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METHODS FOR INCREASING SUGAR YIELD WITH SIZE-ADJUSTED
LIGNOCELLULOSIC BIOMASS PARTICLES

[001] This application claims the benefit under 35 U.S.C. 119(e) of U.S.
Provisional Application Serial No. 61/606,139 filed on March 2, 2012 (hereinafter ““139

Application”), which is hereby incorporated by reference herein in its entirety.

Background

[002] Biofuels produced today are based on corn and other grains, transesterified
biodiesel from oilseed crops, such as soybeans and animal fats. Ethanol production from
grains is currently the mainstay of the domestic ethanol industry. However, there is
increasing demand for cellulosic-based biofuels. Lignocellulosic biomass (LCB) is a
promising feedstock, as it is a readily-available low cost feedstock and is expected to reduce

greenhouse gas emissions.

Summary
[003] There is a need for improving digestibility of lignocellulosic biomass (.CB)

to improve downstream sugar yield. In one embodiment, a method for size-adjusting LCB
particles for use as feedstock for a pretreatment process is provided. In one embodiment, a
LCB particle is size-adjusted in a manner that produces particles having an average particle
size less than particles produced in a conventional size-adjusting process. In one
embodiment, a resulting LCB particle has an average particle size greater than 5 mm in at
least one direction.

[004] In one embodiment, a plurality of LCB particles is provided, having an
average particle size between about 1 cm and about 5 cm in at least one dimension.

[005] In one embodiment, a method of increasing sugar yield in a bio-product
production process is provided, comprising pretreating one or more size-adjusted LCB
particles having an average particle size greater than 5 mm in at least one dimension with an

ammonia pretreatment, such as a gaseous ammonia pretreatment. In one embodiment, the
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ammonia pretreatment can be performed above the glass transition temperature of the LCB
particle (high severity).

[0006] The use of a protocol which, in one embodiment, finely tunes the size of the
starting LLCB particles to a size which can be orders of magnitude higher than conventional
particles, in order to optimize downstream sugar yields, represents a paradigm shift in the
previously understood need to reduce LCB particles down to fine sizes, such as to an
average particle size of 5 mm or less. In one embodiment, surprisingly, use of LCB particles
larger than 5 mm, such as up to 5 cm or larger, improves sugar yield downstream, as
compared with sugar yields using particle sizes 5 mm or smaller. An improved sugar yield
can, in turn, improve production yields of various bio-products. As such, in one
embodiment, the methods described herein demonstrate an improvement to the efficiency

and economy of producing bio-products such as cellulosic biofuels.

Brief Description of the Drawings

[007] FIG. 1 is a graph showing the extractive composition for untreated rice
straw (URS), AFEX™ treated rice straw under “C1” conditions of 100 °C; 2:1 ammonia to
biomass ratio, 80% moisture and 30 minutes residence time (hereinafter referred to as
“ACI1RS”) and AFEX™ treated rice straw under “C2” conditions of 140 °C; 1:1 ammonia to
biomass ratio, 130% moisture and 50 minutes residence time (hereinafter referred to as
“AC2RS”) according to various embodiments.

[008] FIGS. 2A and 2B are graphs showing monomeric sugar concentrations
profiles for glucose (2A) and xylose (2B) at 1% GL under C1 and C2 conditions for
different hydrolysis periods and particle sizes according to various embodiments.

[009] FIGS. 3A-3D are images of rice straw (5 cm) pretreated under C1
conditions (FIGS. 3A and 3C) and C2 conditions (FIGS. 3B and 3D) after undergoing
enzymatic hydrolysis at 1% GL, with FIGS. 3A and 3B showing AC1RS and AC2RS,
respectively, after 72 hr of hydrolysis and FIGS. 3C and 3D showing AC1RS and AC2RS,
respectively, after 168 hr of hydrolysis according to various embodiments.

[0010] FIGS. 4A and 4B are graphs showing glucan (FIG. 4A) and xylan (FIG.
4B) conversion profiles at 1% GL under C1 and C2 conditions for different hydrolysis

periods and particle sizes according to various embodiments.
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[0011] FIGS. 5A-5D are graphs showing comparisons of monomeric and
oligomeric sugar concentrations and conversions at 1% GL for AC1RS and AC2RS at
different hydrolysis periods and particle sizes, with FIGS. 5A and 5B showing glucose
concentrations and glucan conversions, respectively, and FIGS. 5C and 5D showing xylose
concentrations and xylan conversions, respectively, according to various embodiments.
[0012] FIGS. 6 A-61 are SEM images of 5 cm LCB untreated and treated particles
at various magnifications: URS (FIGS. 6 A-6C), AC1RS (FIGS. 6D-6F), and AC2RS (FIGS.
6G-61) according to various embodiments.

[0013] FIGS. 7A-7C are graphs showing comparisons of concentrations (FIG.
7A), conversions (FIG. 7B) and sugar yields (FIG. 7C) under hydrolysis at different GL for

selected AC1RS and AC2RS particle sizes according to various embodiments.

Detailed Description

[0014] In the following detailed description of embodiments of the invention,
embodiments are described in sufficient detail to enable those skilled in the art to practice
them, and it is to be understood that other embodiments may be utilized and that chemical
and procedural changes may be made without departing from the spirit and scope of the
present subject matter. The following detailed description is, therefore, not to be taken in a
limiting sense, and the scope of embodiments of the present invention is defined only by the
appended claims.

[0015] The term “biomass” as used herein, refers in general to organic matter
harvested or collected from a renewable biological resource as a source of energy. The
renewable biological resource can include plant materials, animal materials, and/or materials
produced biologically. The term “biomass” is not considered to include fossil fuels, which
are not renewable.

[0016] The term “plant biomass” or “ligno-cellulosic biomass (LLCB)” as used
herein is intended to refer to virtually any plant-derived organic matter containing cellulose
and/or hemicellulose as its primary carbohydrates (woody or non-woody) available for
energy on a renewable basis. Plant biomass can include, but is not limited to, agricultural
residues such as corn stover, wheat straw, rice straw, sugar cane bagasse and the like. Plant
biomass further includes, but is not limited to, woody energy crops, wood wastes and

residues such as trees, including fruit trees, such as fruit-bearing trees, (e.g., apple trees,
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orange trees, and the like), softwood forest thinnings, barky wastes, sawdust, paper and pulp
industry waste streams, wood fiber, and the like. Additionally perennial grass crops, such as
various prairie grasses, including prairie cord grass, switchgrass, Miscanthus, big bluestem,
little bluestem, side oats grama, and the like, have potential to be produced large-scale as
additional plant biomass sources. For urban areas, potential plant biomass feedstock
includes yard waste (e.g., grass clippings, leaves, tree clippings, brush, etc.) and vegetable
processing waste. Plant biomass is known to be the most prevalent form of carbohydrate
available in nature and corn stover is currently the largest source of readily available plant
biomass in the United States. When used without a qualifier, the term “biomass” is intended
to refer to LCB.

[0017] The term “biofuel” as used herein, refers to any renewable solid, liquid or
gaseous fuel produced biologically and/or chemically, for example, those derived from
biomass. Most biofuels are originally derived from biological processes such as the
photosynthesis process and can therefore be considered a solar or chemical energy source.
Other biofuels, such as natural polymers (e.g., chitin or certain sources of microbial
cellulose), are not synthesized during photosynthesis, but can nonetheless be considered a
biofuel because they are biodegradable. There are generally considered to be three types of
biofuels derived from biomass synthesized during photosynthesis, namely, agricultural
biofuels (defined below), municipal waste biofuels (residential and light commercial
garbage or refuse, with most of the recyclable materials such as glass and metal removed)
and forestry biofuels (e.g., trees, waste or byproduct streams from wood products, wood
fiber, pulp and paper industries). Biofuels produced from biomass not synthesized during
photosynthesis include, but are not limited to, those derived from chitin, which is a
chemically modified form of cellulose known as an N-acetyl glucosamine polymer. Chitin
is a significant component of the waste produced by the aquaculture industry because it
comprises the shells of seafood.

[0018] The term “agricultural biofuel”, as used herein, refers to a biofuel derived
from agricultural crops, lignocellulosic crop residues, grain processing facility wastes (e.g.,
wheat/oat hulls, corn/bean fines, out-of-specification materials, etc.), livestock production
facility waste (e.g., manure, carcasses, etc.), livestock processing facility waste (e.g.,
undesirable parts, cleansing streams, contaminated materials, etc.), food processing facility

waste (e.g., separated waste streams such as grease, fat, stems, shells, intermediate process
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residue, rinse/cleansing streams, etc.), value-added agricultural facility byproducts (e.g.,
distiller's wet grain (DWG) and syrup from ethanol production facilities, etc.), and the like.
Examples of livestock industries include, but are not limited to, beef, pork, turkey, chicken,
egg and dairy facilities. Examples of agricultural crops include, but are not limited to, any
type of non-woody plant (e.g., cotton), grains such as corn, wheat, soybeans, sorghum,
barley, oats, rye, and the like, herbs (e.g., peanuts), short rotation herbaceous crops such as
switchgrass, alfalfa, and so forth.

[0019] The term “pretreatment step” as used herein, refers to any step intended to
alter native biomass so it can be more efficiently and economically converted to reactive
intermediate chemical compounds such as sugars, organic acids, etc., which can then be
further processed to a variety of end products such as ethanol, iso-butanol, long chain
alkanes etc. Pretreatment can reduce the degree of crystallinity of a polymeric substrate,
reduce the interference of lignin with biomass conversion and prehydrolyze some of the
structural carbohydrates, thus increasing their enzymatic digestibility and accelerating the
degradation of biomass to useful products. Pretreatment methods can utilize acids of varying
concentrations, including dilute acid pretreatments, concentrated acid pretreatments (using,
for example, sulfuric acids, hydrochloric acids, organic acids, and the like) and/or alkali
such as ammonia, ammonium hydroxide, sodium hydroxide, lime, and the like.
Pretreatment methods can additionally or alternatively utilize hydrothermal treatments
including water, heat, steam or pressurized steam pretreatments, including, but not limited
to, hydro-thermolysis pretreatment and liquid hot water pretreatment, further including, for
example, acid catalyzed steam explosion pretreatment. Pretreatment can occur or be
deployed in various types of containers, reactors, pipes, flow through cells and the like.
Most pretreatment methods will cause the partial or full solubilization and/or destabilization
of lignin and/or hydrolysis of hemicellulose to pentose sugars. Further examples of
pretreatment include, but are not limited wet oxidation, organosolv pretreatment and
mechanical extrusion.

[0020] The term “Ammonia Fiber Expansion” (hereinafter “AFEX ™)
pretreatment” as used herein, refers to a process for pretreating biomass with liquid and/or
vapor ammonia (i.e., gaseous ammonia pretreatment (GAP) to solubilize lignin and
redeposit it from interior of plant cell walls to the surface of the biomass. An AFEX™

pretreatment disrupts the lignocellulosic matrix, thus modifying the structure of lignin,
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partially hydrolyzing hemicellulose, and increasing the accessibility of cellulose and the
remaining hemicellulose to subsequent enzymatic degradation. Lignin is a primary
impediment to enzymatic hydrolysis of native biomass, and removal or transformation of
lignin is a suspected mechanism of several of the leading pretreatment technologies,
including AFEX™. The process further expands and swells cellulose fibers and further
breaks up amorphous hemicellulose in LCB. These structural changes open up the plant cell
wall structure enabling more efficient and complete conversion of LCB to value-added
products while preserving the nutrient value and composition of the material. Modified
AFEX™ pretreatments further include, for example extractive AFEX™ (E-AFEX™).
[0021] The term “Klason lignin” as used herein refers to insoluble lignin obtained
from LCB after the soluble lignin components of the LLCB have been removed with a
prescribed dilute sulfuric acid treatment.

