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PREPARATION OF BIOMASS

CROSS-REFERENCE TO RELATED APPLICATIONS
[61]  Tlus appheation claims the benefit of US. Provisional Application No. 61/955138,

filed on March 18, 2014, which is incorporated by reference herein in its entivety.

FIELD OF THE INVENTION
a2} The mvention relates to reacting and/or removing compounds from biomass that may
be deleterious to downstream pretreatment and/or fermentation processes by prewashing the

biomass with acid hydrolysate.

BACKGROUND
[03] Cellulosic biomass provides a readily available source of sugar molecules, which
may be used ax a carbon smrce m microbial fermentations to produce bioproducts of
mterest. Polvmeric carbobydrate components of the buomass can be hvdrolyzed to release
soluble sugar molecules.  In acidic hivdrolysis {eg., dilute acid pretreatment) of biomass,
acxd represents a significant fraction of the cost of sugar production, so reducmg the amount
of acid requared 1s very mmportant fo the process economics. B is well known that
compounds such as ash m hiomass can neutralize acid and reduce the effecttveness of the
pretreatment. The negative impact of these biomass components has been referved fo as a
neutralizing or buffering effect. Removal or inactivation of the neutralizing effect of such
compounds praor to acid hydrolysis could reduce the amount of acid required for biomass
prefreatment, which would i tum reduce the alkah wsage in downstream processing and
maprove overall process economics. The reduction 1n acid and alkali usage also faciliates
process recvele and makes the wastewater treatment easter by reducing the total dissolved
solids {TDS). There 1s a need for a more efficient and cost effective method for producing

fermentable sugar molecules from cellulosic feedstock.

BRIEF SUMMARY OF THE INVENTION
[o4]  Methods and systemss are provided herein for reacting and/or remioving compounds
from biomass feedstock. Such reacting and/or removal of the compounds may
advantageousty reduce the arnount of acid that 1s needed for downsrean: prefreatient
processes such as hydrolysis to release a sufficient amount of soluble sugar molecules

and’or may reduce the amount of base that is needed to bring the pH of the hydiolvsate back
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up to a suitable level for further processing {e.g., microbial fermentation, catalysis) after
acid hydridysiz of the biomass, thus lowering chemical usage in an overall biomass
conversion process. Not reacting andfor removing the compounds can be deleterious o
downsiream processes such as mucrobial fermentation (for example, by whibiting microbaal
growth and/or bioproduct fvmation andfor forming secondary products that ave inhibitory
to microbial growth andfor bioproduct fwmation}. Further, salts or dirt that are associated
with the biomass can enter process streams and foud, contaninate, wear, andfor disable
equipment such as hvdrolysis or fermentation equiptnent, if not removed prior to
pretreatiment of the biomass or fermentation of hydrolvsate prepared from the biomass.

[03]  In one aspect, a method 1s provided for reacting and/or removing non-carbohydrate
compounds from biomass, mchadmg {a) washmg a second biomass with a first acid
bydrolvsate that i3 produced by acidic hydrolysis of a first biomass, thereby producing an
acid hydrolysate washed second biomass; and (b} separating the acid hydrolysate washed
second biomass from af least a portion of the first acid hydrolysate that was nsed to wash
the second biomass. In some emboduments, at least one compound {e.g., at least one non-
carbohvdrate componnd) m the first biomass 1s reacted fo produce another compound. In
some embodiments, at least a portion of at least one non-carbohvdrate compound 1s
removed from the second biomass. In some embodiments m which at least one non-
carbobhydrate conypound is removed from the second bionass, the first acid hvdrolysate that
1s separated from the acid hydrolysate washed second biomass in (b} contains the at least
one non-carbohydrate compound. In some embodiments, the separated first acid
hvdrolysate of (b} 1s used as a primary substrate for fermentation. In various embodunents,
the acid m the first acid hydrolysate used for washing the second biomass in {a} mcludes at
least one acid selected from nitrie acid, sulfinic acid, sulfiwous acid, SO», hvdrochloric acid,
phosphboric acid, formic acid, and acetic acid. In one embodument, the acid is nitric acid.
[06] In some emboduments, non-carbohvdrate compounds that are removed from the
second biomass melude morgamc salts, mmeral oxides, andfor organic acids. In some
embodiments, at least a portion of the non-carbohydrate compounnds that arve reacted and/or
removed from the second biomass are capable of buffering andfor peutralizing acid. In
sonte embodrments, the reaction and/or removal of the non-carbobydrate compounds n a
method as described herem reduces or elinmunates the buffering andfor nentralizing capacity
of such compounds in the second biomass i a downstream pretreatment process such ax
acid {e.g., dilute acid) hydrolvsis. In some embodiments, the reaction and/or removal of the

non-carbohydrate compounds in a method as described heremn unproves downstream
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enzymatic hydrolysis and/or nycrobial fermentation perfirmances. In some embodiments,
removal of soluble (e g., non-structural} sugar molecules reduces or prevents degradation of
the sugar molecules from ocowning in downstream prefreatment processes, such as acid
hyvdrolysis, avoidimg or reducing formation of mhilstors of mucrobial fermentation andfor
bioproduet production.

[07] In some embodunents, the method further meludes: (o} contacting the acid
hydrolyvsate washed second biomass with acd and freating vader condiions sufficient to
depolymerize at least one polvineric carbohvdrate component of the second biomass,
thereby producing: (1)} a second acid hydrolvsate that mcludes soluble sugar molecules; and
{11) residual sohds. Typically, less acid is required for said depolymerization from acid
hydrolysate washed second biomass than from the same biomass that has not been
prewashed as i (a}, when treated with acid under identical conditions (e.g., temperature,
time, pH). In some embodiments, less base 1s required to raise the pH of the acid
hyvdrolysate to a level that 13 sutable for enzvmatic hydrolysis and/or nucrobial
fermentation thaa a hydrolvsate produced from the same biomass that has not been
prewashed as m (2}, when treated with acid under wdentical conditions {e.g., temperanwe,
time, pH). In various embodiments, the acid used for production of acid hvdrolysate m {¢}
mclades at least one acid selected from nitric acid, sulfiwic acid, sulfurous acid, SO,
bydrochloric acid, phosphoric acid, formic acid, and acetfic acid. In one embodinent, the
acid 15 mifric acid. In some emboduments, the acid i the first acid hyvdrolysate used for
washing second biromass m {a) and the acid used for production of second acid hvdrolysate
m (¢} are the same acid, for example, selected from nitric acyd, sulfuric acud, sulfurous acd,
SQO., bydrochloric acid, phosphoric actd, formic acud, and acetic acid. In one embodiment,
the acid 1s mitric acid. In some embodiments, the acid m the first acid hyvdrolysate used for
washing second biomass m {3) and the acid used for production of second acid hvdrolysate
in {c} are different acids, for example, selected from nitric acid, sulfiwic acid, sulfiwous acid,
SOs, hydrochlonie acid, phosphoric acid, formic acid, and acetic acid.

[08] In some embodments, the method further meludes: (d) separating the second acid
hvdrolysate produced m {c} from the residual solids produced 1 {c}; and (e) nsing at least a
portion of the second actd bydrolvsate separated m {d) fo wash a third biomass, as m (a). In
some embodiments, acid hydrolysis of acid hydrolysate washed biomass, separation of the
vesulting acid hydrolysate from reswdual sohids, and use of the acid hvdrolysate for washing
of additional unhivdrolyzed bionmass (2., steps (¢}, {d}, and (&)} are conducted in a

CORHICHS ProCess.
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1891 In sone embodments, the snount of acid s {¢} that 1s required for about 60% to
about 95% depolvinerization of the at least one polvineric carbolivdrate conyponent {(e.g.,
henncelulose} from the acid hydrolvsate washed second biomass 1s reduced by about 20%
to abont 60%% 1 comparison with the same biomass that has not been pretreated as m (a). In
sorne embodunents, the amount of acid i (¢} that is required for about 75% to about 83%
depolvinerization of the at least tare polvoeric carbohydrate component {e.g.,
hemicellulose) from the acid hydrolysaie washed second biomass iy reduced by about 30%
to about 45% 1n conyparison with the sane nomass that has been washed with water mstead
of pretreated as m {a}.

[18] In somne embodiments, the second biomass inchides hignocellulosie biomass, for
example, mcluding but not limited to, nice straw, nice husks, wheat straw, barley straw, com
stover, switchgrass, sugar cane bagasse, sugar cane straw or trash, palm empty frait
bunches, andfor Kenaf

[11] In some embodmments, the at least one polymeric component that 1s depolymerized
from the acid hydrolysate washed second biomass 1 (¢} mcludes bemicellulose.  In xome
embadiments, the at least one polymeric component further includes cellnlose.

[12] In some embodiments, the hgnocellulosic biomass includes a hugh silica
hignocellnlosic biomass, for example, mcluding but not himited to, rice straw, wheat siraw,
rice husks, and/or corn stover. In some embodiments, at least a portion of the siliea i3
removed by atkali extraction prior to step {a}). and non-carbohydrate compounds that are
removed mclade residual alkali. In some embodiments, acid m the first acid hydrolvsate
neutralizes af least a portion of residual alkalt m the second biomass, and the first acid
hivdrolysate that 1s separated from acid hydrolysate washed second biomass contains
nenfralization product{s) of acid and residual alkali.

[13] In some emboduments, residual solids that are separated m (d) are subjected fo a
further hvdrolysis process, for example, such as but not bmited o, acid hydrolvsis,
enzymatic hvdrolysis, or hydrolysis with a superenitical fhud. In one embodmment, the
residual solids are hydrolyzed with one or more enzvime(s} (for example, meluding at least
one cellulase} to produce additional soluble sugar molecules m an enzvmatic hvdrolysate.
In some embodiments, soluble sugar molecules 1n the enzymatic hydrolvsate are fermented
by a microorganisin fo produce a bioproduct of miterest.

[14] In some emboduments, residual solids in (d} are subjected to one or more process
steps selected from catalytic processing, preparation for other purposes such as paper

production, or use as a fuel.
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[15]  In some embodiments of the methods disclosed herein, the second biomass contains
nosr-struchural sugar molecules (for example, but not Linuted to, sucrose), and at least 5
portion of the non-structural sugar molecules are washed mio the fust acid hydrolvsate. For
example, the first acid hydrolysate that is separated from acid hvdrolysate washed second
biomass may contain about 50% o about 95% of the non-structural sugar molecules that
were associated with the second bivnass.  In some embodunents, the acid hydrolysate
washed second biomass refains a portion of the non-structural sugar molecules and the
second acid hvdrolysate produced m {¢} melndes soluble non-structural sugar molecules
from the second biomass.

