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PRODUCT PREPARATION AND RECOVERY FROM
THERMOLYSIS OF LIGNOCELLULOSICS IN IONIC LIQUIDS

FIELD OF THE INVENTION
The prescnt invention is directed to methods of product production from
biomass. More particularly, the invention is directed to methods of thermolysis of

lignocellulosic materials and formation of various products.

BACKGROUND

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

Wood is the most abundant lignocellulosic resource on the planet. Although
wood has long been 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 chemical treatment, are
generally undesirable because of the use and/or relcasc of environmentally unfriendly
chemicals. For example, 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 heterogencous chemical modification is performed. Performing these
processes is plagued by feedstock-degradation, as well as the unavoidable
consumption of large amounts of cnergy and expensive chemicals. The traditional
method to obtain biodegradable plastic and composites is heterogeneous graft
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.
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Lignin is a vastly under-utilized natural polymer. Commercial 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
obtaincd from the Kraft pulping process. Other delignification technologies usc an
organic solvent or a high pressure stcam 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 propertics 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
arc 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.

Tonic 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 sustainable industry.

Tonic 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 cxample, 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 Intemnational Publication WO
2005/098546.

Given the availability and renewability of biomass, particularly
lignocellulosics, such materials would be highly useful as starting materials for the
preparation of chemical raw materials. In particular, pyrolytic breakdown of biomass
is a useful method for the breakdown of biomass in the production of a large number

of chemical substances. The process of anacrobic pyrolysis converts organics to
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solid, liquid, and gas by heating it in the absence of oxygen. The amount of solid,
liquid, and gaseous fractions formed is highly dependent on the process variables, as
are the distribution of products within each solid, liquid, and gas phase produced.
Although pyrolytic breakdown of biomass is a promising method for the production
of many chemical compounds, there is still a need in the art for an cfficient and

effective method of carrying out such a process.

SUMMARY OF THE INVENTION

The present invention provides methods for the anaerobic pyrolysis of
lignocellulosic materials to form a variety of useful chemical compounds and/or
pyrolysis oils. The inventive methods arc particularly made possible through the
combination of the lignocellulosic material with an ionic liquid media. The
combination can result in substantially swelling and at least partial dissolution of the
lignocellulosic material, which beneficially can be performed under mild conditions.
In specific embodiments, the methods of the invention include catalytic cracking
and/or thermal decomposition of the solvated lignocellulosics to form useful products,
such as liquid pyrolysis oils and a variety of chemical compounds. Thus, the
inventive methods provide for the homogencous conversion of lignocellulosic
feedstocks into useful products.

Traditionally, wood or lignin pyrolysis occurs under highly heterogencous and
multi-phased conditions due to the nature of the solid lignocellulosic materials.
Consequently, mass and hcat transport are seriously limited, which in turn results in a
rather non-homogeneous set of products being produced since reactions are occurring
more rapidly on the surface of the solids, and product mass transfer is limitcd through
the bulk of the solid matcrial. The ability to do such pyrolytic chemistry under
homogeneous conditions offers the possibilitics of using homogeneous catalysis for
such processes opening the door for the development of biomass catalytic cracking
chemistry.

In a particular embodiment, the invention provides a method for pyrolysis of a
lignocellulosic material. Preferably, the method comprises combining the
lignocellulosic material with an ionic liquid to form a mixture. In the mixture, the
lignocellulosic material can be partially or completely dissolved, can be swollen, or
can be both partially dissolved and swollen. The mixture of the lignocellulosic

material and the ionic liquid is subjected to pyrolytic conditions to form a fraction that
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comprises a recoverable product. The homogeneous pyrolysis conditions offer
significantly improved yields of pyrolysis oils, which may be used (without further
refining) as liquid fuels. Furthermore, the pyrolysis oils that emerge are rich in
chemicals which, after further refining, could be used in specialized applications.

In particular embodiments, subjecting the mixture to pyrolytic conditions
includes hecating the mixture to a temperature of about 150 °C to about 300 °C. In
another embodiment, it comprises heating the mixture anacrobically. In a specific
embodiment, the method comprises a distillation method.

The pyrolysis method can comprise formation of various fractions, including a
distillate fraction, a tar fraction, and a char fraction. In certain embodiments, the
recoverable product formed in the method comprises onc or more commodity
chemicals, such as levoglucosenone, levulonic acid, levulinic acid, 5-hydroxymethyl
furfural, 2-furaldehyde (furfural), or 2-methylfurfural.

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, quinazolines,
guanidiniums, quinxalines, cholinc-based analogues, derivatives thereof, and
combinations thereof, and wherein the anion is selected from the group consisting of
halogens, phosphates, alkylphosphates, alkenylphosphates, BFs4", PF¢", AsFe, NO3",
N(CN);’, N(SO1CF»)7’, amino acids, substituted or unsﬁbstituted carboranes,
perchlorates, pseudohalogens, metal chloride-based Lewis acids, Cj.¢ carboxylates,
and combinations thereof.

In another aspect, the present invention is directed to a method of preparing a
commodity chemical from a lignoccllulosic material. In certain embodiments, the
method compriscs at combining the lignocellulosic material with an ionic liquid (e.g.,
at least partially dissolving and/or at lcast partially swelling the lignocellulosic
material) to form a mixture, distilling the mixture, and recovering the commodity

chemical. In particular, thc commodity chemical can be selected from the group
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consisting of alcohols, phenols, aldehydes, organic acids, furans, catechols, and
combinations thercof, In specific embodiments, the commodity chemical comprises
levoglucosenone, levulonic acid levulinic acid, 5-hydroxymethyl furfural, 2-
furaldehyde (furfural), or 2-methylfurfural.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic drawing of a distillation apparatus for use according to
one embodiment of the invention;
FIG. 2 is a flowchart describing two flow paths for recycling ionic liquid
media according to one embodiment of the invention; and
FIG. 3 is a spectral analysis of a tar fraction collected from the pyrolysis of
lignocellulose dissolved in ionic liquid and distilled according to one embodiment of

the invention.

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 refercnts unless the context clearly dictates
otherwise.

