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
carbohydrate® Ostidivedagellulosic and lignocellulosic materials, e.g., in fibtsfeemy/arssproduced,
processed, and used in large quantities in a number of applications. Often 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, Various cellulosic and lignocellulgsic materials, their uses, and
applications have been descriB&OS ISt N@B bM 918 6,448,307, 6,258,876,
6,207,729, 5,973,035 and 5,952,105; and in varlous patent appllcatlons including "FIBROUS
MATERIALS AND COMPOSITES," P& 3 a/BF DEAA THIB&DN March 23, 2006, AND "FIBROUS
MATERIALS AN COMFOSITI%%I']'OU S]OE')I ent }%%tlrst{gng Irc?tron N% 20 7/0045456.
SUMMARY ene

12 AVENTIOn Telates 16 processes MAaRUTACtUTiIRg afi intermediate or a
product, efgl/ Embigys, alhqietfémtmafsléthﬁ}ﬁ)@l Eﬁe@dmplatmemmimufmmﬁthtplpnratit;/l@faﬂifferent
carbon-coQ@lmg% JE?Q%%E? fﬁ@g g@&%ﬁ%{% Stac Iéggvmlg a variable composition. The
carbon-containing feedstock'may | c u rexampfe carbohydrate-containing materials (e.g.,
starchy materials and/or cellulosic or lig-nogeltulosic ma __-:z' , and may in some cases be a waste
material having an unpredictable or variable“corRpostHor— The processes disclosed herein, alone
or in combination, change the molecular structure and/or recalcitrance level of the feedstock(s),

allowing a desrre}ﬂr‘ﬁm%hé@rﬁ%m’é& frgirl tHeste and dbme s i osiomalsiching fealible manner. The

inventors Kaveifourd, thatibernioyriceteiangturdhe atgéqtuamrad/ieurﬁsﬁmraﬂce level of the
feedstock re urr d to %5 duce F&)hodueé t varies s a fun tl%ﬁf‘pﬁjrﬁ |n content of the feedstock. For
i ra

example, A& €A 138% PELARSIARLE RS oE HI}?S died él"tjﬁsfﬁeodeﬁﬁlaﬁtjtYent

considered to be waste materials, e.g., sewage, bagasse, sawdust, and stover.

Various cellulosic and lignocellulosic 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, 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 mvention relates to processcs for manufacturing an intermediate 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 a feedstock having & variable composition. The
carbon-containing feedstock may include, for example, carbohydrate-containing materiats
{e.g., starchy materials and/or cellulosic or lignocellulosic materials), and may in sorme 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 ievel 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.



Accordingly, the methods disclosed herein involve adjusting the process type or one or more process
parameters used to manufacture the product to compensate for changes in the lignin content of the
feedstock that is being used, e.g., applying a higher or lower dose or dose rate during the pretreatment
process usedvO 20Ma9#29f the methods described herein can provide cell@itsicsang/astighocellulosic
materials that have, for example, a lower recalcitrance level, a lower molecular weight, a different level
of functionalization and/or crystallinity relative to a native material. Many of the methods provide
materials El\]géo%gﬁq? 8583%394'&3&{"5&? b}/ 1%va\ri%)é oég.mitcroo ganisms, such as one or more
homoacetogens OF HeteroAtCIOGEns (With o WIthout Srisy AR HYdrSRrst MR R gReE) T’Froduce
useful produstsssuchrasensggyofoelsfoods tredmaterialsoBpecidic &xatmples af froldgdts include, but
are not limited. _ nqnohydric, alcohols .or dihydric alcohols, such as ethanol,
n-propanrgl!z:)c%rfEJ %L?b’%?gﬁéoﬁ%gs%%@gggﬂgéﬁg% ﬁ%&% é?rg ¢ qa%?ll jsi% ag%] ga}tlccét? éhég d anaror I?Sgsc%iéagcid),
hydrocarbé‘#éf,lgzﬁlﬁtﬁ%@@@??@%@ﬁ@!-such as cellulolytic proteins (enzymes) or single cell
proteins), and miues oharabiess. AeheuaRlssORuda ERBERKiGARERHER gs acetic acid

S

or butyric acid, salts of a carboxylic acid, a mixture of carboxylic acids and salts of carboxylic acids and
esters of CAAETIAINEAERIS LY CHABIY ! My P arsadbiBIss| leutb s o katoprlsCuriakyalis 2alpha, beta
unsaturateifaeiss)suebfatrandiciasidond olefipsnausty asiatbylene.atbshalsaholg and.alcohol
derivatives, include propanol, propylene glycol, 1,4-butanediot, 1,3-propanediol, methyl or ethyl esters
of any of tﬁ‘gs%lee%&c)%ggw Ho%té%tﬁ%#u%fg ?g&%agl%fﬁ%%%m d et Xcrylate, lactic acid,
propionic avidpbugtyrisnacidiciuscinioacidrShbyaroxypropionicaeid; agatsafdamyopfthgoacids and a
mixture of any of th ' nd.t ctive salts.. - Other products and inteimediates, in¢luding food
and pharrr?a%%qtif:a%%%@gg%s, bg}%%ge%)c{r? e% |ﬁcﬁf§?%%\rl?§{l%gr§%iﬁ&%p |%§%gﬁy8§]?zﬁ’lﬁ)g.§5f 9,453, the
full discloshrécopiwhiairisiaarabyrlncofpordiets by referertcedrereimitciiscehiideogen, alddboly of the

products qbtainggry e methefs.diselnsrdhesrin, %%%&E&H@fjﬁl Plkianal.gan,ps, utilized

directly as'afuel or as a blend with othér components, such as gasoline, for powering cars, trucks,

tractors, sHg&®iRgitecle GLaak aFdatsaareoifBastisn Idrstaacl b denadensteek. Other products

described figtRints(f@., HrEBME ALKS: SHChAsRGAUCARIcAnARLastinacidcar ke cpavgrted to other
moieties (e.%. esj[e%[fs or arghydrid s%that can be converted and utilized as a fuel. Many of the products
B8 B Witz %o

obtained R AREIRAS 1rra SH RS bC @S RGP AT GHEST or helicopters.
In additioripthyeiprodisistdetcribddsytteincambetutiizechfosalpctital povergeneidtienie.g., in a
conventional stea e&&@eﬁéﬂ%g%@t&@{d&n a fu%llé;tgllipl A In onelas?ec‘ij, the invention features a
method of ma?qng a proc?uct con‘?’prlsmg té'ﬁmmm’é’t%esilgrllllnncgﬁ{%%te X i%?ﬁ%g’feedstock; treating
the biomaski¢bpdistodkhm dririahwitiracgysisaitcbatment; setiihegnd pidtsssuphramibteeat the process
based on thie liginEANLEAt: RO FAIYEHNG ﬁ{éﬁﬁétp@oga{ﬂeﬁl%gyﬂ&yggy@&ﬁtﬁma%%é&%ﬂstodﬁ utilizing
a microorganism, to produce a product or intermediate, such as energy, fuels, foods or materials.

The physical-eRtreheeairthel froxante depceidieontiedeso i ismsnsting dfahdehanical
treatment osagiatioRy 1SRN IGaliNImPKERb$I%. Qxidation 5%}?%%@&@%%%@??&%9&%%%% and

combinatigns thereof Chemical treatment may include the use of a single chemical or two or more
chemicals® NRECREMEAN RS TR ASHERT FBY foF BR AMBIEM e Gy T MY R e 8S6145RRRing, shearing

and choppigedditingimay include, for example, ball milling, hammer milling, or other types of milling.
Other products and intermediates, including food and pharmacecutical products, are
described in U.S. Provisional Application Serial No. 61/139,453, the full disclosure of which
is hercby 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
gasolme, for powering cars, trucks, tractors, ships or trains, e.g., as an internal combustion
fuel or as a fuel cell feedstock. Other products described herein (e.g., organic acids, such as
acetic acid and/or lactic acid) can be converted to other moieties (e.g., esters or anhydrides)

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



Some implementations include one or more of the following features. The physical 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 ionizing Y&t #ne or accompanied by mechanical treatment befsregsmtionaftar 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 f 0.1 Mrad e 5.0 Mrad can be delivered per 1% b ight of lignin in the biomass
feedstock(f{%ﬁgz.g; %%gﬂrear\& © 90 Wgasﬁlﬂ?ﬁi%dﬁ%vg%j ﬁﬁ%{l s, %k%?il f’é’rtﬁ{%‘d%gt%dé}’“ﬁﬁbduct can
be, for exdhspledusip dpesidhahbeecof drehsrodicts fistelddidreipoincsgmeredses;.themproduct can be
energy or guehforAxaanIe-piogdinselar araleehal sy g ethanol or methanol. The inteimediate or
product can also be, e.g., a carboxylic acid, an ester of a carboxylic acid, a salt of a carboxylic acid, or
a mixture thereof OnTH@4fethd i canirirfre AT hep edmmk ireadursvalivirgptisaging and setting
steps with@seaanskferdaiRtko MR 201 0(093820BE TN SROMHP AR Tmass IaARRer aspect, the

invention features a method. of making a product or intermediate, the method including providing a
cellulosic SHTGHBCEIRBRRY A FPAMRER g IS rEiRGFST RREREISHT S4B RYIECETRISSARID Y mixing the
material inigrfiniehthattineliides water 40 provigertdisparsivmthabbasa fissinbtiangiadgding base to the
dispersion tocmiggreasgn{tsfdpl-llot gesaecogd pH higher aan the first EH. The Ers pH can be, for example,
between B and 5. e BetNeehPSHE 278 TR Lo hi B Be Y5 \IHAE, between about 5
and?, e.g.;ms&mzéen about 5.5 and 6.5. Some implementations include one or more of the following
features. The mefho nivbsr ingl [ lu e_dispersion to saccharify the
cellulosic or li nqcel%ll%%ic ma%%%%?%%ggﬁg%%gﬁ%hr%t%? Sglet%%ﬁlt%@iﬁanﬂ%sens%géharified
material witicaawictooreEshadiatipn suwieaimplanelitsiionsd i ortennrexpdrsipondntsiodithe
processing-QaMiRmaRt i sxAMPIeRRsreehaRical HeamanhegWRMEN kL C8MER (8% acid or base)

treatment equipment, irradiating equipment, sonicating, pyrolyzing, oxidizing, steam exploding,
saccharifyfRG AR RS R eR g CREtisHie MY Shamy S FEepaisdidnienPdeslrraderein, may be
portable, exgfiing, thesiannemafiheisahile poerssing esuipment desgtifeddnlampRatant Application
Serial 12/37.?1,54 , and Published Int;lzrnationa%Aplﬁzlication No, WO 2008/011598, the full disclosures
of which afe INtorporated Nerein By Yefeka@ed et mitiing.

Some implementations include one or more of the following features. The physical

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 ionizing 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 desage of 0.1 Mrad to 5.0 Mrad can be
dehivered 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, e.g., a
carboxylic acid, an ester of a carboxylic acid, a salt of a carboxylic acid, or a mixture thereof,

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

with a second feedstock.



Changing a molecular structure of a material, as used herein, means to change the chemical bonding
arrangement 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 mol®CUFAUEREAT, changing an average crystallinity, changing a S§rFAcE8ER38anging 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 structyfe maybasieqipd Hing Y. ARe AmAsdrthedly sicaldieajments described

herein,-alone or in any combination, applied once or repeatedly. Il 'publications, patent
applicatioff{cpateits; dndnsthes resbidneeomidigohediWervol siesehieaperasarbmdsgsorated by

reference jin.tagi; enpratietoralidhatdhen caniainRESGRIRHON @R fiRE PRAVING KaWO
2010/093829PCT/1J ,2010/02%957 FIG. | is a flow diagram illustrating a process for making a product

from a carBeRoHIRAIATRS TSR Ay BR ANLBRATERASERIBACEIESIR 18 DHSHHILREM
illustratingstepsofdthd pigeassshowin G Thadtergingde wneinplamprentationlG.a3ds a schematic

diagram illstrating 2 Rrocessarmaking ethangl RE 1A SR eSS BRI N bout 5 and 7,
e.g., between about 5.5 and 6.5.

Some implementations include one or more of the following features. The method
can further include adding a cellulase to the dispersion to saccharify the cellulosic or
lignocellulosic material. The method can further include contacting the saccharified material
with a microorganism.

In some implementations, one or more components of the processing equipment, for
example the mechanical treatment equiprment, chemical (e.g., acid or base) treatment
equii)m ent, irradiating equipment, sonicating, pyrolyzing, oxidizing, steam exploding,
saccharifying, and/or fermenting equipment, or any of the other equipment described herein,
may be portable, e.g., in the manner of the mobile processing equipment described in U.S.
Patent Application Serial 12/374,549, and Published International Application No, WO
2008/011598, the full disclosures of which are incorporated herein by reference.

Changing a molecular structure of a material, as used herein, means to change the
chemical bonding arrangement 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 molecutar structure may be
effected using any one or more of the physical treatments described herein, alone or in any
combination, applied once or repeatedly.

