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57) Abstract: The present invention provides a method for converting lignocellulosic material into biofuel. In particular em-

&= bodiments, the method comprises pre-treating lignocellulosic material by dissolving the material in ionic liquids. The pretreated
& lignocellulosic material can be isolated, such as by precipitation with a regenerating solvent (e.g., water), and be used directly in the
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formation of biofuel, including undergoing hydrolysis to form sugar and fermentation to form fuel, such as bioethanol. The ionic
liquid can be recycled for further use, such as by evaporation of the water introduced during precipitation, and the recycling provides
a route to a hemicellulose rich fraction and an ionic liquid of consistent quality and wood dissolution characteristics. The recovered
hemicelluloses are of significant utilization potential toward commodity and specialty applications.
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USE OF LIGNOCELLULOSICS SOLVATED IN IONIC LIQUIDS
FOR PRODUCTION OF BIOFUELS

FIELD OF THE INVENTION
The present invention is directed to methods for converting lignocellulosic
material to biofuel. In particular, the invention is directed to methods for solvating
lignocellulosic materials in ionic liquids for later use in enzymatic conversion to

biofuels.

BACKGROUND

Biomass is an increasingly popular starting material for production of a variety
of materials. Ever growing energy demands and environmental concemns have
particularly prompted much toward work developing convenient and efficient
pathways for converting biomass to biofuels, valuable chemicals, and biomaterials.

Wood is the most abundant lignocellulosic resource on the planet. Although
wood has long becn used as raw materials for building, fuel, and various products, its
use for converting to biofuel and producing valuable chemicals and biomaterials has
only recently been considered in light of development of bioengineering and catalytic
chemistry.

The complex structure of wood makes it insoluble in common molecular
solvents, and preliminary chemical or physical treatment is thus necessary for further
applications. Such preliminary treatments, especially chemicaktreatment, are
generally undesirable because of the need to use or release environmental unfriendly
chemicals. For cxample, NaOH and NaSH typically must be used to delignify wood
in the kraft pulping manufacturing technology, which is the most popular method
used in the paper industry.

For the traditional conversion of wood into composite-materials, wood flour is
used or heterogeneous chemical modification is performed. Performing these
processes is plagued by feedstock-degradation, as well as the unavoidable
consumption of large amounts of energy and expensive chemicals. The traditional

method to obtain biodegradable plastic and composites is heterogeneous graft
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modification, which has been disclosed in U.S. Patent No. 5,424,382, U.S. Patent No,
5,741,875, U.S. Patent No. 5,852,069, and U.S. Patent No. 6,013,774. These methods
suffer drawbacks such as low efficiency and utilization of hazardous chemicals.

Lignin is a vastly undcr-utilizcd natural polymcr. Commecrcial lignin is
currently produced as a co-product of the paper industry, separated from trees by a
chemical pulping process. Lignosulfonates (also called lignin sulfonates and sulfite
lignins) are products of sulfite pulping. Kraft lignins (also called sulfate lignins) are
obtained from the Kraft pulping process. Other delignification technologies use an
organic solvent or a high pressure steam treatment to remove lignins from plants.
Because lignins are very complex natural polymers with many random couplings, the
exact chemical structure is not known, and the physical and chemical properties of
lignin can differ depending on the extraction technology and the plant material from
which it is extracted. For example, lignosulfonates are hydrophilic and Kraft lignins
are hydrophobic. Lignin is typically used as a stabilizer (e.g. an antioxidant) for
plastics and rubber, as well as in the formulation of dispersants, adhesives, and
surfactants. Lignin or lignin derivatives have also been used in the production of fully
biodegradable lignin-based composites.

Ionic liquids have recently received much attention as “green”
(environmentally friendly), designable solvents, which are favorable in light of the
growing realization of the need to protect the environment. Ionic liquids represent a
new way of thinking with regard to solvents. The field is experiencing rapid growth,
and offers a starting point for science, industry, and business to cooperate in the
formation of a new paradigm of green chemistry and sustainabte industry.

Ionic liquids offer a range of significant improvements upon conventional
solvents, and also exhibit greater ability than water for solubilizing organic
compounds. The unique structure of ionic liquids compared to traditional molecular
solvents provides for many unique solubilization characteristics. For example, a
range of ionic liquids applicable for the dissolution of cellulose are disclosed in U. S.
Patent No. 6,824,559. Furthermore, ionic liquids have shown good solubility
characteristics for monomers or polymers and have been used to reconstitute
advanced composites materials, as disclosed in International Publication WO
2005/098546.

LEGAL02/30691809v1 Attomey Docket No. 35051/339585
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Ethanol, also known as grain alcohol, is presently made primarily from the
starches and sugars in kernels of field corn. However, starches and sugars constitute
only a small portion of plant matter generally. It has heretofore been impossible to
cmploy starches to producc cthanol for biofucl usc duc to the limitation of availablc
agricultural crops and excessive associated cost. Thus, the ability to commercially
produce biofuels, such as bioethanol, is limited by the availability of a low cost,
sustainable, and renewable feedstock. As forest resources are sustainably available on
an annual basis, lignocellulosics offer an attractive feedstock; as previously noted, the
economical and cfficient use of such has heretofore been very limited.

Processing of lignocellulosics to ethanol consists of four major unit
operations: pretreatment, hydrolysis, fermentation, and product
separation/purification. Pretreatment is one of the most important operations for
practical cellulose conversion processes, and is a key technical barrier to using
cellulosic feedstocks for bioconversion. Pretreatment is required to alter the structure
of cellulosic biomass to make cellulose more accessible to the enzymes that convert
the carbohydrate polymers into fermentable sugars. An effective pretreatment will
disrupt the physical and chemical barriers posed by cell walls, as well as cellulose
crystallinity, so that hydrolytic enzymes can access the biomass macrostructure. The
low accessibility of enzymes into untreated lignocellulosic matrices is the key hurdle
to the commercial success of converting cellulosic biomass to biofuel.

Pretreatment has been viewed as one of the most expensive processing steps in
cellulosic biomass-to-fermentable sugar conversion and has a major influence on the
cost of most other operations. Effective pretreatment can significantly reduce the use
of expensive enzymes. Moreover, pretreatment can strongly influence downstream
costs by determining fermentation toxicity, enzymatic hydrolysis rates, enzyme
loadings, mixing power, product concentrations, product purification, waste treatment
demands, power generation, and other process variables. Of course, the pretreatment
operation itsclf must be low in cost and energy consumption and avoid high
consumption of expensive chemicals and feedstock degradation. Thus, there still
remains a need in the art for methods of making a greater quantity of biomass readily

available for efficient, low-cost conversion to biofuels.
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SUMMARY OF THE INVENTION

The present invention provides a pretreatinent technique in the preparation of
biofuels comprising the dissolution of woody, ligninic, cellulosic, or lignocellulosic
matcrials in ionic liquid mcdia. The pretrcatment compriscs dissolving the
lignocellulosic materials and precipitation of the solvatcd materials by addition of an
appropriate regenerating solvent (e.g., water or other polar solvent), The invention is
particularly characterized in that the solvation of the lignocellulosics in the ionic
liquid places the lignocellulosics in a state such that they can be rapidly penetrated
and hydrolyzed with hydrolytic cellulolytic enzymes, releasing glucose as the source
of sugar for the production of ethanol. Thus, the invention provides an efficient,
economical, cnvironmentally friendly technique for pre-trcatihé and converting
lignocellulosics into biofuels.

The present invention solves the previously limiting problem in the conversion
of lignocellulosics into biofuel: the low availability of sugar components in the raw
material. According to the present invention, lignocellulosic materials can be treated
using environmentally friendly ionic liquids at Jow temperatures to easily and
efficiently transform the lignocellulosics into a solvated form where they can be
utilized in known conversion processes to form sugars (such conversion being in
excess of 50% of the theorctical maximum yield). The produced sugars can be easily
fermented and the produced ethanol separated by distillation,

In one aspect, the present invention is directed to a method of converting
lignocellulosic materials (such as woody biomass) into biofuel. In specific
embodiments, the method comprises pre-treating the lignocellwlosic material by
dissolving it in ionic liquid. Such pretreatment is particularly beneficial in that is
efficiently makes the material available for further treatment in the efficient
conversion to biofuel. In further embodiments, the method can further comprise
precipitating the pretreated lignocellulosic material from the ionic liquid. Preferably,
the precipitation step comprising adding a polar solvent to the ionic liquid comprising
the lignocellulosic material. The thus pretreated lignocellulosic material can then be

used in known processes for producing biofuel, such as ethanol.
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In certain embodiments, the method can utilize specific parameters. For
example, the dissolving step can comprise mixing while heating at a temperature of
about 50 °C to about 150 °C. Further, it can be useful for the dissolving to be carried
out in thc substantial abscncc of particular matcrials, such as watcr and/or a nitrogen-
containing basc. Although a great variety of lignocellulosic materials can be used, the
invention is particularly useful in that it allows for the complete dissolution-of wood,
making this vast resource available for the production of biofucl. It can be useful for
the wood to be in a specific state prior to introduction into the ionic liquid. For
example, the wood can be in the form of ball-milled wood powder, sawdust,
thermomechanical pulp (TMP) fibers, wood chips, and combinations thereof.