[0022] The term “glass transition temperature” as used herein refers to abrupt
softening of lignin in L.LCB at a particular temperature or over relatively narrow ranges of
temperature. When lignin softens up, the ammonia helps to break hemicellulose-lignin ester
linkages in LCB particles. A glass transition temperature can be reached during a
pretreatment process, such as an ammonia pretreatment process.

[0023] The term “low severity pretreatment conditions” as used herein, refers to
pretreatment conditions in which the temperature of the LLCB particles, i.e., the reaction
temperature, is below the glass transition temperature of the LCB particles being treated.
[0024] The term “high severity pretreatment conditions” as used herein, refers to
pretreatment conditions in which the temperature of the LLCB particles, i.e., the reaction
temperature, is greater than the glass transition temperature of the LCB particles being
treated.

[0025] The term “moisture content” as used herein, refers to the quantity of water
in biomass. Moisture content is usually expressed on a dry weight basis (dwb) as follows:
MCyub ={(Wi-W)/W}#100 wherein W; is the initial weight of biomass before drying and
W: is the final weight of biomass after drying.

[0026] The term “particle” as used herein refers to an individual piece of biomass,
such as LCB (i.e., an “LCB particle”). A LCB is useful as a starting material for various

biofuel production processes and can include an “as is” harvested piece of biomass (whole
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biomass) or a size-adjusted piece of biomass (after milling or chopping). When used without
qualification, the term “particle” is intended to refer to an “LLCB particle.”

[0027] The term “substrate” as used herein refers to a collection of LLCB particles.
The particles of a given substrate are generally similar in size, although can include slight
variations in particle size distribution, such that the “size” which is noted herein is intended
to be a reference to an average particle size.

[0028] The major structural components of biomass feedstocks are cellulose
(glucan), lignin (Klason lignin, acid soluble lignin), hemicellulose (primarily made up of
xylan) and ash. Other sugars that make up the structural component are galactan, arabinan
and mannan. Non-structural components of LCB that are generally measured are extractives
and proteins.

[0029] Nearly all forms of ligno-cellulosic biomass, i.e., plant biomass, such as
monocots, comprise three primary chemical fractions: hemicellulose, cellulose, and lignin.
Hemicellulose is a polymer of short, highly-branched chains of mostly five-carbon pentose
sugars (xylose and arabinose), and to a lesser extent six-carbon hexose sugars (galactose,
glucose and mannose). Dicots, on the other hand, have a high content of pectate and/or
pectin, which is a polymer of alpha-linked glucuronic acid. Pectate may be “decorated”
with mannose or thamnose sugars, also). Some of these sugars are acetylated.

[0030] Because of its branched structure, hemicellulose is amorphous and
relatively easy to hydrolyze (breakdown or cleave) to its individual constituent sugars by
enzyme or dilute acid treatment. Cellulose is a linear polymer of glucose sugars, much like
starch, which is the primary substrate of corn grain in dry grain and wet mill ethanol plants.
However, unlike starch, the glucose sugars of cellulose are strung together by B-glycosidic
linkages which allow cellulose to form closely-associated linear chains. Because of the high
degree of hydrogen bonding that can occur between cellulose chains, cellulose forms a rigid
crystalline structure that is highly stable and much more resistant to hydrolysis by chemical
or enzymatic attack than starch or hemicellulose polymers.

[0031] Hemicelluloses of rice straw comprise primarily o—L-(1-3)-arabino-(4-O-
methyl-a-(1-2)-D-glucurono)-f-(1-4)-D-xylanand arabino-glucuronoxylan, (AGX). Xylan
backbone B-(1-4)-D-xylopyranosyl units are substituted by monomeric 4-O-methyl-o-D-
glucopyranosyluronic acid residue (4-O-MeGlIcA) and a a—L-arabinofuranosyl unit at the C2

and/or C3 main chain. A significant portion of the xylose in cereal straw cell walls was also
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acetylated, primarily on C2 and C3, with the acetyl group accounting for about 1 to about 5
% (by weight) of the total LCB.

[0032] Lignin provides structural integrity to plants, and remains as residual
material after the sugars in plant biomass have been fermented to ethanol. Lignin exists in
plant tissue as a polymer of phenolic molecules, and is associated with cellulose,
hemicelluloses and other polymers as lignin-carbohydrates complexes (I.LCCs) through
covalent bonds. In herbaceous plants such as rice straw, LLCCs contain ferulic bridges
which are attached to lignin and carbohydrates (AGX) via ether and ester bonds,
respectively. Alkali cleaves the ester bond components of such bridges, liberating the ferulic
acid (FA) residue and lignin from carbohydrates and yielding a small amount of FA (1-4%).
Isolated LLCCs from rice straw is known to contain about 64% carbohydrates, about 3%
uronic acid, about 33% lignin, about 4% acetyl groups, 4% trans-p-coumaric acid and about
1% trans-ferulic acid. Typical ranges of hemicellulose, cellulose, and lignin concentrations
in plants are shown in Pauly, M., et. al., Plant cell wall polymers as precursors for biofuels,
Curr Opin Plant Biol. 2010 Jun:13(3):305-12. Typically, cellulose makes up 30 to 50% of
residues from agricultural, municipal, and forestry sources. While cellulose is more difficult
to convert to ethanol than hemicellulose, it is the sugar polymers of hemicellulose which can
be more readily hydrolyzed to their individual component sugars for subsequent
fermentation to ethanol. Although hemicellulose sugars represent the “low-hanging™ fruit
for conversion to ethanol, the substantially higher content of cellulose represents the greater
potential for maximizing alcohol yields, such as ethanol, on a per ton basis of plant biomass.
[0033] Therefore, a pretreatment process is used to alter and open up the cell wall
matrix, to hydrolyze the hemicelluloses, and to reduce crystallinity. Ultimately, the
pretreatment process makes the cellulose more accessible (during a subsequent enzyme
hydrolysis process) for conversion of the carbohydrate polymer into fermentable sugars.
[0034] Conventional methods used to convert biomass to alcohol include
processes employing a concentrated acid hydrolysis pretreatment, a two-stage acid
hydrolysis pretreatment as well as processes employing any known conventional
pretreatment, such as hydrothermal or chemical pretreatments, followed by an enzymatic
hydrolysis (i.e., enzyme-catalyzed hydrolysis) or simultaneous enzymatic hydrolysis and
saccharification. Such pretreatment methods can include, but are not limited to, dilute acid

hydrolysis, high pressure hot water-based methods, i.e., hydrothermal treatments such as
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steam explosion and aqueous hot water extraction, reactor systems (e.g., batch, continuous
flow, counter-flow, flow-through, and the like), AFEX™ , ammonia recycled percolation
(ARP), lime treatment and a pH-based treatment.

[0035] Several of these methods generate nearly complete hydrolysis of the
hemicellulose fraction to efficiently recover high yields of the soluble pentose sugars. This
also facilitates the physical removal of the surrounding hemicellulose and lignin, thus
exposing the cellulose to later processing.

[0036] However, ammonia treatments, such as ammonia fiber expansion
(AFEX™), are capable of opening up the cell wall in agricultural residues with greatly
reduced degradation products, as compared to acidic pretreatments.

[0037] Various types of LCB can be used in the processes described herein,
including, but not limited to, perennial and/or annual grasses (e.g., rice straw, Micanthus,
switchgrass, sugar cane bagasse, wheat straw, Napier grass, Erianthus, empty fruit bunch
from palm trees, and the like). Rice straw, for example, is one of the most plentiful LCB
crop residues in the world. Approximately 60% of a rice crop production is rice straw,
which is composed of leaf and sheath (53%), stem (44%) and panicles (3%) when cut at
ground level. Many farmers openly burn rice straw to clean the rice field, as it offers a
relatively inexpensive means of removing straw and clearing the rice field for subsequent
planting. However, this option creates environmental, safety and health issues. As such,
there is a need to find alternative ways to remove the rice straw after each harvesting season.
[0038] However, conversion of LLCB, such as rice straw, to biofuel (e.g., ethanol)
is more challenging than conversion of starchy materials, such as corn, due to the complex
structure of the plant cell wall. Attempts to use rice straw and other LCB have, to date,
focused on a perceived need to reduce the size of the LCB particle size to a magnitude of
order of just a few millimeters or less (e.g., less than 5 mm), to improve the downstream
sugar conversion rate. One goal of size reduction has been to reduce the crystallinity of the
cellulose fibers in the biomass. Indeed, in addition to chemical pretreatment, such size
reduction has heretofore been recommended as part of any physical pretreatment process for
LCB particles. Size reduction of LLCB particles to produce fine LLCB particle sizes has also
been thought to be necessary to eliminate the mass and heat transfer limitations during
pretreatment and enzyme hydrolysis. Significant size reduction of harvested LCB particles,

such as with reduction to particle sizes from 0.85-0.5 mm to < 0.15 mm has been



WO 2013/131015 PCT/US2013/028689

demonstrated to enhance glucan and xylan conversions by 15-20%. However, extensive
size reduction is not only expensive, but can also cause significant carbohydrate losses,
ultimately resulting in less sugar production and reduced ethanol yield.

[0039] The inventors have determined, surprisingly, and in contrast to
conventional wisdom, that downstream sugar yield increases as the size (e.g., average size)
of the starting material (LCB particles) is increased, when using a substrate containing LCB
particles having a size greater than 5 mm in at least one dimension, as compared to LCB
particles having a size of 5 mm or less in any dimension. This trend holds true for much
larger L.CB particles up to an order of magnitude larger in size, such as up to about 5 cm in
at least one dimension, and likely is true for even larger LCB particles, such as up to 10 cm
in at least one dimension, although the embodiments are not so limited. More specifically,
when using a LCB substrate as a starting material for the production of bio-products, such as
biofuel, together with a suitable pretreatment process, the resulting downstream sugar yield
(monomeric and oligomeric sugars) increases. In one embodiment, the particles of a given
substrate, which are generally similar in size, as noted in the definition, and can pass
through an approximately 0.5 cm sieve when milling.

[0040] The total possible theoretical sugar yield for a given biomass is calculated
based on the composition of glucan, xylan and arabinan present in biomass. To convert
polymeric sugars to monomerics sugars, a multiple of 1.11 is used for glucan and 1.136 for
xylan and arabinan. Therefore, the maximum theoretical sugar yield for rice straw is
639.1g/kg of biomass for 100% conversion.

[0041] In one embodiment, sugar conversion using larger LCB particles is
increased by at least 1% up to about 26% or higher, including any range or value
therebetween, such as up to about 40% or higher. In one embodiment, sugar conversion is
increased by at least 26%. For example, it is known that a conventional L.LCB particle size of
5 mm pretreated under AC2RS conditions (as defined herein) at 6% GL. produces a sugar
yield of 325 g/kg of biomass, i.e., a conversion of only 50%. In contrast, in one
embodiment, the larger non-conventional LCB particle size of 5 cm in at least one
dimension, when pretreated under AC2RS conditions at 6% GL hydrolysis surprisingly
produces a much higher sugar yield of 486 g/kg, i.e., a conversion of 76%. 'This ability to

convert 150g/kg more from biomass to sugar represents a 26% increase.
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[0042] In one embodiment, xylose yield is increased by at least 1% up to about
22%, including any range or value therebetween, or higher, depending on the particular
LCB particle size or ratio of LCB particle sizes (between 5 mm and about 5 cm, including
any range or value therebetween, or higher), the pretreatment conditions and the GL. In one
embodiment, xylose yield is increased by at least or about 22%, again, depending on the
particular LLCB particle size or ratio of LLCB particle sizes (between 5 mm and about 5 cm,
including any range or value therebetween or higher), the pretreatment conditions and the
GL.

