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Figure 1 Overall resulis of bagasse hvdrolysis ustig phosphonin acid, PEA snd Ambarbyst T

R PhA B I PEA HQ.R L Aenberhast i Bagasse
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CATALYTIC BIOMASS DECONSTRUCTION

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/428,454 filed on Dec. 30, 2010.

FEDERAL FUNDING STATEMENT

[0002] This mnvention was made with government support
under award #/0NANB7H7023, requisition #4700558
awarded by NIST through the ATP program. The government
has certain rights 1n the invention.

TECHNICAL FIELD

[0003] The present invention 1s directed to catalysts and
methods for deconstructing and fractionating biomass using,
heterogeneous catalysts.

BACKGROUND OF THE INVENTION

[0004] The increasing cost of fossil fuel and environmental
concerns have stimulated world-wide interest in developing
alternatives to petroleum-based fuels, chemicals, and other
products. Biomass materials are a possible renewable alter-
native.

[0005] Lignocellulosic biomass includes three major com-
ponents. Cellulose, a primary sugar source for bioconversion
processes, mcludes high molecular weight polymers formed
of tightly linked glucose monomers. Hemicellulose, a sec-
ondary sugar source, includes shorter polymers formed of
various sugars. Lignin includes phenylpropanoic acid moi-
cties polymerized in a complex three dimensional structure.
The resulting composition of lignocellulosic biomass 1is
roughly 40-350% cellulose, 20-25% hemicellulose, and
25-35% lignin, by weight percent.

[0006] No cost-efiective process currently exists for eifi-
ciently converting cellulose, hemicellulose, and lignin to
components better suited for producing fuels, chemicals, and
other products. This 1s generally because each of the lignin,
cellulose and hemicellulose components demand distinct
processing conditions, such as temperature, pressure, cata-
lysts, reaction time, etc. 1n order to effectively break apart 1ts
polymer structure.

[0007] Aneedexists for amethod for converting biomass to
oxygenated compounds suitable for bioreforming processes,
such as Aqueous-Phase Reforming (APR) and hydrodeoxy-
genation (HDO). Ideally, the method would convert biomass
to carbohydrates, such as starches, saccharides, sugars and
sugar alcohols, which are desirable feedstock for bioreform-
INg Processes.

[0008] Existing methods for converting biomass to usable
feedstock are not suificient to meet the growing needs of
bioreforming processes. Hot water extraction of hemicellu-
loses from biomass has been well documented, but the sugars
produced by hot water extraction are unstable at high tem-
peratures leading to undesirable decomposition products.
Theretfore, the temperature of the water used for hot water
extraction 1s limited, which can reduce the effectiveness of
the hot water extraction.

[0009] Additionally, studies have shown that 1t 1s possible
to convert microcrystalline cellulose (MCC) to polyols using,
hot, compressed water and a hydrogenation catalyst
(Fukuoka & Dhepe, 2006; Luo et al., 2007; and Yan et al.,

2006). Typical hydrogenation catalysts include ruthenium or
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platinum supported on carbon or aluminum oxide. However,
these studies also show that only low levels of MCC are
converted with these catalysts. Selectivity toward desired
sugar alcohols 1s also low. Therefore, a process for converting,
biomass to polyols for further processing to fuels, chemicals,
and other products would be beneficial.

[0010] APR and HDO are catalytic reforming processes
that generate hydrogen and hydrocarbons from oxygenated
compounds derived from a wide array of biomass. The oxy-
genated hydrocarbons include starches, mono- and poly-sac-
charides, sugars, sugar alcohols, etc. Various APR methods
and techniques are described in U.S. Pat. Nos. 6,699,457,
6,964,757, 6,964,758; and 7,618,612 (all to Cortright et al.,
and entitled “Low-Temperature Hydrogen Production from
Oxygenated Hydrocarbons™); U.S. Pat. No. 6,953,873 (to
Cortright et al., and entitled “Low-Temperature Hydrocarbon

Production from Oxygenated Hydrocarbons™); and U.S. Pat.
Nos. 7,767,867 and 7,989,664 and U.S. Application Ser. No.

2011/0306804 (all to Cortright, and entitled “Methods and
Systems for Generating Polyols™). Various APR and HDO
methods and techniques are described 1n U.S. Patent Appli-
cation Ser. Nos. 2008/0216391; 2008/0300434: and 2008/
0300435 (all to Cortright and Blommel, and entitled “Syn-
thesis of Liquid Fuels and Chemicals from Oxygenated
Hydrocarbons™); U.S. Patent Application Ser. No. 2009/
0211942 (to Cortright, and entitled “Catalysts and Methods
for Reforming Oxygenated Compounds™); U.S. Patent Appli-
cation Ser. No. 2010/0076233 (to Cortright et al., and entitled
“Synthesis of Liquid Fuels from Biomass™); International
Patent Application No. PCT/US2008/056330 (to Cortright
and Blommel, and entitled “Synthesis of Liquid Fuels and
Chemicals from Oxygenated Hydrocarbons™); and com-
monly owned co-pending International Patent Application
No. PCT/US2006/048030 (to Cortright et al., and entitled
“Catalyst and Methods for Reforming Oxygenated Com-
pounds”), all of which are incorporated herein by reference.
[0011] Biomass must be deconstructed to less complex
oxygenated compounds prior to use as feedstock for biore-
forming processes. There remains a need for cost-effective
methods for separating biomass 1nto streams suitable for use
in APR, HDO and other bioreforming processes.

SUMMARY

[0012] The i1nvention provides methods for converting a
biomass slurry to lower molecular weight oxygenated hydro-
carbons. The method generally involves catalytically reacting
a biomass slurry comprising water and a biomass component
with hydrogen and a heterogeneous deconstruction catalyst at
a deconstruction temperature and a deconstruction pressure
to produce an oxygenated hydrocarbon having a lower
molecular weight than the biomass component.

[0013] One aspectof the invention 1s the composition of the
biomass slurry. In one embodiment, the biomass component
may be cellulose, lignocelluloses, agricultural residues, wood
materials, energy crops, municipal solid waste, recycled
fibers, corn stover, straw, bagasse, switch grass, miscanthus,
sorghum, and poplar.

[0014] The heterogencous deconstruction catalyst 1is
capable of deconstructing biomass to form oxygenated
hydrocarbons and/or oxygenates. In one embodiment, the
heterogeneous deconstruction catalyst includes an acidic
resin or a basic resin. The heterogeneous deconstruction cata-
lyst may also include a support and a member selected from

the group consisting of Cu, Fe, Ru, Ir, Co, Rh, Pt, Pd, N1, W,
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Mo, alloys thereof, and combinations thereof. The heteroge-
neous deconstruction catalyst may include these elements
alone or combined with one or more Cu, Mn, Cr, Mo, B, W, V,
Nb, Ta, 11, Zr, Y, La, Sc, Zn, Cd, Ag, Au, Sn, Ge, P, Al, Ga, In,
T1, Ce, and combinations thereof. In one embodiment, the
deconstruction catalyst includes Ni, Ru, Ir, Pt, Pd, Rh, Co, or
Mo and at least one member selected from W, B, Pt, Sn, Ag,
Au, Rh, Co, and Mo.

[0015] Theoxygenated hydrocarbons may include a starch,
a carbohydrate, a polysaccharide, a disaccharide, a monosac-
charide, a sugar, a sugar alcohol, an alditol, an organic acid, a
phenol, a cresol, ethanediol, ethanedione, acetic acid, pro-
panol, propanediol, propionic acid, glycerol, glyceraldehyde,
dihydroxyacetone, lactic acid, pyruvic acid, malonic acid, a
butanediol, butanoic acid, an aldotetrose, tartaric acid, an
aldopentose, an aldohexose, a ketotetrose, a ketopentose, a
ketohexose, a hemicellulose, a cellulosic derivative, a ligno-
cellulosic derivative, a polyol, a diol, or a mono-oxygenate.
[0016] Another aspect of the invention 1s a method of con-
verting a biomass slurry to lower weight oxygenated hydro-
carbons and/or oxygenates. The method generally involves:
(1) extracting the biomass slurry using hot water to produce a
first liquad portion and a first solid slurry portion; (2) separat-
ing the first liquid portion from the first solid slurry portion;
(3) catalytically reacting the first solid slurry portion with
hydrogen 1n the presence of a heterogeneous deconstruction
catalyst at a deconstruction temperature and a deconstruction
pressure to produce a second solid slurry portion and a second
liquid portion; (4) separating the second liquid portion from
the second solid slurry portion; and (5) obtaining lower
weight oxygenated hydrocarbons comprising a C, O,
hydrocarbon 1n a liquid phase from the first and second liquid
portion.

[0017] The biomass slurry may include a cellulose, ligno-
cellulose, agricultural residue, wood material, energy crop,
municipal solid waste, recycled fiber, corn stover, straw,
bagasse, switch grass, miscanthus, sorghum, and poplar. The
first liquid portion may include a saccharide and an extractive,
and the first solid slurry portion may include cellulose, hemi-
cellulose, lignin, and ash.