Various types of ionic liquids can be used in the invention. Non-limiting
specific examples of useful ionic liquids include materials formed of a cation and an
anion, wherein the cation is selected from the group consisting of imidazoles,
pyrazoles, thiazoles, isothiazoles, azathiozoles, oxothiazoles, oxazines, oxazolines,
oxazaboroles, dithiozoles, triazoles, delenozoles, oxaphospholes, pyrroles, boroles,
furans, thiophenes, phospholes, pentazoles, indoles, indolines, oxazoles, isoxazoles,
isotetrazoles, tetrazoles, benzofurans, dibenzofurans, benzothiophenes,
dibenzothiophenes, thiadiazoles, pyridines, pyrimidines, pyrazines, pyridazines,
piperazines, piperidines, morpholones, pyrans, annolines, phthalazines, quinazplines,
guanidiniums, quinxalines, choline-based analogues, derivatives thereof, and
combinations thereof, and wherein the anion is selected from the group consisting of
halogens, phosphates, alkylphosphates, alkenylphosphates, BF4, PFg’, AsFg’, NOs',
N(CN)2', N(SO;CF3),’, amino acids, substituted or unsubstituted carboranes,
perchlorates, pseudohalogens, metal chloride-based Lewis acids, C,.¢ carboxylates,
and combinations thereof.

The invention is also characterized by the ability to recycle the ionic liquid for
multiple pre-treatment cycles. In certain embodiments, recycling can comprise
removing the regenerating solvent from the ionic liquid, such as by evaporation and
the use of hygroscopic materials.

After pretreatment of the lignocellulosic material, it is in a form suitable for
further treatment to form a biofuel. For example, the regenerated lignocellulosic
material can be isolated from the ionic liquid and converted into a sugar, such as

-5-
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glucose. Such conversion can be carried out by various methods, such as enzymatic
hydrolysis. The formed sugars are suitable for use in know methods, such as
microbial conversion, to form biofuels. For example, the sugar can be contacted with
cthanol forming bactcria.

In another aspect, the invention also provides an intermediate material that is
useful in various conversion methods. In certain embodiments, the material
comprises a regencratcd lignocellulosic material. The regenerated lignocellulosic
material is unique in that it has a basic physical structure that is at least about 50%
amorphous, which is surprising since the regenerated lignocellulosic material is a
lignocellulosic material that, in its native state, has a basic physical structure that is
less than 50% amorphous. In one embodiment, the regencrated lignocellulosic
material comprises amorphous wood.

In other embodiments, the invention provides methods for the preparation of
highly porous, reactive lignocellulosic substrates. In specific embodiments, the
method comprises dissolving a lignocellulosic material in an ionic liquid to form a
solution, and precipitating the dissolved lignocellulosic material from the ionic liquid
to form the highly porous, reactive lignocellulosic substrate.

In still another aspect, the invention provides methods of isolating certain
fractions from dissolved lignocellulosic materials. In certain embodiments, the
invention provides a method for isolating hemicellulose from a lignocellulosic
material. In a particular embodiment, the method comprises: (a) dissolving the
lignocellulosic material in an ionic liquid; (b) regenerating the lignocellulosic material
having a reduced hemicellulose content; (c) separating the regenerated lignocellulose
material from the ionic liquid to provide a recycled ionic liquid; and (d) isolating

hemicellulose from the recycled ionic liquid.

BRIEF DESCRIPTION OF THE DRAWINGS
Having thus described the invention in general terms, reference will now be
made to the accompanying drawings, which are not necessarily drawn to scale, and
wherein:
FIG. 1a is photomicrograph of spruce sawdust showing its basic fibrous
structure prior to dissolution in ionic liquid;

-6-
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FIG. 1b is a photomicrograph of the spruce sawdust from FIG. la after
dissolution in ionic liquid and regencration;

FIG. 2 is the X-ray spectra of spruce sawdust undissolved, dissolved in ionic
liquid, and rcgencrated from ionic liquid;

FIG. 3 is a graph illustrating the amount of glucose relcased during enzymatic
hydrolysis of untreated spruce wood, regenerated spruce wood from ionic liquid, and
the theoretical yield of glucose from spruce wood in units of mmol/g of pulp
processed;

FIG. 4 is a graph illustrating the amount of glicose released during enzymatic
hydrolysis of untreated spruce wood, regenerated spruce wood from ionic liquid, as a
percentage of the theoretical yield of glucose from spruce wood; and

FIG. 5 is a graph illustrating the actual percentage weight loss of three wood
samples after being exposed to a standard ccllulase enzymatic treatment, with the first
sample being untreated softwood, the second sample being the same softwood after
being dissolved and regencrated in freshly prepared 1-butyl-3-methyl-imidazolium
chloride (“Bmim™), and the third sample being the same softwood after being
dissolved and regencrated in recycled 1-butyl-3-methyl-imidazolium chloride
(“Recycled”).

DETAILED DESCRIPTION

The invention now will be described more fully hereinafter through reference
to various embodiments. These embodiments are provided so that this disclosure will
be thorough and complete, and will fully convey the scope-of-the invention to those
skilled in the art. Indeed, the invention may be embodied in many different forms and
should not be construed as limited to the embodiments set forth herein; rather, these
embodiments are provided so that this disclosure will satisfy applicable legal
requirements. As used in the specification, and in the appended claims, the singular
forms “a”, “an”, “the”, include plural refcrents unless the context clearly dictates
otherwise.

The present invention provides methods for the production of biofuels that
overcome the previous limitations in the an. Particularly, the invention provides a
pretreatment technique that allows for the use of lignocellulosic materials in the

-7-
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production of biofuels. The pretreatment technique is characterized by the dissolution
of the lignocellulosic materials using ionic liquids. The lignocellulosic materials can
be effectively and efficiently solvated at low temperatures and subsequently re-
precipitatcd in a regencrating solvent. The solvated lignoccllulosic matcrial allows
hydrolytic enzymes to rapidly penetrate and hydrolyze the materials in completc
presence of the lignin. ;

The inventive method is particularly beneficial since it typically avoids the
production of by-products, such as furfurals and aldehydes, found in the acid
treatment technologies that are currently used to dissolve cellulosic materials. Thus,
the present invention provides a final yield that exceeds the known processes.
Moreover, the method of the present invention provides a significant reduction in
feedstock pretreatments costs (on the order of at least 50%) over current hydrolysis
methods, such as dilute acid treatment and ammonia fiber explosion. The inventive
method has the added benefit of being environmentally friendly as the only materials
used (in addition to the feedstock) are ionic liquids (which can be recycled for
multiple dissolution processes) and water. Further, since the lignocellulosics are
dissolved rather than chemically reacted, the pretreatment liquor can be recovered
without significant recovery costs.

The pretreatment process of the present invention provides a number features
and advantages. In particular, the inventive methods do not require high heat and
pressure operations to dissolve the lignocellulosics. This offers tremendous gains in
operational energy savings, as well as reduced installation and maintenance costs.
The inventive pretreatment technique also offers an effective elimination of cellulose
crystallinity which is thought to accelerate the bioconversion rate. Milder pH
conditions also increases enzyme activity in the biofuel preparation stages, and the
higher bioconversion rates translate to reduction in production costs. The chemicals
used in the pretreatment are recoverable (except those absorbed to the lignocellulosic
materials) and environmentally friendly. Further, the pretreatment causes less
corrosion problem and less equipment installation costs compared to the dilute acid
methods. The novel process is also compatible with current industrial practices with

minimal capital investment requirements. The new technology can be widely applied
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to various biomass materials, especially wood and “ligninic” (i.e., lignin-containing)

resources that are difficult to exploit for biofuel conversion.

Ionic Liquids
Generally, ionic liquids can be defined as compounds that are comprised

entirely of ions and are liquids at temperatures of less than about 100 °C, preferably
less than about 85 °C. Materials useful as ionic liquids according to the present
invention also have a liquid range of up to about 300 °C, which allows for good
kinetic control. Such ionic liquids are excellent solvents for a wide range of
inorganic, organic, and polymeric materials (high solubility generally meaning only
small reactor volumes are necessitated and process intenéiﬁcation is provided).
Preferentially, the ionic liquids can exhibit Brensted, Lewis, and Franklin acidity, as
well as superacidity, cnabling many catalytic processes. They have no effective vapor
pressure, are both hydrophilic and hydrophobic systems (further enhancing their
industrial application), and are thermally stable up to about 200 °C, preferably about
250 °C, and more preferably about 300 °C. Ionic liquids offer a wide variety of
possible solvents allowing for process optimization (there are over a million (10°)
simple ionic liquids, and over a trillion (10"®) jonic liquid combinations). Ionic
liquids are further beneficial in that they are relatively inexpensive (particularly in
light of their facile recycling potential), easy to prepare, and commercially available.
As used in the present invention, ionic liquids generally comprise one or more
anions and one or more cations. In preferred embodiments, the ionic liquids comprise
organic cations created by derivatizing one or more compounds to include
substituents, such as alkyl, alkenyl, alkynyl, alkoxy, alkenoxy, alkynoxy, a variety of
aromatics, such as (substituted or unsubstituted) phenyl, (substituted or unsubstituted)
benzyl, (substituted or unsubstituted) phenoxy, and (substituted or unsubstituted)
benzoxy, and a variety of heterocyclic aromatics having one, two, or three
heteroatoms in the ring portion thereof, said hetcrocyclics being substituted or
unsubstituted. The derivatized compounds include, but are not limited to, imidazoles,
pyrazoles, thiazoles, isothiazoles, azathiozoles, oxothiazoles, oxazines, oxazolines,
oxazaboroles, dithiozoles, triazoles, delenozoles, oxaphospholes, pyrroles, boroles,
furans, thiophenes, phospholes, pentazoles, indoles, indolines, oxazoles, isoxazoles,

-9.
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isotetrazoles, tetrazoles, benzofurans, dibenzofurans, benzothiophenes,
dibenzothiophenes, thiadiazoles, pyridines, pyrimidines, pyrazines, pyridazines,
piperazines, piperidines, morpholones, pyrans, annolines, phthalazines, quinazolines,
guanidiniums, quinxalincs, cholinc-bascd analogucs, and combinations thercof. The
basic cation structure can be singly or multiply substituted or unsubstituted.

