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TWO-LOOP DILUTE PREPROCESSING AND PRETREATMENT OF
CELLULOSIC FEEDSTOCKS

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS
[8861] The present patent application claims benefit of priority to US Patent Application
M. 13/840,950, filed March 15, 2013, and US Patent Application No. 61/671,303, filed July

13, 2012, the contents of cach of which are incorporated by reference in their entivety.

BACKGROUND OF THE INVENTION
1868621  The concentration of sugars produced via enzymatic hydrolysis of pretreated
biomass has historically been limited by the conceniration of solids in the biomass shury.
Technelogy advances to improve sugars concentration, and subsequently ethanol
concentration downstream, have centered on increasing solids loading to the pretreatment
systern. With higher solids loading comes increased wear on equiproent and negative changes

m rheological properties.

180637  Most biomass has some “free sugars’ available with a hot water extraction, with the
rest having to be made available by pretreatment and enzymes. However, pretrcatment can
destroy these free sugars and ofien leads to the formation of inlnbitors to downstream
biological activitics. Examples of inhibitors include furtural, 5-bydroxymethylforfural (5-

HMF), and acetic acid.

[6804] In general, the problem is that the capital/process benctits of higher solids loadings
are rapidly offset by higher mhibitor formation and concentration, requiring conmplex

separation processes to remove the inhibitors, or dilation to reduce their impact.

[688¢5]  The present application provides methods for processing biomass to ethanol and
other valuable products that provide higher solids in the fermentation step, but with lower
wear of equipment. The methods can also decrease the amoonts of at least some inhibitors of
fermentation and provide higher quantitics of sugars to be used in fermentation to ethanol and

other valuable products.
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BRIEF SUMMARY OF THE INVENTION
#8867 The present application provides a method of processing biomass, the method

comprising:

{a) contacting the biomass with a first agueous Hguid under conditions
sufficicot to dissolve watcr-solable sugars associated with the biomass;

{b} scparating the first aqueous Hauid from the biomass 1o produce a first
hqguid phase comprising the water-soluble sugars and a first solids phase comprising biomass

olhids;

2]

{(c) contacting the first solids phase with a second aqueous liquid under
conditions sufticient to render the biomass more susceptibic 1o hydrelysis but not releasing
substantial amounts of sugars, thereby producing a pretreated biomass;

{d) separating the second agueous liguid from the pretreated biomass {0
produce a second liquid phase and a second solids phase; and

{¢) subjecting the second solids phase to conditions sufficient to produce
fermentable sugars.

18667}  Insome embodiments, the method further comprises fermenting the fermentable

sugars,

[60868]  In some cmbodiments, the method comprises treating the pretreated biomass to
produce particles having a relatively uniform particle size. For example, the particle size can
be reduced such that at least 80%, 5%, 80%, or 95% of the particles have a particle size
from about 5 microns to about 800 microns, from about 100 microns to about 800 microns,
from about 5 microns to about 300 microns, or from about 100 microns to about 500 microns.
In some cmbodiments, at least 80%, 85%, 90%, or 95% of the particles bave a particle size

between about .10 and 5.0 num, .10 and 4.0 mm, 0.10 and 2.0 nmm, or 0.25 to 0.85 mn

[8069]  In some ombodiments, the conditions sufficient to dissolve water-soluble sugars

comprise a temperature of from about 25 to about 100 degrees C.

#0618} The biomass can be protreated to render the biomass more susceptible to hydrolysis.
Thus, in some embodiments, the pretreatment conditions comprise elevated temperature and
pressure compared to ambient temperatare and pressure. In some embodiments, the
pretreatuent conditions inchude contacting the biomass (e.g., second solids phase) with
bhydrolytic enzymes. To some embodiments, the bydrolytic enzymes comprise one or more of

cellulase, hemicellulase or an oxidoreductase such as Hgnin peroxidase.
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{8811 The methods also provide for recyeling of the first and/or second hquid phases to
other steps or stages of the process. For exarple, at least a portion of the first Hguid phase
comprising the water-soluble sugars can be recycled and mixed with the second solids phase
prior to or during the subjecting step (e} (i.c., saccharification step). In some embodiments, at
least a portion of the first hquid phase comprising the water-solable sugars is contacted with

additional biomass, and the additional biomass is processed as described herein,

[8812]  Insome embodiments, the relative amount of the first hquid phase contacting the
additional biomass is about 20% to 90%, 30% to 80%, 40% to 70%, 50% to 60%, 6% to

70%, 70% to 80% or about 50% to 80% by weight

[86813] Insome ombodiments, at least a portion of the first liquid phase comprising the
water-soluble sugars is mixed with the fermentable sugars produced during the
saccharification stage. The fermentable sugars can be fermented to produce cthano! or other

valuable products.

136814]  The sccond Hauid phase can also be recyeled. In one embodimnent, at least a portion
of the second hquid phase is contacted with an additional solids phase prior to or during the
contacting step (¢) (.o, pretreatment step). [n some embodiments, at least a portion of the
first liquid phase, at least a portion of the second fiquid phase, or at least a portion of the first
hguid phase and at least a portion of the sccond liquid phase is recyeled by contacting the
biomass with the at least a portion of the first Hguid phase, the at least a portion of the second
hiquid phase, or the at least a portion of the first Hquid phase and the at least a portion of the

second liquid phase.

[8815] In some embodiments, the particle size of the biomass is reduced prior to contacting
the biomass with the first aqueouns Hquid in step (a). For example, in some cmbodiments, the
particle size is reduced such that at least 80%, 85%, 90%, or 95% of the particles havea

particle size between about 0.1 and about 3.0 mm, about 0.1 and about 4.0 mm, about 0.1 and

about 2.0 num, or about 0.25 and about .85 mm,
18616} In some embodiments, the solids concentration of the first sohids phase after mixing

with the second agueous Hauid is between aboot 1% and 509, 5% and 45%, 10% and 309,

or 15% and 25% by weight.

#6177  In some embodiments, the solids concentration of the biomass (e.g., second solids

phasc} that is subjected to conditions sufficient to produce fermentable sugars

s
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{saccharification) is at least 109, at least 15%, at least 20%, at least 25%, at least 309, at

least 35%, at Jeast 40%, at least 45%, or at least S0% by weight.

18618}  In some embodiments, the method further comprises subjecting the first solids
phase to once or more additional washing steps, wherein the wash liquid 1s recycled and added
to the biomass during the initial wash step () or the pretreatment step {¢}. In one
erabodiment, the second solids phase is subjected to one or more additional washing steps,

wherein the wash hiquid is recycled and added to the biomass during the pretreatment step {¢).

#0619} The biomass can be processed to remove sand and other solid contaminants prior to
separating the first agueous lguid from the biomass. The first iquid phase comprising the

water sohible sugars can also be processed to remove sand and other solid contaminants.

[6028]  In some cmbodiments, the washed biomass from the initial wash step {a) is adjusted
to a pH of between 3 and 6.5, In some embodiments, the biomass from the pretreatment step

(¢} is adjusted to a pH of between 3 and 6.5,

[66821]  After pretreatment, the liquid phase contains dissolved inhibitors of fermentation.
Thus, 10 another embodiment, at least a portion of the second Hauid phase is further
concentrated and burned to recover energy from one or more dissolved inhibitors of
fermentation.  In some embodiments, at least a portion of the second ligund phase is

concentrated and/or purified to recover one or more dissolved inhibitors of fermentation.

166221  In some embodiments, at least a portion of the first liquid phase comprising the
water-soluble sugars is concentrated and fermented. In some embodiments, at least a portion
of the first liquid phase comprising the water-soluble sugars is combined with com starch and
fermented. In some embodiments, the fermentable sugars produced by the saccharification
step are separated from resideal solids to produce a sugar syrup. The residual solids can also
be washed one or more times to recover additional sugars. In some embodiments, the
residual solids are burned. in one embodiment, the formentable sugars are separated from

residual solids prior to fermentation.