[0018] The heterogeneous deconstruction catalyst includes
an acidic resin or a basic resin and may include a support and
a member adhered to the support selected from the group
consisting of Cu, Fe, Ru, Ir, Co, Rh, Pt, Pd, N1, W, Mo, alloys
thereot, and combinations thereof.

[0019] The deconstruction reaction 1s conducted at a tem-
perature and pressure suitable for deconstructing biomass. In
one embodiment, the deconstruction temperature i1s in the
range of about 80° C. to 350° C. and the deconstruction
pressure 1s 1n the range of about 150 ps1 to 2000 psi.

[0020] The C, O, oxygenated hydrocarbons may include
a starch, a carbohydrate, a polysaccharide, a disaccharide, a
monosaccharide, a sugar, a sugar alcohol, an alditol, an
organic acid, a phenol, a cresol, ethanediol, ethanedione,
acetic acid, propanol, propanediol, propionic acid, glycerol,
glyceraldehyde, dihydroxyacetone, lactic acid, pyruvic acid,
malonic acid, a butanediol, butanoic acid, an aldotetrose,
tartaric acid, an aldopentose, an aldohexose, a ketotetrose, a
ketopentose, a ketohexose, a hemicellulose, a cellulosic
derivative, a lignocellulosic derivative, a polyol, a diol, or a
mono-oxygenated hydrocarbon.

[0021] Another aspect of the invention 1s a method of con-
verting cellulosic slurry to water-soluble oxygenated hydro-
carbons. The method generally includes: (1) extracting the
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cellulosic slurry using an organosolv process to produce a
first liquid portion and a first solid slurry portion; (2) separat-
ing the first liquid portion from the first solid slurry portion;
(3) separating a solvent from the first liquid portion; (4)
catalytically reacting the first solid slurry portion with hydro-
gen 1n the presence of a heterogeneous deconstruction cata-
lyst at a deconstruction temperature and a deconstruction
pressure to produce a second solid portion and a second liquid
portion; (5) separating the second liquid portion from the
second solid portion; and (6) obtaining water-soluble oxy-
genated hydrocarbons comprising a C,_ O, . hydrocarbon 1n
an aqueous liquid phase from the first and second liquid
portions.

[0022] In one embodiment, the method further includes
recycling the solvent back into the organosolv process.
[0023] The biomass slurry may include a cellulose, ligno-
cellulose, agricultural residue, wood material, energy crop,
municipal solid waste, recycled fiber, corn stover, straw,
bagasse, switch grass, miscanthus, sorghum, and poplar. The
first liquid portion may include saccharides extractive, and
lignen, and the first solid slurry portion may include cellulose,
hemicellulose, lignin, and ash.

[0024] The heterogeneous deconstruction catalyst includes
an acidic resin or a basic resin and may include a support and
amember selected from the group consisting o1 Cu, Fe, Ru, Ir,
Co, Rh, Pt, Pd, N1, W, Mo, alloys thereot, and combinations
thereof.

[0025] The deconstruction reaction 1s conducted at a tem-
perature and pressure suitable for deconstructing biomass. In
one embodiment, the deconstruction temperature 1s 1n the
range ol about 80° C. to 350° C. and the deconstruction
pressure 1s 1n the range of about 100 ps1 to 2000 psi.

[0026] The C, O, oxygenated hydrocarbons may include
a starch, a carbohydrate, a polysaccharide, a disaccharide, a
monosaccharide, a sugar, a sugar alcohol, an alditol, an
organic acid, a phenol, a cresol, ethanediol, ethanedione,
acetic acid, propanol, propanediol, propionic acid, glycerol,
glyceraldehyde, dihydroxyacetone, lactic acid, pyruvic acid,
malonic acid, a butanediol, butanoic acid, an aldotetrose,
tartaric acid, an aldopentose, an aldohexose, a ketotetrose, a
ketopentose, a ketohexose, a hemicellulose, a cellulosic
derivative, a lignocellulosic dervative, and a polyol, a diol, or
a mono-oxygenated hydrocarbon.

DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 1s a flow diagram illustrating one embodi-
ment of the present invention.

[0028] FIG. 2 1s a chart illustrating the conversion of 10%
cellulose to polyols at 260° C. using an Ru—C catalyst and a
short soak time.

[0029] FIG. 3 1s a chart illustrating the product yield 1n
aqueous fraction from MCC at 260° C. using a Ru—C cata-
lyst and a short soak time.

[0030] FIG. 4 1s achartillustrating difference in conversion
of 10% cellulose to polyols at 260° C. using a Ru—C catalyst
for a short soak time and a longer soak time.

[0031] FIG. Si1sachartillustrating the difference 1n product
yield 1n aqueous fraction from MCC at 260° C. using a Ru—C
catalyst for a short soak time and a longer soak time.

[0032] FIG. 6 1s a chart illustrating the conversion of 10%
cellulose to polyols at 260° C. using various hydrogenolysis
catalysts.

[0033] FIG. 7 1s a chartillustrating product yields resulting
from using various hydrogenolysis catalysts.
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[0034] FIG. 8 15 a chart illustrating the difference between
bagasse and MCC conversion using an Ru—C catalyst.

[0035] FIG.91sachartillustrating the difference 1n product
yields between bagasse and MCC conversion using a Ru—C
catalyst.

[0036] FIG. 10 1s achartillustrating the conversion of 10%
bagasse to polyols using phosphoric acid, PSA and Amberlyst
70.

[0037] FIG.111sachartillustrating the product yields from

the conversion of 10% bagasse to polyols using phosphoric
acid, PSA and Amberlyst /0.

[0038] FIG. 12 is a chart illustrating the results from the
conversion of bagasse at different particle sizes.

[0039] FIG. 13 1s a chart illustrating the products yields
from the conversion of bagasse at different particle sizes.

[0040] FIG. 14 1s a chart illustrating the results from the
conversion of 10% microcrystalline cellulose using various
catalysts at 260° C.

[0041] FIG.151sachartillustrating the product yields from
the conversion of 10% microcrystalline cellulose using vari-
ous catalysts at 260° C.

[0042] FIG. 16 1s a chart illustrating the results from the
conversion ol corn fiber using various catalysts at variable
temperatures.

[0043] FIG.171sachartillustrating the product yields from
the conversion of corn fiber using various catalysts at variable
temperatures.

[0044] FIG. 18 1s a chart illustrating the results from the
conversion of various biomass slurries using various catalysts

at 260° C.

[0045] FIG.191sachartillustrating the product yields from
the conversion of various biomass slurries using various cata-

lysts at 260° C.

[0046] FIG. 20 1s a chart illustrating the results from the
conversion of 10% bagasse using various catalysts at 300° C.

[0047] FIG. 21 1s a chart illustrating the oxygenated prod-
uct yields from the conversion of 10% bagasse using various
catalysts at 300° C.

[0048] FIG.221sachartillustrating the product yields from
the conversion of 10% bagasse using various catalysts at 300°

C

[0049] FIG. 23 is a chart illustrating the results from the
conversion of various biomass slurries using a nickel tungsten
carbide catalyst.

[0050] FIG. 24 1sachartillustrating the product yields from
the conversion of various biomass slurries using a nickel
tungsten carbide catalyst.

[0051] FIG. 25 1s a flow diagram illustrating one embodi-
ment of the present invention employing a hot water extrac-
tion or a solvent pretreatment step.

[0052] FIG. 26 1s a chart illustrating the results from the
conversion ol various biomass slurries using a variety of
catalysts.

[0053] FIG. 27 1s a chart illustrating the deoxygenation
level of various biomass slurries using a variety of catalysts.

[0054] FIG. 2815 achartillustrating the product yields from
the conversion of various biomass slurries using a variety of
catalysts.

[0055] FIG. 29 i1s a chart illustrating the results from the
conversion ol various biomass slurries using a variety of
catalysts and the amount of carbon converted to the aqueous
phase.
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[0056] FIGS. 30A-B are charts 1llustrating the carbon con-
version to the aqueous phase at varying reaction hydrogen
partial pressures with microcrystalline cellulose.

[0057] FIG. 31 1s a chart illustrating product selectivity at
varying reaction hydrogen partial pressures with microcrys-
talline cellulose.

[0058] FIG. 32 1s a chart 1llustrating the degree of oxygen-
ation at varying reaction hydrogen partial pressures with
microcrystalline cellulose.

[0059] FIGS. 33A-B are charts illustrating the overall bal-
ances and biomass conversion results of loblolly pine decon-
struction at varying temperatures and pressures.

DETAILED DESCRIPTION OF THE INVENTION

[0060] The present invention relates to methods, reactor
systems, and catalysts for converting biomass to less complex
oxygenated hydrocarbons for use 1n downstream bioreforms-
ing processes to produce biofuels and chemicals. The mnven-
tion includes methods of converting biomass to lignin and
lignocellulosic derivatives, cellulose and cellulosic deriva-
tives, hemicellulose and hemicellulosic derivatives, carbohy-
drates, starches, polysaccharides, disaccharides, monosac-
charides, sugars, sugar alcohols, alditols, polyols, diols,
mono-oxygenated hydrocarbons, and mixtures thereof, using
hydrogen and a heterogeneous catalyst.

