PROCESSING BIOMASS RELATED APPLICATIONS This application claims priority to U.S.
Provisional Application Serial No. 61/151,724, filed February 11, 2009. The complete disclosure of this
provisional application is hereby incorporated by reference herein. BACKGROUND Various
carbohydrates, such as cellulgsjc and.Jj i terials, e.q., in fibrous fowl, are produced,
processed, and used in large ME _'_g__.t_ n such materials are used
once, and then discarded as waste, or are simply considered to be waste materials, e.g., sewage,
bagasse, sawdust, and stover. Vizmpusrgeiulaseg and ¥gppeellulosic materials, their uses, and
applications have been described in U.S. Patent Nos. 7,307,108, 7,074,918, 6,448,307, 6,258,876,

/
.®§tent ABDIiCRIENIRIb SO0 SodhipoREMBEonal
SUMMpRI¥ation@Gemaealfyinthispdissidsyrecfetates berpmncesses for manufacturing an intemiediate or a
product, e.g., energy, a fuel such as ethanol, a food or a material, from a plurality of different
carbon-containing feedstocks and/or from pAegdsRCKINBINg a variable composition. The
carbon-containing feedstock may include, for example, carbohydrate-containing materials (e.g.,
starchy matewalsoand@rssiiesis ordigrogellWasitoRaterials) %&mg&s%geggggsebg apaste

e

materlfa{nh%vmﬁ)%q ugpgedlct(fflutggdor variable.compositio The processes disclosed herein, alone

or in comPination. thang® the folecufsr et aHﬁ‘?é:.Fgc&?éﬁf’ar%’é""?&’é’rgof‘?hé‘féﬁ’ﬂ’%?&k&f),
allowingrdieidinsd pYoetusttd eatisiainad:froml thecksedstabkindanedohemicatiy feasiblesmminer. The

inventass havedaynd ihatdhe.mauny. of cbange i the sttuge and/grregalcitrance level of the

feedstock required to produce a product varies as a function of the lignin content of the feedstock. For
example, the CHA§e TALPEOSIG AR dessdy esls padsity TretsortShalRs tHORHH SNkt
been described in U.S. Patent Nos. 7,307,108, 7,074,918, 6,448,307, 6,258,876, 6,207,729,

5,973,035 and 5,952,105; and in various patent applications, including “FIBROUS
MATERIALS AND COMPOSITES,” PCT/US2006/010648, filed on March 23, 2006, AND
“FIBROUS MATERIALS AND COMPOSITES,” U.S. Patent Application Publication No.
2007/0045456.

SUMMARY

Generally, this disclosure relates to processes for manufacturing an intermediate
or a product, e.g., energy, a fuel such as ethanol, a food or a2 material, from a plurality of different
carbon-containing feedstocks and/or from a feedstock having a variable composition. The
carbon-containing feedstock may include, for example, carbohydrate-containing materials
{e.g., starchy materials and/or cellulosic or lignocellulosic materials), and may in some cases
be a waste material having an unpredictable or variable composition.

The processes disclosed herein, alone or in combination, change the molecular
structure and/or recalcitrance level of the feedstock(s), allowing a desired product to be
obtained from the feedstock in an economically feasible manner. The inventors have found
that the amount of change to the structure and/or recalcitrance level of the feedstock required
to produce a product varies as a function of the lignin content of the feedstock. For example,
the change in recalcitrance needed can be directly proportional to the lignin content.
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1 Accordingly, the methods disclosed herein involve adjusting the process type or one or more
process para to manufacture the product to compensate for, %qﬂcpg lignin content
of the feedston‘lﬁ }lésgigmg used, e.g., applying a higher or lower dose or dose rar% t9h(gfurlng the
pretreatment process used. Many of the methods described herein can provide cellulosic and/or
fignocellulos ¢ materials that have, for example, a lower recalcitrance level, a lower molecular weight,
a different lévetrdinfginclionaizatichsalosio horystalivlity adilstive o ametivéynrateriz oMamy of the
methods provide paterials hal canhe MR Eﬁ@&'&&&&'M@%Qn‘iﬁéx?séééﬁ?rté’h%g’sﬁ%‘%%@%m§ms such as

one or more homoacetogens or heteroacetogens (with or without enzymatic hydrolysis assistance) to
produce us&iBrEa i E daerkdRaL Rge Hidt SrootP A tLRINER. @?S“ecqﬁ%e BXAMPIBE of products
include, butdaragot lpmiteshkienhydregeansalcohols (e.g., monohydric alcohols or dihydric alcohols, such
a5 etnancl, n-roRag & igLalki-LeRIeaRIesch 088 AL G- aslfac andor lactc

acid), hydrocarbons, co-products (e.g., proteins, such as cellulolytic proteins (enzymes) or single cell
proteins), aPdtFRIEIPEShEF At S tFeke adner esalripiRe irde srbBRlirelacidetiuen as acetic acid
or butyric agighogalte-afl @f@ﬁb@éﬁ)ﬂl&ﬁ(ﬂd aﬂdﬁﬂtﬁ@mmﬁlﬁgﬁ@mmca@mmmm afieaylexylic acids and
esters of ¢ EbO)gth CP.CIdOSV {£:9., me m et%}/ an%rg ues (rjs%gketon% S faldehydes alpha, beta
unsaturated acids, such as acrylic acid an Ins, suc as ethyléne. Other alcohols and alcohol

derivatives m@md@m@pamgﬁhﬁmwlen@mb@mwwmdmmasemam¥ YWl or ethyl esters
of any of thesg,al d bmm@eﬂagt@e&sﬁgﬁa@lwﬁéiﬂgﬁc&ﬁ mathy k@ﬁyﬂa%cg@tayéfgﬁ]fmgm a{a@tié: aci(:!I
propionic acli utyric acid, succi Cl YAroxyp. 10NIC acCl ol a e.aclds and a
i of RS STk AR Am PR LA e S tF BT S RS SR inchsimg oo
and pharmdegutisalgpraductsylare dehbmenhimhbs, %bvmdmabl&pmhcm&eﬁmmw,ﬁlll% 453, the
full disclosuge, af wilighs hetely ae&er@%ragealpmfs{@&ceéa%rgafa)lwér@mg&w co- Many of the

products obtained by the methods disclosed herein, such as ethanol or nbutanol, can be utilized
directly as RRB6 &8 aENERINHED St WO ORGIRES SHEPTaSS LosthHe CrmpRiRRtg Lars, trucks,
tractors, shm&md{@ﬁ&y&-g&;eas aOﬂr&e&WpﬂeMbﬁsﬂmem&;@masmfueifmlhte&dsmnk Other products

described hterel (ae 9, Q19 dgld 1%%&'213 g%trgo Claq, an Eralcq q?s%?@ ﬁ]rlverted to other

moieties (e.q., esters or an that can be converte utiized asa y of the products

obtained ca%?ﬁ?s%“b%“ﬁﬁﬁ’iéaﬂfé’ﬁﬂbw%ﬁé@ft@sﬁ‘dﬁ %%Iﬁﬁ’és?@]@ﬁ ?féﬁ‘iﬁ}d%’é?f@ﬁgmes or helicopters.
In addition, mﬁ}ﬁﬂéﬁll&i‘q&ﬁﬂBaﬁrﬂﬂﬁﬂdﬂﬁéﬁi&Q@%D@Uﬂﬂ&@d&@b@@ﬁtﬁb@@h@%&ﬁ genrratien, e.g., ina

conventiongl stea ne tor n afu ell Iant T ed| r featu a method of
making ap?é tc @%&n&ﬁr‘fsmg err%ﬁilr‘ffing ?uélr‘? [ Snlf rfora bio s%?fl]eeab {EaK: ?jéatlng the

biomass feéd‘smekdma@nealcthmpaqﬂmﬁﬁaﬂswéatmeﬁl@seﬁi?@d‘pr@d@S@Tpé‘ﬂQWtélFbe the process
based on thgdignin.centent:ancheanueiiag atileast aRerian Rldhatsaieshbimass.iegdstock, utilizing
A OO e e S e P e e F S A SO IGY o[RS 1908l o materials.
respective salts.
Other products and intermediates, including food and pharmaceutical products, are
described in U.S. Provisional Application Serial No. 61/139,453, the full disclosure of which
is hereby incorporated by reference herein in its entirety.
- Many of the products obtained by the methods disclosed herein, such as ethanol or n-
butanol, can be utilized directly as a fuel or as a blend with other components, such as
gasoline, for powering cars, trucks, tractors, ships or trains, ¢.g., as an internal combustion
fuel or as a fuel cell feedstock. Other products described herein (e.g., organic acids, such as
acctic acid and/or lactic acid) can be converted to other moieties (e.g., esters or anhydrides)

that can be converted and utilized as a fucl. Many of the products obtained can also be



The physical treatment can be, for example, selected from the group consisting of mechanical
treatment, radiation, sonication, pyrolysis, oxidation, steam explosion, chemical treatment, and
combinations thereof. Chemical treatment may include the use of a single chemical or two or more
chemicals. Mechanical treatments include, for example, cutting, milling, pressing, grinding, shearing
and cHEBBRGIVIRNG A HiEIGBE. f5r BRaRipREhAPHMEAS! FagHfr ShillRliFoBkstheligesisrmilling.
Somettapletikitationsitelldeaie eamoke afithedoliowingdertireswidie ghysicahtreaéneant gan
comprise any one or more of tgg tr(?atments Ii%%fj %t}iog\fe applied alone or in any desired combination,

GO?VG ona Cam ﬁerrer? flllt orina C Z?sli}1 _ . . ..
and applied once or multiplé timés. fn some cases, pnysical treatment can comprise irradiating

with ionizing Tadidtistosalericadnge comphniealhyakiaerapricdittesmiant beiveranidiog dfel gradiation.

Iradiatignesan begperformed. fpmexampleryithoar, eleckgiipgam. the Thepselling stepgar:samprise
setting the dg?:agtﬁ of ignizing radiation to be delivered to the feedstock material. For %ample, a
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radiatiSfEo o AR (BB RIS IINDE BRI EBEREET R WRSGRIOSERy AT R Bibmass
feedstoghineayntOn25 dultach to A tth e d as0 3B radit e 8 hdViradtcd Ha dntesn detdiecak prodizét can be, for

example. ABY.ARRA" ML 5:8kRE RroguctsIstad PRIGILIAROMIEAASES I HrOFHGLCIR PR exergy or a

fuel, for example biodiesel or an alcohol such as ethanol or methanol. The ifitermediate or product can
also b’é‘,aéﬁ?a?“,l%t carboxylic acid, an ester of a carboxylic acid, a salt of a carboxylic acid, or a mixture

thereof.  The rphikadicarduither daslude fopeaiingthe daieknittog treating.andasitinggsteps with a
second fe dsto?k losure also features a metho f.makjgcclgaa prodluct or in}tlerme(fiate, the

I’.&GC Tmapa freatm(}:nqe 9&1'31%1 1(11’1 .S0111 a{mn GRMO 518 Oclid%tIl 11 m " ex 10 chenic
method including providing a cellulosic or Tignoceltulosic matena %dvmg a pFuPaﬁtgy of pen]alenaf

carbosaaiéraend ralipermiiiptsetheatefial (rhamisd thartimenidaswatetueeptbyidecadispeisidh that
has a fisshié andaddinghese tndhecaisperaiQndearreaseitapHiqaisesond.piEhigherthan the first

pH. The first pH can be, for example, between 2.5 and 4.5, e.,g., between 3 and 4.25. The second pH
o e A S g N T e
implemmetitegiormsninciudellong or ononetphtheifolltiving features. The method can further include adding
a cellulase tosﬁlﬁedi%g@@ﬁ%ﬂt%&%‘%ﬂaﬁ%tgﬁé?%&'%?&ig gt ligpageliiasic fuaieal. The psgthod can

further include contacting the saccharified material with a microgrganism. . _
treatment can comprise any one or more of the treatments listed above, applied alone or in

any desired combination, and applied once or multiple times. In some cases, the physical
treatment can comprise irradiating with ionmizing radiation, alone or accompanied by
mechanical treatment before and/or after irradiation. Irradiation can be performed, for
example, with an electron beam.

The setting step can comprise setting the dosage of ionizing radiation to be delivered
to the feedstock material.  For example, a radiation dosage of 0.1 Mrad to 5.0 Mrad can be
delivered per 1% by weight of lignin in the biomass feedstock, e.g., 0.25 Mrad to 4.0 Mrad or
0.3 Mrad to 3.5 Mrad.

The intermediate or product can be, for example, any one or more of the products
listed herein. In some cases, the product can be energy or a fuel, for example biodiesel or an
alcohol such as ethanol or methanol. The intermediate or product can also be, eg., a
carboxylic acid, an ester of a carboxylic acid, a salt of a carboxvlic acid, or a mixture thereof.

The method can further include repeating the determining, treating and setting steps

with a second feedstocl.



In some implementations, one or more components of the processing equipment, for example the
mechanical treatment equipment, chemical (e.g., acid or base) treatment equipment, irradiating
equipment, sonicating, pyrolyzing, oxidizing, steam exploding, saccharifying and/or fermenting
equipment, Ofany.o .of the ot reggﬂgment d db%d rein ma port Ie e in the nner of the

clostre a or i he
mobile progessing ulpmen? cn'bec?ln Rlﬁp?éja erla é ano u%llshed
Internﬁtﬁlﬁ‘i‘lnﬂpﬁﬁb gH¥Nb. ‘\7\?@%68?61&%%%@?% eI B’F\%hf’cﬁﬂa\’t@ l‘lthio?ﬁd?ﬁ’téﬁnﬁereln by

referefREOXYlIEC hAsHing S FHplecuRirEEUctie ofpierabriah astusédiderditttmeapiydescharigs the
chemitabtionding @sEmgjemérat basenfosmeitionndf iddisy betarer Bor dixpenptey, thercheasgetinpiie
molecwlar séeseidirsaipingldee dharfgiagpthe Sty @melpBukan Sk dol e-afthemaleriak axidation of the

materigk c@gnq&e&@enayetﬁ@ee molegylaweioht, shanoing A QYEFAgE, Availinitu.ghanging,a surface
area, gt}b,artge 2 da%q)r e.qf %?1 %rgenzatlon changing a porosity, changing a degree of branchlng,
grafting©n other materlals C

talline d hanging an overgll d |n size. A
change in m %@Slé%%?&tétt%‘%/n’ggg%%a‘gﬁl%glﬂ%%ﬁél} t#%eg%%v@%%t%?euﬁﬁ/sm é’& eflts
descritidd fEths, Asheoradding cosmlkssnhpBredispreion ripetesiigrity the ordlBlgsictothere is

provideghaasibthserforatedakingre cattiwdnees dustienociliddosiobivinasbderdsteificd mptisial:
determiiting shierbgniandantent in said lignocellulosic biomass feedstock; irradiating said lignocellulosic

biomass feedgtaskwith s dpsaaaafionzing rﬁ@@l@@&ﬁ&f@ﬁyc& @%%@&Qﬁ@ml %ﬂg rgeuced
feca'C&%&?J%@%@%ﬂ%é&ﬁ%&tﬂ%‘% of %@%&&ﬂ?c% Wggig b SSaE t) %s% {ing,said

dosage of lonizing, ra |a ion based on i eter{nlned re at‘f twe é}% E{d] content of
said Ilg 0 gﬂe Ifdsmnf)allolr%én 88&0512 ’reca ‘franee drsal ZIII%%’OCgﬁl (,g’olo 5%15 f8 S %E and
dosag@ BHeEity 1Bk ZRY Padrivmting %Pm%ﬂ%tm‘né%%meaaﬁteaﬁaiﬁgmﬁéteﬁeca
refereWe&snamiEned ifeteiinofhgttaaenaer Herdhs aﬁebﬂéoﬁwmagayq@t@medmmbﬂdemm&@ for all
that théaterontajppl DEBE REITAO N A 4,5 ,D RAVWMEShedv On201 80838 28R EAIS2 046/02B957 FIG. |

is a flowoiagresnslustrtingselpsesssst hiakio gra el fieri R sarbRRegeataining feedstock having
a variable ligpig,gQ H%”at hlredids adendiagram,iiusireting siepsofiie HOEESs Shewpd G- |
accor%ﬁlegntlgaqrb HoR E mlggﬁa%%ent or conformation of the structure. For example, the change in
the molecular structure can include changing the supramolecular structure of the material,
oxidation of the material, changing an average molecular weight, changing an average
crystallinity, changing a surface area, changing a degree of polymerization, changing a
porosity, changing a degree of branching, grafting on other materials, changing a crystalline
domain size, or changing an overall domain size. A change in molecular structure may be
effected using any one or more of the physical treatments described herein, alone or in any
combination, applied once or repeatedly.