[16] In some embodiments, soluble sugar molecunles m the first acid hydrolysate that 13
separated 1 {b} {(afier washing of biomass) and/or acid hydrolysate that 1s produced by acid
hydrolysis of bionwass that has been prewashed with acid bydrolysate as described herem are
fermented by a microorgamsm to produce one or more bioproduct(s) of interest, for
example, but not hmited fo, one or more solvent(s), orgamc acid(s), and/or alcchol(s).

[17] In some embodments, the acid bydrolysate that contains the soluble sugar
molecules 18 conditioned to remve at least a portion of at least one substance that wlubis
microbial growth and/or bioproduct production, prior to fermentation. For example,
conditioning may mchade, but 1s not hinuted {o, at least one process selected from
evaporation, steam stripping, charcoal adsorption, electrodialysis, and reverse osmosis.

[18] In some embodmments of fennentation processes described herem, one or more
solvent{s} may be produced. For example, the solveni{s} mayv mclude ethanol, acetone,
and/or butanol {e.g., n-butanol}).

[19] In another aspect, biomass 1s provided from which at least a portion of one or more
non-carbohydrate compound{s) has been reacted and/or removed, accordmg to a process

described berem. Hvdrolysates that are prepared from such biomass are also provided.

BRIEF DESCRIPTION OF THE DPRAWINGS
[26] Figure 1 schematicallv shows pretreatment of biomass to produce acid hydrolyxate,
and waslung of fresh biomass with a stream of the acid hvdrolysate to produce acid
hydrolvsate washed biomass
[21] Figure 2 schematically shows prewashing of sugar cane bagasse with acid
bydrolvsate that i3 generated m a downstream acid hvdrolysis operation and used for

prewashing fresh bagasse.

Ly
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[22]  Figure 3 schematically showx alkaline desilication and prewashung of rice straw
with acid hydrolysate that is generated in a downstream acid hvdrolysis operation and used
for prewashing fresh rice straw.

[23] Figure 4 schematically depicts an embodiment of a biomass washing procedure,
exemyptfied w Example 1.

[24]  Figuvre 5 shows the copcentration of free hvdrogen ion i hiquad phase of bagasse-water
sharnies {2.3 wi%h solids) as a function of atid loading; as desenibed m Example 1. The sohd
ime represents pure agueous solution (ho solids).

[25] Figure 6 schematically depicts an embodument of a biomass washing procedure,
exemplhified i Example 2.

[26] Figure 7 shows the concentration of free hydrogen 1on m hquud phase of nice straw-
water sharrzes {2.5 wit%a solids} as a fimction of acwd loading, as described in Exanple 2. The
sohd line represents pure agueous solution (no sohds).

[27] Figure § schematically depicts an embodiment of a biomass sugar recovery procedre,
exemmphified in Example 3. Thix figure shows a flow diagram depicting an experiment that
tested the effect of carry-over sugar on net sugar production and fermentability,

[28]  Figure 9 depicts resulfs net sugar production {ghicose + XMG + arabmose) and

butanol titers from fermentation of enzymatic hydrolysates, as described m Example 3.

DETAILED DESCRIPTION
[29] Methods and systems are provided herem for preparing biomass for pretreatment
{e.g.. acid bydrolvsis, enzymatic hydrolysis). In the methods and systems heremy, uawanted
matertals {e.g., non-carbohydrate cornponents) are reacted and/or removed from biomass.
For example, compomnds such as ash {e. g, mineral oxides), organic acids, extractives,
and/or other soluble components, mav be removed, and/or compounds such as salts (e.g.,
calcium salis) anddor oxudes may be reacted to form mnxoluble products in the biomass.
Compounds that are reacted and/or removed from bromass as described herem may
otherwise affect the amonnt of one or more chemicakis) {e.g., acid{s)) requured for
pretreatmment. I the nnwanted materials are not reacted andfor removed, they may become
deleterious to one or more downstrean process.  In the methods and svstems disclosed
herem an acid hydrolvsate 1s used to prewash bioniass prior to downstream prefreatment
processes. In one embodiment, the acid hvdrolysate may be a stream from downstrea acid

bydrolvsis of biomass. For example, production of acid bydrolvsate from prewashed
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hiomass and prewashing of further biomass with a sirearn of the acid hydrolysate may be

conducted i 8 CORLINBORS PrUCEss,

Definitions

[36]  “A” “an” and “the” nclude plural veferences unless the context clearly dictates
otherwise.

[31] “Bioproduct” refers to any subsiance of inferest produced biclogically, ie, vian
metabolic pathway, by a microorganism, e.g., m a nucrobial fermentation process.
Bioproducts mclude, but are not Iinuted to fuel molecules {e.g., n-butanol, acetone, ethanol,
isobutanol, farnesene, efc.) |, solvents, biomolecules {e. g, protemns {e.g.. enzymes),
polysaccharides), organic acids {e.g., formate, acelate, butyrate, propionate, succinate),
alcohols {e.g., methanol, propanal, isopropanel, hexanol, 2-butanol, 1sobutanol), dicls {e.g..
1. 3-propanediol), fatty acids, aldehydes, ipids, long cham organic molecules (for exanmiple,

for use m swrfactant production), vitamins, and sugar aleohols {e.g., xyvlitol}. As

as a solvent, as a chenneal

nonlimiting examples, bioproducts may be used for catalvsix
mtermediate, as a co-monomer, ax a fuel {biofuel}, or as a lubricant.

[32]  “Byproduct” refers fo a substance that is produced and/or purified and/or isolated
during any of the processes desernibed herein, which miay have econonie or enviromnental
value, but that is not the prunary process objective. Nonlumiting examples of bvproducts of
the processes described heremn melude ligmin compounds and derivatives, carbohvdrates and
carbohydrate degradation products {e.g., fwfural, hydroxymethyl furfural, formic acid), and
extractives {described infra).

[33] “‘Feedstock™ refers to a substance that can serve as a sowree of sugar molecules o
support microbial growth m a fermentation process.

[34] “Deconstruction” refers to mecharical, chemical, and/or biological degradation of
bismass to render mdividual components {e.g., cellulose, hemicellulose) more accessible to
further prefreatinent processes, for example, a process fo release monomeric and oligomeric
sugar molecules, such as acid hvdrolysis.

[35] “Conditioning” refers to removal of indubitors of mutcrobial growth and/or
hioproduct production from a hvdrolysate produced by bydrolysis of a cellulosic feedstock
or adjustment of a physical parameter of the hvdrolysate to render it more amenable o
melusion n a microbial culture medmmny, for example, adjustivent of the pH to a pH that s

suitable for growth of the microorganisim when added to a auerobial growth medivm.
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[36]  “Titer” refers to amouat of a substance produced by a nucronrganisot per vt
volume m 3 pucrobial fermentation process. For example, titer of butanol m s microbial
fermentation may be expressed as grams of butanol produced per Iiter of solution.

1371 “Yield” refers to amount of a product produced from a feed material (for example,
sugar, relative to the total amount that of the substance that would be produced if all of the
feed substance were converted to product. For example, vield of butanol in a microbial
fermentation may be expressed as %o of butano! produced relative to a theoretical weld 1f
103 of the feed substance (for example, solnble, e.g., non-structural, sugar molecnlex)
were converted fo butanol.

[38] “Productivity” refers to the amount of a substance produced by a nueroorganism per
urat volime per unit time m a microbial fermentation process. For example, productivity of
butanol i a microbial fermentation may be expressed as grams of butanol produced per hiter
of sohution per howr.

[391  “Sugar conversion” refers to grams of sugar conswned by a microorgamsm {e g, m
a microbial fermentation process) per grams of suigar provided to the nucroorganism {e.g.,
grams of sugar provided in a mtcrobial growth mednun}.

[40]  “Wild-type™ refers to a microorgamnisim as i occurs m nature.

[41] “ABE fermentation” refers fo production of acetone, butanol, and/or ethanol by a
fermenting MicroOrZaLNL.

[42] “Lignocellulosic” biomass refers to plant biomass that contains cellulose,
hemicelulose, and ligmn. The carbohydrate polymers {cellulose and henmcellulose) are
tightly bound to lignin.

[43] “Ligoins” are macromolecular components of hgnocellulosic biomass that contain
phenchie propylbenzene skeletal units hnked at various sites.

[44]  “Solvent” refers to a iquad or gas that is capable of dissolving a solid or another liquud
or gas. A solvent may be produced as a bioproduct by a microorganism as described berein.
Nonlnting examples of solvents produced by mucroorganisins mclade »-butanol, acetone,
ethanol, acetic acid, isopropancl, #-propanol, methanol, formic acid, 1.4-dioxane,
tetrabydrofiman, acetomtrile, dimethylformamide, and dumethyl sulfoxide.

[45] n-Butanol is also referred to as “butanol™ herem.

[46]  “Vmasse™ or “backset” or “stillage” refers o a fermentation broth from which one or
more hioproduct has been removed. For example, fermentation broth of a nucroorganism
that produces ethanol and from which ethanol has been removed i ternied “ethanol

vimasse.” As a further example, fermentation broth of a microorgamsm that produces
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butanol and from which butane] hes been removed i termed “butanol vinasse.™ In some
embodiments, vinasse s the bottom fraction of distillation of a solvent-contaming
fermentation medmm, and solvent and other volatile compounds are separated from the
fermentation broth while the rest of the constilvents (e g., residual sugar, organic acids,
gtveeral, biomass) are slightly concentyated 1 the vinasss.

[47]  “Plant™ and “facility” are used interchangeably herein to describe a location and
equupment 1 which a disclosed provess {e.g., sugar cane provessing, ethanol produetion,
hioproduct production} occurs.

[48] “Base” or “alkali” are used interchangeably herein to refer to a molecule or
compound that 1s characteristically basic (pH greater than 7) at room temperature. Non-
limting examples of basie or alkalime compounds melnde oxides, carbonates, and
bydroxides of allali metals.

[491  “Acid” refers heremn to a molecule or compound that can donate a proton or that can
accept an electron pair i reactions.

