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“IMPROVEMENTS RELATING TO WOOD DRYING”

FIELD OF THE INVENTION

The present invention relates to a process for the selective removal of water and solutes
from wood using'a supercritical carbon dioxide. In particular, but not exclusively, the invention
relates to the use of supercritical carbon dioxide for the removal of water and solutes from the
lumens of green wood while leaving the cell walls fully swollen and in their green state. The

present invention also relates to a method of drying wood for utility purposes.

BACKGROUND TO THE INVENTION

Wood in its natural state, 1n a living tree or newly cut lumber for example, often has a high
moisture content with the moisture content va‘qring depending on the particular type and location
of the wood and the type and condition of the tree. The moisture 1s made up of bound water, that
1s, water bound within the cell walls and bound to carbohydrates and iignin polymers that are
components of the cell.walls; and free water, that is, water 1n the lumens. The lumens also. often
contain sap and other solutes in the free water. Although there is great variation between tree

species it i1s not unusual for moisture content to be in the vicinity of 160% - 200% (of the oven-dry

‘weight of the wood).

For utlity purposes, unless it is driéd (a process known as seasoning), wood with a high
moisture content, herein ‘green wood’, has undesirable properties -including instability during
drying and suscepubility to deterioration. Changes in the dimensions of wood due to changes in
moisture content create significant problems when used in cons;txuction. It is thetefore common
practice to dry green wood in an attempt to produce a stable, practical material and to maximjse‘its‘
utility value. Because of the non-uniformity of wood and its high' moisture content, it 1s not
uncommon for the drying of wood to result in distortion of the wood or to cause damage to the
wood structure such as warping and internal ahd surface checking. |

The two common techniques used to dry green wood are air-drying and oven- or kiln-
drying.

In air-drying, green wood is left to dry passively in the ambient air. This technique 1s
climate dependent and 1s generally a slow process. The advantage of passive air-drying is simplicity
and that it 1s 2 mild process (relative to kiln-drying) with the wood material not being subjected to
high temperatures and high forced internal moisture-gradient stress that may occur in kiln-drying.
In oven- or kiln-drying, green wood is placed in an insulated chamber within which heated air is
circulated.  While this ‘technique overcomes the disadvantage of air-drying namely being slow, it

can result in other undesirable effects, such as kiln stains, which are dark coloured regions that are
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formed on the wood, and higher internal moisture gradient stresses (for instance the outside of the
wood dries while the inside remains wet) that can cause a higher rate of checking or warping of the
wood. These effects detract from wood quality, yield and value.

Changes 1n the dimensions, strength and flexibility of wood occur when the wood’s cell
walls lose bound water. Moisture gradient stress often occurs in conventional drying when parts of
the wood (often the wood close to the surfaces in air or kiln drying) lose moisture from the lumens
and from the cell walls at a greater rate than water is lost from the cell walls and lumens of other
parts of the wood. Imaging of wood during the drying process.when being air or kiln-dried shows
the wood with dry edges and a wet core. The results are changes to the dimension and strength of -
some parts of the wood at rates and extents different to the changes in other parts of the wood.
The result 1s often damage to t‘he structure of the wood and distortion.

Techniques have been used to dry wood other than passive air-drying and kiln-drying.

These include dehumudification, the use of azeotropes to- distl water from green wood at -

temperatures below that of the boiling point of water, and also freeze-drying, where the water in
green wood 1s frozen and subsequently removed by sublimation process. However, these
techniques also create moisture gradient stress (although sometumes with different patterns of
moisture distribﬁtiorl) and cause damage to cell walls and wood. .

It 1s also known to dry wood by electromagnetic radiation drying such as radié frequency
drying and microwave drying. Radio frequency vacuum (‘RFV’) drying in parﬁcular, results 1n less
moisture gradiant stress than air or kiln drying but these methods are time consuming and requires
high energy input particularly when the wood has high moisture conteﬁt. They are, however, more
energetically viable and quick when used on wood with reduced moisture content, for instance,
wood at or close to fibre saturation point. |

- Supercritical fluids are fluids that exhibit properties of both gas and liquid when subject to
temperatures and pressures above those of the critical point of the fluid. A fluid in é supercritical
state thus has the sdlvating abilities of a liquid, but with a gas-like diffusivity. -

The use of supercritical fluids in wood processing other than for wood drying purposes is
known. In US Patent No. 6,638,574, supercritical fluids are used for im'pregnating preservatives
into wood, while ip US Patent No. 4,308,200, supercritical fluids are used for extracting organic
substances from wood. The known methéas as described in the prior art utilise the solvating ‘
qualities of supercritical carbon dioxide and have been applied to carry tmber treatments
(insecticides etc.) into conventionally pre-dried timber, MDF board, laminated veneers etc, or carry

organic substances out of pre-dried particulated wood.
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In US Patent No. 5,041,192, in partcular in column 4 lines 14-18, it 1s briefly noted that

supercritical fluids can be used for drying wood in special@r apphcatiohs. A possible speciality
application is the process for drying of archaeological samples devclobed by the University of St
Andrews, Fife, Scotland that includes drying archaeological wood by substituting the water in
archaeological wood with methanol and then extracting the methanol using supercritical carbon
dioxide.

US Patent Specification No. 4,995,943 describes the use of carbon dioxide under super-
anﬁospheric pressures of several atmospheres to further pre- treat and dry particulated cellulosic
material sourced from naturally (air) dried feedsocks (branches, stalks) to prepare or enhance the

particulate for further chemical treatment/conversion.

Persons skilled in the art view the use and applicationé of supercritical carbon dioxide (as a

-solvent for instance) as similar or equivalent to hexane chemistry. It 1s therefore seen as a “dry”

chemustry. As a result, the use of supercritical carbon dioxide 1n relation to wood has uniformly
been in relauon to pre-dried wood or wood wherein the water content has been substituted by an
organic solvent such as methanol. A .

It 1s an object of the present i_nvemioq to ecither provide an improved process for the
removal or water and solutes from the lumens of green wood, or to provide a wood product
wherein the lumens of the wood are evacuated of water and solutes while the cell walls remain in
their green state and with reduced moisture gradient variation throughout the wood, or to provide
an improved process for drying and/or treatment of wood or at least provide the public with a

useful choice.

SUMMARY OF THE INVENTION

As used herein, the term ‘air- or kiln- or oven-drying methods’ and its derivatives refer to
known methods of water extraction from wood, which include bassive drying by éir and actve
drying by air, either .throggh oven- or kiln-drying, dehumidification drying and the like.

As used herein, the terms “kiln-drying” and. “oven-drying” are used synonymously, to refer
to drying by heated air ry'picélly accompanied by air movement via fans or similar. The term

“oven-dry weight of the wood” 1s a term of art which refers to the weight of wood when fully dry

after heated air drying whether carried out in an oven or kiln.

As used herein, the term ‘green wood’ refers to wood that contains a high water or
moisture content. Green wood will usually consist of wood that is consistent with or similar to the
material as it occurs in nature in a living stéte. The term includes, but is not limited to, freshly cut
wood and wood that is yet to be dried. The term ‘green wood’ is also intended to include wood

that may have undergone some moisture loss as a result of delays between harvesung and the
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commencement of the processes described herein or that has been subjected to a cursory
procedure or treatment but that still retains 2 moisture content significantly greater than the
moisture content at fibre saturation point. Typically green wood will have a moisture content
between about 180% and 150% of the oven dry weight of the wood although this may vary
depending on the type of wood and the manner in which it has been treated or handled.