[0043] In one embodiment, low severity pretreatment conditions, i.e., wherein the
pretreatment reaction temperature is lower than the glass transition temperature of lignin
present in LCB. However, the temperature and/or the residence time should not be so low as
to cause an ineffective pretreatment step that would prevent or reduce the effectiveness of a
subsequent hydrolysis step. In one embodiment, low severity pretreatment conditions
include heating the LLCB particles to a temperature less than or equal to 100 °C for a
residence time of no more than or about 60 minutes.

[0044] In one embodiment, high severity pretreatment conditions, i.e., wherein the
pretreatment reaction temperature is higher than the glass transition temperature of lignin
present in LCB, are used.

[0045] In one embodiment, such conditions can include heating the LCB particles
to a temperature of at least or above 120 °C for a residence time of at least or about 60 min.
[0046] Clearly, temperatures in between about 100 °C and about 160 °C can be
used, as well as residence times between about 30 and about 60 minutes. Depending on the
glass transition temperature of the LCB particles being treated, such a process can be either
a low severity or high severity process.

[0047] In theory, to go beyond the glass transition temperature of lignin for a
given LCB (at fixed ammonia loading and fixed moisture), one has to raise pretreatment
temperature beyond a certain temperature range and maintain the conditions for certain
residence time.

[0048] In one embodiment, the process operates under low severity pretreatment
conditions for a period of time before operating under high severity pretreatment conditions.
In one embodiment, the process is run under high severity pretreatment conditions for a

period of time before being operated at low severity pretreatment conditions. In one
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embodiment, the process operates alternatively between low and high severity pretreatment
conditions.

[0049] The glass transition temperature (Tg) of LCB varies depending on the
composition of biomass, structure of lignin and ultra-structural network between lignin and
hemicellulose. In one embodiment, the LLCB is corn stover, and the lignin contained therein
has a Tg of about 120 °C. In one embodiment, the LLCB is rice straw, and the lignin
contained therein has a Tg of 140 °C. In one embodiment, rice straw is subjected to a high
severity AFEX™ pretreatment (> Tg), such as about 140 °C, the extractability is higher as
compared AFEX™ pretreatment done at 100 °C and untreated corn stover (FIG. 1).

[0050] In one embodiment, the average 1.CB particle size is between about 1 and
about 10 cm in at least one dimension, such as between 4.5 and 5.5 cm, including any range
or value therebetween, and the substrate is subjected to severe ammonia pretreatment
conditions resulting in a downstream xylose yield more than two times higher than xylose
yield of a similarly-sized substrate subjected to a low severity ammonia pretreatment. In a
particular embodiment, xylose yield is increased from about 135 g/kg to about 165g/kg
(including any range or value therebetween) using LLCB particles having an average particle
size of about 5 cm in at least one dimension, severe ammonia pretreatment conditions and a
GL of at least or about 6%.

[0051] In one embodiment, glucose yield is increased by at least 1% up to about
62%, including any range or value therebetween, or higher, depending on the particular
LCB particle size or ratio of particle sizes (between 5 mm and about 5 cm, including any
range or value therebetween, or higher), the pretreatment conditions and the GL. In one
embodiment, glucose yield is increased by at least 60%, again, depending on the particular
LCB particle size or ratio of LCB particle sizes (between 5 mm and about 5 cm, including
any range or value therebetween, or higher), the pretreatment conditions and the GL. In a
particular embodiment, glucose yield is increased from about 200 g/kg to about 325 g/kg,
including any range or value therebetween, using LLCB particles having an average particle
size of about 5 cm in at least one dimension, severe ammonia pretreatment conditions and a
GL of at least or about 6%.

[0052] In one embodiment, sugar yield is improved for a given size of larger LCB
particles used herein (i.e., > Smm) when using severe pretreatment conditions (e.g., high

severity ammonia pretreatment conditions) as compared to low severity conditions, as these
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terms are defined herein. In one embodiment, sugar yield is improved for a given size of
larger L.CB particle used herein (i.e., >5 mm), when using severe pretreatment conditions
(e.g., severe ammonia pretreatment conditions) as compared to low severity pretreatment
conditions, as these terms are defined herein.

[0053] In one embodiment, sugar yield is increased for a 2 cm LCB particle by at
least or about 30% with use of high severity versus low severity conditions. In one
embodiment, sugar yield is increased for a 5 cm LCB particle by at least or about 50% with
use of high severity versus low severity conditions. It is likely that larger-sized L.CB
particles, such as between about 1 and about 10 cm, including any range or value
therebetween, or higher, can also result in comparable or even better yields as compared
with conventional smaller-sized LCB particles, such as less than 5 mm.

[0054] In one embodiment, GL is between about 5% and about 6% such as
between about 5.8% or about 6.2%, including any range therebetween. In one embodiment
GL is at least or about 6%. In one embodiment, sugar yield is improved for a given size of
larger L.CB particle and a given pretreatment condition (i.e., low or high severity),
depending on the GL. It is possible that higher GL’s, such as between about 6% and about
9%, including any range or value therebetween, are also useful herein.

[0055] In one embodiment, recently harvested biomass or harvested biomass
which has been stored for a period of time is size-adjusted into a LCB substrate containing
particles with an average particle size of greater than or about 5 mm in at least one
dimension. Any suitable size-adjusting device can be used, including, for example,
choppers, blades, shears, etc. In one embodiment, the I.CB is size-adjusted with a tub
grinder set on a “chop” setting.

[0056] In one embodiment, the LCB is size-adjusted to have a particle size (or an
average particle size) of greater than or about 5 mm in at least one dimension up to about 5
cm or higher in at least one dimension, including any range or value therebetween. In one
embodiment, the resulting particle size is between about 0.5 cm in at least one dimension,
up to about 10 cm, including any range or value therebetween. In one embodiment, the
resulting particle size is between about 1 cm in at least one dimension, up to about 6 cm,
including any range or value therebetween, such as, for example, between about 2 cm in at
least one dimension, up to about 5 cm in at least one dimension. In one embodiment, the

resulting particle size has a length of between about 0.5 cm up to about 5 cm or likely

13



WO 2013/131015 PCT/US2013/028689

higher, such as up to 10 cm or higher, including any range or value therebetween, such as at
least about 2 cm up to about 10 cm, such as between about 2 cm and about 5 cm, including
any range or value therebetween.

[0057] It is understood that the LCB particles produced as a result of the size-
adjusting step can have any suitable shape. In one embodiment, at least some, up to most, if
not all of the LCB particles are substantially cylindrically shaped or rectangular shaped,
with the stated dimension reflecting the larger dimension. In one embodiment, at least some
up to most, if not all the LCB particles are substantially spherical in shape.

[0058] Any suitable LCB can be used, as the term is defined herein. In one
embodiment, rice straw is used. In other embodiments, switchgrass, wheat straw and/or any
other perennial or annual grasses can be used. It is also possible that the composition of the
LCB can vary even if only one “type” of LCB is used, depending on whether some or all of
the components of the plant are used, e.g., leaves, stems, flowers and/or seeds, etc.

[0059] The size-adjusted LCB substrate can be pretreated in any conventional
manner known in the art. In one embodiment, the pretreatment process opens up the cell
wall matrix of the LCB particle, hydrolyzes the hemicellulose, reduces cellulose
crystallinity and ultimately makes the cellulose and hemicellulose more accessible to
enzymes used in a subsequent hydrolysis process that converts the carbohydrate polymers
into fermentable sugars. In one embodiment, liquid and/or gaseous ammonia pretreatment is
used. In one embodiment, an ammonia fiber expansion (AFEXTM) pretreatment, as defined,
herein, is used. Such treatments can be performed according to the methods described in
U.S. Patent Nos. ‘6,106, 888, 7,187,176, 5,037,663, and 4,600,590, each of which are
hereby incorporated by reference in its entirety. Such treatments can include modified
versions of such methods. For example, in one embodiment, rather than applying
condensed or liquid ammeonia to the biomass and allowing the ammonia and biomass to
react as in conventional AFEX™ treatment, gaseous ammonia can be used. See, for
example, U.S. Patent No. 7,901,517, U.S. Patent Application Nos. 13/591,092, 12/976,344,
and PCT Publication No. W0O2012/088429, as well as various corresponding foreign patents
and applications, each of which is hereby incorporated by reference herein in its entirety. By
allowing ammonia gas, such as hot ammonia gas, to condense directly on cooler biomass,
the ammonia and biomass become well-mixed. In various embodiments steam and/or water

is also used during pretreatment.
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[0060] In one embodiment, the downstream sugar yield is not only dependent on
LCB particle size, but also on the pretreatment conditions. In one embodiment, the
temperature, ammonia to biomass ratio, moisture content (dwb) and residence time of the
pretreatment method for the LCB substrate are adjusted to maximize or enhance
downstream sugar yield.

[0061] In one embodiment, high severity pretreatment conditions are used, as the
term is defined herein. In one embodiment, the pretreatment conditions are comparable to
the conditions referred to herein as AC2RS. In one embodiment, high severity pretreatment
conditions result in a higher downstream sugar yield than low severity pretreatment
conditions. In one embodiment, high severity pretreatment conditions are used with
particles of a sufficient size (e.g., at least 10 cm) to alter the digestion pattern of the
substrate as compared with low severity pretreatment conditions (which causes) faster
hydrolysis, such that the substrate is essentially disintegrated after a given time period with
only fine particles remaining in the hydrolysate. In contrast, in one embodiment, such
larger-sized particles are subject to low severity pretreatment conditions which hydrolyze
slowly, with the solids portion of the substrate remaining intact and causing only minor
physical disintegration.

[0062] In one embodiment, the L.CB is sized-adjusted and the pretreatment method
is configured to enhance or maximize downstream sugar yield. For example, in one
embodiment, the LCB is rice straw pretreated at a temperature of no less than about 140 °C.
In one embodiment, the temperature is between about 135 and 145 °C, including any range
or value therebetween. In one embodiment the temperature is between about 80 and about
180 °C, such as between about 80 and about 160 °C, such as between about 100 and about
140 °C, such as between about 120 and about 130 °C, including any ranges and values
therebetween.

[0063] In one embodiment, the ammonia to biomass ratio is between about 0.5:1
and about 3:1, such as between about 1:1 and about 2:1, including any range or value
therebetween, although it is possible that ammonia to biomass ratios up to about 4:1 may be
useful herein. In one embodiment, the ammonia to biomass ratio is no more than 1:1. In
one embodiment, the ammonia to biomass ratio is no less than or about 1:1.

[0064] In one embodiment, the biomass inherently has or is adjusted to have

between about 10 and about 150% moisture content (dwb), such as between about 100 and
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about 130% (dwb) , or between about 125 and about 135% (dwb), including any range or
value therebetween. In one embodiment, the biomass is no less than or about 130% (dwb).
[0065] In one embodiment, the residence time for pretreatment is on the order of
seconds or minutes up to about one or more hours, such as between about 15 and about 80
minutes or between about 30 and about 60 minutes, including any range or value
therebetween. In one embodiment, the residence time is at least or about 50 minutes.
[0066] In one embodiment, the biomass is an AFEX™ treated biomass substrate
which is pretreated under conditions that are greater than the glass transition temperature,
i.e., “severe” pretreatment conditions. In one embodiment, the temperature of the substrate
is increased to at least or to about 140 °C, the ammonia to biomass ratio is no less than or
about 1:1, the moisture content (dwb) is no less than or about 130% moisture and the
residence time is no less than or about 50 minutes. In a particular embodiment, the
conditions include a temperature of approximately 140 °C; an ammonia to biomass (e.g.,
rice straw, switchgrass, corn stover, etc.) ratio of approximately 1:1 ammonia to biomass
ratio, a moisture content (dwb) of approximately 130% moisture and a residence time of
approximately 50 minutes (“C2” conditions as described in the example).