[0061] As used herein, the term “biomass” refers to, with-
out limitation, organic materials produced by plants (such as
leaves, roots, seeds and stalks), and microbial and animal
metabolic wastes. Common biomass sources include: (1)
agricultural residues, including corn stover, straw, seed hulls,
sugarcane leavings, bagasse, nutshells, cotton gin trash, and
manure from cattle, poultry, and hogs; (2) wood materials,
including wood or bark, sawdust, timber slash, and mill scrap;
(3) municipal solid waste, including recycled fiber, waste
paper and yard clippings; and (4) energy crops, mncluding
poplars, willows, switch grass, miscanthus, sorghum, alfalia,
prairie bluestream, corn, soybean, and the like. The term also
refers to the primary building blocks of the above, namely,
lignin, cellulose, hemicellulose and carbohydrates, such as
saccharides, sugars and starches, among others.

[0062] As used herein, the term “bioreforming’ refers to,
without limitation, processes for catalytically converting bio-
mass and other carbohydrates to lower molecular weight
hydrocarbons and oxygenated compounds, such as alcohols,
ketones, cyclic ethers, esters, carboxylic acids, aldehydes,
diols and other polyols, using aqueous phase reforming,
hydrogenation, hydrogenolyis, hydrodeoxygenation and/or
other conversion processes mmvolving the use of heteroge-
neous catalysts. Bioreforming also includes the further cata-
lytic conversion of such lower molecular weight oxygenated
compounds to C,, compounds.

[0063] In the present invention, biomass 1s converted to a
biomass hydrolyzate using hydrogen and a heterogeneous
deconstruction catalyst. The general process 1s illustrated 1n
FIG. 1. A biomass slurry 1s created by combining biomass that
has been chopped, shredded, pressed, ground or processed to
a s1ize amenable for conversion, with water and/or a solvent.
The biomass slurry 1s then passed 1into a reactor where 1t reacts
with hydrogen and a deconstruction catalyst at a deconstruc-
tion temperature and a deconstruction pressure to produce
oxygenated hydrocarbons that can be used 1n downstream
bioreforming processes or converted directly to C,, hydro-
carbons, such as C,, alkanes, C,, alkenes, and aromatic
compounds.
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[0064] In one embodiment, illustrated i FIG. 25, the
present invention may also include an initial pretreatment hot
water or solvent-based extraction step. The hot water extrac-
tion or solvent based process produces a liquid phase slurry
and a solid phase slurry. The liquid phase includes hemicel-
lulose, lignin, saccharides and extractives. If a solvent-based
process 1s used, the liquid phase also includes solvent, which
can be separated from the liquid phase and recycled for re-
use. The solid phase slurry includes the remaining cellulose,
hemicellulose, lignin, and ash. In this embodiment, the pro-
cess generally involves: (1) extracting the biomass slurry
using hot water or the solvent to produce a first liquid portion
and a first solid slurry portion; (2) separating the first liqud
portion from the first solid slurry portion; (3) catalytically
reacting the first solid slurry portion with hydrogen in the
presence ol a heterogenecous deconstruction catalyst at a
deconstruction temperature and a deconstruction pressure to
produce a second solid slurry portion and a second liquid
portion; (4) separating the second liquid portion from the
second solid slurry portion; and (5) obtaining from the first
and second liquid portion, lower weight oxygenated hydro-
carbons (e.g., C,_ O, , oxygenated hydrocarbons). If a solvent
1s used, the liquid phase can be separated from the solid phase
slurry to recover the solvent using known separation proce-
dures.

[0065] Solvent-based applications are well known 1n the
art. Organosolv processes use organic solvents such as 1onic
liquads, acetone, ethanol, 4-methyl-2-pentanone, and solvent
mixtures, to fractionate lignocellulosic biomass into cellu-
lose, hemicellulose, and lignin streams (Paszner 1984; Muu-
rinen 2000; and Bozell 1998). Strong-acid processes use con-
centrated hydrochloric acid, phosphoric acid, sulfuric acid or
other strong organic acids as the depolymerization agent,
while weak acid processes involve the use of dilute strong
acids, acetic acid, oxalic acid, hydrofluoric acid, or other
weak acids as the solvent. Enzymatic processes have also
recently gained prominence and include the use of enzymes
as a biocatalyst to decrystallize the structure of the biomass
and allow further hydrolysis to useable feedstocks.

[0066] Ifasolventisused, oncethe solventisrecovered, the
resulting liquid phase slurry (absent a significant portion of
the solvent) can be recycled into the biomass slurry, recom-
bined with the solid phase slurry, used 1n a bioreforming
process or, alternatively, used as a feedstock for other conver-
s10n processes, including the production of fuels and chemi-
cals using fermentation or enzymatic technologies.

[0067] The biomass slurry, solid phase slurry or combined
liquid/solid phase slurry is reacted with hydrogen over a
deconstruction catalyst under conditions of temperature and
pressure effective to cause a reaction that converts a portion of
the lignin, cellulose and hemicellulose to a biomass product
stream that 1includes less complex oxygenated compounds,
extractives and other inorganic products. The oxygenated
compounds—referred to as the biomass hydrolyzate—will
generally include carbohydrates, starches, polysaccharides,
disaccharides, monosaccharides, sugars, sugar alcohols, aldi-
tols, monooxygenates, organic acids, phenols, and cresols.
Preferably, the biomass hydrolyzate includes sugar, sugar
alcohols, starch, saccharides and other polyhydric alcohols.
More preferably, the biomass hydrolyzate includes a sugar,
such as glucose, fructose, sucrose, maltose, lactose, mannose
or xylose, or a sugar alcohol, such as arabitol, erythritol,
glycerol, 1somalt, lactitol, malitol, manmitol, sorbitol, xylitol,
arabitol, or glycol. In certain embodiments, the biomass
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hydrolyzate may also include alcohols, ketones, cyclic ethers,
esters, carboxylic acids, aldehydes, diols and other polyols
that may be useful as an organosolv-like solvent. In other
embodiments, the biomass hydrolyzate may also include
mono-oxygenated hydrocarbons that may be further con-
verted to C,_hydrocarbons, such as C,_ alkanes, C, , alkenes,
and aromatic compounds, including benzene, toluene,
xylene, which are useful as liquid fuels and chemicals.
Extractives will typically include ash, terpenoids, stilbenes,
flavonoids, proteins, etc. The product stream may also include
unreacted or under-reacted biomass.

[0068] Theresulting biomass hydrolyzate may be collected
for turther processing 1n a bioreforming process or, alterna-
tively, used as a feedstock for other conversion processes,
including the production of fuels and chemicals using fer-
mentation or enzymatic technologies. For example, water-
soluble carbohydrates, such as starch, monosaccharides, dis-
accharides, polysaccharides, sugars, and sugar alcohols, and
water-soluble dervatives from the lignin, hemicellulose and
cellulose are suitable for use 1n bioreforming processes.
Alternatively, the resulting biomass hydrolyzate may be
recycled and combined 1n the biomass slurry for further con-
version.

[0069] In certain applications, the biomass product stream
undergoes one or more separation steps to separate the extrac-
tives, unreacted biomass and under-reacted biomass from the
product stream to provide the biomass hydrolyzate. The bio-
mass hydrolyzate may also require further processing to sepa-
rate aqueous phase products from organic phase products,
such as lignin-based hydrocarbons that are not suitable for
further conversion. The biomass hydrolyzate may also be
dewatered or further purified prior to being introduced into
turther processing steps. Such dewatering and purification
processes are known 1n the art and can include simulated
moving bed technology, distillation, filtration, etc.

[0070] The deconstruction catalyst is a heterogeneous cata-
lyst having one or more materials capable of catalyzing a
reaction between hydrogen and lignin, cellulose, hemicellu-
lose and their denvatives to produce the desired oxygenated
compounds. The heterogeneous deconstruction catalyst may
include, without limitation, acid modified resin, base modi-
fied resin, and/or one or more of Cu, Fe, Ru, Ir, Co, Rh, Pt, Pd,
N1, W, Mo, alloys and combinations thereof. The deconstruc-
tion catalyst may include these elements alone or combined
with one or more Cu, Mn, Cr, Mo, B, W, V, Nb, Ta, Ti, Zr. Y,
La, Sc, Zn, Cd, Ag, Au, Sn, Ge, P, Al, Ga, In, T1, Ce, and
combinations thereof. In one embodiment, the deconstruc-
tion catalyst includes N1, Ru, Ir, Pt, Pd, Rh, Co, or Mo and at
least one member selected from W, B, Pt, Sn, Ag, Au, Rh, Co,
and Mo.