[36] “Hydrolvsis” refers fo the chemical breakdown of a compound due o reaction with
water. For example, hvdrolysis of cellulosic biomnass refers to the brealcdown of glycosidic
bonds 1 sugar polymers that are contamned within the biomass. A “hydrolysate™ is the
hiquid product of a hvdrolysis reaction, e.g, hamd product of bromass hvdrolysis confammg
sofuble sugar molecules.

[S1]  “Prefreatment” refers heremn to use of a method {e.g., mechanical, thermal, chemical,
and/or biological) to modity the characteristics of a biomass material. For example,
pretreatiment may modify biomass such that bydrolytic enzymes and/or microorganisms
may aceess and/or bydrolvze or utilize carbohvdrate nwolecules n the biomass, Nonlinuting
examples of prefreatment operations mclude acid or enzymatic hvdrolysis to release soluble
sugar molecules as a hiqud hvdrolvsate.

[32] “CUSF” or “combined severity factor” represents a combined effect of pretreatment
femperatare (°C), tane {min}, and pH {end of pretreatment). The equation used for the
calculation 13; CSF=log(i¥({T-100)/14.75))-pH

[33] XMEG refers to xviose, mannose, galactose.

Acid Bydrelysate prewashing
[54] In the methods and svsterns provided heremn, wvwanted non-carbolyydrate compmmds
are reacted and/or removed from biomass feedstock prior fo downstream processes such as

dilute acid pretreatinent andfor enzymatic hydrolysis, by prewashing the biomass with an acid

9
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hvdrolysate of biomass. Unwanted non-carbolywdrate compounds may ielude compounds
that would be deleterious to one or more downstrean proesss{as) if not removed, such as
hydrolysis of the biomass (e, acid andfor enzymatic hydrolysis) andfor fermentation of a
hydrolysate prepared from the biomass. The acid hydrolysate that 1s used for bromass
feedstock prewashing ts generated by acid hydrolysis of biomass, either fresh biomass that has
not been prewashed with acid hivdrolysate or biomass that has been prewashed as described
herem. After prewashing with the acwd hydrolvsate, the washed bromass solid matenal is
separated from the hawid bydrolysate {xeparated from all, substantially all, or at least a portion
iof the haguid hydrolysate) that was used for prewasbing, thereby producing acid hydrolysate
washed biomass from which at least a portion of at least one non-carbohyvdrate compoimd has
been removed and/or reacted. In embodiments m which at least one non-carbohvdrate
compound 1s removed from the biomass m the prewashing process, the liguid hydrolysate that
1s separated from acid hyvdrolysate washed biomass solid meludes at least one non-
carbolivdrate compound from the biomass that was washed with the hvdrolysate.

[55] In one embodiment, the method includes: reacting apdfor removing non-
carbohvdrate compounds from biomass, melading: (a) washing biomass with an acid
hydrolysate that 1s produced by acidic hydrolvsis of another portion of biomass {e.g., acid
hydrolvsate from either the same or different biomass as the biomass to be washedy, and (b)
separating the solid washed biomass from at least a portion of the lupud acyd bydrolvsate
that was used for washing, thereby producing: (1) acid hydrolvsate washed biomass from
which at least a portion of at least one non-carbohydrate compound has been reacted and/or
removed; and {11} acid bydrolvsate, wherem in embodiments in which at least ong
compourd 18 removed from the biomass, the acid bydrolysate contais at least one non-
carbohydrate compound from the biomass that was washed with the hvdrolysate.

[56] Compounds removed from biomass by prewashing with acid hydrolysate may
mchide one or more conpound(s} {e.g., non-carbobydrate compounds} that neutralize acid,
compound(s) that butfer acid, and/or compound(s) that would be deleterious to one or more
downstream process{es), such as acid hydrolvsis, enzymatic hydrolysis and/or microbial
fermentation of a hvdrolvsate prepared from the hiomass if not removed. Nonduniting
examples of compounds (e g, extractives) that mayv be removed m the prewashing procedires
described herem include ash (immeral oxides), morganic salts (e.g., oxades and/or salts of
potassium, calcrum, ron, andfor other cations), and/or organic acids {e.g., lactic acid, acetic
acid, forpuc ackd, andior carbonie acidl. In some embodiments, at least a portion of the

compound(s) that are rernoved from the biomass are capable of butfering andfor nentralizing
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acid. By removing such compouads, the amount of actd thet 1s reqpured for downstream acid
hivdrolysis of the scolid washed biomass materzal mav be reduced, and/or the aimount of bage
that is required {o newiralize andior bring the pH of the hydrolysate produced from the washed
bromass material to a sutable level fora downsiveam process such as fermentation may be
reduced.

37} Compounds in the biomass that ave reacted by prewashing with acid hvdralysate may
mchude salts andfor ooades. “Reacting” inchades formation of an msolnble product m the
hiomass by reaction of a biomass component with one or more component(s} of the acid
hivdrolysate that is used for prewashing, such as, for example, the acid that is used to produce
the hvdrolysate. It one non-hnutmg example, dilute sulfuric acid n an acid hydrolysate may
react with a calemm salt or oxide in the biomass, formmung calenun sulfate, which s msoluble
and can form deposits within the biomass. Other minerals and salts may also form msoluble
products which are not readily separated from the biomass m the hqud hivdrolysate
prewashing sfep. In other cases, a portion {0-1{{0%5} of the msoluble solids can be separated
from the biomass fo muunuize the unpact. In sonte entbodunents, at least a portion of the
conypound(s} that are reacted n the ionwss are capable of buffering the bydrolysate andfor
neutrahizing acid. By removing the buffering and/or nentralizing capabiliies of such
compouixds, the amounnt of acid that is required for acid hydrobvais of the biomass niav be
reduced, andfor the anwount of base that is required to nevtralize and/or bring the pH of the
hydrolysate fo a suitable level for a downstream process such as fenmentation may be reduced.
[58] Typically, the acid hydrolysate prewashing s performed under conditions (e g.,
temperature, pressure, pH, ete.} m which no or substantially no hydrolysis of the biomass

eewrs. For exanple, in some embodiments, the pH of the acid hvdrolysate that 1 used to

]

prewash biomass 1s about 1 to about 2. The process can canse an merease m pH to about 3 to
about 4, depending on the washing conditions. No appreciable, e g., less than 10% of xylose
vield, livdrolvsis cccurs within the washing step, owing to the lower reaction tenwperatire, and
relatively shorter contact fime.

[59] In some embodiments, the acid hivdrolysate that is used to prewash biomass is
generated m a downstream process m which another portion of biomass 1s bydrolyzed by one
or more acid. The biomass that 1s hvdrolvzed to provide acid bydrolysate for prewashing fresh
biomass i1s generated either from prewashed biomass, as described heremn, or from nnwashed
biomass. The biomass that i hvdrolvred to provide acid hvdrolyxate for prewashmp fresh
biomass may be the same or different type of bionass as the biomass that is washed with the

hydrolysate.  In some embodunents, acid hydrolysate washed biomass is hydrolyzed with one
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or move acid{s) to produce an acid hydrolysate, at least a portion of which is then used to wash
fresh lnomass. In some embodiments, acid hvdrolysis of biomass, washing of fresh biomass
with the acid hydrolysate, and recyeling of acid hydrolysate for the waslung process, are
conducted n 8 contimous provess. T other emboduments, batch processes are emploved.

6t} Acid hydrolysate washed biomass {or unwashed biomass) may be contacted with
fresh acid and treated vader conditions sufficient to depolymerize at least one polvineric
carbolivdrate component {e.g., henmcelhilose, and optionally cellulose) from the biomass,
thereby producing: {1} an acid hvdrolvsate that contamns sohible sugar molecules; and (11}
residnal sohids. Typically, less acid 18 reqquired for the depolymerization from acid hydrolysate
washed biomass than from the same biomass that has not been prewsashed, when both the
washed and umwashed biomass are treated with acid vnder identical condirons.  For exanmple,
in some embodiments, about 20%6 o about 50% less acud 1s required for depolymerization of at
least one polvineric component (e g, hemicellulose, and optionally cellulose) from acid
hyvdrolysate washed biomiass. In some embodmments, less base is required 1o raise the pH of
the acid hydrolysate to a level that is suitable for microbial fermentation (eg., about 4.5 fo
about 7} than a bydrolysate that 1s produced from the same biomass that bas not been
prewashed, when both the washed and vnwashed biomass are treated with acid nnder 1dentical
conditions. For example, m some emboduments, about 20%% to about 40% less base iy requured
to adpust the pH of acid hvdrolysate from acid hvdrolvsate washed biomass to a level that is
sutable for microbial fermentation. In some embodiments of the methods disclosed herem,
reduction m acid required for hydrolysis of biomass or base reqquured for nentralization of
hivdrolvsate may reduce total dissolved sohids, facihitating downstream wastewatear treatment.
61} In some embodunents, at Jeast a portion of the acid hvdrolvsate produced by acid
hyvdrolvsis of a portion of biomass 1s used o prewash fresh biomass. For example, m some
embodunents, about 65% to about 83% of hydrolysate that is produced from acid hydrolysis of
a portion of biomass ix used to prewash fresh bionwss (e.g., another portion of biomass},
although more or less acid hydrolvsate mav be used depending on various factors such as the
amount of biomass hvdrolyzed, the amount of biomass to be prewashed, the acid hyvdrolysis
conditions used, or the volume of hivdrolysate produced. Nonhnuting examples of acid
hivdrolvsate production and biomass prewash processes are shown in Figure 2 for bagasse and
Figure 3 for rice straw, and m Figures 4 and 6, which show acid hvdrolysate production and
biommass prewash processes exemplified m Examples 1 and 2, respectively.

[62} In some embodiments, the biomass to be prewashed is subjected to one or more

npstream processes prior to washing with acid hvdrolysate. For exanple, the biomass may be
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deconstructed prior to prewashing with acid hydralysate. In some smmbodiments,
deconstruection may clude mechanieal dismtegration m the presence of water and nnder
pressure, thereby producing higud andfor vapor and dismtegrated biomass sohd. In some
embodiments, mechamcal dismntegration may be perfornied at a pressure and residence time
sufficient to shear apart the biomass to render the carbohvdrate polvmers therein more
accessthie for acid-catalyzed depolyvmernization. In soine embodunents, mechanical
dismtegration may inchade particle size reduction of the romass.