[0067] The various embodiments will be further described by reference to the
following examples, which are offered to further illustrate various embodiments of the
present invention. It should be understood, however, that many variations and modifications

may be made while remaining within the scope of the various embodiments.

EXAMPLE 1
[0068] The effect of two optimized AFEX™ pretreatment conditions on different
particle sizes of rice straw was determined, followed by low and high solid loading
enzymatic hydrolysis, and a determination of the estimated sugar yield. Enzymatic
hydrolysis data for each particle size was also fitted into the Chrastil kinetic model to
determine kinetic parameters. SEM imaging was performed to explain the effect of AFEX™

pretreatment conditions on the hydrolysis kinetics at different particle sizes.

Chastril Model
[0069] The complexity of the enzymatic hydrolysis of LCB stems from the fact

that it is a heterogeneous insoluble substrate, and thus, enzymatic hydrolysis is limited by
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access to available surfaces. In such a heterogeneous system, it is possible to study
enzymatic hydrolysis kinetics using time course data. Also, it is possible that these
enzymatic reactions are diffusion limited, and therefore, the hydrolysis time curves depend
strongly on the heterogeneous rate-limiting structures of the substrate—enzyme system. The
following equation shows the diffusion-limited kinetic model proposed by Chrastil (See
Chrastil J: Enzymatic product formation curves with the normal or diffusion limited reaction
mechanism and in the presence of substrate receptors. Int J Biochem 1988, 20(7): 683-693,
which is hereby incorporated by reference in its entirety).

[0070] In this model, two factors determine the system behavior, i.e., initial

enzyme concentration and the equilibrium product concentration:

P = Pg(l _ e—kEO.t}'n

wherein P is the product concentration at time T and P, is the equilibrium product
concentrations; k is a rate constant proportional to the diffusion coefficient as defined by
Fick’s law, E, the initial enzyme concentration and # is a structural diffusion resistance
constant depending on the steric features of the system. The parameter n defines the reaction
order characteristics. When diffusion resistance is small, » tends to 1 (for low-resistance
films n = 0.9-1) and the reaction is of apparent first order. If the system is strongly limited
by diffusion resistance, n is small (high-resistance structures n = 0.5-0.6). In addition, when

n >1, a consecutive reaction order may be expected.

Starting Materials

[0071] Rice straw from a medium-grain rice crop obtained from a field in the
central part of Selangor, Malaysia harvested October 2009 and rice straw from California
were harvested February 2008 and used in this testing. The harvested biomass was air-dried
to <10% moisture content (dwb). Some of the rice straw was milled using a Foss mill (Eden
Prairie, MN) and passed through 2 mm and 5 mm screens, while other samples were cut by
hand using scissors to dimensions of either about 2 cm or about 5 cm. All processed rice
straw samples were labelled as 2 mm, 5 mm, 2cm and 5 cm and were stored in a refrigerator
(4°C) until used. Each sample of rice straw tested contained a collection of particles

referred to herein as a “substrate.”
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AFEX™ Pretreatment

[0072] The logarithm of the reaction ordinate (log Ro) is defined as the severity of
the pretreatment, wherein the reaction ordinate is as follows:

Wherein “t” is the residence time (min), “Tr” is the treatment temperature (°C), “T},” is the
base temperature (100 °C) and “14.75” is the activation energy.

[0073] Two statistically optimized AFEX™ pretreatment conditions identified as
C1 (100 °C; 2:1 ammonia to biomass ratio (w:w); 80% moisture (dwb), 30 minutes
residence time and severity, log R,=1.48) and C2 (140 °C; 1:1 ammonia to biomass ratio
(w:w); 130% moisture (dwb), 50 minutes residence time and severity, log R,=2.88) were
used to pretreat the rice straw.

[0074] Initially, deionized water was added to the rice straw to increase the
moisture content to the desired level. Rice straw at the predetermined moisture level was
then loaded into a bench top high-pressure Parr reactor having a capacity of 2000 mL
(PARR Instrument Co., lllinois). The desired amount of liquid ammonia purchased from
Airgas, Inc. was then loaded to the reactor using high pressure stainless steel canister. The
reactor temperature (and consequently the temperature of the biomass contained therein, i.e.,
the reaction temperature) was raised and maintained at the desired temperature for either 30
or 50 minutes and under 400 psi pressures as outlined in Balan V, et. al., Mushroom spent
straw: a potential substrate for an ethanol-based refinery. J Ind Microbiol Biotechnol 2008,
35:293-301, which is hereby incorporated by reference herein in its entirety.

[0075] Under these conditions, the ammonia diffused into the biomass and caused
the biomass to swell. AFEX™ (1 treated rice straw (i.e., ACIRS) substrates of different
particle sizes were labelled as: AC1RS-2 mm, ACIRS-5 mm, AC1RS-2 cm, ACIRS-5 cm,
while AFEX™ (2 treated rice straw (i.e., AC2RS) substrates were labelled as: AC2RS-2
mm, AC2RS-5 mm, AC2RS-2 cm and AC2RS-5 cm. All samples of ACIRS and AC2RS
substrates were allowed to dry under the fume hood overnight to remove residual ammonia.
The samples were then placed in re-sealable plastic bags and stored in a freezer (-20 °C)

until used.

Composition Analysis
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[0076] Composition analysis was performed on untreated rice straw (URS)
substrates and AFEX™ treated rice straw (ACIRS and AC2RS) substrates using milled rice
straw of 5 mm particle size) according to Laboratory Analysis Protocol (LAP) developed by
the National Renewable Energy Laboratory, Golden, Colorado USA (See Hames B, Scarlata
C, Sluiter A: Determination of protein content in biomass. NREL Laboratory Analytical
Procedures. National Renewable Energy Laboratory, Golden, CO, USA; 2008, which is
incorporated hereby by reference in its entirety. (Hereinafter “NREL 2008”).

[0077] Water and ethanol (95%) extraction were carried out using an ASE2000
Accelerated Solvent Extractor from Dionex (Sunnyvale, California) to remove the
extractives before quantifying the structural carbohydrates and lignin in the acid hydrolysis
step. Both the un-extracted and extractives-free materials were used for comparison
purposes in subsequent analyses. Crude protein content was calculated based on nitrogen
content in the biomass determined using a Skalar Primacs*™© Total Nitrogen Analyzer

(Breda, Netherlands), which relies on combusting all nitrogen to NOx and quantify them.

Enzymatic Hydrolysis

[0078] Enzymatic hydrolysis of URS and AFEX™ treated rice straw substrates
was performed according to the Laboratory Analysis Protocol (LAP 009) developed by
National Renewable Energy Laboratory (NREL 2008). The hydrolysis was carried out at
low (1%) and high (3%) GL (w/v) in a 15 mL reaction volume using 20 mL scintillation
vials and 50 mL BD Falcon™ tubes, respectively. Higher GL (6%, (w/v) equivalent to 17%
of solid loading on dry weight basis) was conducted in a 300 mL reaction volume using a
2000 mL Erlenmeyer flask.

[0079] The enzyme mixture comprised Spezyme® CP (Batch no: 4900901224)
from Genencor International (Rochester, NY), and Novozyme™ 188 (Batch no: 078K0709)
from Sigma-Aldrich Co. (St. Louis, MO). The hydrolysis samples of 1%, 3% and 6% GL
were mixed with the desired cellulase enzymes at 15 FPU/g glucan (protein concentration
123 mg/ml) and a f-glucosidase enzyme loading of 64 pNPGU/g glucan (protein
concentration of 168 mg/ml).

[0080] The hydrolysis reaction for 1% and 3% GL was carried out at 50°C, 150
rpm, and a pH of 4.8 using 1M citrate buffer (pH 4.8) using citric acid and NaOH purchased
from Sigma-Aldrich. Antibiotics (Tetracycline (40 mg/L.) and cvcloheximide (30 meo/I.N
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from Sigma-Aldrich were added in the hydrolysis samples to avoid microbial
contamination. For 6% GL, the hydrolysis reaction was buffered same as above and carried
out at the same temperature and pH with a shaker speed of 250 rpm to achieve good mixing
performance. High solid loading hydrolysis (6% GL.) was done using the method of Lau
MW, Dale BE: Cellulosic ethanol production from AFEX-treated corn stover using
Saccharomyces cerevisiae 424 A(LNH-ST). Proc Natl Acad Sci USA 2009, 106:1368-1373,
which is hereby incorporated herein by reference in its entirety. (Hereinafter “Lau and Dale
2009).

[0081] Hydrolysate samples for the 1% and 3% GL experiments were taken at
specified time intervals (4 hr, 8 hr, 12 hr, 24 hr, 48 hr, 72 hr and 168 hr) and placed in
capped micro-centrifuge tubes, heat-treated at 100 °C for 20 minutes on a heating block (to
denature the enzyme), centrifuged at 4400 rpm for 10 minutes and then filtered through a
0.22-um Whatman® membrane syringe filter. After 168 hr, the hydrolysate for the 6% GL
experiment was centrifuged at 6000 rpm and then at10,000 rpm to separate the hydrolysate
from un-hydrolysed solids (Lau and Dale 2009).

HPLC analysis for monomeric sugars

[0082] The monomeric sugars (i.e., glucose, xylose and arabinose) were analyzed
using high performance liquid chromatography (HPL.C). The HPLC system comprised a
Shimadzu LC-2010 water pump (Milford, Massachusetts) equipped with a Waters 410
refractive index detector. An Aminex HPX-87P column (Bio-Rad, Sunnyvale, California)
equipped with a de-ashing guard cartridge (Bio-Rad) was used for monomeric sugars
concentration analysis in hydrolysate. Degassed HPLC grade water was used as the mobile
phase at 0.6 ml/min at a column temperature of 85°C. The Aminex HPX-87H column was
then used to quantify the sugars concentrations in the acid hydrolysis samples for
compositional and oligomers analysis. Five (5) mM sulfuric acid (H,SO,4) General
Chemicals was used as the mobile phase at 0.6 ml/min at a column temperature of 50°C.
The HPLC sample injection volume was 10 ul with a run time of 20 min. Standard curves

were generated using different concentrations of mixed sugars (Balan et al. 2008).

Sugar conversion and vield
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[0083] AFEX™ pretreatment is a dry to dry process, and therefore the sugar
recovery in the rice straw after AC1RSand AC2RS treatments depended primarily on the
pretreated solid recovered after the pretreatment. The sugar conversion after enzymatic
hydrolysis was calculated using the actual sugar produced in the hydrolysis over the
available theoretical sugar in the rice straw, while the sugar yield was calculated using the
actual mass of total sugar produced over the actual mass of URS (dwb) used in the
hydrolysis. Below are the equations used in the calculations:
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wherein Cyono and Coyigo are the monomeric and oligomeric sugar concentrations in g/L, Vis
the volume of enzymatic hydrolysis reaction in L, 7SC is the theoretical sugar content in the

hydrolysis at specified GL in g, and Wygs is the weight of the URS in kg (dwb).