[0071] Resins will generally include basic or acidic sup-
ports (e.g., supports having low 1soelectric points) that are
able to catalyze deconstruction reactions of biomass, fol-
lowed by hydrogenation reactions in the presence of H,,
leading to carbon atoms that are not bonded to oxygen atoms.
Heteropolyacids are a class of solid-phase acids exemplified
by such species as H,  PMo,, V. O,,, H,S1W O,
H.PW,,0.,, and H.P2W, .O,. Heteropolyacids also have a
well-defined local structure, the most common of which 1s the
tungsten-based Keggin structure. Basic resins include resins
that exhibit basic functionality, such as Amberlyst.

[0072] The deconstruction catalyst is either self-supporting
or includes a supporting material. The support may contain
any one or more of nitride, carbon, silica, alumina, zirconia,
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titania, tungsten, vanadia, ceria, zinc oxide, chromia, boron
nitride, tungstated zirconia, heteropolyacids, kieselguhr,
hydroxyapatite, and mixtures thereof. Preferable supports are
carbon, m-ZrO,, and W—Z7r0O,,. In one embodiment, the
deconstruction catalyst includes Ni:Mo, Pd:Mo, Rh:Mo,
Co:Mo, Pd:Ru, Pt:Re, or PtRh on a m-7ZrO, support. In
another embodiment, the deconstruction catalyst includes
Ru, Ru:Pt, Pd:Ru, Pt:Re, Pt:Rh, Pd:Mo, Pd:Ag, or Ru:Pt:Sn
on a carbon or W—Z7rQ, support. In yet another embodiment
the deconstruction catalyst includes Fe, Co, N1, Cu, Ru, Rh,
Pd, Pt, Re, Mo, or W on a carbon support. The support may
also serve as a functional catalyst, such as 1n the case of acidic
or basic resins or supports having acidic or basic functional-
ity.

[0073] In one embodiment, the deconstruction catalyst 1s
formed 1n a honeycombed monolith design such that the
biomass slurry, solid phase slurry or the solid/liquid phase
slurry can flow through the deconstruction catalyst. In
another embodiment, the deconstruction catalyst includes a
magnetic element such as Fe or Co such that the deconstruc-
tion catalyst can be easily separated from the resulting prod-
uct mixture.

[0074] The biomass slurry, solid phase slurry or the solid/
liquid phase slurry 1s reacted with hydrogen over the decon-
struction catalyst under conditions of temperature and pres-
sure elfective to convert cellulose and hemicellulose to
polyols, monooxygenates, organic acids, cyclic, phenols, and
iorganics. The specific products produced will depend on
various factors, including the composition of the slurry, reac-
tion temperature, reaction pressure, water concentration,
hydrogen concentration, the reactivity of the catalyst, and the
flow rate of the slurry as 1t atlects the space velocity (the
mass/volume of reactant per unit of catalyst per unit of time),
gas hourly space velocity (GHSV), and weight hourly space

velocity.

[0075] The deconstruction process can be either batch or
continuous. In one embodiment, the deconstruction process 1s
a continuous process using one or more continuous stirred-
tank reactors in parallel or 1n series. The deconstruction tem-

perature will generally be greater than 80° C., or 120° C., or
150°C.,or 180° C., or 200° C., or 250° C., and less than 350°

C., or 325° C., or 300° C., or 2830° C., or 260° C. In one
embodiment, the deconstruction temperature 1s between
about 80° C. and 350° C., or between about 150° C. and 350°
C., or between about 150° C. and 300° C., or between about
200° C. and 260° C., or between about 250° C. and 300° C.
The deconstruction pressure 1s generally greater than 100 psi,
or 250 psi1, or 300 psi1, or 625 psi1, or 900 ps1, or 1000 psi, or
1200 psi, and less than 2000 psi, or 1500 psi1, or 1200 psi. In
one embodiment, the deconstruction temperature 1s between
about 100 ps1 and 2000 psi1, or between about 300 ps1 and
1500 psi, or between about 1000 ps1 and 1500 psi. Preferably,
the slurry contacts the deconstruction catalyst for between
approximately 5 minutes and 2 hours.

[0076] In general, the reaction should be conducted under
conditions where the residence time of the slurry over the
catalyst 1s approprate to generate the desired products. For
example, the WHSYV for the reaction may be at least about 0.1

gram ol biomass per gram of catalyst per hour, and more
preferably the WHSYV 1s about 0.1 to 40.0 g/g hr, including a

WHSV ofabout0.25,0.5,0.75,1.0,1.0,1.1,1.2,1.3,1.4,1.5,
1.6,1.7,1.8,19,2.0,2.1,2.2,2.3,2.4,2.5,2.6,2.7,2.8,2.9,
3.0,3.1,3.2,33,34,3.5,3.6,3.7,3.8,3.9,4.0,4.1,4.2,4.3,
44,45,4.6,4.7,4.8,4.9,5.0,6,7,8,9,10,11,12, 13, 14,15,

3 3 3
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20, 25, 30, 35, 40 g/g hr, and ratios between (including 0.83,
0.85,0.85,1.71, 1.72, 1.73, etc.).

[0077] The present invention 1s able to effectively convert
the biomass components to lower molecular weight oxygen-
ated hydrocarbons due to the presence of hydrogen 1n the
system. The hydrogen facilitates the reaction and conversion
process by immediately reacting with the various reaction
intermediates and the deconstruction catalyst to produce
products that are more stable and less subject to degradation.
The hydrogen may be generated 1n situ using aqueous phase
reforming (in situ-generated H, or APR H,), whether in the
biomass deconstruction reactor or in downstream processes
using the biomass hydrolyzate as a feedstock, or a combina-
tion of APR H,, external H, or recycled H,, or just simply
external H, or recycled H,. The term “external H,” refers to
hydrogen that does not originate from the biomass solution,
but 1s added to the reactor system from an external source.
The term “recycled H,” refers to unconsumed hydrogen
which 1s collected and then recycled back into the reactor
system for further use. External H, and recycled H, may also
be referred to collectively or individually as “supplemental
H,.” In general, the amount of H, added should maintain the
reaction pressure within the system at the desired levels, or
increase the molar ratio of hydrogen to carbon and/or oxygen
in order to enhance the production vield of certain reaction
product types.

[0078] The deconstruction process may also include the
introduction of supplemental maternals to the slurry to assist
with the biomass deconstruction or the further conversion of
the oxygenated compounds to products more suited for biore-
forming processes. Supplemental materials may include
dopants, such as acetone, gluconic acid, acetic acid, H,SO,
and H,PO,.

[0079] The deconstruction process converts the lignin, cel-
lulose and hemicellulose 1n the liquid and solid phase to an
organic complex including carbohydrates, starches, polysac-
charides, disaccharides, monosaccharides, sugars, sugar
alcohols, alditols, mono-oxygenates, organic acids, phenols,
and cresols. In certain applications, the biomass product
stream undergoes one or more separation steps to separate the
catalyst (11 any), extractives and unreacted biomass from the
biomass hydrolyzate. The biomass hydrolyzate may also
require further processing to separate aqueous phase products
from organic phase products, such as lignin-based hydrocar-
bons not suitable for bioreforming processes. The biomass
hydrolyzate may also be dewatered or further purified prior to
being introduced 1nto the bioreforming process. Such dewa-
tering and purification processes are known 1n the art and can
include simulated moving bed technology, distillation, filtra-
tion, etc.

[0080] Adfter separating the impurities, the product stream,
suitable for use 1n bioreforming processes, mcludes oxygen-
ated hydrocarbons. Oxygenated hydrocarbons may be any
water-soluble oxygenated hydrocarbon having two or more
carbon atoms and at least one oxygen atom (referred to herein
as C,_, O, hydrocarbons). Preferably, the oxygenated hydro-
carbon has 2 to 12 carbon atoms (C,_,,0,_,, hydrocarbon),
and more pretferably 2 to 6 carbon atoms (C,_.O, _. hydrocar-
bon), and 1, 2, 3, 4, 5, 6, or more oxygen atoms. The oxygen-
ated hydrocarbon may also have an oxygen-to-carbon ratio
ranging from 0.5:1 to 1.5:1, including ratios of 0.75:1.0,
1.0:1.0, 1.25:1.0, 1.5:1.0, and other ratios between. In one
example, the oxygenated hydrocarbon has an oxygen-to-car-
bon ratio of 1:1. Nonlimiting examples of preferred water-
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soluble oxygenated hydrocarbons include starches, carbohy-
drates, polysaccharides, disaccharides, monosaccharides,
sugars, sugar alcohols, alditols, organic acids, phenols,
cresols, ethanediol, ethanedione, acetic acid, propanol, pro-
panediol, propionic acid, glycerol, glyceraldehyde, dihy-
droxyacetone, lactic acid, pyruvic acid, malonic acid, butane-
diols, butanoic acid, aldotetroses, tartaric acid, aldopentoses,
aldohexoses, ketotetroses, ketopentoses, ketohexoses, hemi-
celluloses, cellulosic derivatives, lignocellulosic dervatives,
polyols and the like. Preferably, the oxygenated hydrocarbon
includes starches, sugar, sugar alcohols, saccharides and
other polyhydric alcohols. More preferably, the oxygenated
hydrocarbon 1s a sugar, such as glucose, fructose, sucrose,
maltose, lactose, mannose or xylose, or a sugar alcohol, such
as arabitol, erythritol, glycerol, 1somalt, lactitol, malitol,
mannitol, sorbitol, xylitol, ribitol, or glycol.

