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«“IMPROVEMENTS RELATING TO WOOD DRYING”

FIELD OF THE INVENTION

The plesent invention relates to a process for the selective removal of water and solutes
from wood using a supercritical carbon dioxide. In pamcular but not exclusively, the mvention
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, in a living tree or newly cut lumber for example, often has a high
moisture content with the moisture content Va.q’fing depending on the particular type and location
of the wood and the type and condition of the tree. The moisture is made up of bound water, that
1s, water bound within the cell walls and bound to carbohydrates ana iignin polymers that are
components of the cell'walls; and free water, that is, water in the lumens. The lumens also_ often
contain sap and other solutes in the free water. Although there is great variation between tree

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

'Welght of the wood).

For uulity purposes, unless it is drled (a process known as seasonmg) wood w1th a high
moisture content, herein ‘green wood’, has undesirable properties including instability during
drying and susceptibility to deterioration. Changes in the dimensions of wood due to changes in
moisture content create significant problems when used in cons&uction. It is therefore common
practice to dry green wood in an attempt to produce a stablé, practical material and to max'unise‘its.
utility value. Because of the non-uniformity of wood and its high moisture content, it is 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 and 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 is
climate dependent and is generally a slow process. The advantage of passive air-drying is simplicity
and that it is 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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form.ed on the wood, and higher internal moisture gradient stresses (for instance the outside of the
wood dries while the mside 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 in 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 greatet rate than water is lost from the cell walls and lumens of other
pdrts of the wood. Imaging of wood during the drying processnwhen 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 is often damage to the 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 sometimes with different patterns of
moisture di»stribAution) artd cause damage to cell walls and wood. .-

‘ It 1s also known to dry wood by electromagnetic radiation drying such as radié frequency
drying and mjcrowztve drying. Radio frequency vacuum (‘RFV’) drying in patdcular, results in less
moisture gradiant stress than air or kiln drying but these methods are time consuming and requites
high energy input particularly when the wood has high moisture contetlt. 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 eXhlblt properties of both gas and liquid When subject to
temperatures and ptessures above those of the critical point of the fluid. A fluid in a supetctmcal
state thus has the solvatmg 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. 6,638,57»4, supercritical fluids are used for irrtptegnating preservatives
into wood, whlle in US Patent No 4,308,200, supercritical fluids are used for extracting organic
substances from wood. The known methods as described in the prior art utilise the solvating
qualities of supercritical carbon dioxide and have been applied to carry timber treatments
(insecticides etc.) into conventionally pre-dried timber, MDF board, laminated veneers etc, ot carry

Otganic substances out of pre-dried particulated wood.
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In US Patent No. 5,041,192, in particular in column 4 hnes 14-18, it is briefly noted that
supercritical fluids can be used for drying wood 1n specialty applicatiohs. A possible speciality
applicatjon'is the process for drying of archaeological samples developéd 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-
auﬁospheric 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 er further chAemjc'al 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 chemustry. It 1s therefore seen as a “dry”
chemistry. As a result, the use of supercritical carbon dioxide 1 relation to wood has uniformly
been in relation to pre-dried wood or wood wherein the water content has been substituted by an
organic solvent such as methanol. -

It 1s an object of the present invention to either provide an improved process for the
removal or watér 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 r-noisturer 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 passixre drying by '111 and active
drying by éir, etther bthroqgh oven—I ot 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 typicaﬂy accompanied by air movement via fans or similar. The term

“oven-dry weight of the wood” is 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 harvesting 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 stll retains a moisture éontent'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 {vhich 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 water 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 different regions of the wood. The term
is used to differentiate the present invention from traditonal 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” refers to sawn umber, typically sawn from légs, comprising wood
lengths of dﬁneﬁsions suitable for tmber framing applicatons eg, 100 x 50mm in cross-section,
beams; and boatds; all whether planed or unplaned (as opposed to timber for non-structural ot
finishing applications). |
, In a first aspect, the invention broadly consists in a process for removing_\vater and solutes
from the lumens of green \V‘OOd‘, while leaving the cell walls throughout the wood u-niformiy fully
swollen, by subjecting the green wood to su.percritical carbon dioxide.

Preferably, the water and solutes 1s removed unul the moisture content of the wood 1s

.about 30-80%. -

Preferably, the water and solutes 1s removed unul the wood 1s at or about fibre saturation
point.

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

In a second aspect, the invention broadly consists in wood comprising uﬁiforr‘nly fully
swollen cell walls andvhaving a moisture content of about 30-80%.

In a third aspect; the invention broadly consists in wood comprising uniformly fully
swollen cell walls with lumens substanually free of water.

Preferably the lumens of t};e wood are free from solutes that cause or are mvolved in the
formation of kiln stain.

In a fourth aspect, the invention broadly consists in process for drying green wood
comprising the steps of: removing the water and solutes from the lumens of the green \xféod using
supercritical carbon dioxide to take the wood to a moisture co.ntent of about 30-80%; and further

drying the wood to a moisture content of about 12-20%.
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" Preferably the wood is further dried using one or more of air-, azeotropic-, freeze-,

electromagnetic radiation- such as radio frequency- and microwave-, or kiln-drying or additional
: g q ¥ ) ying

supercritical fluid processing.

Preferably the supercritical carbon dioxide is applied on the green wood to reduce the

5 moisture content of the green wood to about 30-60%.

In a fifth aspect, the invention broadly consists in a process for drying green wood

'compris'mg the steps of: applying supercritical carbon dioxide to the green wood to remove the

water, solutes from the lumens taking the wood to fibre saturation point; and further drying the

wood to a moisture content of about 12-20%.

10 Preferably the wood 1s further dried using one or more of air-, azeotropic-, freeze-,

electromagnetic radiation- such as radio frequency- and - microwave-, or kiln-drying or additional

supercritical fluid processing.

Preferably the supercritical carbon dioxide is applied in cycles.

Preferably each cycle of supercritical carbon dioxide application has a pressurisation step

15 which is followed by a depressutisation step.

Preferably each cycle of supercritical carbon dioxide application includes a holding time

step after pressurisation but before depressurisation.

Preferably the number and duration and temperature and pressures of the pressurisation

and holding time and depressurisation steps of the cycles are optimised in order to maximise the

20 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 1s followed by, keeping the

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

Preferably the process for drying wood further comprises the step of treating the wood

25 with modifying chemicals or materials in an aqueous or non-aqueous solution before or after air- or

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

30 of supercritical carbon dioxide to remove aqueous solution residues 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 methods to 12-20% moisture content.

In another preferred form of the mvention the step of treating the wood comprises

35 modifying chemicals or materials in a non-aqueous but water-miscible solvent.
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Pfefembly the solvent is an organic solvent such as ethanol.

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

Preferably after treatment using modifying chemicals or materials 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%. »

Alternatively, after treatment using modifying chemicals or materials in a water muscible
oi_-ganjc 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% mo'i‘sture content.