63} In xome embodiments, one or more substance{s) may be removed from the
hiomass prior to washing with acid hvdrolysate. For example, a high stlica ignocetinlosic
bioniass, such as, but not bouted fo, rice sfraw, wheat straw, rice husks, and/or corn stover,
may be subjected to alkaline extraction of at least a portion of the silica prior to washing
with acid hvdrolvsate. One nonlimtting example of a method for de-silicating feedstock, in
which pre-pulping and low-consistency refining steps are used in conjunction with alkaline
extraction, 1y described m U8, Patent No. 7,364,640, In the methods described herein,
residual alkali may be removed mnto the acid hydrolysate when the binmass 1s prewashed as
deseribed herem, for example, by reacting with acid to form a neutralization product of acid
and residual alkali. An example of such a process s shown schematically m Figure 3.

j6d} In embodiments of the methods deseribed herein, biomass may be washed in a
single stage with acid hydrolysate, or mayv be washed m multiple stages with acid
hyvdrolvsate and optionally one or more other hquid(s). In some embodiments, effective
performance may be achieved in contactor systems m which the hiqud {acid hydrolysate)
and solids (hiomass} are brought mnto Intimate contact i a well-puxed environment and
subsequently effectively separated mito a hquid contaming streamn {with low suspended
solids) and a relatively lower moisture solids fraction.

[65] In some embodinents of the methods disclosed heremn, biomass is washed in a
contactor’mixer systern. In one embodument, the contactor/mixer is a tornado pulper. In
another embodiment, the contactor/mixer 1s a multi-stage mixer {e.g., a mixer m which there
1s one unit operation with mmitiple parts), such as a multi-stage paddle nuxer. In other
embodiments, existing biomass and hquid contacting devices may be modified to facilitate
the mixing and separation of the bicunass and acid bydrolysate. One such embodiment
mchudes the use of a sugarcane diffuser (e g., curvently used for the extraction of sugarcane
pce from sugarcane fiber} and assoctated roller mill equupment for the treatorent of
biomass {e.g., bagasse) with actd bydrolvsate. In another embodiment, a sugarcane roller

null {or series of roller mills) and associated equipment may be used. Additional non-
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Lusting exauwples include ribbon blending equipment, inclined screw mixers {e.g., a screw
inside a cylinder where the cylinder is angled (s0 excess hiquid flows)), roller drwos (e g,
such as a spraved bagasse washer {e g., a rotating dimm, where biomass 18 transferred
axially while the drmni rofates with water being spraved onto the biomass and excess water
drazns down and can be recirculated}), & sugar beet diffuser (e.g., water 15 fed from top
down and solids are conveved “upward’}, or a convevor balt with a sprayer.  {Other devices
miay be used, for example, any mdustrial device m which sohds and bigquad are contacted and
then solids and hguids are separated. Batch systems, in which solids and biquid are added to
a tank, and the hqud is drained may also be used (such as, for example, batch svstems that
have been used m the pulp and paper mdustry). For any of the contacting/mixing sysiems
described herem, matenals, configurations, and/or operating parameters may be altered
and/or adapted for use in the methods described berein, and are not limited to materials,
configurations, and/or operating conditions of previously known systems.

[66] In some embodiments, biomass may be washed with water and/or vinasse and/or
process condensate {e.g., from an evaporator}, e.g., m multiple unit operations m series,
prior to waslhing with acid hydrolvsate, optionally i a contactor/mixer system such as, for
example, a tornadoe pulper or a nailfi-stage paddle muxer. In one embodiment, biomass is
conveved o a multi-stage contactor/mixer systein such as a paddle washer, where it is
contacted with water, then vinasse, and then acid hydrolysate. Dhifferent sequences and/or
Irquids mav be nsed prior to the acid hydrolysate wash in other embodiments. The washed
hiomass 1s conveyed fo a pretreatment reactor, where it 15 hvdrolyzed with acid, and then at
least a portion of the hguid acid hydrolvsate 1s used to wash another portion of unwashed

hiomass.

Biomass feedstock

[67] A biomass feedstock ix a substance that provides the base material from which sugar
molecules are generated. Feedstock used m the methods described herem contams cellulose
and hemiceHulose. The material may contain cellulose and hemicellulose with or without
lignin. In some embodiments, the feedstock 1s ignocellnlosic bionass, which contains
henmecellulose, celhilose, and hgnin.

[68] Cellnlose, which s a B-ghlacan buwlt up of D-glucose units Iinked by Bl 4)-
glycosidic bonds, 1s the mamn structural component of plant cell walls and typically

constiffes about 35-60% by weight {(Yow/w) of hgnocellulosic materials.
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[69] Hemicellulose refers to non-cellulosic polysaccharides associated with cellujose in
plant tissues. Henucellulose frequently constitutes about 20-33% wiw of lignoceliulosic
materials, and the majority of henneelluloses consist of polvmers based on pentose (frve-
carbon} sugar vmts, such as D-xvlose and D-arabinose untts, hexose (six-carbon) sngar
units, such as D-glucose and D-mannose units, and uronie acids such as D-glucuronic acid.
[76] Ligow, wlich s a complex, cross-linked polvmer based on vartously substituted p-
hydroxyphenvipropane units, typieally constitaies about 10-30% wiw of lignocellulosic
matertals.

[71] In some embodments, the biomass feedstock is bagasse (e.g., sugarcane or sorglnum
bagasse), cane frash {e. g.. straw}, rice straw, rice husks, emipty fhut bunches, wheat straw,
barley straw, com stover, switchgrass, palm biomass {e.g., chips, empty fruit bunches,
fronds}, Kenaf, energy cane, woud clups andfor pulp, namicipal solid waste, rapeseed,
nmstard, canola sfraw, beet pulp, cassava pulp, or energy cane. In some embodiments, the
feedstock contams grass, for example, sugar cane, miscanthus, and/or switchgrass, andfor
straw, for examiple, wheat straw, batley straw, andfor rice straw,

[72] In some embodments, an amount of feedstock that 1s used m a method disclosed
herem 1s calculated as dry weight of biomass.

[73] In some embodiments, the feedstock i1s an agricultural residue. For example,
bagasse may be used as the feedstock. Bagasse ix the residual fiber generated ax part of the
sugar extraction process from sugarcane or sorghum, for example, m a sugar mull or
biorefinery. Bagasse contams hemucellulose, cellulose, hgnm, and some residual sugars. In
sonte embodiments, bagasse may contam restdual sucrose that was not removed during
sugarcane processing. Residual sucrose mayv be extracted along with hepucellulose sngars
m a method disclosed herein and durng acid hydrolysis, the sucrose may be hydrolyzed fo
ghicose and fructose, which will be inchided m the soluble supar molecules in the
hydrolyvsate, in addition to sugar molecules extracted from henmeellulose and cellulose
carbohydrate polvmers. In some embodmments of the methods disclosed herem, at least a
portion of residual sucrose may be removed mto the acid hydrolysate that is used for
prewashing the biomass. In some embodiumnents of the methods dixclosed heremn, a portion
of the residual sucrose is removed into the acid hydrolvsate that s used for prewaslhing the
biomass and a portion of the residual sucrose remains with the solid biomass maternial, and
at least a portion of the sucrose that s retamed with the solid bionwss material 1s hydrolvzed

o ghicose and fructose n a dowastream hydrolysis process.
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[74]  In some embodiments, a high silica ignocellulosic bimmass is used as the feedstock.
‘onlinuting exanples of high silica hiomass include rice siraw, wheat straw, rice Jusks,
sugar cane bagasse and straw, and com stover. In some embodiments, sihica 1s removed, for
example, via alkaline extraction, prior to prewashing with scid hydrolysate as described
berein.
[73] Insome embodunents, the feedstock ix a hgnocellulosic material in the form of
wood chips, sawdnst, saw mill residue, or a combmation thereof. In some embodunents, the
lignoceliulosic matertal is from a feedstock source that has been subjected to some form of
thsease m the growth andfor harvest production period. In one embodiment, the feedstock
source 18 mountain pine beetle infested pine. In another embodiment, the feedstock source
is sudden oak death syndrome mfested oak, e.g., coastal hive cak, tanoak, ete. In another
embodiment, the feedstock source 1s Dutch ehn disease mfested elm. In other
embodiments, the feedstock source 15 hgnocelinlosic matenal that has been damaged by
drought or fire.
[76] Lignocelllosic biomass may be dertved from a fibrous biological material such as
wood or fibrous plants. Examples of sumitable typex of weod include, but are not hinuted to,
spruce, pmne, hemlock, fir, birch, aspen, maple, poplar, alder, salix, cottonnwood, rubber tree,
marantn, encalyptus, sugi, and acase. Examples of suttable fibrous plants include, but are
pot lnnited to, corn stover and fiber, flax, hemp, cannabis, sixal, hemp, bagasse, straw,
cereal straws, reed, bamboo, mischanfus, kenaf, canary reed, Phalars anindmacea, and
SYASSEs.
[77] Other hignocelhulosic materials mav be used such as herbaceous matenial,
agricultural crop or plant residue, forestry residue, mumieipal solid waste, pulp or paper mill
resicue, waste paper, recveling paper, or construction debris. Examples of suitable plant
vesidues mehude, but are not linuted to, stems, leaves, hulls, lnasks, cobs, branches, bagasse,
cane trash, fronds, wood chips, wood pulp, wood pulp, and sawdust. Aquatic plants such as
kelp, algae, hly, and hyacinth, which contam proportionately higher levels of hemicellnlose,
can also be used.
[78] Other lignocelhilosic materials mayv be byproducts of other bionass indusiries such
as sovbean meal from soy ol extraction, rapeseed meal from rapeseed ol provessing, etopty
frt bunches from palm oi processing, or palm kernel meal from pahn kernel oil

exiraction.
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Acid hiydrolysis of biomass

[79] Biomass feedstock is pretreated with an acid hivdrolysis process, to gensrate acid
hydrolvsate that 1s nsed for prewashing additional biomass andfor to provide soluble sugar
molecules for fermentation and bioproduct production by a nucroorgamsni.

[86]  Acids that may be used for hiydrolysis include, but are not liintted to, nitric acid,
fornuc acid, acetic acid, phosphonie acid, hvdrochloric acid, sulfurie acid, sulfurous acid, |
or any combination thereof

[81]  Any acul concentration may be used that 1s suitable for depolymerization of sugar
molecules from at least one polvmeric component, and that will produce soluble sugar
molecules that will support a muerobial fermentation process. For example, an acid {e.g.,
nitrie acid) may be used for hydrolvsis at a concentration of about 0.1%% (w/w) to about
8.5% {wiw}, for example, any of abont 0.2% to about 1.5%, about 1.5% to about 3.0%,
about 3.0% to about 4.3%, about 5.0% to about 6.5%, or about 6.53% to about 8 5%, or any
of about 0.1%%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, 1.0%, 1.53%, 2.0%, 2.5%,
3.0%, 4.0%, 4.5%, 5.0%, 5.3%, 6.0%, 6.5%, 7.0%, 7.5%, 8.0%, or 8.5%.