The present invention provides methods that allow for the effective and
efficient use of biomass, and particularly lignocellulosic materials, in the thermolytic
production of a variety of useful products. Thermolysis is a chemical process for the
decomposition of a starting (gencrally complex) substance into one or more ending
(generally less complex) products through application of heat. Pyrolysis is typically
recognized as a specific type of thermolytic process. Accordingly, the term
thermolysis, as used herein, means the bringing about of any chemical change in a
substance (such as cellulose, lignin, lignocellulose, woody materials, or biomass

generally) through application of heat and specifically encompasses pyrolysis.

LEGAL02/30691793v( Attorney Docket No. 35051/339583



WO 2008/098036 PCT/US2008/053146

10

15

20

25

30

Generally, pyrolysis is understood to be the chemical decomposition of
organic materials by heating in the absence of oxygen. In the pyrolysis of biomass,
known methods typically rely on so-called “fast pyrolysis”, which is usually required
to achieve high liquid yiclds.

Fast pyrolysis is a thermal decomposition process that occurs at moderate
temperatures with a high heat transfer rate to the biomass particles and a short hot
vapor residence time in the reaction zone. Various types of reactors arc known for
use in such reactions, including bubbling fluid beds, circulating and transported beds,
cyclonic reactors, and ablative reactors. Fast pyrolysis of biomass produces a liquid
product and pyrolysis oil (or bio-oil) that can be readily stored and transported.
Pyrolysis oil is a renewable liquid fucl and can also be used for production of
chemicals. Fast pyrolysis has now achieved a commercial success for production of
chemicals and is being actively developed for producing liquid fuels. Pyrolysis oils
have been successfully tested in engines, turbines and boilers, and been upgraded to
high quality hydrocarbon fuels although at present with unacceptable energetic and
financial costs. The present invention may alter these relations due to the greater
yields of pyrolysis oils obtained under the homogeneous pyrolysis conditions used.

Since pyrolysis is slightly endothermic, various methods have been proposed
to provide heat to the reacting biomass particles: partial combustion of the biomass
products through air injection; direct heat transfer with a hot gas, ideally product gas
that is reheated and recycled; indirect heat transfer with exchange surfaces (e.g., wall,
tubes); direct heat transfer with circulating solids; and solids transfer of heat between
a burner and a pyrolysis reactor. All of the above methods have drawbacks, however,
such as poor quality products, inability to provide sufficicnt heat with reasonable gas
flow rates, difficulty in achieving good heat transfer on both sides of the heat
exchange surface, and the shear complexity of the technology. The present invention
is particularly advantageous in that the above problems are overcome through a
pyrolytic method that uscs distillation of the lignocellulosic material in combination
with an ionic liquid such that the lignocellulosic material is highly swollen, partially
dissolved, and/or complctely dissolved.

The present invention is particularly useful in that pyrolysis is carricd out
using lignocellulosic material that is combined with an ionic liquid. The use of such
material beneficially allows for the use of lower distillation temperatures than in

known processes that do not incorporate the present combination steps. The
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combination with ionic liquid also overcomes the need for pretreatment with
hazardous chemicals to prepare woody biomass for pyrolysis. The usc of ionic liquids
also increases the conversion efficiency and selectivity of the pyrolysis process, which
beneficially leads to cost-effective production of valuable chemicals.

As further described below, the present invention also allows for recycling of
the ionic liquids, which offers an environmentally friendly, low cost pathway for the
encrgetically beneficial application of biopolymers. Moreover, the invention reduces
waste materials and allows for the utilization of components that have previously been
discarded. For example, black liquor lignin is presently burned and used as an energy
source for many mills involved with biomass pyrolysis; however, the use of ionic
liquid in lignin depolymerization can provide altemnative and profitable applications

for waste products, such as black liquor lignin.

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 intensification is provided).
Preferentially, the ionic liquids can exhibit Brensted, Lewis, and Franklin acidity, as
well as superacidity, enabling many catalytic processes. They have no cffective 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. lonic 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') ionic liquid combinations). Ionic
liquids are further beneficial in that they are relatively inexpensive (particularly in
light of their facile recycling potential), casy to prepare, and commcrcially available.

As used in the present invention, ionic liquids generally comprise one or more
anions and one or more cations. In preferrcd 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
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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 heterocyclics being substituted or
unsubstituted. The derivatized compounds include, but arc 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,
isotetrazoles, tetrazoles, benzofurans, dibenzofurans, benzothiophenes,
dibenzothiophenes, thiadiazoles, pyridines, pyrimidines, pyrazines, pyridazines,
piperazines, piperidines, morpholones, pyrans, annolines, phthalazincs, quinazolines,
guanidiniums, quinxalines, choline-bascd analogues, and combinations thereof. 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 cmbodiments, the anionic
portion comprises onc or more moietics selected from halogens, phosphates,
alkylphosphates, alkenylphosphates, bis(trifluoromethylsulfonyl)imide (NTf;), BFy,
PF¢’, AsFg¢’, NO3', N(CN);", N(SO;CF;),, amino acids, substituted or unsubstituted
carborancs, perchlorates, pscudohalogens such as thiocyanate and cyanate, metal
chloride-based Lewis acids (e.g., zinc chlorides and aluminum chlorides), or C\.4
carboxylates. Pseudohalides are monovalent and have properties similar to those of
halides (scc, 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 are 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 moicties are also cnvisioned and encompassed by
the present invention. For example, the invention also encompasses ionic liquids
based on alkyl imidazolium or choline chloride anol-aluminum chloride, zinc
chloride, indium chloride, and the like. Moreover, various further Lewis acid
inorganic salt mixturcs may be used (sec Green Chem. (2005) 7, 705-707, which is

incorporated herein by reference).