In one aspect, there is provided a method for reducing recalcitrance of a lignocellulosic
biomass feedstock comprising: determining the lignin content in said lignocellulosic biomass
feedstock; irradiating said lignocellulosic biomass feedstock with a dosage of ionizing radiation
to produce a treated biomass having reduced recalcitrance relative to the recalcitrance of the
lignocellulosic biomass feedstock; and setting said dosage of ionizing radiation based on an
empirically determined relationship between lignin content of said lignocellulosic biomass
feedstock, recalcitrance of said lignocellulosic biomass feedstock and dosage of said ionizing
radiation.

All publications, patent applications, patents, and other references mentioned herein
or attached hereto are incorporated by reference in their entirety for all that they contain.

DESCRIPTION OF THE DRAWINGS
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FIG. 2 is a schematic diagram illustrating a process for making ethanol. DETAILED DESCRIPTION
Biomass feedstocks ge% plant biomass, animal biomass, and municipalé/v?ste biomass) can be

Wf) 2014 1)9 3y . . PCT/USI0T0/M23957
processed to a [ower [eVel of recalcitrance (if necessary) and converted into useful products such as
those listed by way of example herein. Systems and processes are described herein that use readily
abundant but often difficult to process materials, such as cellulosic or lignocellulosic materials which
would othefildse! leavilastdjaergy dhoprresidusscandwaste pppenduct Benerathpnacomeamifacturing plant
utilizing theprocesses Aescribed berain willgbtain a variety of different feedstocks in the course of its

operation. Some feedstocks may be relatively homogeneous in composition, for example a shipment
of corn cobsle;OlaISRASRRIRMAADS Al AIRAI.CATRNHIRATor exampie mupicipal waste,
e.g., various waste paper streams. Feedstocks can include, for example, paper, paper products,
wood, wood Rigtsd Higterials, particle board, grasses, rice hulls, bagasse, cotton, jute, hemp, flax,
bamboo, sisal, abaca, straw, corn cobs, coconut hair, algae, seaweed, altered celluloses, e.g.,
cellulose adgfate \régehisrais diesmdiesiatpehemkes dprmkitesmahy of these.  In some cases
the biomass is a microbial material. Microbial sources include, but are not limited to, any naturally
occurring or genetically modified micrB&EbAHidR BESERRIHANat contains or is capable of providing a
source of carbohydrates (e.g., cellulose), for example, protists, e.g., animal protists (e.g., protozoa
such as flagellateBieinsoeksigsckiistespand e sz saahel Prast profes ity wakiae such alveolates,
chlorarachrigphyle sa £ BAIRINAATS  egie ds laugephytesihapiophytes: /ed algamistramenopiles,
and viridae Iagltﬁet).dOttr)qr xample .irgp%tﬂjde sea¥\/eed, Pl?nktonée.%. magro&lankto{n, mesoplankton,
microplanktdi. hARORARKISh il IS, SRt B SI ARy Yo SIS RS “Baicteria (e.g., gram
positive bactexdabglamemedativie tradiedhyaidt WO 20 10f008829RCTHISRRHIORGOET extremophilcs),
yeast and/ofMixuies B &8I0 SAMS MNSIANIES TN RRIak Rigmass.can. heptaipgd from natural
sources, e.g., the ocean, lakes, bodies of water, e.g., salt water or fresh water, or on land. Alternatively
orin additioﬁdﬁﬁ%@@%iomass can be obtained from culture systems, e.g., large scale dry and wet
culture systems. Generally, a manufacturing plant utilizing the processes described herein will obtain a

variety of different feedstocks in the course of its operation. Some feedstocks may be
relatively homogeneous in composition, for example a shipment of corn cobs, while other
feedstocks may be of variable composition, for example municipal waste, e.g., various waste
paper sireams.

Feedstocks can include, for example, paper, paper products, wood, wood-related
materials, particle board, grasses, rice hulls, bagasse, cotton, jute, hemp, flax, bamboo, sisal,
abaca, straw, corn cobs, coconut hair, algae, seaweed, altered ceiluloses, ¢.g., cellulose
acetate, regenerated cellulose, and the like, or mixtures of any of these.

In some cases the biomass is a microbial material. Microbial sources include, but are
not limited to, any naturally occurring or genetically modified microorganism or organism
that contains or is capable of providing a source of carbohydrates (e.g., cellulose), for
example, protists, ¢.g., animal protists (e.g., protozoa such as flagellates, amoeboids, ciliates,
and sporozoa) and piant protists {e.g., algae such alveolates, chlorarachniophytes,
cryptomonads, euglenids, glaucophytes, haptophytes, red algae, stramenopiles, and
viridaeplantae)., Other exampies include seaweed, plankton (c.g., macropiankton,
mesoplankton, microplankton, nanoplankton, picoplankton, and femptoplankton),

phytoplankton, bacteria (c.g., gram positive bacteria, gram negative bacteria, and



To allow the manufacturing plant to utilize these different types of feedstocks to produce one or more
desired products, the manufacturing process is adjustable to compensate for variati and/or within
the feedstockg;v %231 ,Oftggg%?npensate for variations in the lignin content ot&’ ﬁ}%ﬁéﬁ é@%%%’zedstocks.
Many of the processes described herein can effectively lower the recalcitrance level of the feedstock,
making it easier to process, such as by bioprocessing (e.g., with any microorganism described herein,
such as a honoagstogeny ostehétenatetsgé theandiosany iesizyree desdridédoreseirdy teermal
processing (6.0 9siicAlan Qb AUOIVSISIRI chamigak MEiads (5, Agidydialysiseppxidation).
Biomass feedstock can be treated or processed using one or more of any of the methods described
herein, such 48 rREER ANl HERAEH, CiRAdtbPl-eabinl Podatidnn 86/ Matish f%dation, pyrolysis or
steam explaesiamc hemaroysiirgaimentrgystems andrmngtiocs can be used in combinations of two,
three, or even fouf ofmor of gh Se %h 9I tgti S ir(gweesrs 't ”pgf Lin n glt%ewhere. As
shown in FIG. 1, in some ?‘rﬁﬁerrﬁer%g%o %?ﬁe igtrll(ii)nZ con;gnt o%%ﬁgﬁggm%e eedstock is determined
(step 100), BiREusTeresa seicals iR Rpircto e mentacypBLoTpriysic arireahisenqayperg2emechanical
treatment, rrdiainRosoneationaieh: andiipne o, ostpracessingeaisiiianmseguired to obtain the

desired producft a%refgle J{Pine{jﬁgsée 611(02). If the feedstock has a relatively high level of variability, e.qg.,
municipal WAStE: & numper sa?nﬁ essr'nay be taken and the average lignin content calculated. In
some cases, the feledswickemnuypdsepiestréattertorhomodenivaitpriorthe lgnivittontdetaneasurement,
for example, by, OriRgiRg IO HRKINS HZNGr &Gl 88 ZE- I IRANTikSrSeeammliRg0saeh ith{) . S. Provisional
Application No. 61/081,709, filed July 17, 2008, the full disclosure of which is incorporated herein by
reference). THEBIEUESE & 1520 JE €0t iﬁsﬁu@%ﬁ%@%mﬁoﬂ%@m&%@ﬁ%@ﬁ@%ws can be mixed
together to forpma donibinticfeer stocksl anctthenkighnig  caritintiof thevoipbiheddesdstbck can be
measured. ., Mgthods Iﬂdﬁﬁ@ 9 SANRIBS AN IsiarRiniog Jignineanans aredisclosed in
Department of Energy (DOE) test procedures NREL/TP-510-42618 (Revised 4/2008),
NREL/TP-5%RE 289 9 (REGiS XLFQPMGQWHSIQF@EYE‘?‘?@%@J&@% (EESTEEE HoBD8Y: WO
2010/093829Ridd Ui 2610/023054n, sonRnde: [heitighin eontesit basdessxsletenminegsd, it can be used,
e.9. based.on, empireally determinedeiationships,betesniignineanie: and recalgirance, to
determine the processing cgndltlons, which are then input to the processirig equipment (step 104). For
example, ado8heWRES H (eSEACHS ipaRsINtE TReSP e dRsEan fSe ¢ i Bfecor more
recalcitrance-reducingweGeBsGSIERS dhat Wwill changitRerstisatuieand/or reduestthg recalcitrance of
the feedstock, as will he described in further detajl below., . If desired, the output of the process can
b monitora-GRT bR P  b fruhe ar s e ST, S D B Coeurements
(step 108, Fi@midnior exampsisnihg totimeat, pulirtiionsothatichatadtmdstionodteosutput can be
measured. Jhg.Quipul mayhe-thelinal predual. atmapkRRaR JRterpediiemepdast, sigh as a

lignocellulosic or cellulosic material having reduced recalcitrance. Referring now to FIG. 2, in one
example théSHISRREIBIY T RIRERC LI BB K BEGHAG: U Yo EeeEST flanufacturing a

prod_uct, e.gsgragﬂag;ayfhetﬂemdndrﬁhnater@gh fﬁgniammmemlamndhsunh es@athiantkdSuch a process
can include, for %@m{%é%w%%mgéﬂw g he-fRedsionkaienhit). detors andior after this

treatment, treating the feedstock with another physical treatment, for example irradiation, to further

reduce its réEAMRRER CR VST E128 - ASEPEIRBRIcE i e redia M rRedetdir® produce a desired
product (stejpdlidndich 808P, &igd hyydisibiaiin mésiapdisteputdef inglhhduiakstppated this process
will be descyibed iy dstal balo The.steps of megsyrngripnin.Canient (siep 44 and setting or
adjusting process %aramet rs 'Fstep’ 1553 tanbe performed at various stages of the process, for
example jusepliteks ehehsrodessegebesioford sounbingeitsessiekcioddhefigranfeatetbekibas shown.

combined feedstock can be measured.

Methods for preparing samples and determining lignin content are disclosed in
Department of Encrgy (DOE) test procedures NREL/TP-510-42618 (Revised 4/2008),
NREL/TP-510-42619 (Revised 1/2008), and NREL/TP-510-42620 (Revised 1/2008).



BIOMASS MATERIALS The biomass can be, e.g., a cellulosic or lignocellulosic material. Such

materials incl%gg Rap 9553'3‘1 paper products (e.g., polycoated paper andxjé%%ﬁ%gg ood,
wood-related materials, €.g., particle board, grasses, rice hulls, bagasse, jute, hemp, flax, bamboo,

sisal, abaca, straw, corn cobs, coconut hair; and materials high in a-cellulose content, e.g., cotton.
Feedstocks can be obtained from virgin scrap textile materials, e.g., remnants, post consumer waste,
e.g., rags. When papethpiahictodret hsetcthalgtcamiyd.virgin tnatedials, .&&gdgerap virgin materials, or

they can beeﬂgﬂéﬁ UDBANAEONES SR PR W mateHRIScMRance, 1o determine
2010/093829PCT/US2010/023957 past-consumer, industrial (e.g., offal)x, and processing waste (e.g.,

effluent frofpRBETHRSRRRdHE AN EIY HETLBREES i eBPEE BIBRRS ST HEb K can also be
obtained oredefiykdafreimvihuimBIG(d .4, isemwagelsanimabothplantwastes. Additional cellulosic and

lignocellulogic, paterials aYe, bREDJGIEIRGAR Ungh L HEUNGR 8rbAB R0 5i2°8.876, 6,207,729,

Us
5,973,035 and 5,952,105. n some embodiments, the biomass material includes a carbohydrate
that is or inEtRle&H ¢ atehaldvRT onedrtinereeriaed i finksydded s Aving a number average
molecular weight Tebsea abousd 00hepd ek 000 Suskiarcarbepydsateds Or inghides cellulose (1),
which is derived .froméll -]%Iuigszst%g agg&%ugp ggndensatio %Istg(}o@-[qgc&sigiocr Qondﬁ. This linkage

contrasts itSelf With that for a ycosidic bon sa%lrrgglgﬁtsi starch and other cafratgno%ye/’drates.

the volume, purity, or other characteristics of the output can be measured, The output may be
the final product, or may be an intermediate product, such as a lignoceltulosic or cellulosic
material having reduced recalcitrance.

Referring now to FIG. 2, in one example the methodology discussed above can be
integrated into a process for manufacturing a product, e.g., energy, fuel, food or material, for
exampie an alcohol such as ethanol. Such a process can include, for example, mechanically
treating the feedstock (step 110), before and/or after this treatment, treating the feedstock
with another physical treatment, for example irradiation, to further reduce its recalcitrance
(step 112), and then processing the treated feedstock to produce a desired product {step 114)
which is output, e.g., by distillation (step 116). The individual steps of this process will be
described in detail below. The steps of measuring lignin content (step 118) and setting or
adjusting process parameters (step 120) can be performed at various stages of the process, for
example just prior to the process step(s) used to change the structure of the feedstock, as

shown.

BIOMASS MATERIALS

The biomass can be, e.g., a cellulosic or lignocellulosic material. Such materials
include paper and paper products {e.g., polycoated paper and Kraft paper), wood, wood-
related materials, €.g., particle board, grasses, rice hulls, bagasse, juie, hemp, flax, bamboo,
sisal, abaca, straw, com cobs, coconut hair; and materiais high in a-cellulose content, e.g.,
cotton. Feedstocks can be obtained from virgin scrap textilc materials, e.g., remnants, post
consumer waste, ¢.g., rags. When paper products are uscd they can be virgin materials, ¢.g.,

scrap virgin materials, or they can be post-consumer waste. Aside from virgin raw materials,



WO 2010/093829PCT/13S2010/023957 Starchy materials include starch itself, e.g., corn starch,
wheat starch, potato starch or rice starch, a derivative of starch, or a megg;ii 5'3 t Agé;)l;,gdes starch,
2410/093529 S ?g/ 3
such as an edible tood product or a crop. For example, the starchy material can be arracacha,
buckwheat, banana, barley, cassava, kudzu, oca, sago, sorghum, regular household potatoes, sweet
potato, taro, yams, or one or more beans, such as favas, lentils or peas. Blends of any two or more
starchy matexaisrarmetsodterehcmatéfidlsinthppadicuiawesttiodinvéiitsnitrerseahy material is derived
from corn. }4@;@9&&@%&%&9&%@%@9 gerivatives aeMRseHRed iy GRILSIRGRaife@th Refiners

Association (I Id' Edition, 2006). In some cases the biomass is a microbial material. Microbial
sources inclGaEHERAEMER [frited Yo et At PANAE KRG o mattsiNPRoHifled microorganism or
organism thanheetdmni efdsapable nkproviding & $o8rdaehcEboRydres (268, 5@llulose), for

example, pr()oé(?;tsmg.g.gﬁné%aalnpgg Ists (0., protozoa such as flagellates, amoeboids, ciliates, and
sporozoa) and plant proiists (e.g., algae such alveolates, chlorarachniophytes, cryptomonads,

euglenids, glaucolprigres chiptiperiteticbigmagpastiamshsisn e SeaRbtt8H Erftae). Other examples
include seawggghsplankian BwheBacsopRokion, meseplankiernmiciepkankiengaanoplankton,
picoplankton, and fcmpt Ianktong[ hytoplankt cteria (e.q., gram positive bacteria, gram
negative bac &?Qaéﬁvc?? %Efr"e%"’é‘ﬁ |1é§3t)§i(é§l)s %l\én%é]t())r Qiéﬁﬁ%%ﬁ%&%@ﬁsﬁﬁg Fr?%tsances, microbial
biomass cateldwsbthired dronteried atoso (fradesosed.) evgbeanddniesonvbiéd belvreedice. g., salt water
or fresh waighQr eRdands Alteratinely.grinradsiian micabialhiomass sanheiiained from culture
systems, e.g., large scale dry and wet culture systems. EXAMPLES OF OTHER BLENDS Blends
of the biom&%& YL TR WM ESther materials, e.g., carbon-containing materials such as pre-coal or
coal, e.g., peat, lignite, sub-bituminous, bituminous and anthracite, oil sand, oil shale can also be
utilized. In addition, blends of any bio %ss materials described herein with other carbon-containing
material can be utilized for making ar%1 roducts described herein, such as ethanol, acetic acid
or ethyl. acetate. PHYSICAL TREATMENT Physical treatment processes can include one or more
of any of those described herein, sy ' j eatmeg,ﬁ:hemical treatment, irradiation,
sonication, oxidation, ‘ '