In a sixth aspect, the vinvenrio_n broadly consists in a process for drying green wood
comprising the steps of: placing the green wood into a chamber; ihtroducing carbon dioxide into
the chamber so as to form supercritical carbon dioxide within the chamber; applying the
supercritical carbon dioxide on the green wood through a sequence of pressure cycles (e.g., from
722200 bar to 1-72 bai') at 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%. | ‘ |

In a seventh aspect, the irﬁvention broadly consists in a process for drying green wood
comprising the steps of: placing the green wood into a charﬁber; introducing carbon dioxide into
the chamber so :as to form supercritical carbon dioxide within the chamber; applying the

supercritical carbon dioxide on the green wood through a sequence of pressure cycles (e.g., from

722200 bar to 1-72 bar) at temperatures above 32°C such that the moisture content of the green

wood is reduced to fibre saturation point; removing the wood from the chamber after the number
of pressure cycles h_as been completed; and further reducing the moistute content of the wood to
about 12-20%.

In an eighth aspect, the inventon broadly consists in a process for drying green wood
comprising the steps of: placing the green wood in a’chamber, introducing supetcritical carbon

dioxide and carrying out a sequence of pressure cycles (e.g., from 722200 bar to 1-72 bar) at

temperatutes above 32°C such that the moisture content of the green wood 1s reduced to about 30-
80%; reducing the pressute of the chamber; removing the wood from the chamber; and further
processing the wood such that the moisture content of the wood is reduced to about 12-20%.

Preferably the supercritical carbon dioxide is applied on the green wood to reduce the moisture

content of the green wood to about 40-60%.
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In a ninth aspect, the invention broadly consists in a process for drying green wood
comprising the steps of: placing the green wood in a chamber, mtroducing supercritical carbon
dioxide and carrying out a sequence of pressure cycles (e.g., from 722200 bar to 1-72 bar) at

temperatures above 32°C such that the moisture content of the green wood is reduced to fibre
saturation point; reducing the pressure bf the chamber; removing the wood from the chamber; and
further redﬁcing the moisture content of the wood to about 12-20%.

Preferably the supercritical carbon dioxide 15 applied in fixed-duraton c&cles 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 cbnéist of pressurisation and depressurisarjon steps at
controlled rate. |

Preferably the depressurisation step includes renioviﬁg carbon dioxide from the chamber, -
and pumping 1t into a second drying chamber oberating in parallel. :

Preferably the step of air-, electromagnetic radiation- such as radio frequency- and
microwave-, ' or oven-drying the wood includes, or 1s followed by, keeping the wood in an _
environment in order to reach ambient equilibrium moisture content of about 12-20%.

- Preferably the process for producing dry wood material of utility value may further
comprise the step-of treating the wood with modifying chemicals or materials in an aqueous or
non-aqueous solution before or after air-, azeotropic-, electromagnetic radiation- such as radio
frequency-and 1hicrowave-, freeze- or kiln-drying or other supercritical process.

In a tenth aspect, the invention broadly consists in a process for measuring the fibre
saturation point of wood by: applying supercritical CO, treatment cycles untl moisture content
reduction s de minmzs, weighing, kiln-drying or radio frequency-drying or ﬁﬁcrowave drying the
wood till dry, reweighirlg and calculaﬁng the fibre saturaton point. |

In a eleventh aspect, the inventon broédly consists 1n a process for drying greén wood

comprising the steps of: placing the green wood into a chamber; introducing carbon dioxide into

the chamber so as to form supetcritical carbon dioxide within the chamber; applying the

supercritical carbon dioxide on the green wood through a sequence of pressure cycles (e.g., from

722200 bar to 1-72 bar) at temperatures above 32°C such that the moisture content of the green

wood 1s reduced to fibre saturation point; treating the wood with modifying chemicals in a water

miscible solvent, subjecting the treated wood again to supercritical carbon dioxide and further
pressure cycles unul the moisture content of the wood is 12-20%.

Preferably the water miscible solvent is ethanol.
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In a twelfth aspect the invention comprises a process for drying wood comprising the steps
of: |

removing water from the wood by subjecting the wood to supercritical carbon dioxide to
reduce the Woo'd to a moisture content in the range about 30 to about 80% of the oven dry weight
of the wood; and |

further dr)riﬁg the wood to a moisture content in the range about 12 to about 20% of the
6\7en dry weight of the wood.

| In a thirteenth aspect the inventon comprises a process for processing wood comprising
the steps of:

removing water from the wood by subjecting the wood to supercritical carbon dioxide to
reduce the wood to a moistutre content in the range about 30 t0 80% of the oven dry weight of the
wood; and | ‘

 treating the wood with a liquid formulation effective to increase Biological durability of . -
physical durability of the wood.

Preferably the p‘rocess comprises impregnating said hiquid formulation into the wood.

The liquid formulation may be an aqueous or aqueous—compatible solution effective to
increase biological durability or physmal durability of the wood

The hquid formulation may comprise one or more modifying chemicals or materials in
solution comprising a non-aqueous but water-miscible solvent, effective to increase biological
durability or physical durability of the wood. The solvent 1nay be an organic solvent.

In a fourteenth éspect, the invention broadly consists in a process for drying green wood
compiising the steps of: removing the water and solutes from the lumens of the green wood using
surﬁercrirjcal carbon dioxide to take the wood to a moisturé content of\ about 30-80%;.and further
drying the wood using microwave or radio frequency drying to 2 moisture content of about 2-12%.

In a ﬁfteenf_h aspect, the invention broadly consists in a process for removing water and
solutes from lignocellulosic material, while leaving. the cell walls throughout the lignocellulosic '
material uniformly fully swollen, by subjecting the lignocellulosic material to supercritical carbon
dioxide. |

In a sixteenth aspect, the invention broadly consists in a process of drying wood or other

lignocellulosic material having a moisture content greater than the fibre saturation point and

reducing the moisture content of the wood or other hgnocellu1051c material to fibre saturation
point using supeLCLmCal carbon dioxide.

In the process of the inventiqn in each of its aspects above 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.
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Where radio fréquency—dlying is referred to above, in a preferred form the drying is radio
.frequ.ency vacuum-drying.