LEGAL02/30691793v1 Attomey Docket No. 35051/339583



WO 2008/098036 PCT/US2008/053146

10

15

20

25

30

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 matcrial that is liquid under the conditions described herein. For example, a
cation imidazolium moiety could be combined with an anionic halogen moiety to
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. Specific, non-limiting examples of ionic liquids for use according to the
invention include I-butyl-3-methyl-imidazolium chloride (“BmimCI"); 1-allyl-3-
methyl-imidazolium chloride (“AmimCl”); 1-ethyl-3-methyl-imidazolium chioride; 1-
hydrogen-3-methyl-imidazolium chloride; 1-benzyl-3-methyl-imidazolium chloride
(“BenzylmimCl™); 1-isopropyl-3-methyl-imidazolium chloride; 1-m-methoxybenzyl-
3-methyl-imidazolium chloride (“MethoxyBenzylmimCl”); 1-m-methylbenzyl-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).

AN

A

N NN o N 0 ©Z\N\ o
\ ¢/ e — N(CN);

(1) AmimCl (2) BenzylmimCl (3) BenzylmimDca
MeO NN\ Me NN
Gy g a®\ %/ \Q?ew
Cl
(4) BmimCl (5) MethoxyBenzylmimCl (6) MethylBenzylmimCl

Exemplary methods for preparing ionic liquids of BenzylmimCl and BenzylmimDca
are provided in Examples 1 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-
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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 —

S Formula (10); 1-benzyl-3-methylimidazolium dimethylphosphate — Formula (11); 1-
vinyl-3-methylimidazolium dimethylphosphate — Formula (12); 1,3-
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

10 transesterification of the phosphate anion with an alcohol such as, allyl alcohol.

® [ N ® N (@ )

Hee NN N CHy |, LHCTN e ] HeC— N~ ~CH,
MePO,% PO (Allyl),PO,
™ t)) )

N ® N
H,C™ ™CH [\ [\
3 Y ’ D N ® N

N CH,
CHy HaC™ N TN
15 Me,PO, Me,POy Me,PO4”
(10) an (12)
R
N N @
MQPO{ MeHPO, Me,POy4
13) (14) (15)
20

Phosphate-containing ionic liquids can be particularly useful according to the
present invention. Such compounds are typically relatively easy to preparc by
synthesis methods, they readily dissolve woody lignocellulosic materials, and ionic
liquids based on such materials exhibit viscositics in ranges making them particularly

25  easy to use without the need for excessive heating. For example, when compared to
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halide-based ionic liquids (especially chloride-based ionic liquids), phosphate-based
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
imidazole cationic moietics. 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-l-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 suitablc 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 onc¢ or more anions. In specific
embodiments, the invention comprises the use of cation liquids formed of dicationic
compounds. Dicationic materials can cxhibit increased thermal stability and are thus
particularly useful according to the present invention in light of the incrcased
temperature used in the thermolytic processes. 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

-11-
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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)

R2 R3 R Rj
R‘\N)@\N’(");N\_)@DN/R‘ R’\N\é\/NAé/O\‘):\N\?JN/R‘
2X 2X
(16) (17

wherein n is an integer from 4 to 10; m is an integer from 1 to 4; X is a cationic
moiety sclected from the group consisting of Cl, Br, I, NTf,, (R),POg, and RHPOy;
and R, Ry, Ry, R3, and R4 are independently sclected from the group consisting of H,
Cis alkyl, Cy¢ alkenyl, and C, alkynyl. One specific example of a dicationic ionic
liquid according to Formula (1 6) that is useful according to the present invention is

the compound shown below in Formula (18).

RO SO
201 (18)

In further embodiments, the invention also encompasses dicationic liquids

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

OSVORS SN

19 (20)

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,
bis(trifluoromethylsulfonyl)imide (NTf3), (R)2PO4, and RHPQy; and R, R;, and R; are
independently selected from the group consisting of H, C, alkyl, Cy alkenyl, and
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Ci. alkynyl. Dicationic compounds useful as ionic liquids according to the present
invention can be prepared through synthesis methods known in the art. See, for
example, J. Chem. Technol Biotechnol., 81 (2006), p. 401-405, which is incorporated
herein by reference in its entirety.

The invention also encompasses the usc of various mixtures of ionic liquids.
In fact, ionic liquid mixtures 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
AmimCl. 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 moietics
and suitable anionic moieties, 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 are disclosed in United States Patent No. 6,824,599, which is incorporated
herein by reference.

Aromatic group-containing ionic liquids arc 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 moicties
with an clectron-rich aromatic n-system can create stronger interactions for polymers
capable of undergoing n-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 moictics. Phenyl-containing ionic liquids provide particularly good
solubilization of woody materials, as well as lignocellulosic materials generally.

Ionic 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 ambicnt
conditions but is liquid at incrcased tempcraturc (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 temperature 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 hemiccllulose. 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 usc
of ionic liquids, it is possible to achieve complete dissolution of lignocellulosics,
include 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
biomass used in the invention can be derived from both herbaceous and woody

sources. Non-limiting examples of herbaceous biomass sources useful according to
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the invention include tobacco, corn, corn stovers, corn residues, cornhusks, sugarcane
bagasse, castor oil plant, rapeseed plant, soybean plant, cercal straw, grain processing
by-products, bamboo, bamboo pulp, bamboo sawdust, and encrgy grasses, such as
switchgrass, miscanthus, and reed canary grass.

The invention is particularly characterized by it cfficacy toward the dissolution
of diffcrent 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.

Dissolution in ionic liquids according to the process of the present 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 production of various materials 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
pinc, 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 trecs. 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 featurc separating hardwoods
from softwoods is the presence of pores, or vessels, in hardwood trees, which are
absent in softwood trecs. On a microscopic level, softwood contains two types of
cells, longitudinal wood fibers (or tracheids) and transverse ray cells. In softwood,
watcr transport within the tree is via the trachceids rather than the pores of hardwoods.

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 corn stover, rice straw,

paper sludge, and waste papers, can all be used as a lignocellulosic starting material
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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.

Thermolysis Process
The thermolysis of lignocellulosics (or in specific embodiments, the pyrolysis

of lignocellulosics) can be carried out using a variety of methods and apparatuses.
For descriptive purposes, the thermolysis of woody materials is described herein in
connection to a distillation apparatus. Of course, the invention is not so limited, but
rather encompasses any other method whereby thermolysis of a biomass feedstock,
particularly lignocellulosics and especially woody materials, can be effected on such
material combined with an ionic liquid to effect swelling and/or dissolution of the
lignocellulosic material.