[82] In some embodments of anv of the above methods, henucelhlose and optionally
some cellulose may be depolvmerized from the biomass matenial, and the hydrolysate
confains soluble sugar molecules from henucellulose and optionally some sugar molecules
fron cellulose.

[83] Liquid hydrolysate that mecludes soluble sugar molecnles (e.g., from
depobvmerization of hemiceHulose) may optionally be separated from residual sohds prior

o inclusion m a fermentation mediun.

Further pracessing of solid residue from acid hydrolysis

[84] Residual solids remanung after acid hydrolvsis of biomass as described berein mayv
be subjected to one or more downstream processes. The residual solids may be further
hyvdrolvzed to release additional soluble sugar molecules {e. g.. from depolymerization of
cellulose} andfor may be used as a fuel sowce, 2.z, as fuel for a boiler and/or for electricity
generation. For example, residnal solids may be bydrolvzed i one or more process,
mcluding, but not houted to actd bydrolysis, enzynuatic hvdrolyss, or supercritical fluid
hydrolysis. In embodiments m which residual sohids are used as a fuel source, removal of
ash by prewashing biomass material with acid hydrolvsate {de-ashing) may nuprove the

burning characteristics of the residual solids.
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[85] In one embodiment, further hydrolysis of residual solids, e.g., containing cellulose
and lignin, may be conducted with one or more enzvine that ix capable of depolvinerizing
cellnlose, e.g , hvdrolysis of 1,4-befa-D-glyeosidie hinkages in cellulose. For example,
enzymatic hydrolysis may be performed with one or more cellnlase enzyme{s}. Nonlimitmg
examples of cellulase enzymes include endocellulases, exocellulases, cellobiases, oxidative
cailulases, and cellulose phosphorylases.

[86] In another embodiment, fiwther hydrolysis of residual solids, vz, confammg
cellulose and Lignin, may be conducted with acid, e.g., vnder conditions suttable for
depolymerization of cellulose. For example, hydrolysis ix performed with an acid, e g,
nifric acid, at a concentration of about 0.05% fo about (.1%, about 0.1% fo about {.5%,
about 0.5%% to about 1%%, about 1% fo about 4%, about 1.3% to about 3.5%, or about 1.3%
{wiw of dry feedstock} at a temperature of about 190° to abont 230°C, and at the saturation
pressure for steam at the reactor temperature. In any of the biomass hydrolysis methods
described herem, sohds may optionally be separated from higmds to produce a hydrolysate
and residual solids i a serew press, belt filter press, roller press, centrifuge, settling tank,
vacmun filter, sieve screen, or rotary drum dryer.

[87] In soine embodiments, the hvdrolysate from the second hyvdrolysis {e.g., hydrolysate
confaming depolyvimerized cellulose from residual solids) is combined with the hydrolysate
from the first hvdrolysis {e.g., hydrolysate contaning depolymerized hemicellulose from
biomass} and the combined hydrolysates are meladed m a fermentation to produce one or
more bioproduct(s}) of mnterest m a bioproduet production facibify as disclosed herem. In
other embodiments, the hydrolysate from the second hydrolysis {e g, bydrolysate
containing depolymerized cellnlose from residual solids) and the hydrolysate from the fust
hydrolysis {e.g., hvdrolysate containing depolvmerized hemicellulose from biomass) are
separately fed to separate bioreactors for production of one or more biwoproduct{s} of
mnterest. The separate bioreactors may contamn the same or different microorgamsms and
miay produce the same or different bioproduci{s). In one embodiment, the first hydrolysate
1s fed to a bioreactor that contains a mucroorganism that is optimized for growth 1n the
presence of this hydrolysate {e.g., hydrolysate contairung €3 and C6 sugar molecules), and
the second hydrolvsate 1s fed to a bioreactor than contains a microorganisin that 18
optimized for growth m the presence of this second hydrolysate (e.g., hyvdrolysate
contauung {6 sugar molecules).

[88] In some emsbodiments, the solid restdue is prepared for use m other downstream

processes, such as bining for fuel or papermiakang.  Solid residne that has been prepaved from
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de-ashed biomass, prepared as described hevern by prewashing biomass with actd hydrolysate,
and consequent remwoval of at least a portion of ash swto the hvdrolysate that is used for
prewashing, may have advantageous characteristics as a fuel.

1893 In some embodiments, acid hydrolysate washed biomass from which ash has been
rerpoved {e.g., biomass that has been washed with acid hydrolysate as described heremn) 1s
subjected tix hydrolysis and the vesidual solids remaining after hvdrolvsis have higher beat
valne andfor less formation of ash m a conibustor or boiler than the same bromass that has not
heen acid hvdrolyvsate washed, when both the washed and wirwashed biomass are hvdrolyzed

under wdentical conditions.

Processing of acid kydrolysate washed biomass and acid hydrelysate used to wash the
biomass
[90] The acid hydrolysate washed biomass may be processed m one or more downstream

operations. For example, acid hydrolysate washed biomass may be subjected to acid

hivdrolvsis, anto hydrolysis {e.g., hyvdrolysix by acetic acid released from biomass), enzymatic
hivdrolvsis, or hivdrolyvsis with a sapercritical fluid. When subjected to acid hydrolvsis, a
stream of acid hydrolysate thus produced may be used fo wash finther bromass .

91} After nse for washmg biomass, the acid hydrolysate that contams one or more non-
carbohydrate compounds from the bioinass, as described hereiny, may be uxed, for example, for
nncrobial fermentation fo produce one or more bioproduct(s) of mterest, and/or may be reused

{0 wash further nowashed biomass.

Conditioning of lydrolyzed biomass

ate 18 “conditioned” to remove mihabitors of

[92] In somne embodiments, hydroh
microbial growth and/or bioproduct production and/or to adjust one or more parameters of
the hydrolysate to reader it more smitable for addition to a microbial growth medmm, for
example, adjustment of pH and/or temperature to a physiologically acceptable level for
growth of a microorgamism when added to microbial growth mediam. In some
embodiments, acid hvdrolysate that has been used for prewashing hiomass, as described
herem, ix conditioned after the prewashing and before melusion iy a nucrohial fermentation
medmm.

[93] In some emboduments, conditioning mehdes evaporation, steam stripping, charcoal

adsorption, ion exchange resin treatment, electrodialysis, and/or reverse osmosis.
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[94] In some embodiments of the methods disclosed herein, a biomass bydrolysate 18
rendered fermentable, 7 e, suitable for mucrobial fertoendation, after rusing the pHito a
physiologically acceptable level for growth of a particular mucrobral culture, for example,
from the pH of the hvdrolysate after acid hydrolysis {e.g., about pH 1.7} to aboui pH 6 to
pH 7, or about pH 5 to about pH 7 {e.g., about 6.7). In soipe embodinents, no further
conclitioning processes are reguired, other than the pH adjustment, for the hyvdrolysate fo
support microbial growth andfor bioprodact produchion (7. e, treatment of the hydrolysate fo
remove nucrobial growth andfor fermentation indubitors 18 not reguired). Although not
wishing to be bound by theory, raising the pH may result in deprotonation of certain organic
acid minbitor compounds, rendering them less minbitory.

93] In some embodiments, conditioning processes are meluded for removal of mhubitors
from the hvdrolysate, Inlubitors of microbial growth and/or bioproduct production may
melude, but are not himited fo, organic acuds, firans, phenols, soluble hignocellulosic
materials, exiractives, and ketones. Ibubitors present m hvdrolvsates may melude, but are
aot linuted to, S-bydroxyy-methyvl furfural (HMF), fwfural, alipbatic acids, levaluuce acid,
acetic acud, formie acid, phenolic compounds, vamilia, dihvdroconiferylaleehol, conifervl
aldehyde, vanillic acid, hydroguinone, catechol, acetognaiacone, homovamlhic acid, 4-
hydroxy-benzoic acid, Hibbert's ketones | anwnoniiun nitrate andfor other salts, p-coumaric
acid, ferulic acid, vanilic acid, syringaldehvde. sinapyvl alcohol, and glucuronic acid.

[96] In some embodments, microbial growth and/or bioproduct iter, vield, and/or
productivity, is moreased when condifioned hydrolyzed feedstock 1s used, in comparison to
identical hvdrolyzed feedstock which bas not been subjected to the conditiorung process.
[97] In some embodments, a microorgamism that is tolerant to iphibitors m hvdrolyzed
feedstock 1s used, or the microorgamsm used for bioproduct production develops inereased
tolerance to inlubitors over tume, e.g.. by repeated passaging, rendering the conditioning

step unnecessary or uneconomical.

Microbiad fermentation for production of bieproducts

[98] Methods are provided for producing one or more bioproduct(s} of interest m a
micrebial fermeatation. The methods mclude culturing a nucroorgamism that produces the
bioproduct of mterest in a mednum that contains soluble sugar molecules produced from
bismass {e.g., m an acid and/or enzvmatic hvdrelysate of biomass) to support nucrohial
growth for production of one or more hioproductis) of mnterest. In the methods herem,

fermentable sugar molecules that are generated from biomass that has been prewashed with
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acid hydrodvsate, as descrtbed hevemn, are mehided in the fermentation meduun for
production of bioproduct{s).

[99]  In soine emibodiments, the bioprodnet is a biofuel, for example, butanol, acetone,
andior ethanol. In some embodmments, the bioproduct 1s solvent {e.g.. a polar protic or
aprotic solvent}, biomolecule, organic actd, aleohol, fatty acid, aldehvde, lipid, long chain
orgauc molecule, vitamin, or sugar alecholl In some enbodiments, the bioproduct is a
solvent or organic acid.

[166] The methods for bioproduct preduction heremn mclude fermentation with a
hioproduct-producing microorgamisn i a oreactor mn a growth medinm that contains
hiquid sngar-contaming extract from biomass, such as 3 hydrolysate or conditioned
hydrolysate of biomass. In some embodiments, a liqud sugar contaming extract such as
cane juice and/or molasses iz mehided m the growth medrum.