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




Biomass feedstocks (e.g., plant biomass, animal biomass, and municipal waste biomass) can be
processed to a lower level 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 buPSHERMR#EMt to process materials, such as cellulosic or lignBE&TKISE Y HieErials which
would otherwise be waste, e.g., crop residues and waste paper. Generally, a manufacturing plant
utilizing the processes described herein will obtain a variety of different feedstocks in the course of its

operation s gma feelSianks ARG (BRI GhoORMBPRNERIS. B CMPASHIAN (AL RXAMRIG A Shipment
b p al waste,

of corn cobs, while other feedstocks ma of variable co sition, for example municip
e.g., variotrsdftestehasmearastpsiaie ligninmealistocks can include, for example, paper, paper products,
wood, wood-related materials, particle board, grasses, rice hulls, bagasse, cotton, jute, hemp, flax,
bamboo, di%al,labacelet amgoonlbobsiogstomalidic, atyae; seavwesdl6ltéresodiuidsesce.g.,
cellulose %%li@];&nrt%gg@erated 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 etically modified microorganism or organism that contajns or is capable of providing a
source of gg(gbegﬂﬁ%rsg%g} g.%?{,%’ﬁmds‘é 't,g%lp '%)%é)rlﬁoﬁ%g,%%%f%%fnéég%}r%imal protists (e.g., protozoa
such as flagellates, amoeboids, ciliates, and plant protists (e.g., algae such alvcolates,
chlorarachniophytes, cryptomonads, M S HerHes oy IO ptophytes, red algae, stramenopiles,
and viridaeplantae). Other examples include seaweed, plankton (e.g., macroplankton, mesoplankton,
microplankton, nBi¥pshidsitiqsieostaniignt HamIemBtemAhRIeteHy, phiBpRERION 2BScteria (e.g., gram
positive bagiatias) Qi BNRGatRDR SR ABR WG 203033 AIRETAISRAA/ARAEE magremophiles),
yeast and/or mixtures of these. In some instances, micrgbial biomass can be obtained from natural
sources, e I BCEEEkEs BoRIELHN AHEY °& FF2BRIF WP o P HESR\ALRT R SRAAT. Alternatively
or in addittRcribier abiaibiomass eanlpebablained foomh Qe ySienss engietalgestade dry and wet
culture systems. . r'ﬁonallo }he r&q@%faftuﬂncgl %[aqt(itotﬁtilize these different ty es_.gf feedstocks to
produce one or more desire porso“c:iuc §, the manutac ur?ngeg?fé%ees%‘?fsaﬂa%jﬁgt’aﬁf téetq:io%eﬁensate for
variations anidiestwithrrthe feedstocks, e.g., to compensate for variations in the lignin content of the
different feedstogks, Mg% : rj rei Iy

recalcitrance Iev%%%ﬁﬁé fee ért%fg%&run@gg%%aﬁq(ﬁé@%%éggfgge%%%gﬁ%ggeeg;ﬁg%}érﬁ%%%%%% ?e.g., with

any microfganisididégernbiadsteinsticiray s Rbicasstbaen B hreadvoskeragebe and/or any
enzyme deggribad mﬁgg&aé&%m%ﬁm%&@goé%&mgpas&fmfi&@f%pxég{y&ﬁa,%ﬁn%mg@ methods

(e.g., acid hydrolﬂy)%is or oxidation). Biomass feedstock can be treated or processed using one or more
of any of tHREHHERD I UAS Aibat s SRITRAILHPAs TGS ARIIE AP HUSPAENE S Eh S HTHAIEIR, radiation,

sonicationpgpddatiamspyrolysis or steam explosion. The various treatment systems and methods can

be used in combbna jons, of two, tprge, or even four or more of these technologies or others described
herein and els ewﬁag étocks can mclude, for example, paper, paper products, wood, wodd-relate

materials, particle board, grasses, rice hulls, bagasse, cotton, jute, hemp, flax, bamboo, sisal,

abaca, straw, corn cobs, coconut hair, algae, seaweed, altered celluloses, ¢.g., celiulose
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
exampie, protists, e.g., animal protists (e.g., protozoa such as flageliates, amoeboids, ciliates,
and sporozoa) and plant protists (e.g., algae such alveolates, chlorarachniophytes,
cryptomonads, cuglenids, glaucophytes, haptophytes, red algae, stramenopiles, and
vinidaeplantae). Other examples include seaweed, plankton (e.g., macroplankton,
mesoplankton, microplankton, nanoplankton, picoplankton, and femptoplankton),

phytoplankton, bacteria {e.g., gram positive bacteria, gram negative bacteria, and



As shown in FIG. 1, in some implementations the lignin content of the incoming feedstock is
determined (step 100), and then, based on the lignin content, the type of physical treatment(s) (e.g.,
mechanical treatment, radiation, sonication, etc.) and/or one or more processing conditions required to
obtain the d&¥R&8'pdét#Et are determined (step 102). If the feedstock had @ ¥&RN&RHith level of
variability, e.g., municipal waste, a number of samples may be taken and the average lignin content
calculated. In some cases, the feedstock may be pre-treated to homogenize it prior to lignin content

mea_SU!re“%QQE&S&EZ%%WI%’&%SPé(n%ﬂﬂq}ﬂ%ﬁww‘{ﬁ&%i”Eh She FERACONINARGE PorRt digglgsed in U.S.
Provisional Application No. 61/081,709, filed July 17, 2008, the full disclosure of which Is incorporated

herein by PEfeifEAdEIM RN eHEeS Seg thageBwakE IesisRotisteh MorsdlceHsieg féddstocks can
be mixed tpgsthgrdoifeim acombined fearsigsisranitisilionitherotentiaf dhairedined feedstock can

be measured. Methods for preparing samples and determining lignin content are disclosed in

Departmeft BFERSR (S GE ) HeESHc iy s R DSE12618 (Revised 4/2008),
NREUTP-510-426181{Reakisedrlf2008h of1ehNR Bl (E P thdkQ-di2e 20 Revisetidk@afi) WO
2010/093829PCT/US2010/023957 do?‘c?hthe'll% in cantent has been qteg?r ined, it can be used,
e.q., basel S ShiBHEaM Ge TR BE Fai SR ML F AT SR TG iR do R R A PecAE e, to
determinefthe pracessind/@onditions; whistvdre ¢henanputtenthe froeassingaquiphenty(step 104). For
example, @c?n?&?‘é’ﬁﬁ@ (lﬂ%rééfg%gé?&r meters may be those used in one or more

recalcitrance-reducing process steps that will change the structure and/or reduce the recalcitrance of
the feedstock, adViaily 9é e seeitssseiri paetthed detain sefowicctivetdlesirs dhamecelgtperastlgvelprocess can

be monitoged(sie 40, Fifkinldiaadhih e Pracssomakamsiern alsted hased o fpse measurements

(step 108, FIG. 1). For example, the volume, purity, or other characteristics of the output can be
measured™HROBHHN A Beetieial RS & PeMRTSBE AR ABFIHSARSIR o 4B L SHEh as a
lignocellulgsic:E gellpsinmaterialhavingoriisedrecalcitianse or pyRefaitng BRMntesFIG. 2, in one
example the methodology discussed above can be.integrated into a process for manufacturing a
oroduct, EF BRI Gy LA FSGEP B oRSHAAOP b SIS vl SR BHOF o e BHOPSIEH a process
can includesisgroaxample: wiestyastidadllyntrbading: thebketidstocks(ste ps MQhdogfdreandéot, after this
weatment, yeating ihe fesdstasluihanaher physieal treaiment, for.example iradigion, o further
reduce its TECAIGIrance fs ep i , an fhen brocessmgl%re {réated feedstock o 'proc?uce a desired
product (stepaLkaieartrieht Ry oenpuineé metimdsivstl Faiimf(ém@mmw@ ﬂfd}'\mﬁabs,tepsmﬁth_is process
will be de%ﬂ@&@ﬁﬂr@%ﬁﬁé&%'%‘éhnl')'i}%é&e&soﬁfe%%%wﬁﬂég ligrin, GRAtGOL(RLEP 118) and setting or

adjusting process parameters (step I20) can be performed at various stages of the process, for
example just pricktshgiEtrotKss!ste seay sl aa e the anietomiat tdbebgsBieg as shown.
BIOMASStMAsIRIAkSermined (step 100), and then, based on the lignin content, the type of physical

treatment(s) (e.g., mechanical treatment, radiation, sonication, etc.) and/or one or more
processing conditions required to obtain the desired product are determined (step 102). If the
feedstock has a relatively high level of variability, e.g., municipal waste, a number of
samples may be taken and the average lignin content calculated. In some cases, the feedstock
may be pre-treated to homogemize it prior to lignin content measurement, for example by
grinding or pulverizing, e.g., freeze-grinding (e.g., as disclosed in U.S. Provisional
Application No, 61/081,709, filed July 17, 2008, the full disclosure of which is incorporated
herein by reference). In some cases, e.g., s shown in FIG. 1A, two or more incoming
feedstocks can be mixed together to form a combined feedstock, and the lignin content of the
combined feedstock can be measured.

Methods for preparing samples and determining lignie content are disclosed in
Department of Energy (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).



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, e.g., particle
board, grasses, rice hulls, bagasse, jute, hemp, flax, bamboo, sisal, abaca, straw, corn cobs, coconut
~hair; and maNsfiaHigseM a-cellulose content, e.g., cotton. Feedstocks cafC& 8@zt FFom virgin
scrap textile materials, e.g., remnants, post consumer waste, e.g., rags. When paper products are
used they can be virgin materials, e.g., scrap virgin materials, or they can be post-consumer waste.

Aside from virain gy malerials, WQ 201010938208CT/\I20001029057 post ponsumer, industrial
(e.g., offal), and processing waste (e.g., effluent from paper processfng% tan also be used as fiber

sources. Biomitss feédstockeical isshin bitaicedigridenvedtfrodrbuahnindecgto dewwage}, animal or
plant wastgs. ic.and. lig I [ ter 1AVE ) ibedin L.S. Patent
s, s T B G B Y R P b, e
biomass riaERAH-ATIIGES i ddboHydisRaEIS s AT bRIBS 3¢ NratbialTSaVimPBne or more

3-1,4-linkagescaneh DaMne AP HPRSE aXeaes Maleskiak weight hetwernakott3 400 and 50,000. Such
a carbohydrate is or includes cellulose (1), which is derived from ( B-qéucose 1) through condensation

of P(1,4)-gReSEHRGOhEE f?ﬁﬁ@tﬁﬁ%a’ﬁewégﬁﬁ%@ﬂ%@ﬁwtﬁéﬁ? HLgloN-glycosidic bonds present in

starch and othericadipbydratesiput of the process can be monitored (step 106, FIG. 1), and the
process parameters adjusted based on these measurements (step 108, FIG. 1), For example,
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 lignocellulosic 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
example 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, ¢.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, e.g., particle board, grasses, rice hulls, bagasse, jute, hemp, flax, bamboo,
sisal, abaca, straw, corn cobs, coconut hair; and materials high in o-cellulose content, e.g.,
cotton. Feedstocks can be obtained from virgin scrap textile materials, ¢.g., remnants, post
consumer waste, ¢.g., rags. When paper products are used they can be virgin materials, ¢.g.,

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



1 Starchy materials include starch itself, e.g., corn starch, wheat starch, potato starch or rice
starch, a derivative of starch, or a material that includes starch, such as an edible food product or a
crop. For example, the starchy material can be an-acacha, buckwheat, banana, bailey, cassava,
kudzu, oca, 883 HWIEM, regular household potatoes, sweet potato, tafts; if/ERI8I%12é1eé or more
beans, such as favas, lentils or peas. Blends of any two or more starchy materials are also starchy
materials. In particular embodiments, the starchy material is derived from corn. Various corn starches
and deriv tj)\é % r%gscri %%i "Cor%[@t r%h&" Cf‘or(% : fing& S, og ti%nt %&Igp I;dé'tion, 2006). In
some cas%s g]é)%siomg’sgl%a r%llc(:fr: ia rerﬁ’terrllaﬁ R/fiqr%%%a\ivsoufgégs”in@ﬁ&é, ut grg hot limited to, any
naturally deeaesneLs caetHeibampashot e snicesordunmemsdevivesks nindicohedingotf ¢ capable of
providing 3SR 2f GAFIRINIAIES A6.Y.: n ARILIBE ) Ok X RMIB RIS fisi 2RiMal protists (e.g.,

protozoa such as flagellates, amoeboids, ciliates, and sporozoa) and plant protists (e.g., algae such
alveolates SHEFHARINBERYIES &y bsihrrtbed iiylénioBe G S, HaptoptiAes: red algae,
stramenopilesy ang viorneptantaskh Dthey, examples include seaweed, plankton (e.g., macroplankton,
mesoplankton, microplankton .nanqplangtonz ico Iantlto , and femptoplankton), phytoplankton,
bacteria (0.0, or I BB RS LR REHa 6, A HAD SE0E Bt e BRTAESATES) Gncet anclor
mixtures ahthese.almseme hnstanoes pmicrelfial bitnmagssead bevolfainedieoaveragaral sources, e.g.,
the ocean, |akes, bodies alyuatar. £ saltuateratdiesh ater. oron land. Alterafively or in additon,
microbial BioMass can‘be obtained from’ culture systems, e.g., large-scale ary And'Wet culture
systems. EXaMRLESYORIOT #ER:B BN 5z ucoBléhtiscuttheohisnsatefeé B6tdakelvitbs sliker materials,
e.g., ‘?arb%%iﬁﬁf‘t@H?érl&EAQé%%ﬁlﬁﬁM?&é?%ﬁ'ﬁ%ﬁ%&%?ﬂbu@;Q:os‘?&@tbémt&ewﬁiﬁ'%{%mUS’_
bituminous and anthracite; oil sand, oil shale can also be utilized. In addition, blends of any biomass
materials dedeiisadHeebidaith 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 treath irradiation, sonication, oxidation,