[0081] The product stream may also include smaller oxy-
genates, such as alcohols, ketones, cyclic ethers, esters, car-
boxylic acids, aldehydes, diols and other polyols, that may be
turther converted to C,_ hydrocarbons, such as C,_ alkanes,
C,. alkenes, and aromatic compounds, including benzene,
toluene, xylene, using a bioreforming process. As used
herein, “oxygenates” generically refers to hydrocarbon com-
pounds having 2 or more carbon atoms and 1, 2 or 3 oxygen
atoms (referred to herein as C,_ O, _, hydrocarbons), such as
alcohols, ketones, aldehydes, furans, hydroxy carboxylic
acids, carboxylic acids, diols and triols. Preferably, the oxy-
genates have from 2 to 6 carbon atoms, or 3 to 6 carbon atoms.
Alcohols may include, without limitation, primary, second-
ary, linear, branched or cyclic C,_ alcohols, such as ethanol,
n-propyl alcohol, 1sopropyl alcohol, butyl alcohol, 1sobutyl
alcohol, butanol, pentanol, cyclopentanol, hexanol, cyclo-
hexanol, 2-methyl-cyclopentanonol, heptanol, octanol,
nonanol, decanol, undecanol, dodecanol, and i1somers
thereot. The ketones may include, without limitation, hydrox-
yketones, cyclic ketones, diketones, acetone, propanone,
2-oxopropanal, butanone, butane-2,3-dione, 3-hydroxybu-
tan-2-one, pentanone, cyclopentanone, pentane-2,3-dione,
pentane-2,4-dione, hexanone, cyclohexanone, 2-methyl-cy-
clopentanone, heptanone, octanone, nonanone, decanone,
undecanone, dodecanone, methylglyoxal, butanedione, pen-
tanedione, diketohexane, and 1somers thereof. The aldehydes
may include, without limitation, hydroxyaldehydes, acetal-
dehyde, propionaldehyde, butyraldehyde, pentanal, hexanal,
heptanal, octanal, nonal, decanal, undecanal, dodecanal, and
isomers thereof. The carboxylic acids may include, without
limitation, formic acid, acetic acid, propionic acid, butanoic
acid, pentanoic acid, hexanoic acid, heptanoic acid, 1somers
and derivatives thereof, including hydroxylated derivatives,
such as 2-hydroxybutanoic acid and lactic acid. The diols may
include, without limitation, ethylene glycol, propylene gly-
col, 1,3-propanediol, butanediol, pentanediol, hexanediol,
heptanediol, octanediol, nonanediol, decanediol, unde-
canediol, dodecanediol, and 1somers thereof. The triols may
include, without limitation, glycerol, 1,1,1 tris(hydroxym-
cthyl)-ethane (trimethylolethane), trimethylolpropane, hex-
anetriol, and i1somers thereof. Furans and furfurals include,
without limitation, furan, tetrahydrofuran, dihydrofuran,
2-furan methanol, 2-methyl-tetrahydrofuran, 2,5-dimethyl-
tetrahydrofuran, 2-methyl furan, 2-ethyl-tetrahydrofuran,
2-ethyl furan, hydroxylmethyliurfural, 3-hydroxytetrahydro-
furan, tetrahydro-3-furanol, 2,5-dimethyl {furan, 5-hy-
droxymethyl-2(5H)-furanone, dihydro-5-(hydroxymethyl)-2
(3H)-furanone, tetrahydro-2-furoic  acid, dihydro-3-
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(hydroxymethyl)-2(3H)-furanone, tetrahydrofurturyl
alcohol, 1-(2-furyl)ethanol, hydroxymethyltetrahydrofur-
fural, and 1somers thereof.

[0082] As for the unreacted solids, the deconstruction cata-
lyst can be recycled for re-use 1n upstream processes. The
lignin, ash and other extractives can be purged from the sys-
tem and used 1n other processes. For example, the lignin can
be burned to provide process heat, while the proteinaceous
material can be used for animal feed or as other products.

Example 1

[0083] A biomass slurry containing 10 wt % microcrystal-
line cellulose (MCC) 1n water was prepared and converted to
a biomass hydrolyzate using ruthenium on a carbon support.
Experiments were conducted 1n a Parr reactor at 240° C. and
260° C., and at variable processing times of 10 and 20 min-
utes.

[0084] Itwas discovered that the thermal decomposition of
the sugar intermediates 1s mimmized/avoided with the forma-
tion of the more stable oxygenates that arise from the hydro-
genolysis of the saccharnides and polysaccharides. The Ru—C
catalyst and short soak times at 260° C. provided high con-
version and sugar-polyol vyields, with 72% conversion of
microcrystalline cellulose (MCC) and a sugars-polyol yield
01 48%. A high yield of sorbitol (27 g/g MCC) was found with

Ru/C catalyst as illustrated 1n FIGS. 2 and 3. The mass bal-
ance was 94% and aqueous analytical balance was 72%.

[0085] The effectiveness of the longer reaction time (20
min vs. 10 min) 1s shown 1n FIGS. 4 and 5. The extended

reaction enhanced both the conversion and hydrogenolysis of
the MCC.

Example 2

[0086] Several deconstruction catalysts were analyzed for
their ability to convert 10% MCC in water to sugars/polyols.
Experiments were conducted in a Parr reactor at 260° C. for
10 minutes. As 1illustrated i FIGS. 6 and 7, platinum
improves cellulose conversion and provokes higher extent
hydrogenolysis.

Example 3

[0087] A biomass slurry containing 10 wt % bagasse was
converted to biomass hydrolyzate using the Ru/C catalyst as
described in Example 1. Experiments were conducted in a
Parr reactor at 245° C. and 260° C. for 10 minutes. FIGS. 8
and 9 provide a comparison of the conversion and product
yields for bagasse versus the MCC of Example 1.

Example 4

[0088] Acidic resins containing a sulfonate group were
ivestigated for their ability to hydrolyze bagasse using the
catalytic depolymerization techniques of the present imnven-
tion. Soluble polystyrene sulfonic acid (PSA) and phosphoric
acid were used as hydrolyzing acids for comparison. Ruthe-
nium supported on carbon was used as a hydrogenation cata-
lyst. The detailed experimental conditions are listed 1n Table

1.
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TABL

(L]

1

Study of acidity of acidic resin’s functional group

H,
Bagasse Temp Time* Pressure Hydrogenation
Trial  (wt %) Acid (°C.) (mn) (ps1) Catalyst™*
1 10 3% H3PO4 190 90 500 1% Ru/C
2 10 5% PSA 190 90 500 1% Ru/C
3 10 1% PSA 190 90 500 1% Ru/C
4 10 0.25:1 190 90 500 1% Ru/C
Amberlyst
70:Bagasse

*lotal time 1includes 30 munutes of heating
**(Catalyst load 1s 0.3:1 catalyst:bagasse

[0089] The results of bagasse hydrolysis using phosphoric
acid, PSA and Amberlyst 70 are compared 1n FIGS. 10 and

11. Using 3% PSA (Trnial 2) achieved similar bagasse
hydrolysis results as using 5% H,PO, (Tnal 1), converting,
~40% bagasse mto sugars, polyols, organic acids, and a sub-
stantial amount of other decomposition products. 1% PSA
(Trial 3) converted less bagasse than 5% homogeneous acids.
The 1% PSA yielded a higher net sugar/polyol vield because
the 5% PSA caused more severe sugar degradation. The
“soluble homogeneous™ acid catalysts had larger yields of
unknowns versus the solid acid catalyst, Amberlyst 70. This 1s
consistent with insufficient hydrogenation of the resulting
monomeric sugars to the more stable sugar alcohols that
would presumably prevent sugar degradation. The reduced
hydrogenation activity could be due to fouling of the hydro-
genation catalyst with the soluble PSA, decomposition prod-
ucts of the sugar, or solubilized lignin. The Amberlyst 70 1s a
resin that has high temperature stability of 190° C., but the
upper temperature range for the soluble PSA 1s probably
significantly lower. The Amberlyst 70 remains intact as a
heterogeneous solid acid and therefore does not poison or
cause fouling of the hydrogenation catalyst. In the case of the
5% H,PO,, the hydrogen phosphate or impurities present 1n
the phosphoric acid (S, Ca, N, etc.) might poison the hydro-
genation catalyst.

[0090] When using the Amberlyst 70, xylitol 1s the major
product and sorbitol, arabitol, and acetic acid are the minor
products. These products result from depolymerization of
hemicellulose which accounts for 25% of the sugarcane
bagasse used 1n this study. The rest of the bagasse conversion
(up to 40%) 1s primarily from solubilized extractives and
lignin. This 1s consistent with the acid-catalyzed hydrolysis of
hemicellulose, which mvolves solubilization, hydrogenation
and partial deconstruction of the reducing sugars under these
conditions. This 1s consistent with the two-stage acid
hydrolysis processes in which the first stage uses dilute

H,SO, and has proven to be an efficient means of producing
xylose from hemicellulose (Roberto 1994; Silva 1996).