In one embodiment of the invention, the anacrobic pyrolysis of lignocellulosic
material is carried out using a Kugelrorh short-path distillation apparatus. A short-
path distillation is a distillation technique that involves the distillate traveling a short
distance, often only a few centimeters. A classic example would be a distillation
involving the distillate traveling from one glass bulb to another, without the need for a
condenser scparating the two chambers. This technique is often used for compounds
which are unstable at high temperatures. Advantages are that the temperature of the
boiling liquid does not have to be much higher than the boiling point of the distilling
substance, and the gases only have to travel a short distance while in the gas-phase
before they can be cooled again to a lower temperature. In a Kugelrohr distillation, a
short path distillation apparatus is typically used (generally in combination with a

vacuum) to distill high boiling (e.g., > 300 °C) compounds. The apparatus typically
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consists of an oven in which the compound to be distilled is placed, a receiving
portion which is outside of the oven, and a means of rotating the sample. The vacuum
is normally generated by using a high vacuum pump. One example of distillation
apparatus useful according to the present invention is provided in FIG. 1.

The apparatus illustrated in FIG. 1 comprises a heated air bath 10 that is
partially cut away to make visible the sample heating flask 20 contained therein. The
apparatus further comprises two receiving flasks 25 to receive the distillates. In
particular, tar components may be collected in the receiving flasks 25. As illustrated
in FIG. 1, the receiving flasks 25 are in a cooling bath 30 (shown partially cut away to
reveal the complete cooling flask 25), which can comprise any means useful for
cooling the receiving flasks. In certain embodiments, a cooling bath can be
completely dispensed with. In the embodiment of FIG. 1, the apparatus also
comprises a motor drive 40 for rotating the sample heating flask 20 and the receiving
flasks 25. In other embodiments, rotating means can be connected only to the sample
heating flask 20. From the receiving flasks 25, the distillate travels through a series of
tubing 50 to one or more condensing units. In FIG. 1, a first condensing unit 60 and a
second condensing unit 65 are shown. In the first condensing unit 60 is a combination
of acetone and solid CO2. In the second condensing unit 65 is liquid nitrogen.
Multiple condensing units can be particularly useful for isolating condensates in
differing boiling ranges. To facilitate movement of the distillates, a vacuum pump 75
is provided at the end of the tubing.

To carry out thermolysis according to the invention, the lignocellulosic
materials are combined with an ionic liquid to change the structure of the
lignocellulosic material through swelling and at least partial dissolution of the
lignocellulosic material. Dissolution of the lignocellulosic material can be carried out
under a varicty of conditions. For example, in specific embodiments, the ionic liquid
used in the dissolution is in the substantial absence of water (i.e., is substantially free
of water). In other embodiments, the ionic liquid 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 frec" 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 basc. In one embodiment, the ionic
liquid comprises less than about 5% by weight water. In another embodiment, the

ionic liquid comprises lcss than about 5% by weight of a nitrogen-containing base. In
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yet another embodiment, the ionic liquid comprises less that about 5% by weight of
water and nitrogen-containing base combined. In particularly preferred embodiments,
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 base.

The lignocellulosic material can be dissolved in the ionic liquid prior to being
subjected to thermolytic conditions. For example, the lignocellulosics can be added to
the ionic liquid media and the admixture can be agitated 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.

Beneficially, according to the present invention, dissolution and thermolysis
can take place in the same container (i.e., in a single step rcaction). For cxample, in
certain embodiments, it is possible to simply add together in a suitable reaction vesscl
the ionic liquid and the lignocellulosic material and then begin increasing the
temperature of the vessel, preferably under continuous agitation. The increased
temperature and the agitation cause the lignocellulosic material to become dissolved
and thus be in a state where thermolytic reaction can take place. That the ionic liquid
provides a solution medium and a thermolysis medium is highly beneficial in that it is
not necessary to perform multiple process steps using different reactor set-ups and
reaction conditions. Rather, according to the present invention, the lignocellulosic
material can be solvated and under thermolysis in a single step process using a single
reactor sct-up. Thus, although dissolution and thermolysis may be described herein
separately, it is understood that both dissolution and thermolysis can take place in the
same reaction vessel. For example, once all reactants are placed in the reaction
vessel, appropriate conditions can be applied to cause dissolution of the
lignocellulosic material in the ionic liquid, and the conditions can thereafter be
adjusted to begin thermolysis. In certain embodiments, the reaction conditions can
undergo a continuous variation so that dissolution procceds continuously into

thermolysis.
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Preferably, dissolution 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 atmosphere. In another
embodiment, 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 carricd 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. In specific embodiments, the
reaction is carried out under a vacuum. This can be useful to augment dissolution, as
well as drive off any water that may be present and to allow for further increased
reaction temperaturcs to reduce the viscosity of the ionic liquid.

The lignocellulosics, once solvated by the ionic liquid, are in a form that is
more readily subject to further action, such as thermolysis. 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 to 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 subscquently 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 with lower viscosities can be
used at lower temperatures, while ionic liquids with higher viscositics can require
higher temperatures. Of course, since the present invention allows for a single reactor
set-up to carry out both dissolution and thermolysis, a wide variety of ionic liquids
having various viscositics and temperature profiles can be used.

Preferably, the dissolution reaction parameters are coordinated so that
complete dissolution is achieved in a desired time. For example, in certain
embodiments, complete dissolution is achicved 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, lcss 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
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course, the time to complete dissolution can vary according to the various
embodiments of the invention and can be reduced, as desired, through manipulation of
the reaction parameters, such as temperature and degree of agitation.

Dissolution can particularly be facilitated through application of mechanical
stirring using any known stirring means. Achieving complete dissolution of cven
wood fibers has been demonstrated using a hot stage optical microscopy investigation
of Norway sprucc sawdust sample in AmimCI. 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
uscful 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.
Accordingly, 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: 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, ¢ven under ambient
conditions. |

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. The present invention is particularly beneficial in
that increased concentrations of lignocellulosic material can be utilized without
diminishing the beneficial outcomes of the invention. 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 cmbodiments, 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 wcight, 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.
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These exemplify the ranges wherein complete dissolution of the lignocellulosic
material in ionic liquid can be obtained. Table 1 provides examples of the dissolution

behavior of various wood-based lignocellulosic materials in different imidazolium-

based ionic liquids.