HO™
HO




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 any order). When more than
one treatment methods is used, the methods can be applied at the same time or at different times.
Other proces¥és2Ha0eH¥3hge a molecular structure of a biomass feedstocRERAIFHBBRETsed, alone or
in combination with the processes disclosed herein. One or more of the treatment processes
described below may be included in the recalcitrance reducing operating unit discussed above.
Alternatively, or i§t§rg ition, 9&&?[ RIOgesse for §ducin recalcitrance, may be included., Mechanical
Treatments  In somrie _cag_és,“ rr?etﬁods é%ﬁﬁﬁ%ﬁuéégmce%éﬁé%rﬁré’!&r|§’7 r%aé[l%agé the t|aof(r)n%asrén’l}é)(f:'dstock.
Mechanicala¢sititiedtdanvitive ofsitaesarapenetstitighiliclyd pretesihgyughindimy cdiheaitng and
chopping. g el uds. Jonsermris:ball millng, hanierauling. seleyslalon iy or wet miling,

or other types of milling. Other mechanical treatments include, e.g., stone grinding, cracking,
mechanicQPHBPiRE B te XHEY BRR-HBRHAY Sram: sewmheninheld PotapssrarieLpeteat#Ent can be

advantageeus:fer sapeningrtBeaisIRsaingi e aking ang-shatiering shenselldsinorignesgllulosic
materials, making the eIIqus%of the materials more susceptible to chain scission and/or reduction of

crystallinit) THE SFERFATSHEN CXIHRS 08 REte e oliaatBrwmaeithifiated. I
some casésrithed fenkanical ireatroent smashincluddaivinitial peepasdtioniof the-fergstock as received,

e.g., size @91%%8%%%@‘8&%&% sg;lla1 %%Q(ch%' ; grinding, shearing, pulveri_zing or chppping. qu
example, in'some cases,ﬁoose eedstock (e.g., recycled paper, starchy materials, or switchgrass) is

prepared by shearing or shredding. Alternatively, or in addition, the feedstock material can be
physically treate@b%‘?%ﬁ&%?%ﬁb%&%@ﬁ?@ 18%?%8%@%@%% rﬁ%@i’ﬁé‘ﬁ}g,c%?@?f’m@nﬁ’i‘gaaﬂﬁeatment,

radiation, soniatiahtooxidatiomflyralysisiar sieamedplosionifatdibenmechadicalutreated. This
sequence can be advantageous since materials treated ne or more of the other treatments, e.g.,
irradiation%?%;?r% ﬁg?s?rtlesn%%ggeeop ore britaé Sé?%??ﬁgrce b&%ﬁ,ﬂ%ﬁ%&%@é%@%&féfﬁ%er change the
molecular SRENFeLite Peaterialdypriathnicahreatrmenth s flipdbite, embddinientkatie feedstock

material sy 5700, SRIQYHIMALRURL ADA MESANGHLCRIEnL ngludes.shearing (o expose

fibers of the fibrous material. Shearing can be performed, for example, using a rotary knife cutter.
Other metﬁ@ﬁ?%ﬁﬁ?@éh@ﬁ@l@ﬁa glaucophytes, haptophytes, red algae, stramenopiles, and

viridaeplantae). Other examples include seaweed, plankton (e.g., macroplankton,
mesoplankion, microplankton, nanoplankton, picoplankton, and femptoplankton),
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, e.g., large scale dry and wet culture systems.

EXAMPLES OF OTHER BLENDS

Blends of the biomass feedstock with other materials, ¢.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 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,



treating the feedstock include, for example, milling or grinding. Milling may be perfooned 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 example, a stone grinder, pin grinder, coffee grinder,
or burr grind&fCE¥MEiRG*hay be provided, for example, by a reciprocating? fifi 62688 ment, as is
the case in a pin mill. Other mechanical treatment methods include mechanical ripping or tearing,
other methods that apply pressure to the fibers, and air attrition milling. Suitable mechanical

treatment%}férgrpﬁg ks 3&}%‘1&‘&8&? teehnighe1oak a0 aR06s (& MAIGHHAL SIRGIHIE Ll #he fFeedstock.

If desired, the mechanically treated material can be passed through a screen, e.g., having an average
opening siP8eP1soARPEesIEngIErs (0082 S1Heh). Wheb mere b ens BRE SHearing, or other

mechanicaldIgRIMe BlcANH-SERRRIN AR REFUMA GBIV TRy ROl BXRMRIR rofaky knife cutter
can be used to concurrently shear the and screen_the feedstock. The feedstock is sheared between

stationaryBREEESNE SERETS MR FSE S Brovide & aiiamassisdetlmatpie b wdughns screen, and
is capturedriim adaitbirTdtiebivithahchave:ss@ressiradatovmnominal atmospheric pressure, e.g., at least
10 percent belov,nominal atmospheric pressure, e.g., at least 25 percent below nominal atmospheric
pressure, at leas gf)oﬁé?glécn?%% c%vsdrt%%fr%?%q?ﬁéobsdp%g%’ce(grg‘e%%ﬁref lr(":%ftnlCeﬁé%f ’§|togrcent below
nominal atavebpieyc pressw epdnismmeiedusogicdehtsca Adcuanvdeurca igldtilizeditermaintain the bin
below ”O'Bieé‘és%@‘f&ﬁ’%ﬁ&&géd%&}%mm é)%ecglléﬂlgg‘&(_: or lignocellulosic material can be mechanically

treated ina dry state (e.g., having little or no free water on its surface), a hydrated state (e.g., having

up to ten percent by weight absorbed water), or in a wet state, e.g., having between about 10 percent
and aboutpfecRersent waight water. The fiber source can even be mechanically treated while
partially or fully submerged under a liquid, such as water, ethanol or isopropanol. The cellulosic or

lignocellulosic mEtEARECEcE S hadherh iy rebraigativde b Smass l5dieshn or atmosphere

of gas othefedanigil)ireaBncXIEENR! HIHOGRIH IO Shgiar) millidk desikes, lignigicanhassmeved from
any of the fibrous m ﬂjals that inlclél_d lignin. Afls%,‘{f) aid in the breakdown ofé% matgrials that
include ceMiBEE Sthel e RS AR KR RTSE IS 18 GP U G HREKH AR & EURHEAPS A adiation with

heat, a chenvicah(glgg, mindral goid, dastliiopa Stiengedtidider suchrastsadiluachyposhiasite) and/or an
enzyme. Fqr. example, grinding . can_be performed in the presence of.an acid. W

01 01093 B A R e R AL B8 s e 0 prociuce
streams with spedifichenisrhtretistioscsndly adyfopesample; padiiounAXitesnnsiZdgcapegific
length-to-widitly, o sRgsHfic skisface arﬁg&o@m%a%%%ﬁa@m&g'&fﬁaﬁga@t&%mrm@ the rate of

reactions or reduce the processing time required by opening up the materials and making them more
accessiblETY P SRLESHREPEP I KERE ssifelwadidayEdcivadotisilinge Blikdehsity of
feedstocksmeani alseahelsOpiraled sustaginech anicalitieatme ttafatgxample, in some embodiments,
after mechanical treatment the mate{li;?ﬁllfggi a bulk density %;G;L?ss than 0.25 g/cm3, e.g., 0.20 g/cm3,

0.15 g/cm3, 0.107EMS B85 Gces OB 6 PEME BUK RIS e lined using ASTM
D1895B. Briefndhesmethad,inygolves fitingienm éastsitds cylistoar of knauwd) polding, witartsgample and
obtaining awei ht of th samnple The bulk density is caICLIIIate %ng(i)vig'tg%the W(?ie%ht of the sample in

grams by fhe know (yoﬁ%u?ﬁglo%'tﬁg rc%ﬁﬁ%%? in CUbIC centimeters. © TECYCISE paper,
starchy materials, or switchgrass) is 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 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 performed, for example, using a rotary knife cutter. Other methods of mechanicalty
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If the feedstock is a fibrous material the fibers of the mechanically treated material can have a
relatively large average length-to-diameter ratio (e.g., greater than 20-to-1), even if they have been
sheared more than once. In addition, the fibers of the fibrous materials described herein may have a
relatively narf®® g RAd/or length-to-diameter ratio distribution.  AsREEdN1erems%verage fiber
widths (e.g., diameters) are those determined optically by randomly selecting approximately 5,000
fibers. Average fiber lengths are corrected length-weighted lengths. BET (Brunauer, Emmet and

Teller) surfage 17 lt{ int surface areas,.and porosities are.those determined by mercury
porosimetry. ﬁ??tﬁte?t{ese{gés{togg%g é&iiﬁ'groxljigl Hgg’tgﬁ}aﬁ e rg}alélg'lzvnﬁgltﬁl%{%ya é’t%ﬁ%?i%d%f fibers of
the mechaidaijorrextawmatbeiarsamis, belhmighaaiéridrar sttnier orpeaterithaisd 611}, greater than

15/1, greatgptham 20/ 1. Sreater gﬁmﬁﬁﬂ@%&l@l@aﬁﬁmggc%{%!&nma}{grg%ee}fégﬁyee”%% the

mechanically treated material can be, e.g., between about 0.5 mm an mm, e.g., between about
0.75 mm SAECD Riks HNa arrEve BHERI AP it grieiam Slendétae sde avevidnd dermeenisl, 14 can be,

e.g., betwaen algibbagny antbbAEH RidenPeiVEaR 2RRULLGEMMANRAL: WbchaniliSOMeE

embodimetnt's, if the feed{f‘toc is a fib ous tmaterjal the standard deviation of the fiber length of the
mechanicAlk? BEAtERTRATE T B BRF IR0 th BRIBESEiCaHE B dhea st Anes iy i optke
mechanicadlylréatad, malteitakteign Isgknhadubipersentofe-aneiagefenginalass.than 40 percent of
the average length, less than 25 percent of the average lengt O
2010/093%%%%?%@%%%%@% fgggn &%%%6%5‘?2@&032 &{e} eée\\é\éir()é’ée length, less than 5 percent of
the average lengthdiredethdessctihaivdl porsent ohtbébvaragedengtiroughin some, embodiments, a

BET surfagg alearalha pesanicaly Srealedmaielial [s GteAls! DO AR/, g0y, reater than 0.25

m2/g, greater than 0.5 m2/g, greater than 1.0 m2/g, greater than 1.  m2/g, greater than 1.75 m2/g,
greater thARBOGIMSY; Hreatas thagthe mehpnigddtertmen, 25duoksngre ate ptifonr881im2/g, greater than

50m2/g, géﬁﬁ@%‘@ﬁ@@-G%F@Jﬂnﬂ@@tﬁftél‘}]@‘kh?;@S%H%% cHRGLINAN0Q,MA/g, Qleatsl.tan 150 m2/g,
an m

greater than 200 m2/g, or even greater t /9. A porosity of the’mechanically treated
material c&HH8, BedCgrisfer tRalst pstchcgredReTHsan Y8 iparerledsreméraianas setcent,

greater thanihbvpirashtagiéatierthamh&dpsseniogreatardbanddipeisantdgraatar thap §Q percent,
greater th%gngfé \perc%ltx<§ lgéeb%tg{v than 90 perce reater than 9,2 ggercent, greater than 94 percent,

t,
greater than 95 percent, greatar tﬁ%ﬁ@%é@é’?@r’bﬁ‘gcﬁéﬂﬂ%% ISt BBV G eater than 99.5

percent. nominal atmospheric pressure, e.g., at least 25 percent below nominal atmospheric pressure,

at least 50 percent below nominal atmospheric 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 pressure.

The celluiosic or lignocellulosic material can be mechanically treated in a dry state
(e.g., having little or no free water on its surface), a hydrated state (c.g., having up to ten
percent by weight absorbed water), or in a wet state, ¢.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 liguid, such as water, ethano! or isopropanol.

The cellulosic or lignocellulosic material can also be mechanically treated under a gas
(such as a stream or atmosphere of gas other than air), e.g., oxygen or nitrogen, or steam.