The anionic portion of the ionic liquid can comprise an inorganic moiety, an
organic moiety, or combinations thereof. In preferred embodiments, the anionic
portion comprises one or more moieties selccted from halogens, phosphatcs,
alkylphosphates, alkenylphosphates, bis(trifluoromethylsulfonyl)imide (NTfﬁ, BF,,
PFg, AsFg, NO3, N(CN),, N(SO;CF3)’, amino acids, substituted or unsubstituted
carboranes, perchlorates, pseudohalogens such as thiocyanate and cyanate, metal
chloride-based Lewis acids (e.g., zinc chlorides and aluminum chlorides), or Cy.5
carboxylates. Pseudohalides are monovalent and have properties similar to those of
halides (see, Schriver et al., Inorganic Chemistry, W. H. Freeman & Co., New York
(1990) 406-407, which is incorporated herein by reference). Examples of
pseudohalides useful according to the invention include cyanides, thiocyanates,
cyanates, fulminates, and azides. Exemplary carboxylates that contain 1-6 carbon
atoms arc formate, acetate, propionate, butyrate, hexanoate, maleate, fumarate,
oxalate, lactate, pyruvate and the like. Of course, such list is not intended to be an
exhaustive listing of all possible anionic moieties possible according to the invention,
Rather, a variety of further anionic moieties are also envisioned and encompassed by
the present invention. For example, the invention also encompasses ionic liquids
based on alkyl imidazolium or choline chloride anol-aluminumrchloride, zinc
chloride, indium chloride, and the like. Moreover, various further Lewis acid
inorganic salt mixtures may be used (see Green Chem. (2005) 7, 705-707, which is
incorporated herein by reference).

As noted above, a variety of ionic liquids can be prepared and used according
to the present invention. In particular, any combination of the cations and anions
noted above could be used. It is only necessary to combine one or more cations (such
as those described above) with one or more anions (such as those described above) to
form a material that is liquid under the conditions described herein. For example, a
cation imidazolium moiety could be combined with an anionic halogen moiety to

-10-
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form a material that is liquid under the requisite conditions (e.g., 1-butyl-3-methyl-
imidazolium chloride) and that is formed substantially completely of ionic moieties.
Thus, it is clear that the present invention encompasses the use of a great diversity of
ionic liquids. Spccific, non-limiting cxamplcs of ionic liquids for usc according to the
invention include 1-butyl-3-methyl-imidazolium chloride (“BmimCI”); 1-allyl-3-
methyl-imidazolium chloride (“AmimCI”); 1-ethyl-3-methyl-imidazolium chlonde; 1-
hydrogen-3-methyl-imidazolium chloride; 1-benzyl-3-methyl-imidazolium chloride
(“BenzylmimCI"); 1-isopropyl-3-methyl-imidazolium chloride; 1-m-methoxybenzyl-
3-methyl-imidazolium chloride (“MethoxyBenzylmimCl1™); 1-m-mcthylbenzyl-3-
methyl-imidazolium chloride (“MethylBenzylmimCl”); 1-benzyl-3-methyl-
imidazolium chloride, and 1-methyl-3-benzyl-imidazolium dicyanamide
(“BenzylmimDca”). These exemplary compounds are illustrated below in Formulas

(1) through (6).

N\,
I\ S
& : e \_/ © \—
2/ cl N(CN)

(1) AmimCl (2) BenzylmimCl (3) BenzylmimDca
A~ MeO. NN Me NN
O ROSRSRO
Cl
(4) BmimCl (5) MethoxyBenzylmimCl (6) MethylBenzylmimCl

Exemplary methods for preparing ionic liquids of BenzylmimCl and BenzylmimDca
are provided in Examples | and 2, respectively.

In still further embodiments, the present invention encompasses the uses of
various ionic liquids incorporating phosphates as the anionic portion. Specific, non-
limiting examples of such phosphate-containing compounds useful as ionic liquids
include: bis[ 1,3-dimethylimidazolium] methylphosphate — Formula (7); tris[1,3-
dimethylimidazolium] phosphate — Formula (8); 1,3-dimethylimidazolium
diallylphosphate — Formula (9); 1,2,3-trimethylimidazolium dimethylphosphate —
Formula (10); 1-benzyl-3-methylimidazolium dimethylphosphate — Formula (11); 1-
vinyl-3-methylimidazolium dimethylphosphate — Forrnula (12); 1,3-

-11 -
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dimethylimidazolium dimethylphosphate — Formula (13); 1,2,3-trimethylimidazolium
methylhydrogenphosphate — Formula (14); and 1-allyl-3-methylimidazolium
dimethylphosphate — Formula (15). Related compounds can be prepared by

transcstcrification of the phosphatc anion with an alcohol such as, allyl alcohol.

[\ [ [o) [o)

® N N )
H;,C’N\/N\CH:, 2 HiC™ '\ ~CHs], H;,C/N\/N\CH;,
5 MePO, PO*> (Allyl),PO,
0] ®) ©®

N @ N
HiC™ Y “SCH, ) / @\

N Y N @ CH,
CHy SN NN
MeZPO.{ MezP04' MCZPO4-
(10) (an (12)

10

N @ N
/ \ H,C™ Y “SCH;

® ®
M(’QP 04- MeHPO, MezPO4'
(13) (19 (15)

Phosphate-containing ionic liquids can be particularly useful according to the
15  presentinvention. Such compounds are typically relatively easy to prepare by
synthesis methods, they readily dissolve woody lignocellulosic materials, and ionic
liquids based on such materials exhibit viscosities in ranges making them particularly
easy to use without the need for excessive heating. For example, when compared to
halide-based ionic liquids (especially chloride-based ionic liquids), phosphate-based
20 ionic liquids, such as those noted above, exhibit viscosities in the range of three to
five times less than the viscosities typically exhibited by the halide-based ionic
liquids.
Although the ionic liquids exemplified above in Formulas (1) through (15) use

imidazole cation, the present invention should not be limited only to the use of
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imidazole cationic moieties. Rather, as previously noted, the imidazole series of ionic
liquids are only representative of the types of ionic liquids that can be used according
to the invention. For example, in Formulas (1) though (15), the imidazole cation
could be replaced with a pyridinium cation. Thus, the invention clearly also
encompasses liquids formed of compounds as illustrated in Formulas (1) through (15)
but wherein the cationic portion is a pyridinium cation. In other words, the.invention
particularly encompasses pyridinium chlorides and pyridinium phosphates. In
specific embodiments, the ionic liquids useful according to the invention encompass
allyl-methyl-pyridinium chloride, ethyl-methyl-pyridinium chloride, methyl-
pyridinium chloride, benzyl-methyl-pyridinium chloride, isopropy-1-methyl
pyridinium chloride, 1-m-methoxybenzyl-methyl-pyridinium chloride, 1-m-
methylbenzyl-methyl-pyridinium chloride, or benzyl-methyl-pyridinium chloride.
Likewise, it is clear that multiple pyridinium phosphate ionic liquids could be used
based on the compounds of Formulas (7) through (15) wherein the imidazolium cation
is substituted with a pyridinium cation. Based on this disclosure, it is also clear how
to arrive at still further ionic liquids for use according to the invention. For example,
useful ionic liquids could be based on an imidazolium cation or a pyridinium cation
paired with any suitable anion as described above. Likewise, useful ionic liquids
could be based on a chloride anion or a phosphate anion paired with any suitable
cation as described above.

As previously pointed out, the ionic liquids used according to the invention
can encompass one or more cations combined with one or more anions. In specific
embodiments, the invention comprises the usc of cation liquids-formed of dicationic
compounds. Dicationic materials can exhibit increased thermal stability and are thus
useful in embodiments where it may be desirable to carry out the dissolution of
lignocellulosic materials at increased temperature. Dicationic ionic liquids can be
prepared using any combination of cations and anions, such as those described above.
For example, imidazoles and pyridines could be used in preparing dicationic ionic
liquids in a similar manner as the ionic liquids described above using only a single
cationic moiety.

In certain embodiments, the invention encompasses dicationic liquids having
the structure provided below in Formulas (16) and (17)

S13-
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(16) (17)

wherein n is an integer from 4 to 10; m is an integer from 1 to 4; X is a cationic
moiety selected from the group consisting of Cl, Br, I, NTf;, (R),PO4, and RHPO,;
and R, Ry, Rz, R3, and R, arc independently selected from the gi'oup consisting of H,
Ci¢ alkyl, Cy.s alkenyl, and C,.¢ alkynyl. One specific example of a dicationic ionic
10 liquid according to Formula (16) that is useful according to the present invention is

the compound shown below in Formula (18).

~~ N/(_B\N/(CHZ)?N/\N/

2C1 \ ® / (18)

15 In further embodiments, the invention also encompasses dicationic liquids

having the structure provided below in Formulas (19) and (20)

e o W o Se Ve o
" ’L/_Rz L N

19) (20)
20
wherein n is an integer from 4 to 10; m is an integer from 1 to 4; X is a cationic
moicty sclccted from the group consisting of Cl, Br, 1,
bis(trifluoromethylsulfonyl)imide (NTf), (R);POs, and RHPO4; and R, R, and R; are
independently selected from the group consisting of H, C,.¢ alkyl, C,. alkenyl, and
25  C,¢alkynyl. Dicationic compounds useful as ionic liquids according to the present

invention can be prepared through synthesis methods known in the art. Sce, for
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cxample, J. Chem. Technol Biotechnol., 81 (2006), p. 401-405, which is incorporated
herein by reference in its entirety.