“BmimCl Wood chips 130°C, 15 h
AmimCl Ball-milled Southemn pinc 80°C,8h 8%

powder
3 AmimCl Norway spruce sawdust 110°C,8h 8%
4 AmimClI Norway spruce sawdust 80°C,24h 5%
5 BmimCl Norway spruce sawdust 110°C,8h 8%
6 AmimCl Norway spruce TMP 130°C,8h %
7 BmimCl Norway spruce TMP 130°C, 8 h 7%
8 AmimCl Southern pine TMP 110°C, 8 h 2%
9 AmimCl Southern pine TMP 130°C,8h 5%
10  BmimCl Southern pine TMP 130°C,8h 5%
1 BenzylmimCl Southern pine TMP 130°C,8 h 5%
12 BenzylmimCl Norway spruce TMP 130°C, 8 h 5%
13 MethoxyBenzylmimCl Southern pinge 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

Since complete solubilization of the lignocellulosic material in the ionic liquid
is not essential to the thermolysis methods of the invention, it is possible to use even
10 greater concentrations of lignocellulosic materials. The occurrence surface swelling
of the lignocellulosic material allows for the progressive reactive dehydration and
dissolution of the lignocellulosic substrate with the concomitant production of various
chemicals which are pulled out under vacuum from the reaction mixture. Thus, in
certain embodiments, the mcthods of the invention can be carried out using solutions
15 of lignocellulosic material in ionic liquid having concentrations of up to about 40% by
weight, up to about 35% by weight, up to about 30% by weight, or up to about 25%
by weight.

The present invention clearly evidences the ability of ionic liquids to dissolve
lignocellulosic material and change the basic structure of the lignocellulosic material.
20  However, as pointed out above, complete dissolution of lignocellulosic materials can
be dependant upon reaction conditions, particularly include the concentration of the
lignocellulosic material in the ionic liquid. Morcover, since the ionic liquid acts on
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the lignocellulosic material to promote swelling, which also substantially “re-
structures” the lignocellulosic material in a manner that facilitates pyrolysis according
to the invention, complete dissolution is not required according to the invention.
Thus, it is understood according to the invention that, when combined with ionic
liquid, a lignocellulosic material will undergo a physical change. That physical
change is expected to include, at least to some extent, dissolution of the
lignocellulosic material. In certain embodiments, dissolution may not be complete;
however, the concomitant swelling of the remaining portions of the lignocellulosic
material put the entire content of the lignocellulosic material in a condition that
facilitates pyrolysis according to the invention. Thus, while the invention may be
described herein in terms of “dissolution”, “dissolving”, “solvation”, or being
“solvated”, such terms are intended to encompass complete dissolution of the
lignocellulosice material, as well as partial dissolution and swelling.

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, 7— interactions among the aromatic
groups in lignin have been suggested as accounting for the conformationally stable
supermolecular structure of lignin. Ionic liquids have a more complex solvent
behavior compared with traditional solvents, and that complex solvent behavior can
include 7-x, n—x, hydrogen bonding, dipolar, and ionic/charge-charge types of
intcractions between the ionic liquids and their solutes. It has been reported that
although the Bmim cation does not have the analogous clcctron 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.
Thus, the use of ionic liquids according to the present invention allows for the
achievement of reactions not heretofore possible because of the excellent swelling of
lignocellulosic matcrials provided by the ionic liquids, even at high concentrations of

the lignocellulosic materials.
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The lignocellulosic material dissolved in the ionic liquid can be placed a
distillation apparatus as described above. Of course, various further types of
distillation apparatuses can also be used. Preferably, the solution of solvated
lignocellulosic material in ionic liquid is heated for a time sufficient to distill the
desired components. Therefore, distillation time can vary depending upon the desired
end product, the distillation volume, and the distillation temperature. In certain
embodiments, the distillation is carried out until substantially only char remains in the
distillation container. Recovered products can be in the form of distillates or can be
separated from a tar fraction that is obtained. In the apparatus of FIG. 1, for example,
a tar fraction can be formed in the receiving flasks 25.

In specific embodiments, the method of the invention is further beneficial in
that pyrolysis can be carried out at ternperatures much lower than typically required in
known methods for biomass pyrolysis. This is particularly possible because of the
swelling effect on the lignocellulosic material provided by the ionic liquid. In specific
embodiments, pyrolysis is carried out at temperatures in the range of about 100 °C to
about 300 °C, preferably about 125 °C to about 250 °C, more preferably about 150 °C
to about 225 °C. Of course, in terms of energy expenditures, it is desirable to achieve
pyrolysis using tempcratures as low as possible. In specific embodiments, pyrolysis
can be carried out at temperatures of less than about 250 °C, less than about 225 °C,
less than about 200 °C, or less than about 175 °C.

In specific embodiments, the methods of the invention can be described as
being carried out under pyrolytic conditions. As used herein, pyrolytic conditions can
specifically mean a temperature sufficient to cause pyrolysis of the sample.
Preferably, such a temperature is as described above. Of course, in light of the
benefits provided by the dissolution in ionic liquid, a pyrolysis temperaturc according
to the present invention can be significantly less than a pyrolysis temperature carried
out on a material not solvated with an ionic liquid. Pyrolysis conditions can also
include the application of a vacuum.

In one embodiment, pyrolysis is carried out anaerobically (i.e., in the
substantial absence of oxygen). Thus, pyrolytic conditions according to the invention
can mean being carried out in the substantial absence of oxygen or in the complete
absence of oxygen. As previously pointed out, this can be accomplished by

performing the pyrolysis in an inert environment, such us under nitrogen or under
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another non-reactive gas, such as argon. Application of a vacuum can also function to
create conditions being in the substantial absence of oxygen.