If desired, lignin can be removed from any of the fibrous materials that include lignin,
Also, to aid 1n the breakdown of the materials that include celiulose, the material can be
treated prior to or during mechanical treatment or irradiation with heat, a chemical (c.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.
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In some situations, it can be desirable to prepare a low bulk density material, densify the material (e.g.,
to make it easier and less costly to transport to another site), and then revert the material to a lower
bulk density state. Densified materials can be processed by any of the methods described herein, or
any material FrbeH848BY any of the methods described herein can be sEbI&Gu8HEHSRsIfied, e.g.,
as disclosed in WO 2008/073186. Radiation Treatment One or more radiation processing
sequences can be used to process the feedstock, and to provide a structurally modified material which
functions as inpuLe,futTle" RIRFERPING SiERs ARCIBLASAHARG SRodUALAURNGafl [ grample, reduce
the molecular weight and/or crystallinity of feedstock. in some embodiments, energy deposited in a
material tt?éf*%@ﬁ%@géhcél%tgﬁ?ﬁﬁ%ﬁ@ﬁ%séﬁrﬁ&%%ﬁﬁﬂ% tised weriiienatthie it iars. The radiation
may be pf%\’:@ﬁ@' Rrrldeaw shrorttnaticleacakickhas:alpRA-RRMTIIeS 05 AIQIORRs 2} electrons,

produced, for example, in beta decay or electron beam accelerators, or 3) electromagnetic radiation,
for exampied §&MBrPA5STIE 4578, "B A RO RPERIS U s i pir 540, PalIBB S BrBflited by
radioactivecsesianeaseansbeaused tejsadiairiihe fedstoakalpkoime ambedimentsyaiy combination
in any ordgr or.coneurre ‘zt%of &1)Lt [ou h %3%]m%¥ be 1uttrili,zed. Itn gnother a]pproach, electromagnetic
radiation (és.egf‘ %?o’f’jﬁ%ned bﬁ’swelé: Sldetron béam %leﬁlé)rds) CARBR LSS T IRGI AT IRE feedstock. The
doses appligbbdepeny gdivthecdesired th/On20110/0838A9RCT AISROENAAR3IF3 effeat(alitl the particular

feedstook. Fanexample gtk dpsss atsadistonaandieakahamedl bandswiin eetpok

F
componer%ts. In some’instancés when chain stission is e an ain

functional s is desibid, yargdes Mdal e thaheiBetibasnehet iasgdrvetdHEnkaelium nuclei, argon

ions, silicQR:INFNPEORHAIS AIROR 10NE. PRASNAIHR IR IMIEMIPDS OLRITPERN IR Lan be utilized.
When rln%openln%é%ham.sussmn IS desired, positively charged particles can be utilized for their Lewis
acid properie 8 BRASN S RRGtepBhrY ehaiT s cisiibhe FBr spipie SHmeTPIEkiIaWoxidation is
desired, oxypen ©NGcayihetilizesicanghwensmaximum nitration is desired, nitrogen ions can be

utilized. Ino ethqd, a first material that js.or includes cellulose having a first number average
olecular weight (VRS iRl A Sy B O ERE W o SR FEOILON (5 G e fow of
gamma rachabien; Xredyivaiation a30Qgildop 80 riamttkaniolet(¢ld\ phigint; dulbeadnof glectrons or other
charged patrticles) to.provide a second material that, includes cellulose, having a secand number
average roa B B e St e ST AL TR hErSEERER The second
material (gheshrabiirsherni seood fiadiaty barmbevcemiinadlvitherethibrelbrgatds mtiavith or without
enzyme trgatment),ihat can utilize the second and/or first material or its constituent sugars or lignin to
produce a fuel or other useful product that is or includes hydrogen, an alcohol (e.g., ethanol or butanot,
such as n-, sec- Of ittt aNaf SiEEMIC A G Hy o dEBsisSH %ﬁ%ﬁ?ﬁéﬁﬁ‘éﬁ?@f?%@géﬁy Since the
second maieriahbas,celulese havinaakedueod meleculacwelghixaaiive tadhefistmaterial, and in
some instances, a reduced crystallinity as welt, the second material is generally more dispersible,
swellable SRE/BFESRIGE I8 ey dtioh éfﬁ?éﬂﬁﬁ&?‘ﬂﬁl:%@rﬂgm@rﬁuﬁcﬁ&%’f 4 BRIYHIEPPHEse properties
make the saconrdirtatedlpnouwsusecpitblaittcaneridal renzymaticoaint?ey biological attack relative to
the first material ich c reatly.jmprove, the production rate.and/or production level of.a desired
product, e.g., etﬁ[g\éno P a%g%‘%(olrsl %)gir{{rzg%é,song tgﬁfl%%%hg%ai%lr%%,hbp?"g% r?itgid{gtlr?e%fl(i‘%% rt“‘;oofgjijoprocess
the materithk mecharsoriip eratsddimients cthédsecongreaionbiema/érage grelecutan i@ighirtvite2) is lower
than the fifgt,number ayerags smelectlatweighMQ hy.mar thag 2bayt A0 Rercant, £:g15. 20, 25,

30, 35, 40, 50 peréent, 60 percent, or even more than about 75 percent.
of the mechanically treated material can be, e.g., between about 0.5 mm and 2.5 mm, e.g.,

between about 0.75 mm and 1.0 mm, and an average width (e.g., diameter) of the second
fibrous material 14 can be, ¢.g., between about 5 um and 50 pm, e.g., between about 10 um
and 30 wm.

In some embodiments, if the feedstock is 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, iess than 40 percent of the average length, less than 25 percent of the average length,
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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, 40, or even more than about 50 percent. In
some embodifRitg/i828tarting crystallinity index (prior to irradiation) is fRSrEHEUYHSH 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 irradiation is from about 10 to about 50 percent, e.g., from about 15 to about 45

peroent of oA AR AAAULARRETRE, HAVRRS . Same EMPRUIMENS, & 0q ey exensive

irradiation, it is possible to have a cry ndex of lower than 5 percent. In some embodiments, the
material afés? ihaadiawsirns alibstariiagy 'ams8iphous.  In some embodiments, the starting number

average moleculgy Wieighth lHahdRABEHANAR I0m BPAKLA0GAN0LIR 3RGKE ,200:HG0. €.g., from
about 250,000 to about 1,000,000 or from about 250,000 to about 700,000, and the number average

molecularSh&EhisR iradiaficn BRERRILE 50 0806248 hE206,006 &5t dhanabBut 60,000 to
about 150:809 er-fremtabau £0,0004a-akaut 125090, Hewevrinip Gae erohedimants, e.g., after

extensive irsadiation, it is passible to have a number average maqlecular weight of less than about
0,000 o By EndB L LT AL S 051 PR B A MR T o B WERGIAF Chm have a level
of oxidation«02) theat 1§ higherrtasn fhe [8Mehofoxidatom @150 firstmaters? 08 higher level of

oxidation %%h%;&%e[@n% %%d/in its dispersability, swellability and/or solubility, further enhancing the

. h 1) 2. : ! . : .
material's susceptiblility to chemlgal, enzymatic or biological attack. In some embodiments, to increase

the level of the oXidarisiodiite sewbadienbirdrialve iuaeied dhiefirst snasritel fire Rlagisoh is perfolmed
under an gxidiging, eRItQMENG, €6, HAHSE LIARKEL O AL VYIG DRI QARG 4 57FONd material

that is more oxidized than the first material. For example, the second material can have more hydroxyl
groups, alBiEksRfesrish e RetOmetgrblsEcdatdiy P sHbataeIbaca BREGPSs, SR Bah increase
its hydropbifigiyctoniziag:RadiatonrcenEachdpimiobadiation jenizesHheosarhemecentaiging material

via particular interactions, as determined by the energy of the radjation. Heavy charged particles

primarily i} maRAEFTa EGURSMBrSCARSARY; fARSHSPEC a8 IMdIHEiBhs produce energetic
electrons that may duittheitiatiszs, matie beAlphatparticlepareidentcl derfiey mictelas abaifelium atom

and are p‘fﬁgk‘&? Qﬁg}’g%hg %&Eﬁk%‘???é&%f.\{&é'%‘@ s ??&%‘égsngﬁ'%’ 5360851 oégﬁ?ﬁegfr&%{?“th’
polonium, astatine, radon, francium, radium, Several’actinides, such as actinitim, thorium, uranium,
neptuniuntheoritmacal i dewenbudndenigivstpendphuibniummicisG 20107093828 0T AuS2010/023957

methods described herein, or any material processed by any of the methods described herein
can be subsequently densified, e.g., as disclosed in WO 2008/073186.

Radiation Treatment

One or more radiation processing sequences can be used to process the feedstock, and
to provide a structurally modified material which functions as input to further processing
steps and/or sequences. Irradiation can, for example, reduce the molecular weight and/or
crystaliinity of feedstock. In some embodiments, energy deposited in a material that releases
an electron 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 nradiate 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
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When patrticles are utilized, they can be neutral (uncharged), positively charged or negatively charged.
When charged, the charged patrticles can bear a single positive or negative charge, or multiple
charges, e.g., one, two, three or even four or more charges. In instances in which chain scission is
desired, positifeH 18/a#8#d particles may be desirable, in part due to theirf&di€2AEHI2?3When
particles are utilized, the particles can have the mass of a resting electron, or greater, e.g., 500, 1000,
1500, 2000, 10,000 or even 100,000 times the mass of a resting electron. For example, the particles

can have ¢ Ay ss&){}fromﬂab utel tgn’ii{c iilnit to ab ut 150 atomie units, e.g. gq about 1.atomic unit
10 about 50 ot e o Fary DAt L o aDan b "y dop e Uiy STk Bl elerators
used to adseidtatshindqsdstivle scapebenéle dtroxratic. DOl adtrodpaamicsHO, IRECtingds, magnetic

induction lipgar 9&%9{&? RHAHS AN S TOL XA RIS SYEI QAR IYPE.aceelaiators ars availahle from IBA,

Belgium, such as the Rhodatron0 system, while DC type accelerators arc available from RDI, now IBA
Industrial, SO HEDYHGHIEAR 1t B ToR M Besr R T<CareoBistseRF i tiBRfuctory Nuclear

Physics, kepagthods i aneedeh\\ilgy&8ansd. Inehéi 988) oféstaRIglaGcRIIKA B.6:£4997) 4,
177-206, Chu, Willigm T., "Overview of Li ht-bg? Begalm Therapy” Columbus-Ohio, ICRU-IAEA
Meeting, PS36'RRAFER SR THTAA P b U2 {RF AT G PR SE BRI P PR AR5 1489y -lon
Medical Acpeleratdesh RiedeedingseeikiA G 2006 2 5ainhurgha Geotiangdaddokeaneions & et al.,
"Status oft')[he §ug rco(g;]d_HctirrligaECR lon Stource Venus" Proceedings of EPAC c?£000, Vienna, Austria.
L2 ang wie imum nitratjon.is desire Iﬂitr%%ﬂﬂ 10 sgc[ﬁn ?utﬂize 5 .
Gamma radiation hias the advan age of a signi icant penetration depth into a variety of materials.
Sources of gamrirecraysdthcididelnativactivbtmictedr suthdas isBubpesoficgbditscalomban, technicium,

chromium, Qg RGP, AN OP KYRIOR. SRR SEISRIU, Rdim. i apd xenon

Sources of x rays include electron beam collision with metal targets, such as tungsten orrmolybdenum
or alloys, &t terfisaceligteasurcedionuchdy tidseoprddlced tecmirisrcidingviniatyhoadithSdurces for
ultravioletyagipdion Inaiid e ARte i oF FAGNMIARRRAUCES fRkdnfiared radiation include

sapphire, zinc, or selenide window ceramic tamps Sources for microwaves include klystrons,
Slevin typESRECSH IR Bt BUBRTSBGFEESIRAFIARIS Hy dMgaro v an it Hifogen gases. WO
2010/093820B6 BhdH20 MYR2FADweight. The second material (or the first and second material) can

be combined with a microorganism (with or without enzyme treatment) that can utilize the
second and/or first material or its constituent sugars or lignin to produce a fuel or other useful
product that 1s 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 cellulose having a reduced molecular weight relative to
the first material, and in some mstances, a reduced crystallinity as well, the second material is
generally more dispersible, swellable 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 reiative to the first material, which can greatly improve
the production rate and/or production level of a desired product, e.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 (Myp) is 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.

In some instances, the second material has cellulose that has as crystallinity (C;) that
is lower than the crystallinity (C;) of the celluiose of the first material. For example, (C;) can
be lower than (C;) by more than about 10 percent, e.g., 15, 20, 235, 30, 35, 40, or even more

than about 50 percent.
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In some embodiments, a beam of electrons is used as the radiation source. A beam of electrons has
the advantages of high dose rates (e.g., 1, 5, or even 10 Mrad per second), high throughput, less
containment, and less confinement equipment. Electrons can also be more efficient at causing chain
scission. In aB@iti8H/EREerons having energies of 4-10 MeV can have a pengttsion/ospsh of 5 to 30
mm or more, such as 40 mm. Electron beams can be generated, e.g., by electrostatic generators,
cascade generators, transformer generators, low energy accelerators with a scanning system, low
energy acceleratgrs with. a linear cathpde, linear accelerators, and.pulsed acceleratars. Electrons as
an ionizing radia'u%l)%msndeu?%qg%agﬁl%ne% ths%fa‘?%l%gg. ,C%?gfgeﬁfght\yeﬁgﬁ%{iﬁj 8%%00 %é?gﬂg 3> E“Z;m less than 0.5
inch, e.g., #estifaie 01 i8R, S0 tnoh cq2 firnoh pbruess tthai0t T ineticdnt sofenesbbadithents, the

energy of gash alecian oLibeRIeRaMARATISIAM FROHLAR MELI0.Abauka.ME] dpnilion electron

volts), e.g., from ut 0.5 MeV to"about I.5 Me'l, or from about 0.7 MeV to abou Me'l.
Electron bBHR$HradialiOMdeoies ieAppe prawirer eofrmmerbiatyfrension: Beamcapplications,

Louvain-lariieuvey, BelgimapsaentiianSorpecation, SaniegaofA 1] ¥Risalielsaton energies can be

