PROCESSING BIOMASS CROSS REFERENCE TO RELATED APPLICATIONS  This application
claims priority from U.S. Provisional Application Serial No. 60/854,519, filed on October 26, 2006, U.S.
Provisional Application Serial No. 60/863,290, filed on October 27, 2006, U.S. Provisional Application
Serial No. 60/859,911, filed on November 17, 2006, U.S. Provisional Application Serial No.
60/875,144, filed on December 15, 2006, and U.S. Provisional Application Serial No. 60/881,891, filed
on January 23, 2007, the contents of each of which are incorporated herein by reference in their

entireties. TECHNICAL FIELD This ilPROQCESSING BIOM ASSss, and products made

therefrom. BACKGROUND CelluT@sicand fignocenmulosic materials, €.g., in fibrous form, are

produced, processed, and used. in lar itjies i 0 j Lg%)sr q ften such materials

are used once, and then dlsc%§§§wgﬁgﬁw;&?§%fg§?£§@ e waégte materials, e.g.,

sewage, bagasse, s&hdugilaatiostoléns priokityrfous Ul Rositsiand Agnbcsin Ssitahidaerials, their uses,

and applicatio e Ipgd;’ Ofioha? Appiicatioh Yerial No. 80753896
%ﬁé?%fg@ﬁ §%fg§$8d%%‘ér Demond, B8MBRIARIo ot ‘#;p? atichSerial

6,207,729, 5,9 2,105; and in various patent applications, including "FIBROUS
MATERIALS A0 @OPios) T,2606AES Brovisios Apslisitior desial Mar 6/ 859, P 8led b "FIBROUS

MATERIALS ANRLGRMAOSIERSS, BrsviBaen Aelcat osRuliceiiensias 2007 40045456

SUMMARY  Generally, this invention relates to carhohydrate-contai materials aﬁ Lhiomass
materials or bib?n%‘%%éo%ﬁ}éé'rﬁﬁ’(é‘ﬁ%l, Hreliratienayereld g@fﬁ?b?&e@gﬁ%&&i’gﬁw r%gg to change
their structure s mendustsashastey fiiemath ensbipotarcd yeplin by ecfanate intheir entetienple, many of the
methods described herein can provide cellulosic and/or lignocellulosic materials that have a lower
molecular weight and/or crystallinity relative to a native material. Many of the methods provide
materials that can be more readily utilized by EE¢HRI-L Kl rganisms to produce useful products,
such as hydrogen, atggbal$efich retiiay el fbdeuinpdioniss aikl pesdacte Hadataiiefidgaid), hydrocarbons,
co-products (e.g., proteins) or mixtures of any of these. In one aspect, the invention features
methods of changing a molecular structure of a biomass feedstock that include preparing the biomass
feedstock by reducing one or more dimensionsBA¢HEROENeces of biomass; pretreating the
biomass feedstock ugifgbye MdmprecifitssehricHaR B MmBsibadeihsie prbuchian rébadmolecular

structure, in which the different pretreatment methods are selected from radiation, sonication,
pyrolysis, and%ﬂiﬂ%‘ﬁ’dﬁ;lgﬁaW‘é@éiﬁ’gam%ﬁg?gahﬁﬁ%oﬂ?eé&%&ﬂ‘ﬂmggg SEHEEERYE produce a

product. and then discarded as waste, or are simply 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. 7,074,918, 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 invention relates to carbohydrate-containing materials (e.g., biomass
materials or biomass-derived materials), methods of making and processing such materials to
change their structure, and products made from the structurally changed materials. For
example, many of the methods described herein can provide cellulosic and/or lignocellulosic
materials that have a lower molecular weight and/or crystallinity relative to a native material.

Many of the methods provide materials that can be more readily utilized by a variety of
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In some embodiments, the biomass feedstock is prepared and then pretreated. The biomass
feedstock can also be pretreated and then prepared. = Reducing one or more dimensions of
individual pieces of biomass can include, e.g., shearing, cutting, or grinding.  In some embodiments,
the two or more pretreatment methods are applied to the biomass feedstock at or about the same
time.  For example, the two or more pretreatment methods can include radiation and sonication. For
example, the radiation can be in the form of an electron beam. In specific embodiments, the electron
beam radiationi¢soargaliéthataprothicd osefybpoddistsusucd b Rdebaerd alsehsdriesticihmel9plied at a total
energy of moge A, SRl R AARRIRAAG SRR LD Br O RRNICR! PREARIIFAEAE 8 ation,
or radiation and sonication can performed at of about the same time. or example, the change in
molecular strotdobthiess-biomass feedstock can include a change in any one or more of an average

molecular weight, all%ﬂélﬁsﬁé}s!étﬁwm%nﬁuﬁf&%ﬁ:&fﬁﬁem@bém%i?ﬁgmg PaudsitararRelngs grafting, and
domain size of the biomass, In some embodiments, the chz&r&a{g@ig&olecular structure of the biomass