(86237 In some embodiments, the method is a continuous process. In some embodiments,

the method is a baich process.
#0624} The disclosure alse provides a processed biomass produced by the methods
described berein. For example, in one embodiment, the processed biomass is produced by a

method comprising:
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{a) contacting the biomass with a first aqueous Hquid under conditions
sufficient to dissolve water-soluble sugars associated with the biomass;

(b} separating the first agueous Hquid from the biomass to produce a first
fiquid phase comprising the water-soluble sugars and a first solids phase comprising biomass
solids;

{c) contacting the first solids phase with a second aqueoons Hiquid ender
conditions sufficient {o render the biomass more susceptibie to hydrolysis but not releasing
substantial amounts of sugars, thereby producing a pretreated biomass;

{d) separating the second aqueous liquid from the pretreated biomass to
produce a second liquid phase and a second solids phase; and

{c) subjecting the second solids phase to conditions sufficient to produce
fermentable sugars.

[66825] It will be understood that the processed biomass can be produced by any of the

methods described herein, including the specific embodiments described above.

DEFINITIONS
[8626] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonty understood by one of ordinary skill in the art to which this
disclosure pertains. Although essentially any methods and materials similar to those
described herein can be used in the practice or testing of the present methods, only exemplary
methods and materials are described. For purposes of the present disclosure, the following

terms are defined below.

{80271 The terms "a," "an," and "the” include plural referents, unless the context clearly

indicates otherwise,

[8028] The term “biomass” or “biomass feedstock” refers to any material comprising
lignocellulosic material. Lignocellulosic materials are composed of threc main components:
cellubose, hemicellulose, and lignin. Cellnlose and heniceliulose contain carbohydrates
meluding polysaccharides and oligosaccharides, and can be combined with additional
components, such as protein and/or lipid. Examples of biomass include agricoltural products
such as grains, .g., corn, wheat and barley; sugarcane; corn stover, corn cobs and other
inedible waste parts of foed plants; grasses such as switchgrass; and forestry biomass, such as

wood and waste wood producis.
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[B82¢] The term “lignoceliunlosic” refers to material comprising both Hgnin and cellulose,

and may also contain hemicellulose.

18638}  The term “cellulosic,” n reference to a material or composition, refers to a material

comprising cellulose.

[6831] The term “saccharification” refers to production of fermentable sugars from
polysaccharides by hydrolytic enzymes. Examples of hydrolytic enzymes include cellulase

and hemicelhilase. Hydrolytic enzymes are also referred to as “saccharification enzymes.”

1668321 The term “fermentable sugar” refers o a sugar that can be converted to ethanol or
other valuable products during fermentation, for example during fermentation by yeast. For
example, ghicose is a fermentable sugar derived from hydrolysis of celiulose, whereas
xyiose, arabinose, mannose and galactose are fermentable sugars derived from hydrolysis of

hemicellulose.

16331  The torm “sumultancous saccharification and fermentation (85K} refers to providing
saccharification enzymes during the fermentation process. This is in contrast to separate

hydrolysis and fermentation (SHF) steps.

[8834] The term “pretreatment” refers to freating the biomass with physical, chemical or
biclogical means, or any combination thereot, to render the biomass more susceptible to
hydrolysis, for example, by saccharification cnzymes. Prefreatment can comprise treating the
biomass at high pressure and/or high temperature.  Pretreatment can further comprise
physically mixing and/or milling the biomass in order to reduce the size of the biomass
particles. Devices that are useful for physical prefreatment of biomass include, ¢.g., a
hammernill, shear mill, cavitation mill or colloid or other high sheer mill. An excmplary
colloid mill is the Celluimator™ (Edeniq, Visalia, CA). Reduction of parficle size s described

in, for example, WO2010/025171.

[66835]  The torm “pretreated biomass” refers to biomass that has been subjected to

prefreatment to render the biomass more susceptible to hydrolysis,

[6836] The term “clevated pressure,” in the context of a high pressure and high temperature
{(HPHT) pretreatment step, refers to a pressure above atmospheric pressure {e.g., | atm at sca
evel) based on the clevation, for example at least 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,

120, 130, 140, or 150 psi or greater at sea level.
{86377 The term “elevated temperature,” in the context of a high pressure and high
temperatare (HPHT) prefreatment step, refers to a temperature above ambient {emperature,

6
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for example at least 100, 118, 120, 130, 140, 150, 160, 170, 180, 190, or 200 degrees C or
greater. When used in HPHT pretreatment, the term includes temperatures sufficient to
substantially increase the pressure in a closed system. For example, the temperatore ina
closed system can be increased such that the pressure 15 at least 100 psi or greater, such as

110, 126, 130, 140, 150 psi or greater.

[6838] The term “hydrolysis™ refers to breaking the glycosidic bords in polysaccharides to
yield simple monomeric and/or oligomeric sugars. For example, hydrolysis of cellulose
produces the six carbon {C6) sugar glucose, whereas hydrolysis of hemicellalose produces
the five carbon {(C§) sugars xylose and arabinose. Hydrelysis can be accomplished by acid

treatment or by enzymes such as cellulose, B-glucosidase, and xylanase,

[683%] The torm “inhibitor” refers 0 a compound that inhibits the fermentation process.
Inhibitors can be sugar degradation products that result from pretreatment of lignocellulose
and/or cellulose. Examples of inhibitors include 2-fiwoic acid, 5-HMF, furfural, 4-HBA,

syringic acid, vanillin, syringaldehyde, p-coumaric acid, and ferulic acid.

BRIEF DESCRIPTION OF THE DRAWINGS
[6048] Figure 1 shows a general schematic of one illustrative cmbodiment of the method.
In this schomatic, biomass enters the process at the top left [A], where it is proprocessed by
grinding to the desired particle size. The groond bismass is then sent to 8 hot wash and
mixed with fresh water [B] and process recycle [C]. After a residence time to be determined
by process factors such as composition and particle size, the sharry is sent te a screw press
[K] and the pressate Hguid [C] 1s recycled with a small purge stream [E] comprising the
recovered sugars sent forward to saccharification or fermentation. The press cake [D] is sent
to prefreatment, where it is combined with pretreatment recycle water {G] and fresh water [J]
as needed. Following pretreatment, the shurry [F is pumped through a colloid mill {L] using
pumyp [M] and into another screw press [K]. The pressate Haquad [G] is recycled, with a purge
stream [1] sent separately to (in this example) combustion to recover energy from the
dissolved organics. The cake [H] is mixed with sugar stream {E] and sent to saccharification.
{8041} Figure 2 shows a flowchart of one ilhustrative embodiment of the method. The

valugs of solids, sugars, and inhibitors shown are based on a model using the indicated input

feedstock values.

-~
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{80421 Figure 3 shows a tlowchart of another illustrative embodiment of the method
showing additional wash steps. The values of solids, sugars, and inhibitors shown are based

on a mode] using the indicated input feedstock values.

[8843] Figure 4 shows the experimental flow and mass balance of the solids and total mass
for cach step during the process. Additionally, the total solids (TS} for each stream is

reported as determined using microwave solids analysis.

[6844] Figurc 5 shows the sugay EtOH profile during fermentation of pressed liguor and
press Hiquor that had been concentrated to 4X using a rotovap. In both cases the sugars were

consumed mn the first 24 hours.

[6845] Figure 6 shows the saccharification efficiency for control corn stover and washed
and pressed corn stover. The Accelerase Trio enzyme packaged was used for all
saccharification. The legend displays the percent trio with respect to ghican that was dosed.

{A} Glucose vield. (B) Xylose vield.

[6846] Figure 7 shows the acefic acid concentration (A), and inhibitor concentration (B) for

furfural and HMF formation for com stover compared to the washed and pressed corn stover.
(80471 Figure 8 shows a schematic for the model of the biomass wash.

[3848]  Figurc 9 shows the yicld of the sugar and liquid as & function of purge ratio. The
vield was defined as 100% for the process where all the Hiquor from the screw press is purged

from the system {(i.e. 100% purge ratio).

(80497 Figure 10 shows the concentration of glucose and xyiose as a function of the purge

ratio.

16638 Figurc 11 shows the mass flow rate as a function of the purge ratio for a 1.0 ton/day

cthanol plant.