1 Me'l, 2 MeV, 4,5 Me'l, 7.5 Me'l, or 10 Me'l. Typical electron beam irradiation device power can be 1

KW, 5 kw ST RIPSHRIFE 80lRu6r 156 RRErewt: KRS BRETBhAI RS Idarstedebdigierization of the

feedstock tledends tryibamliedisomensiigysused and the dose applied, while exposure time depends

on the power and dose. EX]%I’ al doset%m take values of 1 kGy, 5 kGy, 10 kGy, 20 kGy, 50 kGy, 100
Icle

kGy, or 200 kGy. lon Par BeHhe 1o SBLRR LTDSE TSRS M RN BELifzed to irradiate
materials, sudieasngay iony drate S @, M0ateridisut ial 0ocl0tie carbohysirate s 50,000 eedubasic materials,
lgnocellulgsigyuatetiaten Ry SBasH RS OLHINES LAY ol these and olhers. desclibgd herein.
For example, protons, helium nuclei, argon ions, silicon ions, neon ions ¢arbon 1ons. phoShorus ions,
oxygen iodSBriHAdEEen ibfemabde SiP8do rheuR 0 boiménts santic§Mcavienthan electrons

can induce tiaierRImaHuel shoin ssission el eoliobier paslileshdn seme Instapges, positvely
charged particles can induce_higher amounts of chain scission than negatively charged particles due
to their ackitsve HadapEFdIeslinte ke pavsrbie miease 5ol erilig Taeks ablssiekators or
cyclotronsatisuson@iembadimentsdhexsoesgyef each particle of the beam is from about 1.0
MeV/atomic WQ 2010/09 8§§PCT/U8201(1/(12395Y unit to about 6,000 MeV/atomic unit, e.g., from
about 3 MeV/ atofieTh TS SBEEY S S0 KA B! FiR, W fr i sh 8L TR /G i it to about

1,000 MeVigtentlourit level of oxidation (O)) of the first material. A higher ievel of oxidation of the
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 carboxylic acid groups, which can increase its hydrophilicity.

fonizing Radiation

Each form of radiation ionizes the carbon-containing material via particular
interactions, as determined by the energy of the radiation. Heavy charged particles primarily
tonize matter via Coulomb scattering; furthermore, these interactions produce energetic
electrons that may further ionize 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, californium, americium, and plutonium.



In certain embodiments, ion beams used to irradiate 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 ions
-and protons, ¥&HHA8H3%Nnd oxygen ions, nitrogen ions and protons, ancPFeA fBAREARHrotons. More
generally, mixtures of any of the ions discussed above (or any other ions) can be used to form
irradiating ion beams. In particular, mixtures of relatively light and relatively heavier ions can be used
inasingle ionb . abodiments, {on for irmdiating. materials include
positiveIy-charggﬁ%ﬁgdr#ﬁég%%?gﬁ%@ﬁeﬁ@} e%%ilobr?sn%g% ?:1(?: uc(glgf (e?} éﬁ%gr%&ge{yﬁggfﬁ\?{g%rcharged
hydrogen isast{ecty. cheerhs)Y hobiéajasdiche deatgehrpditinls hessrh cargonygbapbotivons, nitrogen ions,
OXygen ioRs, SHicamaley ,ﬁm%m dONS, apEkMEAkIRAS FUCH AR SOMUMAODS, calciym ions, and/or
iron ions. Without wishing to be bound by any theory, it is believed that such positively-charged ions
behave cHEHARET B Pichdaigischimiedoiiieh BRpBLdY ehansatbprlicimitrayty datitabistdming cationic

gng-op?nipgﬁéi_@f ﬁb&ﬁ&ﬁ&mrieagﬁh@iagwh@ﬂ p@ﬁﬁ@éi;va@mmamw&amd& fﬁﬁﬁd%&ﬁd&ﬁ@mm% itl)nd
eams for irradiating materials include negat -char ions. Negatively charged ions can include,
for exampfe" HEYa '8??%%&5%68"%&%@,68%0% %léb%n%?ﬁ%l’el i%%g,oéﬁaeﬁe]é)gtmy}‘ﬂ?é@%d ions of
various relatively electrgnégative Mocleidarde, oxygetidensanioganansdashoibians, sdigen ions, and
phosphorus jons), Without,wishing o be bound, by an t&gﬁg%ﬁﬁtésagg lieyed that such
negatively-gﬁarge lons behave chemical y asallfewis ase moieties wWhén exposed tC materials,
causing ariomietring-loloerhing Shaig sdissiontdadtiohd in B reducifigeelnvitorsmentto acckriesome

embodiments,heamt o iadialon pajerialcan REHIDECHIH AR LOr eI, any one or

more of hydrogen atoms, helium atoms, carbon atoms, nitrogen atoms, oxygen atoms, neon atoms,
silicon atoHf$2pAOEPHBHIS BTG, Beg6REIhS YaRd Mol RR GRSl eafP el avribd mfissaiidthat are

used for irgadiatiansaEbigmase eSS 1R GeNeRab MdUreaRERRAYIWALL MRS RfHbS above types of
atoms (e.q. three or mare, four or more, or even more) can be present in the beams. In certain

embodim oV HEAn e stk raaidhs Mutanarenieidaes shhiprcisdeatishars deissssdne or more
of Ft. FL, hiemtNat &brENu e Phddicd \KEndddls] Krabiatio WY O/ 201 0/6338 3P Cik/ke$304R/023957 Call,

and Fe-. In some_e iments,_ion can inglude multiply-charged ions such as one or more of
C24, C3-I\?’§3?6N%4%%r%4}% ‘bz?j-?‘gﬁ?%tj%é’%‘a%%ﬁ? i GEEHY ot (lghTon b

Therapy” Columbus-Ohio, ICRU-TAEA Meeting, 18-20 March 2006, Twata, Y. et al.,

“Alternating-Phase-Focused IH-DTL for Heavy-Ton Medical Accelerators™ Proceedings of
EPAC 20606, Edinburgh, Scotland and Leaner, C.M. et al., “Status of the Superconducting
ECR Ion 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 radiocactive nuclei, such as isotopes of cobalt,
calcium, technicium, chromium, gallium, indium, iodine, iron, krypton, samarium, selenium,
sodium, thalium, and xenon.

Sources of x rays include 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 include sapphire, zinc, or selenide window ceramic
lamps.

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

sources that employ hydrogen, oxygen, or nitrogen gases.
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the ion beams can also include more complex polynucicar ions that bear multiple positive or negative
charges. In certain embodiments, by virtue of the structure of the potynuclear ion, the positive or
negative charges can be effectively distributed over substantially the entire structure of the ions. In
some embodivfietits/ ¥ ¥82positive or negative charges can be somewhat |Io@liagdiever3psitions of the
structure of the ions. Electromagnetic Radiation In embodiments in which the irradiating is
performed with electromagnetic radiation, the electromagnetic radiation can have, e.g., energy per

photon (in electron.yolts) gh greater han 102 2Y..5.g., reater than 103,104, 105, 106, or gven greater
than 107 eV. In some embodimen S, the Slec romagnetic radiation has energy per phofon of between
104 and 19%¢tengs, etiveety 10bzandf TighelscTheelectromagneticr dlibtian warsdvaved) ahfghguency of

©.0., 0reatgl A J0AE 1, IRAIEK AR 101708 L0181, 1023 eYenAraalal tiay. 1021 2. In

some embodiments, the electromagnetic radiation has a frequency of between 1018 and 1022 hz,
e.g., betweBitit00Y esupDRIChin poswan. InpREIdUseSt radidtiomnainergirsrd 6rl $Hddgsia content of

the feedstpgl. FptRxaMPlemsIBecaseslot MRALRHQ Mragyis 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 embodimePtEEHAR SRART ARG MBS Scialiyt COTreE T SEREHIBTRLTEFROT SERFRLET s

performed:untitiine-mairiabretewessirdosefrabisamtiDlR Ming & Gendlideasid @ Mrad, at least 2.5
Mrad, at Ieast_iS.O{Mradt oriat Ieas‘tEhl%,O rad. In ﬁom[e emftﬁﬂOdliéne ts, tpe irradi%in%fiftégerfolmed until
the materi&iTAcE08% % B e et satsten P HMSH SRS GRS S §eCBSHREN TERRRAnd 4.0 Mrad.
In some embodiments]ithieirsadiaticg iscpefitlineg . dbardesecdiatdiofibeted em 0 Bnel (L 5RO
iloradsingy, 6.9, Betueen d0apd 12.0 Kiaradg/housor Aetuien 30.9,and 360 Kiorads/ours,
In some embodiments, tiwo or more radiation sources are used, sucﬂ as two or more ionizing
radiations sRop éixzamipl éhsennisie sicanvd arbared, tire alvp ord drawith obeamiseléduBiis, followed by

gamma ragighion AR MHBRLNARENRYEICBRNE SO M AR TR Y kbout 1.5 MeV, or from

about 0.7 MeV to about 1.25 McV.

Electron beam iiradiation 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
bearn 1rradiation device power can be 1 kW, 3 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.

fon Particle Beams

Particles heavier than clectrons 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
herem. For exampie, protons, helium nuclei, argon ions, silicon ions, neon ions carbon ions,
phoshorus ions, oxygen ions or nitrogen ions can be utilized. Ie some embodiments, particles
heavier than electrons can induce higher amounts of chain scission (relative 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 cach particle of the beam is from about 1.0 MeV/atomic
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to about 280 nm. In some embodiments, samples are treated with three ionizing radiation sources,
such as a beam of electrons, gamma radiation, and energetic UV light. Sonication One or more
sonication processing sequences can be used to process materials from a wide variety of different
sources to extidtwgefiPsubstances from the materials, and to provide p&fiEHpHeea#3d organic
material (when organic materials are employed) which functions as input to further processing steps
and/or sequences Sonication can reduce the molecular weight and/or crystallinity of the materials,
such as one. nore gfo%la f?/a%materl Is de%prlbe ggeq@é%%tbone QoF,mor ?Wdrate sources,
such as célﬁu 0Sic of Ilgnoc Ll0Sie matenals: . or starc y materials. Iscussed abbve with regard to
radiation, Me\ﬁmgswaranfewmghﬂsédqdﬂ%%mm@mw Hwé?ylldépﬁ@ﬁd%ﬁy Grothes ligilin content of the
feedstock. For exampls faerstankswith higher fonin, Ivels.genrsally deauire.a-highgrregidence time
and/or energy level, resulting in a higher total energy delivered to the feedstock. In one method, a
first materfAPEISS MlgEes caninsLEnERGhe KRR RTSE i ofveFag S mRio R ITBEAMO is dispersed

in a mediypyRIchRRWALETRN6 SQHCAIB AR ORaHRIMise) aRVHRIGGyIeRIOMAE &88spRE Material
that includes cellulose having a second number average molecular weight (MN2) lower than the first

number aRPHGE HiBTRHIAPSYETGRE FHL0d SBRGHEHaP CSPWé*C’ru?éP’&ﬂB’%‘é%éﬁﬁorﬂté‘ﬁﬁﬁﬁ certain
embodimesntaycaadddroanvhinad phtoasmidmeewgasisiy (mnshnmewfhwbenzymmﬁgamtem) that can

utilize the eco and/or flrst aterl | to ?dy ea fu& hat.is %r |nclu es m_/ (1) e)fn alcohol, an
OEICT 1 BU.S ({ O 107] 1’? lﬁ 1a mg 1@) mu{
organic ac dro% on o |x ures of any of these. ince e St 8 Material has cellulose

having a reﬂwl:ﬁdwénolghﬂIardmé@hﬂtdglhinmtomcmsbmedriala amgimcxoha@rmstances a reduced
crystallinity as wgll t%i SR materal iR general. Jare r%qﬁ!%&{ﬁ Dl pe 8?1 S ndior %'Ub'e ina

solution containing the mlcroorganlsm e.g., at a concentration of greater than 106 micr organlsms/mL

These pro@éﬁtleghﬁiamﬂﬂ@sfé@mﬂ mﬁiéﬁaﬂmm@s@%@éﬁmﬂb tboéﬁ@”ﬁﬂt@ha@ﬁ?ﬁ)lmmearhw@r microbial
attack relative g%tzﬁl@rsfometg@%nwm ﬁeﬁt&ﬁeeébmm%amecmsoerfagy%geg@{%@dd%%wduction

level of a eswed product, e g ethanal. Sonication can also sterilize the materials, but uld not be

used whild e YHERB FeRNSHRIRReraLiBIY B RN UWE RHBTDSIBISPETINS2010/023957
In some eaﬂhﬁﬁlmnt&xsthwaﬁﬁamlﬂuﬁ@hsfb@%ﬁﬁ@ieomﬂi%h%@wﬁ@%(wa)dﬁﬂ@wm than the first

number avera lba? rwelgf’é %I%%% ﬁret abou 10ferce t, e% 15, 20, ZtS 30, 35, 40, 50
percent, aboéé in hore’t IS A PerEEHC MRS RstaRtES B UEHERY material
has cellulasgithap has astenystatatityi(CRthatasnlpeeithanstbe epystallinity( GQdefitke cellulose of the

first materg IV 1I?(%r1 exqmple (C2) can be lower than (C1) by more than about 10 percent, e.g., 15, 20,

25, 30, 35, 40, or even more than about 50 percent.

In certain embodiments, ion beams for rrradiating materials include negatively-
charged ioms. Negatively charged ions can include, for example, negatively charged
hydrogen ions (e.g., hydride ions), and negatively charged ions of various relatively
electronegative nuclel {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 moietics when exposed to
materials, causing anionic ring-opening chain scission reactions in 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 inciuded 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
even more) can be present in the beams.