The dissolution of lignocellulosic materials in ionic liquids is also beneficial
for improving the yield of desired fractions during thermolysis. Typically,
thcrmolysis of a lignocellulosic material can be expected to yield a distillate fraction,
a tar fraction, and a char fraction. In one evaluation, the percent yiceld for each
fraction was determined for a woody lignocellulosic material with and without being
dissolved in ionic liquid. The results of the evaluation are described below in
Example 6.

In addition to the benefit derived simply from the use of an ionic liquid for
dissolving the lignocellulosic material, the composition of the products obtained by
the thermolytic methods of the invention also can be varied by altering the structure of
the ionic liquid used. Still further product variations can be obtained by specifically
including or excluding acidic catalysts in the mixture. For example, dehydration
reactions typically require acidic catalysts. As such, the homogencous conditions
offered by the ionic liquids in the present invention can facilitate development of
biomass catalytic cracking processes.

Non-limiting examples of catalytic substances useful according to the present
invention include various sources of Lewis acidity possessing mineral characteristics.
For example various mincral acids, such as phosphoric acid, sulfuric acid,
hydrochloric acid, nitric acid, boric acid, or hydrofluoric acid, could be used as a
catalyst according to the invention. Specific further examples include aluminum and
zinc chlorides and mineral variations thereof. Organic acids, such as p-tolucne
sulfonic acid and variants thereof arc also particularly uscful. It can be particularly
useful to include substances that promote the dehydration of cellulose toward the
formation of anhydrous sugars.

Although the methods of the invention are described herein in terms of
thermolysis or pyrolysis, such terms are not meant to be overly limiting of the scope
of the invention. For example, in certain embodiments, the present invention can
generally be described as a method of catalytically cracking lignocellulosic materials.
This term can particularly describe the methods of the invention whereby various
catalysts are used to dehydrate cellulose and “pyrolytically crack™ lignin to form

lower phenolic homologues.
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The methods of the invention result in the formation of a recoverable product.
As used herein, the term “recoverable product” is intended to mean a product that is
formed by the pyrolytic reactions of the invention and that is derived from the
underlying lignocellulosic material. As noted above, the methods of the invention can
result in the formation of various fractions, such as a distillation fraction, a tar
fraction, and a char fraction. Accordingly, the recoverable product can be present in
any of the fractions formed during the pyrolysis.

The invention is particularly beneficial in that it provides efficient and
effective pathways for the production and isolation of a number of uscful chemicals.
Accordingly, in certain embodiments, the recoverable product of the invention
comprises a chemical compound, particularly a chemical compound present in a
distillation fraction. Non-limiting examples of the types of chemicals that can be
obtaincd according to the present invention include alcohols (particularly various
substituted and unsubstituted phenols), aldehydes (particularly aromatic aldehydes),
organic acids, various furans, and catcchols. In one embodiment, the methods of the
invention are particularly useful for preparing Levoglucosenone (LGO). In another
embodiment, the methods of the invention arc further useful for preparing levulinic
acid.

Levoglucosenone is a bicyclic enone molecule that is an important and
efficient chiral starting material for the synthesis of many analogs of complex natural
products. LGO exhibits high chemical reactivity in light of its conjugated system and
is particularly useful in the synthesis of a variety of natural product targets that require
stereoselective coupling with the sugar unit. Overall, LGO can be regarded as the
most prominent carbohydrate molccule used in conjugate addition to achieve
complete stereoselectivity of the addition and generally in the synthetic approach to
1,4- and 1,2-thiodisaccharides. Thesc stcreoselective, one-step synthetic approaches
to (1,4)-3-deoxy-thiodisacharides and (1,2)-3-deoxy-thiodisaccharides are classical
examples of exploiting the excellent functionality of both levo- and
isolevoglucoscnone enoncs for the creation of pharmaceutical precursors.

Although the traditional method of cellulose pyrolysis for the production of
LGO is still a viable procedure, synthetic methods utilizing various, and cheap,

starting carbohydrate precursors are highly competitive and cost-effective

" alternatives. For this reason, advances in catalytic cellulose pyrolytic methods for the

production of LGO, such as provided herein, are highly desirable.
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Levulinic acid is a highly useful precursor that can also be prepared according
to embodiments of the present invention, particularly when the pyrolytic methods are
carried out under acid catalysis conditions. Levulinic acid is a versatile chemical
since it can function as an intermediate in the preparation of various further
compounds. One particular derivative of levulinic acid, methyl tetrahydrofuran
(MTHEF), is known to be a low volatility gasoline extender. In addition, various
industrial chemicals can be manufactured from levulinic acid including, but not
limited to, tetrahydrofuran, 1,4-butanediol, diphenolic acid, succinic acid, gamma
butyrolactone, angelicalactone, and N-methylpyrrolidone. Existing domestic markets
for such chemicals arc presently estimated to be in excess of approximatcly one
billion dollars per year. Thus, it is clcar that the present invention is particularly
beneficial as providing a new and efficient technology that effectively utilizes
lignocellulosic materials (including waste materials) by converting them into high-
value added products.

The present invention can thus provide a method for the preparation of a
variety of commodity chemicals. As used herein, the term “commodity chemical”
refers to any chemical compound that has stand-alone value as a product sold in
commerce. Commodity chemicals can include chemicals that are used directly by
consumers or chemicals that are used as reactants or intcrmediates in the preparation
of other chemicals or products. In specific embodiments, the methods of the present
invention make possible the preparation of a wide varicty of commodity chemicals
that are themselves high-value added products or are used in the preparation of other
high-value added products. Specific examples of such chemicals that can be prepared
according to the present invention include, but are not limited to, levulinic acid, 5-
hydroxymecthyl furfural, 2-furaldehyde (furfural), 2-methylfurfural, and
levoglucosenone. Of course, these are only examples of the variety of valuable
chemicals that can be prepared according to the methods of the present invention,

In specific embodiments, the inventive method for the preparation of
commodity chemicals can generally encompass any of the methods steps described
herein. For example, the methods can comprise dissolving a lignocellulosic material
using an ionic liquid and subjecting the lignocellulosic material to conditions suitable
to result in pyrolysis and/or cracking of the lignocellulosic material. In particular, the
method can comprise distilling the at least partially solvated lignocellulosic material

under pyrolytic conditions, as described herein.
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The invention is further characterized in that the ionic liquid media can be
recovered and reused. After completion of the pyrolysis steps, the remaining portions
of the distillation mixture (for example, the remaining char) can be further treated to
recover any remaining ionic liquid, as well as further components. In one method, the
char is dissolved in water and separated to obtain a water phase and a solid phase.
The solid phase can be treated to recover wood residuals. The water phase can be
treated with alcohol to obtain an alcohol phase and a water phase, and the ionic liquid
can be recovered from the water phase, such as by evaporating the water and drying
the ionic liquid.