DETAILED DESCRIPTION OF THE INVENTION
[8851] The present application discloses methods of processing biomass that inchides one
or more recycled loops of liguid streams that are used to dilute the biomass at various stages
of the process. The methods described herein surprisingly result in increased saccharification
efficiency and production of sugars from biomass, with the potential to increase revenue for
an cthanol production facility. The process involves the initial step of soaking or washing the

biomass with an agueous Hquid, such as water, to dissolve water-soluble sugars and sugar
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precursors {e.g., polysaccharides) that are associated with the biomass. Removal of the
water-sohuble sugars from the biomass is desirable, as sugars thermally decompose into
inhibitors of the microbiological activity (e.g., yeast) that is uscful for subsequent
fermentation of the biomass. The shurry of agueous liquid and at lcast a portion of the
biomass 18 then separated into a first liguid phasc and a first solids phase. The first hquid
phase comprising the water-soluble sugars s then recycled or “looped” back to the soaking
step, where it can be combined with the biomass. At least a portion of the first Hiquid phase
comprising the water-soluble sugars can be sent to the saccharification step, where it can be
used to dilute downstream solids prior to saccharification. Alternatively, at least a portion of
the first liquid phase comprising the water-sohuble sugars can be sent directly to the
fermentation step. Additional aqueous liquid can be added to the blomass, as necessary 1o
form a shurry of the desired consistency. The shirry is then again separated into a Bgud
phase and a solids phase, and the process is repeated. The process can be a batch process or a

continuous Process.

(#0527 In subsequent steps, the solids phase can be diluted with aqueous Hgoid and
pretreated under conditions that render the biomass more susceptibie o hydrolysis. In some
embodiments, the pretreatment step does not release a significant armount of sugars from the
biomass. The pretreated biomass shurry can be further processed to produce a relatively
wuiform particle size. The pretreated biomass i3 then separated into a second liguid phase and
a second solids phase. The second higuid phase typically contains low amounts of
fermentable sugars, but does contain organic compounds that can function as inhibitors of
fermentation. The second Hauid phase can be reeycled or looped back to the pretreatment
stop, where it is combined with additional biomass and, optionally, additional aqueous hquid,
as necessary to dilute the biomass and form a slurry of the desired consistency. The biomass
shirry containing the recycled second lquid phase 1s then pretreated as above, and the process
is repeated. The second liguid phase containing inhibitors of fermentation is typically not
used to wash or soak the biomass at the initial wash step described above, as this would
infroduce inhibitors back into the first liquid phase, defeating the purpose of sending at least a

portion of this first hiquid phase divectly 1o fermentation.

16531 The first and/or sccond liquid phase streams can be further separated into a wash
stream that 15 used to dilute biomass at various stages of the process, and a purge stream.
Parge streams from the two Hguid recycle loops can be treated as desived. For example, the
purge stream from the first liquid phase containing water soluble sugars from the initial wash

step can be sent fo fermentation. The purge stream from the second lHguid phase containing
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organic inhibitors after pretreatment of the biomass can be concentrated and burned, or the
compounds can be recovergd. In general, the second liquid phase contatning inhibitors is not

used to dilutc solids prior to saccharification, and is not added to 2 fermenter,

{8054} The second solids phase can then be subjected to conditions sefficient to produce
fermentable sugars. For example, the sccond solids phase can be treated with hydrolytic
enzymes to release fermentable sugars from polysaccharides in the biomass {e.g.,
saccharification). In some embodiments, the concentration of solids that is subject to
saccharification using the methods described herein is substantially greater than that
obtainable in prior methods for processing biomass. In some embodiments, the concentration
of solids that is subject fo saccharification is about three-fold greater than that in prior

PYOCCEses.

[6855]  The methods described herein have the following advantages over prior methods for
processing biomass to produce ethanol or other valuable products. First, the separation of
free sugars from the blomass prior to pretreatment at high temperatures can reduce the
amount of at lcast some of the inhibitors formed during the pretreatmaent step. Second, the
dilute solids stream results in a lower concentration of solids m the shorry, which results in
less wear and tear on moving parts in the cthanol production facifity. Third, the method
allows for higher quantitics of sugars o be recovered and sent to fermentation, as the sugars
could otherwise be destroyed during pretreatment. Fourth, the method allows for higher
concentrations of biomass solids to be treated durimg saccharification and/or formentation of
the biomass, which increases the cthanol yield. Although dilute preprocessing requires larger
scale equipment than more concentrated processing methods, both the soak and pretreatment
steps require low residence times compared to saccharification and fermentation - as much as
99% less. The marginally higher capital costs for larger equipment for the soak and
pretreatment steps are offset by significantly reduced equipment and pump erosion and
subscquent maintenance costs. In addition, downstream equipment sizes can be reduced by

up to 60% versus without 2-loop processing, resulting in additional capital cost savings.

PREPROCESSING OF THE BIOMASS

[36856] The biemass can be preprocessed by grinding the biomass 1o a destred particle size
{see Figure 1, step A). For example, the biomass can be ground to a particle size in the range
of about 0.1 mum to about 5.0 mum, about .1 mm to about 4.0 mm, or about 0.1 num o about
2.0 mo. In some embodiments, the particle size can be selected such that the particles pass

through a hammer mill during or after the pretreatment step described below.

10
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(8057 The preprocessed {e.g., ground) biomass can also be mixed with water to forma
slurry of the desired consistency. For example, the shury can be in the range of about 20%
solids to about 100% solids by weight, e.g., sbout 20%, 30%, 40%, 50%, 60%, 70%, 8%,
90% or 100% solids by weight. 1o some embodiments, the ground biomass is not mixed with
water or other aqueocus Hauid, and is substantially dry. The preprocessed biomass is then

imtrochsced into the first loop of the process.

THE FIRST LOGP

(#0581 As shown in Figure 1, in the first loop of the method, the biomass is washed or
soaked with an agueous liquid at atmospheric pressure to dissolve free sugars and sugar
precursors {e.g., xylan) that arc associated with the biomass (see step B of Figure 1), The
step of washing the biomass is sometimes referred to as “wet preprocessing.” In some
embodiments, the aqueous Hauid i water. In some embodiments, acid is added to the
aqueous Hauid to decrease the pH. In some embodimentds, the addition of the agueous hiquid
to the biomass forms a dilute biomass shory. In some embodiments, the diliute biomass
sturry can have a solids content of about 1% to about 30% solids by weight, for example
about 5%, 10%, 15%, 20%, 25% and 30% solids by weight. The tempeorature of the wash can
be between about 25 and 100 degrees C, for example, about 30 °C, 40°C, 50°C, 60°C, 70°C,
ROC, 90°C, or 100°C. Tt will be understood that the temperature of the wash can vary with
the duration of the wash or soak step, such that a higher temperature resolts in a shorter ime
necessary for the sugars o dissolve in the aqueous liquid. In some cmbodiments, the
duration of the wash step is from sbout 10 to about 60 minutes. In some embodiments, the

duration of the wash step can be up to about 4 hours.

#0597  In some embodiments, the temperature of the wash or soak is loss than the
temperature that results in thermal degradation of sugars mto inhibitors of fermentation.
Thus, in some embodiments, the temperature of the mitial wash s less than about 150

degrees C.

[8868] The washed blomasss is then treated to physically separate the aqueous liquid
conmprising the dissolved sugars from the biomass solids. In some embodiments, the washed
biomass 15 passed through a serew press which separates the biomass slurry into a pressate
hquid phase and a press cake solids phase {see Figure 1, “C” and “D”). However, any
suitable method for separating the biomass into a liquid phase and a solids phase can be used,
including, without limitation, centrifugation, settlerent, decanting, screens, filtration, and
floceulation. In some embodiments, the iquid phase is recycled to dilote the biomass during
other steps in the process. For example, in one embodiment, the Hquid phase or a portion

ii
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thereof 18 used to dilute the biomass in the initial “wet preprocessing” wash step. Thas, in
one embodiment, the biomass is contacted with the licquuds phase at a temperature sufficient
to dissolve additional free sugars associated with the biomass. The biomass that is washed

with the recyeled liquid phase can be further mixed with fresh aqueous liguid (e.g. water) as

e

necessary to form a shirry of the desived consistency and solids content. Thus, in some
embodiments, the aqueous liquid comprises fresh water, the liquid phase, or a combination of
both. The aqueous liquid can also comprise hquids from other downstream steps in the

Process.