Kinetic modelling and parameter estimation

[0084] The experimental data on enzymatic hydrolysis of URS (5 mm and 5 cm),
ACIRS (2 mm, 5 mm, 2 cm and 5 cm) and AC2RS (2 mm, 5 mm, 2 cm and 5 cm)

substrates at 1% and 3% GL were fitted according to the equation: P = P.{1 — e *5 "™,

The parameters, “k” and “n” of the model were determined using the Generalized Reduced

Gradient (GRG) Nonlinear algorithm in Microsoft® Excel® Solver.

Scanning Electron Microscopy (SEM) imaging of URS and AFEX™- pretreated rice straw

Composition
[0085] Scanning electron microscopy (SEM: ZEISS-EVO MA 10, UK, EDX:

EDAX-APOLLO X, USA) studies were conducted to examine the histological changes on
the exterior and interior epidermis of rice straw after AFEX™ pretreatment. All samples
were coated with a thin layer of gold using a DC sputter coater (QUORUM Q150RS, UK).

The samples were mounted carefully on the SEM stub and gently pressed for few seconds.

Composition analysis of URS and AFEX™ treated rice straw

[0086] Table 1 shows composition of URS, ACIRS and AC2RS substrates. For

" s (glucan, xylan, arabinan, and ace
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1 are based on an extractive-free sample, which are then corrected by the identified
extractives in the reported extractives, including soluble sugars and soluble oligo sugars.
However, since xylan and arabinan contain primarily soluble oligo sugars anyway, such
values are identical to the values reported in U.S. Patent Application Serial No. 61/606,139
(‘139) which did not include soluble sugars. The lignin values in Table 1 differ from the
values reported in U.S. Patent Application Serial No. 61/606,139 (‘139) because the new
value excludes the insoluble native protein from biomass. In contrast to glucan, the
“extractives” values in Table 1 exclude the identified extractives, i.e., soluble sugars,
soluble oligo sugars and soluble protein since these values are already reported in their
correct constituents, i.e., glucan. AC2RS substrates also retained higher nitrogen amounts as
compared to AC1RS substrates, namely 3.7% versus 2.5% nitrogen content (Table 1). There

is no dramatic change in ash content after pretreatment.

Table 1: Composition of URS. AC1RS and AC2RS Substrates

Composition URS - Malaysia URS - USA* ACIRS - AC2RS -
Malaysia Malaysia

Glucan 34.4+0.6' 34.7 33.8+0.2° 34.6+0.4°
Xylan 19.740.2 15.1 19.840.2 19.50.1
Arabinan 3.7+0.1° 22 3.620.0 3.7+0.1
Lignin 19.8+0.8° 19.1 15.440.8° 15.8+1.0°
Acetyl 1.620.1 NA 1.4+0.1 1.7+0.0
Nitrogen in biomass 0.5+0.2 NA 0.5£0.2 0.540.2
Nitrogen from 0 NA 25404 37404

Ash 14.1+0.2 16 13.5+0.1 13.4+0.2"

Extractives 6.7+1.8* 17.9 11.8+1.47 12.8+1.0"

* Zhong et al. Optimization of enzymatic hydrolysis and ethanol fermentation from AFEX -treated rice straw.
Appl Microbiol Biotechnol 2009, 84(4): 667-676.

NA=Not available

! previously reported in 139 as 33.5 based on extractive-free sample only

* previously reported in ‘139 as 3.8 based on extractive-free sample only

? previously reported in ‘139as 21.0 which includes insoluble native protein

* previously reported in 139as 10.4 which includes some identified constituents in the extractives
> previously reported in ‘139 as 32.6 based on extractive-free sample only

8 previously reported in ‘139as 16.6 which includes insoluble native protein

7 previously reported in ‘139 as 17.9 which includes some identified constituents in the extractive
¥ previously reported in ‘139 as 32.9 based on extractive-free sample only

? previously reported in 139 as 16.9 which includes insoluble native protein

1% eorrected from values previously reported in 139
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[0087] The structural carbohydrates of AC1RS and AC2RS substrates were 57.2%
and 57.8%, respectively, and were comprised of about 33.8 to about 34.6% glucan, about
19.5 to about 19.8% xylan, and about 3.6 to about 3.7% arabinan. A statistical paired t-test
on the mean composition of URS, ACIRS and AC2RS substrates indicated that the
differences in compositions of the carbohydrate components (i.e., glucan, xylan and
arabinan), acetyl groups, and ash, were statistically insignificant (t-stat<tgisca and p>0.05).
This result was likely due to the “dry to dry” nature of the AFEX™ process, which prevents
the loss of holocellulosic components during pretreatment of rice straw.

[0088] The compositions of lignin, nitrogen and extractives between URS, ACR1S
and ACR2S substrates showed significant differences (t-stat>tgigica and p<0.05). The
decrease in lignin in both AC1RS and AC2RS substrates was potentially due to the lignin
degradation during the AFEX™ pretreatment, which caused the lignin to solubilize and re-
deposit on the surface of the rice straw. During the two-stage acid hydrolysis step of
compositional analysis, the newly re-deposited lignin was released in the form of acid
soluble lignin, as indicated by an increase in the amount of total extractives. The increase in
nitrogen levels in both AC1RS and AC2RS was mainly due to the chemical reaction
between ammonia and biomass during the AFEX™ pretreatment itself.

[0089] These results are surprising, as the ratio of ammonia to solid for the
ACI1RS substrates (1:1) was one-half the ratio of the AC2RS substrates (2:1). This may
indicate that with the higher reaction temperature (140 °C) of AC2RS, more ammonia was
able to penetrate the cellulose resulting in formation of ammonia-cellulose complexes. This
formation likely led to the incorporation of ammonia into the cellulose crystal lattice,
causing lattice transformation and crystal plane widening, known as a “swelling effect.”
Most of the ester linkages were likely broken during this process resulting in solubilization
of lignin residues and re-deposition on the surface when ammonia was removed from the
reactor.

[0090] During AFEX™ pretreatment, ammonia incorporated into the biomass has
the tendency to cleave the ester linkages of AGX via ammonolysis and hydrolysis reactions.
In this testing, the increase in the total extractives of AC1RS and AC2RS substrates after
water and ethanol extractions indicated that AFEX™ pretreatment chemically cleaved the

structure of lignin and AGX in LCCs. The cleaved hemicelluloses and lignin residues were
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then easily extracted and solubilized. The total extractives extracted from the rice straw,
including the water soluble products, acid soluble lignin, soluble proteins, soluble salts and
minerals, and other minor components, significantly increased as the severity of the
pretreatment increased, with the AC1RS substrate containing 25.3% extractives and AC2RS
treated rice straw containing 30.2% soluble extractives (URS: 14%).

[0091] FIG. 1 characterizes the composition of the total extractive content in the
substrates based on extractives in water and ethanol extractions. FIG. 1 is in contrast to FIG.
2 in the ‘139 Application, which did not include the extractable native protein (originally
present in biomass) and extractable nitrogen from AFEX™ pretreatment. FIG. 2 in the ‘139
Application further included certain computational errors which resulted in improperly
indicating that AC2RS had fewer extractives than AC1RS. Corrected values are now shown
in FIG. 1. Cleavage of LCC was supported by an increase in soluble oligomeric sugars (i.e.,
xylose and arabinose) found in the water extracts of both the ACIRS and AC2RS substrates.
In comparison to water extraction of URS (FIG. 2), water extraction of AC1RS and AC2RS
substrates yielded a 4.1- and 6.2-fold increase, respectively, of soluble xylose oligomers and
a 4.1- and 7.3-fold increase, respectively, of soluble arabinose oligomers. The

[0092] The water extraction of AC1RS and AC2RS substrates resulted in a 16-
and 19-fold increase, respectively, of soluble acetyl in comparison with the soluble acetyl
produced in the water extraction of the URS (FIG. 1). This increase in soluble acetyl is
likely due to the dissolution of O-acetyl group on the xylan-pyranose backbone side chain
via ester bond cleavage during AFEX™ pretreatment.

[0093] Xylan in the cell wall of graminaceous plants, such as rice straw, is
composed of approximately 1 to 2% of O-acetyl group. Hemicellulose components(xylose,
arabinose and acetyl)dissolved and solubilized more during water extraction of AC2RS
substrates as compared with AC1RS substrates, indicating an increased occurrence of
structural disruptions (i.e., disruptions of the LLCC linkages) under the more severe AC2RS
conditions.

[0094] As such, it appears that pretreatment factors such as temperature, residence
time, alkali/acid concentration, and/or moisture content, can influence the release of
hemicelluloses and lignin degradation products.

[0095] Other unquantified extractable materials (classified as other extractives),

may include gums, resins, pitch, waxes, sterols, flavinoids, tannins, terpenes, quinones,
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non-structural sugars, chlorophyll and other minor building blocks. It was observed that the
fraction of other extractives (non-quantified components) was higher in both of the AC1RS

and AC2RS substrate extractives as compared to URS, 6.6% (FIG. 1).

Enzyvmatic Hydrolysis and kinetic modelling of ACIRS and AC2RS Substrates

Low solid loading hydrolysis (1% GL) - monomeric sugar release

[0096] FIGS. 2A-2B are graphs showing monomeric sugar concentration profiles
for glucose (FIG. 2A) and xylose (FIG. 2B) at 1% GL for AC1RS and AC2RS substrates for
different hydrolysis periods, namely 4 hr, 8 hr, 12 hr, 24 hr, 48 hr, 72 hr and 168 hr, and
biomass sizes, namely 2 mm, 5 mm, 2 cm and 5 ¢cm using 15 mL, NovozymeTM and
Spezyme® CP, 50°C and 150 rpm. Maximum theoretical sugar concentrations are indicated
by the dashed line at the top of each figure.

[0097] As can be seen in Figure 2A and 2B, glucose and xylose were rapidly
released at the beginning of the enzyme hydrolysis process. Thereafter, the sugar generation
rate slowed down as hydrolysis proceeded. At the 1% GL, about 50 to about 80% of the
total glucose and xylose released were liberated within the first 12 hr of hydrolysis. The
simplified model of enzymatic hydrolysis divided the hydrolysis into two stages, i.e., the
initial stage, where the rate was almost linear, and the final stage, where the rate
continuously decreased.

[0098] As shown in Table 2 and FIG. 2A, at 1% GL hydrolysis, ACIRS substrates
hydrolyzed at a low initial hydrolysis rate during the first 12 h (linear slope), and the rates
ranged from 0.31 g/L..h (ACIRS-5 cm) to 0.51 g/L..h (AC1RS-2 mm). This slow hydrolysis
of AC1RS substrates produced low glucose and xylose concentrations at the end of 168 h
hydrolysis (FIGS. 6G-6I). Among AC1RS substrates, only the smaller-sized rice straw of
AC1RS-2 mm produced the highest final glucose concentration with 8.1 g/L. The smaller
sizes of rice straw of AC1RS-5 mm and AC1RS-2 cm had approximately similar glucose
concentrations: 7.5 g/L. and 7.6 g/L., respectively. The substrates comprised of the largest
particles sizes of ACIRS, AC1RS-5 cm, had the lowest glucose concentration of 6.7 g/L.. A
similar decreasing trend was also observed for the xylose concentration for all AC1RS
substrates.

[0099] In contrast and as shown in Table 2, a different trend of sugar production

was observed in the hydrolysis of most AC2RS substrates (at 1% GL) (FIGS. 2A and 2B).
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These AC2RS substrates quickly hydrolyzed during the first 12 h with the initial hydrolysis
rate ranging from 0.51 g/L..h (AC2RS2 mm and AC2RS-5 mm) to 0.59 g/L.h (AC2RS-5
cm). The fast hydrolysis of AC2RS substrates produced higher glucose and xylose
concentrations at the end of 168 h hydrolysis when compared to AC1RS substrates (except
for AC2RS-5 mm where the concentration slightly dropped after 24 h).