[0091] When using the soluble homogeneous acids, glu-
cose, oxalic acid and unknowns are the major components 1n
the product mix. Xylose, xylitol, arabitol, acetic acid, and
formic acid are present at lower levels. The results are con-
sistent with the acid-catalyzed hydrolysis of both hemicellu-
lose and cellulose when more drastic reaction conditions are
employed. Glucose can be produced from cellulose hydroly-
s1s and xylose decomposes rapidly, resulting 1n unidentified
products. The product distribution 1s consistent with the acid-
catalyzed hydrolysis of hemicellulose, 1ts partial hydrogena-
tion before the hydrogenation activity stopped, and decom-
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position to unknowns of the non-hydrogenated sugars. The
acid hydrolysis of cellulose could have occurred 1n parallel or
slightly delayed to the hemicellulose hydrolysis due to the
increased difficulty to solubilize cellulose.

[0092] As a summary, soluble polystyrene sulfonic acid
can convert 40% sugarcane bagasse at temperature of 190°
C., producing sugars, polyols, organic acids and degradation
products. The 12% sugar/polyol yield 1s similar to using 5%
phosphoric acid. This indicates that polystyrene sulfonic acid
has a high enough acidity to hydrolyze biomass analogous to
a similar concentration ol homogenous acid.

Example 5

[0093] Experiments were conducted to determine the
impact of biomass particle size on homogeneous and hetero-
geneous hydrolysis. Ground sugarcane bagasse particles
(<20, 40, 60 mesh, <840, 420, and 250 um, respectively) were
used as representing lignocellulosic material. Hot water
extraction and hydrolysis using acidic resin (Amberlyst 70)
were used as representative homogeneous and heterogeneous
processes. The detailed experimental conditions are listed in
Table 2.

[0094] The results of hydrolysis using different bagasse
particle sizes are compared in FIGS. 12 and 13. Similar
hydrolysis results were observed among different bagasse
particle sizes. Finer particles facilitate bagasse conversion
using heterogeneous catalyst, but not significantly. Using a
solid acid catalyst enhances hemicellulose hydrolysis pro-
ducing more xylose and glucose than the water-only extrac-
tion. No significant increase of glucose yield with decreasing
bagasse particle s1ze was achieved using acidic resin, indicat-
ing that grinding bagasse to the smaller particle sizes tested
here does not expose more cellulose to solid acids.

[l

TABL.

(Ll

2

Hydrolysis of sugarcane bagasse using
different bagasse particle sizes

Bagasse Temp*  Time™* Analytical
WwWC (wt %) Acid (°C.) (min) Hydrolysis
1 10 — 170 120 3%
2 10 — 170 120  H,S0,,
3 10 — 170 120 120° C.,
60 min
4 10 0.25:1 Amberlyst 70 160 120 —
5 10 0.25:1 Amberlyst 70 160 120 —
6 10 0.25:1 Amberlyst 70 160 120 —

*lemperatures are determined by previous studies providing most sugar/polyol yield
**otal time 1includes 60 minutes of heating

[0095] Theresults suggest that the mild reaction conditions
used here, 1.e., relatively low temperature and short reaction
time, leads to limited bagasse conversion 1n all cases, and that
the Amberlyst resin case did better than water extraction only.
High DP oligosaccharides released from hemicellulose under
high temperature are hydrolyzed with 1n-si1tu acid hydrolysis.
However, these big molecular saccharides are not water-
soluble after being cooled to room temperature. This explains
the lower sugar yield by water only extraction with analytical
hydrolysis.

Example 6

[0096] Four different deconstruction catalysts were mves-
tigated for the conversion of microcrystalline cellulose. Plati-
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num and Ruthenium were selected as deconstruction cata-
lysts. Activated carbon, tungstated zirconia, and a-alumina
were selected as catalyst supports. Elevated temperature
(260° C.) and H, pressure (600 ps1 H, 1n1itial reactor pressure),
and short reaction time (60 min heating and 10 min retention)

were applied to all experiments. The hydrogenolysis results
are shown in FIGS. 14 and 15.

[0097] Platinum supported on alumina, among the tested
four catalysts, gives the highest conversion of microcrystal-
line cellulose into desired products. Ruthentum supported on
activated carbon demonstrated high microcrystalline cellu-
lose conversion (~70%) and polyol products vield (50%).
This result indicates that highly crystalline cellulose can be
hydrolyzed at elevated temperature and pressure using decon-
struction catalyst with inert support. Alumina support does
not show major impacts on cellulose hydrolysis given that
conversion drops significantly when supported catalytic
metal 1s changed to ruthenium. When solid acid (tungstenated
zirconia) 1s applied as catalyst support, undesired reactions
(degradation and recondensation) lead to poor vield of poly-
ols and production of unidentified compounds.

[0098] FIG. 15 shows that major products from the decon-
struction of microcrystalline cellulose are polyols (from C, to
C,) and other oxygenates. Ruthenium shows high capacity of
hydrogenation resulting in significant production of sorbitol.
Platinum shows good hydrogenolysis performance including
both deoxygenation and carbon-carbon bond cleavage. In
summary, highly efficient deconstruction of microcrystalline
cellulose can be achieved using deconstruction catalysts
under elevated temperature and pressure. Major products are
polyols, organic acids, and oxygenates, etc., that can be uti-
lized 1n the bioreforming process being developed by Virent,

Inc. (Madison, Wis.).

Example 7

[0099] A 10wt % corn fiber in water was hydrolyzed using
various catalysts and processing conditions. Three reaction
conditions were selected: (1) Amberlyst 70+Ru/C catalyst at
190° C. and 600 ps1 H,, (2) Ru/C catalyst at 200° C. and 600

ps1t H,, and (3) Ru/C catalyst at 260° C. and 600 psi H,. The
experimental results are shown 1n FIGS. 16 and 17.

[0100] Itcanbe seenthat using an acidic resin 1n this study,
improves corn fiber conversion. But reduced hydrogenation
catalyst activity can also be observed, especially under the
clevated temperature. This poor hydrogenation performance

1s understood to be caused by impurities introduced by corn
fiber hydrolysis, which can be ligmin, protein, and sugar
decomposition products.

Example 8

[0101] Biomass deconstruction of various biomass samples
was explored using deconstruction catalysts containming
ruthenium and ruthenium/rhodium on carbon. Reaction con-
ditions were 260° C. and >1000 ps1 H,. Results show that the
catalysts are able to convert 60-100% MCC, soda hardwood
(Kappa 110) pulp, and sugarcane bagasse. The major prod-
ucts are sugars/polyols and decomposition products, such as
turturals, cyclic ethers, and cracked lignin. The experimental
results are shown in FIGS. 19 and 20. The Ru/C catalyst gives
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the highest yield of sorbitol. The addition of rhodium signifi-
cantly improved the biomass conversion.

Example 9

[0102] A study was conducted on acid, base and metal
functions of various catalysts and their ability to convert
bagasse to desired compounds.

[0103] Zirconia catalysts were prepared by precipitation. A
solution of ZrOCl, was added into ammonium hydroxide
solution (pH=10-11). The precipitate was dried at 70° C. and
then rinsed to remove chloride 10ns.

[0104] WO,/ZrO, and MgO/Zr0O, catalysts were prepared
by 1ncipient wetting impregnation. Appropriate amounts of
precursors were dissolved 1n deionized water and evenly dis-
tributed onto the ZrO,, supports. The wet catalysts were dried
at 120° C. in oven for at least 12 hours. Some matenals were
calcined 1n air at 600° C. for up to 4 hours. The catalyst
formulations that were tested are listed 1n Table 3 below.

TABL

L1

3

Catalyst Information

Atomic Metal
Catalyst Ratios Loading wt %  Note
Hydrous zirconia — — Control
Tungstate zirconia  W:Zr=0.053  — Acidity scoping
Tungstate zirconta  W:Zr=0.106 — Acidity scoping
Magnesia zirconia ~ Mg:Zr=0.037 — Basicity scoping
Magnesia zirconia  Mg:Zr =10 - Basicity scoping
Rh loaded zirconia — 2.5% Rh Control
Ni loaded zirconia  — 5% Ni Control
NiB loaded zirconia B:Ni=0.037 5% N1 Rh alternative

[0105] All experiments were conducted using a 600 mL
Parr reactor using ground sugarcane bagasse (<20 mesh) as
the lignocellulosic biomass feed. The reactor was pre-pres-
surized with hydrogen at room temperature. The operation
conditions were the same for all formulations and are shown
in Table 4. Bagasse, catalyst, and the proper amount of water
were co-lilled 1n a Parr reactor and were well mixed by
vigorous stirring (800 rpm ) from the start of heating to the end
of cooling. Aqueous and solid samples were taken after the
deconstruction reaction was completed.