[6861] The liguid phase can also be combined with biomass in subsequent, downsiream
10 process steps as well. For example, as shown in Figures 1-3, in some embediments, a portion
of the Hauid phase containing dissolved sugars is separated into a purge stream {see Figure 1,
“E™, and the purge stream “sent forward” where it is added to the biomass during the
sacchartfication and/or fermeuntation step. This provides additional sugars that can be
converted to ethanol. In some embodiments, the liquid phase and/or purge stream contains
about .5% to about 10% glucose (e.g., about 1%, 2%, 3%, 4%, $%, 6%, 7%, &%, 9% or 10%
glucose} by weight, and about (.5% to about 10% xyiose {e.g., about .5%, 1%, 2%, 3%, 4%,
5%, 6%, 7%, 8%, 9% or 10% xylose) by weight. Representative examples of the amounts
sugars in the Hquid phase and purge phase are shown in Figures 2 and 3. The hquid phase
and/or purge stream contains low amoeunts of inhibitors of fermentation. The purge stream
20 can alsc be used to dilute the biomass as vecessary to allow for efficient enzyme roixing
during saccharification, or the purge stream can be added directly to the formenters. The
Heuid phase or a portion thereof (e.g., the purge stream) can be concentrated to minimize the
amount of water added to the saccharification and/or fermentation steps. The liquid phase or

portion thercof can be concentrated by methods know in the art, including but not limited to

(S
e

evaporation and membrane filiration. The Hquid phase or a portion thereof comprising the
water-soluble sugars can be combined with corn starch and fermented.
(80621  In some embodiments, the biomass is processed in a batch process. For example,

the biomass that is washed to remove free sugars can be processed as a single batch during

the first loop, and the liquids phasc from the first biomass batch used to wash a second,

]
<>

distinct biomass that is preprocessed and washed as a second biemass batch.

(80637 Insome cmbodiments, the biomass is processed in a contimuous process. For
example, a continuous stream of biomass feedstock can be washed to remove free sugars and
produce a contimious stream of biomass shurry that 1s sent to the first separation step. The
separation step can produce a continuous stream of the first Hauid phase that s recycled to

12
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wash the biomass feedstock, and a continuous first solids phase stream that is sent to

pretreatment,

18664}  In some embodiments, the biomass is processed to remove sand and other solid
contaminants prior to or during separating the fivst aqoeous hquoid from the biomass. In one
embodiment, the biomass that is processed to remove sand and other solid contaminants has a
solids content of about 1% 1o about 3% solids. n some embodiments, the first liquid phase is
processed to remove sand and other solid contaminants. The sand and other solid
contaminants can be removed by mechanical separation, including but not Hmited to, filters,

scregns, settiement and hydrocyclones.

[8865] Insome embodiments, the biomass shurry is chemically modified. For example, in
some embodiments, the biomass shury can be chemically modified to adjost the pH. In some
erabodiments, the pH of the biomass is adjusted to a pH of between about 3.0 and about 6.0,
In some embodiments, the pH of the shury generated by contacting the preprocessed biomass

with an agueous Hquid is adjosted to a pH of between about 3.0 and about 6.5,

18666} In some embodiments, the solids phase (e.g., the press cake) is then pretreated to
render the biomass solids more susceptible to hydrolysis, as described below. In some
embodiments, the press cake is about 30% to about 60% sclids by weight, ¢.g., about 30%
35%, 40%, 45%, 50%, 55% or 60% solids by weight. Tn one cmbodiment, the press cake is
about 52% solids by weight. Figure 2 shows expected values for solids, sugars and inhibitors
at various stages of the process based on one cmbodiment using the indicated amount of input

feedstock.
L Optional Wash Step

(80671  As shown in Figure 3, the solids phase (“cake solids™) can be subjected to one or
more additional wash steps prior to pretreatment, and the wash hquid recycled to various
steps 1o the process. The additional wash steps increase the efficiency of sugar recovery from
the biomass. In the additional wash steps, the solids phase 1s mixed with water to form a
shirry (e.g., of about 15-50% solids by weight), and the shirry subjected to another separation
siep to produce a liquid phase and a solids phase. In some cmbodiments, the conceniration of
solids in the slurry 15 about 15%, 20%, 25%, 30%, 35%, 40%, 45% or 50% solids by weight.
In one embodiment, the separation step is accomplished by using a screw press to produce a
pressate lguid phase and a press cake solids phase. In one cmbodiment, the press cake is
about 30%, 35%, 40%, 45%, 50%, 35%, 6{%, or about 63% solids by weight after the

optional wash and separation steps. In one embodiment, the press cake is at least about 50%

13
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solids by weight afier the optional wash and separation steps. This optional wash results
the recovery of more sugars from the solids phase prior to pretreatment, and has the added
benefit of decreasing the amount of sugars which may be converted inte inhibitors produced

by thormal degradation of sugars during pretreatment. The liguid phase can then be recycled

e

10 upstream steps of the process. For example, the Hquid pressate can be used as “makeup
water” and mixed with the biomass at the wet preprocessing step deseribed herein. Thus, in
some embodiments, the biomass is mixed with the liquid pressate from the first separation
step and with the liquid pressate from the second separation step. This allows for the biomass
feedstock from the preprocessing step to be diluted with the recyeled liquid phases, thereby
18 reducing the amount of fresh water required to dilute the biomass feedstock in order to forma
shurry of the desired consistency. The recyeled liguid phase can also be used to dilute the
biomass at any other stage of the process, as desired. The additional wash step(s) can also
imcrease the sugar recovery efficiency by improving the dissolved/suspended solids
separation {¢.g., each round of pressing the solids to remove wash liquid that contains

15 dissolved sugars increases the sugar recovery efficiency).

PRETREATMENT

[B868]  As shown in Figures 1-3, the biomass can be pretreated to render the lignocellulose
and cellilose more susceptible to hydrolysis. In some embodiments, pretreatment comprises
subjecting the biomass to elevated temperatures and pressure in order to render the

20 lignocellulose and cellulose accessible to enzymatic hydrolysis. In some embodiments, the
temperature and pressure are increased to amounts and for a time sufficient to render the
cethulose susceptible to hydrolysis. In some embodiments, the pretreatment conditions can
comprise a temperature in the range of about 150°C to about 210°C. The pretreatment

temperature can be varied based on the duration of the pretreatment step. For examaple, for g

(S
e

pretreatment duration of about 60 nunutes, the temperature is about 160 degrees C; for a
duration of 30 minutes, the temperature 1s about 170 degrees C; for a duration of § minutes,

1

the teraperature is about 210 degrees C.

[886%] The pretreatment conditions can also comprise increased pressure. For example, in

some embodiments, the pressure can be at least 100 psi or greater, such as 110, 120, 130,

]
<>

144, 150 psi or greater. In some cmbodiments, the biomass is pretreated n a closed system,
and the temperature Is increased in an amount sufficient to provide the desired pressure. In
one embodiment, the temperature is increased in the closed system until the pressure is
increased to about 125 to about 145 psi. Persons of skill in the art will understand that the

temperature ICTease necessary to merease the pressure o the desived level will depend on
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various factors, such as the size and shape of the closed system. In some embodiments,
pretreatment comprises any other method known in the art that renders lignocellulose and
ceflulose more susceptible to hydrofysis, for example, acid treatment, alkali treatment, and

stcam treatment, or combinations thereof,

(8678} Insome ombodiments, the pretreatment step docs not result in the production of a
substantial amount of sugars. For example, in some embodiments, pretreatment resulis inthe
production of less than about 10%, 5%, 1%, 0.1%, 0.01%, or 0.001% by weight ghicose, less
than about 10%, 5%, 1%, 0.1%, 0.01%, or 0.001% by weight xylose, and/or less than about
10%, 5%, 1%, 0.1%, (.01%, or 0.001% by weight sugars in general. In some embodiments,
the amount of sugars in the process stream entering the pretreatment stage is substantially the
same a3 the amount of sugars in the process stream exiting the pretreatment stage. For
example, in some embodiments, the difference between the amount of sugars in the process
stream entering the pretreatment stage and the amount of sugars exiting the pretreatment

stage 15 less than about 10%, 5%, 1%, (.1%, 0.01%, or 0.001% by weight.