[00100] After 4 hr of hydrolysis, glucose and xylose concentrations in the particles
pretreated according to the more severe AC2RS conditions, i.e., AC2RS hydrolysates (solid
lines) were higher than in AC1RS hydrolysates (dotted lines). A dominant factor affecting
the reaction rate at the beginning of 1% GL hydrolysis appears to be the severity of the
chemical pretreatment conditions.

[00101] Of particular interest and as shown in FIGS. 4A-4D, the larger-sized rice
straw (5 cm) demonstrated different digestion patterns during enzymatic hydrolysis when
treated under the milder AC1RS conditions as compared to the more severe AC2RS
conditions.

[00102] AC2RS-5 cm had the highest glucose production of 10 g/L., while AC2RS-
2 cm had a slightly lower concentration of 9.2 g/1.. However, AC2RS milled rice straw
(AC2RS-2 mm and AC2RS-5 mm) had lower glucose concentrations of 8.6 g/I. and 7.9 g/,
respectively. AC2RS-5 cm also produced the highest xylose concentration with 4.3 g/L.,
almost a two- fold increase, when compared to AC1RS-5 cm, while AC2RS- 2 cm had a
glucose production of 4g/1., as compared with the 2.8 g/L. for AC1RS-2cm at 1% GL. Both
2 mm and 5 mm milled rice straw did not show significant difference in xylose
concentrations when pretreated using either the AFEX™ C1 or C2 condition (Table 2).
[00103] Such results are surprising, as they are contrary to the generally accepted
understanding that particles an order of magnitude smaller provide the best downstream
sugar yield.

[00104] FIGS. 3A and 3B show the glucan (3A) and xylan (3B) conversion at 1%
GL hydrolysis at the 4 h and 168 h hydrolysis period. In both figures, AC1RS substrates
showed a declining sugar conversion trend as the size of the particles in the substrates
increased (i.e., small; AC1RS-2 mm > AC1RS-5 mm, large: AC1RS-2 cm > AC1RS-5 cm).
After 168 h hydrolysis of AC1RS substrates, AC1RS-2 mm produced the highest glucan and
xylan conversions with 72.8% and 57.5%, respectively, while AC1RS-5 cm gave the lowest

glucan and xylan conversions at only 60.2% and 36.1%, respectively.
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[00105] Hydrolysis of AC2RS substrates containing small versus large-sized
particles demonstrated an opposite conversion trend. Specifically, AC2RS substrates
containing smaller-sized particles (e.g., 2 mm and 5 mm) showed a decreasing sugar
conversion trend as the size increased (i.e., AC2RS-2 mm > AC2RS-5 mm) which was
similar to miHed the smaller AC1RS substrates. Interestingly, for eat- AC2RS substrates
containing larger-sized particles (e.g., 2 cm and 5 cm) an increasing sugar conversion trend
was noticed as the size increased (i.e., AC2RS-2 cm < AC2RS-5 cm). After 168 h
hydrolysis, the largest particle size rice straw (AC2RS-5 cm) produced the highest glucan
and xylan conversions, at 90.4% and 66.5%, respectively, when compared to the other
particle size of AC2RS substrates pretreated under identical conditions (FIGS. 4A and 4B).
[00106] The largest particle rice straw (5 cm) (shown in FIGS. 3A and 3C)
demonstrated qualitatively different digestion patterns during enzymatic hydrolysis when
pretreated using different AFEX conditions. The substrate of AC1RS-5 cm hydrolyzed
slowly and the particles remained intact with minor physical disintegration after 72 hrs of
hydrolysis (FIG. 3A) and even after 168 h of hydrolysis (FIG. 3C), as evidenced by low
sugar concentrations in the hydrolysate. The substrate of AC2RS-5 cm completely
disintegrated after the same period of hydrolysis and only left fine particles in the
hydrolysate (FIGS. 3A-3D), resulting in the highest sugar concentrations and therefore
higher glucan and xylan conversions. In contrast, both sizes of milled rice straw (2 mm and
5 mm), when pretreated using AFEX™ C1 and AFEX™ (2 conditions, did not manifest

any significant differences physically during hydrolysis nor in the sugar production.
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Low solid loading hydrolysis (1% GL) - oligomeric sugar release

[00107] FIGS. 5A-5D compare monomeric and oligomeric glucose/xylose levels
after 72 hr and 168 hr hydrolysis for LCB particles of varying sizes under ACIRS and
AC2RS pretreatment conditions. As shown, more oligomers of glucose and xylose (higher
concentrations and conversions) were observed in AC2RS substrates when compared to
ACI1RS substrates (both after 72 hr and 168 hr of hydrolysis) indicating the effectiveness of
AFEX™ pretreatment conditions (C2 over C1). Increasing concentrations of monomeric
sugars and decreasing amounts of oligomeric sugars were also evident as the hydrolysis
proceeded (from 72 hr to 168 hr). Additionally, at the low GL, oligomeric xylose
concentrations for AC1RS and AC2RS-treated substrates were much higher when compared
to oligomeric glucose concentrations, averaging at least about a four-fold increase over
oligomeric glucose concentrations (FIGS.5A and 5C for 72 hr and FIGS. 5B and 5D for 168
hr of hydrolysis), with the majority of the xylose released in oligomeric form.

[00108] Most xylose was released in oligomeric form, with high concentrations of
oligomeric xylose caused by insufficient xylanase activity in the commercial cellulase
(Spezyme® CP mix) which led to a low concentration of monomeric xylose. Overall, after 72
hr (168 hr) hydrolysis, the highest glucose/xylose concentrations and glucan/xylan
conversions (including the oligomeric sugar) were found to be 9.68/5.68 g/L. (10.11/5.82 g/1.)
and 87.0%/87.2% (91.4%/88.7%) respectively for AC2RS-5 cm. This included oligomeric
glucose/xylose concentrations of 0.54 g/1./1.61 g/L. (0.07 g/1./1.5 g/L.) and glucan/xylan
4.8%124.6% (0.92%/22.2%) respectively. (See FIGS. 5A-5D).

Kinetic modeling of AFEX™ pretreated rice straw

[00109] A dominant factor affecting the enzymatic hydrolysis rate is the severity of
the pretreatment conditions. The increased severity of the AC2RS conditions (log R,=2.88)
made the treated rice straw substrate, particularly the larger particles, more susceptible to
enzymatic hydrolysis than AC1RS conditions (log R,=1.48), and therefore increased the
hydrolysis rate. The enzymatic hydrolysis data for URS, AC1RS and AC2RS substrates were
fitted into the Chrastil diffusion-limited kinetic model based on Eq. (1) to further understand
the kinetics of this unusual hydrolysis result. Table 3 summarizes the estimated kinetic
parameters for URS, AC1RS and AC2RS substrates at 1% and 3% -GL hydrolysis. The

parameters for each hydrolysis case were determined from exnerimental data ncino nan-linear
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regression analysis. In all regression cases, a good agreement with the experimental results
was obtained as indicated by coefficient of determination, R>>0.95 (Table 3). Therefore, the
diffusion characteristics of the substrate-enzyme system in each hydrolysis case could be

determined from the parameters n and k.
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[00110] The changes in the values of the structural diffusion resistance coefficient, n,
show the progress of the modification of the substrates. The n value for URS at 2 mm was
higher than URS at 5 cm, indicating a smaller diffusion resistance for the former particle size,
although the difference was not significant. Nonetheless, it is possible to use the 7 value and
evaluate the extent of the structural modifications on the pretreated rice straw substrates for
different AFEX™ pretreatment conditions and at different particle sizes. As shown,
increasing the particle size from 2 mm to 5 cm in the enzymatic hydrolysis at 1% GL
increased the n value for AFEX™ pretreated rice straw. The n value for ACIRS and AC2RS
substrates ranged from 0.296 to 0.456 and from 0.294 to 0.522, respectively. Compared to
URS, the change in n for ACIRS and AC2RS substrates yielded different scenarios for 2 mm
and 5 mm particle sizes. While the n for the 2 mm substrate slightly changed from 0.293 in
URS t0 0.296 in AC1RS and 0.294 in AC2RS, the n for the 5 cm substrate increased from
0.285 in URS to 0.456 in AC1RS and 0.522 in AC2RS (Table 3).

[00111] This change of n value suggests that the relevant changes in the diffusion
and the structure of the substrate—enzyme system have occurred after pretreatment, resulting
in less diffusion resistance in the pretreated samples. Comparing the hydrolysis of AC1RS
and AC2RS substrates, the smaller particle size (2 mm and 5 mm) for both substrate types
produced almost similar » values ranging from 0.294 to 0.322 for 1% GL hydrolysis, and
from 0.340 to 0.397 for 3% GL hydrolysis. A different n value was observed for larger
particle sizes of ACIRS and AC2RS substrates (2 cm and 5 cm). The larger particle sizes of
the AC2RS substrate expressed higher n values, 0.438 to 0.522, and 0.528 to 0.616 for 1%
and 3% GL hydrolysis, respectively, compared to AC1RS substrates (Table 3). This result
suggests that the AC2RS conditions using a larger particle size improved the diffusion of

molecules in the pores of the substrate.

SEM histological changes of URS and AFEX™ pretreated rice straw epidermal

[00112] In addition to the quantitative analysis of the hydrolysis trends of AC1RS
and AC2RS, the SEM analysis provided further understanding of the hydrolysis of the
ACIRS and AC2RS substrates based on histological changes of the URS and AFEX™
pretreated rice straw epidermal surface.

[00113] SEM images of URS at small particle size (2 mm and 5 mm) show that most

of the cuticle and silica layers on the surface were already broken during the milling process
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and this greatly aided the AC2RS condition as the surface resistance was less than un-milled
straw. Although it was a mild pretreatment condition, most of the papillae, cuticle and silica
layers, and possibly lignin and other extractives, were easily cooked, melted and solidified in
situ by the ACIRS condition, thereby exposing the cellulose fibers, making them more
accessible to enzymes and ready for the subsequent hydrolysis. These degraded and solidified
materials on the epidermal surface yielded a messy and compact surface, as indicated by the
low n value in the kinetic model.

[00114] When the small particle size substrate (2 mm and 5 mm) was severely
pretreated with the AFEX™ (2 condition, the severity of this pretreatment not only cooked
and melted the papillae, cuticle and silica layers, but it also degraded the exposed cellulose
fibers, producing poor hydrolysis performance (image not shown). Although the surface of
AC2RS-5 mm was quite clean and less compact compared to the surface of AC1RS-5 mm,
indicating the impact of high severity in the AFEX™ C2 condition, the hydrolysis of this
substrate, at low or high GL,, normally yielded the lowest concentration and conversion due to
cellulose degradation during pretreatment.

