregnated samples. To
ensure a rapid movement of biocides through the wood structure, the equilibrium

[Biocide] , <> [Biocide]_, should be moved as far as possible towards CO, during the
pressurization and impregnation part of the treatment cycle. Ways of doing this include 1)

increasing the gas phase concentration of biocides by adding more biocides to the system, 2)
controlling process parameters, 3) adding co-solvents to the CO,.

\Wood

In addition, it could be that the choice of biocide could have an impact on the Kp-value. This
experiment only included propiconazole, but other biocides would likely have Kp-values
different from those of propiconazole. We intend to establish the Kp-values of other biocides in
forthcoming research.

4. CONCLUSION

Retention times of propiconazole in the sawdust column were found to be highly dependant on
the physical conditions. Wood/propiconazole interactions were found to be substantial at all
examined conditions and propiconazole affinity for wood was higher than for CO, even at CO,
densities approaching 0.8 g/ml. The results show that deposition of biocides in the supercritical
wood impregnation process is controlled by adsorption/desorption behavior rather than being a
precipitation process. The results could explain the biocide concentration gradients often
reported to exist in supercritical impregnated samples. The concentration gradient likely
develops because the wood has a chromatographic effect on the biocides as they are moved
through the wood structure by the CO..
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