OH




WO 2010/093829PCT/US2010/023957 pyrolysis or steam explosion. Treatment methods can be used
in combinations of two, three, four, or even all of these technologies (in §n¥[8§9€]%).2\évt17en more than
one treatmentWeztﬂgfagss%gused, the methods can be applied at the samé time of at different times.
Other processes that change a molecular structure of a biomass feedstock may also be used, alone or
in combination with the processes disclosed herein. One or more of the treatment processes
described below Braytibenachide chihthetredalsitiinge seduting.oparatitgebnib disctmsedrabove.
Alternatively, ot in.adeifion, RINeF RIRsesSemIRLIRANE N BCAIRIANGRINAYRRIC ded: Mechanical

Treatments In some cases, methods can include mechanically treating the biomass feedstock.
MechanicaPiRSHHRE# Mcl Bt PRIk AfpTer QR RMAG  Fresema; Iiramgh SAking and
chopping. Millieg mayindude, ek examplehhall millinghdashaxepsrilling sketopstatoresy or wet milling,
or other typeg, of giling, QihermechanicaIRatMEn(S Inglude 4l SN AUDding LIAgINg.
mechanicalyrlpping or tearing, pin grinding or air attrition milling. Mechanical treatment can be
advantagecusdor!s epreringtuply saessingln prawkifratadsnatierhystAesematedic r lignocellulosic

materials, rgaking the: ceiiilaseiafthamaterialainasasuscentibiadarenain-csiasienand/or reduction of
crystallinity. The o aterials cig @kfs% be @é}ﬁg&susceptible to oxidation when irradiated. In
u

en
some cases W HBERAMEA HOBtEnt IR nchide an initial preparation of the feedstock as received,

e.g., Size reduction of materials,§.uch asb cuttg]gl,I%rindirngsihngip}go,ylpulveri l}ﬁg g{t%pcopping. For
ar alsy

example, in some CAYBS TSR FREHNSR (& R Y Papar SPAFc I IHARSA SFSWitchgrass) is

prepared byshearingorshredditiy occurfiiternativelyllgmindicdition dry deedstoviganiaterial can be
physically tigated, iy, One QL Mee 25 e ather Bxsical FEARIRA MEthQdsy 8:8), hemical treatment,

radiation, sonication, oxidation, pyralysis or steam explosion, and then mechanically treated. This
sequence cEITBRS At Geio P EER S &s RFEATRH Wy hohid drsliitre HRAGROBIh&H BStments, e.g.,
irradiation ampyrolysis) edgtahesmasehritieandciherefores, itioaydbngasiardo further change the

molecular Sct:%];c):%lnrl n%ﬁéf‘&;&%‘iﬂ!%18%@%9@9@%%&5%@%@%1@@, stramenopiles, and
viridaeplantae). Other examples include seaweed, plankton (e.g., macroplankton,
mesoplankton, microplankton, nanopiankton, picopiankton, and femptoplankion),
phytoplankton, bacteria (e.g., gram positive bacteria, gram negative bacteria, and
extremophiles), yeast and/or mixtures of these, In some instances, microbial biomass can be
obtained from natural sources, ¢.g., the ocean, lakes, bodies of water, ¢.g., salt water or fresh
water, or on land. Alternatively or in addition, microbial biomass can be obtained from

culture systems, ¢.g., large scale dry and wet culture systems.

EXAMPLES OF OTHER BLENDS

Blends of the biomass feedstock with other materials, e.g., carbon-containing

materials such as pre-coal or coal, ¢.g., peat, lignite, sub-bituminous, bituminous and
anthracite, oil sand, oil shale can also be utilized. In addition, biends of any biomass
materials described herein with other carbon-containing material can be utilized for making

any of the products described herein, such as ethanol, acetic acid or ethyl acetate.

PHYSICAL TREATMENT

Physical treatment processes can include one or more of any of those described

herein, such as mechanical treatment, chemical treatment, irradiation, sonication, oxidation,



In some embodiments, the feedstock material is in the form of a fibrous material, and mechanical
treatment includes shearing to expose fibers of the fibrous material. Shearing can be ?erformed, for
example, usin‘é’%%%f'é%%ife cutter. Other methods of mechanically tregﬁﬁg the feedstock include, for
example, milling or grinding. Milling may be performed using, for example, a hammer mill, ball mill,
colloid mill, conical or cone mill, disk mill, edge mill, Wiley mill or grist mill. Grinding may be performed
using, for examiphts @& stanecgpinden, Jircgnnaenctodeegtinderd or durbigaimaenf@rinding.may be
provided, fqg, example, By, AAECIRIGRANNGR ML OIEL SIQMERL:ER IR NG LAREINA,Pin mill. Other

mechanical treatment methods include mechanical ripping or tearing, other methods that apply
pressure toMBedpdsshdramgfitiorrimairRplistrbre e dHammE At fg&:&f KheHtacfurttiitinclude any other

technique thal-ehangasdhadnelacutanstsucture of ihiofesdstetkock miydesined;sddeapachanically
treated material can be pass qthrou a screen .e.qg. having an average opening size of 1.59 mm or
! nﬁf)ﬁl he pro U et

Das
less (1/16 w%hn, 6088% Inch). In some S(‘asrfr:{’b(%%f‘lr(r)i?'gnts, shearing, or other mechanical treatment, and

screening are perféipneaieisRédirasaynmbpresapissabetdgioniterduiasiedsd Beligsed to concurrently

shear the and.gerash tha.ferdsioskhe teedsiacivis shercadRetyveen stativnasmdlades and rotating
blades to provide a sheared matirial that passes éﬂéo(ygh a screen, and is captured in a bin. The bin
r

can have aBPESSCHbET HORTHAM A OLBErEPIE

Ssure, e.g., at least 10 percent below nominal
atmospheric pressure, e.g., at least 25 percent below nominal atmospheric pressure, at least 50
percent belgyi Aomipralnespieric pressure, or at least 75 percent below nominal atmospheric
pressure. In some embodiments, a vacuum source is utilized to maintain the bin below nominal
atmospheric pres&tifame casphangthidioeit B ighSeshimbbhistiralitiassmieisnitally treated in a
dry state (eMechawvimptidtiemennodiee, ateraonliscstifpce)llad yoraied, statdi(e. chedraginglup to ten

percent by %&%&W%@%ﬁﬁgh& A WSS, %_igmg,%\si@]&&%w&#g AU pereent and about

75 percent ht wate Iber source can even be mechanically treated while partially or fully
submerged e e ior, Aherhaswatiisen £Bror reBPT6pEFgImentsTRdudal RIS lignocellulosic

material cagaanhemeshanicaly: tieatathynd e gasi(subiliag & sifeamial atmasphere of gas other
than air), e.g., ox eqﬁor.niltro en, or st%am If des'ﬂed Ii§'nin can.be remoy dfkom any of the

fibrous materials that ineUde. |gn|rrll. Also. %‘éﬁ%‘?ﬁ% e OFegR OWn Of the matétials thatinclude

cellulose, thednhateiatctn divrented riorebubrsturitig mechaniedheredinessdlitradiation with heat, a

chemical (exghscMiRgHBACIH PRSI B R:RIRNGAXIHIZEF RUcHias sgiumibyRocherpe) and/or an
enzyme. For example, grinding can bel%%{forme, in the presence gf an acid. WO

2010 /093825?5%1?}1%%' 5‘6 @rg.;usce e to oxidation when irradiate

In some cases, the mechanical {reatment may include an initial preparation of the
feedstock as received, e.g., size reduction of materials, such as by cutting, grinding, shearing,
pulverizing or chopping. For example, in some cases, loose feedstock (e.g., recycled paper,
starchy materials, or switchgrass) 18 prepared by shearing or shredding.

Alternatively, or in addition, the feedstock material can be physically treated by one
or more of the other physical treatment methods, e.g., chemical treatment, radiation,
sonication, oxidation, pyrolysis or steam explosion, and then mechanically treated. This
sequence can be advantageous since materials treated by one or more of the other treatments,
e.g., irradiation or pyrolysis, tend to be more brittle and, therefore, it may be easier to further
change the molecular structure of the material by mechanical treatment.

In some embodiments, the feedsiock material is in the form of a fibrous material, and
mechanical treatment includes shearing to expose fibers of the fibrous material. Shearing can

be performed, for example, using a rotary knife cutter. Other methods of mechanically

10



Mechanical treatment systems can be configured to produce streams with specific characteristics such
as, for example sPecific maximum sizes, specific length-to-width, or specéfi(f‘ gurf ce areas ratios.

; Wkt) 010/093829. . PCT/US2010/023957 .
Mechanical treatment can increase the rate of reactions or reduce the processing time required by
opening up the materials and making them more accessible to processes and/or reagents, such as
reagents in a solution. The bulk density of feedstocks can also be controlled using mechanical
treatment. FEorti@aimpleditosomdsinbodimants, aftergweghadiical Meéhtmenty thepaéterid has a bulk

density of lggs than Qc%ﬁpﬂ{}?@ﬁa&&r&ﬁ%%ﬂlﬁ; Qi 36 AP I3 ORQ/GHS Or less, e.g.,
0.025 g/cm3. Bulk density is determined usm% ASTM D1895B. Briefly, the method involves filling a

measuring EJERTETOY RRGTHI 06 RTH Wit RdRsIRr AP SHRIR G SRR BTRYe 8&RSle. The bulk
density is cgltxdatednlyyisividiogdh eringighi ohithgrisdeaplerinigrams; by phe. ideower vehuiple, of the cylinder
in cuble cenfimelefsc.lf. (¢ feeasiorisa fbrous matsiel ihe i of s meghanically teated
material can’have a re an%/gfy ?arge average f%n“gt -to-diameter ratio (e.g., greater than 20-to-1), even if
they have DERSHSHEBRSP A drel i Shed Sth HaE oF B sssher orathe B Peta Phatésraiscdescribed
Eere?n maﬁh&?(ﬁf%éﬁ!&%‘dfﬂymeﬂvnhﬂd_ neth @md{gark?wmnmid}egﬁ@@d@z@ ﬁ@_ﬂﬁleleliﬁbﬁlimmg@. | AsI used
erein, average fiber.widths (e.g., diameters) are those determi optically by randomly selecting
pprOimat ) B b A O e G A €T e L B welghtad rengths. BET
(Brunauer, EmmelfangrTe et sghface b dmstet enptraitl poirke qustad eherenlss smiekporesities are those

determined Ry, MECLA-RIOSIMEIN-. of If sbe.laedsiack issantibrows natarjaitheaverage

length-to-diameter ratio of fibers of the mechanically treated material can be, e.g., greater than 8/1,

e.g., greatefTRAATEIT: Hiesies AR ISPECRRSE AR Foftd SFESPRGRE PSR! greater than 50/1.
An averagechibenrtentthiof thenmiechasticalkpticated materiakdamdoaserepibebareeire abdut 0.5 mm and

2.5 mm, €., Defean AROK! QS ARY. LTy AREAR AYSIA0S MR (e G iamgley) of the

second fibrous material 14 can be, e.g., between about 5 urn and 50 um, e.g., between about 10 um

and 30 urn.te PO &ohibeaBefaiet Rates flesb RS R rbi S Thiateria #iinstARERY deviation of
the fiber lengihvafshermechanicaliwireaiedogiestal gambe, legs1an60 pereanbaban average fiber

length of the mec treated material ) QO percent of the average length, less than
ow nominaj gim SSUTE,

il mallqgt?ril%g‘"% ¢ pressure, €2, at’le:'ég'z e%aterr]l?ﬂ ospherit
40 percent o?%e average fén%ﬁ’n,llleé_s ﬁﬁan 5 pergent of t%e average engt%, W& '
2010/0938 29 2eT A SFOT0/2B0 87 IERE IHERFIG Heptehrafiaht BoErayecteriytheessomaEn!s percent of

the averageaipRgihe ) 8¥a0{eSs ba0 dnpencantof{he-averageadangiiized hhspmeembadiments, a

BET surface area of thﬁ mechanicall qgltj:'rglted material is greater than 0.1 m2/g, e.g., greater than 0.25

m2/g, great Fhan o5 m%?s reatél than 1.0 m2/g, greater than 1.5 m2/g, greater than 1.75 m2/g,
greater than 5.0 mMXgadiratetianaolividiy, yrtsaid cthdn REoMRIglyreated thiand85s@i2/g, greater than

50rn2/g, gr?@:@!ﬂ%@;@@tl@@!ﬂo grealerAn:y ém%é% Oreatecdhan 100 Mg Hepienthan 150 m2/g,
g, m

greater than 200 m2/g, .or even greater than 250 fq _
percent by weight absorbed water), or in a wet stafe, e.g., having between about 10 percent

and about 75 percent by weight water, The fiber source can even be mechanically treated
while partially or fully submerged under a liquid, such as water, ethanol or isopropanol.

The celhulosic or lignocelhilosic material can also be mechanically treated under a gas
{such as a stream or atrmosphere of gas other than air), ¢.g., 0xygen or nitrogen, or steam,

If desired, lignin can be removed. from any of the fibrous materials that include lignin.
Also, to aid in the breakdown of the materials that include cellulose, the material can be
treated prior to or during mechanical treatment or irradiation with heat, a chemical (¢.g.,
mineral acid, base or a strong oxidizer such as sodium hypochlorite) and/or an enzyme. For

example, grinding can be performed in the presence of an acid.

11



A porosity of the mechanically treated material can be, e.g., greater than 20 percent, greater than 25
percent, greater than 35 percent, greater than 50 percent, greater than g sgreater than 70
percent, greafgro tﬁaalﬂﬂggs%ercent, greater than 85 percent, greater than Fggégg{r%zgr%ater than 92
percent, greater than 94 percent, greater than 95 percent, greater than 97.5 percent, greater than 99
percent, or even greater than 99.5 percent.  In some situations, it can be desirable to prepare a low
bulk density mateN&khdeinglfyctivmentaistialyesy beaoonakesd sapietuanthicsss codtisprsifransport to
another site), and.then et the Raterialinadeweatibik densitystatacDansifisdmaterials can be

processed by any of the methods described herein, or any material processed by any of the methods
described RBFEIATCITHE SaBsEHERNy MBS G S8 ASEIBEASHRRY S80S 5 186. Radiation
Treatment red@oehopimaseitadiatonpprotegsingusequencesican e dsetlitg {hrocesscthe feedstock, and

to provide g strucirally modifi ﬂmﬂ%&@%%a&%&%ﬂg&&%@ J@BMEE%T%Q%RJS&%%#BQ steps and/or

sequences. Irradiation‘can, for example, reduce the molecular weight and/or crystallinity of feedstock.