As used herein ‘fully swollen’ refers to the condition of wood cell walls wherein they
remain substantially in their green state and retaining the watet bound in the cell walls.

As used herein ‘uniformly fully swollen’ refers to the cell walls of wood being fully swollen
without substantial variation in this condition throughout diffetent regions of the wood. The term
15 uscd to differentiate the present invention from traditional drying methods wherein some regions
of a piece of wood may include fully swollen cells walls while cell walls in other regions of the
wood may be to some extent dessicated.

As used herein “lumber” refess to sawn timber, typically sawn from logs, comptising wood
lengths of dimensions suitable for dmber framing applications eg, 100 x 50mm in cross-section,
bcams, and boards, all whethet planed or unplanned (as opposed to timber for non-structural or
finishing applications).

In a first aspect, the invention broadly consists in a process for removing water and solutes
from the lumens of green wood, which comprises subjecting the green wood to supercritical
carbon dioxide and removing water and solutes from the lumens of wood while leaving the cell
walls throughout the wood uniformly fully swollen.

Preferably, the water and solutes is removed until the moisture content of the wood is
about 30-80%.

Preferably, the water and solutes is removed untl the wood is at or about fibre saturadon
point.

Preferably the carbon dioxide is applied in cycles of supercritical pressures followed by sub-
critical pressures.

Preferably the supercritical carbon dioxide is applied on the green wood to reduce the
moisture content of the green wood to about 30-60%.

Preferably the process includes subsequently further drying the wood to a moisture content
of about 12-20%.

Preferably the wood is further dried using one or more of air-, azeottopic-, freeze-,
electromagnetic radiation- such as radio frequency- and mictowave-, or kiln-drying or additional
supercritical fluid processing.

Preferably the supercritical carbon dioxide 1s applied in cycles.

COMS ID No: ARCS-291421 Received by IP Australia: Time (H:m) 13:10 Date (Y-M-d) 2010-09-07
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Preferably each cycle of supercnitical carbon dioxide application has a pressurisation step
which is followed by a depressurisation step.

Preferably each cycle of superctitical carbon dioxide application includes a holding time
step after pressurisation but before depressurisation.

Preferably the number and duration and temperature and pressures of the pressutisation
and holding time and depressurisation steps of the cycles ate optimised in ordet to maximise the
rate of moisture reduction

Preferably the step of air, electromagnetic radiation- such as radio frequency- and
microwave-, azeotropic-, freeze- or kiln-drying the wood includes, or is followed by, keeping the
wood in an environment in order to reach ambient equilibium moisture content of about 12-20%.

Preferably the process for drying wood further comprises the step of treating the wood
with modifying chemicals or materials in an aqueous or non -aqueous solution before ot after air- ot
oven-drying.

Preferably the step of treating the wood comprises treating the wood with one or more
aqueous or aqueous-compatible solutions.

Preferably the wood treated with an aqueous solution is then subject to further application
of supercritical carbon dioxide to remove aqueous solution restdues from lumens.

Preferably the wood treated with an aqueous solution then subjected to further application
of supercritical carbon dioxide is then dried using conventional or electromagnetic radiation drying
such as radio frequency and microwave drying mcthods to 12-20% moisture content.

In another preferred form of the invention the step of treating the wood comprises
modifying chemicals or materials in 2 non-aqueous but water-miscible solvent.

Preferably the solvent is an orgznic solvent such as ethanol.

In one preferred form the modifying chemicals or materials with wood treatment qualities
is boric acid in ethanol for improving wood biological durability.

Preferably after treatment using modifying chemicals or malerials in a water miscible
organic solvent, the wood is subject to further application of supercritical carbon dioxide until the
moisture content is reduced to 12-20%.

Alternanvely, after treatment using modifying chemicals or materials in 2 water miscible
organic solvent, the wood can be conventionally dried or dried using a combination of supercritical
carbon dioxide and conventional or electromagnetic radiation drying such as radio frequency and
microwave drying to dry the wood to 12-20% moistute content.

In some embodiments the process mcludes applying the supercritical carbon dioxide on the

green wood through a sequence of pressure cycles (e.g., from 722200 bar to 1-72 bat) at

COMS ID No: ARCS-291421 Received by IP Australia: Time (H:m) 13:10 Date (Y-M-d) 2010-09-07
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temperatures above 32°C such that the moisture content of the green wood is reduced to about 30-
80%; removing the wood from the chamber after the number of pressure cycles has been
completed; and further reducing the moisture content of the wood to about 12-20%.

Preferably the supercridcal carbon dioxide is applied in fixed-duration cycles in order to
maximise the rate of moisture removal. Preferably each cycle of supercritical carbon dioxide
application at a particular temperature and pressure is preceded by a pressurisation step and is
followed by a depressurisation step.

Preferably the pressure cycles consist of pressurisation and depressurisation steps at
controlled rate.

Preferably the deptessurisation step includes removing carbon dioxide from the chamber,
and pumping it into 2 second dtying chamber operating in parallel.

Preferably the step of air-, electromagnetic radiation- such as radio frequency- and
microwave-, ot oven-drying the wood includes, or is followed by, keeping the wood in an
environment in order to reach ambient equilibtium moisture content of about 12-20%.

Preferably the process for producing dry wood material of uthity value may further
comprise the step of treating the wood with modifying chemicals or marerials in an aqueous or
non-aqueous solution before or after air-, azeotropic-, electromagnetic radiation- such as radio
frequency-and microwave-, freeze- or kiln-drying or othet superctitical process.

Preferably the process for producing dry wood material of unity value may further
comprise the step of treating the wood with modifying chemicals in a water miscible solvent,
subjecting the treated wood again to superctitical carbon dioxide and further pressure cycles until
the moisture content of the wood 1s 12-20%.

Preferably the water miscible solvent is ethanol.

The process may include carrying out the process in less than about 24 hours or less than
about 18 hours.

In the process in each of its aspects above the wood may be lumber.

Where radio frequency-drying is referred to above, in a preferred form the drying is radio
frequency vacuum-drying.

The term ‘comprising’ as used in this specification means ‘consisting at least in part of’, that
is to say when interpreting statements in this specification which include that term, the features,
prefaced by that term in each statement, all need to be present but other features can also be

present.