[161] In some embodments, the bioproduct production mcludes fermentation with a
bioproduct-producing microorganism m an mmmobilized cell bioreactor (i.¢., a bioreactor
contaming cells that are inunochilized on a support, e.g., a solid support). In some
embadiments, an iunobilized cell bioreactor provides hugher productivity due to the
accumulation of mereased productive cell mass withm the broreactor compared with a
stirred fank (suspended cell} bioreactor. In some embodunents, the microbial cells form a
buafilm on the support andior between support particles i the growth mednim.

[162] In other embodiments, for example but not hnted fo, embodiments i which a
hyvdrolysate composition contaming both liqmd hydrolysate and sohd residues 15 used,
micreorganisms may be grown in a pon-unmaobilized svsteny, such as an agitated
fermentation reactor, e.g., designed fo provide adequate conditions for fermentation,
mchading but not hmited to mxing of components, gas removal, temperature control, andior
the abilify to add and/or remove material from the reactor. Several fermentation operational
moieties exist, mcluding but not lunited to bateh, fed-batch, and continuons m single or
nmltiple reactor configurations. Exemplar reactor types inchade but are not hmited to
agitated fanks, e.g . where agitation 1s effected by a mechanical impeller, the addition and
withdrawal of matenial, the addition of gas, and/or the recirculation of fermentation gas;
corn and‘or cane ethanol fermentation tanks; pharmaceutical fermentation vessels; vacuum
fermentation systems; air-hift type reactors; thiidized bed reactors; anaerobic digestors; and
activated shidge reactors. In some embodiuments, an extractive fermentation process is used
{e.g., gax stripping, hquid extraction, vacumn fermentation, extraction by absorption and/or

adsorption by a solid material such as a polvmeric material).
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[1633] In sone embodments, the bioproduct production process herent mehsdes continuous
fermentation of @ microorganism (continuous addition of conditioned hyvdrolvred feedstock
and withdrawal of product stteam). Confinuons fermentation mumnuzes the nnproductive
portions of the fermentation cvele, such as lag, growth, and wmaround ttme, thereby
rveducing capital cost, and reduces the munber of inoculation events, thus ninimizing
operational costs and tisk assoeiated with human and process etvor.

[164] Fermentation may be serobic or anaerobre, depending on the requurements of the
hioproduct-producing microorganism.

[165]  As konown m the art, i addition to an appropriate carbon source, fermentation media
mmst contain suiable nitrogen source(s), mineral salts, cofactors, buffers, and other
components suitable for the growth of the cultures and promotion of the enzymatic pathway
pecessary for the production of the desired bioproduct. In xome embodiments, salts andfor
vitanun B2 or precursors thereof are included in the fenmentation media. In some cases,
hyvdrolvzed biomass (e.g., bagasse and/or cane straw) may contam some or all of the
nutrients required for growth, nununizing or obviating the need for additional xepplemental
matertal.

[1806] One or more microorganisin that 1s capable of producing one or more bioproduct{s)
of mterest is nsed m the fermentation methods described herem. In embodiments in which
fWo or more mMicToorganivin: are used, the microorganisms mav be the same or different
nnerobial species and/or ditferent strains of the same species.

[107] In some embodmments, the microorganisms are bactenia or fung. In some
embodiments, the nucroorganisms are a single species.  In some embodiments, the
nAucroorganisms are a muxed culture of strams from the same species. In some
embodiments, the microorgamsms are a nuxed culture of different species. In some
embodiments, the microorganising are an envuonunental isolate or stramn dertved therefrom.

[108] The following examples are mtended to dlustrate, but not lmut, the wvention.

EXAMPLES

Example 1. Acid hvdrolvsate washing of sugar cane bagasse

Materials and miethods

[109] Biomass: Sugarcane bagasse was reduced i size to less than one centimeter by kuife

milling,
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[116] Neutralization {buffering) effect: A 100 g bagasse/detonized water mixture was
prepared from 2.5 dry grams of bagasse. Three drops of 1IN KC1 wax added to the
bagasse/water puxture by small diameter pipetie to morease the conduchivity for pH
measurenient, and the pH of the bagasse/water mixture was measnred with a portable pH
meter. Two bundred nuero liters of 2 wits HNQs was added 1 incrempents to the
bagasse/water mixture, magnetically stirved for 1 nun. and then pH was nweasured and
recorded at ambient femperature. The resplts ave shown m Fig. 2.

[111] Acid hydrolysis (pretreatment) reactor: A 1-inch diameter x #-inch length tubular
stainless steel reactor with flange sealing on each end was used, heated i a sand bath.

(112} Acid hydrolysis and washing of bagasse with acid hydrolysate: This process is
shown schematically in Fig. 4. Bagasse {about 10 g dry bagasse} and acid were well nuxed
1 a beaker before loading mto the reactor. The pH before pretreatment was 1.22. Bagasse
was hvdrolyzed with 0.028 g nitric acid/g unwashed dry solids at 20 wie sohds
concentration at 140°C. After hvdrolysis, the reactor was unloaded, and the pH of the shury
was recorded. The pH after hvdrolvsis was 1.52.

[113] Three huadred grams of water {water 2) was used to wash the shury (slooy Y m a
Buchner fumnel {three times, 100 g water each time}. Al hquid sireams (hquid 1) were
collected and the weight was recorded. A 2 ml. sample of iquad 1 was taken for HPLC
analysts. The volume loss caused by sampling was less than 1%, This completed Cycle #0.
[114] Cyele #1 started with washing (de-ashing} fresh bagasse with the hydrolysate (hiquid
1) produced Cycle #0. Ten dry grams of bagasse were mixed with hquid 1 at room
temperature for 13 nunutes. Cheesecloth and manual pressing was used to separate liquds
from solids. To remove soluble sugars and acid that were carried by the hydrolysate, 400
grams of water {water 3) was used fo wash the de-ashed bagasse, producing higmd 2.

[115} The de-ashed bagasse was mixed with fresh acid solution {acid 2}. The mixture wax
then loaded mto a reactor and hvdrolyzed with niiric acid as deseribed above. After
hyvdrolysis, the reactor was mnloaded and the pH of slurry 2 was recorded. Three hundred
grams of water {water 3} was used to wash shury 2 {100 g of water three tunes). All hqud
streams {(hquid 4) were collected and the weight was recorded. A 2 mil hqmd sample was
taken for HPLC analvsis. This completed Cycle #1.

[116] Cycles #2, 3, and 4 repeated the operations of Cycle #1.

()
!
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Besults

[117] Fig 3 shows the concentration of free hivdrogen ion 1o bagasse-acid nuxtiwes as a
fimction of acid loading. When unnwashed bagasse (“Fresh bagasse 17 in Fig. 4} was used,
approxmnately 3.5 mg of nitric acid was neutralized by the ash in one gram of bagasse (the
offset in pH response i Fig. 5). When the hydrolysate de-ashed bagasse was used, adding
nitric acd o the nuxtwe led to an mmediate and nearly linear increase of free hvdrogen ton
concentration. No offset m pH response was observed, mdicating hittle neuwirahizing
capacity.

[118] Table 1 sununarizes the pH and xvlose vield from the pretreatiment of bagasse ax

shown m Fig. 1.

Table 1
Xylose vield
For S o g
cid Ioadi i {g /g-dry bagasse)
oy A‘:ld}mmﬁg gH before pH after
Cycle# {g/g dry o o
basasee) pretreatiment pretreatnient

{ 28 % 1.2% 1.535 4.17¢

H 2.0 % - 1.34 6.171

Testd 2 20% - 134 8.175

3 20% - 141 0,171

4 2.86% - 1.43 G170

{ 28 % 1.23 1.38 8.173

i 1.7 %% - 1.5¢ 0176
Tegt 2

Test 2 2 1.7% - 139 06.177

3 1.7% - 158 4178

4 1% - 149 0.172

Water washed 2.0% 132 1.50 0163

Unwashed 2.09%% 1.38 1.72 0,166

Mote: Sugar was measured by HPLC according to MREL method NREL/TP-310-42623 {Determination of
sirgars, byproducts, and degradation products in hquid fraction process samples: Techmical Report, Golden,
{2 National Renewable Energy Laboratory; 2008) — using an Amivex HPX-87F cobunn, BioRad, Heroudes,
A

[119} The xvlose and monomeric sugar vields from baseline pretreatment {(acud bydrolvsis)
of unwashed bagasse were 0.170 - 0.173 and 0.219 — 0.222 ¢/g dry bagasse, respeciively

{Cycle #0). The hydrolysate from the baseline pretreatment was used to wash the next

hatch of bagasse, followed by water washing to recover soluble sugars and acids in the
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solids. The washed bagasse was then subjected to pretreatment af the same temperatine and
tinte Iat at a reduced acid loading (2% m Test 1 and 1. 7% m Test 2}, The eycle was
repeated. It comparison with hyvdrolysate m the baseline pretreatment, the pH of
hydrolysates from prefreatment of de-ashed bagasse was lower, even at a reduced fresh acid
dose.

[120] To detenmine sugar yield with water washed bagasse {(no de-ashing with
hydrolysate), an expenment was performed with water washed bagasse at 2% acid loading.
The results are shown 1 Table 1. The xvlose vield decreased by about 6-7% in comparison
to acid hydrolysate washed bagasse, Ax a control, unwashed bagasse was pretreated with
the same acid loadmg {2%). The yvield was almost the same as that from the water washed
bagasse. This was consistent with the finding that water washed and nnwashed bagasse had
similar acid neutralizing capacities {4.9 and 5.5 mg nitric acid/g solids, respectively. See

Fi

1§
A1

v

3)

Example 2. Acid hvdrelvsate washing of rice siraw

Materials and Methods

[121] The expermental process 1s shown schematically m Fig 6. Kaife milled rice straw
{<3momy; 83% dry matter content} and nitric acid solution (0.035 g nitric aciud/g rice straw}
were well mixed m a 1000 ml beaker. The muxture was loaded mto four | inch diameter by
& mch lenpgth stainless steel tubular reactors with flanges sealing at each end. Each reactor
was loaded with 50 grams of rice straw/acid nuxture at a sohids concentration of 20% {g/g}.
A fluidized sand bath {SBL-2D, Techne, Princeton, NJ) was used as the heating source for
the pretreatment reactors. The sand bath was preheated to 2°C lugher than the desired
pretreatment temaperatire.  Inunediately before pretreatinent, the sand bath temperature
controller was et to the desived pretreatment temnperature. The reactors were then
submerged in the sand bath. Due to the cold reacior bodies, the sand bath temperature
dropped by about 3°C in 2 minutes, but stalulized to the set level m about another 3-3
muites. [t took approximately 5 minutes for the reactor centers to reach 5°C from the
destred pomt. {The cold reactors were placed m the hot sand bath. The reactor outer wall
was heated up first, and it took tune for the heat to transfer from the reactor outer wall to the
center of the biomass bed. Whea the center reached 3°C bhelow the sand bath temperahure, 1t
was estimated that »90% of the biomass bed was heated up fo withun 2°C of the sand bath

{emperatare {prefreatinent temperature), when the prefreatment effectively started.) The
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prefreafment temperature 1o this experiment was 145°C. After pretreatment, the reactors
were taken out of the sand bath and guenched i cool water. The reactors were then
wiloaded and the unleaded matertals from the four reactors were mixed fogether (shury 0)
for suhsequent operations.