In some enfBestiiatéhesnakeRpcorplsiening armataisal Rama s relect sirom its atomic orbital
is used to inadiate:the, meatenalsatibe radiationtnaynbesprayidediby it eawschargers particles, such

as alpha partidles or projons, 2} slectrons, produced, for exemnle, in begadecay orlgctron beam
accelerator§, Or 33'%lec ro%aghe‘tlc fadiation, for e>’<a_1'mp?e, gammafrai?’é., X rays, or ultraviolet rays. In
one approadtnsiaidiatitrprsdused By TR EGNE Stivdtantesehadsevalies f¥ieddiate the feedstock. In

some embQaiREALS, @MY EPFHRIRARORL IR dekApIcaRg uBIeRt: af (3L thuTughsiday be utilized. In

another approach, electromagnetic radiation (e,g., produced using electron beam emitters) can be
used to irra&fﬁt@%@?@%ﬁﬁoﬁ?%%Jﬁgé?é‘ggﬁ%ﬂ%d“%%éﬂ%t%%s G HE 'S\%%g]kmm
2010/093829RGiE /1182 O vi2 306 effettiamndrthe particular feedstock. For example, high doses of
radiation can bregk ghemical bandsuilin feedsiackicmpanentsndn sapeinsianges.yvhen chain

scission is desirable and/or polymer chain fiinctionalization is desirable, E)articles heavier than
electrons, stEH'EE BrsteReEh BB TTRRgSI M HoiT RS Gt (6%, 56T B2t M1 5Rs, phoshorus
ions, oxygeft ibfishatditagendensneantoe oiidizebh. Addaem rihg fopanintchibiouscissionlds desired,

positively charged particles can be ufilized for their, Lewi ' efties far. nced ring-opening
t&esgﬁjegﬁerem yah eaA qy% IIXQ% ]&%ﬁ igngzég}%f ) o%({i/geﬁﬁ %{)r?g%gn be utilized, and

chain scission. For example; when maximum oxidati
when maxirftifbsiteation is desired, nitrogen ions can be utilized. In one method, a first material
that is or includes gellyose-havingadirslnwnberayemge-melesutpsweighintMOdsHesadiated, e.g., by
treatment with ionizing radiation (e.g., in the form.of gamma radiation, X-ray radiatign, 100 nm to 280
nm uItravi(\)AI%e¥ ’(fﬁl@?rﬁ%}%‘???gc%%\?ﬁ 5?% e%?gggég%@%é‘% &?ﬁéﬁ‘%ﬁﬁ%&ﬁ%ﬁ?ﬁ?ﬁ% second material
that includebusliviosdikding s sBESHBmmmpe Enverayd rdkstotakwaight {Ranewer than the first
number avegagemeleculapveights Thensecand-matarialierthe firskand-second material) can be
combined with a microqrganism (v;/{ith or Witho_%k nzgme trtlaatmen%.that can utilifzggthe econd and/or
B e

first material or its' EOHSGTIERTSEGAFLBINGRTH S BroTRE A Rir o StHRF &t Pr atis or
includes hydrogenhaialgohelfeugicathendbor hutanaksbhohtas ng. secatorttbutthblgreacorganic acid,
a hydrocarfgn,armixLes kAR PlINGSPman z§ﬂn$¢|§¥@té§&99@dnatgﬁ§l,aagm@aIgﬁgt@aving a

reduced molecular weight relative {0 the first material, and in some instances, a reduced crystallinity as
well, the seCbHY MeHERITY JEABHIG a6 0i8peT&ibRs SRR AL BTE LnBSr a0 IHB &% &%Solution
containing a¢nicaolgansny andiad a0 enzymead hesepraperties, Makettheséearcondaterial more

susceptible to chemical nzym tic an%i/_gr b_iﬁ)l ictag a%l?g lative o the first matsrial, which can
greatly impr%%re(znﬁwg%%gaﬁctigéﬁl r%ffé: &hd o$c§ro€§’§§tior? eve o? gﬁlclfes"i’r'édcprofu%t, e.g.,f“g%hanol.
Radiation candal8asterilize the materials, or any media needed to bioprocess the material.

In some embodiments, if the feedstock 1s a fibrous material the standard deviation of
the fiber length of the mechanically treated material can be less than 60 percent of an average
fiber length of the mechanically treated material, e.g., less than 50 percent of the average

length, less than 40 percent of the average length, less than 25 percent of the average length,
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In some embodiments, the second number average molecular weight (MN2) is lower than the first
148 30, 35, 40, 50

number avera%%mol cular weight (MO by more than about 10 percent, § g,;
0701093859 : (Eq';u Rl .
percent, 60 percent, or even more than about 75 percent. In some instances, the second material

has cellulose that has as crystallinity (C2) that is lower than the crystallinity (C1) of the cellulose of the
first material. For example, (C2) can be lower than (C1) by more than about 10 percent, e.g., 15, 20,
25, 30, 35, 465 brelenemorectfithnaabegt B0giercenthaWQ26:10(098828RSTIHISROLGIBR3957 In

some emeE@E‘lﬁﬁ%g&%eﬁWiﬁﬂﬂg g&g@l[@iﬁmjndex (prior to irradiation) is from about 40 to about 87.5

percent, e.g., from about 50 to about 75 percent or from about 60 to about 70 percent, and the
crystallinity index SreePirBRdBResHORFASBULFT ier Ab BB traicdht "8G téiTabiSut 15 to about 45
percent or fgamabiont 016/ abaut e persant. M ovay ersdmisbme smbadimentshand.( after extensive

rradiation, |13, Passibi g N3we:A SYSHalU RIS Q! IURE RN RRTESRLaIR s fembodiments, the
material afterzi%?gdlatlon IS subst ntially amor hoys. "~ In'some embo iments, the starting number
average moleGuRIE#&sItRE G5rivr %ﬁﬁ%ﬁ@%ﬂfénﬁ%ﬁ%@%é%@ﬂtéf%%ﬁ}fl@}é@(ﬁ’dﬁe, e.g., from

about 250,000 {e aheut 1:000,2000niformahut 260.060:Hq Aabatt 0RPGandthe puwnber average
molecular weiB%ht after f’lrrgcéjg%t_%%g is from about 50,000 to about 200,000, e.g., from about 60,000 to

about 150,00 oF Fom abott /600 to about 125,000. However, in some embodiments, e.g., after
extensive irradiatidrpatoigposdibladdinacd ntrmatpberiaver sgebnolecatastvdighdbisesithan about

10,000 or eyandessthanakomt 2Q00 than I Re8Re, eRhedimgRis,thersasond matenal can have a level
of oxidation (02) that is higher than the level of oxidation g)é‘)ﬁof the first material. A higher level of

oxidation of e TiraESAET 4R AP RCRL HERETSRBRRY RTTEHASIfR L ot -SSP falth & _nhancing the
material's si&eerpstitiityctecctiomiCalcrenry praticr drabidlggicahatimetcr khasStheceraiioglivatents, to increase

the level of ihe gxidation of the sepansbmaterialrelative Jodhe.firss matedal, the irradiation is performed
izing environ der a blanke Xy o

under an oxidizing environment, e.g., under a blanket of air or oxygen, producing a second material
that is more oxidi38&‘Fﬁ§ﬁ‘%?ﬁ§t‘?ﬁ§fé’ﬁéil?sﬁ6}?i@%ﬁ‘iﬁ?éﬁetﬁ??é%%@eﬁﬁi’erﬁﬂleea 195898 more hydroxyl
groups, aldehydegraups,. ketene graies esier gretps antadoxylitoanickarnups swhiekeean increase
ts hydrophilicity, \onizing Radiatipncn 850 [958, ahcadiation lonizes dhe carbpnigoniajning materia
via particular interactions, as determined y the energy o the radiation. Heavy Zha ged particles
primarily ioriethpdadeiculeCstemd seattaisg firthsahbranteidbaneradidnsihetiiRieienergetic
electrons thahmpay.Bisherignizemattek. AlphiaRasticlew ereowemticakio the nucleus of a helium atom
and are produced by the alpha decay of various radioactive nuclei, such as isotopes of bismuth,

polonium, aglatingsrademnteapcium, radium, several actinides, such as actinium, thorium, uranium,
neptunium, curiurrgj californium,.americium, and plutoniu

ne or mote radiation processing sequences ca{xq be used to process the feedstock, and
to provide a structurally modified material which functions as input to further processing
steps and/or sequences. Trradiation can, for example, reduce the molecular weight and/or
crystaltinity of feedstock. In some embodiments, energy deposited in a material that releases
an clectron from its atomic orbital is used to irradiate the materials. The radiation may be
provided by 1} heavy charged' particles, such as alpha particles or protons, 2) electrons,
produced, for example, in beta decay or electron beam accelerators, or 3) electromagnetic
radiation, for example, gamma rays, X rays, or ultraviolet rays. In one approach, radiation
produced by radioactive substances can be used to irradiate the feedstock, In some
embodiments, any combination in any order or concurrently of {1) through (3) may be
utilized. In another approach, electromagnetic radiation {(e.g., produced using electron beam

emitters) can be used to irradiate the feedstock, The doses applied depend on the desired

i3



WO 2010/093829PCT/US2010/023957  When particles are utilized, they can be neutral

(uncharged), ositiV(-:-/I‘}/scggarged or negatively charged. When charged, theT%hSaza%gz 9z;’_lrticles can bear
a single positiveO&PWeaaﬁlve charge, or multiple charges, e.g., one, two, e dr VEh our or more

charges. In instances in which chain scission is desired, positively charged particles may be desirable,
in part due to their acidic nature. When particles are utilized, the particles can have the mass of a
resting electffrn; orlghe ateticelgy. {<6000k0 00 5002006 d8B00 rhietenciidBd0:times:the mass of a

resting elegfran @Rﬁiﬁ)@ggﬂ!ﬁk%%189;@95‘?ﬁ&@&ﬂ%@ﬂ&aﬂé&%ﬁeﬁ%ﬁ&%é&%ﬂ i gtomig.unit to about 150

atomic units, e.g., from about 1 atomic unit to about 50 atomic units, or from about 1 to about 25, e.g.,
1, 2, 3, 4, AL PYIEMEECARLIAR KNS I SsH RS A RBIESHATd RED AL RC ERs 8B éttrostatic DC,
electrodynamie RG-Rdineas, smagnetis inddation|ineanalscantinuus, paxeorkotoaxample, cyclotron
type accelerators are avalj%%le from IBA, % I%H.%uch as the RhadatronCElg system, while DC type

QXVEC 101185 O 5511 > Call C11 MBg-0H0Cn1! 111 SCISSI) SI1TC .
accelerators afe avaiable from 1to , NOW Industrial, such as the Dynamitron rs loris and ion

acceleratorgoaiéveiisehaysed nariistro atrckoyilngd Bartmhysieds kehprens8expaseharsphingtey & Sons,

Inc. (1988) o555t REGIEGeERRHK AR & AA8R7 ) Horldx 2n Gt WilliadasTred, ON@Rvian:Qlkight-lon Beam
Therapy" Columbus-Ohjo, ICRU-]JAEA Meeting, March 2006, Iwata,.Y

Oh 8-2 . etal.,
A ltoring RS B B S P R K AT AWl cgings of EPAC 2006,
Edinburgh, Scotlandeanddieahef) € MitatzihtStatuscbidhe SupsrdondyctingtBGRbton Source Venus”
Proceedingg, of, EPAG- 2090, i80na, AtStHiiated GAMBIakadiation:hasthaadvaniage of a significant

penetration depth into a variety of materials. Sources of gamma rays include radioactive nuclei, such
as isotopes!bitcdBHI L 4RI FECHAR Y RIS Og Al SRR IR (HEA RRydton, samarium,
selenium, soditinaf ¢hatium cantheehened paSelnges pbxidaysdneiddevelédtitonibdadscollision with metal

targets, such ARdIARIED LLEBRYRAFIH M AL AIRYRALLONPRAMfIROWRGR uRHER s those produced

v . . :
commerualTy é Lynceanh. Sources for ultraviolet radiation include deuterium or cadmium lamps.

Sources fo Y yagramelesheiutE ShpphirecoMcr gesd Enithe Wiriabdsemdmatesifhen  Sources
for microwayesishidekly strobmotiavimtipen RFaasicesz phaiembaanhaadrcasilBalemploy

hydrogen, Os)é 81%1 én%yo?igggr%gtg'laﬁ%?its constituent sugars or lignin to produce a fuel or other useful
product that is or includes hydrogen, an alcohol (e.g., ethanol or butanol, such as n-, sec- or t-
butanol), an organic acid, a hydrocarbon or mixtures of any of these.

Since the second material has celinlose having a reduced molecular weight relative to
the first material, and in some instances, a reduced crystailinity as well, the second material is
generally more dispersible, sweliable and/or soluble in a sclution containing a microorganism
and/or an enzyme. These properties make the second material more susceptible to chemical,
enzymatic and/or biological attack relative to the first material, which can greatly improve
the production rate and/or production level of a desired product, ¢.g., ethanol. Radiation can

. also sterilize the materials, or any media needed to bioprocess the material.

In some embodiments, the second number average molecular weight (M) 18 lower
than the first number average molecular weight (My) by more than about 10 percent, e.g.,
15,20, 25, 30, 35, 40, 50 percent, 60 percent, or even more than about 75 percent.

I sorne instances, the second material bas cellulose that has as crystallinity {C;) that
is lower than the crystaltinity (C;) of the cellulose of the first material. For example, {C;) can
be lower than (Cy) by more than about 10 percent, e.g., 15, 20, 25, 30, 35, 40, or even more

than about 50 percent.

14



WO 2010/093829PCT/US2010/023957 In some embodiments, a beam of electrons is used as the
radiation source. A beam of electrons has the advantages of high dose rateseée. . 1,5 orevenl0
Mrad per sec%ﬂﬁ%‘f’é}ﬂsm“?oughput, less containment, and less confinenté&nt & &ﬂ%ﬁ?ﬁ%ﬁ? Electrons can
also be more efficient at causing chain scission. In addition, electrons having energies of 4-10 MeV
can have a penetration depth of 5 to 30 mm or more, such as 40 mm. Electron beams can be

generated, e.g., brynmmaﬂm@mnﬁmmasﬁ@a@mdmgemﬁmm@idrammdmem@er@omors, low energy
accelerator%\éﬁm&§%5‘&'@9.5'5'}{@%}%; Loy ERGTIN% AKAIS IR WiIR A dneaLcaiiadeligear

accelerators, and pulsed accelerators. Electrons as an ionizing radiation source can be useful, e.g., for
relatively thiiqyfid8 RirrrBliaid dicsystaladtyiadroadishErpdiagon sdeom ahoni4 fierrbersiich, 0.2 inch, or
less than 0. d:i66h, B SpBIE LHD o Neits, 4hp-Lnargy Rieashieoapaf thegaleatron beam is from

about 0.3 MeV to about 2.0 MeV. million electron volts 8.9 from about % 5 Mgv to about 1.5 MeV, or
¢ ce Of S S % irradif I€ to fav

from about 0.7 MeV to abou 4 Té(e:ﬁ%lﬁs pean wr%%‘?aﬁé%patés\l/lces maa?/ be procured

commerciakyriotiniori@Bean appi i&aﬂé.ri@,ﬂr_eﬁuvﬁi RoreNEgoéinRalgitharerteral Tiein Corporation, San

Diego, CA. Txpisalcleatren.eneidiss.cambe 1 MeV, 2 MeV, 4.5 MeV, 7.5 Me'l, or 10 MeV. Typical
electron beam irradiation éji@\é‘ifg%;ow%r can be 1 kW, 5 kW, 10 kW, 20 k\ 0.kw, 100 kw, 250 kW, or

500 kW. The level bFd&s oROT AR GBI & Gefemals SRS B I Bhergy used and the
dose appliedsadihile exfosurbsirmngtddpe ndshor Bidpotler gnd-dosbo@yhicadtioseeunay take values of

1 kGy, 5 kGyydfhbiey BB K66 $A8KEIH00800 K Y nipREANICe BEAMS: wEgificles heavier

than electrons can be utilized to irradiate materials, such as carbohydrates or materials that include
carbohydraf@§r Brafiatenifoireraaer iR dnabaf i Ot ate it §§§Péﬁ9’?ﬁgf@ri’3f§ftor mixtures of any
of these andsoth@rs:deseribed hetemobrexanpte, ploiens;, kel austdinargor.onsicsilicon ions,
neon lons carpon, N5, RRSANOISIANS, LXNERN. IANRar NiradsnIRNE SANRG ulizeddp some
embodiments, particles heavier than electrons can induce h gher amounts o% chain scission (relative to
lighter partiehosy. [(h088prectisstisntdan pbrifivéPeharged particles can induce higher amounts of chain

scission than negativey ehataes-particiescanedaitiei tacidity. lovdisrirkAaiiiols eams can be
generated, ﬁggér‘%ﬁéﬁﬂh'f'ﬂ%‘?‘é 5 8%"%%5%@%@(&. NS SO NS MPRIIMENS, NG Ny of each
particle of the"beam'is from about 1. /atornic

material can aid in its dispersability, swellability and/or solubility, further enhancing the

material’s susceptibility to chemical, enzymatic or biological attack. In some embodiments,

to increase the level of the oxidation of the second material relative to the first material, the

irradiation is performed under an oxidizing environment, e.g., under a blanket of air or

oxygen, producing a second material that is more oxidized than the first material. For

example, the second material can have more hydroxyl groups, aldehyde groups, ketone

groups, ester groups or carboxyiic acid groups, which can increase its hydrophilicity.

Tonizing Radiation

Each form of radiation ionizes the carbon-containing material via particular
interactions, as determined by the energy of the radiation. Heavy charged particles primanly
ionize matter via Coulomb scattering; furthermore, these interactions produce energetic
electrons that may further fonize matter. Alpha particles are identical to the nucleus of a
helium atom and are produced by the alpha decay of various radioactive nuclei, such as
isotopes of bismuth, polonium, astatine, radon, francium, radium, several actinides, such as

actinium, thorium, uranium, neptunium, curium, califormium, americium, and plutonium.