The invention also encompasses the use of various mixtures of ionic liquids.
In fact, ionic liquid mixturcs can be uscful for providing ionic liquids having
customized properties, such as viscosity. For example, BenzylmimCl is a relatively
viscous ionic liquid; however, it viscosity can be significantly reduced by mixing with
AmimC). The viscosity of the ionic liquid mixture can thus be adjusted by varying
the ratio between the more viscous component and the less viscous component.

Of course, in light of the above disclosure around suitable cationic moieties
and suitablc anionic moicties, the present invention also encompasses the many ionic
liquids that can be prepared through suitable combinations of the disclosed cationic
moieties and anionic moieties. Various further ionic liquids useful according to the
invention arc disclosed in United States Patent No. 6,824,599, which is incomporated
herein by reference.

Aromatic group-containing ionic liquids are particularly useful according to
the invention. While not wishing to be bound by theory, it is believed that n-n
interactions among the aromatic groups in lignin may account for the
conformationally stable supermolecular structure of lignin. Thus, cationic moieties
with an electron-rich aromatic 7-system can create stronger interactions for polymers
capable of undergoing nt-n and n-x interactions. In particular, the aromatic character
of the imidazolium ring of an ionic liquid cation offers potential n-x interactions with
many aromatic moietics. Phenyl-containing ionic liquids provide particularly good
solubilization of woody materials, as well as lignocellulosic materials generally.

lonic liquids for use according to the invention can be synthesized according
to the literature. Preferably, the ionic liquids are dried (e.g., at 100 °C) in a vacuum
oven over a period of time, such as about 48 hours, prior to use. In one embodiment,
the ionic liquid is formed of a material that is solid (e.g., crystalline) at ambient
conditions but is liquid at increased temperature (such as greater than about 30 °C,
greater than about 40 °C, greater than about 50 °C, greater than about 75 °C, greater
than about 85 °C, or greater than about 100 °C). Generally, the crystalline material
can be placed in an appropriated container and heated to dissolution. See, for
example, lonic Liquids in Synthesis, Wasserscheid, P. and Weldon, T. (Eds.), Wiley
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Pub,, which is incorporated herein by reference. Of course, the ionic liquid can also
comprise a material that is liquid at ambient conditions (e.g., at a temperature around
20-25°C). In particular, the present invention can encompass ionic liquids that are
liquid at a tcmpcraturc of about -10 °C to about 150 °C, about 0 °C to about 150 °C, or
about 15 °C to about 150 °C. Further, various ionic liquids are provided in prepared
form, such as BASIONICS ™ (available from BASF), which are imidazolium-based
ionic liquids that are available in standard, acidic, basic, liquid-at-room-temperature,

and low-viscosity forms.

Cellulosics and Lignocellulosics

Cellulose is a polysaccharide formed of 1,4-linked glucose units and is the
primary structural component found in plants. Cellulose is the most abundant organic
chemical on earth, and there is an estimated annual biosphere production of
approximately 90 x 10° metric tons of the material. When measured in energy terms,
the amount of carbon synthesized by plants is equivalent to about ten times the
currently estimated global energy consumption.

Lignin is a compound that is most commonly derived from wood and is an
integral part of the cell walls of plants. It is a three-dimensional amorphous natural
polymer containing phenylpropane units that are tri- or tetra-substituted with hydroxyl
groups and methoxyl groups. Lignin makes up about one-quarter to one-third of the
dry mass of wood and generally lacks a defined primary structure. Lignocellulose is
primarily a combination of cellulose, lignin, and hemicellulose. It is generally
thought to be practically impossible to dissolve wood in its-native form because the
three-dimensional lignin network binds the whole wood architecture together. For
example, in papermaking, the lignin network is fragmented under alkaline conditions,
and cellulose is harvested as cellulose fibers. The insolubility of wood in common
solvents has severely hampered the development of new methods for the efficient
utilization of wood and its components. As described below, however, though the use
of ionic liquids, it is possible to achieve complete dissolution of lignocellulosics,
including wood in its native form.

Accordingly, the invention is particularly characterized in that a wide variety
of cellulosics and lignocellulosics can be used as the biomass. For example, the

-16 -
LEGALO2/30691809v1 Attomey Docket No. 35051/339585



WO 2008/098032 PCT/US2008/053139

10

15

20

25

30

biomass used in the invention can be derived from both herbaceous and woody
sources. Non-limiting examples of herbaceous biomass sources useful according to
the invention include tobacco, corn, corn stovers, com residues, cornhusks, sugarcane
bagassc, castor oil plant, rapcsced plant, soybcan plant, cercal straw, grain proccssing
by-products, bamboo, bamboo pulp, bamboo sawdust, and cnergy grasses, such as
switchgrass, miscanthus, and reed canary grass. .

The invention is particularly characterized by it efficacy toward the dissolution
of different woody lignocellulosic materials. A variety of hardwoods and softwoods
can be used in the invention in a multitude of different forms, such as chips, shreds,
fibers, sawdust, and other physical forms. In a preferred embodiment, wood for use in
the invention is in the form of dust or powder, such as ball milled powder.

The pretreatment process of the invention is particularly beneficial in that it
has shown to be effective for use with softwoods. This is significant since the
hydrolysis of softwood species is typically very low compared with hardwood species
and other lignocellulosic materials when most of the current technologies are applied.
Therefore, the method of the present invention provides a potential technique for
biofuel production using softwood species, which are generally more abundant, and
faster growing, than most hardwood species.

Softwood is a generic term typically used in reference to wood from conifers
(i.e., needle-bearing trees from the order Pinales). Softwood-producing trees include
pine, spruce, cedar, fir, larch, douglas-fir, hemlock, cypress, redwood and yew.
Conversely, the term hardwood is typically used in reference to wood from broad-
leaved or angiosperm trees. The terms “softwood” and “hardwood” do not
necessarily describe the actual hardness of the wood. While, on average, hardwood is
of higher density and hardness than softwood, there is considerable variation in actual
wood hardness in both groups, and some softwood trees can actually produce wood
that is harder than wood from hardwood trees. One feature separating hardwoods
from softwoods is the presence of pores, or vessels, in hardwood trees, which are
absent in softwood trees. On a microscopic level, softwood contains two types of
cells, longitudinal wood fibers (or tracheids) and transverse ray cells. In softwood,

water transport within the tree is via the tracheids rather than the pores of hardwoods.
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Still further, various lignocellulosics generally regarded as “waste™ materials
can be used according to the present invention. For example, materials that have
heretofore been discarded or thought of little value, such as com stover, rice straw,
papcr sludge, and wastc papcrs, can all be uscd as a lignoccllulosic starting matcrial
according to the present invention. Particularly, it is possible to use various grades of
paper and pulp, including recycled paper, which include various amounts of lignins,
recycled pulp, bleached paper or pulp, semi-bleached paper or pulp, and unbleached
paper or pulp. Such papers and pulps can be of various lignin contents and origins,

The present invention may be described herein in terms of lignocellulosic
materials; however, such term does not necessarily exclude the_use of materials that
may more specifically be defined as cellulosic materials or ligninic materials. Rather,
the term lignocellulosic is intended to broadly refer to biomass that may be primarily
formed of cellulose, lignin, or lignocellulose. Thus, as used herein, lignocellulosic
can mean materials derived from woody sources, grassy sources, and other plant
sources generally. Specifically, lignocellulosic can mean a material comprised partly

or mainly of lignin, cellulose, or lignocellulose.

Pretreatment Process

The pretreatment process of the invention comprises solvating lignocellulosics
using ionic liquids, as described herein. The dissolution of the lignocellulosic
material can be carried out under a variety of conditions. For example, in specific
embodiments, the ionic liquid used in the pretreatment process is in the substantial
absence of water (i.e., is substantially free of water). In other-embodiments, the ionic
liquid used in the pretreatment process is in the substantial absence of a nitrogen-
containing base (i.e., is substantially free of any nitrogen-containing base). The
phrases "substantial absence” and "substantially free" are used synonymously to mean
that the ionic liquid comprises less than about 5% by weight water and/or less than
about 5% by weight of a nitrogen-containing base. In one embodiment, the ionic
liquid comprises less than about 5% by weight water. In another embodiment, the
ionic liquid comprises less than about 5% by weight of a nitrogen-containing base. In
yet another embodiment, the ionic liquid comprises less that about 5% by weight of
water and nitrogen-containing base combined. In particularly preferred embodiments,
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the ionic liquid comprises less than about 1% by weight water and/or nitrogen-
containing base. In specific embodiments, the ionic liquid is completely free of water,
is completely free of nitrogen-containing base, or is completely free of both water and
a nitrogen-containing basc.

The lignocellulosics can be added to the ionic liquid media and the admixture
can be agitated in any suitable reaction vessel until dissolution is complete.. Heat can
be provided to the mixture in certain embodiments, such as in an ultrasonic bath, an
oil bath or, by microwave irradiation. The ionic liquid is preferably molten at a
temperature of less than about 150 °C, more preferably less than about 100 °C, more
preferably less than about 85 °C. Such temperatures are likewise sufficient to
dissolve the lignocellulosics in the ionic liquid. Preferably, pretreatment is carried out
such that the reaction mixture of the ionic liquid and the lignocellulosic material is
maintained under an inert atmosphere. In one embodiment, the dissolution is carried
out under an argon atmospherc. In another embodiment, the dissolution is carried out
under a nitrogen atmosphere. This is particularly useful to avoid introduction of water
into the ionic liquid. Reaction according to the invention can be carried out, however,
with the reaction vessel open to the atmosphere so long as relative humidity is low so
as to avoid the presence of excess water in the air around the reaction vessel.