COMS ID No: ARCS-291421 Received by IP Australia: Time (H:m) 13:10 Date (Y-M-d) 2010-09-07
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This invention may also be said broadly to consist in the parts, elements and features
referred to or indicated in the specification of the application, individually ot collectvely, and any
or all combinations of any two or more said parts, elements ot featutes. Where specific integers are
mentioned herein which have known equivalents in the art to which this invention relates, such

known equivalents ate deetned to be incorporated herein as if individually set forth.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred forms of the invention will now be described with reference to the accompanying
figures in which:

Figure 1 is a graph showing the reduction of green wood moisture content through oven—
drying, the green wood material being sapwood of Pinus radiata D.Don (a representative softwood

species);

Figure 2 is a graph showing the reduction of gteen wood moistute content through air-

drying, the green wood material being sapwood of P. radiata;

Figure 3 is a graph showing the reduction of green wood moisture content through

supercritical carbon dioxide dewatering the green wood material being sapwood of P. radiata;
Figure 4 is a schemaric showing the cell structure in green wood;
I'igure 5 is a flow chart of one example process of the invention;
Figure 6 is a flow chart of another example process of the invention;

Figure 7 is a graph showing the reduction of P. radiatu green sapwood moisture content
through supercritical carbon dioxide dewatering at 200atm, 50°C and with no time interval
between the establishment of the supercritical fluid and its release through reduction in pressure to

atmospheric pressure;

Figure 8 is a praph showing the reduction of P. rudiatu green sapwood moisture content
through supercritical carbon dioxide at 200atm, 50°C and with a 2-minute interval between the
establishment of the supercritical fluid and its release, this time interval being defined as the
‘holding time’;

Tigure 9 1s a graph showing the reduction of P. radiata green sapwood moisture content

through supercritical carbon dioxide at 200atm, 50°C and with a 4-minute holding time;

Figure 10 is a graph showing the reduction of P. radiata green sapwood moisture content

through supercritical carbon dioxide at 400atm, 50°C and with zero holding time;

COMS ID No: ARCS-291421 Received by IP Australia: Time (H:m) 13:10 Date (Y-M-d) 2010-09-07
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Figure 11 is a graph showing the reduction of P. radiala green sapwood moisture content

through supercritical carbon dioxide at 400atm, 50°C and with a 2-minute holding time;

Figure 12 is a graph showing the reduction of P. radiata green sapwood moisture content

through superctitical carbon dioxide at 400atm, 50°C and with a 4-minute holding time;

Figure 13 1s a graph showing the reduction of P. radiata grcen sapwood moisture content

through supercritical carbon dioxide at 400atm, 50°C and with an 8-minute holding time;

Figure 14 is a graph showing the reduction of P. radiara green sapwood moisture content

through supercritical carbon dioxide at 400atm, 50°C and with a 16-minute holding time;

Figure 15 is a graph showing the reduction of Eucafpias nirens (H.Deane & Maiden) Maiden
(a representative hardwood species) green sapwood moisture content through supercritical catbon

dioxide at 200atm, 50°C and with a 2-minute holding time;

Figure 16 is a graph showing the reduction of E. miens green sapwood moisture content

through supercritical catbon dioxide at 400atm, 50°C and with a 2-minute holding time;

Figure 17 is a graph showing the reduction of E. mfens green heartwood molsture content

through supercritical carbon dioxide at 200atm, 50°C and with a 2-minute holding time;

Figure 18 is a graph showing the reduction of L. #itens green heartwood moisture content

through supercritical catbon dioxide at 400atm, 50°C and with a 2-minute holding time;

Figure 19 i1s a graph showing the reduction of L. wifens green sapwood moisture content
through air-drying;
Figure 20 is a graph showing the reduction of IZ. nitens green heartwood moisture content

through air-drying;

Figure 21 is a graph showing the passive (atmospheric pressure and 20°C) uptake of boric
acid aqueous solution into three example radiata pine boards which had been dewartered using

supercritical CO, to the fibre saturation point.

Figure 22 is a graph showing the second-stage supercritical CO2 process for removal of
boric acid agqueous solution from cell Jumens of teated wood matenal, leaving only bornic acid
solution diffused into cell walls.

Figure 23 is a graph showing the pressure cycles (and times) between using supercritical
CO2, 200 bar and gaseous COZ2 at 45°C and 42 bar and at at 45°C to cause the supercritical CO2

process to occur for dewatering green radiata pine sapwood wood (100x50x1400mm) to fibre

COMS ID No: ARCS-291421 Received by IP Australia: Time (H:m) 13:10 Date (Y-M-d) 2010-09-07
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saturation point, about 40% moistutre content. The board specimen weighed 7.36 kg green, 3.69 kg
at fibre saturation point with recovery of 3.95 kg of wood sap water.
Figure 24 is u graphical representation of the reducdon of moisture content in Pinus radiate

sapwood using cycles of supercritical CO, treatment followed by microwave drying.

Figure 25(a)-(d) is a series of NMR (Nuclear Magnetic Resonance) Spectroscopic images
showing the removal of free water from the lumens of green sapwood from greenwood and after

each cycle of applying supercritical carbon dioxide.

Figure 26(a)-(¢) is a series of NMR Magnetic Resonance) Spectroscopic images showing
the removal of free water from the lumens of green wood from green wood 26(a) and after each
cycle 26(b)-(e) of applying supercritical carbon dioxide, the wood sample including two latewood

bands and a region of compression wood.

Figure 27 is a graphical representation of proton density and moisture content of the
sapwood shown in the Figure 25 NMR images with the darkest line representing the wood in its
fully green (pre-processed) state and the next lighter, next lighter again, and lightest lines showing

proton density after the three cycles of supetctitical CO, tteatment.

Figure 28 is a graphical representation in the reduction of moisture content of the sapwood

shown in the Figure 25 NMR images.

DETAILED DESCRIPTION OF THE PREFERRED FORMS

The preferred form of the invention comptises a process for drying wood or drying wood
to prepare the wood for modification or treatment. As noted earlier, green wood often has a high
moisture content, typically up to or about 200% (of oven-dry weight). For improving the
properties and the commercial value of the wood, it is known to skilled petsons that the moisture
content should be reduced to around 12-20%.

The process of the present inventon includes the removal of water and solutes from the
lutnens of wood typically green wood using supercritical carbon dioxide or CO,. The critical
temperature of carbon dioxide is 31.1°C and the critical pressure of carbon dioxide is 72.8atm or
7.27MPa. Provided the carbon dioxide is subjccted to a temperaturc and pressurc over these
critical values, the carbon dioxide may be made to flow in a supercritical state.

Supercritical carbon dioxide extracts water from the wood based on the theory of physical-

chemical removal of water. Carbon dioxide dissolves in water over a range of temperatures and

COMS ID No: ARCS-291421 Received by IP Australia: Time (H:m) 13:10 Date (Y-M-d) 2010-09-07
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pressures in accordance with Henry’s Law. Carbon dioxide also undergoes chemical reaction with
water to form catbonic acid, bicatbonate and catbonate anions. When carbon dioxide reacts with
water, an equilibrium mixture of carbonic acid, bicarbonate and carbonate anions is formed as

shown in the equation below:

CO; +H,0 = HCO; =—= H'+HCO; =— H'+C05"

Given the properties of supercritical fluids, and the chemical equilibrium of carbon dioxide
and water, the supercritical carbon dioxide is able to extract water from the green wood at 2 much
faster rate than conventional drying processes, by manipulating the chemical equilibra shown
above by application of the Le Chatelier Principle. A comparison of the water extraction rate of
oven- and air-drying, and the extraction rate of supercritical carbon dioxide is shown in Figures 1
to 3.

It also extracts the water in a manner that is far more uniform throughout the volume of
the wood than do conventional drying methods which result in certain areas drying more quickly
and to a2 greater extent than other areas.