TABL.

L1l

4

Process conditions

H, Pre-  Total Total
Charge Heating Retention

Bagasse Bagasse Catalyst Temp Pressure Time Time
weight [g] [wt %] Load [g] [ C.] [PSI] [min] [min]
10.5 10 10 300 250 90 15
[0106] FIG. 20 shows the conversion of bagasse over the

different catalysts. Among the screened catalysts, 2.5% Ru,
2.5% Rh/ZrO, catalyst gave the highest conversion of
bagasse to non-solid components (~85%), while the conver-
sion was lowest for 5% N1/ZrO, (~69%), which was 1dentical
to the control experiment conversion when no catalyst was
added. Using the hydrous ZrO, without any modification
gave a conversion of ~76.5% suggesting that the N1/7r0O,
catalyst underwent rapid deactivation.

[0107] Two solid acid catalysts, 20% WO,/ZrO, and 10%

WO,/7Zr0,, were tested resulting in bagasse conversions of
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76% and 81%, respectively. Similarly, ~73% and ~80% con-
version of bagasse were realized over two solid base catalysts,
1.2% MgO/7ZrO, and 327% MgO/ZrO,, respectively, indicat-
ing that the basicity of the catalyst also contributes to the
biomass depolymerization. Again the 20% WO,/ZrO, and
1.2% MgO/7Zr0O, had lower reactivity than the ZrO, support
alone. This can be explained by the bifunctional nature of the
hydrous Zr0O,, possessing acidic and basic sites, which both
contribute to the catalytic deconstruction of bagasse. FIG. 20
also compares the bagasse conversion over 2.5% Rh/ZrO,
with that over 1ts alternative, 5% Ni, 0.34% B/Zr0O, showing
that the conversions are almost the same, ~82% {for the two
catalysts.

[0108] Carboxylic acids, sugars or polyols, and other oxy-
genates, mcluding alcohols and hydroxyl ketones, are the
main products that can be i1dentified with current analytic
capability. For the catalysts screened, the yields of total car-
boxylic acids are significantly higher than other aqueous
products as shown 1 FIG. 21. Amongst the screened cata-
lysts, 20% WO,/ZrO, gave the highest acid yield, while
327% MgO/7Zr0, gives the highest yield of the sugar/polyol
products. Unidentified components comprise over 70% of the
carbon 1n the aqueous products for each hydrolyzate, and
these could be partially reduced polyols, large-molecular
weight oligomers, lignin derivatives, etc. With such a large
amount of unidentified components, 1t 1s difficult to deter-
mine how the different functionalities of the catalysts affect
the bulk production distribution. However, 1t 1s hypothesized
that a liquefied biomass product of comparable composition
will be compatible with the downstream bioreforming pro-

cess. A more detailed product distribution 1s shown 1n FIG.
22.

[0109] In summary, WO,, MgO, and metal modified ZrO,

catalysts with acid, base, and metal functions, respectively
were tested for deconstruction of sugarcane bagasse. With
appropriate formulations, more than 80% conversion can be
obtained over 10% WO,/Zr0O,, 327% MgO/Zr0O,, or 5% N,
0.34% B/Zr0O, catalyst, suggesting each function including
acid hydrolysis, base catalysis or metal hydrogenolysis can
individually contribute to the lignocellulosic biomass decon-
struction.

Example 10

[0110] This study was to validate the conversion of cellu-
lose, hemicellulose and sugarcane bagasse using nickel-pro-
moted tungsten carbide, to achieve high cellulose conversion
and high polyols yield. Nickel-promoted tungsten carbide
catalyst was prepared with the composition listed in Table 5.

TABLE 35
Composition of nickel-promoted tungsten carbide catalyst
Catalyst Composition
Metal 1 2% N1
Metal 2 30% W,C
Support RX3 Extra Carbon
[0111] Microcrystalline cellulose, ground sugarcane

bagasse (<20 mesh) and hemicellulose (xylan) were used as
representing cellulosic materials. All experiments were con-
ducted using Parr reactor under a static H, atmosphere. The
reaction temperature and residence time were major variables
to be controlled. The reactor was pressurized with hydrogen
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to a desired pressure at room temperature prior to heating. The
detailed experimental conditions are listed 1n Table 6.

TABL

L1

6

Conversion of cellulosic biomass using nickel tungsten carbide catalvyst

Ni—W,C/AC I,

Feedstock Water (Dry wt. Pressure Temp Time®
WC (Dry wt.) (g) g) (psy  (C)  (mm)
1 1gMCC 100 0.3 870 245 120
2 1 g Bagasse 100 0.3 870 245 120
3 1gXylan 100 0.3 870 245 120
4 10g 100 1 870 245 120
Bagasse

*Total time includes 90 minutes heating time

[0112] FIGS. 23 and 24 show the overall results and prod-

uct distribution of cellulosics conversion over nickel tungsten
carbide catalyst. At low biomass concentration (1%), 95% of
microcrystalline cellulose, 93% of hemicellulose and 78% of
bagasse were converted to polyols, organic acids, and other
sugar degradation products. The major products are ethylene
glycol, propylene glycol and acetol. The high 60% ethylene
glycol vield reported by Zhang and Chen was not achieved.
This could be caused by different catalyst composition or
larger scale reactor leading to different mass and heat transier.

[0113] Pure carbohydrates gave higher yields of desired
products as compared with bagasse. The detrimental effect of
lignin, ash and/or extractives released from bagasse 1is
observed 1n the bagasse runs. The used catalyst surface of the
10% bagasse run appeared to have a shiny coat, possibly due
to glassified lignin or decomposition products.

[0114] FIG. 24 shows that sugars or polyols were decom-
posed to organic acids and other degradation products such as
HMF and furfurals that are included 1n the unknowns.

Example 11

[0115] A study was conducted to show the ability of a
variety of catalysts to liquely a variety of types of biomass and
to convert that biomass to a wide range of products including
many highly deoxygenated products. Microcrystalline cellu-
lose and corn stover were deconstructed using water, hydro-
gen, and various metals on oxide supports. All experiments
were conducted under a static H, atmosphere. The detailed
experimental conditions are listed 1n Table 7.

Feedstock H,
(slurry 10 wt Pressure Temp Time®

WC % solids) Catalyst (psi1) (C.)  (min)
1 Cellulose 2% Pd 2% Ru, 8% W 1250 300 100
m-Z1r0O2
2 Corn Stover 2% Pt 2% Re, m-Z10O2 1250 300 100
3  Corn Stover 2% Pd 0.5% Rh, m-ZrO?2 1250 300 100
4  Corn Stover 2% Pd 2% Mo, W 1250 300 100
m-Z1r0O2

*Total time includes 90 minutes heating time

[0116] FIG. 26 shows that 80 to 100% of the biomass feed-

stock was converted. FI1G. 27 shows the deoxygenation levels
from the catalytic deconstruction indicating promising selec-
tivity to mono and poly-oxygenates. FI1G. 28 shows the prod-
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uct yields of the deconstruction. FIG. 29 shows the overall
conversion and the carbon that 1s converted i1n the aqueous
phase.

Example 12

.

[0117] A study was conducted on the effect of hydrogen
partial pressure on the deconstruction of microcrystalline

cellulose using water, hydrogen and a metal oxide hydrode-
oxygenation catalyst. (2% Pd 2% Ag/W—7r02)

[0118] A slurry having a concentration of 10 wt % solids 1n
water was reacted for a 90 minute heating period at a tem-
perature of 280° C. and varying starting partial pressures of
hydrogen from O to 500 psi1. All of the runs were pre-pressur-
1zed to the same level. Nitrogen was added as an inert for the
runs with lower partial pressures of hydrogen 1n order to
maintain the aqueous phase reaction of the cellulose.

[0119] FIGS. 30 and 31 show the ability of the catalysts to

convert most of the cellulose to the aqueous phase and selec-
tively to a wide range of products, many of which are highly
deoxygenated. FIG. 30-B shows the amount of carbon put
into the system from the cellulosic feed and converted into the
aqueous phase. FIG. 32 shows the level of deoxygenation 1n
the products at each of the varying partial pressures of hydro-
gen. The general trend observed shows that as hydrogen avail-
ability 1s increased, the deoxygenation increases and the
amount of carbon converted into the aqueous phase increases.

Example 13

[0120] A study was conducted on the effect of temperature
and hydrogen partial pressure on the deconstruction of

loblolly pine and using water, hydrogen and a metal oxide
hydrodeoxygenation catalyst. (2% Pd 2% Ag/W—Z/r02)

[0121] A slurry having a concentration of 10 wt % solids 1n
water was reacted for a 90 minute heating period at varying,
temperatures of 240-300° C. and pressures of hydrogen from
1000-1450 psi. All of the runs were pre-pressurized to a level
that would ensure the aqueous phase reaction of the lignocel-
lulose.