The pretreatment is useful to dissolve the lignocellulosics, thus providing them
in a form more readily subject to further action, such as enzymatic activity. Complete
dissolution of lignocellulosic materials, including wood in its native form, can be
achieved by simply mixing the lignocellulosic material with the ionic liquid.
Preferably, the mixing is carried out at a temperature suitable ¢ maintain the liquid
state of the ionic liquid. In certain embodiments, the mixing is carried out at a
temperature of about 50 °C to about 150 °C, about 60 °C to about 140 °C, about 70 °C
to about 130 °C, or about 80 °C to about 120 °C. Although increasing temperature
tends to reduce the time to total dissolution, it is possible to obtain total dissolution at
even ambient temperature. For example, when wood sawdust is gently homogenized
with AmimCl in a mortar and the sample is subsequently transferred into a test tube
(under argon), the mixture slowly turns to liquid (complete dissolution) over time.

Temperature can also be influenced by the ionic liquid composition. Ionic liquids
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with lower viscosities can be used at lower temperatures, while ionic liquids with
higher viscosities can require higher temperatures,

Preferably, the reaction parameters for the pretreatment are coordinated so that
completc dissolution is achicved in a desircd time. For cxamplc, in certain
embodiments, pretreatment is carried out such that complete dissolution is achieved in
a time of less than about 48 hours, less than about 36 hours, less than about-24 hours,
less than about 18 hours, less than about 12 hours, less than about 10 hours, less than
about 8 hours, less than about 6 hours, less than about 4 hours, less than about 2
hours, or less than about 1 hour. Of course, the time to complete dissolution can vary
according to the various embodiments of the invention and be related to factors, such
as the nature of the ionic liquid, the charge of lignocellulosic material in the ionic
liquid, the applied temperature, and the degree of material diminution.

Dissolution can also be facilitated through application of mechanical stirring
using any known stirring means. Achieving complete dissolution of even wood fibers
has been demonstrated using a hot stage optical microscopy investigation of Norway
spruce sawdust sample in AmimCl. Optical photomicrographic analysis of wood
dissolution as a function of time at a temperature of 120 °C indicated that, after four
hours, any visible fibrous material was completely dissolved by the ionic liquid.

" Depending upon the nature of the lignocellulosic material, it may be further
useful for dissolution to be carried out with further considerations. For example, the
dissolution rate of wood can be dependant upon the particle size of the wood. It is
believed that the complex and compact structure of the wood cell wall between the
lignin, cellulose, and hemicellulose would essentially inhibit the diffusion of the ionic
liquid into its interior, resulting in only a partial dissolution of wood chips. Solubility
of lignocellulosics, particularly wood in its native form, can be increased through
sample preparation. Solubilization efficiency of lignocellulosic materials in ionic
liquids can be defined, in certain embodiments, as follows (shown on a decreasing
solubilization basis): ball-milled wood powder > sawdust > thermomechanical pulp
fibers > wood chips. For example, the dissolution of fine sawdust (Norway spruce,
particle size = 0.1 — 2 mm) in ionic liquid has been shown to take place within a few

hours, even under ambient conditions.
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In specific embodiments, the present invention is particularly characterized by
the achievement of complete dissolution of the lignocellulosic material in the ionic
liquid to form a true solution. By contrast, it is possible to form simply a well
dispersed gelatinous, highly swollen mixturc of a lignoccllulosic matcrial and ionic
liquid. Such mixtures do not necessarily provide the lignocellulosic material in a
form that facilitates the later beneficial uses of the completely solvated lignocellulosic
material, such as the formation of biofuels described below. Through use of the
specific pretreatment parameters provided herein, and particularly application of
continuous mechanical agitation during dissolution, it is possible to form a true
solution, particularly a wood solution (i.c., wood completely solubilized in ionic
liquid).

According to the present invention, the pretreatment process allows for
preparation of solutions of lignocellulosics in ionic liquids. The solvated
lignocellulosics are in a state making them particularly open to further modification,
such as being acted upon by various enzymes. The solubility limit of lignocellulosics
in the ionic liquids can vary depending upon the choice of ionic liquid, the choice of
lignocellulosic material, and the physical state of the lignocellulosic material. In
certain embodiments, it is possible according to the invention to form solutions
having a lignocellulosic concentration of up to about 20% by weight, based upon the
overall weight of the solution. In other embodiments, it is possible to form solutions
having lignocellulosic concentrations of up to about 18% by weight, up to about 16%
by weight, up to about 14% by weight, up to about 12% by weight, up to about 10%
by weight, up to about 9% by weight, up to about 8% by weight, up to about 7% by
weight, up to about 6% by weight, or up to about 5% by weight, based on the overall
weight of the solution. In specific embodiments, the solution comprises about 2% to
about 20% by weight, about 2% to about 16% by weight, about 2% to about 12% by
weight, about 2% to about 10% by weight, about 2% to about 8% by weight, or about
5% to about 8% by weight of the lignocellulosic material. Table 1 provides the
dissolution behavior of various wood-based lignocellulosic materials in different

imidazolium-based ionic liquids.
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Table 1

1 ood chips 130°C, 15h
2 AmimCl Ball-milled Southem pine 80°C,8h 8%
powder

3 AmimCl Norway spruce sawdust 110°C,8h - 8%
4 AmimCl Norway sprucc sawdust 80°C,24h 5%
5 BmimCl Norway spruce sawdust 110°C,8 h 8%
6 AmimCl Norway spruce TMP 130°C, 8 h 7%
7 BmimCl Norway spruce TMP 130°C,8h 7%
8 AmimCl Southemn pinc TMP 110°C, 8 h 2%
9 AmimCl Southem pine TMP 130°C,8 h 5%
10 BmimCl Southemn pinc TMP 130°C,8h 5%
11 BenzylmimCl Southemn pine TMP 130°C,8h 5%
12 BenzylmimCl Norway spruce TMP 130°C,8h = 5%
13 MethoxyBenzylmimCl  Southemn pine TMP 130°C,8h 5%
14 MethoxyBenzylmimCl  Southern pine TMP 130°C,8h 2%
15 BenzylmimDca Southern pine TMP 130°C, 8 h 2%

** Sample showed only partial solubility

The bretreatment process of the invention is particularly useful in light of the
complex nature of lignocellulosics, as previously noted. The highly crystalline
character of cellulose in wood is driven by a set of regular intermolecular and
intramolecular hydrogen-bonding interactions that when coupled with the three-
dimensional network character of lignin and its possible covalent linkages with the
carbohydrates are primarily responsible for the complex and compact structure of
wood. For example, z—x interactions among the aromatic groups in lignin have been
suégested as accounting for the conformationally stable supermolecular structure of
lignin. Tonic liquids have a more complex solvent behavior compared with traditional
solvents, and that complcx solvent behavior can include #—r, n—r, hydrogen bonding,
dipolar, and ionic/chargc—charge types of interactions between the ionic liquids and
their solutes. It has been reported that although the Bmim cation does not have the
analogous electron aromatic system, the chloride anion (with nonbonding electrons),
in combination with the Bmim cation, forms an ionic liquid that exhibits the ability to
interact with z-systems of certain molecules. For example, the active chloride ions in
ionic liquids, such as BmimCl and other ionic liquids described herein, may disrupt
the hydrogen-bonding interactions present in wood, allowing it to diffuse into the

interior of the wood.
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After dissolution of the lignocellulosic matcrial, the solvated material can be
isolated (regenerated) from the mixture. In one embodiment, such isolation is through
precipitation with a suitable regenerating solvent. The regenerating solvent according
to the invention can comprisc any polar solvent, such as watcr or an alcohol. In
specific embodiments, it is preferred to use polar solvents having a boiling point that
is less than the boiling point of water. Precipitation is typically spontaneous upon the
addition of the regenerating solvent, and the precipitated material can be physically
separated from the mixture, such as by evaporation. In one embodiment, regeneration
under rapid mechanical stirring results in the formation of a fully amorphous material.
This is illustrated in FIG. la and FIG. 1b. FIG la is a photomicrograph of spruce
sawdust before dissolution in ionic liquid (AmimCl), and the fibrous nature of the
material is clearly evident, FIG. 1b, however, is a photomicrograph of the same
sawdust after dissolution in ionic liquid and regeneration by precipitation in water.

As seen in FIG. 1b, the fibrous nature of the material is completely gone and the
material has been restructured to be highly amorphous. This is further illustrated by
the X-ray spectra of the regenerated material illustrated in FIG. 2 because the X-ray
diffraction signals from the crystalline regions of spruce sawdust have disappeared
after the dissolution-regeneration process. In FIG. 2, peak (a) is the diffraction peak
of untreated spruce sawdust, peak (b) is the diffraction peak of spruce sawdust after
being regenerated from solution in AminCl using water as the nonsolvent, and peak
(c) is the diffraction peak of 8% by weight spruce sawdust dissolved in BmimCl.

In light of the above, it is clear that the process of the invention is useful for
preparing a regenerated lignocellulosic material having a basie-structure that is
different from the basic structure of the native material. For example, prior to
dissolving in ionic liquid, wood is in the form of multiple fibers, as illustrated in FIG.
la. However, the regenerated wood is completely amorphous in nature (FIG. 1b) and
is void of the original fibrous nature. Accordingly, the method of the invention is
uscful for forming a regencrated lignocellulosic material having a basic structure that
is at least about 50% amorphous, at lcast about 75% amorphous, at least about 80%
amorphous, at least about 85% amorphous, at least about 90% amorphous, at least
about 95% amorphous, at least about 97% amorphous, at least about 98% amorphous,
or at least about 99% amorphous.
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The present invention thus also provides an amorphous lignocellulosic
material. The amorphous lignocellulosic material has an amorphous basic structure,
as described, and it thus differs from the native form of the lignocellulosic material,
Particularly, thc native form of the lignoccllulosic matcrial has a dcfined structurc that
is less than 50% amorphous. More particularly, the native form of the lignocellulosic
material has a defined structure that is less than 40% amorphous, less than 30%
amorphous, less than 20% amorphous, or less than 10% amorphous. For example,
woods are fibrous in their native form. This is illustrated in FIG. la, which shows a
native form of spruce wood that is substantially completely fibrous. However, FIG.
1b shows the same spruce wood in the regenerated form according to the invention.
As seen therein, the wood is substantially completely amorphoﬁs (i.e., there is no
identifiable fiber structure present). In one embodiment, the invention provides
amorphous wood. Such wood can be described as being substantially amorphous
(i.e., at least about 90% of the basic structure is in the amorphous state) or as being
completely amorphous (i.c., at least about 99% of the basic structure is in the
amorphous state).