Cell walls are known to reduce in strength and flexibility and vary in dimension once the
water bound in the cell walls begins to be extracted in drying processes. When the cell walls in
some regions of a piece of wood dry faster than other neighbouring areas, as often occurs using
conventional drying methods, the associated changes in dimension and strength increase the
likelihood of distordon and damage to the wood. The rates at which cell walls dehydrate in
conventional drying processes is dependent not only on where in a particular piece of wood the cell
wall is but also on the moisture content in regions neighbouring the cell wall. A significant factor is
the moisture content in the lumen of the cell and surrounding cells.

The present invention provides a means to dry wood that includes a means of removing
the free water from tumens in a more uniform and faster manner throughout wood than can be
provided by most conventonal drving methods. Further this can be affected while leaving the cell
walls is a fully swollen green state. This not only makes the cell walls more amenable to treatment,
due to being in a green state and at least initially having the cell wall pits remain open, but also has
the consequence of proving a more uniform environment for cell walls when further drying to
below fibre saturation point oceurs. This in turn reduces the moisture gradient when compared to
kiln drying differential theoughout the wood during further drying and so reduces the likelihood of
damage and distortion to the wood and improves the yield of wood with utlity value. Certain
cheruical reatments that can be applied at fibre saturation point with cell walls substantially and

uniformly in fully swollen state, the uptake of which is generally better through use of the present
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process, can further increase the physical or biological durability of the wood and the wood’s cell
walls reducing further the likelihood of damage and further improving yields.

For the purposes of this speafication, increased “durability” may mean increased strength,
stiffness, hardness, flexibility, density, dimensional stability, resistance to distortion or degradation
ot any cotnbination of these.

Figure 1 shows the reduction of moisture content in P. radiata green sapwood through
oven-drying. Two plots are shown — one with the oven operating at 70°C and the other with the
oven operating at 105°C.  Under a 70°C oven-drying process, a gteen sapwood board
{(approximately 100 mm width, 50 mm thickness) with a moisture content of 174% took 23 hours
to rcach 80% moisture content and 37 houts to rcach 40% moisturc content. Under a 105°C
oven-drying process, 2 similar green sapwood board with a2 moisture content of 192% took 11
houts to reach 80% moisture content and 17 houts to reach 40% moistute content.

Figure 2 shows the reduction of moisture content in a similar green sapwood board
through air-drying, It can be seen that the sapwood board with a moisture content of 159% took 6
days to reach 80% moisture content and 9.5 days to rcach 40% moisture content.

Figure 3 shows the reduction of moisture content of similar green sapwood boards through
the use of supercritical CO, . In the plots shown, five-minute pressure cycles of supercritical CO,
were applied on the green wood at a pressure of 200atm and at a temperature of 45°C. It can be
seen that the moisture content of the green wood can be rapidly reduced from around 150-180%
to about 40 80% in as little as two to five cycles, ot 10 to 25 minutes holding time, or 1-3 houts
including the supercritical fluid establishment (pressurisation) and reduction and/or release {(de-
pressurisation) times.

The use of supercrniical CO, to remove water and solutes from the wood down to 30-80%
moisture content also has the benefit of retaining the wood’s cell wall structure in its green state. A
schematic of the green wood structure is shown generally as 40 in Figure 4. Water in the green
wood 1s found in cell walls 42 and cell lumens 44. Water in the cell lumens 44 can be removed
using the supercritical catbon dioxide processes desctibed herein without removing the water
bound to the cell walls and thus without affecting the wood’s cell wall structure.

The wood remains in its green state as indicated by the wood cell wall hydration and
porosity. Thus has advantages in the reatment of the wood to modify its properties. At or close to
fibre saturation point the wood can be treated with aqueous solutions (or non-aqueous solutions in
which solvents have some compatibility with water, such as ethanol) of chemicals which can be
used for modifying wood material, such as, but not limited to, biocides for imparting durability to
the wood ot monomers, oligomers or polymers for modifying wood mechanical and engineering

propertes, such as modulus of elasucity, density and hardness. Such solutions, as residual after
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exchange of chemicals between solutions in lumens and moisture in cell walls, can also be
subsequently removed from the wood using supercritical fluid dewateting to deliver modifying
chemicals into wood cell walls without residues in cell lumens. Wood material dewatered,
modified, and subsequently dewatered can the be readily finally dried by conventional means to
give natural or modified wood matetial of utility value but with enhanced propetties such as, but
not limited to, durability, stabihity and stiffness.

Wood treated with wood modifying materals in water miscible organic solvents such as
ethanol can be dried to 12-20% moisture content without using conventional drying processes but
using only applications of supercritical catbon dioxide, with the wood modifying materials and
ethanol supplanting the bound water in the cell walls followed by extraction of the ethanol by the
supercritical carbon dioxide.

Significant removal of water from the cell walls 42 can result in undesirable changes to the
wood structure, such as dimensional changes, shrinking and distortion of the wood. In addition,
such removal of water from the cell walls can adversely affect subsequent modification of the
wood chemical content and physical structure by application of chemicals such as, for example,
borc acid, borate salts and wood hardening formuladons. As will be detatled later, the removal of
water from the cell walls by air-, or oven-drying or other methods can adversely affect uptake of
aqueous solutions during any subsequent wood treattnent or modification process. It is therefore
desirable to remove the water from the cell lumen and vet substantially retain the water in the cell
wall. The point at which all cell lumen water has been expelled and only cell wall water temains is
called the fibre saturation point (FSP), which is typically about 30-G0% maisture content for a
softwood such as radiata pine.

It has been {ound that the use of supercrtical CO, for dewatering the wood to 30-80%
moisture content results in a wood material with cell lumen water removed while cell walls remain
fully swollen and in the green wood state. The use of supercritical CO, 1s therefore not only
beneficial for its rapidity in moisture reduction but also for its ability to do so without adversely
affecting the green wood structure. Further because of the rapidity of moisture reduction from the
lumens the sap and other solutes in lumen water is removed faster than the reactions that cause
kiln stain can occur meaning the finished product is free of kiln stain. Further because of the
rapidity and the maintaining of cell walls in a green state the pores in rhe cell walls are not closed, at
least not immediately, as occurs during conventional drying processes.

Referring to Figure 3, once the wood reaches a moisture content of about 40-80%, which is
at, around or just above the fibre saturation point, further reductions of maoisture content using
supercritical CO, do not occur with the rapidity as compated with the reduction from 150-180% to

around 40-80% moisture content. In fact the further drying thar is shown in some of the

COMS ID No: ARCS-291421 Received by IP Australia: Time (H:m) 13:10 Date (Y-M-d) 2010-09-07



A J Park 7/09/2010 2:49:10 p.m. PAGE 157040 Fax Server

2007344697 07 Sep 2010

(@]

10

15

20

25

30

35

13-

experimental results is at a rate that is difficuit to distinguish from, and is likely to be primarily due
to drying resulting from, exposure to the ambient conditions (i.e. conventional drying) during
testing rather than by the action of supercritical carbon dioxide.

[t is, however, generally necessary to further reduce the equilibrium moisture content of the
wood to about 12-20% for commercial uses. For this reason, the supercritical CO, process inay
be augmented with conventional (air-, oven— or other including supercritical fluids) drying methods
once the wood moisture content has been reduced to about 40-80%. Most preferably, the
supercritical CO, process is augmented with conventional methods once the wood has approached
40-60% moisture content. Although any conventional drying technique can be used after the
supcreritical CO, process, preferably either ait-drying or kiln-drying or RFV-drying is used.