Thé term ‘comprising’ as used in this specification means ‘consisting at least 1n part of’, that
is to say when interpreting statements in this specification which include that term, the features,
prefaced by that term in each statemeht, all need to be present but other features can also be
present. . |
| This invention may also be said broadly to consist in the parts, elements and features
referred to or indicated in the specificadon of the application, individually or collectively, and any
or all combinations of any two or more said parts, elements or features. Where épeciﬁc integers are
mentioned herein which have known equivalents in the art to.which this Iinvention relates, such

known equivalents are deemed 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 greeﬁ wood moisture content through oven—
drying, the green wood material being sapwood of Pinus radiata D.Don (a representative softwood

species);

Figure 2 1s a graph showing the reduction of green wood moisture content through air-

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

Figure 3 1s a graph showing the reduction of green wood moisture content through

superctitical carbon dioxide dewatering the green wood material being sapwood of P. radiata;
Figure 4 is a schematic s.howing the cell structure in green wood;
Figure 515 év flow chart of one example process of the invention;
Figuré 6 s a flow chart of another example process of the mvention;

Figure 7 is a graph showing the reduction of P. radiata 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 graph showing the reduction of P. radiata green sapwood moisture content

through supercritical carbon dioxide at 200atm, 50°C and with a 2-minute interval between the
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establishment of the supercritical fluid and its release, this time interval being defined as the
‘holding ume’;
Figure 9 is a graph showing the reduction of P. radiata green sapwood moisture content

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

Figure 10 1s-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;

Figure 11 1s a graph showing the reduction of P. radiata green sapwood moisture content
g grap g g p

through supgrcritical 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 supercritical carbon dioxide at 400atrh_, 50°C and with a 4-minute holding time;

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

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

Figure 14 1s a graph showing the reduction of P. rudiata green sapwood motsture content
g grap g g p

through supercritical carbon dioxide at 400atm, 50°C and with a 16-minute holding time;
Figure 15 1s a graph showing the reduction of Ewcalyptus nitens (H.Deane & Maiden) Maiden
(a representative hardwood species) green sapwood moisture content through supercritical carbon

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

Figure 16 1s a graph showing the reduction of E. uitens green sapwood moisture content

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

Figure 17 1s a graph showing the reduction of E. witens green heartwood moisture content
through supercritical carbon dioxide at 200atm, 50°C and with 2 2-minute holding time;

Figure 18 is a graph showing the reduction of E. niens green heartwood moisture content
through supercritical catbon dioxide at 400atm, 50°C and with a 2-minute holding tme;

Figure 19 is a graph showing the reductuon of [:. nifens green sapwood moisture content
through air-drying;

Figure 20 is a graph showing the reduction of E. nifens green heartwood moisture content -
through air-drying;

Figure 21 1s 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 dewatered using

) _

supercritical CO, to the fibre saturation point.
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Figure 22 1s a graph showing the second-stage supercritical CO2 process for removal of
boric acid aqueous solution from cell lumens of treated wood material, leaving only boric 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 CO?2 at 45°CAand 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
saturation point, about 40% moisture 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 a graphical representation of the reduction of moisture content in Pinus radiate

sapwood using éycle’s of supércritical CO, treatment followed by microwave drying.

Figure 25(a)-(d) 1s a seties 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 supercritcal carbon dioxide.

Figure 26(2)-(e) 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 catbon 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 supercritical CO, treatment.

Figute 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 comprises 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%.
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The proeess of the present invention includes the removal of water and solutes from the
lumens of wood typically green wood using supercritical c.arbon dioxide or CO,. The critical
temperature of carbon dioxide is 31.1°C and the critical pressure of carbon dioxide 1s 72.8atm or
7.27MPa. Provided the carbon dioxide 1s subjected to a temperature and pressure over these
critcal 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-
ehemical removal of .water. Carbon dioxide dissolves in water over a range of temperatures and
pressures in accordance with Henry’s Law. Carbon dioxide also undergoes chemical reaction with
water to form carbonic acid, bicarbonate and carbonate 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; + H0 =—=> H,CO3; =——= H' +HCOy =—= H"+CO;"

Given the properties of supercritical fluids, and the chemical equilibrium of carbon dioxide
and water, the supercritical carbon dioxide 1s able to extract water from the green wood at a much-
faster rate than conventional drying processes., by manipulating the chemical equilibria shown
above by application of the Le Chatelier Principle. A corﬁpgrison 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 a 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 ateas, as often occurs using

conventional drying inethods, the associated changes 1n dimension and strength increase the
likelihood of distortion and damage to the wood. The rates at which cell walls dehydrate in
conventional drymg processes is dependent not only on where in a particular piece of wood the cell
wall 1s but also on fhe moisture content in regions neighbouring the cell wall. A sigrﬁﬁcant factor is
the moisfure content in fhe lumen of the cell and surrounding cells.

The present ifivention provides a means to dry wood that includes a means of removing
the free water from lumens in a more uniform and faster manner throughout wood than can be
provided.by most conventional drying methods. Further this can be affected while leaving the cell

walls 15 a fully swollen green state. This not only makes the cell walls more amenable to treatment,
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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 environmerit for cell walls when further drying to
below fibre saturation point occurs. This in turn reduces the moisture gradient when compared to
kiln drying differential throughout the wood during further drying and so reduces the likelihood of
damage and djstoftion to the wood and improves the yield of wood with utility value. Certain
chemical treatments .that can be applied at fibre saturation point with cell walls substantially and .
ﬁnif_ormly in fully swollen state, the uptake of which is generally better through use of the present
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 specification, increased Z‘durabﬂity” may mean increased strength,
stiffness, hardness, flexibility, density, dimensional stability, resistancé to distortion or degradation
or aliy combination of these. |

Figure 1 shows the reduction of moisture content in P. radiata gréen 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 green sapwood Board
(approximately 100 mm width, 50 mm thickness) with a moisture content of 174% took 23 hours

to reach 80% moisture content and 37 hours. to reach 40% moisture content.. Under a 105°C

~oven-drying process, a similar green sapwood board with a moisture content of 192% took 11

hours to reach 80% moisture content and 17 hours to reach 40% moisture content.

Figure 2 shows the reduction of moisture content‘ in a sitnilar 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 reach 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 supercritcal 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 cén be rapidly reduced from around 150-180%
to about 40-80% in as little as two to five cycles, or 10 to 25 minutes holding time, or 1-3 hours
including the supercritical ﬂﬁid establishment (pressurisation) and reduction and/or release (de-
pressurisation) times.

The use of supercritical 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 greer'l wood structure is shown generally as 40 in Figure 4. Water in the green
wood is found in cell walls 42 and cell lumens 44. Water in the cell lumens 44 can be removed
using the supercritical carbon dioxid‘e processes described herein without removing the water

bound to the cell walls and thus without affecting the wood’s cell wall structure.
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The wood remains in its green state as indicated by the wood cell wall hydration and
porosity. This has advantages i.n the treatment of the \vood t(; modify its properties. At or close to
fibre saturation point the wood can be treated with aéueous solutions (or non-aqﬁeous solutions in
which‘solvents’ have. §o1ne compatibility with water, such as ethanol) of chemicals which can be

used for modifying wood matérial, such as, but not limited to, biocides for imparting durability to

. the wood or monomers, oligomers or polymers for modifying wood mechanical and engineering