The nature (and useful characteristics) of the regenerated lignocellulosic
material arises from the breakdown of the natural structure of the material on a
microscopic level. This is particularly evident in woody materials, which are
significantly fibrous in their native state. The regenerated wood of the present
invention, however, is significantly altered such that the wood is no longer fibrous in
nature but is significantly completely amorphous. In this new state, the material is
physically made more susceptible to outside actions by “openiag-up” the physical
structure.

In certain embodiments, the invention provides regenerated wood in a form
such that at least about 75% of the fibers present in the wood in its native state are no
longer present. In further embodiments, the regenerated wood is in a form such that
at least about 80%, at least about 85%, at least about 90%, at least about 95%, or at
least about 99% of the fibers present in the wood in its native state are no longer
present. Rather, in the place of the original fibers, is bulky mass of amorphous

physical structure.
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The disrupted structure of the emerging lignocellulosic material (i.c., the
material regenerated from the solution in ionic liquid) represents a new and highly
porous, bulky substrate that is easily accessible and highly reactive towards various
chemicals, cnzymecs, and cven gascs. Since the wood fibers have been dissolved and
re-formed to have an expanded surface area, more of the basic wood structure is
available to be acted on. The regenerated lignocellulosic material can be provided in
a variety of forms making it a very useful commodity for further reactions and for the
preparation of various derivatives and new composite materials, Such new materials
can now truly be wood-based materials. For example, the regenerated lignoccllulosic
material can be powdered or provided in a variety of further forms. Thus, the
regenerated lignocellulosic material made possible by the present invention, and
particularly regenerated wood, is a renewable substrate that can form the basis for a
variety of products, including products that now depend on the availability of non-
renewable resources.

The amorphous lignocellulosic material provided according to the present
invention is particularly characterized by the beneficial increase in surface area since
the fibrous structure of the material has been completely changed. The demonstrated,
augmented enzymatic reactivity and accessibility of the regenerated lignocellulosic
materials is exemplary of its higher surface area. Furthermore, that the amorphous,
regenerated lignocellulosic matenial of the invention is significantly different from the
starting lignocellulosic material is evidenced by the reduced crystallinity of the
regenerated lignocellulosic material, as described below in relation to FIG. 2,

The data illustrated in FIG. 2 show that spruce sawdust-dissolved in AmimCl
displays a slight broad amorphous diffraction peak centered around 26 of 25°, in the
absence of the characteristic diffraction pattern of wood cellulose, which usually
displays a prominent sharp peak near 15° and 23°. Thus, FIG. 2 demonstrates that the
crystallinity of the cellulose in the wood was eliminated with the ionic liquid
dissolution-regeneration treatment. Such a transformation is particularly beneficial to
allow a greater accessibility for hydrolytic enzymes to rapidly penetrate and
hydrolyze the wood. A similar transformation is likewise seen with the lignin content
of materials that are solubilized in ionic liquid and regenerated according to the
present invention. In particular, the lignin component of the lignocellulosic substrate
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exhibits an accessibility to enzymatic and chemical transformations that greatly
exceeds such accessibility of the material in its native state. These advantages are
further described below.

The prescnt invention is further benceficial in that the ionic liquid media in the
inventive pretreatment method can be casily recovered and reused. As noted above,
after the pretreatment step, the ionic liquid with the dissolved lignocellulosics therein
can be mixed with a regenerating solvent to facilitate precipitation of the
lignocellulosic materials. After recovery of the precipitated materials, the
regencrating solvent can be removed from the ionic liquid by known methods, such as
simple evaporation, Preferably suitable drying methods, such as the use of
hygroscopic materials (e.g., anhydrous Na,SO,), are also empldyed to ensure the ionic
liquid to be recovered is substantially free of the regenerating solvent. The recovered
ionic liquid can then be reused for multiple future pretreatment steps. For example,
the steps of pre-treating the lignocellulosic material by dissolution in the ionic liquid,
precipitation and recovery of the solvated lignocellulosics, and recovery of the ionic
liquid can be described as encompassing a single pretreatment cycle. In certain
embodiments, ionic liquids used according to the present invention can be recovered
for use in multiple pretreatment cycles. Preferably, an ionic liquid can be recovered
and used in at least 2 pretreatment cycles, at least 3 pretreatment cycles, at least 4
pretreatment cycles, at least 5 pretreatment cycles, at least 6 pretreatment cycles, at
least 7 pretreatment cycles, at least 8 pretreatment cycles, at least 9 pretreatment
cycles, or at least 10 pretreatment cycles. This provides for great cost savings, as well
as being environmentally responsible. - -

Recycling of the ionic liquid according to the present invention is further
beneficial since it has been discovered that such recycling leads to useful
fractionation. In specific embodiments, recycling and reusing the ionic liquid in
multiple pretreatment cycles causes the ionic liquid to become enriches in
hemicelluloses. For example, in one evaluation, the lignin content of regenerated
eucalyptus wood was shown to increase with the use of recycled ionic liquid.
Specifically, an ionic liquid was obtained and used for multiple cycles in the
dissolution of eucalyptus wood, which is known to have a total lignin content of about
20%. The cucalyptus wood sample was dissolved in the ionic liquid and regenerated,
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such as described above. After the first cycle, the regenecrated cucalyptus wood
comprises 24% acid insoluble lignin and 7.2% acid solublc lignin for a total lignin
content of 31.2%. The recycled ionic liquid was used in a further cycles to dissolve a
samplc of cucalyptus wood, which was then regencrated and cvaluated for lignin

content. The results of the evaluation are shown below in Table 2.

Table 2

1 24% 72% 31.2 Regenerated wood after 1™ cycle

2 30% 7.8% 37.8 Regenerated wood after 2™ cycle

3 29% 6.8 % 35.8 Regenerated wood after 3" cycle

4 28% 6.9 % 34.9 Regenerated wood after 4™ cycle

5 49 % 34% 8.3 Material still dissolved in ionic
liquid

As seen in 'fable 2, after each cycle, the regenerated wood had a higher total lignin
content than the content of native eucalyptus wood, which indicates that the
regencrated wood has a reduced carbohydrate content. After cycle five, the material
dissolved in the ionic liquid was precipitated out. Upon evaluation, the isolated
material was shown to have a total lignin content of 8.3%. This low lignin content
indicates that the recycled ionic liquid is enriched in carbohydrate content (e.g.,
hemicelluloses). Detailed sugar analyses of this fraction were consistent with a xylan
and mannan rich biopolymer as anticipated by the presence of glucuronoxylans and
glucomanans in such species.

To facilitate enrichment of the recycled ionic liquid in hemicelluloses, it is
possible to purify the recycled ionic liquid. For example, the recycled ionic liquid can
be combined with a matcrial that is a non-solvent for hemicelluloses (e.g., acetonitrile
or tetrahydrofuran), This allows for the hemicelluloses to be precipitated in the non-
solvents. Accordingly, the recycled ionic liquid is purified of the fractionated
hemicelluloses, which are recovered. Thus, the invention provides a method for
isolating hemicelluloses from lignocellulosic materials, including woody and non-

woody species.
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In one embodiment, the method of isolating hemicelluloses from
lignocellulosic materials comprises dissolving the lignocellulosic material in an ionic
liquid, regenerating the lignocellulosic material having a reduced hemicellulose
contcnt, scparating the regencrated lignoccllulosc matcrial from the ionic liquid to
provide a recycled ionic liquid, and isolating hemicelluloses from the recycled ionic
liquid. In particular, the step of isolating hemicelluloses from the recycled ionic
liquid can comprise precipitating the hemicelluloses from the ionic liquid. This step
can further comprise adding to the recycled ionic liquid a solvent in which
hemicelluloses are not soluble (i.e., a hemicellulose non-solvent). The precipitated
hemicelluloses can be separated from the ionic liquid by methods recognized as

suitable for such separations.