In another form of the invention the wood having been subjected to supercritical CO,
cycles to reduce the wood to a moistute content of 40-80% may be soaked in a water miscible
otganic solvent such as ethanol and optionally a treatment agent such as botic acid. The ethanol
not only catries the treatment agent into the cell walls but also substitutes water bound in the cell
walls. Further processing by way of supercritical carbon dioxide cycles removes ethanol and allows
the moisture content of the wood to be reduced to 8-20%.

As stated above, the supercritical CO, process stops (or at least significantly slows to
insignificanr rates) extracting water at fibre saturation point. Fibre saturation point averages as
recorded in known scientific literature tend to be slightly lower than moisture content percentages
reached using the supercritical CO, process. Fibre saturation points recorded in the literature may
be lower than the true fibre saturation point due to the diying methods adopted when making such
measurements. Conventional drying methods that result in all the free lumen water being removed
also result in at least the partial and varied dehydration of cell walls 1n at least some parts of the
wood. Although the fibre may be saturated in some ot even most cell walls in a given piece of
wood, other cell walls have given up their bound water and as a result measurement of fibre
saturation point using wood dried by conventional means results in fibre saturation point data
slightly lower than the possible true saturation point. Further because conventional drying
processes continuously temove moisture at a relatively consistent rate (i.e they do not stop at fibre
saturation potnt as does supercritical CO2 drying) there is an element of subjectivity and human
error in deciding when a piece of wood has reached such a point and should be weighed. In
contrast, the supercritical CO, process results in wood that uniformly maintains fully swollen cell
walls (as evidenced by analysts of the specific density of cell wall samples taken from different
locations of the wood) and dry lumens (evidenced by NMR imaging) and irrespective of the
application of further cycles, further moisture loss is substantially restricted to an extent that it is

indistinguishable from drying that occurs due to exposure to atmospheric conditions during
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weighing of samples for the putpose of data gathering. There is a clear gradient shift in the rate of
moisture loss indicating that the drying process due to superctitical carbon dioxide application
stops at (or very close to) the fibre saturation point of the particular piece of wood.

Although the cessation of drying at fibre saturation point may be seen as a disadvaniage if
the objective is to dry the wood to 8-20% moisture content, there are also substantial benefits. Not
only does it allow retention of cell wall structural integtity and thus reduce the likelihood of
deformation but as referred (o ealier, the benefit of retaining water i the cell walls and thus the
green wood structure after dewatering using supercritical CQ, is that the dewatered wood is more
susceptible to the uptake of certain aqueous solutions at a suhsequent stage for modification of the
wood chemical content ot physical structure. For instance, it has been shown to treat dewatered
wood with chemical solutions to improve wood properties, such as biological and physical
durability. It has been found that the retention of the green structure in the wood held at fibre
saturation point greatly improves and facilitates 2 number of subsequent treatment processes, for
instance where the wood is simply immetsed in a treatment solution. Non-limiting examples of
treatment solutions include boric acid and borate salts for improving wood biclogical durability and
wood hardening or modifying formulations such as Indurite™ for improving wood physical
durability.

In addition to the supercritical CO, process being faster and affording improved wood
structure, the supercritical CO, process also avoids the disadvantage of kiln stain. As noted eatliet,
kiln stains are undesitable dark- colouted regions that arc formed on ot just under the sutface of
the wood during kiln-drying. This stain detracts from wood quality especially for appearance in
products such as furniture. After the supercritical CO, process, the wood that now has much
reduced moisture content but remains green in terms of its cell walls was found to be pale in colour
with no evidence of kiln stain.

In addition to the supercritcal CO, process being faster and affording improved dewatered
wood structure and consequently wood material quality, the supercritical CO, dewatering process
also avoids the disadvantage of toxic aerial emissions, such as those containing methanol,
formaldehyde, acetaldehyde, furfuraldehyde which can occur during the drying of green wood
using the kiln-drying process.

In the commercial process of kiln-drying where the moisture in the green wood is lost as
steam, and, depending on kiln temperature and other factors, components of the wood undergo
hydrolysis and thermolysis chemical reactions to yield small molecules such as formaldehyde,
acetaldehyde, acelic aaid and guiacol, and these small molecules can also be carned i the steam;
the consequence can be environmental contamination from these small molecuies. In contrast, the

process of application of supercritical carbon dioxide to green wood allows for collection of the
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water and solutes 1n liquid state in a container and disposal of the water through a sewage process

or alternatively, recovery of the natural compounds in the wood moisture.

Process of Supercritical Carbon Dioxide Application

One example process of the present invention will now be described with reference to the
flow chart of Figure 5. The process begins with the placement of green wood into a chamber for
removal of water and solutes from the lumens in step 500. The chamber is designed to withstand
temperature and pressure levels required for the carbon dioxide to reach a supercritical state for
processing the green wood.

Once the green wood is placed in the chamber, the temperature is increased in step 502
then carbon dioxide is introduced in step 504 and the pressure of the chamber is increased. The
temperature and pressure increase in steps 502 and 504 should be such that the environment in the
chamber exceeds the critical temperature and critical pressure of the carbon dioxide that will be
used for the supercritical carbon dioxide dewatering process. Step 502 may alternatively be
incorporated into step 500, where the green wood is placed into a preheated chamber. For the
maintenance of the chamber temperature in practice, the temperature may be kept at ot above that
of the critical point of carbon dioxide. It is also envisaged that the catbon dioxide would be heated
to a temperatute above the ctitical tempcerature before it is introduced into the chamber and the
carbon dioxide pressute increased to above the critical pressure. In this case, it may not be
necessary to increase the temperature in the chamber (or prcheat the chamber), and a
pressurisation step may be all that is required to reach a superctitical state. For carbon dioxide to
enter a supercritical state, the temperature of the chamber and the carbon dioxide within the
chamber should be over 31.1°C and the pressure in the chamber should be higher than 72.8atm.

The supercritical carbon dioxide 1s then applied to the green wood in a sequence of steps
so that the pressure of the carbon dioxide is cycled between a pressure greater than 72.8
atmospheres (e.g., 200 bar) and a pressure less than 72.8 atmospheres (e.g., 50 bar) such that the
moisture content of the green wood 1s reduced to about 40-80% moisture content, as indicated in
step 506. Step 506 may alternatively be incorporated into step 504, where, as soon as the carbon
dioxide is introduced into the chamber, supercritical carbon dioxide is formed and applied to the
green wood.

Once the moisture content of the wood reaches the range of 30-80%, the pressure (and
optionally, the temperature) in the chamber are reduced, in step 508 to allow removal of the wood
at fibre-saturation point from the chamher. Where only the pressure of the chamber was increased
in the pressurisation step, all that is required is a depressurisation step. Preferably, the pressure (and

optionally, the temperature) in the chamber are reduced once the wood moisture content reaches
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about 40-60%. The temperature may be reduced to room temperature, and the pressure may be
reduced to atmospheric pressute. The wood is then removed from the chamber and may be either
further processed ot chemically modified in order to enhance biological and/ot physical durability,
in step 510 and/or air- or oven- or RFV-dried and subsequently equilibrated to about 8-20%
moisture content, in step 512. Optionally, the green wood material may be de-watered to fibre
saturation point, and any further process such as chemical modification, may be carried out in the
same chamber as the dewatering step, provided that the design and engineering of the chamber has
allowed for introduction of wood modifying chemical solutions in addidon to the supercritical
carbon dioxide dewatering process.