.properties, such as modulus of elasticity, density and hardness. Such solutions, as residual after
exchange of chemicals between solutions in lumens and moisture in cell walls, can also be
subsequently removed from the wood using supetcritical fluid dewatering to deliver modifying .
chemicals into’ wood cell walls without residues in cell lumens. Wood material dewatered,
modified, and subsequenty dewatered can the be readily ﬁnvally dried by conventional means to
give natural or modified wood .n.'laterial of utility value but with enhanced properties such as, but
not limited to, durability, stability and suffness. |

Wood treated with wood modifying materials in water miscible organic solvents such as
ethanol can be dried to 12-20% moisture c‘onteﬁt without using conventional drying processes but
usirig only applicﬁtions of supercritical carbon dioxide, with the wood modifying materials and
ethanol supplantng the bound water in the cell walls followed by extraction of the ethanol by the
supercritical carbon dioxide. . _ V

Significant removal of \vate.r 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 additon,
such removal of water from the cell walls can adversely affect subsequent modification of the
wood chemical content and physical structure by appliéation of chemicals such as, for example,
botic acid, borate salts and wood hérdening formulatons. As will be detailed 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 treatment or modification process. It is therefore
desirable to remove the water from the cell lumen a.nd yet substantially retain the water in the cell
wall. The point at which all cell lumen water has been expelled and only cell wall water remains is
called the fibre saturation point (FSP), which is typically about 30-60% moisture content for a
softwood such as radiata pine. ' _

It has been found that the use of supercritical 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 1n 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 1s removed faster than the reactions that cause:
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kﬂn.stainvcan oceur meaning the finished product is free of kiln stain. Further because of the
rapidity and the maintaining of cell walls 1n a green state the bores in the cell walls are not closed, at
least not immediately, as occurs dﬁring conventional drying processes.

Referring to Figure 3, once the wood reaches a moisture content of about 40-80%, which 1s
at, around or jus.t above the fibre saturation péint, further reductions of moisture content using

supercritical CO, do not occur with the rapidity as compared with the reduction from 150-180% to

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

' e#perimental results is at a rate that 1s difficult to distinguish from, and 1s likely to be primarily due

to drying resulting from, exposure to the ambient conditions (i.e. conventional drying) duringv
testing rather than by the action of supercritical carbon dioxide.

[t 15, however, generally necessary to further reduce the equilibrium moisture éontent of the
wood to about 12-20% for commercial uses. For this reason, the supercritical CO, process may
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
superctitical CO, proﬁéss 1s augmented with conventonal methods once the wood has approached

40-60% moisture content. Although any conventional drying technique can be used after the

“supercritical CO, process, preferably either air-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 moisture content ot 40-80% may be soaked in a water miscible
organic solvent such as ethanol and optionally a treatment agent such as boric acid. The ethanol
not only carries the treatment agent into ithe cell walls but also substitutes water bound 1n the cell
walls. Further processing by way of supercriucal carbon dioxide cycles removes ethanol and allows
the motsture content of the wood to be reduced to 8-20%. |

As stated above, the supercritical CO, process stops (or at least significantly slows to
insignificant rates) extracting water at fibte saturation point. Fibre saturétiQn point averages as
recorded in known scientific literature tend to be sﬁghtly lower than moisture content percentages
reached using the supércritical CO, process. Fibre saturation points recorded in the literature may
be lower than th_.e true fibre saturation point due to the drying methods adopted when making such
measurements. Conventional drying methods that result in all the free lumen water being removed
also result 1 at least the partial and varied dehydration of cell walls in at least some parts of the
wood. Although the fibre may be saturated in some or 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
nghtly Jlower than the possible true saturation point. Further bécause conventional drying

processes continuously remove moisture at a relatively consistent rate (i.e they do not stop at fibre
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saturation point. as does supercritical CO2 drying) there is an element of subjectivity and human
error in deciding \?hen 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 analysis of the specific density of cell wall samples taken from different
locations of the'wo.od) and dry lumens (evidenced by NMR imaging) and irrespective of the
application of furthér cycles, further moisture loss is substantially restricted to an extent that it is
indistinguishable from drymg that occurs due to exposure to atmospheric conditions during
weighing of samples for the purpose of data gathering. There is a clear gradient shift in the rate of
moisture loss indicating that the drying process due to supercritical carbon dioxide application
stops at (or very close to) the fibre saturation point of the particular piece of wood.

Althoﬁgh the cessation of drying at fibre saturation pbint may be seen as a disadvantage if
the objective 1s to d.Ly the wood to 8-20% mois.ture content, there are also substantial benefits. Not
only does it allow retention of cell wall structural intégrity'and thus reduce the likelihood of -
deformation but as referred to earlier, the benefit of retaining water in the cell walls and thus the
green wood structure after dewatering using supercritical CO, is that the dewatered wood 1s more
susceptible to the‘uptake of certain aqueous solutions at a subsequent stﬁge for modification of the
wood chemical content or 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 a number of subsequent treatment processes, for

instance where the wood is simply immersed in a treatment solution. Non-limiting examples of

treatment solutions include boric acid and borate salts for improving wood biological durability and

wood hardening or rribdifying 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 earlier,
kiln stains are undesirable dark- coloured regions that are formed on or just under the surface of
the wood during kiln-drying. This stain detracts from wood quality especially for appearance in
products such as furniture. A‘fter_: 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 supercritical CO, process being faster and affording improved dewatered

wood structure and consequently wood material quality, the supercriical CO, dewatering process

also avoids the disadvantage of toxic aerial emissions, such as those containing methanol,
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formaldehyde, aéetaldehyde, 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, acetic z;cid and guiacol, and these small molecules can also be catried in the steam;
the consequence can be environmental contaminavtion from these small molecules. In contrast, the
process of application of supercritical carbon dioxide to green wood allows for collection of the
water and solutes in 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 déscribed with reference to the
flow chart éf Figure 5. The process begins with the placement of greeﬁ wood into a chamber for
removal of water and sdlutes from the lumens in step 500. The chamber 1s désign_ed to withstand
temperature and pressure levels required for the carbon dioxide to reach a supercritical state for
processing the green wood.

Once the greeﬁ wood 1s ‘placed in the chamber, thé temperature 1s increased in-step 502
then carbon dioxide is introduced ih 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 ‘catbon dioxide dewatering process. Step 502 may alternatvely be
incorporated into step 500, where the green wood is placed into a preheéted chamber. For the
maintenance of the chamber temperature in practice, the temperature may be kept at or above that
of the critical point f_)f carbon dioxide. It is also envisaged that the carbon dioxide would be heated
to a temperaturevabove the critical temperature before it i1s introduced mnto the chamber and the
carbon dioxide pressure increased to above the critical pressure. In this case, it may not be
necessary to increase the temperature in the chamber (or preheat the chamber), and a
pressurisation step may be all that is required to reach a supercritical state. For carbon dioxide to
enter a supercritical state, the temperature of the chamber and the carbon dioxide within the
chambef should be over 31.1°C and the pressure in the chamber should be higher than 72.8atm.