[00115] FIGS. 6A-61 shows the SEM images of the exterior epidermal surface of
large particle size (2 cm and 5 cm) untreated rice straw (URS — 6A-6C) and after AFEX ™
pretreatment rice straw (AC1RS — 6D-6F; AC2RS — 6G-61) samples. In AC1RS, some silica
bodies were exposed on cellulose large fibrils due to removal of the cuticle layer by AC1RS
pretreatment (FIG. 61), as silica was deposited as a layer beneath the cuticle layer. While the
cellulose configuration was still intact, some of the papillae structures were broken, showing
the collapse of some cuticle layers, and the size of large lumps was also reduced. Most of the
silicified short cells were still intact. Although the AC1RS condition could remove some
cuticle layers, it was not adequate to make the cellulose more accessible to the enzymes. Poor
hydrolysis was observed on ACIRS substrate with large particle size (2 cm and 5 cm).
[00116] On the other hand, SEM images show that AC2RS had a very clean and
clear epidermal surface (FIG. 6G). Most of the papillae, cuticle and silica layers were
diminished, and the large lumps together with lignin were deformed. These substances were
condensed and agglomerated into large flakes (LI') which were redistributed on the particle
surface resulting in a very clear view of the lump pits and twisted short cells. The cellulose
fibers (CF) were clearly exposed to the surface with the dumbbell silica body (DSB) next to it

indicating complete destruction and removal of the cuticle and silica layers. The absence of
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cuticle and silica layers, along with clean cellulose fibers, increased the cellulose accessibility
to the enzymes, resulting in good digestibility and hydrolysis performance. This was also
indicated by the high n and k values in the kinetic model of large particle of AC2RS
substrates (2 cm and 5 cm). The interior epidermis of AC2RS also showed that the long cells
were totally enlarged and started to disintegrate from the surface compared to URS and
ACI1RS substrates, resulting in higher digestibility (FIG. 6A, 6D and 61). High severity
pretreatment conditions (AC2RS) in which the pretreatment temperature is 140 °C, well
above the glass transition temperature of lignin (120 °C), (should have helped ammonia to
solubilize lignin and re-deposit it on the surface when ammonia is removed after

pretreatment.

Comparison of different GL. hydrolysis (1%, 3% and 6%)

[00117] FIGS. 7A and 7B show a comparison of glucan and xylan conversions after
168 h of hydrolysis from low to high GL (1%, 3% and 6%) for ACIRS and AC2RS
substrates at 2 mm, 5 mm and 5 cm. As FIGS. 7A and7B show, concentrations of monomeric
and oligomeric glucose/xylose for most substrates increased (due to the increase in solid
loading in the hydrolysis). Additionally, glucan and xylan conversions decreased as the GL
increased from 1% to 6%. AC2RS-5 cm substrate continued to give the highest sugar
concentrations (including the oligomeric sugars) and conversions at higher GL.

[00118] After 168 h hydrolysis, 3% GL AC2RS , the glucose/xylose conversion 5 cm
substrates were 90.7%/84.1%, respectively; and, at 6% GL the glucan/xylan conversions
were 89.4%/82.5, respectively.

[00119] It appears that the combined effect of the and mass transfer limitation and
pretreatment severity affected the performance of the smaller-sized AC1RS and AC2RS
substrates in the hydrolysis at higher GL. (3% and 6%). At high GL, particularly at 3% GL,
small-sized AC1RS and AC2RS substrates in their granular forms agglomerated easily when
water was added, resulting in thick slurries of hydrolysis mixture which were difficult to
uniformly mix (Figure SA-D). At initial stages, hydrolysis of smaller-sized ACIRS substrates
at 3% GL produced higher initial glucose/xylose concentrations and higher glucose/xylose
release rate when compared to the smaller-sized AC2RS substrates (Table 3).

[00120] The (low severity) ACIRS conditions (in combination with the shorter

residence time) provided milder treatment to ACIRS substrates, resulting in less LCC
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cleavage, less hemicellulose release and less lignin redistribution. It is possible that these
conditions also reduced the hydrodynamic interactions between the larger particles and
surrounding fluid, as well as interaction among the particles, thus interfering less with
enzyme diffusion as compared to smaller-sized particles. Although smaller-sized ACIRS
substrates had poor surface condition due to in sifu degradation and solidification of papilla,
cuticle and silica layers, and possibly lignin and other extractives, the cellulose fibers were
successfully cleaned and perfectly exposed for better enzyme accessibility which produced
better sugar hydrolysis than milled AC2RS. (FIGS. 7A and 7B)

[00121] Similar n values for smaller particle size of AC1RS and AC2RS substrates
(2-5 mm) indicated that the diffusion resistance was approximately the same in both
substrates. The & values in AC1RS-2 mm (0.030 L/g.h) and AC1RS-5 mm (0.029 L/g.h)
substrates were much higher compared to AC2RS of the same size (0.0184 L/g.h for AC2RS-
2 mm and 0.018 L/g.h for AC2RS-5 mm) possibly due to cellulose fiber degradation in the
latter substrates resulting in less cellulose hydrolysis (Table 3).

[00122] As observed during hydrolysis at 1% GL, hydrolysis of ACIRS and AC2RS
substrates at high GL (3% and 6%) generally released higher concentrations of oligomeric
xylose than oligomeric glucose, as shown in FIGS. 7A and 7B. The combination of
Spezyme® CP and Novozyme® 188, used in the hydrolysis, could not efficiently hydrolyze
the oligomeric xylose to monomeric xylose due to insufficient 3-xylosidase activity in the
enzyme preparations. Coupled with fast hydrolysis of xylan to oligomeric xylose, this led to
the high concentration of oligomeric xylose and low concentrations of monomeric xylose,
particularly in small particle size AC2RS substrates. This condition probably inhibited the
cellulase activity and reduced the cellulose hydrolysis which led to high concentrations of
oligomeric glucose in small particle size AC2RS substrates.

[00123] However, hydrolysis of larger-sized (cm range) AC1RS and AC2RS-
substrates at 3% GL showed a different trend as compared to smaller-sized (mm range)
ACIRS and AC2RS substrates at the same GL. Both AC2RS-2 cm and AC2RS-5 cm
substrates produced the highest glucose/xylose concentrations among all substrates at 3% GL
hydrolysis (Table 3). At low (1%) and high (3% and 6%) GL hydrolysis, AC2RS-5 cm
substrate behaved very differently than AC1RS-5 cm substrate. The former gave the highest
glucose and xylose concentrations after 72/168 h of hydrolysis even at high solid loading (3%
and 6% GL.) while the latter yielded the lowest sugar concentrations at all GI.s (FIGS. 7A and

35



WO 2013/131015 PCT/US2013/028689

7B). The substrate of AC2RS-5 cm completely disintegrated and solubilized into water and
left only fine and “powdery-looking” particles, even when the solid loading of the hydrolysis
was increased as previously shown (FIGS. 3A-3D). The Chrastil kinetic model indicates that
for hydrolysis at 3% GL., AC2RS-5 cm had the highest # and & values (0.616 and 0.0345
L/g.h) followed by AC2RS-2 cm substrates (0.528 and 0.0323 L/g.h) while AC1RS-5 cm
gave low k value (0.0282 1/g.h) at a reasonably high # value (0.509). These kinetic
parameters showed that the large particle size substrates, when severely pretreated with the
AFEX™ (2 condition, actually had less diffusion resistance with increased catalytic
hydrolysis properties, compared to the smaller particle size. This interpretation of hydrolysis
kinetics was visually confirmed with SEM imaging analysis of AC2RS.

[00124] FIGS. 7A and 7B compare the glucan and xylan conversion after 168 hr of
hydrolysis at GL. of 1%, 3% and 6% for AC1RS and AC2RS substrates having a particle size
of about 2 mm, 5 mm and 5 cm. Theoretically, when the solid loading in the hydrolysis is
increased, sugar concentrations should increase. From FIGS. 7A and 7B, it is clear that the
concentrations of monomeric and oligomeric glucose/xylose for most substrates increased
while glucan conversions decreased as the solid loading increased from 1% to 6% GL. The
AC2RS-5 cm substrates continued to give the highest sugar concentrations (including the
oligomeric sugars) and conversions at higher GL. After 168 hr hydrolysis, the glucose/xylose
concentrations and glucan/xylan conversions were found to be 30.2 g/1./16.52 g/L. and
90.7%/84.1% respectively at 3% GL and 67.47 g/1./38.38 g/L. and 89.4%/82.5 respectively at
6% GL.

[00125] However, hydrolysis of AC2RS-2 mm and AC2RS-5 mm substrates at 6%
GL showed less favorable results. At the end of 168 hr, the hydrolysis of both sizes of the
smaller-sized AC2RS substrates at 6% GL produced extremely low concentrations of
monomeric sugars, even lower than the concentrations at 3% GL., and some amount of
cellobiose remained in the hydrolysate (shown in oligomeric glucose concentration).

[00126] Poor hydrolysis of small-sized AC2RS substrates at high GL. (3% and 6%)
were affected by the combined effect of pretreatment severity and diffusion limitation (low n
and & values) as previously explained. As the hydrolysis progressed, the substrates were
quickly hydrolyzed and fragmented into smaller sugar polymers and finally into cellobiose.
[00127] FIG. 7C shows the sugar yield for hydrolysis at different GLs per dry weight
of ACIRS and AC2RS (2 mm, 5 mm and 5 cm). The yield of monomeric glucose and xvlose
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decreased while the yield of oligomeric glucose and xylose increased when the GL increased
from 1% to 6%. Among the substrates, AC2RS-5 cm demonstrated a consistent decreasing
sugar yield as the GL increased. Hydrolysis at 6% GL revealed that the highest sugar yield
was given by AC2ZRS-5 cm with a yield of 486.12 g/kg of rice straw (76% of the total
theoretical maximum sugar yield with an average conversion of 85.9% from total glucan and
xylan). On the other hand, AC1RS-5 cm gave the lowest sugar yield with only 107. 6 g/kg of
rice straw, about 16.8% of the total theoretical maximum sugar yield, and equivalent to one-
quarter of the AC2RS-5 cm sugar yield. As for AC1RS substrates, hydrolysis at 6% GL
indicated that AC1RS-2 mm also could produce reasonable sugar yields with 400.6 g/kg of
rice straw (62% of the total theoretical maximum sugar yield).

[00128] Two optimized AFEX™ pretreatment conditions of different severities were
successfully used to pretreat different particle sizes of rice straw, from conventionally-sized
LCB particles of 5 mm or less, as well as larger-sized LCB particles having at least one
dimension greater than 5 mm, up to about 5 cm. Regardless of the method of processing the
rice straw, for a given size, AC2RS substrates achieved higher downstream sugar yields as
compared to AC1RS substrates, thus demonstrating the greater effectiveness of AC2RS
conditions.

[00129] While AC1RS substrates showed declining sugar yields as the size of-the
substrates increased, surprisingly, AC2RS substrates demonstrated increasing sugar yields
between smaller and larger-sized substrates. As with smaller-sized AC1RS substrates, the
smaller-sized (conventional) AC2RS substrates also showed decreasing sugar yields as the
particle size increased.

[00130] Surprisingly, larger particle size AC2RS substrates exhibited an increasing
sugar yield when the substrate size increased. When treated using different AFEX™
conditions, the larger rice straw particles (5 cm) demonstrated different digestion patterns
during enzymatic hydrolysis. While the AC1RS-5 cm substrate hydrolyzed slowly and solids
remained intact with minor physical disintegration, the AC2RS-5 cm substrate completely
disintegrated after the same period of hydrolysis and only left fine particles in the
hydrolysate. The Chrastil diffusion-limited kinetic model was able to model the experimental
data and explain the hydrolysis behavior at different particle size based on kinetic parameters,
k and n. Analysis of SEM imaging supported our interpretation of the experimental

hydrolysis behavior and kinetic data.
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EXAMPLE 2 (PROPHETIC)
[00131] Additional testing with larger-sized particles, such as up to about 10 cm or
higher, including, for example, particles having at least one dimension no less than about 6
cm, 7 cm, 8 cm, 9 cm, 10 cm, and higher, may also be performed.
[00132] Additional testing with other types of AFEX™ pretreatment methods may
also be performed, including, for example, gaseous ammonia pretreatment (GAP) and/or
anhydrous liquid ammonia pretreatment (E-AFEX™). See, for example, PCT Applications
2011/133571, US2011/066868, and US2010/035826, each of which is incorporated herein in
its entirety.
[00133] Additional testing with higher GLs and/or different ammonia to biomass
ratios and/or different moisture content and/or different residence times and/or different

temperatures may also be performed.