Another example process is shown in Figure 6. This process also begins with the
placement of green wood into a chamber, as shown in step 600. In step 602, the temperature is
increased then carbon dioxide is introduced in step 604 and the pressure of the chamber is
increased. The temperature and pressute increase in steps 602 and 604 should be such that the
environment in the chamber exceeds the critical temperature and critical pressure of the cathon
dioxidc that will be uscd for the supcretitical carbon dioxide processing. Step 602 may alternatively
be incorporated into step 600, where the green wood is placed mto a preheated chamber. For the
maintenance of the chamber temperature in practice, the temperature may be kept at or above that
of the critical point of carbon dioxide. As described earlier with reference to Figure 5, the chamber
temperature may not need to be increased if the carbon dioxide is heated prior to introduction into
the chamber. In step 606, superctitical catbon dioxide is applied to the green wood. The processes
in steps 602 through to 606 are continued for a fixed period, which may be a ptedetermined
holding time, in step 608. Once step 608 is completed, the pressute (and optionally, the
temperature) of the chamber are reduced in step 610. Provided the moisture content has been
adequately reduced, that is to around 40-80% muoistute content, the process may proceed to step
612, where the wood is temoved from the chamber. Once removed, the wood may be either,
chemically modified in order to enhance biological and/ot physical dutability, in step 614 and/or
air- or oven-dried and subsequently equilibrated to about 8-20% moisture content, in step 616.

Where the moisture content has not been adequately reduced after step 610, the process
returns to step 602 (or optionally, 604), as shown in the figure via arrow 616, where the
pressurisation, supercrilical carbon dioxide application and depressurisation steps are repeated, as
depicted in Figure 23. The processes between steps 602 (or optionaily, 604) and 610 inclusive may
be repeated as necessary, by measuring the moisture content at the end of step 610, or alternatively,
the process may be repeated a predetermined number of times based on previous estimations to
achieve a2 wood moisture content of about 40-80%. Once this level of moisture content is

";chiev“ec], the wood is then removed from the chamber (as dépictcd in iFi.gﬁrc. 23) and mé;y. be either
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chemically modified in order to enhance biological and/or physical durability, in step 614 and/or
air-, or oven-dried and subsequently equilibrated to about 8-20% moisture content, in step 616.

By exploiting the green nature or state of the wood cell walls and theit moisture content at
or just above the fibre saturation point at the end of the supercritical carbon dioxide dewatering
process, the wood material obtained, at 30-80% moisture content, may be treated with a variety of
aqueous chemical formulations, such as, but not limited to, those containing chemicals, such as
boric acid, Indurite™ formulation for biological and physical durability enhancements.

Furthermore, by exploiting the green nature or state of the wood cell walls and their
moisture content at or just above the fibre saturation point at the end of the supercritical carbon
dioxide dewatering process, the wood matenal obtained, at 30-80% moisturc content, may be
treated with non-aqueous chemical formulations in which solvents are miscible with water, such as
low molecular weight alcohols, such as ethanol or propan-2-ol.

Examples of the aqueous solutions include boric acid and borate salts for improving wood
biological durability and wood hardening solutions for improving wood physical dutability. An
example of a non-aquecus solution includes boric acid dissolved in ethanol for improving wood
biological durability.

A further non-hmiting example includes a wood treadng chemical carried by a water
incompatible solvent such as hexane wherein that solvent is formulated with surfactants and/or
emulsifiers.

Furthermore, by exploiting the green nature or state of the wood cell walls and their
moisture content at or just above the fibre saturation point at the end of the supercritical carbon
dioxide dewateting process, the wood material obtained, at 30-80% moisture content, may be
treated with chemicals and chemical fotmulations which are deliveted to wood material using
supercritical carbon dioxide as described in US Patent No. 6,638,574,

A further application is the reduction of moisture content to 30-80% or to fibre saturation
point using supercritical carbon dioxide then further drying the wood using clectromagnetic
radiation drying such as microwave or radio-frequency drying.

Electromagnetic radiation drying removes water by exploiting the excitaton of the
dielectric water molecules while leaving the wood polymer in a predominantly un-activated state.
The cxcitation of the water molecules causes the breaking of the network of hydrogen bonds that
bind the water molecules 1o the wood and to each other allowing evaporation of the water
molecules. This drying method is most efficient at fibre saturation point and below until the water
content becomes so low that there is no more excitation and the wood starts to cool. As a result

the combination of drying to or about fibre satutation point using supercritical carbon dioxide is
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ideally complementary to drying with electromagnetic radiation such as radio frequency or
microwave drying.

Using such methods i.e. superctitical carbon dioxide followed by electromagnetic radiation
dewatering, moisture content can be reduced from fibre saturation point to 2-12% in minutes with
the resulting wood product particularly when it has a moisture content in the lower part of that
range being suitable for treatment or modification with hydrophobic compositons.

The process of the inventon is further illustrated by the following four examples, in which
Example 1 relates to the use of the invention to dry green P. radiata sapwood (a softwood) and
Example 2 relates to the use of the invention to dewater green E. witen; sapwood (a hardwood).
Lxample 3 relates to the use of the invention to dewater radiata pine sapwood and treat the
dewatered wood with boric acid solution to modify the wood’s biological durabitity. Example 4
relates to the use of the invention to dewater P. radiata sapwood using supercritical catbon dioxide

followed by electromagnetic drying, in thie example using microwaves.

Example 1

Green P. radiaia sapwood was cut into pieces (8 mm x 8 mm x 140 mm). Each green wood
piece was weighed and then placed in a laboratory high-pressure chamber and subjected to the
supercritical carbon dioxide process. Typically, it required 1 minute to either pressurise of
depressurise the vessel. Holding times ranged from 0 minutes to 16 minutes. An outlet valve was
attached to the end of the vessel to allow rapid depressurisation after the allocated holding time.

At the completion of the process, all wood samples were placed in a 12% moistuze content
room to reach equilibrium. Weights and dimensions were recorded and the moisture contents
were calculated using a predicted oven dry value.

The results from the process are shown in Figures 7-14. Table 1 below shows the total
time taken to reach an average maisture content between 40% and 46% using the supercritical CO,

dewatering process.
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(;_‘ Pressure Temperature Hold time Number of Total run Average moisture

D) cycles time content
le (atm) ) (min) (min) (%)
S 5 200 50 0 8 16 45

200 50 2 6 24 43

~ 200 50 4 6 36 M
N
ﬁ 400 50 0 7 14 44
< 400 50 2 5 20 42
N 400 50 4 4 24 42
>~ 10 400 50 8 4 40 45
->) 400 50 16 3 54 45
S

@\

Table 1
Example 2
15

Sawn timber from E. nitens 1s problemadc to dry successfully. Both flat-sawn and quatter-
sawn E. nitens boards undergo checking, distortion and collapse during drying. It has been found
to be essential for eucalyptus species to be carefully air dried.

Small-scale (8 mm x 8 mm x 140 mm) green E. zitens sapwood and heartwood samples were
20 dewatered using supercritical CO, to demonstrate the advantage of the process for producing dry
wood free of distortion.