WO 2010/093829PCT/US2010/023957 unit to about 6,000 MeV/atomic unit, e.g., from about 3 McV/
atomic unit to about 4 39209 MeV/atomic unit, or from about | O MeV/atombc 111 étg% 1 000

WO 2016/09
MeV/atomic unit. in cértain embodiments, ion beams used to |rrad|ate carbon-containing materials,

e.g., biomass materials, can include more than one type of ion. For example, ion beams can include
mixtures of two or more (e.g., three, four or more) different types of ions. Exemplary mixtures can
include carbon ioNghamdapidiorss chlbboh fonsanbk oxygendorismitiogemtions datiptotons, and iron

ions and prptong,Mere-genekaliy. m&&e&e&@é@%&@{)m@a@ﬁm‘wﬁ 18BeMaWOsany other ions) can

be used to form irradiating ion heams. In particular, mixtures of relatively light and relatively heavier

ions can beERATGIEEM BB Sharees: WsBH‘fet‘é’ﬁlefa?rﬂ‘é?‘l‘f%“ {81 BEZTE f8##FadlAting materials
include positisedyschatgich idns Theipositvalydihasgsdyansrgahpnckicenforiexamplés, positively

charged NYgiagen (O (%Sl IRA0Sh NOPlE:as o3 (R . RRINIMean, aiaon). gatban ons

nltrogen ions, oxygen lons, silicon atoms orus ions, and metal ions such as sodium ions,

calcium ion® BRI IFBANGE SrARR G W ﬂ”@g 15805200 WO8R RO 18%ENeVBa that such
positively- caﬁggeﬁlalmaﬁxtg&h@vl@zchmtﬁ@ﬂ;p@@th@pmias@d:m@m@ammﬁxﬂmdttpamarerials initiating
and sustalnln% catggnlciggw 018,[}'” chal sci reactfgggﬁlrtloa o>t<| t|ve environment.  In certain
embodlmenlis Ion beams tor irra nggma%erl als mc?uc?é negatively-c rgéﬁllons I\cfegatlvely charged
ions can indhateabiont éxanbpis Zﬁegml\?/eiy%ﬁaﬁgé@t h%@?dééﬁ%n‘%%élqatﬁvwﬁbtmylfaﬁd negatively

charged ionggf.vaniquarelativels eleetranegativenualeite, mpmge&a@ﬁaam@@%hlons carbon ions,
silicon ions, and phosphorus ions), Without WISh gto be bound b the gg% %Ileved that such

negatively- é’l’i‘ﬁ?b%roc%] E"B&h?(@@ecﬁgﬁﬁégﬂﬁ ST LSRR IS 8 Haterials,
causing aniBeligiuing-gpenrihg mﬁm®mmaﬁutaﬁ@m@¢emwommméﬁt fromin some

embodiments, SRS Of SISHAOR etk s ARG NS alAloms: £AL SX3MBle.ATY one or

more of hydrogen atoms, helium atoms, carbon atoms nltr?ﬁ‘?n atoms oxt%en atoms, neon atoms,
silicon atonid lﬁffé%ﬁﬁﬁ@l‘@éf?@ﬁ@ya@oﬁ%‘ﬁ§ FeerroRmrHe S s i d S8 ntEe8ms that are
used for lrrapdéaétommnpma@;mtﬁnal&zm generstiimixtures ai-any broighmarsabhihe above types of

atoms (e.g. Bhree p&mor%h (%I;OY (QF]@E‘ eréigpfor Iﬁé@abe}P%Bﬁ%’}t n]tth@ beqms In certain
inclu

embodimentS ion beams used 1o irfa ateria de sin argeél lons such as one or more
of HIT, He, Né@mﬂn@lfk@sww@ewi@?smrﬁem,Iwﬁagibmmfmgbwg%%?
EPAC 2006, Edinburgh, Scotland and Leaner, C.M. et al., “Status of the Superconducting

ECR lon Source Venus” Proceedings of EPAC 2000, Vienna, Austria.

Gamma radiation has the advantage of a significant penetration depth into a variety of
materials. Sources of gamma rays include radicactive nuclet, such as isotopes of cobalt,
calcium, techaicium, chromium, galitum, indium, iodine, iron, krypion, samarium, sclenium,
sodium, thalium, and xenon.

Sources of x rays inctude electron beam collision with metal targets, such as tungsten
or molybdenum or alloys, or compact light sources, such as those produced commercially by
Lyncean.

Sources for ultraviolet radiation include deuterium or cadmium lamps,

Sources for infrared radiation mclude sapphire, zinc, or selenide window cerarnic
larmps.

Sources for microwaves include klystrons, Slevin type RF sources, or atom beam

sources that employ hydrogen, oxygen, or nitrogen gases.
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Cat and Fet In some embodiments, ion beams can include multiply-charged ions such as one or more
of C2t c31, C4-, N3-, N59, N3-, 02+, 02-, 022-, si2+, si4+, 23, N. and Sit I&g&}tg{%z Q%ion beams can
> :

. WO 2016/”93f29 , . " P :
also include more compléex polynuclear ions that bear multiple positive or hegative charges. In certain

embodiments, by virtue of the structure of the polynucicar ion, the positive or negative charges can be
effectively distributed over substantially the entire structure of the ions, In some embodiments, the
positive or negative shargebodanchs. sdrereniiat totativadi e gortioinsg:iof therstrutteganafithe ions.

Electromagpglic,Ragiaiiondvanldempedimenisnwhich the jradiaipa s peeiquasd)vitth,
electromagnetic radiation, the electromagnetic radiation can have, e.g., energéger photon (in electron

3 ¢ g
volts) of grearatakph FopCataiaTen b Ad dsps Ao emer 64UpBSNY deeHroay & GREREMMEN 107 V. In
some embadiivients; theieledisormagyieticinadidition HasrenehgyipetehotonofbeMeermd 04 and 107,

e.g., betweggvggjpe%g 106 (@%‘[}Eg %Iggtﬁgw&qg&gcs{%gﬁtmﬁgn have a frequency of, e.g., greater
than 1016 hz, greater than 1017 z,1018, 1019, 1020 u or even greater than 1021 hz. In some

embodiments, theE8eErdiPaEBRCPRINIERMh & E aDif SHLEPEI IS EBRYHEEh FOPYREAITIPhz, e.g.,

between 103&hipds Lz RResesy cndie dogerabradiationcuiisepenchondhadigpin content of the
feedstock. For example, .in some cases (.1 Mrad to 5.0 Mrad is delivered per 1% by weight of lignin in
the blomase TR . OFE TR 0D BB S IR S S e o TR 1 some
embodimeris i¢hiaiigaoiizting (ovite anyhadielibre-sodveelbr eebohibipiition vhisoarces) iBerformed until

the materialygcelgsia doseQfalleast0n2b Miad, E2GncRtdeast hih Miadeaat Ipashe.5 Mrad, at least
5.0 Mrad, or at least 10.0 Mrad. In_ some embol\gr‘irrgagn s, the irradia?'ﬁg%lis performed until the material

receives a FBSSBPEREVEE AT S MFSEFASE BN 10 28, S YrOBERABEN B RIS hhd % 0 Mrad.

about 2.0 MeV (million electron volts), e.g., from about 0.5 MeV to about 1.5 MeV, or from
about 0.7 MeV to about 1.25 MeV,

Electron beam irradiation devices may be procured commercially from Ion Beam
Applications, Louvain-la-Neuve, Belgium or the Titan Corporation, San Diego, CA. Typical
electron energies can be I MeV, 2 MeV, 4.5 MeV, 7.5 MeV, or 10 MeV. Typical electron
beam irradiation device power can be 1 kW, 5 kW, 10 kW, 20 kW, 50 kW, 100 kW, 250 kW,
or 500 kW. The level of depolymerization of the feedstock depends on the electron energy
used and the dose applied, while exposure time depends on the power and dose. Typical

doses may take values of 1 kGy, 5 kGy, 10 kGy, 20 kGy, 50 kGy, 100 kGy, or 200 kGy.

Ton Particle Beams

Particles heavier than electrons can be utilized to irradiate materials, such as
carbohydrates or materials that include carbohydrates, e.g., cellulosic materials,
lignocellulosic materials, starchy materials, or mixtures of any of these and others described
herein. For example, protons, helium nuclei, argon ions, silicon ioné, neon ions carbon ions,
phoshorus ions, oxygen ions or nitrogen ions can be utilized. In some embodiments, particles
heavier than electrons can induce higher amounts of chain scission (reiative to lighter
particles). In some instances, positively charged particles can induce higher amounts of
chain scission than negatively charged particles due to their acidity.

Heavier particle beams can be generated, e.g., using linear accelerators or cyclotrons.

In some embodiments, the energy of each particle of the beam is from about 1.0 MeV/atomic
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In some embodiments, the irradiating is performed at a dose rate of between 5.0 and 1500.0

kilorads/hour, .9 between 10.0 and 750.0 kilorads/hour or between 50 81%19 350.0 L<7ilorads/hours.
W zbj_e{o_%szs\ . P FOIH023957

In some embodiments, two or more radiation sources are used, such as two or more’ionizing

radiations. For example, samples can be treated, in any order, with a beam of electrons, followed by

gamma radiation and UV light having wavelengths from about 100 nm WO

2010/093820R @ RitdS20AD/BR3VBB - about. 280amublnisbivie\e aibodimenis alsarmh s are treated with
three ioniziRg. (ARIANON, SOWCESHSHED: 3B LML GlRCEABS.ORFI R LedRlgR yRipd energetic UV

light. So nication One or more sonication processing sequences can be used to process materials
from a wide varie 6f B EBGRE LlbbexiraridLa PSS FAT OB AR R THIEIESIE Band to provide
partially degiaded srgahit, matarialdywheis Organictppaidrials e empidyed) vemehcianctions as input to
further processi teps and/or se S..o0nication can.red t 2culag.wej nd/or
crystalli%itylg %ﬁgﬁrﬁg@ﬁcﬁ I§§%K§é’rﬁ%ﬁ§%¥ aﬂ’é%? %%%Pﬁéﬁgggiifibgécﬁ@%ﬁ e.g., one or
more carbof{ErEte 8B IREWES SHERTEESI GENOBY: FETHOR MR GBILOTIAREYIARS; Bitstsrcivyiaderials. As
discussed ghexaswith reeasastmmBdiation, thecracess parameleravsediioiserication will vary

depending pnogé% lignin ({honten of tf‘{)e feectl;i%[gck. For,example feeds}g%lé%.wifh hi hter lignin levels

a rany ofier ion§) can be use 1 radiating 1on beamns rcular %
generally requiré £} h@her feSidence time andfor energy?évef, resusltlng ina ngher cl)ltrafenergy

delivered tofhelfeedsitatk and rdiatonky hrrethoydors firsthmetedial ahaelnaudesreellulose having a first

number average malgeHlanyeigh VG issisperseddn:a Mmedivms siaiasovately.apdsgnicated and/or
otherwise cavitated, to provide a second material that includes cellulose having a second number

average mofSuIR PRI B SHEP IS SARHS ISt 190 FBEP Kv BP S SN STECETAPWERSAE ¥%e second
material (or(the, firstoandebdbogd matérial elcentaispemizodimenhts) ioas ieemmiciedxpwite a
microorganigm @ﬁi&@&%@jﬁ}%@ﬂém%g?ﬁmﬁ% that Gan wilize the,secans,andir first material to

produce a fuel that is or includes hydrogen, an alcohol, an organic acid, a hydrocarbon or mixtures of
any of thes@"d/or 1gjhieash Y KRs SRR AF RAL M ABE & FRIvid SOrEatRE A ular weight relative
to the first rpaterialy-ang daisem ednsiateaesicalifeducedscrystaliiatlysashwelk i secandrimaterial is

generally morg dispersible, swellable, andier soluble.In a:solytion containing.iag icroorganism, e.g.,

r
at a concentration-of greater tfran io(%cr%? 0 rgaﬁlsms/mL ese properties make the second material
more susceptitfientdcthemical, enzymatic, and/or microbial attack relative to the first material, which

can greatly improye dhe.Rragusdiontateaneas mogkation devatelia dasied-piadust, e.g., ethanol.
Sonication can also sterilize IhFI‘ terlgls, but shoPI nfot be used while tpe [nicrgorganisms are
ShgLesdiions. egatively charged 1ons can include, for example, negauvely charge
supposed t ive.
hydrogen ions (e.g., hvdride ions), and negatively charged ions of various retatively
electronegative nuclei {e.g., oxygen ions, nitrogen ions, carbon ions, silicon ions, and
phosphorus ions), Without wishing to be bound by any theory. it is believed that such
negatively-charged ions behave chemically as Lewis base moieties when exposed to
materials, causing anionic ring-opening chain scission reactions i a reducing environment.
In some embodiments, beams for irradiating materials can include neutral atoms. For
example, any one or more of hydrogen atoms, helium atoms, carbon atoms, nitrogen atoms,
oxygen atoms, neon atoms, silicon atoms, phosphorus atoms, argon atoms, and iron atoms
can be mcluded in beams that are used for irradiation of biomass materials. In general,
mixtures of any two or more of the above types of atoms (e.g., three or more, four or more, or
aven more) can be present in the beams.

In certain embodiments, ion beams used to irradiate materials include singly-charged

jons such as one or more of H', H', He', Ne™, Ar", C", C, 0%, O, N", N, Si’, Si", P/, P, Na',
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WO 2010/093829PCT/US2010/023957 In some embodiments, the second number average
molecular weight (MN-2) is lower than the first number average molecular wej tg\/[tl y more than
about 10 perc%’l%, el.(a(.)? 9 20, 25, 30, 35, 40,50 percent, 60 percent, or%(\:/gﬁ%%(r}e ?%ﬁ about 75
percent. In some instances, the second material has cellulose that has as crystallinity (C2) that is
lower than the crystallinity (C1) of the cellulose of the first material. For example, (C2) can be lower
than (C1) bganere tiranlabout tpeivent;. ¢og.bhdabis20n 25180, :838{idE; drevdivmoreithan about 50

percent. _In some gbodiments the staringcprygfallinity dpeay:tpior 1n sgpicafignl.isifrom about 40

to about 87.5 percent, e.g., from about 50 to about 75 percent or from about 60 to about 70 percent,
and the cryftaffiRFaR SRl BenicaBT ORB apburaericcabiiat BBRIENE ROYIVRSEM about 15 to
about 45 pergent et abotd20 tandbditiedB, percent H dwevetiirt ceriaifogmbodinents, e.g., after
extensive spnigalian, I s passibie.alans.2 ersielinipndeqt owsr iR BRrcRRL In some
embodiments, tﬂe material after so%lcatlon IS subst ntlale amorp%ous. I some embodiments, the
starting nuriibettavefdbrivrdldedmarasaibpliiisr theSonitation R eI aBsS C2DPR000 to about

3,200,000, gygheiamabeiti 296 00@ desavend sLQQ00QRrifiem about 250,000 to about 700,000, and
the number average molecular weight after sonication is from about 50,000 to about 200,000, e.g.,

from about 60,00@:{e.aRAHLIRQIP L @Iakem about 70,000 to about 125,000. However, in some
embodiments, e.gF.]u, after extensjve sonication, it is possible to have a number average molecular

weight of less tha %ﬂ?ﬁ%@&h&;’eﬁqg@ﬁ%éﬁ?ﬁ%w ith elqgireprRs AH S HBNts, the

second matatialscatnaveta tesetiaf axidatior.(Q2hthat psrhighen tharcthedexélspdiatdation (01) of the
irs mateia A o Jsvl of HAAR bR afeTpLean, Ak i Clgneysaplipgeswelabilty andior
solubility, further enhan |h6rt e material's s’uscégtibility to chemical, enzymatic or microbial attack. In

some emboUMRRSHESTES the Ao THENRATAFHiRD X GARTY BRI PROSBS atsteHA 4 dfive to the first
material, the sopisation i perimreed inanysizing medivmmiadusing Regesepdmaigrial that is more
oxidized than the first matgrial. for example, he:segend majerial can, haye more iygroxy! groups,
aldehyde gr%ups, étone grogrps, ester groups or tarbbxylic aci gFoups, which can increase its
hydrophilicipme emfrp&iormsetnbdeimermsndhersdnication nisdhsnsiobbetiepsadds medRim. If desired,
the mediunhgnag]gi_pgggggegmowngm guch as a peroxide (e.g., hydrogen peroxide), a dispersing

Doses

The dose of radiation will depend on the lignin content of the feedstock. For example,
in some cases 0.1 Mrad to 5.0 Mrad is delivered per 1% by weight of lignin in the biomass
feedstock, e.g. 0.25 Mrad to 4.0 Mrad, or 0.3 Mrad to 3.5 Mrad per 1%.