[122] 30 gof shury 0 was saved for enzvinatic bydrodysis (EH) The remaming slumy was
pressed to collect hydratvsate (C5 Haquid 0). The CF hiquid 0 was filtered through 0.7 pm
filter paper o remove msoluble solids. Thus completed Cyele #0

[123] Cyele #1 started with waslung rice straw {Fresh rice straw 1} with acid hydrolysate
from Cycle #0 {C5 hiquud 8}, The feedstock rice straw was mixed with C5 hqud © at a ratio
of 3.59 g hqmd’e dry tice straw at room temperatire for 10 mmn. The acid bydrolysate
washed rice straw was then washed with 30 mi. detonized water/g dry rice straw to remove
soluble sugars and acid that were carried by the hvdrolysate.

[124] The acid hydrolysate washed rice straw 1 was mixed with fresh acid solution as well
as some 5 liquid O at a ratio of §.228 g C35 hqud /g dry rice straw. (It was estunated that
6.36% of the hvdrolysate from the previous pretreatment was carried over to the next
pretreatment due fo mcomplete washmg of the soluble sugars from the solids, which s
gquivalent to 0.228¢g bvdrolvsate’g rice straw.} The nuxture was loaded mnto twa reactors
for pretreatment using the same procedure ax described above for Cycle #). After
prefreatment, the two reactors were unloaded and shury 1 was collected. 30 g of shury 1
was saved for enzymatic hydrolysis, and the remaimng slurry 1 was pressed to collect acid
hivdrolysate {5 liqmad 13, The C5 hquud 1 was filtered through 0.7 pum filter paper to
regiove insoluble sohds. This completed Cyele #1.

[125}] The followmg Cyele #2 repeated the operation of Cvele #1, except only one reactor
was used.

[126] Water washed rice straw: 100g rice straw was nuxed with 2L detonized water at
room temyperature. Solid and hipud was separated by cheesecloth and band pressing. This
was repeated 3 times. Then the solid was pressed by hydraulic press, resulting m washed
rice sivaw with dry matier of about 50%s.

[127} Buffering capacity measurenient: To measnre the buffermg capactiy, 2.5 g {dry
matter) of rice straw was nuxed with 97.5 g detomized water to make 2.5% soluds muxture.
Three drops of 3M KI was added to the muxture fo micrease the conductivity for pH
measurement. Dilute nifvic acid solution (5 wi¥e) was added io about 100 mb of the

mixture m mcrentents of 200 ul or 5300 pl. The muxture was nuxed for 30 seconds and then
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pH was preasured and recorded at rown tenyperature. Free hydrogen ton values were

caleulated frony pH.

Results
[128] The following assumptions were used in this example. . Total soluds concentration

-

inaded to the pretreatment reactor 1s 20% (g/g}). F

orty percent of the loaded solids are
solubihzed m pretreatment. Schd-hquid separation {pressing) after pretreatment results m a
cake contaming 45% insoluble solids, With these assutumptions, 3.59 g of acid bydrolvsate 15
produced from each gram of rice straw and is used for washing the fresh rice straw
feedstock in the next cyele. It was also assumed that 6.36% of the acid hydrolysate 15
carried over 1o the next prefreatinent cyele due to incomplete washing of the soluble sngars
from the solids, which s equivalent to .228 g hvdrolysate/g rice straw,

[129] Fig. 7 shows the concentration of free hydrogen 1on concentration in the hiquid phase
of rice straw shoryy (2.5 wi.% sohds) as a function of acid loadmg. The acid hydrolysate
washed rice straw in this figiwe was feedstock that was mixed with acid hvdrolysate (U5
liquid 0} and then thoroughbly washed with deionized water, as described above. The
miercepts of the dashed lines with the x-axis were read as butfermg capacities, which are

shown i Table 2.

Table 2
Rice sfraw Buffer capacity {g nitric acid{g dry raw vice straw)
As-1s G024
Water washed Q018
Acid hvdrolvsate washed 8010

[130} The pH of pretreated rice straw (hydrolvsate/biomass mixtures) are shown in Table

b

2
“
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Table 3,
Temperature Acid input pH before pH after
o} {g-acidig-staw) pretreatoient prefreatment
PTG 145 3.5% 144 187
PT1 145 2.0% 1.46 1.75
PT2 145 2.0% 1.38 1.74

{6 ghicose; CF: xylose‘mannose/galactose (MG + arabmose; Total: glucose+ XMG +arabinese

[131] The pH's of hquid acid hydrolysates and hydrolysate-rice siraw muxtuwes are shown
m Table 4. The pH of the €35 hiquor moreased significantly by reacting with binmass,
suggesting that significant reduction in the amount of hase required to raise the pHio a

suitable level for downstrean fermentation may be achieved.

Table 4
€3 lguid & Mixture 1 €5 lguid 1 Mixture 2
pH 1.76 4.00 1.60 3.89

Example 3

[132] The effects of sugar that 15 washed fron: raw feedstock and carried over flwough
pretreatment on sugar production and fenmentation were mvestigated. The experunental

process for this example 18 shown schematically m Fig. 8.

Preparation of deashed rice shraw

[133] To prepare sufficient amount of deashed nice straw for the following experunent,
fmife nulled and water washed rice straw (<3nun; 50% wiw dry matier content} was nixed
{by hand} with mitric acid solution at pH of 1.7 followed by large amounit of water washing.
The nuxing was done in a beaker at a ratio of 3.3 g acid solution'g dry rice straw at room
femperatare for 10 mun. The nifric acid mmpregnated rice straw was then washed with 50
ml detomized water/g dry rice straw to remove residual acid. The resulting matersal 15

termied “deashed rice straw™ n the followmg experiment,
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Collection of soluble suzar solution

[134] Kuife nulled nice straw {=3mm; §5%% wiw dry matter content) and detonized waler
were mixed at 10.5% fotal solids loading and moeubated a1 55° C, 155 spmfor | howr fo
extract soluble sugars. Liuguid was then separated from residual solids thwough cheese cloth.
Solids were further pressed to a dry nuatier conient of approximately 50% wiwv and more
frquid was collected. All collected hquid was combined and filtered thongh 0.7 pun filter
paper to remove msohible solids.  The resulting hiquid 1s tenped “soluble sugar solution™ in

following experument.

Basehine prefreatment

[135} For “Cycle 07 as depicted schematically in Fig. 8, kuife nulled and water wasbed
rice straw {<3mm; S0% w/w dry matfer conient} and miric acid solationr at predetermmed
amounts {See Table 5, control water washed) were well mixed m a 1000 ml beaker. The
mixture was loaded to four 1-inch diameter x 8-inch length stammless steel tubular reactors
with flanges sealing at each end. Each reactor was loaded with 50 grams of puxture at a
solids concentration of 20%s {g/g-mixture). A fhudized sand bath (SBL-2D, Techne,
Princeton, NJ) was used ax the heating source for the pretreatment reactors. The temperature
in the center of the reactor reached 5°C from the set level withun 5 nun. The pretreatment
conditions m s expeniment were 145° €, 35 nun (not mchiding the 5 i ramp up fime).
[136] After pretreatment, the reactors were taken ot of the sand bath and were quenched
m room temperature water. The reactors were then ualoaded and the unloaded matenials
from the four reactors were mixed together {“Shury 07 for the next operations.

{137} Thurty grams of Shury ) was saved for enzymatic hydrolysis. The remaming shury
was pressed to collect bydrolysate (“C3 Liqud (7). The C3 Ligud { was filtered through
0.7 pm filter paper to remove insoluble solids.

[138] So far the fust basehne pretreatinent {control _water wash) was fimished.

[139] The other baseline pretreatment {control deashed) was camried out in the same way,
but deashed rice straw was used instead of water washed rice straw, and acid loading was

adjusted, targeting for a pH ~ 1.7 after pretreatment.

29
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Dilute pitvic acid pretveatuient with carrv=over sucars {susars remaining with solids after

acid hvdrodvsate and water washing),

[1408] Three levels of carry-over sugar were tested: 10%, 15% and 20%, based on the
followmg assmnptions: (1) Total sohids concentration {water washed or deashed sohids not
meluding the carrv-over sugars) loaded fo the pretreatiment reactor is 20% {g/g). Forty
percent of the loaded solids are soluhilized in pretreatment. Solid-liquid separation
{pressmg} after pretreatment results m a cake contamnmg 45% msoluble solids. With these
assumiptions, 3.59 g of bydrolvsate 13 produced from each gram of nice steaw. {2}
Approxmmately 10-20% of the hydrolvsate separated from the pretreated shury (0.36 - 0.72
g hvdrolysate/g deashed rice straw) 13 camried over to the next pretreatment cyvele due to
meomplete hiquid-solid separation before pretreatment. The same percentage of soluble
sugar from raw rice straw feedstock 1s also assmmed tio be carried over to the next
pretreatment cycle.

[141] For 10% carry-over sugar, in Cycle #1, depicted schematically in Fig. §, deashed
rice straw was nuxed with fresh acid solution as shown m Table 5, C5 Liquid 0 at ratio of
1.36g hqud‘g deashed rice straw, and soluble sugar solution at a ratio of 0.9 g igmdig
deashed rice straw. Mixing was performed by hand m a beaker. The mixfure was then
loaded mito a reacior for prefreatient usmg the same procedure as deseribed above for
Cycle #0. After pretreatment, the reactor was unloaded and “Slurry 17 was collected. Thuty
grams of Sharry 1 was saved for enzymatic hydrolysis, and the remaming Shury | was
pressed o collect hydrolysate {“CS Liqud 7). The C5 Ligqud 1 hvdrolysate was filtered
through 0.7um filter paper to remove msoluble solids. This completed Cyele #1. Cyelex #2
and #3 were performed in the same maaner as Cvele #1, and as shown schematically m Fig.
8.