Wood pieces were weighed, then dewatered using supercritical CO, in multiple 2-minute
cycles at 50°C and eitber 200atm or 400atm. At the completion of the process, all wood samples
were placed in a 12% moisture content room to reach equilibrium. Weights were recorded and the

25  moisturc contents werc calculated using a predicted oven dry value. The tresults are shown plotted
in Figures 15 — 18. In comparison, the results of air drying are shown in Figures 19 and 20.

Referring to Figures 15 and 16, the sapwood samples were variable and only half the
samples dewatered satsfactorily. Conversely, referring to Figutes 17 and 18, between seven and
twelve cycles were required to dewarter the heartwood samples from green to a moisture content

30 between 46% and 78%.

Referring to Figure 19, ambient air-drying of the heartwood samples took 18 hours from
green to a moisture content between 49% and 73%. A further 20 hours were required to bring the
moisture content to about 12-16%. A total of 38 hours were therefore needed to air dry the wood

from green to 12-16% moisture content.
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Previous laboratory-scale experiments showed that the rate of further drying the samples
after CO), treatment was the same as for wood that had not been CO, treated. If the initial air
drying time (18 hours) was replaced with the longest supercritical CO, dewatering time (48 minutes
= 12 x 2-minute hold + 12 x 1-minute pressurisation + 12 x 1-minute depressutisation), the time
taken to reduce the moisture content from green to approximately 40-80% would be 48 minutes.
If the air drying process is then employed to reduce this to a moisture content of 12-16%, this
second drying stage would take 20 hours as nated above. In total, an estimated 21 hours would be
required to dry the wood from green to 12-16% moistute content using a combination of
supetctitical CO, dewateting and air-drying.  This combined process applied to F. nitens

heartwood would approximately halve the time requited for air-drying only.
Example 3

Wood modification for enhancement of biological durability.

Radiata pine boards (100mm x 50 mm nominal, I.5m long), were dewatered using muitiple
pressure cycles of catbon dioxide as descrnbed in examples above. Fach board was weighed before
being placed in the pressure vessel. Tive pressure cycles, at 200 atm and 45°C, wete applied and
after each CO2 pressure cycle, the boards were weighed. The dewatering process was stopped
when the recotded rate of change of weight loss was minimal, approaching zero. When the cycles
were completed, the boards wete inmediatcly submerged in an aqucous solution of boric acid at a
concentration required to give a target concenttation in the final wood material, e.g, to achieve a
0.4% w/w retention of boric acid in wood with density 500kg/ m’ required a boric acid solution of
0.33% w/w. The boatds can be either immersed under atmospheric pressure and ambient
temperature conditions or at other pressures and temperatures, such as vacuum-pressure cycles and
elevated tempcratures which arc well-known in wood treatment processing. The boards were
removed at intervals and their weights recorded as a measure of passive uptake of the boric acid
solution. An example of the rate of uptake of an aqueous solution of boric acid into radiata pine
dewatered sapwood 1s shown in Figure 21.

The treated boatds were then either allowed to dry passively (or kiln-dried) or were kept for
a period of time ¢.g.,12 hours, at ambicat or clevated temperature and atmospheric pressure to
allow for internal diffusion of the boric acid solution from wood cell lamens containing the wood
treatment solution into the wood cell walls. In this process, the residual wood moisture in the cell
walls is exchanged with the wood treatment solution in the cell lumens. After this period of time,
the treated boards were supercritical CO, de-watered for a second time using CO2 under

conditions used for the initial dewatering, described above. Use of identical conditions for the first
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and second stage de-watering is not critical. The rate of removal of the residual boric acid solution
in the cell lumen is shown in Figure 22. This rate was faster than the first supercritical CO,
dewatering step, and this faster second-stage dewatering is consistent in all processes involving two
supercritical CO, dewatering steps for producing dry, chemically-treated wood for modifying
material biological durability. The treated wood material thus obtained can then be allowed to
passively dry or be finally kiln-dried, depending on the initial moisture content of the wood
product required by end-users. Boric acid treated wood material produced in the manner described
above has an equilibrium moisture content of 10-15%. The mechanical properties of radiata pine
wood dewatered and treated in the above-described manner are similar to those of conventionally-
dricd and treated wood matenial, c.g., average modulus of rupture (MoR) of 50 MPa and modulus
of elasticity (MoF) of 9 GPa. That the high pressures used in the process did not cause any cell-
wall damage and loss of strength and stiffness properties is supported by microscopy examination
of the cell walls which show no delamination of other obsetvable damage.

The above example using boric acid for treating wood using the supetcritical CO,
dewatering process is non-limiting in scope and onc of a numbecr of such processes which can be
carried out using biocides which are water-soluble or which can be formulated into aqueous
solution by use of emulsifiers, e.g., quaternary ammonium compounds and water-compatible co-

solvents, c.g., N-methylpyrrolidone,

Example 4

Samples of P. radiata sapwood in green condition were weighed and then placed in 2
122mL reactor vessel preheated to a temperature of 50°C. The vessel was pressurised to 200 atm
with supercritical CO, and this pressure held for 2 minutes. It took an average of 1 minute 27
seconds to pressutise the vessel and an average of 29 seconds to depressurise the vessel. The
sample was taken from the vessel and the wood weight recorded. This procedure was repeated
until the weight loss recorded was minimal. Once the CO, pressure cycles wete completed, the
sample was further dried in 2 microwave oven at full power (output 650 watts, frequency 2,450
MHz). Weights were recorded at tmed intervals until near to constant weight.

Figure 24 shows thc rate of de-wateting for each CO, pressure cycle and the rate of further
drying in the microwave oven. It can be observed that the number of cycles required to reach the
near to constant moisture contents were typically 3 to 7. For example 7 cycles were performed for
the sample DM1, 5 cycles for DMS5, 4 cycles for DMG and 3 cycles for DM4. Each pressure cycle
of 2 minutes also included a 2 minute allowance for both pressunsarion and depressurisation. The

data show that for wood drying alone 5 sequences of application of supercritical CO, — gaseous
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CO, cycling followed by microwave drying is sufficient to produce satisfactory dry wood material.
Moisture content in the wood teached 2%.

Figure 25(a)-(d) shows NMR images of green radiata sapwood undergoing drying by
application of cycles of supercritical CQ, at 45 degrees Celsius and 200 bar. The NMR imaging
shows proton density effectively showing free water in the lumen of the wood as areas of
brghtness. After 4 cycles the moisture content of the wood has reduced from the original 158% to
144% to 127% to 67% (image 25(d)). Image (d) is substantially black meaning there is an absence
of free water in the lumen of the wood. At a moisture content of 67% all remaining water is
bound in cell walls. The images show that m a wood sample of substantally homogenous nature
that the removal of free water by supercritical CO, 1s quite uniform. The moisture content of the
wood having all free water removed is slightly higher than the usual estimations of fibre saturation
point, however, the absence of free water is evident, so the variation may be the result of the
limitatdons of established methods of measuring FSP and due to the unique nature of any given
piece of wood. As shown in the Examples described hetein (e.g. with reference to Figutes 11-14)
there is no substantial further moisture reduction caused by the action of supercritical CO, if
further cycles are applied.