[0122] Temperature plays alarge role into the conversion of
teedstock to products, particularly to oxygenates. More of the
teedstock 1s converted with increased temperatures, but 1t 1s
converted to a greater amount of unknown compounds.
Increasing the reaction time decreases the amount of carbon
that remains in the aqueous phase, indicating greater losses to
the gas phase and degradation through condensation of prod-
ucts on the catalyst and reactor. FIGS. 33 A and 33B show the
mass and analytical balances and biomass conversion results
of loblolly pine deconstruction at a variety of temperatures
and pressures.

1. A method of converting a biomass slurry to lower
molecular weight oxygenated hydrocarbons, the method
comprising;

catalytically reacting a biomass slurry comprising water

and a biomass component, with hydrogen and a hetero-
geneous deconstruction catalyst at a deconstruction tem-
perature and a deconstruction pressure to produce an
oxygenated hydrocarbon having a lower molecular
weight than the biomass component.

2. The method of claim 1 wherein the biomass component
comprises at least one member selected from the group
including a cellulose, lignocellulose, agricultural residue,
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wood material, an energy crop, municipal solid waste,
recycled fiber, corn stover, straw, bagasse, switch grass, mis-
canthus, sorghum, and poplar.

3. The method of claim 1 wherein the heterogeneous
deconstruction catalyst comprises an acidic resin or a basic
resin.

4. The method of claim 1 wherein the heterogeneous
deconstruction catalyst comprises a support and a member
adhered to the support, wherein the member i1s selected from
the group consisting of Cu, Fe, Ru, Ir, Co, Rh, Pt, Pd, N1, W,
Mo, alloys thereot, and combinations thereof.

5. The method of claim 4 wherein the heterogeneous
deconstruction catalyst further comprises one or more mem-
bers selected from the group consisting of Cu, Mn, Cr, Mo, B,
W, V, Nb, Ta, 11, Zr, Y, La, Sc, Zn, Cd, Ag, Au, Sn, Ge, P, Al,
Ga, In, T1, Ce, alloys thereot, and combinations thereof.

6. The method of claim 1 wherein the oxygenated hydro-
carbon 1s selected from the group consisting of a starch, a
carbohydrate, a polysaccharide, a disaccharide, a monosac-
charide, a sugar, a sugar alcohol, an alditol, an organic acid, a
phenol, a cresol, ethanediol, ethanedione, acetic acid, pro-
panol, propanediol, propionic acid, glycerol, glyceraldehyde,
dihydroxyacetone, lactic acid, pyruvic acid, malonic acid, a
butanediol, butanoic acid, an aldotetrose, tartaric acid, an
aldopentose, an aldohexose, a ketotetrose, a ketopentose, a
ketohexose, a hemicellulose, a cellulosic derivative, a ligno-
cellulosic derivative, and a polyol.

7. A method of converting a biomass slurry to lower weight
oxygenated hydrocarbons, the method comprising;:

extracting the biomass slurry using hot water to produce a
first liquid portion and a first solid slurry portion;

separating the first liquid portion from the first solid slurry
portion;

catalytically reacting the first solid slurry portion with
hydrogen 1n the presence of a heterogeneous decon-
struction catalyst at a deconstruction temperature and a

deconstruction pressure to produce a second solid slurry
portion and a second liquid portion;

separating the second liquid portion from the second solid
slurry portion; and

obtaining lower weight oxygenated hydrocarbons com-
prising a C,_, O, , hydrocarbon 1n a liquid phase from the
first and second liqud portion.

8. The method of claim 7 wherein the cellulosic slurry
comprises at least one member selected from the group
including a cellulose, lignocellulose, agricultural residue,
wood matenal, energy crop, municipal solid waste, recycled
fiber, corn stover, straw, bagasse, switch grass, miscanthus,
sorghum, and poplar.

9. The method of claim 7 wherein the first liquid portion
comprises at least one member selected from the group con-
sisting of a saccharide and an extractive.

10. The method of claim 7 wherein the first solid slurry
portion comprises at least one member selected from the
group consisting of cellulose, hemicellulose, lignin, and ash.

11. The method of claim 7 wherein the heterogeneous
deconstruction catalyst comprises an acidic resin or a basic
resin.

12. The method of claim 7 wherein the heterogeneous
deconstruction catalyst comprises a support and a member
adhered to the support, wherein the member 1s selected from
the group consisting of Cu, Fe, Ru, Ir, Co, Rh, Pt, Pd, N1, W,
Mo, alloys thereot, and combinations thereof.
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13. The method of claim 12 wherein the heterogeneous
deconstruction catalyst further comprises one or more mem-
bers selected from the group consisting of Cu, Mn, Cr, Mo, B,
W, V, Nb, Ta, T1, Zr, Y, La, Sc, Zn, Cd, Ag, Au, Sn, Ge, P, Al,
Ga, In, T1, Ce, alloys thereot, and combinations thereof.

14. The method of claim 7 wherein the deconstruction
temperature 1s 1n the range of about 150° C. to 350° C.

15. The method of claim 7 wherein the deconstruction
pressure 1s 1n the range of about 150 psi to 2000 psi.

16. The method of claim 7 wherein the C,, O, hydrocar-
bon 1s selected from the group consisting of a starch, a car-
bohydrate, a polysaccharide, a disaccharide, a monosaccha-
ride, a sugar, a sugar alcohol, a alditol, an organic acid, a
phenol, a cresol, ethanediol, ethanedione, acetic acid, pro-
panol, propanediol, propionic acid, glycerol, glyceraldehyde,
dihydroxyacetone, lactic acid, pyruvic acid, malonic acid, a
butanediol, butanoic acid, an aldotetrose, tartaric acid, an
aldopentose, an aldohexose, a ketotetrose, a ketopentose, a
ketohexose, a hemicellulose, a cellulosic derivative, a ligno-
cellulosic derivative, a polyol, a diol, and a mono-oxygenated
hydrocarbon.

17. A method of converting cellulosic slurry to water-
soluble oxygenated hydrocarbons comprising:

extracting the cellulosic slurry using an organosolv process

to produce a first liquid portion and a first solid slurry
portion;

separating the first liquid portion from the first solid slurry

portion;

separating a solvent from the first liquid portion;

catalytically reacting the first solid slurry portion with

hydrogen 1n the presence of a heterogeneous decon-
struction catalyst at a deconstruction temperature and a
deconstruction pressure to produce a second solid por-
tion and a second liquid portion;

separating the second liquid portion from the second solid

portion; and

obtaining water-soluble oxygenated hydrocarbons com-

prising a C, O,  hydrocarbon in an aqueous liquid
phase from the first and second liquid portions.

18. The method of claim 17 further comprising recycling
the solvent back into the organosolv process.
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19. The method of claim 17 wherein the cellulosic slurry
comprises at least one member selected from the group
including a cellulose, lignocellulose, agricultural residue,
wood maternal, energy crop, municipal solid waste, recycled
fiber, corn stover, straw, bagasse, switch grass, miscanthus,
sorghum, and poplar.

20. The method of claim 17 wherein the first liquid portion
comprises at least one member selected from the group con-

sisting of a saccharide, an extractive, and lignin.
21. The method of claim 17 wherein the first solid portion

comprises at least one member selected from the group con-
sisting of cellulose, hemicellulose, lignin, and ash.

22. The method of claim 17 wherein the heterogeneous
deconstruction catalyst comprises an acidic resin.

23. The method of claim 17 wherein the heterogeneous
deconstruction catalyst comprises a support and a member
adhered to the support, wherein the member is selected from
the group consisting of Cu, Fe, Ru, Ir, Co, Rh, Pt, Pd, N1, W,
Mo, alloys thereol, and combinations thereof.

24. The method of claim 23 wherein the heterogeneous
deconstruction catalyst further comprises one or more mem-
bers selected from the group consisting of Cu, Mn, Cr, Mo, B,
W, V, Nb, Ta, T1, Zr, Y, La, Sc, Zn, Cd, Ag, Au, Sn, Ge, P, Al,
Ga, In, T1, Ce, alloys thereot, and combinations thereof.

25. The method of claim 17 wherein the deconstruction
temperature 1s 1n the range of about 80° C. to 350° C.

26. The method of claim 17 wherein the deconstruction
pressure 1s 1n the range of about 100 ps1 to 2000 psi.

277. The method of claim 17 wherein the C,_ O, | hydrocar-
bon 1s selected from the group consisting of a starch, a car-
bohydrate, a polysaccharide, a disaccharide, a monosaccha-
ride, a sugar, a sugar alcohol, a alditol, an organic acid, a
phenol, a cresol, ethanediol, ethanedione, acetic acid, pro-
panol, propanediol, propionic acid, glycerol, glyceraldehyde,
dihydroxyacetone, lactic acid, pyruvic acid, malonic acid, a
butanediol, butanoic acid, an aldotetrose, tartaric acid, an
aldopentose, an aldohexose, a ketotetrose, a ketopentose, a
ketohexose, a hemicellulose, a cellulosic derivative, a ligno-
cellulosic dervative, and a polyol, a diol, and a mono-oxy-
genated hydrocarbon.
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