In certain ernbodiments, 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, 8i°, Si", P™, P", Na*,
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In some embodiments, the starting crystallinity index (prior to sonication) 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 sonication is from about 10 to about 50 percent, e.g., from about 15 to about 45
percent or froW® avedP2e 40 about 40 percent. However, in certain embodREa8HS2E @2 ¥fer extensive
sonication, it is possible to have a crystallinity index of lower than 5 percent. In some embodiments,
the material after sonication is substantially amorphous. In some embodiments, the starting

number ayerage maolecular weight (prior to .sonication) is_from abqgut 200,000 to about 3,200,000, e.g.,
from aboJ{’e %5%?(5%%%0%%5&?61%6)8%2 ncgsr’fr()élntl)eﬁgl& Bé@cgﬁiﬁ 0%%%)%7[ 6@%]895%1’1 € number
average moleeutarwelght After (égnl‘éﬁtibﬁ*'isl\?foﬁ’lzétibzut@ﬁ',o‘ﬂi@l&%fb@ﬁf,m,8'60, le.gepéren about
60,000 to ghqu 120,209,011 oM. AREYE A0 Q00 10.8000, 122,000 MQ%%%X%%HE %?SS%WPBQ'WNS’

e.g., after extensive sonication, it is possible to have a number average molec weight of less than

about 10,0085V &vBH $6%s haraBom B OoEnts, binvadve Bbotineatel thiepsbebistEmiBrial can have
a level of exidriiRQ2hthatii bighek thantharevekef axidatien (A1) efthefitatmateriak A higher level

of oxidation of the material can aid In its dispersability, swellability and/or solubility, further enhancing
the materigFaEHE QR SiHIRG to CANTR T RHRMS DD PRMEFSIRPE# IR THESH @ . Mbodiments, to

increase themewaholokhdimddatiopoaidhecsecond:natesiadrelatye 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 exagmpier dhesaemrdungissisy, can have more hydroxyl groups, aldehyde groups, ketone
groups, ester groups or carboxylic acid groups, which can increase its hydrophilicity. In some

embodiments, thE §BHiedissA BN hShsrBrirtigs hretRime fr vk plegtremea aretifitediinclude an

oxidant, SRS RoRRIEHE RiBHONYIORRR, REFOXide), 3 HiSREISING Wekon volts) of greater
2010/093829PCT/US2010/023957 agent and/qr a puffer. Examples of dispersing agents include ionic

‘ £O &
dispersing ¥ettse ¥:§- 2 &t taryi Sultbtel antPrdh-FSRcRate Sty gehis e g Doly (ethylene
glycol). edbathesesidedinentsthersopiiatientmediem s phoacueousvear BXampley’the sonication
can be performed in a hydrocarban, .., foluene or heptane, an ether, e.g., diethyl ether or
trahycrolrARCB B0k KA TUuEhed Bt S A€ R RCAG0n b/ R SR
greater than 10" he, greater than 10" hz, 10%%, 10”, 10%, or even preater than 10% hz. In
some embodiments, the electromagnetic radiation has a frequency of between 10 and 10%

hz, ¢.g., between 10" t0 10" hez.

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 18 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 & combination of
sources) 15 performed until the material receives a dose of at least .25 Mrad, ¢.g., at least 1.0
Mrad, at icast 2.5 Mrad, at least 5.0 Mrad, or at lcast 10.0 Mrad. In some embodiments, the
nradiating 1s 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
kijorads/hours.

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
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One or more pyrolysis processing sequences can be used to process carbon-containing materials
from a wide variety of different sources to extract useful substances from the materials, and to provide
partially degraded materials which function as input to further processing steps and/or sequences.
Feedstocks With 34igrEsdignin levels generally require a higher temperatur@Cibbganeagidence time,
and/or introduction of higher levels of oxygen during pyrolysis. In one example, a first material that
includes cellulose having a first number average molecular weight (MO is pyrolyzed, e.g., by heating
the first material in @ tube furnace (in the presence .or absence,of .gxygen), to provide a second
material th%tali?loc fj%&g)snc%ﬂé?ossoenﬁf\% rlfa énégerlg%r’lsa%lfcﬁbaé? g%tfiadg‘gltm%‘?eeg r}leﬁéﬁﬁ&ﬂ\%ﬂh) lower than
the first nusnbiessaveriagearholocafalweight cTine s eatintom atetiat daethd irdtgdmd second material in
certain embodiments) is/are combined with a microorganism (with or without acid or enzymatic
hydrolysispéindtatim utilize the second and/or first material to produce a fuel that is or includes
hydrogen, an a'°8£‘9|0$%%-f.. %tohnéfg | or Qgéanol, such as n-, s&c or t-buta_noQ, an or a}ni acid, a
hydrocarbon or MiXtLTes of any of thebe *sSIg SRURHCes CABRS RSP AT PRESSRAINTS HaMdg a reduced
molecularwéigrarigiatldifette firstondteriipangdfbarhednstafoesiia reduded, angstallinity as well,
the second,paieiatiaigeasal e AIspRLIbIe. RUPUARI ANIGSOMDIE I Sgluig,containing the
microorganism, e.g., at'a concentration of greater than 106 microorganisms mt. These properties
make the SEKERESARTBRIIMETEhSUBISHHBIE focehandicarcatgyraatisaiiidrmaierotsiatatiack relative to

the first matsiiakiwhishigan gty mpaye the produston rate.and/or REedyetiandengl of a desired
product, e.g., ethanol. Pyrolysis can also sterilize the first and second materials.” WO

g. ‘
2010/0938F9BE/HRSIHRg B 58572 Ol eHME e MBITAE ESAHE S et heRtBeraMErage molecular

weight (MNgjosclowsidhanethesfistsabernbelaemoenaleawad waiehioMING Aydnaradaan about 10
percent, etg., ]fgde%g gr%m% ), 35 %of o0 ercent, 6@ erc ntég(g){_ even more than about 75 percent.
i SR R reateriar RSEUSRIT oS th AT RS RS QR LkaliHY (eB5That lower than

In some instances, the second mate
the crystalfiailstqci) bbtlsacmilaldsedabtie fitt mgteriginForexamplea (€ 2)gar beilwer than (Cl) by

more thar‘r@sl?c?éﬁtcg‘%ﬁ%%%%r gngf‘(g’g’%x%? gt 51)1’}’5%9 13115&1 ﬁ]iohc%r &Y Ffrcl:l{nrr%ﬁdg .%ncrgggeuﬁusao percent. In

some embodiments, the starting crystallinity (prior to pyrolysis) i$ about 40to about 87.5 percent,
e.g., from &B81iPB0 to about 75 percent or from about 60 to about 70 percent, and the crystallinity

index after pyrolysigjs {oRbabots 84R ARQHL SARSICENl Bk, AT ADAUL 15 18, ahoutAB percent or

from about 20 to about 40 percent. However, in certain embodiments, e.g., after extensive pyrolysis, it
is possible I WEER vk iRER S BuAdRadEATS Pehcent i sl s Bripsdirnefs, the material

after pyrolysis-isigubstantially ameRhousond rBsANRLMRAIRRMSIdheriating sugnber average
molecular weight (prior to pyrol sis) IS frg%gboutz 0,0%0 about 3,200,000, e.g., from about -
. 1

g
250,000 t&"ABOtT TBH T SHRHRCHES 0BOT 1B R500f DG EHE ZNEF 168 HOB&F average
molecularwesghht Eftesqoprolysiscisfromiabinst 504Gt tal aboeri 00 R0RineabJidmaopLE0R; 000 to

about 150,008 08 19 3011 10,000 10 €hiut 175,000, However, n some embodmens, e.g, afer
extensive pyrolysis, it is possiblé to have a number average molecular weight of 16ss than about
10,000 or ¥yerdlesd/thamshetarBl000roduce a fuel that is or inctudes 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, e.g., at a concentration of greater than 10° microorganisms/mL. These
propertics 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

materials, but should not be used while the microorganisms are supposed to be alive.
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In some embodiments, the second material can have a level of oxidation (02) that is higher than the
level of oxidation (01) of the first material. A higher level of oxidation of the material can aid in its
dispersabitity, swellability and/or solubility, further enhancing the materials susceptibility to chemical,
enzymatic or'iil¢fapiabPEitack. In some embodiments, to increase the levet©FHREGRIRIHITH 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 I groyps or carboxylic
acid groups, Whighsgglnc i%%?eoglsecll%sshyér%eﬁ IIfCIiCI yme[i%(gv§ aﬁ&ﬁ&%ﬁ%%&%%ﬁ%i%%%&%? In
some emhbﬁirﬁ@rﬁ&tmérmrdy@j@%méwhreﬁé@iimmmmmf mﬁmh@rvérﬂbmmmg-the material is
pyrolyzed far 4 pse-delumipectiie. Anddheralionsd e Aapl falA BN RiEsfictemtined time before

pyrolyzing again. dxidat.lon ne or more oxidative processing sequences can be used to process
carbon-containint} Atate fié4rstntBosfdendanasrial nfreslntoss thedstoextraied i stthatances from

the materialso&idianRe\dda:PaEHIBl Y degradead angéon alirradmairiial whicbdunstions ps.input to

further processing steps and/or sequences. The oxidation conditig)ns will vary depending on the lignin
content of%é"ﬂé‘g&%%éﬁimﬁh%oﬁﬁ%@ Hyfdd BEGation gerdratly Beity deSFSISB Hbher lignin

content fegdstaieks. 50 pdir@ine method, a first material that includes cellulose having a first number

average molecular weight (MO and havi first oxygen content (01) is oxidize(},.e ., by heating the
first material in aﬁsltsr%%lf%e&ggf%onreg%yéﬁé)ng}gﬁgr? %rﬁbg%g?gypir%c\lﬁ ere{l e Cdnd RatarAl ﬁoﬁl includes
cellulose havirgéatsabontiiinmberaveragbamolboul 20 weihht{ VINR) @ntiondvingehose 66na oxygen

content (07) HONEFaR S SRS CONIREE ()i S TRISIRS, 20 RARE SPbIned with a

solid and/or a liquid. The liquid and/or solid can include a microorganism, e.g., a bacterium, and/or an
enzyme. FSF@ramplelitie dhastehiim&adl4f easpriocanmvaRie 3 the @siitdsisseignocellulosic

material toRrQANEE A dUelisUaBARRIEAN0k. R CORERAVCTAHCRAS R RISeimIEHels’nd coproducts
are described in FIBROUS MATERIALS D COMPOSITES," USSN 11/453,951, filed June 15, 2006.

The entire’EGHBIMEOPEEERTIP 1S RiRgAITGApplsRBnsabedieeh Sotatdreteiditfsy reference.  In
some emhodivaanpisis i seaons; ammbasaverage molecular weight is not more 97 percent lower than

e st UMb g g e L 8 1o P QY A R RS S Mhht prior to
sonication) is from about 200,000 to about 3,200,000, ¢.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 sonication 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 sonication, 1t 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 (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. Tn some embodiments,
to increase the level of the oxidation of the second material relative to the first material, the
sonication s 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 aqueous medium. 1f desired, the

medium can include an oxidant, such as a peroxide (e.g., hydrogen peroxide), a dispersing
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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 compY3ed/tHi828econd number average molecular weight is sub&EHHSRE#HE38EMme 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. WO