[00134] Additional testing with other types of LCB may also be performed, such as,
for example, corn stover and switchgrass.

[00135] Various combinations of the above parameters may also be tested.

[00136] Therefore, in various embodiments a method of increasing sugar yield in a

bio-product production process is provided comprising pretreating one or more size-adjusted
lignocellulosic biomass particles with a pretreatment, wherein the one or more size-adjusted
lignocellulosic biomass particles (LLCB) form a substrate, with the one or more particles
having an average particle size in at least one dimension greater than 5 mm. In one
embodiment, the pretreatment process is an ammonia pretreatment (AFEX ™) process (e.g.,
gaseous ammonia, aqueous ammonia, anhydrous liquid ammonia, extractive ammonia, etc.)
and one or more particles have an average particle size between about 1 cm and about 10 cm
in at least one dimension and glucan loading is between about 1% and about 6% or about 1%
and about 9%.

[00137] In one embodiment, the ammonia pretreatment process is a high severity
ammonia pretreatment process, such as a process that operates at a temperature of no less
than 140 °C and a residence time of no less than 30 minutes.

[00138] In one embodiment, a high severity ammonia pretreatment process is used.

In such an embodiment, an ammonia to lignocellulosic biomass ratio can be, for example,
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between about 0.5:1 and about 4:1 and a moisture content of the lignocellulosic biomass can
be, for example, between about 10% and 130%, on a dry weight basis. In one embodiment, a
high severity ammonia pretreatment process is used and an ammonia to lignocellulosic
biomass ratio can be no more than 1:1 and a moisture content of the lignocellulosic biomass
can be no less than 130%, on a dry weight basis.

[00139] In one embodiment, the ammonia:LLCB ratio is no more than about 1:1 and a
moisture content of the LCB is no less than about 130%, on a dry weight basis. In one
embodiment, the ammonia:L.CB ratio is between about 0.5:1 and about 2:1 and a moisture
content of the LCB is between about 10% and 130%, on a dry weight basis.

[00140] In one embodiment, the average particle size in a substrate is between about
4.5 and about 5.5 cm in at least one dimension and the substrate can be subjected to a high
severity ammonia pretreatment, wherein a downstream xylose concentration is more than two
times higher than a xylose concentration of a similarly-sized substrate subjected to a low
severity ammonia pretreatment. In one embodiment, downstream sugar yield is increased by
at least 1% up to about 150% or higher as compared with the low severity pretreatment.
[00141] It is possible that other pretreatment processes may work, including, but not
limited to, dilute acid, concentrated acid, hydro-thermolysis, liquid hot water, acid catalyzed
steam explosion, wet oxidation and heat.

[00142] The LCB particles can include, but are not limited to a perennial grass, an
annual grass (e.g., rice straw) and agricultural residue (e.g., switch grass, corn stover, and the
like). Such particles can be hydrolyzed with one or more enzymes, such as a cellulase
enzyme or a beta-glucosidase enzyme.

[00143] A method of using a substrate to increase downstream sugar yield is also
provided, such method comprising pretreating the substrate containing size-adjusted
lignocellulosic biomass particles (LLCB) with a pretreatment (e.g., ammonia pretreatment) to
increase the downstream sugar yield, wherein the LCB particles have an average particle size
in at least one dimension greater than 5 mm.

[00144] In various embodiments, a system is also provided, comprising, for example,
a size-adjusting device for producing size-adjusted non-fine biomass; and a pretreatment
facility for pretreating the size adjusted biomass to produce pretreated size-adjusted biomass,
wherein the pretreated size-adjusted biomass increases sugar yield in a bio-product

production facility as compared to fine biomass. Such a system can further comprise the bio-
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product production facility. The bioproduct can be, for example, a biofuel (ethanol, butanol)
or animal feed. The size-adjusted non-fine biomass can have, in one embodiment, an average
particle size greater than 5 mm in at least one dimension. In one embodiment, the size-
adjusted non-fine biomass has an average particle size between about 1 cm and 10 cm.
[00145] Until now, it had been generally understood that fine grinding and/or milling
of harvested LCB to average particle sizes below 5 mm resulted in a better yield under certain
conditions by creating additional surface area which allowed the enzymes used for hydrolysis
to more efficiently contact the LCB. In contrast, and surprisingly, even with use of larger
particles, downstream sugar yield is improved. This is likely due to the presence of
additional extractive material which has been solubilized by ammonia and re-deposited on the
surface of the LCB particles after pretreatment (see FIGS. 6A-61). In fact, rather than having
less surface area, it appears that the additional extractive material produced with the non-fine
LCB particles causes the LCB particles to become more porous, which actually increases the
amount of surface area available on which the enzyme can act. This may be the reason that,
in one embodiment, a higher digestibility, i.e., a higher sugar conversion, is observed with a
high severity pretreatment, rather than a low severity pretreatment.

[00146] Additionally, use of conventionally-sized L.LCB particles which are less than
5 mm in size and/or with a particle size distribution of from about 0.2 mm to about 5 mm,
including any value or range therebetween, form a solution containing fine particulates after
pretreatment. Such a solution has an appearance comparable to that of “mud” or a “thick
muddy solution.” In contrast, use of LCB particles greater than 5 mm in size (in at least one
dimension) up to about 5 cm in size or higher (in at least one dimension) in the embodiments
described herein, including any size distribution therebetween, can form, in one embodiment,
a particulate-containing solution having a viscosity comparable to that of either water or a
“thin muddy solution.”

[00147] While not wishing to be bound by this proposed theory, it is possible that the
fine particulate-containing solution resulting from use of conventionally sized particles (e.g.,
less than 5 mm in size in any dimension), reduces mass transfer rates and thus enzyme
hydrolysis while the larger particles described herein produce a solution which results in
greater mass transfer rates and hence improved enzyme hydrolysis, as compared with the

conventional method.
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[00148] The various embodiments described herein have a further benefit of
providing cost reduction, since less energy is expended in the size-adjusting step as compared
to conventional methods. Specifically, rather than requiring fine grinding, crushing and/or
fine milling of LCB particles, which can be quite difficult for some portions of the L.CB, such
as the stems, the mechanical processing step used herein is more economical. As such, the
size-adjusting step in the embodiments described herein can involve milling, cutting, and/or
chopping of the LCB particles into non-fine particle sizes (i.e., average particle size greater
than 5 mm). With this process, the starting materials used herein for production of a bio-
product from LCB are produced at less cost than the starting materials produced using
conventional methods. If desired, one can perform the pretreatment process using the non-
fine LCB particles as described herein, and then size reduce the pretreated L.CB particles to
any desired smaller size after pretreatment, prior to hydrolysis and/or fermentation.

[00149] Although specific embodiments have been illustrated and described herein,
it will be appreciated by those of ordinary skill in the art that any procedure that is calculated
to achieve the same purpose may be substituted for the specific embodiments shown. For
example, although the process has been discussed using rice straw, other types of LCB can
likely also be used, such as “empty fruit bunch” i.e., a material obtained from oil palm/date
palm trees after removing the fruits the fibrous bunch. Furthermore, although the
pretreatment has been discussed primarily as an ammonia pretreatment, it is possible that
other pretreatments, as defined herein, can work as well. This application is intended to cover
any adaptations or variations of the present subject matter. Therefore, it is manifestly
intended that embodiments of this invention be limited only by the claims and the equivalents

thereof.
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WHAT IS CLAIMED IS:

1. A method of increasing sugar yield in a bio-product production process comprising
pretreating one or more size-adjusted lignocellulosic biomass particles with a pretreatment,
wherein the one or more size-adjusted lignocellulosic biomass particles (LCB) form a
substrate, with the one or more particles having an average particle size in at least one

dimension greater than 5 mm.

2. The method of claim 1 wherein the pretreatment process is an ammonia pretreatment
(AFEX) process and one or more particles have an average particle size between about 1 cm

and about 10 cm in at least one dimension.

3. The method of claim 2 wherein the AFEX pretreatment process is selected from

gaseous ammonia, aqueous ammonia, anhydrous liquid ammonia and extractive ammonia.

4. The method of claim 3 wherein the ammonia pretreatment process is a high severity

ammonia pretreatment process.

5. The method of claim 4 wherein the high severity ammonia pretreatment process

operates at a temperature of no less than 140 °C.

6. The method of claim 4 wherein an ammonia to lignocellulosic biomass ratio is
between about 0.5:1 and about 4:1 and a moisture content of the lignocellulosic biomass is

between about 10% and 130%, on a dry weight basis.
7. The method of claim 4 wherein an ammonia to lignocellulosic biomass ratio is no

more than 1:1 and a moisture content of the lignocellulosic biomass is no less than 130%, on

a dry weight basis.
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8. The method of claim 1 wherein the average particle size is between about 4.5 and
about 5.5 cm in at least one dimension and the substrate is subjected to a high severity
ammonia pretreatment, wherein a downstream xylose concentration is more than two times
higher than a xylose concentration of a similarly-sized substrate subjected to a low severity

ammonia pretreatment.

0. The method of claim 8 wherein the downstream sugar yield is increased by at least
1% up to about 150% or higher as compared to a similarly-sized substrate subjected to a low

severity ammonia pretreatment.

10. The method of claim 1 wherein the pretreatment process is selected from dilute acid,
concentrated acid, dilute ammonium hydroxide, hydro-thermolysis, liquid hot water, acid

catalyzed steam explosion, wet oxidation, organosolv pretreatment and heat.

11. The method of any of claims 1 to 10 wherein the LCB is selected from a perennial

grass, an annual grass and agricultural residue.

12. The method of claim 11 wherein the annual grass is rice straw and the agriculture

residue is switchgrass or corn stover.

13. The method of claim 11 wherein the bio-product is a biofuel or animal feed.
14. The method of claim 13 wherein the biofuel is ethanol or butanol.

15. Animal feed produced according to the method of any one of claims 1-14.

16. A biofuel produced according to the method of any one of claims 1-14.

17. A method of using a substrate to increase downstream sugar yield comprising

pretreating the substrate containing size-adjusted lignocellulosic biomass particles (LCB)
with a pretreatment, wherein the LCB particles have an average particle size in at least one

dimension greater than 5 mm.
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18. The method of claim 17 wherein the pretreatment is an ammeonia pretreatment.

19. The method of claim 18 wherein the LLCB particles are hydrolyzed with one or more
enzymes.

20. The method of claim 19 wherein the one or more enzymes comprise a cellulase

enzyme or a beta-glucosidase enzyme.

21. A system comprising:

a size-adjusting device for producing size-adjusted non-fine biomass; and

a pretreatment facility for pretreating the size-adjusted biomass to produce pretreated
size-adjusted biomass, wherein the pretreated size-adjusted biomass increases sugar yield in a

bio-product production facility as compared to fine biomass.

22. The system of claim 21 further comprising the bio-product production facility.

23. The system of claim 21 or 22 wherein the size-adjusted non-fine biomass has an

average particle size greater than 5 mm in at least one dimension.

24. The system of claim 21 or 22 wherein the size-adjusted non-fine biomass has an

average particle size between about 1 cm and 10 cm.
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