The sﬁ.percriticval cartbon dioxide is then applied to the green wood 1n a sequence of steps
so that the pressure of the carbon dioxide 1s cycled between a pressure greater than 72.8
atmosphetes (e.g., 200 bax) and a pressure less than 72.8 atmospheres (e.g., 50 bar) such that the

moisture content of the green wood is reduced to about 40-80% moisture content, as indicated 1in
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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 \Vood. . |

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 pdint from the chamber. Where only the pressure of the chamber was increased
in the pressurisation step, all that is required 1s a depressurisation step. Preferably, the pressure (and
optionally, the terﬁperature) in the chamber are reduced once the wood moisture content reaches
about 40-60%. The temperature may be reduced to room temperature, and the pressure may be
reduced to atmospheric pressure. The wood is then removed from the chambeL and may be either
turther processed or chemically modified in order to en’hahce_ biological and/or 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. Optonally, the green wood material may be de-watered to fibre
saturaton point, and any further process such as chemical modification, may be carried out in the
same chamber as the de.\vatering step, provided that the design and engineering of the chamber has
allowed for introduction of wood modifying chemical solutions in addition to the supefcritical
carbon dioxide dewatering process.

Anothe1 example .process 1s shown in Figure 6 This process also begins with the
placement of green wood 1nto 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 't_emperature and pressure increase in steps 602 and 604 shoilld be such that the
envirbnment in the chamber exceeds the critcal temperature and critical pressure of the carbon
dioxide that will be used for the sdpercritical carbon dioxide prdcessing. Step 602 may alternatively
be incorporated into step 600, where the green wood is placed into a preheated chamber. For the
maintenance of the chambet temperature in practice, the temperature may be kept at or above that
of the critical point of carbon dioxide. As described eatlier 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, supercritical carbon 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 predetermined
holding time, in step 608. Once step 608 is completed, the pressure (and optionally, the
tefnperature) of the chamber are reduced in step 610. Provided the moisture content has been
adequately reduced, that is to around 40-80% moisture content, the process may proceed to step
612, where the wood is removed from the chamber. Once removed, the wood may be either,
chemically modified in order to enhance biological and/or physical durability, in step 614 and/or

air- or oven-dried and subsequently equiljbmted to about 8-20% moisture content, in step 616.
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Where the moisture content has not been adequately reduced after step 610, the process
returns to step 602 (or opuonally, 604), as shown ix;n ti]@ figure via arrow 616, where the
pressurisatibn, supercritical carbon dioxide application and depressurisation steps are repeated, as
depicted in Figure 23. The processes between steps 602 (ot optionally, 604) and 610 inclusive may
be repeated as ne.cessary,'by measuri”ng‘the moisture céntent at the end of step 610, or alternatively,

the process may be repeated a predetermined number of times based on previous estimations to

achieve a wood moisture content of about 40-80%. Once this level of moisture content is

achieved, the wood is then removed from the chamber (as depicted in Figure 23) and may be either
chemically modified in order to enhance biological and/or physical durability, in step 614 and/ or
air-, or oven-dried and subséq_uvent‘ly equih'bratedvto about 8-20% moisture content, in step 616.

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 Stlpercridcal carbon dioxide dewatering
process, the wood material obtained, at 30-80% moisture content, may be tréated with a variety of -

aqueous chemical formulations, such as, but not limited to, those containing chemicals, such as

boric acid, Indurite™ fbrmulatiorl 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 material obtained, at 30-80% moisture content, may be
treated with ﬁon—aqueous chemical formulations in which solvents are muscible 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 durability.  An
example of a non-aqueous solution includes boric acid dissol%red in ethanol for improving wood
b'iological durability:

A further .no.n—l.imiting example includes a wood treating chemical carried by a water.
incompatible solvem.su_ch as hexane whetein that solvent 1s formulated with s.urfactants.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 dewatering process, the wood material obtained, at 30-80% moisture content, méy be
treated with chemicals and chemical formulations which are delivered to wood material using

supercritical catbon dioxide as described in US Pafent No. 6,638,574.
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A -further application 1s the reducton of moisture content to 30-80% or to fibre saturation
point using supercritical carbon dioxide then further .dLy‘ing the wood using electromagnetic
radiation dlying such as microwave or radio-frequency drying.

Electromagnetic radiation drying removes water by exploiting the excitaton of the
dielectric water molecules while lea\.fing the wood polymer in a predominantly un-activated state.

The. excitation of the water molecules causes the breaking of the network of hydrogen bonds that

bind the water molecules to the wood and to each other allowing evaporation of the water

1ﬁolecules. This drying method is most efficient at fibre sa‘turation point and below until the water
content becomes so low that there 1s no more excitation and the wood statts to cool. As a resu_lf
the combination of drying to or about fibre saturation point using supercriticai carbon dioxide is
id_eally complementary to drying with electromagnetic radiation such as radio frequency or
microwave drying. |

Using such methods i.e. supercritical carbon dioxide followed by elécttomagnerjc radiation -
dewatering, moisture content can be reduced from fibre saturation point to 2-12% in minutes with
the resulting wood prdduct particularly when it has a'moisturé content in the lower part of that
range being suitable for treatment or modiﬁcati(_)ri with hydrophobic compositions.

The précess of the invention is further illustrate_d by the foHoWing four examples, i which .
Example 1 relates to the use of the invention to dry greén P. radiata sapwood (a softwood) and
Examt)le 2 relates to the use of the invention to dewater green L. mitens sapwood (a hardwood).
Example 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 durability. Example 4
relates to the use of the invention to dewater P. radiata sapwood using supercritical carbon dioxide

followed by electromagnetic.diying, in thie example using microwaves.
Example 1

Green P. radiata sapwood was cut into pieces (8 mm x 8 mm x 140 mm). Each gréen wood
piece was weighed and then placed in a laboratory high-pressure chamber and subjected to the
superctitical carbon dioxide process. Typically, it required 1 minute to either pressurise or
depressurise the vessel. Holdjﬁg 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% moisture content
room to reach equﬂil;rium. Weights and dimensions were récorded and the moisture contents

were calculated using a predicted oven dry value.
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The results from the process are shown in Figures 7-14.  Table 1 below shows the total
time taken to reach an average moisture content between-40% and 46% using the supercritical CO,

dewatering process.

Pressuré Temperature Hdld time Number of Total run Average moisture

: cycles time content

(atm) ©) (min) (min) (%)
200 50 0 8 16 45
200 50 2 6 24 43
200 50 _ 4 6 36 41
400 50 0 7 14 44
400 50 2 5 20 42
400 50 4 4 24 ' 42
400 50 8 4 40 - 45
400 50 16 3 o4 45

Table 1

Example 2

Sawn timber from E. nitens ‘is problematic to dry successfully. Both flat-sawn and quarter-
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. mfens sapwood.and heartwood samples were
dewatered using supercritical CO, to demonstrate the advantage of the process for producing dry
wood free of distoruon.