[6871] In some embodiments, the biomass that is pretreated comprises the solids phase
produced as described above n the first loop. Thus, in one embodiment, the solids phase s
contacted with a second agueous Hauid under condifions sufficient to render the solids more
susceptible to hydrolysis. In some embodiments, the seccond agueous Liquid is fresh water. In
some embodiments, the second aqueoeus hiquid is a recyceled Hquid, as described herein, The
addition of the lquid to the biomass can form a dilute shurry (see Figure 1, “F7). For
example, the shury can comprise between about 1% and 50%, 5% and 45%, 10% and 30%,
or 15% and 25% solids by weight. In one embodiment, the slurry is about 10%, 1%, 12%,
13%, 14%, 158%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, or 25% solids by
weight. The amount of solids can be adjusted as desired both before and after the

pretreatment step.

(80721 In other embodiments, the biomass that 1s pretreated comprises a mixture of
biomass solids that are treated as part of a contimuous process. Thus, the pretreatment step
can contain a nixture of biomass solids that are produced sequentially or in parallel. For
example, in some embodiments, the pretreatments step comprises one or more press cakes

from the first loop or one or more press cakes from the optional wash step described above.

{80731  As shownin Figure 1, in some embodiments, pretreatment can further comprise
physically mixing and/or milling the biomass in order to reduce the size of the biomass

particles. The yield of biofuel {c.g., cthanol) can be improved by using biomass particles
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having velatively small sizes. Devices that are useful for physical pretreatment of biomass
mclude, ¢.g., a hammermill, shear mill, cavitation miil or colloid or other high sheer mall.
Thus, in some cmbodiments, the pretreatment step comprises physically treated with a colloid
mill. An excraplary colloid mill is the Cellunator™ (Edeniq, Visalia, CA). Tn some
embodiments, the biomass is physically pretreated to produce particles having a relatively
umform particle size of less than about 1600 microns. For example, at least about 50%, 60%,
T0%, &0%, 85%, 90%, or 95% of the pretreated biomass particles can have a particle size
from about 100 nucrons to about 800 nucrons. In some embodiments, at least about 50%,
60%, T0%, 80%, 85%, 90%, or 95% of the pretreated biomass particles have a particle size
from about 100 microns to about 500 microns. In some embodiments, the pretreatment step

does not involve the use of acids which can degrade sugars into inhibitors of fermentation.

(8674} In some embodiments, the pH of the pretreated biomass is adjusted to a pH of
between about 3.0 and about 6.5, Tn some embodiments, the pH of the biomass is adjusted
during or after the pretreatment step to be within the optimal range for activity of
saccharification enzymes, ¢.g., within the range of about 4.0 to 6.0, In some embodiments,
the pH of the biomass is adjusted using Mg{OH); NH1OH, or a combination of Mg{OH},; and

NH,OH.

THE SECOND LOOP

[6875] Reterring to Figure 1, after the pretreatiment step, the biomass shurry s scparated
mto a sccond Hguid phase and a second solids phase. In some embodiments, a screw press is
used to separate the biomass shavy inio a second pressate Hguid phase (“G7) and a second
press cake solids phase ("H”). However, any method for separating the solids phase from the
fquids phase can used, as described herein, The second liquids phase {G) can be recycled to
dilute the blomass during various steps of the pretreatment process. For example, the second
hquid phase can be mixed with the fivst solids phase prior to, during or after the pretreatment

step.

[8876] In some embodiments, at least a portion of the second hiquid phase can be separated
mto a second purge stroam (see Figure 1, “I7). The second purge stream can be concentrated
and combusted 1o recover energy from the disselved organic compounds. In one
embodiment, the dissolved inhibitors and other compounds in the second liquid phase and/or
second purge stream can be recovered and/or purified. I desired, the recovered compounds

can be sold to provide an additional revenue source for the cthavol plant.
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(88771 The second loop can also be performed as a bateh or continuous process. For
example, in a batch process, the biomass can be pretreated as a single batch (e.g., 3 single
press cake), and the second liquid phase from the second loop is recycled and combined with
another, distinct biomass (e.g., a sccond press cake) that is then pretreated. In one
embodiment of a continuous process, the second liguid phase is recycled and combined with
a mixture of biomass that is continuously added to the pretreatment vessel (e.g., from
multiple press cakes). The second liguid phase can also be continuously produced from the
pretreated biomass, for example, from a screw press that operates continuously, and
continugusly recycled to dilate the biomass during the pretreatment steps. However, because
the sccond liguid phase from the second loop contains inhibitors of formentation, it is
generally not recycled to ditute biomass in the first loop (i.e., the “wet preprocessing” step) or

senit to saccharification and/or fermentation.

[8078] In some ombodiments, the second liquid phase contains reduced inhibitors of
fermentation as compared to the amount of inhibitors in the first solids phase after
pretreatment. For example, in one embodiment, the second hiquids phase contains at feast
about 10%, 20%, 30%, 40%., 50%, 60% , 70%, %0%, or 85% less total inhibitors than the first
sclids phase after pretreatment. In some embodiments, the second liquids phase containg
reduced amounts of inhibitors compared to biomass that is not separated into a second Lguids
phase and a second solids phase after pretreatment. The second liguids phase can be diluted
{e.g., with the first foop lguid phase “Hquor” or fresh water) to reduce the concentration of

inhibitors in the second loop hiquid stream as desired.

#0791  In some embodiments, the second hiquid phase contains reduced amounts of sugars
as compared to the amount of sugars in the first liquid phase of the first loop. For example,
n some embodiments, the second hquid phase contains less than about 5%, less than about
4%, less than about 3%, and less than about 2% glucose by weight. In some embodiments,
the second liquid phase contains less than about 5%, less than about 4%, less than about 3%,

less than about 2%, and less than about 1% xylose by weight

i, Second Optisnal Wash Step

(80887 As described above for the first solids phase, the second solids phase can be
subjected te one or more additional wash steps after pretreatmoent, and the wash liquid
recycled to the pretreatment step {see Figure 3). For example, the second press cake can be
mixed with water to form a shurry (e.2., of about 30-40% solids by weight), and the slurry

sulyjected to another separation step to produce a liquid phase and a solids phase. In one
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embodiment, the separation step is accomplished by using a screw press to produce a pressate
Heuid phase and a press cake solids phase. In one embodiment, the solids phase 1s about 30%
to about 60% solids by weight after the additional wash and sepavation steps. In one
embodiment, the solids phase is at feast about 50% solids by weight after the additional wash
and separation steps.

[6881] The liquid phase from the additional wash and separation step(s) can be recycled to
dilute the biomass during the pretreatment stage. However, because the liquid phase from the
second additional wash step contains inhibitors of fermentation, it is generally not recyeled to

the first foop or sent to saccharification and/or fermentation.

SACCHARIFICATION AND FERMENTATION STEP

180827 After the second loop processing steps, the second solids phase can be subjected to
saccharification and formentation under conditions sufficient to produce cthavol from the
biomass. In some embodiments, the saccharification conditions inchide contacting the solids
phase biomass with hydrolytic enzymes mchuding cellulase and hemicelblulase in order to
produce fermentable sugars fron: polysaccharides in the biomass. The fermentation
conditions include contacting the solids phase biomass with yeast that are capable of
producing ethanol from sugars. In some embodiments, the biomass is about 30% to about
65% solids, about 35% to about 55% solids, or about 40% to about 50% solids by weight
when subjected to saccharification and/or formentation. In some embodiments, the biomass
1s about 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, or about 65% solids by weight
when subjected to saccharification and/or fermentation. In one embodiment, the biomass is

at least about 50% solids by weight when subjected to saccharification and/or formentation.