Figure 26(a)-(e) shows NMR images of the supercritical drying process applied to a piece of
wood containing latewood rings (late wood bands also shown at the top and bottom of the
sapwood images (Fig 25)) and comptession wood. Interestingly, the latewood in this sample shows
virtually no free water even when fully green. Further it is apparent that the free water in the
compression wood (the areas of brightness remaining in images (c) and (d)) shows a resistance to
removal and it takes two more cycles to remove the water from the compression wood than it does
from the surrounding wood. The use of supercritical CO2 drying allows the cell walls of the
surrounding wood to remain in a green state while the free water in the compression wood is
removed. In conventional drying the cell walls in the surrounding wood would likely be desiccated
10 a greater or lesser degree by the time the free water is removed from the compression wood. As
a result the compression wood cell walls would remain fully swollen and green while at the same
time the cell walls of the surrounding wood would be at less than FSP and be experiencing the
changes in structure, strength and dimension that occur with the drying of cell walls. The

consequence would be a greater likelihood of warping and checking,
There 15 the possibility that due to the absence of lumen water, latewood may be more

susceptible to advanced cell wall drying and degradation when subjected to conventional drying

techniques. This may also contribute to checking.
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The retention of the green cell wall state throughout the wood and the reduction in
moisture gradients across the wood (when compared to traditional drying techniques) result mn
lower distortion rates using supercritical CO, drying than are experienced in traditional drying
methods.

Through the combined process of green wood material dewatering using supercritical CO,,
treatment of the dewatered wood material with aqueous-based biocides formulations and
employing a second-stage dewatering step using supercritical CO,, treated wood material of utility
value can be obtained more rapidly and with final material quality better than that obtained by
using conventional kiln-drying, treating with chemical formulations and re-drying.

The foregoing describes the invention including preferred forms thereof for the
supercritical carbon dioxide process for producing dry wood material or for producing wood
material at or above fibre saturation to facilitate further wood modification, such as treatment with
biocides for biological durability enhancement and with polymers for physical durability
enhancement. Alterations and modifications as will be obvious to those skilled in the art are
intended to be incorporated within the scope hereof ad defined in the accompanying claims.

In this specification where reference has been made to patent specifications, other external
documents, or other sources of information, this is generally for the purpose of providing a context
for discussing the features of the invention. Unless specifically stated otherwise, reference to such
external documents 1s not to be construed as an admission that such documents, or such sources of
information, in any jurisdiction, are prior art, or form part of the common general knowledge in

the art.
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CLAIMS:

1. A process for removing water and solutes from the lumens of green wood, which
comprises subjecting the green wood to supercritical carbon dioxide and removing water and
solutes from the lumens of the wood while leaving the cell walls throughout the wood uniformly

fully swollen.

2. A process according to claim 1 wherein the wood has a moisture content above the fibre

saturation point of the wood.

3. A process according to claim 1 wherein the wood has a moisture content in the range about

180% to about 150% of the oven dry weight of the wood.

4. A process according to any one of claims 1 to 3 including subjecting the green wood to
supercritical carbon dioxide until the moisture content of the wood 1s in the range about 30% to

about 60% of the oven dry weight of the wood.

5. A process according to any one of claims 1 to 3 including subjecting the green wood to
supercritical carbon dioxide until the moisture content of the wood 1s in the range about 30 to

about 80% of the oven dry weight of the wood.

6. A process according to any one of claims 1 to 3 including subjecting the green wood to
supercritical carbon dioxide until the moisture content of the wood 1s at or about the fibre

saturation point of the wood.

7. A process according to any one of claims 1 to 6 including subjecting the green wood to the

supercritical carbon dioxide m cycles.

8. A process according to claim 7 including subjecting the green wood to the supercritical

carbon dioxide in cycles of pressurisation and followed by depressurisation.

9. A process according to claim 8 including subjecting the green wood to the supercritical
carbon dioxide in cycles of pressurisation to a supercritical pressure followed by depressurisation to

a sub-critical pressure.
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10. A process according to claim 9 including subjecting the green wood to the supercritical
carbon dioxide in cycles of pressurisation to a supercritical pressure followed by a holding time at

elevated supercritical pressure followed by depressurisation to a sub-critical pressure.

11. A process according to any one of claims 7 to 10 including varying the number and/or
duration and/or temperature and/or pressures of the cycles pressurisation and depressurisation

and optionally holding time to maximise the rate of moistute reduction of the wood.

12. A process according to claim 10 including subjecting the wood to the supercritical catbon
dioxide in cycles of pressurisation to a supercritical pressure followed by a holding ume between
about 10 and about 25 minutes at supercritical pressure followed by depressutisation to a

subcritical pressure.

13. A process according to any one of claims 7 to 12 including subjecting the green wood to
supercritical carbon dioxide in said cycles at a temperatures above 32°C such that the moisture
content of the green wood is reduced to between about 30 and about 80% of the oven dty weight

of the wood.

14. A process according to any one of claims 7 to 12 including subjecting the green wood to
supercritical carbon dioxide in said cycles at a tempetatures above 32°C such that the moisture

content of the green wood is reduced to about fibre saturation point.

15. A process according to any one of claims 7 to 14 wherein said cycles include a scquence of

pressure cycles between pressures in the range 72>200 bar and 1-72 bar.

16. A process according to any one of claits 7 to 15 including a depressurisation step which
includes removing carbon dioxide from the chamber, and pumping it into a second drying chamber

operating in parallel.
17. A process according to any one of claims 1 to 16 including subsequently further drying the

wood to a moisture content of in the range about 12 to about 20% of the oven dry weight of the

wood.
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18. A process according to claim 17 comprising carrying out the further drying by subjecting
the wood to any one or more of air- azeotropic-, freeze-,electromagnetic radiation- such as radio

frequency- and microwave-, or kiln-drying or additional supercritical fluid processing.

19. A process according to claim 18 wherein the step of air- electromagnetic radiation- such as
radio frequency- and microwave-, or kiln drying the wood includes, or is followed by, keeping the

wood in an environment in order to reach ambient equilibriurn moisture content of about 12-20%.

20. A process accotding to cither of claims 17 ot 18 including carrying out said removing water

and further drying in less than about 24 hours.

21. A process according to either of claims 17 to 18 including carrying out said removing water

and further drying in less than about 18 hours.

22. A process according to any one of claims 17 to 21 comprising treating the wood with a
liquid formulation effective to increasc biological durability or physical durability after said

removing water but before said further drying.

23, A process according to any one of claims 17 to 21 comprising treating the wood with one
or more modifying chemicals ot materials in an aqueous or aqucous-compatible formulation

effective to increase biological durability or physical durability after said removing water but before

said further drying.

24, A process according to any one of claims 17 and 23 compusing treating the wood with one
or more modifying chemicals or materials in a non-aqucous but water-miscible solvent, effective to

increase biological durability or physical durability after satd removing water but before said further

drying.
25. A process according to claim 24 wherein the solvent is an organic solvent.
26. A process according to claim 25 comprising treating the wood with boric acid in ethanol.

217. A process according to any onc of claims 22 to 26 comprising impregnating said hquid

formulation 1nto the wood.
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28. A process according to any one of claims 1 to 27 wherein the wood 1s lumber.

29. Wood diied by the process of any one of clains 1 to 28.
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Supercritical CO, treatment to remove aqueous
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