In some embodiments, the irradiating (with any radiation source or a combination of
sources) is performed until the material receives a dose of at least 0.25 Mrad, e.g., at least 1.0
Mrad, at least 2.5 Mrad, at least 3.0 Mrad, or at least 10.0 Mrad. In some embodiments, the
irradiating is performed until the material receives a dose of between 1.0 Mrad and 6.0 Mrad,
e.g., between 1.5 Mrad and 4.0 Mrad.

In some embodiments, the irradiating is performed at a dose rate of between 5.0 and
1500.0 kilorads/hour, e.g., between 10.0 and 750.0 kilorads/hour or between 50.0 and 350.0
kilorads/hours.

In some embodiments, two or more radiation sources arc used, such as two or more
ionizing radiations, For example, samples can be treated, in any order, with a beam of

electrons, followed by gamma radiation and UV light having wavelengths from about 100 nm
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agent and/or a buffer. Examples of dispersing agents include ionic dispersing agents, e.g., sodium
lauryl Sl_JIfa'Fe, %%dz(?%/r&él?%%c dispersing agents, e.g., poly(ethylleng egcoQET/US%%% ?mbodlments,
the sonication 'medium isnon-aqueous. For example, the sonication can be performed in a
hydrocarbon, e.g., toluene or heptane, an ether, e.g., diethyl ether or tetrahydrofuran, or even in a
liquefied gas such as argon, xenon, or nitrogen. Pyrolysis One or more pyrolysis processing

sequences oatde 1fedntolprocessitaedioes sostaipirigmnateddlsifiohie widangardiyiof different
sources to exfract uselul SUPSIANCES- IO theMAlRHAlS, 3R lasawdaypagtially degraded materials

which function as input to further processing steps and/or sequences. Feedstocks with higher lignin
levels genegglly.Leqyire a higher temperature, longer residence time, and/or introduction of higher
levels of oxygen during pyrolysis.  In one example, a first material that includes cellulose having a
first number averd3¥ RIGTOEIAPRERINR QIR IS5 ASRSEHCH. be 5 HR AHRTGtHB4FER &S Al in a tube
furnace (in thagrasenee affabsanoe aftoxygan ystopvideaskeant-matatiad, that tncludes cellulose
having a secon‘q{nu ber aver molecular weight (MN2).lo than the first number average
molecular v?é?ah ¢ Ef%}eiaggcgﬁr %rg]ga(t)é ia c(g?%ﬁ%a?@?lggﬁa%%%gr% é?g%%?fél %%§¥ta nwéki%n;t’)odiments) is/are
combined WPCEORN &G BRYERISHINGRIP S WItHBERSASIH B SN AR Aty S18) THaET AN utilize the
second andiQydirghmaterialioRredusaadugiithatisanincliresaydiagen caanaleohel (e.g., ethanol or
butanol, such as q-,dsec,gr thbuﬁanolé), an organic aclijdhadlh drocarbon or mi ies of any of these.
Since the sE¢ond matefi f%ag%%1lﬁ "s%%%m%%%é Uded molech asru\?ve?ﬁﬁ? relative'to the first
material, andzivedmesinstandds, @ saduceteenystallivitisasswdlibthve vaborehihiteribtiiorgenerally more

dispersible «gwellable andiae 3Qluhie, @ RotdiaR CoRtaIRING Ihe MIHORFIRANISHLE @ -hat a
concentration of greater than 106 microorganisms/mL These properties make the second material

ANISI h
more suscelSEBIET: CHEMTEEP BriSSHNALE St SIhichSBiA S EECHRE S the Hfmaterial, which can
greatly impresiddie firadudtiorerate dndlorpriody ctiohidve taflztegirédipeaducthe.g., ethanol.
Pyrolysis can_glsq sterilize the first and second materials. WO 2010/093829PCT/US2010/023957
In some embodiments, the second number averaégue molecular weight (MN2) is lower than the first

number average rHotggtaibareitstmrieir b anaratearcHpiost i ipe fceiit Wmben sy e®geas, 30, 35, 40,
50 percent, G0 QaraentiHr eUen Mdkpdbanabatutiinparaest water, and sonicated and/or

otherwise cavitated, to provide a second material that includes cellulose having a second
number average molecular weight (M) lower than the first number average molecular
weight, The second material (or the first and second material in certain embodiments) can be
combined with a microorganism (with or without enzyme treatment) that can utilize the
second and/or first material to produce a fuel that is or includes hydrogen, an alcohol, an
organic acid, a hydrocarbon or mixtures of any of these.

Since the second material has cellulose having a reduced molecular weight relative to
the first material, and in some instances, a reduced crystallinity as well, the second material is
generally more dispersible, swellable, and/or soluble in a solution containing the
microorganism, ¢.g., at a concentration of greater than 10° microorganisms/mL. These
properties make the second material more susceptible to chemical, enzymatic, and/or
microbial attack relative to the first material, which can greatly improve the production rate
and/or production level of a desired product, e.g., ethanol. Sonication can also sterilize the

materiais, but should not be used while the microorganisms are supposed fo be alive.
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In some instances, the second material has cellulose that has as crystallinity (C2) that is lower than

the crystallini% %}'8(}%5% cellulose of the first material. For example, (%%)fﬁﬁgﬂ%"?%r than (CI) by
than a r

more than abou percent, e.g., 15, 20, 25, 30, 35, 40, or even more out 50 percent. In
some embodiments, the starting crystallinity (prior to pyrolysis) is from about 40 to about 87.5 percent,
e.g., from about 50 to about 75 percent or from about 60 to about 70 percent, and the crystallinity
index after pyroly$issisofrorbadownteOtho sbend Bonpereentge goldeokr alsmht Pdno BOU45 percent or

from about 20:te.abRuh AQWRELCEALHRWEYEF WB SR TtRIR A bRimeRts R« plleEpXteNsIVe pyrolysis, it
is possible tg have a crystallinity index of lower than 5 percegﬁfﬁlg?ﬁome embodiments, the material

after pyrolysts 18 subdfantially AM6FERG Y PoreTh ST RE B MBS QL RRRSTSHIhg number average
molecular weight {psiendmpynobysisy sschrohmatroat 20CHD0O0to hldus 352001001 te ({3 fioin about

250,000 0 R4 000000 07 1A @AY ZE0.AAR AL LAA000, ) ey Hnes avprage

molecular we(ig}ht after Z%)S) ysis is from about 50,000 to about 200,000, e.a;fhfrom about 60,000 to
about 150,008 8 oo bt TPBORrr ABE AL PESBOC- Howetbrim Lotie BribBERRTBMS, e.g., after

extensive pykalysist 0ppessible to have a number average molecular weight of less than about

10,000 or even less than about 5,00 In some embodiments,. the I terial can have a level
of exidation (02) (P B S B SR ey toven o
oxidation ofbretrHhte pliwAn- aikieeits TRsPETSabiNey S iecthanility efieversdiopiRBeULitHer enhancing the

materials syssgptibilitycte, chemicalenpimatic ok miceiialattackodnsameembadinents, to increase
the level of the oxidaticf)ng of @e secon mcaatgzria_l re{ati\fe to fi@e Jiﬁttm%tegi%& the ¥rolysis is performed
in an oxidiZRTY BRVrBn FERE SSFb A0 & RS A SBBRE Mateliar Ahais mMoreBkidiZed than the first material.

iS‘more oxidi
For examplHpthe setondanastiodivanthave, rtretydrogyboiatips, ilsptsidedgedups 2ketone groups,

ester groups-ak farRoXIG %@h@@%&%#/&&a&qg DGERARG RRYAroRHiGYa1 YHQ
20101093829PCT/US2010/023957 n some embodiments, the pyrolysis of the materials is

continuous SHETHE BBSEHHERAE 8 Mterial is pyrolyzcd for a pre-determined time, and then
allowed to coot forassecomiqierdeiatminedaimertiefarepyrolyiing agaighQxidation One or more

oxidative progessing RSENGER SRR HSREI0RARSARS cRrhoCaptRipadRIsTlp from a wide

variety of different sources to extract useful substances from the materials, and to provide partially
degraded ah8/8:09RevdErm aberat IR RARCHEAL AGnist fis RWVIRST Broeesaipigiapycisii/or
sequences afia:exidaton conditensswilbyaryideperiiog, e Hatigniscontantohtaefeedstock, with a

higher degreg, ghsidaliansenssaibs IR AERIGSh s iaNe! IR oM aH SIS er
extensive sonication, if is possible to have a number average molecular weight of less than
about 10,000 or even less than about 5,000,

In some embodiments, the second material can have a level of oxidation (O,) that is
higher than the ievel of oxidation (Oy) of the first material. A higher level of oxidation of the
material can aid in its dispersability, swellability and/or solubility, further enhancing the
material’s susceptibility to chemical, enzymatic or microbial attack. In some embodiments,
10 increase the level of the oxidation of the second material relative to the first material, the
sonication is performed in an oxidizing medium, producing a second material that is more
oxidized than the first material. For example, the second material can have more hydroxyl
groups, aldehyde groups, ketone groups, ester groups or carboxylic acid groups, which can
increase its hydrophilicity.

In some embodiments, the sonication medium is an agucous medium. If desired, the

medium can include an oxidant, such as a peroxide (e.g., hydrogen peroxide), a dispersing
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In one method, a first material that includes cellulose having a first number average molecular weight
(MNO and having_a first oxygen content (00 is oxidized, e.g., by heating the first material in a stream of
air or oxygen-évn i%%%’&%??? to provide a second material that includes ceﬁ)ﬁggézﬁg)\lﬂﬁ:ﬁsg second
number average molecular weight (MN2) and having a second oxygen content (02) higher than the
first oxygen content (0). Such materials can also be combined with a solid and/or a liquid. The
liquid and/oagatiendan driaifide Bxmiglooogdinisming. gepadactetiionjadiciarag arawnes. For example, the
bacterium ang(of enzyme Gan éﬁ@%&%ﬁ@&d&%ﬁw@@g@%@&% AHesicimaiayaljo produce a fuel, such

as ethanol, or a coproduct, such as a protein. Fuels and coproducts are described in FIBROUS
MATERIALS ANDCHMPOSHRSIs iSINita/a3 No81mifkePyineces. 2006 mHelerlite contents of each
of the foreggqingappleationsarenncarparatedidercichyoretasanteptane, 40 gaMe gmbadiments, the
second nurg%%r arvt%&%gedlm%ll%%u(l)are%ei%hg f'ls ot more 97hpegcennt Ioewer tharl.m thee first number average
molecular Welglh , e.g.,jﬁo?'moré than pe , %, élé %O, %nggoédl %%g gO, 45, 40, 30, 20,
12.5, 10.0, 7.5, 5.0, 4.0, 3.0, 2.5, 2.0 or not more than 1.0 percent lower than the first number average
molecular wgigdiisithe amount of reduction of molecular weight will depend upon the application. For
example, in some preferred emblodjments that provide con%posit s, the second number average

molecular weight (&"STBQRRFRAIGHE RHTSLS HREAPSEHITh Be S0P R RO RRENN WEIHRE In other
applicationspgech aisomakindeotivannod 0t Heotherfuel or coprodsrtty ashigressdimouht of molecular

weight redugfionif agResallyRIERIRdy W&@&Wé&%ﬁ&%&ﬁ%%&%g%949%?{%5&%&” some

embodiments in which the materials are used to make a fuel or a coproduct, the starting number
average malECGISIPRERGRECHIRS A T8 ERERTHT IR Hbtist Pt BBt S BERH S L ERLEETE e.g., from
about 250,00¢hte @bpeily0R0R0residramn aneundR0 A00da@kost Q000 anthbivgsaumber average
molecular Wa%i%'tt?f er. %xidation is from about 50,000 to about 200,000, e.g., from about 60,000 to
about 150,000 ogr orr%(al%out 70,000 to about 125,000. However, in some embodiments, e.g., after
extensive oxidatiof, < HERRIbIe 5 HavE B ithBelgsaralidorsdiedntet Weighbiasyasan about

10,000 or ewpinelans tashabadh & 80Qiyzed R somenembedingris: hasecondoryganr cantent is at least
about five percent hi%her lt_)han the first o;ygen content e.é;., 7.5.#?rcent 110.0 percent higher,
* Ig

higher
12.5 percent %F@r beeP, K1) psgtr}'((:xéﬁ' ?1)%%(31 or E?\é‘%earé‘ééﬁ’P & nhsa‘é}%(éiup#es eerlr%(? "€mbodiments, the

second oxybehnearianisnatieastvelbatrROuserceeitt iidha lakvantihe thedirsieperebecovereat of the first

material. Oxygen coNEpkiSTheasrad-Ri glermentatanalysis by pyelyzinca-eample in a furnace
operating at 11388 ) C or higher. A suitable elemental analyzer is the LECO CHNS-932 analyzer with a

VTE-900 hi aﬂl %I}ﬁm:? élrﬁﬁpd‘ig?él?g &W;'Ih& guicroorganism with or without acid or enzymatic

hydrolysis) that can utilize the second and/or first material to produce a fuel that is or
includes hydrogen, an alcohol (e.g., ethanol or butanol, such as n-, sec or t-butanel), an
organic acid, a hydrocarbon or mixtures of any of these.

Since the second material has cellulose having a reduced molecular weight relative to
the first material, and in some instances, a reduced crystallinity as well, the second material is
generally more dispersible, swellable and/or soluble in a solution containing the
mricroorganism, €.g., at a concentration. of greater than 10° microorganisms/mL. These
properties make the second material more susceptible to chemical, enzymatic and/or
microbial attack relative to the first material, which can greatly improve the production rate
and/or production ievel of a desired product, ¢.g., ethanol. Pyrolysis can also sterilize the

first and second materials.
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Generally, oxidation of a material occurs in an oxidizing environment. For example, the oxidation can
be effected or, aédedﬂ}aysg%r.olyﬂs in an oxidizing environment, such as |rbellt/§§2§f‘%)£9§pnched in air.

Ly - 1) . . .
To aid in the &ldzatllon, various chemical agents, such as oxidants, acids or bases can be added to the

material prior to or during oxidation. For example, a peroxide (e.g., benzoyl peroxide) can be added
prior to oxidation.  Some oxidative methods of reducing recalcitrance in-a biomass feedstock employ
Fenton or FentenktypechehisimenSutia soetirbasire diselased!ctotaexesplé M UsdrProvisional

ApplicationNg 1A 3%k Hed.Decermbes 1 2008, (e camplels isclaswigehywhich is incorporated

herein by reference.  Exemplary oxidants include peroxides, such as hydrogen peroxide and

benzoyl pefoxite petsuifatts *SRErr S ARG AT SEF8 IR AR ADAE PIBHRETL oxygen, such as
0zone, peimangahnai@s, sutihas, poiassinimpenmanganhitspdraieratesysuthigg Sodiam perchlorate,

and hypocnéqgﬁigﬁ%ct%emQSi&i 'awooqhh%ré@&mym%'ﬁ@é%@é})aﬂnﬁ,?@;mﬁgmgéa@H is

maintained at or below about 5.5 during contact, such as between 1 and 5, between 2 and 5, between
2.5 and 5 obajenFelHESoLbBERE BareOAtd8Rs edr: Ao tcild& aCottatt-ve e SiBetween 2 and 12
hours, e.g. thetweensd arekdQ hours or between 5 and 8 hours. In some instances, conditions include
not exceeding 300 G, e.q., noL WO, 20400382 R A 89LUOZ3R e is from about 40 to

about 87.5 percent, ¢.g., from about 50 to about 75 percent or from about 60 to about 70

percent, and the crystaliinity index after pyrolysis is from about 10 to about 50 percent, ¢.g.,

from about 15 to about 45 percent or from about 20 to about 40 percent. However, in certain

embodiments, e.g., after extensive pyrolysis, it is possible to have a crystallinity index of

lower than 5 percent. In some embodiments, the material after pyrolysis is substantially

amorphous.