[6883] The sccond solids phase can be combined with all or a portion of the first Hguid
phase prior to, during, or after the saccharification and/or fermentation steps. For example,
the first hquid phase can be used to dilute the second selids phase prior to saccharification in
order to aid enzyme mixing. Alternatively, the first Hquid phase can be added directly to the
fermenters under conditions sufficient to produce ethanol from the fermentable sugars. In
some crubodiments, the first liquid phase 18 concentrated to reduce the amount of water prior
to fermentation.

[6884] Exampies of enzymes that are usefol in saccharification of lignocellulosic biomass
include glvcosidases, cellulases, hemicellulases, starch-hydrolyzing giveosidases, xylanases,
ligninases, and feruloyl esterases, and combinations thereof. Glycosidases hvdrolyze the

cther linkages of di-, oligo-, and polysaccharides. The torm celhilase is a generic term for a
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group of glycosidase enzymes which hydrolyze cellulose to ghucose, cellobiose, and other
cello-oligosaccharides. Celludase can inchude a mixture comprising exo-cellobiohydrolases
(CBH), endoglucanases {EG) and B-glucosidases (BG). Specific examples of saccharification
enzymes mclude carboxymethyl cellnlase, xylanase, B-ghicosidase, B-xylosidase, and a-1-
arabinofuranosidase, and amylases. Saccharification enzymes are commercially available,
for example, Pathway™ (Edeniq, Visalia, CA), Cellic® CTecZ and HTec2 (Novozymes,
Denmark), Spezyme® CP cellulase, Multifect® xylanase, and Trio® (Genencor
International, Rochester, NY). Saccharification enzymes can also be expressed by host

organisms, including recombinant microorganisms.

[B8858]  The saccharification reaction can be performed at or near the temperature and pH
optimum for the saccharification enzymes used. In some embodiments of the present
methods, the temperature optimum for saccharification ranges from about 15 to about 100°C.
In other embodiments, the temperature range is about 20 to 80°C, about 35 w0 65°C, about 40
to 60°C, about 45 to 55°C, or about 45 to 50°C. The pH optimum for the saccharification
enrymes can range from about 2.0 to 11.0, about 4.0 10 6.0, about 4.0 t0 5.5, about 4.5 10 5.5,

or about 5.0 to 5.5, depending on the enzyme.

[8886] The enzyme saccharification reaction can be performed for a period of time from
about several mimites to about 250 hours, or any amound of time between. For example, the
saccharification reaction time can be about 5 minutes, 10 minutes, 30 minutes, 60 minutes, or
2,4,6,8, 12,16, 18,24, 36, 48, 60, 72, 84, 96, 108, 120, 130, 140, 150, 160, 170, 180, 199,
200, 2140, 220, 230, 240 or 250 hours, In other embodiments, the saccharification reaction is
performed with mixing or shaking to improve access of the enzymes to the cellulose. The
mixing or shaking can be, for example, at 50 to 250 rpm. The specific saccharification

conditions will be evident to one skilled in the art depending upon scale and other factors.

[G8R7]  The amount of saccharification cnzymes added to the reaction can be adjusted based
on the cellulose content of the biomass and/or the amount of solids present n a composition
comprising the biomass, and also on the desired rate of cellulose conversion., For example, in
some crubodiments, the amount of enzymes added is based on percent by weight of cellulose
present in the biomass, as specified by the enzyme provider(s). The percent of enzyme added
by weight of cellulose in such emboediments can range from about 0.1% to about 20% on this

basis.

(80881  In some embodiments, the biomass is combined with all or a portion of the first

hiquid phase (e.g., the first purge stream) and/or all or a portion of the second hiquid phase
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{e.g., the second purge stream) to produce a composition comprising hquid and solids. In
some cmbodiments, the biomass 1s combined with water to produce a composition
comprising waier and sclids. The amount of solids in the biomass composition can be about
5% to about 60%, about 10% to about 30%, about 13% to about 409, about 15% 1o about
35%, or about 17% to about 25%. In some embodiments, the amount of sohds in the biomass
composition is at least 5, 10, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30, 35, 40, 45, or 50%
or more solids by weight. The amount of solids can be adjusied as desired both before and
after the first loop, the pretreatment step, the second loop, or saccharification and
fermentation. The amount of saccharification enzymes added can be adjusted based on the

solid content of the biomass composition.

[668%] In some embodiments, the fermentable sugars produced by saccharification are
separated from residual solids prior to formentation. In some embodiments, the fermentable
sugars produced by saccharification are vot fermented, but are instead separated from the
residual solids to produce a clean sugar syrup. In some embodiments, the residual solids are
subjected to one or more wash steps to recover additional sugars, and the recovered sugars
are added to the clear sugar syrup. The residual solids can also be bumed to generate energy

for other processes in the ethavol production facility.

EXAMPLES
EXAMPLEL

[38%8] This example shows that washing the biomass prior to pretreatment increased the

saccharification yields for both glacose and xylose.
(86911 Materials and Methods
(86927 Overview of gxperiments

{88931 The overview of the experimental flow is shown in Figure 4. The experiments
volved soaking the corn stover at 15% total solids at 90°C for 15 minutes. Then the
hiomass was pressed using a screw press {Vineent Corp, Tampa Bay, FL). The Hquor from
the screw press was passed through a 250 pm sieve (SWECQO, Inc., Florence KY). The
hquoor was passed through a 150 kDa PES TFF filter {SmartFlow Technologies, Apex, NC) to
remove auy non-dissolved solids. The solids were pretreated in the 1 L borab reactor.
Saccharification was performed using the Aceclerase Trio (Genecor, Rochester, NY) enzyme

cockiail.

[8094]  Scroew Press / Screen
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[B895] A corn stover slurry was created at 15% total solids using the Golden State Feed
corn stover, The shurry was heated to 90°C for 15 minutes while being stivred in a jacketed
tank. The shurry was pressed through a Vincent P-4 screw press. The liquor was passed
through a 250 wm mesh hand sieve. Sanples of the solids were collected for compositional
analysis. The press solids were taken through pretreatment in the 1 L bomb reactor and

saccharification.
[B096] TFF system

186971 An OptiSep 1000 module from SmartFlow Technologies containing a PES 150 kDa
membrane with a membrane arca of 0.045 m” and a channel height of 1.0 mm was used for
the filtration. A recirculation rate of 9.8 LPM was used, which corresponds to a shear rate of

7,000 sec”’ and a channel velocity of 1.5 ms.
[8898] Pretreatment / Saccharification

18099}  The solids were pretreated using the 1 L bomb reactor at 175°C for 30 vin. The
pressed solids were diluted from approximately 45% down to 15% TS before going into

pretreatment. The control corn stover was hydrated to 15% solids before pretreatment.

[#186] The solids were saccharified using the Aceelerase Trie enzyme cocktail. 100 g of
15% biomass was used in the shake flask saccharfications. The control biomass was dosed
with 20% Trio based upon glucan composition.  The washed and pressed solids were dosed
with 18.9% Trio based upon glucan composition in the first saccharification because the wash
mereased the relative glucan concentration by removing ash from the sample. After
compositional analysis was obtained, the second saccharification was performed using a 20%

Trio based upon glucan composition dosing.
(6183} Fermentation

16162]  The pressed Hauor was fermented to illustrate the quantity of ethanol that could be
produced. Because the sugar concentration was relatively low, the sugar concentration was
increased by using the rotovap to increase the sugar concentration (o 4X the starting quantity.
The sugars were fermented 1o triplicate, one set using 1X sugar and the other set using the 4X
concentrated sugars. Allpen and Lactrol, commonly used and well known antibiotics, were
both added at 10 ppm concentration. Urea was added to 400 ppm. Yeast was used to ferment

the sugars. The fermentation was carried out at 34°C and 120 mpo.
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Takie 1~ Compositional analysis of the solids streams during grocessing.