Wood piecés were weighed, then dewatered using supercritical CO, in multiple’ 2-minute
cycles at 50°C and either 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
moisture contents were calculated using a predicted oven dry value. The results are shown plotted
in Figures 15— 18. In compariéon, the resulté 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 satisfactor'ﬂy. Conversely, referring to Figures 17 and 18, between seven and
twelve cycles were rec'luired to dewater the hear.twoodvsamples from green to a moisture content
between 46% and 78%.

Referring to Figure 19, ambieént 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
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molsture contenf to about 12-16%. A total of 38 hours were therefore needed to air dry the wood '
from green to 12-16% m01stuLe content. o
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 houxs) 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 depressurisation), the time
faken to reduce the moisture content from green to approxmmately 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 noted above. In total, an esumated 21 hours would be
requited to dry the wood from green to 12-16% moisture content using a combination of
supercritical CO, dewatering and air-drying.  This’ cOmbined process applied to E. nitens

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

Wood modification for enhancement of biological durabulity.

Radiata pine boards (100mm x 50 mm nominal, 1.5m long), were dewatered using multiple
pressure cycles of carbon dioxide as describ(_id in examples zibove. Each board was weighed before
being placed in the pressure vessel. Five pressure cycles, at 200 atm and 45°C, were applied and
after each CO2 pressure cycle, the boards were weighed. The dewatering process was stopped
when the recorded rate of change of weight loss was minimal, approaching zero. When the cycles
were completed, the boards were immediately submerged in an aqueous solution of boric acid at a
concentration required to give a target concentration in the final wood material, e.g, to achieve a
0.4% w/w retefltion of boric acid in wood with density 500kg/m’ required a boric acid solution of
0.33% w/w. The bd_ards can be either immersed under atmospheric pressure and ambient
temperature conditions or at other pressures and temperatures, such as vacuum-pressure cycles and
elevated temperatures which are 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 rhe rate of uptake of an aqueous solution of boric acid into radiata pine
dewatered sapwood is shown in Figure 21.

The treated boards were then either allowed to dry passively (or kiln-dried) or were kept for
a period of time e.g.,ié hours, at ambient or elevated temperature and atmosphetic pressuré to
allow for internal diffusion of the boric acid soluton from wood cell lumens containing the wood
treatment solution into the wood cell walls. In this process, the residual wood moisture in the cell

walls 1s exchanged with the wood teatment solution 1n the cell lumens. A frer this period of ume,
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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 1dentical conditions for the first
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 seﬁond—s‘tage dewatering is consistent in all processes involving two
supercritical CO, dewatering steps for producing dry, chemically-treated wood for modifying
inaterial biological durability. The treated wood material thus obtained can then be allowed to
passively dry ot 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 1hechanical properties of radiata pine
wood dewatered and treated in the above-described manner are similar to those of conventionally-
dried and treated wood material, e.g., average rﬁodulus of rupture (MoR) of 50 MPa and modulus
of elasticity (MoE) of 9 GPa. That thehigh pressures used in the process did ﬁot 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 observable damage.

The above example using boric acid for treating wood using the supercritical COz‘
dewatering process is non-limiting in scope and one of 2 number of such processes which can be
carried out using biocides which ére water-soluble or which can be formulated into aqueous
solution by use of emulsifiers, e.g., ciuatemmy ammonium compounds-and water-compatible co-

solvents, e.g., N-methylpyrrolidone,

Example 4

Samples of P. radiata sapwood 1n green condit_ion were weighed and then placed in a
122mlL reactor vess_él 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 pi’essurise 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 were completed, the
sample was further dried in a microwave oven at full power (output 650 watts, frequency 2,450
MHz). Weights were recorded at timed intervals until near to constant weight.

Figure 24 shows the rate of de-watering for each COzvpressure cycle and the rate of further
drying in the mictowave oven. It can be observed that the number of cycles required to reach the
near to constant moistur_e contents were typically 3 to 7. For example 7 cycles were performed.for.

the sample DM1, 5 cycles for DM5, 4 cycles for DM6 and 3 cycles for DM4. Each pressure cycle
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of 2 minutes also included a 2 minute allowance for both pressurisation and depressurisation. The
data show that for wood drying alone 5 sequences of application of supercritcal CO, — gaseous
CO, cychdg followed by microwave drying is sufficient to produce satisfactory dry wood material.
Moisture content in the wood reached 2%.

Figure 25@)—@) shows NMR iniages of gréen radiata sapwood undergoing drying by
application of cycles‘ of supercritical CO, at 45 degrees Celsius and 200 bar. The NMR imaging
shows proton density effectively showing free water in the lumen of the wood as ateas of
brightness. 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 meanihg there 1s an absence
of free water in the lumen of the wood. At a moisture content of 67% all remaining water 1s
bound in cell walls. The images show that in a wood sample of substanually homogenoué nature
that the removal of free water by supercritical CO2 is 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 1s evident, so the variation may be the result of the
limitations of established methods of measuring FSP and due to the unique nature of any given
piece of wood. As shown in the Examples described hereir_l (e.g. with reference to Figurés 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 supercritcal 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 compression 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 imégeé (c) and (d)) shows a resisténée 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 .
surr’odnding wood to remain 1n 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
to 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 bé a greéter likelihood of warping and checking.
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There 1s ‘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.

The retention of the green cell wall state throughout the wood and the reduction in
moisture gradiénts across the wood (Whén compared to traditional drying techniques) result in
lower distortion rate.s 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 deyyatered wood material with aqueous-based biocides formulations and

employing a second-stage dewatering step using superctitical CO,, treated wood material of utﬂity
value can be obtained more rapidly and with final matetial qua.ljty better than that obtained by
using conventional kiln-drying, treating with chémiéal formulauons and re-drying.

The foregoing describes the invention including preferred foﬁns 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 imncorporated within the scope hereof ad defined in the accompanying claims.
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CLAIMS:

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

wood to supercritical carbon dioxide.

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 untl the moisture content of the wood 1s in the range about 30 to

about 80% 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 untl the moisture content of the wood is in the range about 30 to

about 60% 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 untl the moisture content of the wood is 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 in 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 pressurisaton to a supercritical pressure followed by depressurisation to

a sub-critical pressure.
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10. A process according claim 9 mcluding subjecting the green wood to the supercritical carbon
dioxide in cvcles 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 moisture reduction of the wood.

12. A process according to claim 10 including subjecting the wood to the supercritical carbon

dioxide in cycles of pressurisation to a supercritical pressure followed by a holding ime between

“about 10 and about 25 minutes at supercritical pressure followed by depressurisation to a sub-

critical pressure.
13. A process according to any one of claims 1 to 12 wherein the wood 1s lumber.

14. A process for drying green wood comprising the steps of:

removing water and solutes from the lumens of the green wood by subjecting the wood to
supcrcfitjcal catbon dioxide to reduce the wood to a moistuge content in the range about 30 to
about 80% of the oven dry weight 6f the -wood; and

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.