BioFuel Formation

The pretreated lignocellulosic material recovered from the pretreatment steps
described above can beneficially be used directly in known methods for the
preparation of biofuels. As noted above, the pretreated lignocellulosic material, after
recovery from the ionic liquid, is in a regenerated form making it more susceptible to
further reactions. For example, the pretreated lignocellulosic material can be
submitted to an enzymatic hydrolysis using typical conditions normally applied for
such a process to convert the regenerated lignocellulosic material into sugars. The
type of sugar formed can be varied depending upon the enzymatic and hydrolytic
conditions. Typically, glucose is formed for the subsequent conversion into ¢thanol,

One known methbd to convert cellulose to glucose relies on acid hydrolysis
(see Grethlein, Chemical Breakdown Of Cellulosic Materials, J. Appl.Chem.
Biotechnol. 28, (1978) 296-308), which uses concentrated or dilute acids. The
concentrated acid process uses 72%, by weight, sulfuric acid or 42%, by weight,
hydrochloric acid at room temperature to dissolve the cellulose, followed by dilution
to 1% acid and heating to 100 °C to 120 °C for up to three hours to convert cellulose
oligomers to glucose monomers. The dilute acid process uses 0.5% to 2%, by weight,
sulfuric acid at 180 °C to 240 °C for several minutes to several hours. U.S. Patent
Numbers 5,221,537 and 5,536,325 describe a two-step process for the acid hydrolysis
of lignocellulosic material to glucose.
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As an alternative to acid hydrolysis, cellulose conversion processes have been
developed using a treatment comprising enzymatic hydrolysis. A typical treatment by
enzymatic hydrolysis is carried out by mixing the substrate and water to achieve a
slurry of 5% to 12%, by wcight of ccllulosc, and then adding ccllulasc cnzymes,
Typically, the hydrolysis is run for 24 to 150 hours at 50 °C and pH 5. At the end of
the hydrolysis, glucose, which is water soluble, is in the liquid while unconverted
cellulose, lignin, and other insoluble portions of the substrate remain in suspension.
The glucose syrup is recovered by filtering the hydrolysis slurry; some washing of the
fiber solids is carried out to increase the yield of glucose.

Further examples of methods for converting the regenerated lignocellulosics
into sugars are provided in the following, all of which are incbri)orated herein by
reference: Tashpulatov, Z.T. et al., Chemistry of Natural Compounds, 33(7), 1997;
Hang, Y.D. et al., Lebensmittel- Wissenschaft und Technologie, 32(4), 1999; Katz, M.
and Reese, E.T., Applied Microbiology, 16(2), 1968; Liu, L.Y., and Chen, H.Z.,
Chinese Science Bulletin, 51(2), 2006; United States Patent No. 5,916,780; United
States Patent No. 4,752,579; and United States Patent No. 5,628,830.

The glucose (or other sugars) formed as described above can be used in a
typical fermentation process to prepare the biofuel. In other words, the process of the
invention can comprise microbially converting the formed sugars into a biofuel, such
as by contacting the sugars with bacteria useful for forming the desired biofuel.
Again, the final biofuel prepared can be varied depending upon the type of sugar
prepared in the hydrolysis step. In one embodiment, the bacteria can be ethanol-
forming bacterial. There are several traditional ethanol processes based on
fermentation of carbohydrates. In the most typical process, sugars are fermented by
yeast to produce ethanol. Carbon dioxide is generated in the process from a fraction
of the carbohydrate by the metabolism of the yeast. Yeast typically have a limited
ability to utilize sugars other than glucose. While glucose is the major sugar produced
from the hydrolysis of the starch from grains, it is not the only sugar produced in
carbohydrates generally. The hydrolyzate typically contains glucose, but also large
arﬁounts of other sugars such as xylose, which yeast cannot metabolize. Research has
been directed to the use of organisms other than yeast which in contrast to yeast, do
consume many if not most of the sugars derived from the hydrolysis of biomass.
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Examples include Zymomonas sp. bacteria and E. coli bacteria which have been
genetically engineered to utilize xylose. Thereby the potential range of substrate
sugars which can be converted to ethanol has been increased.

It is gencrally assumcd in the litcraturc on cthanol fermentation that cthanol
yield limitation is fixed by the biochemical pathway called the Embden-Myerhof
pathway by which ethanol is produced in all of the organisms so far proposed for
production of ethanol, including the thermophiles. A great number of bacteria are
capable of ethanol formation. Many of these microorganisms generate multiple end
products in addition to ethyl alcohol. These include other alcohols (butanol, isopropyl
alcohol, 2,3-butanediol), organic acid (acetic acid, formic acid, and lactic acids),
polyols (arabitol, glycerol and xylitol), ketones (acetone) or various gases (methane,
carbon dioxide, hydrogen). Examples of microbes that are capable of yielding ethanol
as the major product (i.e. a minimum of 1 mol ethanol produced per mol of glucose
utilized) are Clostridium sporogenes, Clostridium indoli, Clostridium sphenoides,
Clostridium sordelli, Zymomonas mobilis, Zymomonas mobilis, Spirochaeta aurantia,
Spirochacta stenostrepta, Spirochacta litoralis, Erwinia amylovora, Leuconostoc
mesenteroides, Streptococcus, and Sarcina ventriculi. Specific examples of methods
for preparing biofuels from sugars can be found in the following, all of which are
incorporated herein by reference: United States Patent No. 7,309,602; United States
Patent No. 7,109,005; and United States Patent No. 6,509,180. Prepared biofuel can
be isolated through techniques known in the art, such as distillation.

While various pretreatment methods have been tried, it has not heretofore been
possible to arrive at an overall method for preparing biofuel frem celluloses, and
especially lignocelluloses, that is commercially attractive, Even with the most
efficient currently known pretreatment processes, the amount of cellulase enzyme
required to convert cellulose to glucose is so high as to be cost-prohibitive for ethanol
production purposes. The pretreatment method of the present invention, however,
overcomes this problem by effectively compromising the complex cellular structure
of lignocelluloses, including woody materials, and “opening-up” the structures for
effective attack by enzymes to convert the regenerated materials into the appropriate

sugars,
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In one evaluation of the reactivity of regencratcd materials toward cellulolytic
enzymes, spruce wood was pretreated via dissolution in ionic liquid and regeneration,
as described above. The regenerated material was then submitted to an enzymatic
hydrolysis using a mcthod described by Mabcee, W., Appl. Biochem. Biotechnol.
(2006) pp. 129-132, which is incorporated herein by reference. Although not
completely optimized, the evaluation showed that about 60% of the theoretical
amount of glucose was enzymatically released from the wood when predissolved in
AmimCl and regenerated by precipitation in water., By comparison, only 12% of
glucose units were rcleased from the untreated control wood sample (spruce wood
sawdust). Similar pretreatments in BmimCl] were also found to improve the release of
glucose units in comparison to untreated wood. This is illustrated in the graph
provided in FIG. 3. Said graph shows the amount of glucose released during
enzymatic hydrolysis with ionic liquid pretreatment in millimoles per gram of wood
and in percentage terms compared with the theoretical maximum for spruce wood.

The recycling of the ionic liquid, as described above, can also provide
advantages in the production of biofuels. In specific embodiments, the use of a single
ionic liquid for multiple cycles has actually been shown beneficial for improving
cellulose hydrolysis during enzymatic treatment. Particularly, the recycled ionic
liquid has been shown to provide better hydrolysis than when using a freshly prepared
ionic liquid. In one test, softwood treated with a freshly prepared 1-butyl-3-methyl
imidazolium chloride ionic liquid exhibited a 28% rclease of glucose upon enzymatic
hydrolysis. However, when the same ionic liquid was recycled and used to pre-treat a
second wood sample, the pretreated wood exhibited a 39% release of glucose. Ina
control experiment (wood without pretreatment), only 12% of cellulose was released
upon enzymatic hydrolysis. These findings can be attributed, in part, to the
significant amount of hemicelluloses dissolved in the ionic liquid during the
treatment. It is believed this causes fractionation and enrichment of the various wood
componcnts on subsequent re-precipitation cycles. After a certain number of cycles,
it can be beneficial to remove the hemicellulose fractions from the recycled ionic
liquid to maintain consistent quality and wood dissolution characteristics of the ionic

liquid.
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EXPERIMENTAL
The present invention will now be described with specific reference to various
examples. The following examples are not intended to be limiting of the invention

and arc rather provided as cxcmplary embodiments,

EXAMPLE 1
Preparation of 1-benzyl-3-methyl-imidazolium chloride
The ionic liquid was prepared with benzyl chloride (0.25 mol) and 1-
methylimidazole (0.23 mol) using CH3CN as solvent in a 250 mL three-neck bottle.
The mixture was refluxed for 48 hours under an argon atmosphere. After evaporation
of the solvent and of the residual benzyl chloride, the pufc ionic liquid was obtained.
Drying of the materials took place at 120 °C under vacuum by stirring for 24 hours.

The product was of a gelatinous nature at room temperature,

EXAMPLE 2
Preparation of 1-methyl-3-benzyl-imidazolium dicyanamide

The ionic liquid was prepared by anion exchange reaction between 1-methyl-
3-benzylimidazolium chloride (0.20 mol) and NaN(CN), (0.21 mol) using water as the
solvent. The homogenous mixture was stirred at room temperature for 12 hours.
After evaporation of the water, 50 mL of CH,Cl, was added into the residue. The
formed NaCl was filtered, and the organic solvent phase was dried with anhydrous
MgSOs. After filtration of the MgSO,and evaporation of the solvent, a yellow liquid

ionic liquid was obtained. - -

EXAMPLE 3
Dissolution of Lignin in 1-Butyl-3-Methyl Imidazolium Chloride
1-Butyl-3-Methyl Imidazolium Chloride (10 g) was charged into a 50 mi dried
flask under inert atmosphere (Ar). The temperature of the dissolution process was
controlled using an oil bath at 120 °C. Dried lignin (Kraft pine, Kraft hardwood, or
lignosulfonate) was added into the ionic liquid to form a 10% w/w solution prepared
over two hours under mechanical stirring. The dissolution of lignin in ionic liquid

results in the formation of a viscous, brown-black solution.
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EXAMPLE 4
Pretreatment of Wood With Ionic Liquid

Dissolution in ionic liquids was carried out using sawdust from Norway
Sprucc, Eucalyptus, Redwood, Douglas Fir, Southern Pinc trecs, and a varicty of
tropical hardwoods, as well as banana trec wood. The wood was initially dried under
vacuum (~1mmHg) at 50 °C for 18 hr. A loss of ~5% weight was typically. observed
for these samples upon drying.