2010/093 0 : iments.in which the materials are used to make
a fuel o 2 B B e Al IS ATARIE R from about
200,000 t¢ubsnlandeubpe:, eng nreneEb JiP2B01DB8cIHSabautrIBGeBOLeliem- about 250,000 to

about 700,000, apd e AHMBELAYEraYeIRRIGRH A WRIANE Afleroxidatiopds drem,abat 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, ANGHHRP AT RRIENTEcR 1.2 Brdoexinsive oRishB AT B HSsEbhes: kedrediciinber
average mglecuaspupididatdessthan aboulddie000keyen lassdhamabeut 006,  In some

embodiments, the second oxygen content is at least about five percent higher than the first oxygen
content, e.g., 7.5 percent higher, 10.0 percent higher, 12.5 percent higher, 15.0 percent higher or 17.5
percent higkestvisissome preferred embodiments, the second oxygen content is at least about 20.0

percent higher tr@n the firlst oxygen content of the first mat%rial. eg)%%en conter%t IS m(%asured by

elemental analys@:l %glrél)l/?o?)?%g 31§gm5?(§,sllﬁgas?3?ﬁg%%s S%Hergt}ﬁg at T300°C 6f ?6??8?. Aslftable

elementalfaﬁai‘iﬁiéifrmr@e’\_ﬂ@@i@b‘l NGIGB2eanstyres Witk aa TG00 highiterperatike pyrolysis
furnace . faenerally 9 Qﬁﬁ@é‘;ﬁ?@afﬁﬁ&@%&%ﬁ@&%@ﬁﬁ@@v&’é@%ﬁlﬂi&{‘éﬂy%ﬂl‘?@%ﬁﬁér‘axample’ the

oxidation can be effected or aided by pyrolysis in an oxidizing environment, such as in air or argon
enriched iHTARESTBEIIM 1he Saaaitrdscvaliousereridhbaghatiesndavals xigsmts reits dr bases can

be added f@.the inaieriallih QA% duLngG exidationiersxampleraReterdad 8@ Rnzoy! peroxide)
can be added prior to oxidation. Some oxidative methods of reducing recalcitrance in a biomass

feedstock W@&‘ffén or Fenten-type chemistry. Such methods are disclosed, for example, in U.S.
Provisional Appligadian:Ne6d/4 3954731 dilerhieaember HnR08athe: cofipletenbiselasupe of which is
poronide She BUb S A UL BB FAGs: ok T AR eniLin PRreidrd, Hoh Kt tghe of oxygen,
such as ozengepannangasatesisusigas, potasside: pesndmganatethpehoticlatesWash as sodium
et i R LU DY USRI 0

molecular weight. The second material (or the first and second material in certain

embodiments) 1s/are combined with a microorganism (with or without acid or enzymatic

hydrolysis) that can utilize the second and/or first material to produce a fuel that is or

imcludes 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 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 susceptibie 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, ¢.g., ethanol. Pyrolysis can also sterilize the

first and second materials,
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between 1 and 5, 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, e.g., between 4 and 10 hours or between 5 and 8
hours. In some instances, conditions include not exceeding 300 C, e.g., not WO
2010/093829PC T Y82821D/023957 exceeding 250, 200, 150, 100 or 50C.#aBpevislessirable
instances, the temperature remains substantially ambient, e.g., at or about 20-25 C. In some
desirable embodiments, the one or more oxidants are applied to a first cellulosic or lignocellulosic
material and the one or mqre.compounds as a gas, such as by generating 0zone in-situ by irradiating
the first cellulosi(‘!(l)1 osroffg};en%r%e %1{82?(% ma?g’ﬁg?%% fﬂe{%%‘ée%atg&%f’ge%%{p‘g%%@ﬁ%hﬁ 3iFWwith a beam
of particle$)aush astelectronsyeragd mphtidet avcigsifdble bmipodimhentsymufir8tpeethniosig.or
ligmocellulasi teriahis fi ' ' er medium that includes the one or
n?ore com?o’t%g? d%;%?ér%egc?? gr?d%?gé%gi%?\/{é%\%ﬁé?gﬁv%v%%%%%éﬁng%%uéugt ?rgeggak time (e.g., loose
and free water isliefiByEHBYCRRrBfoTroanateraifeordpmite bxidarsts wrBinitplied thathe

combinatias < Gas (RUGH R IRYgeneraling 0zane:inssiik by radiating e Ji{a%gﬁ',' WOsiG,er

lignocellulpsic and the one or more compounds through air with a beam of particles, such as electrons
(e.g., eachHIEHG AReLErd BBy athutehnl HRTcH¥e OF- bbtnwdlern 3 MeVaflh 20NBIOS0aking can
open up intarebpertioRs-teexidation.

In some embodiments, the starting crystallinity (prior to pyrolysis) is from about 40 to
about §7.5 percent, e.g., from about 50 to about 75 percent or from about 60 to about 70
percent, and the crystallinity index after pyrolysis is from about 1¢ to about 50 percent, ¢.g.,
from about 15 to about 45 percent or from about 20 to about 40 percent. However, in certain
embodiments, ¢.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 materiai 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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In some embodiments, the mixture includes one or more compounds and one or more oxidants, and a
mole ratio of the one or more compounds to the one or more oxidants is from about 1:1000 to about
1:25, such as from about 1:500 to about 1:25 or from about 1:100 to about 1:25. In some desirable
embodiment3y@s wieasee further includes one or more hydroquinoncs, SURITASS2010/023957
2,5-dimethoxyhydroquinone (DMHQ) and/or one or more benzoquinones, such as
2,5-dimethoxy-1,4-benzoquinone (DMBQ), which can aid in electron transfer reactions. In some

desirable embodjments, th§ (aglme or m@re og(ildantsfa};e electr Chemicalli/-%r;[era ed in-situ. For
example, hydrogéf’ns’%&lﬁ’o%?ll QARG SYoREY TAR DR &8 LR rﬁﬁfgﬁf}lb Buc8Within a contact or
reaction vesgelliGtiey, Brocesses if ¢ Soluleli for Redube:ReoalCitnan ce OhdhoeFomedianadide Any of

the procesges of tfHé ﬁr%[ fé:{ra .I{'n‘e:d?‘ﬂ bebuf:?e% alonfe without any of the processes described herein, or
any o

in combinatlons\(/av(fﬁi the proceglsees deséribed hetem 1(ll'n any order): steam explosion, acid

treatment (including concentrated and dilute acid treatment with mineral acids, such as sulfuric acid,
hydrochlogig agidand organic acids, such as trifluoroacetic acid), base treatment (e.qg., treatment with
lime or sodium hydroxide), UV WO 2010/093829PCT/US2010/023957 treatment, screw extrusion
treatment (see, eXJ¢ ¥ BOP N ARARSICAGHHNS EFEIRGS SHPRISIDIOMIERF RS VaTPYEr 18, 2008, solvent

treatment (@i reatmaeplwithigricliquids)@nd heezeodling (5eex@as: ubsS! Ratent-Application Serial
No. 61/08%5&%%%6%5%%&?&%}5 %'\;Io!“g\ﬁ\ ecpaortl}la }E §<~:Sglrg ed and/or altered material which functions

as input to further processing steps and/or sequences. The oxidation conditions will vary

depending on the lignin content of the feedstock, with a higher degree of oxidation generally

being desired for higher lignin content feedstocks.

In one method, a first material that includes celiulose having a first number average
molecular weight (Mx) and having a first oxygen content (O) is oxidized, e.g., by heating
the first material in a stream of air or oxygen-enriched air, to provide a second material that
ncludes cellulose having a second number average molecular weight (M) and having a
second oxygen content (O,) higher than the first oxygen content (O;).

Such materials can also be combined with a solid and/or a liquid. The liquid and/or
solid can include a microorganism, .g., a bacterium, and/or an enzyme. For example, the
bactertum and/or enzyme can work on the cellulosic or lignoceliulosic 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 iower than the first number average molecular weight. The amount of
reduction of molecular weight will depend upon the application. For exampie, in some
preferred embodiments that provide composites, the second number average molecular
weight is substantially the same as the first nurber 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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A thermochemical conversion process includes changing molecular structures of carbon-containing
material at elevated temperatures Specific examples include gasification, pyrolysis, reformation, partial
oxidation and mixtures of these (in any order). Gasification converts carbon-containing materials
into a synthe%ig gH8/¢834gas), which can include methanol, carbon monoxiié/Eamenzéidkide and
hydrogen. Many microorganisms, such as acetogens or homoacetogens are capable of utilizing a
syngas from the thermochemical conversion of biomass, to produce a product that includes an alcohol,

a carboxyll acicy o, 5alt ha.caiaiio st acationladdasisnaramiys ehapyatihese.
Gasification of biomass (e.g., cellulosic or lignoce ulosic materla?s?,1 can be accomrgﬁs ed by a variety

of technigtiesstEtipgxampie ayasfcatbadancechetomplishedaistizirgromgdadiedhPdefoimation with a

fluidized-beg reasiy doovRICh4he GBERPHALEEY SMASEIRbISTHES BY FRIVFESHIN 138 aiseNas Af oxygen
and then the p@yroly&s vapors are refoimed to synthesis q?g;rs with steam providing added hydrogen and

oxygen. I/ $8:ER% 1B Mg st orae nElic oM & Hsfh Bisran it e agcHhigldoutilizes a

screw augfioi#aoinoin, whichsrpiskies (o axyeen) Bteoniredeseda theomrelssisstage and the
process hi%l@ %egfrated from burning some of the gas produced in.the latter stage. Another
technique UMiZes dATPATEd ORI BT Rt BIT M Wi BSOS A a4 ht BRSSRSifroduced in a
single-stagevgasifieditonvaagtanolacphitiatpiidstion gasifibation) poleoxygekRdsthitizdauwith no steam.
PRODUCTI 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. Aftersonie onbadreaftthdprocessingste pentistisssdek sivdoatHavebeent patiormed on the

biomass, the camplex.carbobytirates contained.in He,cellyoss Ang hemicefilose frgetions can be

processed into fermentable sttg};lars, optionally, along with acid or enzymatic hydrolysis. The sugars
liberated dHENEE EdASHESETARNE Rirldt) BRprBtiEher bR HomReATEsPI6M embR§anRIEciB]. The product

obtained depsnds:ypandhe-minreoraanismuitizedand thenepnditionssndsr which g Rioprocessing
occurs. WO 2010/093829PCT/11S52010/023957 Thus, a biomass material can be treated to

reduce its PECHRGTLHIE L sTHY Sy BHETS P S e thiy lemEH eidEB Y B8ElBaE &t Ssuch as
with one onméimaferagiation, SasWEtiosr piielysis, saxidationandstean-RxpesorE@od then at least a
portion of l;tgyg%ﬁreat d blo%as las converted utlllzg;gso? ml%roor anism to produce a product

. D analyzerw B high temperatur 1 o . . .
that includés ohne or rmore of an alconol, a carboxylhc adidt 04 oxylic acid, a carboxylic acid

ester or a mixtur&ofa#iyobihbksen Bis pacdist bcanthembedtidifiedyesterified Bodiomimidrogenated,
to form a fggg!)%?q% t.$:9; @fggl Jg- Getogens:or hom ens,;which are capable
of utilizing a syngdag ?_rgm aetlgéﬂ%mocﬁerﬁgg}%gﬁ\?gzslgn pﬁcl)g;gé%asl, 1cn£n% %‘é?%tl |zQe‘%’ f?%bnﬁ&%cdf the
efficiency of e sAVERsibyt, air. TthaEarboxgtidded. grolsys mhamied sodscscheneraiisidower the pH of

the fermeniagop, salulieny IRNding 18 inb IR LIMeNRIoR IR SOMGIMIGIOganismse stich Pichia
stipitis. Accordi‘rg{tgﬁzrli:ﬁ,i it is in some cases desirable to add base and/or a buffer, before or during

feimentatiBFEXI Brif g upHEPRERTHHE b6 et Bt i&didiim hydroxide or lime can be added
to the fermentatigaredidaite slevate tiephtpithe madiuem 10 43ngenthatdgeptimampdor the

microorgalg(i%%# gll"i%ggfcn-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 1s 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 hypochiorite (household bleach).

In some situations, pH 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 or between about 3 and 5. Conditions

can also include a contact period of between 2 and 12 hours, e.g., between 4 and 10 hours or

between 5 and 8 hours. In some instances, conditions include not exceeding 300 °C, e.g., not



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 operdfgld¥ B8 fermenting the treated carbon-containing mateR&EUS261 ¥R Microorganism
can be a natural microorganism or an engineered microorganism. For example, the microorganism
can be a bacterium, e.g., a cellulolytic bacterium, a fungus, e.g., a yeast, a plant or a protist, e.g., an
algae, a Prolaza, o5 & ungUEsHeRTaNs) 2 O SUime maldh Wi the organisms gre compatible,
mixtures otxorgarl%i%ms can be utilized. The microorganism can be an aerobe of an anaerobe. The
microorgarsise cantibéathbmafdime rtgtive enidroorgdddisia (produces a single or a substantially single
end product). The, micrograaniem, sagbe. & hamosceiodenic migioorganism. Ahiomelactic
microorganism, a propionic acid bacterium, a butyric acid bacterium, a sticcinic acid bacterium or a 3-
hydroxyprepishisaeidipastehivenicTheanid radrganisercanisecohacgedusssetestetciresiihe group
Clostridiun, -agiabacillus; Mpots/la--Fheipearasiabacist RyoRdeRitRsis D Lianianispera,

Anaerobiospirillum, and Bacteriodes. In specific instances, the microorganism can be Clostridium
formicoac&fieGrin@ostithevrdsityeehdinatrahsath efsHels cHClT hepkrdEMSerobacter kivui,

Lactobacillus delhrykitidiranieniasetenivriacsipropieniciisorionisher iamkerisnApagarabiospirillum
succinicprﬁduce s, Bactcriodes amylophilus or Bacteriodes ruminicola. For example, the

microorgafieHy SR BEa FelaHibh AR Ao P h iR ders o ProdfUBe™s MR Broduct, such
as a recortbprasidsdherithisheaitiraansfonedwithong efitnare denes capaklesohiehéeding proteins
that direct th _Iprpductioragf tﬁkﬁ’ esi);ed r __du&lt_is used see, e 4 U P .__lalo.t ,852,517, issued
Feb. 8, 2005)" * "BACETia that can ferment biomass to ethano ‘ertlnsd%?ﬁg%?o&c g include, e.qg.,
Zymotnonesmhobilisnand SlestvidiusbthermuoteliumofiRhitippidiy, ite86fisgphe filsesdhifrsietoal.
(Internatiof . : ] i ry. Mi i , B2 - 0).isolated an
anaerobi(?@%lglg%%(gﬁgé?fggﬁﬂ{cﬁ%% %ra%{%g ﬁ%kr‘ngl#é%%{éﬁﬁgg ﬁg%%’g%é%%% 8%’%% %?f% ’e%%zc?}]g)ssp. nov.,

which coneetsoss|(gigseah stvameatcreinhbatiorPEE R AEs e HARBY edP okl prddlcts may be

carried oufLSing SSAAIP tyRes of thetmephidia Al aslicaily engineered microorganisms, such
Thennoanaerobacter species, including T. mathranii, and yeast species such as Pichia species. An

example of a strafh*8TF ABRAIEAN s RRMK U ErRPS S SRITBORFA9SRP L 3P4 9BREY WiEFobiology
and Bioteehnolagy 2893198 rady 05 4k) Gl AR i aioalpAreh +dic ohivdr 129 01 6BnkE4-AdA). To
aid in the break of the materials that include th llulose (treated by any method described
orein or UG UL Ag of roHb B LU0 CRANTA e oIS EAob (o I some
embodimetitsytthe aterials that include the cellulose are first treated with the enzyme, e.g., by
combining the material the e in an.aqueo lution. This material can then be combined
with any microor?a%?s%ﬁ%%ﬁ%e%é@%&%’ (t)%lggrnér%%i%ﬁgn%f%%srﬁg%éﬁgg that include the

cellulose, iereneivneio fddrisyhiedmatenehiitraonyaniSPVEIe curisinet comerrently, e.g., by
Comb'n'ngb@l%l]ﬁ'ﬂgﬁ&g%d%ﬂl9§'9,’3-—dimethoxy—1 A-benzoquinone (DMBQ), which can aid in electron

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

produced within a contact or reaction vessel.