15. A process according to claim 14 comprising cartying 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.

16. A proceés according to either one of claims 14 and 15 comprising treating the wood with a
liquid formulation effectuve to increase biological durability or physical durability after said

removing water but before said further drying.

17. A process according to either one of claims 14 and 15 comprising treating the wood with
one or more modifying chemicals or materials in an aqueous or aqueous-compatible formulation

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

said further drying.
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18. A process according to either one of claims 14 and 15 comprising treating the wood with
one or more modlfymg chemicals or materials 1n a non-aqueous but water- miscible solvent,
effective to increase biological durability or physical durability after said Lemovmg water but before

said, further' drying‘“

19. A process according to claim 17 wherein the solvent is an organic solvent.
20. A process according to claim 19 comprising treating the wood with boric acid in ethanol.
21. A process according to any one of claims 14 to 20 wherein the wood has a moisture

content above the fibre saturation point of the wood.

22. A process according to any one of claims 14 to 20 wherein the wood has a moisture . -

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

23. A process according to any one of claims 14 to 22 including subjecting the wood to
supercritical carbon dioxide until the moisture content of the wood is in the range about 30 to

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

24. A process according to any one of claims 14 to 22 including subjecting the wood to
supercritical carbon dioxide untl the moisture content of the wood is in the range about 30 to

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

25. A process daccording to any one of claims 14 to 24 including the wood to supercritical
carbon dioxide until the moisture content of the wood is at about the fibre saturation point of the

wood.

26. A process according to any one of claims 14 to 25 including subjecting the wood to the

supercritical carbon dioxide in cycles.

27. A process accoxdmg to claim 26 including subjecting the wood to the supercritical carbon

d10\1dc in cycles of pressurisation and depressurisation.
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28. A process accotding to claim 27 including subjecting the wood to the supercritical carbon
dioxide 1n cycles of pressuxrisatidn to a supercritical pressure followed by depressurisation to a sub-

critical pressure.

29. A process according claim 23 includjng subjecting the wood to the supercritical carbon
dioxide in cycles of pressurisation to a supercritical pressure followed by a holding time at a

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

30. A process according to any one of claims 26 to 29 including varying the number and/or
duration and/or temperaturé and/ot pressures of said cycles to maximise the rate of moisture

reduction of the wood.

" 31. A process according to claim 29 including s_ubjecting the wood to the supercritical carbon .

dioxide in cycles of pressurisation to a supercritical pressure followed by a holding time between
about 10 and about 25 minutes at supercritical pressure followed by depressurisation to a sub-

critical pressure.
32. A process according to any one of claims 14 to 31 wherein the wood is lumber.

33. A process for drying green wood corhprising the steps of:
applying supercritical- carbon dioxide to the green wood to remove water and solutes from.
the lumens and reduce the moisture content of the wood to about fibre saturation point; and
further drying the wood to a moisture content of Bet\\}eell about 12 and about 20% of the.

oven dry weight of the wood.

34. A process for drying green wood compﬁsing the steps of:

subjecting the green wood to supercritical carbon dioxide while in a chamber and applying
a sequence of pressure cycles at temperatures above 32°C such that the moisture content of the
green wood is reduced to be@een about 30 and about 80% of the oven dry weight of the wood; _
and

subsequently further reducing the moisture content of the wood to between about 12 and

about 20%.

35. A process for drying green wood compiising the steps of:
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subjecting the green wood to supercritical carbon dioxide while in a chamber and applying
a sequence of pressure cycles at a temperatures above 32°C such that the moisture content of the
green wood is reduced to about fibre saturation point; and

subsequently further reducing the moisture content of the wood to between about 12 and

about 20%.

36 A process for drying green wood comprising the steps of:

placing the green wood in a chamber,

introducing supercritical carbon dioxide and catrying out a sequence of pressure cycles at a .
temperafures above 32°C such that the moisture content of the green wood 1s reduced to between
about 30 and about 80%;

reducing the pressure within the chamber and removing the wood from the chamber; and

further processing the wood such that the moisture content of the wood is reduced to -

between about 12 and about 20%.

37. . A process for drying green wood comprising the steps of:

placing the green wood in a chamber, |

introducing supercritical carbon dioxide

carrying out a sequence of pressure cycles at a temperatures abo{fe 32°C such that the
moisture content of the green wood is reduced to about fibre saturation point;

reducing the pressure in the chamber;

removing the wood from the chamber; and

turther reducing the moisture content of the wood to between about 12 and about 20%.

38. A process according to any one of claims 33 to 37 wherein said further drying or futher.
reducing the moisture content or further processing includes air, azeotropic-, freezer-,
electromagnetic radiation- such as radio frequency- and microwave-, or kiln-drying or additional -

supercritical fluid processing of the wood.

39. A process according to any one of claims 33 to 38 wherein said sequence of pressure cycles

1s between pressures in the range 72>200 bar and 1-72 bar.
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4Q. A process according to any one of claims 33 to 39 including a depressurisation step which
includes removing carbon dioxide from the chamber, and pumping it into a second drying chamber

operating in parallel.

41. A process according to any one of claims 33 to 40 wherein the step of air- electromagnetic
radiation- such as radio frequency- and microwave-, or kin drying the wood includes, or is
followed by, keeping the wood in an environment in order to reach ambient equilibrium moisture

content of about 12-20%.

42. A process according to any one of claims 33 to 41 wherein the green wood has a moisture

content above the fibre saturation point of the wood.

43. A process according to anyone of claims 33 to 41 wherein the green wood has a moisture

content 1n the range about 180% to about 150% of the oven dry weight of the wood.

44. A process according to any one of claims 33 to 43 including subjecting the wood to
supercritical carbon dioxide until the moisture content of the wood is in the range about 30 to

about 80% of the oven dry weight of the wood.
45. A process according to any one of claims 33 to 43 including subjecting the wood to
supercritical carbon dioxide untl the moisture content of the wood is in the range about 30 to

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

46. A process according to any one of claims 33 to 43 including the wood to supercritical

"carbon dioxide until the moisture content of the wood is at about the fibre saturation point of the

wood.

47. A process according. to any one of claims 33 to 46 including subjecting the wood to the

supercritical carbon dioxide 1n cycles.

48. A process according to claim 47 including subjecting the wood to the supercritical carbon

dioxide in cycles of pressurisation and depressurisation.
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49. A process according to claim 48 including subjecting the wood to the supercritical carbon
dioxide 1n cycles of pressurisation to a supercritical pressure followed by depressurisation to a sub-

critical pressure.
50. A process according claim 49 including subjecting the wood to the supercritical carbon
dioxide 1n éycles of pressurisation to a supercridcél pressure followed by a holding time at a

supercritical pressure followed by depressurisation to a sub-crincal pressure.