Test Parametsers Feed Corn Stover {Press Solids |Screen Solids {TFF Retentate
% Glucan 355 37.5 37.6 25.0
% Kylan 17.8 17.8 18.0 0.6
% Galactan 0.6 0.7 0.9 0.8
% Arabinan 1.4 3.1 4.4 3.5
% Mannan 0.0 0.0 0.0 0.0
% Yotal Carbohydrates 55.1 59.2 63.4 43,0
% Extractives 26.6 11.4 25.7 29.9
% Sotids N/A 57.4 96,5 97.4
% Ash @ 575°C after acid hydrolysis 8.5 7.0 5.5 18.2
% Ash @ 575°C of sample 15.1 121 11.6 23.0
%Acd Insoluble Residue (AR} 32.7 31.0 28.5 442
%Acid Insoluble Lignin (AlL) 24.7 24.0 23.0 25.0
%Acid Sciuble Lgnin (ASL) 1.0 1.1 1.2 0.8
% Total Lignin 25,7 251 24.2 25.8
Sum of Carbohydrates, Lignin, ASH 29.3 91.3 0.1 85.0

% Extractives includes both hot Water and Ethanol

[§103] Resulis
[#104] Mass balance / Compositional analysis

16165]  Figure 4 provides an overview of the mass balance of the solids and total mass
through each unit operation. Several facts stand out in this mass balance. The screw press
was ablc o recover 8(1.6% of the starting solids. With the additional 5.4% that the screen was
able to recover, a total of 86.0% of the solids were recovered in these two steps.

Additionally, the permeate out of the 150 kD filter had a solids content 0f 3.2% TS,

Therefore, roughly 21% of the solids were dissolved in hot water.

[6136] Table I shows the compositional analysis for the solid streams. The composition of
the press solids and screen solids were very similar, which indicates that most of press solids
are larger than 250 um. The carbohydrate conceniration increased in the pross solids and
screen solids relative 1o the starting comn stover (60% versus 55%). The solids out of the TFF
had a much lower carbohydrate percentage (40% versus 55%) than the feed com stover.
Additionally, the TFF solids had considerably higher ash content {(23%) versus both the
starting corn stover {15%) and the press solids/screen solids (12% and 11%, respoctively).

Because the carbohydrates were enriched in the press solids and screen solids streams,

)
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combining these two streams would provide 91.1% of the starting solids while 2.7% of the
glucan would be lost n the TFF retentate stream. (Note: The other 6.2% was “lost” from the
system due to the mass balance not closing. Therefore, #t is possible that the overall glhucan

recovery would be 95+%.}
[@867] Free sugar recovery and fermentation

[#188] One cconomic driver of doing wet preprocessing followed by solids concentration is
the recovery of “free” sugars that are present in the ground corn stover, The water out of the
press was analyzed via liguid chromatography (HPLC) tor both glucose and xylose. The
experiment was performed twice, and it was found that the glucose content was 0.47% and
(.48% and the xylose content was 0.35% and §.28%. Therefore, the average glucose content
was 3.2% of the starting solids, and the average xylose was 2.1% of the starting material
These sugars are relatively pure as nearly no inhibitors are formed during the hot water wash.
The observed level of acetic acid was (.025%. Typical levels observed of HMF, fimrfural, and

syringaldehyde were 15 mg/l, 2 mg/l, and 83 mg/l, respectively.

1818%]  During the processing, 65% of the water was recovered out of the TFF system,
Therefore, roughly 2/3 of the sugars would be recoverable out of the TFF. At this point, a
reverse osmosis (RO filtration system or evaporator could be used to increase the
concentration.  The recovery would increase it higher concontrations were obtained inthe
retentate, press solids, and sieve solids. Additionally, water recycle strategies would increase
the concentration of the sugars o make it so less concentration would be needed to feed the

sugars to fermentation.

[8118] Figure S tlhustrates the formentation progression for both the press Hqoor and the 4X
concentrated press liquor. Both formentations were complete in 24 b with both the glucose
and xylose consurned at this point. For the original press lquor, the BtOH conversion yield
was 139% of theoretical based upon glucose and 76% based upon both glucose and xylose.
For the 4x concentrated press liquor, the ethanol conversion yield was 169% of theoretical
hased upen ghacese and 94% of theoretical based upon both glucose and xylose. The yeast
strain used was not genetically engineered to ferment xylose. Therefore, the peak identified
as the xylose peak in the HPLC is cither a formentable sogar (and not xylose)} or the strain is

capable of fermenting xylose when the inhibitor levels are low.

(113} Saccharification of Pressed Solids

-]
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{8112}  The pretreatment and saccharification of the wash/pressed biomass and a control
were performed in duplicate. During the first saccharification, the enzyme loading on the
washed/pressed biomass was performed assuming that the glucan level was the same as the
starting corn stover. However, Table 1 indicates that the ghucan level was actually 6% higher
on a relative basis in the wash/pressed biomass. Therefore, the enryme loading was 18.9% in
one saccharification using wash/pressed corn stover and 20% for the other using the
wash/pressed corn stover. Figure 6 illustrates the saccharification vields for both glucose and
xylose. The wash/pressed samples had higher yields for both ghicose and xylose. The
average % increase in saccharification yield for glucose was 7.4% at 24 h and 13.9% at 48 h
The average % increase in saccharification yield for xylose was 19.2% at 24 h and 20.4% at
48 h. Figure 6 shows that the slope of the line between the 24 h and 48 b time poiot is much
steeper, which indicates that the saccharification of the washed/pressed biomass continues

longer than for the control biomass.

[#113]  The amount of inhibitors formed during pretreatment was also measured. The
acetic acid, furforal, and HMF concentrations after pretreatment are shown in Figure 7. The
acetic acid concentrations were slightly higher (between 5§ and 10%) for the wash/pressed
hiomass. The fimfural concentrations were actually cousiderably higher (an average of 99%
merease) for the wash/pressed with an average of 573 mg/l compared to an average of 288
mg/l for the control samples. In contrast, the HMF concentrations were considerably lower
{an average decrease of 3996 for the wash/pressed corn stover with an average of 0.2 mg/
compared to an average of 132 mg/l for the control samples. Without being bound by theory,
it is possible that HMF formation is reduced due to the removal of the starting xylose, which
would tend to convert to HMF during pretreatmuent. To contrast, the acetic acid and furfurals
might tend to have higher concentrations because the starting carbohydrate concentration is

higher after the ash is removed.

[8114] This example shows that about 91% of the glucan and 87% of the xylan were
recovered in the press solids and screen solids. This number could be increased if a smaller
mesh size than 250 pm were used for the screening. Additionally, these sohids were enriched
in carbohydrate and thus had bigher saccharification efficiency than control saruples. As the
sacchartfication boost was 13.9% for glucose {over 48 b} and 20.4% for xylose {(over 48 h),
the sugar on a weight basis would be higher for the washed biomass even though enzyme

consymption could be cut by 9%, providing cost savings,



(]

10

15

]
<>

WO 2014/012017 PCT/US2013/050315

EXAMPLE 2
[#115) This example describes a model that can be used to determine the vield and

concentrations of xylose as a function of the purge ratio from a corn stover wash step.
[8116] Model Development

[8117] A model was developed to describe the pressing of the biomass and then recyeling &
fraction of the press Hquor to hydrate fresh blomass (depicted in Figure 8). The model could
be programed with the fraction of the starting biomass that is dissolved into glucose and
xylose. The number fed into the reodel was based upon the results experimentally
determined from soaking com stover in 90°C for 15 nmunutes. A value of 4.8% of the biomass
was found to yield dissolved sogars. Of these sugars, $5% were ghicose and 45% were
xylose. The model assumed that a 15% slurry was created. Then the shurry was pressed to
45% solids with a loss of 20% of the solids n the press liguor. A fraction between 1% and
100% of the press hiquor was assumed to be purged from the system. The remaining hquor
was recycled back to hydrate fresh feedstock with fresh water making up the difference. The
model was iterated until a sicady state was reach and the value for the sugar concentration
and sugar yvield was determined. In this case, the 100% sugar vield was defined as the vield
achieved for a 100% purge ratic. If the press performance changed (for example, leas solids

loss or higher solids percentage), then the predicted sugar concentrations could also change.
[B118} Resublts
#8319} Purge ratio and sugar yield

{6128 Figure 9 illustrates the fraction of the sugar that is recovered as a function of the
purge ratio. As a corgparison, the fraction of the lquor that is recycled is also graphed.
Because the Hguor recycle rate 15 defined as the purge ratio, the slope of this line is 1. In
contrast, the slope of the sagar Hine is greater than one at low purge ratios. This higher slope
is because as the liquor is recycled {i.e. — lower purge ratio), the sugar concentration of the
fiquor increases (Figure 10}, Therefore, at low purge ratio, one obtains a relatively high sugar

yield when compared to the purge ratio valae.
[6121] Purge ratio and sugar concentration

[#122] Figure 10 provides a model for the glucose and xylose concentration as a function
of the purge ratio. At a very low purge ratio (1%, the glucose concentration would be
2.16%, and the xylose concentration would be 1.77%. One the other extreme, for a 100%

purge ratio, the ghicose concentration would be 0.49%, and the xylose concentration would

Al
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be 0.40%. Other levels to note are at a purge ratio of 30%, the glucose concentration in the
purge has a concentration of 1.0%. At a purge ratic of 40%, the ghicose concentration would

be 0.85%. Ata purge ratio of 45%, the glucose concentration would be 0.79%.