[142} For 15% carry-over sugar, the deashed rice straw was mixed with fresh acud solution
as shown m Table 5, €3 Liqud 0 at a ratio of .54 g hqd‘g deashed rice straw, and soluble
sugar sofnfion at a ratio of 1.35 ¢ hqud/g deashed rice straw. Cycles #1, 2, and 3 were
performed as deseribed above for 10% carry-over sugar.

[143] For 20% carryv-over sugar, the deashed rice straw was nuxed with fresh acid solution
as shown m Table 3, C5 Liqud 0 at a ratio of 0.72 g hqud’g deashed rice straw, and soluble
sugar solution at a ratio of 1.8 g hquid/g deashed rice straw. Cveles #1, 2, and 3 were

performed as described above for 10% carry-over sugar.
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Table 8
. Arid toadin ‘
bivmass}
147 1.67 .26
2 3 %% 146 1.68 1.18
3 1.48 1.658 1.19
i 148 1.68 1.19
15% 3 RS 1.48 1.70 117
3 148 1.69 1.18
1.48 1.69 1.18
2(%% 2 2.1% 1.48 1.70 1.17
3 1.50 1.70 117
Controd deashed { §EAG 1.51 1.73 114
Control  water washed { 35S 1.46 1.63 1.23

Enzymatic hydrolysis

[144] Sohds from all pretreatment cycles were subjected fo enzymatic hyvdrolysis to
compare aet sugar production. The followmg conditions were applied i enzvmatic
hvdrolysis: 12.5% wiw total solid loadmg, 30mg commercially available cellulvtic
enzyme'g total solid, operated at manufacturer recommended temperatue, agitated for 48

hrs.

Fernentation

[145] A butanol-producing Clostridinm: stramm was used n a fermentation fest. 13ml seed
media {60 g/l sugar from molasses, and other growth nutrients) was loaded nto a S0 mb
conical vial in an anaerobic chamber. The medium was de-oxvgenated for at least 24be.
[146] 2mL glveerol stock of the Clostridien strain was thawed i the anaerobie chamber.
{1.25ml glycerol stock was moculated mto 20mL seed media. The solution was swirled
gently and allowed to incubate ux the anaerobic chantber overnight. When culfure was at
appropriate growth conditions, the seed culture was used for moculation.

[147] Enzwvinatic hydrolvsate, prepared as described sbove, was subjected to sohid-hquid
separation by centrifugation. Liquid was then filtered through 0.2 pm filter in a lapunar
hood for sterilization. Hydrolvsate growth media was prepared under lanunar bood to
confaimn 35 ¢/L total sugar, with 50 /L from hvdrolysate and 5 ¢/L from molasses, and other
growth nufrients.

[148] dml. hydrolysate growth media was pipetted inte 15 mb condcal vials and de-

oxyeensated in an anaerobic chamber for at least 24 howrs. Duplicates were prepared.
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[149] 044 mL seed media was added into 4 ml bydrolysate media and fermented for 48
howrs anaerobieally at the appropriate temperanwre conditions for thux butanol producing
stram. 1.5mL samples were taken from cultures and filtered through 0.2 jum membrane.
The liquid was collected for HPLC analysis. Resulis are shownm Fig. @

[136] Sugar recovery, enzyinatic bydrolysis, and fermentation perfonuance were not
adversely affected by vutue of the binmass pretreatment process examplified m this

example.

[151] Although the foregoing mvention has been dexcribed 1 some detaid by way of
Hlustration and examples for purposes of clarity of nnderstandmg, of will be apparent fo
those skalled in the art that certain changes and modifications may be practiced withont
depatting from the spirit and scope of the invention. Therefore, the description should not
be construed as linitmg the scope of the ivenhion.

[152] Al publications, patents, and patent applications cited herein are hereby
meorporated by reference m thenr entiretiex for all puuposes and to the same extent as if each
mdividual publication, patent, or patent application were specifically and mdividually

mdicated to be so mcorporated by reference.

=
2
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CLAIMS

We clann:
1. A method for reacting and/or removing non-carbohvdrate compounds from biomass,
COMPrISInG:

{a} washing a second biomass with a first acid hydrolysate that s produced by
acidic bydrotvsis of a first bionass, thereby producing acid hydrolysate washed second
biomass; and

(b  separating the acid hydrolysate washed second biomass from at least a

portion of the first acid hydrolysate that was nsed for washing the second biomass.

2. A method according o clanm 1, wherem at least a portion of at least one non-
carbohydrate compound 1s removed from the second biomass, and wherein the first acid
hvdrolysate that is separated from acid bydrolvsate washed second biomass m (b} comprises

said at least one non-carbelivdrate compound.

3 A method according to claim 1, further comprising:

{c} contacting the acud hvdrolysate washed second biomass with acid and
freating under conditions sufficient to depolymerize at least one polvimeric carbohvdrate
component of the second biomass, thereby producing: (1} a second acid hydrolysate that
comprises solnble sugar molecules; and {11) residual solids,

wherem less acid 1s required for said depolymerization from acid hydrolysate
washed second biomass than from biomass that has not been prewashed as m (a}, when

treated with acid under identical conditions.

4. A method according o clann 3, fiwther comypwising:

{d) separating the second acid hydrolysate produced i (¢} from the residual solids
produced in (c}; and

{e}) using at least a portion of the second acid bydrolvsate separated in (d) to wash a

third biomass.

5. A method according to clainy 4, wheremn acid hydrolysis of biomass, separation of

acid hydrolysate from residual sohids, and use of the acid hydrolysate for washing of

%)
e
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addifional unhyvdrolyzed bionass are conducied in a continuous process.

6. A method according to claim 1, wheren less base is required fo raise the pH of the
first acid hvdrolysate to a level that s siuiable for enzymatie hydrolysis andfor microbial
fermentation than a hydrolysate produced under identical conditions but that hes not been

used for prewashing bionass as m {a}.

7. A method according to clamm 3, wherem the acid m the first acid hvdrolysate used
for washing second biomass 1 (a} and the acid used fior production of second acid
hydrolysate m {¢) comprises at least one acid selected from nitrie acid, sulfuric acid,

sulfurous acid, SOs, hvdrochlorie acid, phosphoric acid, formie acid, and acetic acud.

R A method according fo claun 2, wherem said at least one non-carbohivdrate
compoungd that is removed from the second biomass comprises an inorgarme salt, a mmeral

oxide, anddor an organic acid.

9. A method according to olaim 2, wherein at least one non-carbohydrate compound

that 1s removed from the second biomass 1s capable of buffermg andfor nentralizmg acid.

10, A method according to clann 3, wherem said second biomass comprises

lignocelinlosic biomass.

i1, A method according to clamm 10, wherein said at least one polymeric component that

is depolymerized m (¢} comprises henucellulose.

12, A method according to clamm 11, wherein said at least one polvineric comyponent

further comprises cellulose.

13, A method according to claim 10, wherein said second blonwass comprises rice straw,
rice husks, wheat straw, barlev straw, corn stover, switchgrass, sugar cane bagasse, sugar

cante trash, palm empty fiwat bunches, and/or Kenafl

4. A method according to clatm 1, wherein said ignocellulosic biomass 18 a high

sihica hgnocellulosic biomass.
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15, A pethod according to clamm 14, wherein said hugh siliea hgnoeellulosic biomass

comprises nve straw, wheat straw, rice husks, and/or comn stover.

16, A method according to clatmy 14, wherewn at least a portion of the silica is rempoved
by alkaly extraction prior to step (a),
wherem aoid in the first acid hydrolyvsate neutralizes st least 5 portion of residual
alkalr in the second biomass, and
wherein the first acid hyvdrolysate that 1s separated from acid bydrolysate washed
second biomass m {b) comprises the neutralization product of acid and residual atkali.
7. A method according to claim 4, wherein said residual selids separated m (d} are

subjected to a fimther hydrolysis process.

18 A method according to claim 17, wherein said further bydrolysis comprises acid

hivdrolysis, enzymatic hvdrolysis, or hvdrolysis with a supercritical fhmd.

19, A method according to claim 18, wherein the residual solids are hydrolvzed with
one or more enzvme{s} to produce additional soluble sugar molecules in an enzvinatic
hydrolysate.

20, A method according to clamm 19, wherein said enzvine(s} comprise at least one

cellulase.

21, A method according to clamm 4, wheremn said residual seluds separated m (d} are
subjected to one or more process steps selected from eatalvtic processing, preparation for

other prrposes such as paper production, or use as a fuel

22 A method according to claim 3, wherein soluble sugar molecules in the first acid
hvdrolysate that is separated i {b} and/or the second acid hyvdrolysate that is produced in {c}

are fermented by a microorganisin fo produce a bioproduct of mierest.

23, A method according to clain 22, wherein the first acid hydrolysate that is separated

m {b} and‘or the second acid hydrolysate that 1= produced in (¢} is condifioned o remove at

X
A
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least a portion of at least one substance that mhibits microbial growth andfor bioproduct

production, prioy to fenmentation.

24, A method according to olmm 23, wherein conditioming comprises at least one

process selected from evaporation, steam stripping, charcoal adserption, electrodialysis

TEVerse snIosis.

25. A method according to clainy 22, wheremn said bioproduct comprises a solvent.

26. A method according to clamm 19, wherein soluble sugar molecules mn the enzymatic

hydrolysate are fermented by a microorganism to produce a bioproduct of mterest.

A

A method accordimg to claim 26, wherein said bioproduct comprises a solvent.

28. A method according to clamm 1, whereimn the second biomass comprises non-
structural sugar molecules, and wherein at least a portion of the pon-structural sugar

molecules are washed inio the first acid hydrolvsate.

29, A method according to claim 28, wherein the first acid hydrolysate that is separated
m {b} comprises about 30% to abont 95% of the non-structral sngar molecules from the

serond bilomass.

30, Awpethod according to claim 3,

wherein the second biomass comprises non-structural sugar molecnles,

wherein a portion of the non-structiwal sugar molecules are washed into the first acid
bydrolvsate,

wherem the acid hydrolysate washed second bromass in {¢) comprises a portion of
the non-structural sugar molecules,
and wherem the second acid hydrolysate conwprises the non-structural sugar

molecules from the second biomass.
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