Other Processes To Solubilize, Reduce Recalcitrance Or To Functionalize

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, hyvdrochloric acid and organic acids, such as

trifluoroacetic acid), base treatment (e.g., treatment with lime or sodium hydroxide), UV
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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 couRtO3taeEEdn of the growth medium may be accomplished ircanysdesiresbsnanner.
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 g outas Ress iG-S AUl WQB0 100 R T R A %033 o
61/073,530, filed November 18, 2008, solvent treatment (¢.g., treatment with ionic liquids)
and frecze 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 gasification,
pyrolysis, reformation, partial oxidation and mixtures of these (in any order).

Gasification converts carbon-containing materials into a synthesis gas (syngas), which
can include methanol, carbon monoxide, carbon dioxide and hydrogen., Many
microorganisms, such as acetogens or homoacetogens are capable of utilizing a syngas
from the thermochemical conversion of biomass, to produce a product that includes an
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., celiulosic 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. In such a
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
technigue 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 ceflufose, 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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obtaining adequate results, in order to minimize energy consumption and resulting cost. For example,
in many instances, the growth 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 meditY® R91pead8eP with a dose of between about | and 3 Mrad. OTHERIENBOBYVMENTS 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 gll at.one ical location, in some
Cmoliments, the ot SR L AL e SO e e e SRR B
transport. mord 4githn tiberatatnsthags siscabsddescribadheseirticanche captwioddstbutilized. For

example, Ag;ligAIN GANRENSEH AT SRIHGHAS.-ARIARIC.RE ther1:RS SYIRGIGRIlY Hpgrgded to other

plastics. In some instances, it can be utilized as an energy source, e.g., burned to provide heat. In
some insté#isess, Tickatated brecesrvartad it RgrositfopmeEyswinar s beniefzedhas binders,

dispersantg pinuIsHiess 5R% 888l URSHAN S TS Pieastrementef thenigin cenptent phthetarting
feedstock can be used in process control in such lignin-capturing processes. When used as a

binder, théfigritioPaaigMmBLaIfo AR e e d MRzt h REemPBALEs SiFEERIAR Tor binding
carbon blagki-fgehinding fertlizeis andherbicidesiasia dusbsiepRiessaats gadhermaking of plywood
and partick(le board, for bin ing animal g?e%s, gs a binder forffibergtLgss, as a binder in linoleum paste
and as a SO\ Stabiiger ~ "AS & aiéparsanit the NGRSy nEEitONATEA G 5% E8F %Y., concrete
mixes, claprasmsceraimias; gypdsaathpigeribntsfieatbe pfamniogandoin gypsum board. As an

emulsifier, the lighip ofJNARUIoRAIEs CaN REMseth 29, JAASRNAILPIMERI33A dyes, pesticides
and wax emulsions. %%Qa sequ%strgnt, the lignin or%gnosjgcr)nates can be used, e.g., in
mico-nutriéimsystepsobidani iepdowm poimdstdpapaEciorsathromsysteratgaeignsonpboifésiand cooling
SYSIemMS. giipitis. 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 ¢xample, sodium hydroxide or
lime can be added to the fermentation medium to elevate the pH of the medium 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 bacterium, e.g., a cellulolytic bacterium, a fungus,
¢.g., a yeast, a plant or a protist, ¢.g., an algae, a protozoa or a fungus-like protist, e.g., a
slime mold. When the organisms are compatible, 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 a homoacetogenic microorganism, a homolactic microorganism, &
propionic acid bacterium, a butyric acid bacterium, a succinic acid bacterium or a 3-
hydroxypropionic acid bacterium. The microorganism can be of a genus selected from the
group Clostridium, Lactobacillus, Moorella, Thermoanaerobacter, Proprionibacterium,
Propionispera, Anaerobilospirilium, and Bacteriodes. In specific instances, the

microorganism can be Clostridium formicoaceticum, Clostridium butyricum, Moorella
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WO 2010/093829PCT/US2010/023957 As a heating source, lignin generally has a higher energy
content than holocellulose (cellulose and hemicellutose) since it contains more carbon than
homocellulosc. For example, dry lignin can have an energy content of between about 11,000 and
12,500 BTU pér Patipftsszbompared to 7,000 an 8,000 BTU per pound of hatge@ifaias®238s7such, lignin
can be densified and converted into briquettes 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 pe crosslinked, such as applying.a radiation dose of.between abaut 0.5.Mrad and 5 Mrad.
Crosslinkinﬁ{é3 %%%a?ﬁté%%eghg ower ea?ﬁl%e c%‘fnu%%%%ro%fﬁg 8%@5&‘%&5%%%%%38%’@%& or briquette, can
be converteiliprepigyinthBtpicoatcor ettarcoditeypyiotyziiiginstiveisioperioecnt digacgodat between 400

and 950 %ﬂ%@u%&%ﬂ@aﬁcgm_ﬁigﬁ;ir@@i%&%ﬁﬁ?é%ﬁ@ﬁ%&%&%ﬁ@&% fIRigin structural integrity.

Accordingly, ‘other embodiments are within the scoﬁg:i'of the following claims.” WHAT IS CLAIMED IS.
1. A meth&RFOPHBKING S RPEERICITE SREMRRSITTY: te e ﬁiﬁgem@qii@mﬁ%rﬁm@fear@ﬂ@mﬁas@nreedstock;
treating thesbipmass deedstapk-materal with aRtacess selested framdha grempiconsisiingof

mechanical treatment, chemical treatment, radiation, sonication, p)golyss, oxidation, steam explosion
and Combmgﬁ&@?ﬂgpﬁthgﬁi&wed product is used (see, e.g., U.S. Pat. No, 6,852,517, issued Feb.

8, 2005).

Bacteria that can ferment biomass to ethanol and other products include, e.g.,
Zymomonas mobilis and Clostridium thermocellum (Philippidis, 1996, supra). Leschine et
al. (International Journal of Svstematic and Evolutionary Microbiology 2002, 52, 1155-
1160) 1solated an anaerobic, 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 thermophilic or genetically engineered microorganisms, such
Thermoanacrobacter species, ncluding 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, 537-341) or Ahring et al. (4rch.
Microbiol. 1997, 168, 114-119).

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 include 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, e.g., by combining in an aqueous sclution.

Fermentation 1s 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. 1t 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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setting a process parameter of the process based on the lignin content. 2. The method of claim 1,
wherein the treating step comprises irradiating with ionizing radiation. 3. The method of claim 2,
wherein the setting step comprises setting the dosage of ionizing radiation to be delivered to the
feedstock matérile/023#9The method of claim 3, wherein 0.1 Mrad to 5.0RVF& 1@8lveTRd per 1% by
weight of lignin in the biomass feedstock. 5. The method of claim 4 wherein 0.25 Mrad to 4,0 Mrad
is delivered per 1% by weight of Iignin in the biomass feedstock. 6. The method of claim 5 wherein

0.3 Mradt 5.Mra gel'\é?L{ffd r "/tg)_{n\{ven%ht of |Ir%ylnolrl? t@? Pboma %afs% tdstoc 7. The
method ofoclalmn§W rein treating Wlt ionizing raalatho compri Pr ing Wlﬁ%gan e1ec?ron beam.

8. The metth@mmaamyﬂ@nfﬁlmtﬂmeeab@vgmmmﬁdmmrtséﬁmmsmgcm@nmﬁﬂ@ atdedstradurtion of the
treated b'%%%%é@ﬁgémk’a%liﬁﬂgnadgg%?%%%ﬂm NRRIQEUES AN 9. The methpd of claim 8,

wherein the product comprises an alcohol.
in specific instances, the growth medium is treated with a dose of between about 1 and 3

Mrad.

OTHER EMBODIMENTS

A number of embodiments have been described. Nevertheless, it will be undersiocod

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 liberated in any process described hergin 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 cén be used in process control in such lignin-capturing
Processes.

When used as a binder, the lignin or a lignosulfonate can, ¢.g., be utilized in coal
briquettes, in ceramics, for binding carbon black, for binding fertilizers and herbicides, 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, ¢.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, ¢.g., in asphalt, 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

svstems.
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10. The method of claim 8, wherein the product comprises a carboxylic acid, ester of carboxylic acid,
salt of carboxylic acid, or a mixture thereof 11. The method of any one of the above claims, further
comprising repeating the determining, treating and setting steps with a second feedstock. 12. A

method of mARAGEY8HuCt, the method comprising:  providing a celldTb&E B IFdEIulosic

material having a plurality of pendent carboxylic acid groups; mixing the material in a fluid that nc
udes water to provide a dispersion that has a first pH; and adding base to the dispersion to increase its

EHt toa Sgcgnd E‘E g&@gﬁg@%&@ﬁi@&ﬁh Riheratiy}ds TR Reethed ptelaim dRwhassimihgdirst pH is
etween 2.5 and 4.5.
(cellulose and hemiceliulose) 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 briquettes 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 dose of between about
0.5 Mrad and 5 Mrad. Crosslinking can make a stower burning form factor. The form factor,
such as a peliet or briquette, can be converted to a “synthetic coal” or charcoal by pyrolyzing
in the absence of air, ¢.g., at between 400 and 930 °C. Prior to pyrolyzing, it can be desirabie
to crossiink the lignin to maintain structural integrity.

Accordingly, other embodiments are within the scope of the following claims.
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14. The method of claim 12 wherein the second pH is between about 5 and 7. 15. The method of
any one of claims 12-14 further comprising adding a saccharifying agent to the dispersion to saccharify
the cellulosic or lignocellulosic material. 16. The method of claim 15 further comprising contacting
the saccharifi@6 pagt@szswith a microorganism. 17. The method of anymmesed wlamss12-16
wherein the product comprises a fuel. 18. The method of any one of claims 12-16 wherein he
product comprises an alcohol. 19. The method of claim 15 or 16 wherein the sacchan ymg agent

comprisesyg GeUURSE ATMED 15:

[. A method of making a product comprising:

determining the lignin content of a biomass feedstock;

treating the biomass feedstock material with a process selected from the group
consisting of mechanical treatment, chemical treatment, radiation, sonication, pyrolysis,
oxidation, steam explosion and combinations thereof’ and

setting a process parameter of the process based on the lignin content.

2. The method of claim 1, wherein the treating step comprises irradiating with

ionizing radiation.

3. The method of claim 2, wherein the setting step comprises setting the dosage of

ionizing radiation to be delivered to the feedstock material.

4. The method of claim 3, wherein 0.1 Mrad to 5.0 Mrad is delivered per 1% by

weight of lignin in the biomass feedstock.

5. The method of claim 4 wherein 0.25 Mrad to 4.0 Mrad is delivered per 1% by

weight of ligni in the biomass feedstock.

6. The method of claim 5 wherein 0.3 Mrad to 3.5 Mrad is delivered per 1% by

weight of lignin in the biomass feedstock.

7. The method of claim 2 wherein treating with ionizing radiation comprises treating

with an electron beam.

8. The method of any one of the above claims further comprising converting at least

a portion of the treated biomass feedstock, utilizing a microorganism, to produce a product.

9. The method of claim §, wherein the product comprises an alcohol.
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10. The method of claim 8, wherein the product comprises a carboxylic acid, ester of

carboxylic acid, salt of carboxylic acid, or a mixturc thercof.

11. The method of any one of the above claims, further comprising repeating the

determining, treating and setting steps with a second feedstock.

12. A method of making a product, the method comprising:

providing a cellulosic or lignocellulosic material having a plurality of pendent
carboxylic acid groups;

mixing the material in a fluid that includes water to provide a dispersion that has a
first pH; and _

adding base to the dispersion to increase its pH to a second pH higher than the first
pH.

13. The method of claim 12 wherein the first pH is between 2.5 and 4.5.
14. The method of claim 12 wherein the second pH is between about 5 and 7.

15. The method of any one of claims 12-14 further comprising adding a

saccharifying agent to the dispersion to saccharify the cellulosic or lignocellulosic material.

16. The method of claim 15 further comprising contacting the saccharified material

with a microorganism,
17. The method of any one of claims 12-16 wherein the product comprises a fuel.

18. The method of any one of claims 12-16 wherein the product comprises an

alcohol.

19. The method of claim 15 or 16 wherein the saccharifying agent comprises a

cellulase.
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