[6123] It should be noted that at conditions of low purge ratio, the quantity of Hquid being
recycled would cause the throughput in the press to be quite a bit higher than under
circumstances of high purge ratios. Therefore, the advantages of higher sugar concentrations
would be at least partially offset by equipment (larger pumps and presses to move and
process the additional water) and the lower yields. Additionally, with lower purge ratios,
there is a higher concentration of sugars in the preprocessing, which would be passed along
mto the pretreatment. The effoct of these sugars or the use of more processing to reduce thewr

passage into pretreatment was not evaluated in this example.
[6124] Total Sugar

[#128] Figure 11 displays the mass flow rate in ib/hr of the glucose and xylose as a
function of the purge ratio for a 1.0 tovn/day corn stover plant. These data indicate that the
maximum additional sugar would be 1.8 Ibs/h of glucose and 1.5 bs/h of xyiose. Atapurge
ratio of 33% to 459, the glucose flow rate would be between 1.4 and 1.6 Ibs/h. These
numbers would scale lincarly with plant throughput. Therefore, a 200 ton/day plant would
have roughly 300 lbs/h of additional sugar produced through washing the biomass with a
purge ratio of around 40%. Ataprice of $6.15 per Ib of ghicose, this would result in over

$300,000 in revenue for the plant cach year.

181261 This example describes a model that can determine the vield and concentrations of
xylose as a function of the purge ratic from a corn stover wash step. It was foand that a sugar
vield between 70% and 80% of the available sugars could be achieved using a liquid purge
ratio of only 33% 1o 40%. The increased relative vicld was due to a buildup of the sugars in
the recycle loop. Based upon this model, a 200 tow/day plant could produce over $308,000 in

additional sugar per year implementing this technology.

183127} 1t is understood that the examples and embodiments described herein are for
iHhustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are 1o be included within the spirit and purview of
this application and scope of the appended claims.  All publications, patents, and patent
applications cited herein are hereby incorporated by reference in their entirety for all

(19

rarposes. In the claims appended hereto, the term “a” or “an” is intended to mean “one or
: In the ¢l led hereto, the t “a” or “an’ tended t

more.” The term “comprise” and variations thercof such as “comprises™ and “comprising,”

26
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when preceding the recitation of a step or an element, are intended to mean that the addition

of further steps or elements is optional and not exchuded.

)
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WHAT IS CLAIMED IS:

1. A maethod of processing biomass, comprising:

{a) contacting the biomass with a first agueous Hquid under conditions
sufficient to dissolve water-solable sugars associated with the biomass;

{b} separating the first aquecus liquid from the biomass to produce a first
hqguid phase comprising the water-soluble sugars and a first solids phase comprising biomass

olhids;

2]

(¢) contacting the first solids phase with a second agqueous Hquid under
conditions sufficient to render the biomass more susceptibic to hydrelysis but not releasing
substantial amounts of sugars, thereby producing a pretreated biomass;

{d} separating the second aquecus liquid from the pretreated biomass o
produce a second Liquid phase and a second solids phase; and

{c} subjecting the second solids phase to conditions sufficient to produce

fermentable sugars.

2. The method of claim 1, farther comprising formenting the fermentable
SBgArs.
3. The method of claim 1, further comprising treating the pretreated

biomass to produce particles having a relatively uniform particle size.

4. The method of claim 3, whercin at least 95% of the particles have a
particle size from about 5 microns to about 8{{ microns, or a particle size from about §

microns to about 500 nucrons.

5. The method of claim 1, wherein the conditions sufficient to dissolve

water-solable sugars comprise a termperature of from about 25 to about 100 degrees C.

6. The method of claim 1, wherein the conditions sufficient to render the
biomass more susceptible to hydrolysis comprise clevated temperature and pressure

compared to ambient temperature and pressure.

. he method of claim 1, wherein the subjecting comprises contacting
7 Tt thod of ¢l 1, wherein biecting i tacting

the second solids phase with hydrolytic enzymes.

3. The method of claim 7, wherein the hydrolytic enzymes comprise one

or more of cellulase, hemiceltulase or an oxidoreductase such as liguin peroxidase.
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9. The method of claim 1, wherein the second solids phase 1s mixed with
at least a portion of the fivst Hquid phase comprising the water-soluble sugars prior to or

during the subjecting (e).

13, The method of claim 1, wherein at least a portion of the first iquid
phase comprising the water-soluble sugars is contacted with additional biomass, and the
additional biomass is processed according o the method, wherein the relative amount of the
first Hguid phase contacting the additional biomass is about 20% to 90%, or about 50% to

R0% by weight.

t1.  Themethod of claim 1, wherein at least a portion of the first liquid
phase comprising the water-sohible sugars is mixed with fermentable sugars produced by the

subjecting (e}

12, The method of claim 1, wherein at least a portion of the second hiquid

phase is contacted with an additional solids phase prior to or during the contacting (¢},

13, The method of claim 1, fiwther comprising recycling at least a portion
of the first liquid phase, at least a portion of the second liquid phase, or at least a portion of
the first hiquid phase and at least a portion of the second liquid phase by contacting the
biomass with the at least a portion of the first liquuid phase, the at least a portion of the second
kquid phase, or the at least a portion of the first liquid phase and the at least a portion of the

second liquid phase.

14. The method of clatn 1, further comprising reducing the particle size of

the biomass prior to contacting the biomass with the first aqueous Hauid (a).

15.  The method of claim 14, wherein at least 80% of the particles have 2
particle size between about (.10 and 5.0 mm, (.10 and 4.0 mm, 0.10 and 2.0 wmm, or (.25 10

{3.85 mm.

16. The method of claim 1, wherein the solids concentration of the first
solids phase after contacting with the second aqueous liquid is between about 1% and 50%,

5% and 45%, 10% and 30%, or 159 and 25% by weight.

17. The method of claim 1, wherein the solids concentration of the second

sclids phase that is subjected to conditions sufficient to produce fermentable sugars is at least

28
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20%, at least 25%, at least 30%, at least 35%, at least 40%, at least 45%, or at least 50% by

weight.

I8 The method of claim 1, farther comprising subjecting the first and/or
second solids phase to one or more additional washing steps, wherein the wash lquid is

added at the contacting {a) or the contacting {¢).

19.  The method of claim 1, wherein the first liquid phase from the

separating (b} is processed to remove sand and other solid contaminants,

20. The method of ¢laim 1, wherein the biomass from the contacting (¢) is

adjusted 10 a pH of between 3 and 6.5,

21 The method of clatio 1, wherein at least a portion of the first ligquid

phase comprising the water-soluble sugars is concentrated and fermented.

22, The method of ¢laim 1, wherein at least a portion of the first iquid

phase comprising the water-sohuble sugars is combined with corn starch and fermented.

23.  The method of elaim 1, wherein fermentable sugars produced by the

subjecting (¢) are separated from residual solids to produce a sugar syrup.

24, The method of claim 23, firther comprising washing the residual

solids one or more Himes 10 TECOVEr Sugars.

25. The method of claim 2, wherein the fermentable sugars are separated

from residual solids prior to formentation.

26, The method of claim 1, wherein the process is a contingous process.
27.  The method of claim 1, wherein the process is a bateh process.
28, A processed biomass produced by the method of claim 1.

30
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