51. A process according to any one of claims 47 to 50 including varying the number and/or '

- duration and/or temperature and/or pressures of said cycles to maximise the rate of moisture

reduction of the wood.

52. A process according to claim 50 including subjecting' the wood to the supercritical carbon
dioxide in cycles of pressurisation to a supercritical pressure followed by a holding time between
about 10 and about 25 minutes at supercritical pressure followed by depressurisation to a sub-

critical pressure.

53. A process for drying wood comprising subjecting the wood to supercritical carbon dioxide
to remove water from the wood and then further drying the wood using any or air- azeotropic-,

freeze-, electromagnetic radiation- such as radio frequency- and microwave-, or kiln drying.

54. A process according to claim 53 including subjecting the wood to supercritical carbon
dioxide until the moisture content of the wood is in the range about 30 to about 80% of the oven
dry weight of the wood and then carrying out said further drying to reduce the moisture content of

the wood to in the fange about 12 to about-ZO%;
55, A process according to any one of claims 33 to 54 wherein the wood is lumber.

56. A process for drying wood comprising the steps of:
removing water from the wood by subjecting the wood to superctritical carbon dioxide to |
reduce the wood to a moisture content in the range about 30 to about 80% of the oven dry weighf
of the wood; and ' _
further drying the wood to a moisture content in the range about 12 to about 20% of the

oven dry weight of the wood.
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57. A process according to claim 56 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.
58. A process according to any one of claims 53 to 57 including subjectng the wood to
supercritical carbon dioxide until the moisture content of the wood is 1n the range about 30 to

ﬁb'out 60% of the oven dry weight of the wood.

59. A process according to any one of claims 53 to 57 including subjecting the wood to the

supercritical carbon dioxide 1n cycles.

60. A process according to claim 59 including subjecting the wood to the supercritical carbon

dioxide in cycles of pressurisation and depressurisation.

61. A process according to claim 60 including subjecting the wood to the supercritical carbon
dioxide in cycles of pressurisation to a supercritical pressure followed by depressurisation to a sub-

critical pressure.

62. A process according claim 61 including subjecting the wood to the supercritical carbon
dioxide in cycles of pressurisation to a supercritical pressure followed by a holding ume at a

superctitical pressure followed by depressurisation to a sub-critical pressure.

63. A process according to any one of claims 59 to 62 including varying the number and/br

duration and/or temperature and/or pressures of said cycles to maximise the rate of moisture

" reduction of the wood.

64. A process according to claim 62 including subjecting the wood to the supercritical carbon
dioxide in cycles of pressurisation to a supercritical pressure followed by a holding time between
about 10 and about 25 minutes at supertcritical pressure followed by depressurisation to a sub-

critical pressure.

65 A process according to any one of claims 56 to 64 including carrying out said removing

water and further drying in less than about 24 hours.
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66. A process according to any one of claims 56 to 64 including carrying out said removing

water and further drying in less than about 15 houts.
67. A process according to any one of claims 53 to 66 wherein the wood 1s lumber.

68. A process for processing wood which comprises subjecting the wood to supercritical
catbon dioxide to remove water from the wood and then mmpregnating the wood with a liquid

formulation effective to increase biological durability of the wood.

69. A process for proceséing wood comprising the steps of:

temoving water from the.\vood by subjecting the \Vobd to supercritcal carbon dioxide to
reduce the wood to a moisture content in the fange about 30 to about 80% of the oven dry weight
of the wood; and 7

treating the wood with a liquid formuladon effective to increaselbiological durability or

physical durability of the wood.

70. A process according to claim 69 comprising impregnating said liquid formulation into the
wood.
71. A process according to either one of claims 68 and 69 comprising treating the wood with a

liquid formulaton which is an aqueous or aqucous-compatible solution effective to increase

biological durability or physical durability of the wood. -
72. A process according to either one of claims 68 and 69 comprising treating the wood with
one or more modifying chemicals or materials in solution compusing a non-aqueous but water-

miscible solvent, effective to increase biological durability ot physical durability of the'wood.

73. A process according to claim 72 wherein the solvent is an organic solvent.
74. A process-according to claim 72 comprising treating the wood with boric acid in ethanol.
75. A process according to any one of claims 68 to 74 including subjecting the wood to

supercritical carbon dioxide until the moistute content of the wood is in the range about 30 to

about 80% of the oven dry weight of the wood.
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76. A procéss according to any one of claims 68 to 74 including subjecung the wood to
supercritical carbon dioxide unul the moisture content of the wood is in the range about 30 to

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

77. A process according to any one of claims 68 to 76 including the wood to supercritical
carbon dioxide untl the moisture content of the wood is at about or below the fibre saturation

point of the wood.

78. A process according to any one of claims 68 to 77 including subjecting the wood to the |

supercritical carbon dioxide 1n cycles.

79. A process according to claim 78 including subjecting the wood to the supercritical carbon

dioxide in cycles of pressurisation and depressurisation.

80. A process according to claim 79 including subjecting the wood to the supercritical carbon
dioxide in cycles of pressurisation to a supercritical pressure followed by depressurisation to a sub-

critical pressure.

81. A process according claim 80 including subjecting the wood to the supercritical carbon
dioxide in cvcles of pressurisation to a supercritical pressure followed by a holding time at a

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

82. A process according to any one of claims 78 to 80 including varying the number and/or
duration and/or temperature and/or pressures of said cycles to maximise the rate of moisture

reduction of the wood.

83. A process according to claim 81 including subjecting the wood to the supercritical carbon
dioxide in cycles of pressurisation to a supercritical pressure followed by a holding time between
about 10 and about 25 minutes at supercritical pressure followed by depressurisation to a sub-

critical pressure.

84. A process according to any one of claims 68 to 83 including carrying out said removing

water and further drying in less than about 24 hours.
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85. A process according to any one of claims 68 to 83 including cartrying out said removing

water and further drying 1n less than about 18 hours.
86. . A process according to any one of claims 68 to 85 wherein the wood 1s lumber.

87. A process for drying green wood comprising the steps of: removing the water and solutes
from the lumens of the green wood using supercritical carbon dioxide to take the wood to a
moisture content of about 30-80%; and further drying the wood using electromagnetic radiation

drying such as microwave or radio frequency drying to a moisture content of about 2-12%.

88. A process for femoving water and solutes from hgnbcellulosic material, while leaving the
cell walls throughbut the lignocellulosic material uniformly fully swollen, by subjecting the

lignocellulosic material to supercritical carbon dioxide.

89. - A process of drying wood or other lignocellulosic material having a moisture content
greater than the fibre saturation point and reducing the moisture content of the wood or other

lignocellulosic material using supercritical carbon dioxide.

-90. A process of drying wood or other lignocellulosic material having a moisture content

greater than the fibre saturation point and reducing the moisture content of the wood or other

lignocellulosic material to fibre saturation point using supercritical carbon dioxide.
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