In some embodiments, the starting number average molecular weight (prior to

pyrolysis) is from about 200,000 to about 3,200,000, e.g., from about 250,000 to about

1,000,000 or from about 250,000 to about 700,000, and the number average molecular weight

after pyrolysis is from about 50,000 to about 200,000, e.g., from about 60,000 to about

150,000 or from about 70,000 to about 125,000, However, in some embodiments, ¢.g., after

extensive pyrolysis, it is possible to have a number average molecular weight of less than

about 10,000 or even less than about 5,000.

In some embodiments, the second material can have a level of oxidation (O,) that is

higher than the level of oxidation {O,) of the first material. A higher level of oxidation of the

material can aid in its dispersability, swellability and/or solubility, further enhancing the

materials susceptibility to chemical, enzymatic or microbial attack. In some embodiments, to

increase the level of the oxidation of the second material relative to the first material, the

pyrolysis is performed in an oxidizing environment, producing a second material that is more

oxidized than the first material. For example, the second material can have more hydroxyl

groups, aldehyde groups, ketone groups, ester groups or carboxylic acid groups, which can

increase its hydrophilicity,
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exceeding 250, 200, 150, 100 or 50 C. In special desirable instances, the temperature remains

substantially W&S@Eﬁ%ﬁg at or about 20-25 C  In some desirable enm%glﬁﬁt/ﬁnﬁl? one or mor‘e
to afir >

oxidants are applie st cellulosic or lignocellulosic material and the one or more compounds as
a gas, such as by generating ozone in-situ by irradiating the first cellulosic or lignocellulosic material
and the one or more compounds through air with a beam of particles, such as electrons. In
particular desirable embeditndmtsnia. firspeallposi€ the iigroedlislositimeterial dhirstly dispersed in

water or a”cﬁ%ﬁ%t@]ﬁ@%&ﬁﬂtiﬂ%@ﬁ%&%%@c%i&ﬁ(ﬁ&%ﬁ&%&&%&i%ﬂ@ﬁ%@@d&lor dissolved
oak time

therein, water is removed after a s (e.g., loose and free water is removed by filtration), and
then the onf'tt 17oRS BYGeished SRS MEPbEHBA%ETbN as a gas, such as by generating ozone
in-situ by irradiating the first cellulosic or lignocellulosic and the one or more compounds through air
with a beang,of paricles, such as electrons (e.g., each being accelerated by a potential difference of
between 3 MeV and 10 MeV). Soaking can open up interior portions to oxidation.  In some
embodiments, théRiAURETHENREY OPBSIHRB FEEETRPTHRMS 4isd BIIEGFHhe@¥kidants, and a mole
ratio of the ginf.OhdP e SR PO KIS R the@n6refeere Rxidanis dsHiorsahokintidQad to about 1:25,

such as from about 1:200.10,800ut.1:28 o1 Tom Aot 1198,19,800UL 1i25, /8 £AMS desiraple
embodlmentrszn}he mixture furthe _'|nclluags one ormore %y roguinones, s.u_c‘ﬁ as
2,5-dimethagyhiydroduihener¢BMHADI e drel wreasemesrel beAzrdaitnsaeditisnt il ary

2,5-dimethoxyial #nbenzedsinene (RN B): whishgan@id n@lactrriransiandeagtionsiy In some
desirable embodiments, the ggrﬁaor.more oxgrga(p re electrochemically-generated in-situ. For

ts
example, hySrog&H PO RE S R P 5 %%Cg“fectro-chemically produced within a contact or
reaction vessel. GthercPraobedsefrfiorgolibhilizejrRedisce Resaloitranged 1B Mo bungtiegalize  Any of

the processgéx&hﬁ%@%ﬁﬁgﬁ&qg&em%g%%ﬂ@@nygewm%@@m; Hhrupracesses fesqbed herein, or

in combination with any of rocesses described herein (in any order): steam explosion, acid
treatment (iREIGEYAESHE Shtr SRS A B S FPESERIEHE VRl it Ar et 080 Y& sulfuric acid,
hydrochloriénakiékacd drgahiciagids;ceud hashtrifinargaeatecatid)has eMro atmintv{eeg., treatment with
lime or SOdik ercr})rbc}/ Q;E%e'ﬁ%ln%%l\é (0Oy) higher than the first oxygen content (Oy).
Such materials can also be combined with a solid and/or a liquid. The liquid and/or
solid can include a microorganism, e.g., a bacterium, and/or an enzyme. For example, the
bacterium and/or enzyme can work on the cellulosic or lignocelluliosic material to produce a
fuel, such as ethanol, or a coproduct, such as a protein. Fuels and coproducts are described in
FIBROUS MATERIALS AND COMPOSITES,” USSN 11/453,951, filed June 15, 2006.
The entire contents of each of the foregoing applications are incorporated herein by
reference.
In some embodiments, the second number average molecular weight is not more 97
percent lower than the first number average molecular weight, e.g., not more than 95 percent,
90, 85, 80, 75, 70, 65, 60, 55, 50, 45, 40, 30, 20, 12.5, 10.0, 7.5, 5.0, 4.0, 3.0, 2.5, 2.0 or not
more than 1.0 percent lower than the first number average molecular weight. The amount of
reduction of molecular weight will depend upon the application, For example, in some
preferred embodiments that provide composites, the second number average molecular
weight s substantially the same as the first number average molecular weight. In other

applications, such as making ethanol or another fuel or coproduct, a higher amount of

molecular weight reduction is generally preferred.
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WO 2010/093829PCT/US2010/023957 treatment, screw extrusion treatment (see, e.g., U.S. Patent

Application S%@%M&w@&!gn’%o’ filed November 18, 2008, solvent tregiment (e. g, Jreatment with
ionic liquids) and freeze milling (see, e.g., U.S. Patent Application Serial No. 61/081,709).

THERMOCHEMICAL CONVERSION A thermochemical conversion process includes changing
molecular structures of carbon-containing material at elevated temperatures. Specific examples
include gasificatidn spyeclybiediredetrimribiehpbg tedtenebatio noah e mpkeirdydpiasartifpeny order).
Gasri]ﬁcat:0'%h%%&\(%’itgsnﬁﬁi%@@v@%’%@i@é&ﬂﬁ@(ﬁéﬂ%@dﬁé@r%%&h@&? 9@ syRaashovwbich r<]:an include
methanol, carbon monoxide, carbon digxide and hydrogen. Many microorgani sych as acetogens
or homoac@PSﬁéﬁgogrgOga%%‘b%é(’g‘quﬁI‘i‘ii%?g§1§0§)fﬁg%§‘¥r%%]%?h%%ﬁgr%%ncﬁ%%|§§¥ %glr)ls\éoe?lé%ﬁ of biomass,
to produce @ddueiditatincihmiescarzatookol]a eardivxiiic acidiiensalroh ateat368(lo@cid, a carboxylic
acid ester %&%6&6&),0&@]9%0% ESECRBITEANINN CHRIRMASHLB0ue8lWasiS Allignocellulosic

materials), can be accomplished by a variety of techniques. For example, gasification can be
accomplish&d UfflziHg et GBS TTHIBIREREO R Svithist FRSSH B LS RSN the
carbonaceaissonatetial is firslpystyzedvn theodhsenee diaxygentandiberdhépyrialysis vapors are
reformed to_synthesis gas with steam providing added hydrogen and oxygen. In such a technique,
process heat comes from burning char. Another technique utilizes a screw auger reactor in which
moisture (and oxyBeparahetimriitedastreporoRisatsge adeaTerprocBE vestidightierated from
burning somg:ohthagasypraduseativ. the lafecstagehAnatbeeieshnighe, utilizesentrained flow

reformation in. which both external st and ajr. are introduced in a single-stage gasification reactor.
In partial or;}fl:?ahﬁﬁrf g%Eﬁﬁ%%i%%ﬁg U8 i B o ‘%Srl N OF FUELS,

1)
ure oxy BhS Utiized WA RO S 8%%.65%%51%
ACIDS, ESTERS ANRIORIOT HERRRODY T Spercent Aighsichibibiiassoresoureatemfains cellulose,

hemicellulogg, ad ignin P leasehRMAUNL RfRreleilm exiraciablesand mingsalsfter one or more
of the processing steps discussed above have been ﬁﬁformed 0\2 ?}%21% biom siégg) complex
oc

carbohydratBé BEREsIPRaHRE dafliSs¥ A HeMtEfaIS SE RavA A1 BB sed into
fermentableCsNfaeS 2 apligrallyitalovigRastd agitl omeazymeaticdiysly dlysise. The sugars liberated can be

converted into a vagjety,of pradue!s, sHe:a%,AlcoRals oF anniG afldRn e ProdUEHORaIned depends
upon the microorganism utilized and the conditions under which the bioprocessing occurs.
the oxidation can be effected or aided by pyrolysis in an oxidizing environment, such as in air

or argon enriched in air. To aid in the oxidation, various chemical agents, such as oxidants,
acids or bases can be added to the material prior to or during oxidation. For example, a
peroxide (e.g., benzoyl peroxide) can be added prior to oxidation.

Some oxidative methods of reducing recalcitrance in a biomass feedstock employ
Fenton or Fenten-type chemistry. Such methods are disclosed, for example, in U.S.
Provisional Application No. 61/139.473, filed December 19, 2008, the complete disclosure of
which is incorporated herein by reference.

Exemplary oxidants include peroxides, such as hydrogen peroxide and benzoyl
peroxide, persulfates, such as ammonium persulfate, activated forms of oxygen, such as
ozone, permanganates, such as potassium permanganate, perchlorates, such as sodium
perchlorate, and hypochlorites, such as sodium hypochlorite (household bleach).

In some situations, pH is maintained at or below about 5.5 during contact, such as
between 1 and 3, between 2 and 5, between 2.5 and 5 or between about 3 and 5. Conditions
can also include a contact period of between 2 and 12 hours, ¢.g., between 4 and 10 hours or

between 5 and 8 hours. In some instances, conditions include not exceeding 300 °C, e.g., not
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WO 2010/093829PCT/US2010/023957 Thus, a biomass material can be treated to reduce its

recalcitrance g‘%nzg y;9hc or more of the treatment methods describeq,p?'[%ﬂ},ﬁ)dm:@s with one or
more of radiation, sonlca%lon, pyrolysis, oxidation and steam explosion, and then at least a portion of

the thus treated biomass can be converted utilizing a microorganism to produce a product that
includes one or more of an alcohol, a carboxylic acid, a salt of a carboxylic acid, a carboxylic acid ester
or a mixturexstatimeeBth@se. hid Yot bel CadntbessibelesiehiciseaterifieditaRerBiydrogenated, to foim

a final prodygt, €.0.,RIRanal 1n5Rme. Gases: aegicarns @ homoacetogens, which are capable of
utilizing a syngas from a thermochemical conversion process, can be utilized to enhance the efficiency

of the conversionIn somp desisphisappodEngH dip 81h ThESE SRttt S'§ SRRYSHPIBWET the pH of the
fermentatiog:s@bitosy, tensingiainhhiigrme aatiandvitis eoeptusioargaaisrsh subh Pichia stipitis.
Accordingly, it is in some cases desirable to,add base and/or.a buffer, hefore or during fennentation, to
bring up thgeﬁll(-:f %%%Z(s’%?ﬁ?igzr?f E%}rggg(%\m é?%é‘ds?ucr%?ﬁg) ]r‘i)% & or ?ﬁﬁ(g Lccén %g gddned tg the
fermentatiopnerediom toreteverdethives itk mhediuph nerislsgetratislegtifitim for the microorganism
utilized.  Suitabie higpracessineimeathadsare, disclosedidar examplenin bk S-Rrexigional Application
No. 61/147,377, filed Jac{l_uary 26, 2009, the coﬁ?glettﬁ gisﬂogurt%eog I}’é’@fg&%@&”ﬁ%{gged herein by
reference. 1R TR RGE B S BR AR RS LA DO AtEE B n iR ser ST USSP Broducts, such as a
fuel, by opetatiengedanéy.difesimehtingitheviteatedmarbbdaiiconsaikitigaiateriaise and fieemicroorganism
can be a nafyral migra0LgaYiSM-A6AN SAUREBIeH IV IAGIANIMS FRre¥AmRendhe microorganism

can be a bacterium, e.g., a'cellulolytic bacterium, a fungus, e.qg., a yeast, a plant or a_grotist, e.g., an

algae, a proG2BAIEPA Fh GtisSHKB 1rBTISE e NG ChRT EIPX AR e %’zﬁﬁsﬁﬂyg’ﬁé &mpatible,

mixtures of ipfgaBifitiosicain bie: vtilize thofhermporadsgarigi zdawib&&naaem@bmansadaarobg. The

microorganiapkean e ahamelsinenialie wieteoriansRpIadiaen Asindlf.arasybstantally single
emi

end producf). foorganism can be a homoacetogenic microorganism, .a homolactic
microorganidf Ja praigisietcuien BactEHIP AUl ACEEE Pacterium, a succinic acid bacterium or a 3-
hydroxypropionic aCigrhagterism b ehaichoorgmanisnasean hepkacgenpusngetentenkisomoiae group

Clostridium, L ctobacléllus, oorelli’;\15 Thermoanaerobacte(gS T Qrgonlbacterlum P%o%?nlspera,

. 8, an ole ratio he one or More cormpoutl nc or morc oxidant .
AnaeroblosBW| , a Ci! g’ac criodaes. ?n Specifc msfg%ces, the microorganism can 8%str|d|um

formicoacctibunh | CR9StHdibent Bl rieghrsNioorabent WE 0o rd00 382 9 Earmis ol 606 23957
thermoacetiga,,Ihesmoanaerobacter kivui, Lactobacillus delbrukii, Propionibacterium acidipropionici,
Propionispera arboris, Anaerobiospirillum succinicproducens, Bacteriodcs amylophilus or Bacteriodes
ruminicola. For em,qﬁgﬁw&?%@%@%é%"’nnﬂ%‘gerg%hr%rﬁl Cﬁh%%%?o%rrélgrr)iéism engineered to
produce a degiregiprocycticbueh, aslianedroyilyidramtiEschEI¢HR) cod/tramsformed with one or more

genes capaple gfeneading.iatein anditerttbe.AIgsHsIomOItts, desliediiorictisised (see, e,
U.S. Pat. No. 6,852,517, issued Feb. 8, 2005).

transfer reactions.
In some desirable embodiments, the one or more oxidants are electrochemically-
generated in-situ. For example, hydrogen peroxide and/or ozone can be electro-chemically

produced within a contact or reaction vessel.

Other Processes To Solubilize, Reduce Recaleitrance Or To Fenctionalize

Any of the processes of this paragraph can be used alone without any of the processes
described herein, or in combination with any of the processes described herein (in any order):
steam explosion, acid treatment (including concentrated and dilute acid treatment with
mineral acids, such as sulfuric acid, hydrochloric acid and organic acids, such as

trifluoroacetic acid), base treatment (¢.g., treatment with lime or sodium hydroxide), UV
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Bacteria that can ferment biomass to ethanol and other products include, e.g., Zymomonas mobilis
and Clostridium ther lum (Philippidis, 1996, supra). Leschine et alég ournal of
Systematic aL:%1 \ﬁ)ﬁmé)o%r%ry Microbiology 2002, 52, 11.551160) isolate %ﬁa@hgfeb?@g%j mesophilic,
cellulolytic bacterium from forest soil, Clostridium phytofermentans sp. nov., which converts cellulose
to ethanol. Fermentation of biomass to ethanol and other products may be carried out using certain
types of theéreatphilicorgeraticalliycemineered mid/corjanisimlisaien eaphidanaerobacter species,
including T¢mathragiisandyeashaPeceRsueh as RiGhiRSResias.A-axAmDisRf g stgin of T.
mathranii is A3M4 described in Sonne-Hanse A%R%al (A plted |\/|ICI’9bIO|O and Biotechnology 1993,

38, 537-54 11 OFRHKFiAE B Carch. Ncfotial T4 61708 aid in the breakdown of the

materials that mclude the ceIIquse (treated by any method described herein or even untreated), one or
b1 S A be utilized. In some embodiments, the materials that

include the celIuI%@éﬁﬁ&ﬁ%ﬁﬁ@ﬂt@%ﬂﬁﬂ%@myﬂamﬁe@mg@@ma&umgrmmﬂal and the enzyme
in an aqueou%soluthn This mat]erlfal cant en e E]ﬁ ith any, micr m{gap%rnadescrlbed herein.