In another method, the char is dissolved in alcohol to obtain a solid residue
and an alcohol phase. The solid residue can be dissolved in water to obtain a solid
phase and a water phasc. The solid phase can be treated to recover wood residuals.
The ionic liquid can be recovered from the water phase, such as by evaporating the
water and drying the ionic liquid. The recovered ionic liquid from both methods can

then be reused. A flowchart describing these methods is provided in FIG. 2.

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 are rather provided as exemplary 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 CH;CN 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 pure 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 gclatinous nature at room temperature.
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EXAMPLE 2
Preparation of 1-methyl-3-benzyl-imidazolium dicyanamide

The ionic liquid was preparcd 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
MgSO.. After filtration of the MgSOqand evaporation of the solvent, a yellow liquid

ionic liquid was obtained.

EXAMPLE 3
Dissolution of Spruce
A solution of 8% by wt. Spruce wood thermomechanical pulp (TMP) in ionic
liquid (1-butyl-3-methyl imidazolium chloride) was prepared by combining the

components and mechanically stirring at 110 °C over an 8 hour time period.

EXAMPLE 4
Dissolution of Pine
A solution of 5% by wt. Pine TMP was prepared in an ionic liquid formed
using 1-allyl-3-methyl imidazolium chloride. The solution was prepared by
combining the components and mechanically stirring at 110 °C over an 8 hour time

period.

EXAMPLE 5
Dissolution of Lignin
Ionic liquid (10 g) was charged into a 50 ml dried flask under inert atmosphere
(Argon). 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 6
Pyrolysis of Wood Dissolved in lonic Liquid

A 10% (w/w) mixture of southern pine wood powder (particle size 60 — 150

mesh) and ionic liquid (1-allyl-3-methyl-imidazolium chloride) was used (2 g wood
5  powder dissolved in 20 g ionic liquid). The resulting transparent mixture was then

placed in a distillation flask which was connected to distillation apparatus as
illustrated in FIG. 1. The system was connected to a vacuum pump and as the
pressure reached 5 mmHg the temperature was gradually increased to 200 °C over a
time of 20 minutes. The first drops of distillate in the receiving flasks were observed

10 at a temperature of 190 °C and the distillation was continued at 190-200 °C for 20
minutes.

As a comparison, wood that was not dissolved in ionic liquid was also distilled
as described above. In the wood without ionic liquid, a sample of original wood was
tested, and a sample treated with chromated copper arsenate (CCA) was tested. For

15 the wood dissolved in the ionic liquid, a sample of original wood was used, and a
sample treated with H;PO4 was used. The yield of distillate fractions in the four
different pyrolysis systems is provided in Table 3. The H3PO4 was provided as a
catalyst aiding dehydration and pyrolysis; however, such addition is not required.
Beneficially, the ionic liquid media itself has shown to provide a catalytic effect.

20

Table 3

Original wood

ionic liquid CCA-treated wood 522 152 304 94.5

Wood in ionic Original wood 650 220 15.0 100.0

liquid H3PO, treated original 360 245 150 755
wood

The combined yiclds of tar and distillate are vastly improved when the
thermolysis is carried out under the homogeneous conditions provided by the ionic
liquids with concomitant reduction in thc amounts of the remaining char. For wood

25 alone, these numbers amount to an increase of tar and distillates of 20% with an
accompanying reduction of the char residue. It is also important to note that the
thermolysis conditions created by the ionic liquid provided for greater amounts of
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more volatile products as evidenced by the higher percentages of distillate obtained.
This can be very important since these distillates can be more readily refined and/or

completely burned for fuel as pyrolysis oils.

EXAMPLE 7
Spectral Analysis of Pyrolysis Products
3'P NMR spectroscopy and gas chromatography (GC-FID) were used as
parallel analytical tools for identifying the chemical compositions of the pyrolysis
fractions from Example 6. Table 4 shows the distinctive >'P NMR chemical shifts for
the chemical compounds typically present in pyrolysis distillate fractions. A spectral
analysis of a *'P spectrum of a tar fraction collected in the pyrolysis is provided in
FIG. 3. The known values of Table 4 allow for spectral analysis of distillate fractions
obtained according to the invention. The ability to obtain such valuable chemicals
from lignocellulosic materials is provided by the present invention particularly in light
of the increased ability to solubilize the lignocellulosic materials through use of the

ionic liquid media.

Table 4

5-hydroxymethyl-2-ﬁ1r5idéhydc

Acetol

Furfuryl alcohol

Levoglucosan (standard) 148.10 146.65
Experimental Levoglucosan 148.09 146.6-146.63
Furfural 147.09

2-methoxy-4-methyl phenol 139.96

4-¢thyl-2-methoxy phenol 139.88

Guaiacol 139.73

Isoeugenol 139.73

Catechol 138.94

p-Cresol 138.21

Phenol 138.01

Levoglucosenone 135.88

Acetic acid 134.58

Unknown 141.32
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Analysis of the tar fraction indicated that the yield of levoglucosan (LG) is
significantly lower in ionic liquid pyrolysis media. This is shown in Table 5. In
contrast, the yield of LGO was found to increase when ionic liquid was used as the
reaction medium being roughly 5 times higher if compared to the conventional
system. This is shown below in Table 6. Both LG and LGO are valuable chemicals
to be used as precursors in the pharmaceutical industry. In addition, LGO is a
prochiral compound thus being even more valuable than LG. AsLGO is a
dehydration product of LG, the obtained results indicate ionic liquids have unique
propertics in controlling the reaction. The lower yield of LG in the final product
obtained using ionic liquid media indicates that the conversion of LG to LGO has
been more complete when the ionic liquid is used. This is particularly useful since

LGO is a more desirable end product than it precursor, LG.