For dissolving each sample, 10 g of 1-allyl-3-methyl ionic liquid was
transferred to a flask with a sidearm fitted for inert gas. Wood dust (0.5 g) was added
to the surface of the ionic liquid and mechanically stirred at a low speed to
homogenize the mixture under a positive pressure of argbn gas. When the mixture
was thoroughly mixed, the sample was heated in an oil bath, under argon gas, at
approximately 85 °C for 18 hrs. After the heating and dissolution process, the
homogenized mixture of the wood and ionic liquid was cooled. To this solution water
was added (100 mL) in order to precipitate the lignocellulosic material, The
precipitate was collected for spectrographic analysis.

The initial and the regenerated spruce wood from the ionic liquids were
characterized by X-ray diffraction (as illustrated in FIG. 2). Review of the spectra
indicated that the X-ray diffraction spectral peaks typically derived from the
crystalline regions of the cellulose were dramatically eliminated after the pretreatment
in the ionic liquid. Therefore, it can be concluded that the crystallinity of the
cellulose in the wood was virtually climinated with the ionic liquid pretreatment.

EXAMPLE 5
Enzymatic Hydrolysis of Pretreated Wood

Spruce wood pretreated as described in Example 4 (using Amim ionic liquid
and Bmim ionic liquid) was subjected to an enzymatic hydrolysis, using typical
conditions normally applied for this process. As a comparative, spruce wood that was
not pretreated was subjected to the same hydrolysis treatment. The theoretical yield
of glucose from the wood was 4 mmol of glucose per gram of wood (mmol/g). In the

sample pretreated according to the invention, a glucose yield of 2.4 mmol/g was

" achieved meaning approximately 60% of the theoretically possible glucose units were
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released from the wood pretreated in ionic liquid. In the untreated sample, only 0.45
mmol/g (12% of the theoretical yield) of glucose units were released upon hydrolysis.
This is further illustrated in FIG. 3 and FIG. 4.

Additional gains in thc glucosc yicld can be madc through usc of morc
optimized conditions, as well as a varicty of enzyme cocktails specialized for
production of glucose. Generally, different wood species are expected to behave
differently during enzymatic hydrolysis, but the difference between the untreated
material and that pre-treated with ionic liquid always remains on the order described

above.

EXAMPLE 6
Weight Loss as Evidence of Increased Glucose Production

Samples of spruce wood were exposed to a standard cellulase enzymatic
treatment to convert the cellulose present in the sample to glucose. One sample was
first dissolved and regencrated using freshly prepared 1-butyl-3-methyl-imidazolium
chloride (Bmim). A second sample was first dissolved and regenerated using Bmim
that was recycled from previous dissolutions. Both Bmim dissolved samples were
exposed a cellulase enzymatic treatment, and the percentage weight loss of the sample
subjected to the enzymatic treatment was calculated by obtaining the difference
between the weight of the material subjected to the enzymatic treatment minus the
weight of unconverted cellulose, lignin, and other insoluble portions of the substrate
remaining in suspension and dividing by the weight of the material subjected to the
enzymatic treatment. As a comparative, an enzymatic treatment was also carried out
on a sample of spruce wood that was not subjected to any pretreatment. Pretreatment
according to the invention resulted in an approximate three-fold increase in actual
percentage weight loss during enzymatic treatment. The percentage weight loss for
each sample is illustrated in FIG. 5.

Many modifications and other embodiments of the inventions set forth herein
will come to mind to one skilled in the art to which these inventions pertain having
the benefit of the tcachings presented in the foregoing descriptions. Therefore, it is to
be understood that the inventions are not to be limited to the specific embodiments
disclosed and that modifications and other embodiments are intended to be included
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herein, they are used in a generic and descriptive sensc only and not for purposes of

limitation.
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THAT WHICH IS CLAIMED:

R A method of converting a lignocellulosic material into biofuel
comprising pre-treating the lignocellulosic material by dissolving in ionic liquid to
form a solution of dissolvcd lignoccllulosic matcrial in ionic liquid, and carrying out
one or more further steps to convert the dissolved lignocellulosic material to a biofuel

or to a reactant in the direct preparation of a biofuel.

2, The method of claim 1, wherein said dissolving comprises mixing

while heating at a temperature of about 50 °C to about 150 °C.

3. The method of claim 1, wherein said dissolving is carried out in the

substantial absence of water.

4, The method of claim 3, wherein said dissolving is carried out such that

the ionic liquid comprises less than about 1% by weight water.

5. The method of claim 1, wherein said dissolving is carricd out in the

substantial absence of a nitrogen-containing base.

6. The method of claim 5, wherein said dissolving is carried out such that

the ionic liquid comprises less than about 1% by weight of a nitrogen-containing base.

7. The method of claim 1, wherein the ionic liquid~compriscs a material
formed of a cation and an anion, wherein the cation is selected from the group
consisting of imidazoles, pyrazoles, thiazoles, isothiazoles, azathiozoles, oxothiazoles,
oxazines, oxazolines, oxazaboroles, dithiozoles, triazoles, delenozoles,
oxaphospholes, pyrroles, boroles, furans, thiophenes, phospholes, pentazoles, indoles,
indolines, oxazoles, isoxazoles, isotetrazoles, tetrazoles, benzofurans, dibcnzofurans,
benzothiophenes, dibenzothiophenes, thiadiazoles, pyridines, pyrimidines, pyrazines,
pyridazines, piperazines, piperidines, morpholones, pyrans, annolines, phthalazines,
quinazolines, guanidiniums, quinxalines, choline-based analogues, derivatives
thereof, and combinations thereof, and wherein the anion is selected from the group
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consisting of halogens, phosphates, alkylphosphates, alkenylphosphates, BF4, PF¢’,
AsFg', NO3y', N(CN),", N(SO3CF3)y’, amino acids, substituted or unsubstituted
carboranes, perchlorates, pseudohalogens, metal chloride-based Lewis acids, C).¢

carboxylates, and combinations thercof,

8. The method of claim 7, wherein the cation is selected from the group
consisting of imidazoles and pyridines, and the anion is selected from the group
consisting of halogens, phosphates, alkylphosphates, alkenylphosphates, and
bis(trifluoromethylsulfonyl)imide.

9. The method of claim 1, wherein the lignocellulosic material is selected
from the group consisting of tobacco, corn, corn stovers, corn residues, cornhusks,
sugarcane bagasse, castor oil plant, rapesced plant, soybean plant, cereal straw, grain
processing by-products, bamboo, bamboo pulp, bamboo sawdust, energy grasses, rice
straw, paper.sludge, wastc papers, recycled paper, recycled pulp, and combinations

thereof.
10.  The method of claim 1, wherein the lignocellulosic material is a wood.

11.  The method of claim 10, wherein the wood, prior to dissolving in the
ionic liquid, is in a form selected from the group consisting of ball-milled wood
powder, sawdust, thermomechanical pulp fibers, wood chips, and combinations

thereof. - -

12, The method of claim 1, further comprising precipitating the pretreated
lignocellulosic material from the ionic liquid to form a regenerated lignocellulosic

material,

13.  The method of claim 12, wherein the precipitation step comprises

adding a regenerating solvent to the solution.
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14,  The method of claim 12, wherein the regenerated lignoccliulosic
material has a basic structure that is at least about 95% amorphous.

15.  Thc mcthod of claim 12, furthcr comprising rccycling the ionic liquid

after precipitation of the lignocellulosic material.

16.  The method of claim 15, wherein said recycling comprising removing

the regenerating solvent from the ionic liquid.

17.  The method of claim 1, wherein said ionic liquid comprises an ionic

liquid that has been recycled from a previous pre-treatment step.

18.  The method of claim 1, wherein the one or more further steps
comprises isolating the lignocellulosic material from the ionic liquid and converting

the isolated lignocellulosic material into a sugar.

19.  The method of claim 18, wherein said converting step comprises

enzymatic hydrolysis.

20.  The method of claim 18, further comprising microbially converting the

sugar into a biofuel.

21.  The method of claim 20, wherein said microbialy converting step

comprises contacting the sugar with ethanol forming bacteria.

22.  The method of claim 1, wherein the biofuel comprises ethanol.

23.  The method of claim 1, wherein the reactant comprises glucose.
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24,  Aregenerated lignocellulosic material, said regenerated lignocellulosic
material having a basic physical structure that is at least 50% amorphous, said
regenerated lignocellulosic material comprising a lignocellulosic material that, in its

native statc, has a basic physical structurc that is Icss than 50% amorphous.

25.  The regenerated lignocellulosic material of claim 24 comprising

amorphous regenerated wood.

26.  The regenerated lignocellulosic material of claim 25, wherein the basic

physical structure of the regenerated wood is at least about 90% amorphous.

27. A method for preparing a highly porous, reactive lignocellulosic
substrate, the method comprising:
(a) dissolving a lignocellulosic material in an ionic liquid to form a
solution; and
(b)  precipitating the dissolved lignocellulosic material from the

ionic liquid to form the highly porous, reactive lignocellulosic substrate.

28.  The method of claim 27, wherein said precipitating step comprises

adding a regenerating solvent to the solution.

29. A method for isolating hemicellulose from a lignocellulosic material,
said method comprising: - -
()  dissolving the lignocellulosic material in an ionic liquid;
(b)  regencrating the lignocellulosic material having a reduced
hemicellulose content;
(c) separating the regenerated lignocellulose material from the
ionic liquid to provide a recycled ionic liquid; and

(d)  isolating hemicellulose from the recycled ionic liquid.
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30.  The method of claim 29, wherein said isolating step comprises
precipitating the hemicellulose from the ionic liquid.

31.  The method of claim 30, whercin said precipitating compriscs adding
5 to therecycled ionic liquid a solvent in which the hemicellulose is not soluble,
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