11-CO ng mat elevat e, res eiflc gxamples inc fioh
In other emBodiments, the materials %F] |nc Ud t&he cellulose, the oneé or mor enzymeé and the

microorganisme aﬁecefmbmtedlumd@eﬁﬁy%?g@ W@@Pﬁbﬁﬁ?@qﬁfa&mqms solution. Fermentation is

generally conductgeLif-abAALRAUR SHEWIR SRadiHDWRIGTGAD Q@ﬁt@t&@ PRI SOWFEe O other
nutrient source, e.g,, urea, along with vitimins a d trdei% inerals and n}\étals It is generally preferable

that the gro%ﬁt“?ﬁ@ﬂﬁlﬁ?%@gt’e‘iﬁrfgo%t”ﬁ??é‘ RO L IRNM R TR OBIAPR R M%7 bacterial count.
Sterilizatiomotthe growtis, metissaaaydee accomplishemn aeyrdedired midmreg akowever, in preferred

mplementafightStaflisalan-RaraamaRiliet BiolAd el ALuah ark Thardae Jpdividual

components o0 e grow
alcohol, a carboxylic acid, a salt of a carboxylic acid, a carboxylic acid ester or a mixture

of any of these. Gasification of biomass (e.g., cellulosic or lignocellulosic materials), can be
accomplished by a variety of techniques. For example, gasification can be accomplished
utilizing staged steam reformation with a fluidized-bed reactor in which the carbonaceous
material is first pyrolyzed in the absence of oxygen and then the pyrolysis vapors are
reformed to synthesis gas with steam providing added hydrogen and oxygen. Insucha
technique, process heat comes from burning char. Another technique utilizes a screw auger
reactor in which moisture (and oxygen) are introduced at the pyrolysis stage and the process
heat is generated from burning some of the gas produced in the latter stage. Another
technique utilizes entrained flow reformation in which both external steam and air are
introduced in a single-stage gasification reactor. In partial oxidation gasification, pure

oxygen is utilized with no steam.

PRODUCTION OF FUELS. ACIDS, ESTERS AND/OR OTHER PRODUCTS

A typical biomass resource contains cellulose, hemicellulose, and lignin plus lesser
amounts of proteins, extractables and minerals. After one or more of the processing steps
discussed above have been performed on the biomass, the complex carbohydrates contained
in the cellulose and hemicellulose fractions can be processed into fermentable sugars,
optionally, along with acid or enzymatic hydrolysis. The sugars liberated can be converted
into a variety of products, such as alcohols or organic acids. The product obtained depends

upon the microorganism utilized and the conditions under which the bioprocessing occurs,
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medium prior to mixing. The dosage of radiation is generally as low as possible while still WO

2010/093829PCT/U82010/023957 obtaining adequate results, in order to minimize energy
W (003579 CL/US2010/023057
consumption aha¥edd INg cost. For example, in many instances, the grow h -medium itself or

components of the growth medium can be treated with a radiation dose of less than 5 Mrad, such as
less than 4, 3, 2 or 1 Mrad. In specific instances, the growth medium is treated with a dose of between
about 1 and 3 Mrddtu® T biER EMBG DRI b NI Sated A mdrmbey wtdnmbodimentsahpueeleen described.

Nevertheless, § yikbeindrsioasbatuerionpmedficatonsaa beunads wiihgut departing from he

spirit and scope of the disclosure. hile it is possible to perform all the processes described herein
all at one pﬁﬁe@é%éaﬁ?}ﬁﬂﬁn%%%ﬁméeﬁfﬁeﬁgl%@m% lspe B HRTPRSREER Biliitiple sites,
and/or maythetpetionmaed dusingiranspotiizing &.tgmmdt’gﬁiatﬁ(ﬁalpr&[m@ﬂ@ﬁ@cﬁ&dﬁwrlbed herein can be

captured and ytal{%%d For exam Ie tl“heﬂl %'@bc?‘c?rilté% Use( ﬁ? Sapiu a R}&SUC or | .can be

OIC O
synthetlcally upgra ed to otrher p astlcs In some’instanées, it can be Oxﬁ 1fetﬁ as an engrgy source, e.g.,

burned to ptefigEcheat. THEERE mistaHsess. iTBisrPEader bree d1vdiea i figrissuifsdandsowhich can be

utilized as hipdgrsndispes sants, BMURiiers OF asuseaUesiranis.cihe, meegm&ment of the lignin content
of the startlgﬁ feedstock c n e used {)r} fo ess control in uch I| nin- c tun rocesses When

usedasab th°§ nln or ali?goﬁ Ca aéy nga% ﬁﬁl?zegnnoﬁogll 16 t88°%h ceramics, for
binding carbordskack; b@n@imm@ f@mknzeﬁhemﬁﬂcmmleﬁiés cersversiorst suppressant in the making of

plywood and partigig E‘Q%Qyﬁ@raaﬂ‘gx'&ﬂa@fﬁ'%@Jﬁ%ﬁ%c@%&&ﬂgﬂfﬁ% fikeralasseas a binder in linoleum
paste and as a soil stabilizer. As a dispersant, the lignin or lignasulfonates can be used, e.g.,

concrete mﬁ?@@“&?ﬁ?‘éﬁ&%‘é’&ﬁ%@é%@?é&%‘ﬁﬂfﬁr’&ﬁ%%@ T’é‘é‘iﬁ@?ﬁﬁi‘fﬁ?@fﬁﬁﬂqmsg%wﬁ%%ard

stipitis. Accordingly, it is in some cases desirable to add base and/or a buffer, before or
during fermentation, to bring up the pH of the solution. For example, sodium hydroxide or
lime can be added to the fermentation medium to elevate the pH of the mediuam to range that
is optimum for the microorganism utilized.

Suitable bioprocessing methods are disclosed, for example, in U.S. Provisional
Application No. 61/147,377, filed January 26, 2009, the complete disclosure of which is
incorporated herein by reference.

Generally, various microorganisms can produce a number of useful products, such as
a fuel, by operating on, e.g., fermenting the treated carbon-containing materials.

The microorganism can be a natural microorganism or an engineered microorganism.
For example, the microorganism can be a bacteriurs, ¢.g., a cellulolytic bacterium, a fungus,
e.g., a yeast, a plant or a protist, e.g., an algae, a protozoa or a fungus-like protist, e.g., a
slime mold. When the organisms are compatibie, mixtures of organisms can be utilized. The
microorganism can be an acrobe or an anaerobe. The microorganism can be a
homofermentative microorganism (produces a single or a substantially single end product).
The microorganism can be 2 homoacetogenic microorganism, a homolactic microorganism, a
propionic acid bacterium, a butyric acid bacterium, a succinic acid bacterium or a 3-
hvdroxypropionic acid bacterium. The microorganism can be of a genus selected from the
group Clostridium, Lactobacilius, Moorella, Thermoanaerobacter, Proprionibacterium,
Propionispera, Anacrobiospirillum, and Bacteriodes. In specific instances, the

microorganism can be Clostridinm formicoaceticum, Clostridium butyricum, Moorella
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As an emulsifier, the lignin or lignosulfonates can be used, e.g., in asphalt, pigments and dyes,
pefsticides. an%\g%lg@y@on.s. As a sequcstrant, the lignin or Iignosw&%tz%io%gbpre used, eg., in
mico-nutrient systems, cléaning compounds and water treatment systems, e.g., for boiler and cooling
systems. WO 2010/093829PCT/US2010/023957 As a heating source, lignin generally has a
higher energy content than holocellulosc (cellulose and hemicellulose) since it contains more carbon
than homockdtlosetiForibramplesbadigriny dahdsmbecdhie ddbgykdoPtenewbisetmween about 11,000 and

12,500 BTY perdenti G2opaes 10000 aR8:000:Fk.Rer.pokRp-aflelocsiiulosa As such, lignin

can be densified and converted into briquettes and pellets for burning, For example, the lignin can be

converted iR SBIERS BB (FHRATH GEERSYAL R HETBIRCHBP BiSTOREFHIRMY 5&let or briquette, the
lignin can bewerobslinked;rsoighansapplyirgdtoqdiationadtsacdihhetweendboatrbcardiradtand 5 Mrad.

Crosslinking o ke, SIRWEH RUTINGRTR JRACLe TUS QKT [5IR6 SHER A8 A ARl gy briquette, can

be convertecf to a "synthetic coal” or charcoal by pyrolyzing in the absence. of air, e.g., at between 400
and 950 C. Iy Pegsspronisglenied RBauadsivaisi&sts @r@s&?iﬁkpﬁfe}ffgﬁﬁﬁ%%ﬁiﬁaﬁ‘ﬂ %ﬁlbctural integrity.
Accordinglys, othgs.embodiments are within the scope of the following claims. WHAT IS CLAIMED IS:
1. A method for regucing [eealcitrancs of 3 Jane e lIgsicRIomaRsierdRiogk comprising:
Zymomonas mobilis and Clostridium thermocellum (Philippidis, 1996, supra). Leschine et
al. (International Journal of Systematic and Evolutionary Microbiology 2002, 52, 1155-
1160} isolated an anaerobic, mesophilic, cellulolytic bacterium from forest soil, Clostridium
phytofermentans sp. nov., which converts cellulose to ethanol.
Fermentation of biomass to ethano! and other products may be carried out using
certain types of thermophilic or genetically engineered microorganisms, such
Thermoanaerobacter species, including 7. mathranii, and yeast species such as Pichia
species. An example of a strain of 7. mathranii is A3M4 described in Sonne-Hansen et al.
(Applied Microbiology and Biotechnology 1993, 38, 537-541) or Ahring et al. (Arch.
Microbiol. 1997, 168, 114-116),
To aid in the breakdown of the materials that include the cellulose (treated by any
method described herein or even untreated), one or more enzymes, e.g., a cellulolytic enzyme
can be utilized. In some embodiments, the materials that inctude the cellulose are first
treated with the enzyme, e.g., by combining the material and the enzyme in an aqueous
solution. This material can then be combined with any microorganism described herein. In
other embodiments, the materials that include the cellulose, the one or more enzymes and the
microorganism are combined concurrently, ¢.g., by combining in an aqueous solution.
Fermentation is generally conducted in an aqueous growth medium, which can
contain a nitrogen source or other nutrient source, e.g., urea, along with vitimins and trace
minerals and metals. It is generally preferable that the growth medium be sterile, or at least
have a low microbial load, e.g., bacterial count. Sterilization of the growth medium may be
accomplished in any desired manner. However, in preferred implementations, sterilization is
accomplished by irradiating the growth medium or the individual components of the growth

medium prior to mixing, The dosage of radiation is generally as low as possible while still
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determining the lignin content in said lignocellulosic biomass feedstock; irradiating said
Ilgnocellulosm‘%ory I; %gdstock with a dosage of ionizing radiation to Q)‘SZH ce %g@gd biomass
having reduced recalcitrance relative to the recalcitrance of the lignocellu 0SIC DIOMASS feedstock; and
setting said dosage of ionizing radiation based on an empirically determined relationship between
lignin content of said lignocellulosic biomass feedstock, recalcitrance of said lignocellulosic biomass
feedstock artdatdtosngépfasaicsiini zimgdadiationmize SeThecmethpd of aldimydiingreseid e 1 Mrad to 5.0

Mrad is deliyared Par A3 auWaightef Yanin aaémﬁnm@m@éﬁ IeRSRIARK of the 3robhE MIHAM of claim 2
wherein 0.25 I\F/fl?r% d to 4. 0§}Ii/lrsad is delivered er 1% b % ei %t of Ilgnlnoln tﬁ%rglom}éss feedstock. 4.

The method BHAasTAeS IVHB AT PRAS to 555 Rkt ad’eﬁv@}éalﬁwlf%‘*b;) wélght'&tdignin in the
biomass feédspodkic instmcdhenmethad roédilams ravzéreith saickéariizengeradiation aaihiprises treating
said blomaﬁ g edstock with an electron beam. 6. The method of any one of the preceding claims,
further comprising converting at least a portion of the treated biomass feedstock, utilizing a

microorganism, to produce a product. OTHER EMBODIMENTS

A number of embodiments have been described. Nevertheless, it will be understood
that various modifications may be made without departing from the spirit and scope of the
disclosure.

While it is possible to perform all the processes described herein all at one physical
location, in some embodiments, the processes are completed at multiple sites, and/or may be
performed during transport.

Lignin Hberated in any process described herein can be captured and utilized, For
example, the lignin can be used as captured as a plastic, or it can be synthetically upgraded to
other plastics. In some instances, it can be utilized as an energy source, e.g., burned to
provide heat. In some instances, it can also be converted to lignosulfonates, which can be
utilized as binders, dispersants, emulsifiers or as sequestrants. The measurement of the
lignin content of the starting feedstock can be used in process control i such lignin-capturing
processes.

When used as a binder, the lignin or a Hignosulfonate can, e.g., be utilized in coal
briquettes, in ceramics, for binding carbon black, for binding fertilizers and berbicides, as a
dust suppressant, in the making of plywood and particle board, for binding animal feeds, as a
binder for fiberglass, as a binder in linoleum paste and as a soil stabilizer.

As a dispersant, the lignin or lignosulfonates can be used, c.g., concrete mixes, clay
and ceramics, dyes and pigments, leather tanning and in gypsum board.

As an emulsifier, the lignin or lignosulfonates can be used, e.g., in asphait, pigments
and dyes, pesticides and wax emulsions.

As a sequestrant, the lignin or lignosulfonates can be used, e.g., in mico-nutrient
systems, cleaning compounds and water treatment systems, ¢.g., for boiler and cooling

systems.
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7. The method of claim 6, wherein the product comprises an alcohol. 8. The method of claim 6,

wherein the p(}g&g&@gﬁgﬂses a carboxylic acid, ester of carboxylic acig,cﬁgﬂ,fl%{g%ylic acid, or a

mixture thereo e method of any one of the preceding claims, further comprising repeating
the determining, irradiation and setting steps with a second feedstock.
As a heating source, lignin generally has a higher energy content than holoceliulose

(cellulose and hemicellulose) since it contains more carbon than homocellulose. For
example, dry lignin can have an energy content of between about 11,000 and 12,500 BTU per
pound, compared to 7,000 an 8,000 BTU per pound of holocellulose. As such, lignin can be
densified and converted into briguettes and pellets for burning. For example, the lignin can
be converted into pellets by any method described herein. For a slower burning pellet or
briquette, the lignin can be crosslinked, such as applying a radiation dosc of between about
0.5 Mrad and 5 Mrad. Crosslinking can make a slower burning form factor. The form factor,
such as a pellet or briquette, can be converted to a “synthetic coal” or charcoal by pyrolyzing
in the absence of air, e.g., at between 400 and 950 °C. Prior to pyrolyzing, it can be desirable
to crosshink the lignin to maintain structural integnity.

Accordingly, other embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1A metﬁod for reducing recalcitrance of a lignocellulosic biomass feedstock
comprising:

determining the lignin content in said lignocellulosic biomass feedstock;

irradiating said lignocellulosic biomass feedstock with a dosage of ionizing
radiation to produce a treated biomass having reduced recalcitrance relative to the
recalcitrance of the lignocellulosic biomass feedstock; and

seting said dosage of ionizing radiation based on an empirically determined
relationship between lignin content of said lignocellulosic biomass feedstock, recalcitrance

of said lignocellulosic biomass feedstock and dosage of said ionizing radiation.

2. The method of claim 1, wherein 0.1 Mrad to 5.0 Mrad is delivered per 1% by

weight of lignin in the biomass feedstock.

3. The method of claim 2 wherein 0.25 Mrad to 4.0 Mrad is delivered per 1% by

weight of lignin in the biomass feedstock.

4. The method of claim 3 wherein 0.3 Mrad to 3.5 Mrad is delivered per 1% by

weight of lignin in the biomass feedstock.

5. The method of claim 1 wherein said ionizing radiation comprises treating said

biomass feedstock with an electron beam.

6. The method of any one of the preceding claims, further comprising converting
at least a portion of the treated biomass feedstock, utilizing a microorganism, to produce

a product.

7. The method of claim 6, wherein the product comprises an alcohol.
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8. The method of claim 6, wherein the product comprises a carboxylic acid, ester

of carboxylic acid, salt of carboxylic acid, or a mixture thereof.

9. The method of any one of the preceding claims, further comprising repeating

the determining, irradiation and setting steps with a second feedstock.
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