Table 5

Original wood 3.7

CCA-treated wood 18.3
H3PQOq-treated original wood 19.95
H3POy-treated CCA wood 20.53
Microcrystalline cellulose 42.5
Microcrystalline cellulose, H+ 40.5
Original wood in Ionic Liquid 0.06
H3PQOs-treated original wood in Ionic Liquid 0.06
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Table 6

Original wood 0.0495 0.6

CCA-treated wood 0.0715 0.9
H3PO,-treated original wood 0.0454 0.6
H3PO4-treated CCA wood 0.0994 13
Microcrystalline cellulose 0.117 1.5
Microcrystalline cellulose, H+ 0.213 27
Original wood in Ionic Liquid 0.225 28
H;3PQq-treated original wood in Ionic Liquid 0.227 29

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 teachings 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
within the scope of the appended claims. Although specific terms are employcd
herein, they are used in a generic and descriptive sense only and not for purposes of

limitation.
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THAT WHICH IS CLAIMED:

1. A method for pyrolysis of a lignocellulosic material to form a
recoverable product, the method comprising combining the lignocellulosic material
with an ionic liquid to form a mixturc wherein the lignocellulosic material is at least
partially dissolved and heating the mixture form a fraction comprising the recoverable

product.

2. The method of claim 1, comprising heating the mixture to a

temperature of about 150 °C to about 300 °C.

3. The method of claim 2, comprising heating the mixturc anacrobically.

4, The method of claim I, wherein the fraction comprises a distillation
fraction.

5. The method of claim 1, wherein the fraction comprises a tar fraction.

6. The method of claim 1, wherein the recoverable product comprises one

or more commodity chemicals.

7. The method of claim 6, wherein the one or more commodity chemicals
is selected from the group consisting of levoglucosenone, levulonic acid, levulinic
acid, 5-hydroxymethyl furfural, 2-furaldehyde (furfural), 2-methylfurfural, and

combinations thereof.

8. The method of claim 1, wherein the ionic liquid comprises a material
formed of a cation and an anion, wherein the cation is selected from the group
consisting of imidazoles, pyrazoles, thiazoles, isothiazolcs, azathiozoles, oxothiazoles,
oxazines, oxazolines, oxazaboroles, dithiozoles, triazoles, delenozoles,
oxaphospholes, pyrroles, boroles, furans, thiophenes, phospholes, pentazoles, indoles,
indolines, oxazoles, isoxazoles, isotctrazoles, tetrazoles, benzofurans, dibenzofurans,
benzothiophenes, dibenzothiophenes, thiadiazoles, pyridines, pyrimidines, pyrazines,

pyridazines, piperazines, piperidines, morpholones, pyrans, annolincs, phthalazines,
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quinazolines, guanidiniums, quinxalines, choline-based analogues, derivatives

thereof, and combinations thereof, and wherein the anion is selected from the group
consisting of halogens, phosphates, BF4", PF¢’, AsFg, NOy,, N(CN)2', N(SOiCF3),,
amino acids, substituted or unsubstituted carboranes, perchlorates, pseudohalogens,

metal chloride-based Lewis acids, C,.¢ carboxylates, and combinations thereof.

9. The method of claim 8, 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.

10.  The method of claim 1, wherein the lignocellulosic material is selected
from the group consisting of tobacco, comn, com 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, waste papers, recycled paper, recycled pulp, and combinations

thereof.

11.  The method of claim 10, wherein the lignocellulosic material is a

wood.

12, The method of claim 10, wherein the lignocellulosic material, prior to
combining with 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.

13. The method of claim 1, wherein the mixture further comprises a

catalyst.

14.  The method of claim 13, wherein the catalyst comprises an acid.

15. A method of preparing a commodity chemical from a lignocellulosic

material, the method comprising combining the lignocellulosic material with an ionic
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liquid to form a mixture wherein the lignocellulosic matcrial is at least partially

dissolved, distilling the mixture, and recovering the commodity chemical.

16.  The method of claim 15, wherein the commodity chemical is selected
from the group consisting of alcohols, phenols, aldehydcs, organic acids, furans,

catechols, and combinations thereof.

17.  The method of claim 16, wherein the commodity chemical is selected
from the group consisting of levoglucosenone, levulonic acid, levulinic acid, 5-
hydroxymethyl furfural, 2-furaldehyde (furfural), 2-methylfurfural, and combinations

thereof.

18.  The method of claim 17, wherein the commodity chemical comprises

levulinic acid.

19.  The method of claim 15, wherein the ionic liquid comprises 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,
indolinc/s, oxazoles, isoxazoles, isotetrazoles, tetrazoles, benzofurans, dibenzofurans,
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
consisting of halogens, phosphates, BF4', PFg’, AsFg’, NOy, N(CN);, N(SO3CF3),’,
amino acids, substituted or unsubstituted carboranes, perchlorates, pseudohalogens,

metal chloride-based Lewis acids, Cy.¢ carboxylates, and combinations thereof.

20.  The mcthod of claim 19, 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.
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21. The method of claim 15, wherein the lignocellulosic material is
selected from the group consisting of tobacco, com, corn stovers, corn residues,
cornhusks, sugarcane bagasse, castor oil plant, rapeseed plant, soybcan plant, cereal
straw, grain processing by-products, bamboo, bamboo pulp, bamboo sawdust, energy
grasses, rice straw, paper sludge, waste papers, recycled paper, recycled pulp, and

combinations thereof.

22. The method of claim 21, wherein the lignocellulosic material is a

wood.
23. The method of claim 21, wherein the lignocellulosic material, prior to
combining with 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.

24.  The method of claim 15, wherein the distilling step comprises heating

to a temperaturc of about 150 °C to about 300 °C.

25.  The method of claim 24, comprising heating the mixture anaerobically.

26.  The method of claim 15, comprising heating the mixture in the

presence of a catalyst.

27.  The method of claim 26, wherein the catalyst comprises an acid.
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