feedstock indNRTBAS ERdstackthahinginds RiRRBPG HIR e arsS: S IEELUFARR R IR average

crystallinity odiinensiomsasndividudnpicasefibiatibst prearihpthebiausiadecdsoakarsihp orosity of the
biomass. In angther aspect, the inventiqn features methads of making produ S
combustive TSR s e da e A B RO MRl B
process that fifrres preteantmeiv gnathidarae selectad foom vediationy soncaionmyadysiscind enidaiinmication,

pyrolysis, anqng@m%hg{}g FRpRAIR e rRalariab wiR Qéaggag@?,rgmlg?\fmgbe ability to convert

at least a portion, e.g., at least about 1 percent by Wei?oht, of the material to the product, such as a

combustible fuel. I feragArebedimeRifthnkionassiFsds ﬁ#d?é’ﬁﬁ?é?@ﬁf‘?)?@??égﬁﬁﬁ%?qngﬁ?ods include
radiation andhfsmassfddstordiaditnsene preiealienan@eiadipregiretipyrolization, sonication and oxidation,

sonication and pyrqlization, or oxidation.and pyrolizatjon For example, any.method described
herein can finther i ?éllbcénﬁr%‘ffeoéﬁwﬁ"’tﬁm\éggéa d%&%?ﬁss&ﬂ%%fggﬁﬁ?uge’ ot example, in
some embodsheeritg, theipgpeesindoes not include hydrolyzing the biomass with an acid or a base.

In some embodimept I sgven rcen ight ;3 Mass j gy < d, e.g.,
at lomst at 95 percat iy waniodlitHb-RYIOY RS UA eh fua R IR bR
substantially fagksoel aherisemntibs sameiisem hydrolyzed.  For example, in some embodiments, at

least one pretreatmeRi:maibRAIR RESTHMEE pRIAMBISIBNICERSIFIR 8RR dripercent by weight
of the biomass is wetted with a liquid, such as water, Specifically, in some embodiments, at least one

pretreatmen PRI S BEFKGMRY bR BRHIR SR RoHLHS T hAA MEAEPE T bIBRTHLS is wetted
with a liquid, chtsddiagentattte electron beam radiation is applied at a total dosage of about 10 MRad and the

sonication is applied at a total energy of more than 5 MJ/m>. Radiation can precede sonication,
or sonication can precede radiation, or radiation and sonication can performed at or about the
same time.

For example, the change in molecular structure of the biomass feedstock can include a
change in any one or more of an average molecular weight, average crystallinity, surface area,
polymerization, porosity, branching, grafting, and domain size of the biomass. In some
embodiments, the change in molecular structure of the biomass feedstock includes a decrease in
either one or both of an average molecular weight and average crystallinity of the biomass or an

increase in either one or both of surface area and porosity of the biomass.

In another aspect, the invention features methods of making products, such as
combustible fuels, that include providing a material that includes a carbohydrate produced by a

process that includes pretreating a biomass feedstock with any two or more of radiation,
2



The biomass can have, e.g., less than about five percent by weight retained water, measured at 25C
and at fifty percent relative humidity. In some embodiments, at least one pretreatment method can
be performed on biomass in which less than about 25 percent by weight of the biomass is in a swollen
state, the swollen state being characterized as having a volume of more than about 2.5 percent higher
than an =swollen state. In other embodiments, the biomass is mixed with or includes a swelling agent.
For example, in any method described herein, the biomass can be mixed with or and include a
swelling agensonioatitine fyinilysissandoxidatvre arml dasactihgehs tiveriabweith i nidrestgahisalavorg  In some
embodimentsane.of the pretr ent methods is ofi |ati e ' ts, at
least one of tﬁlée%r%é%{gg?rﬁge%‘{grﬁgéﬁeggsﬁ %(.)g : ,orrlégfi%iﬁ%{r%%glléggﬁo rﬁ%&%ﬁﬁﬁlg’ E%%é’zéﬂ %%%gt}c%gk while
the biomass fiseitismwrokustcsushged comabrstible fpgessure can be utilized. For example, at least one of

the pretreatment mefhogls, ExthodATHANOMe ¢R0 HenRREIHRRS PRGBS ARHACRERJRRAREH Of

greater than about 2.5 atmo?Sggheres, such as greater than 5 or 10 atmospheres. The process can
!

further includ@WhSeRsALC YRR apd QridativR,g3tiaiog 1AL Ryalization, senieatinnand AX95loRAss
feedstock inckle RrremdOMIBIAM 6Fo At WaBigroNeaibnparticle board, sawdust, agricultural

waste, sewage, silage, grasses, rice hulls, bagasse, cotton, jute, hemp, flax, bambpo, sisal, abaca,
straw, corn cobs, ¢ ﬂrm,esﬁm'c'ﬂ&ﬁ%’i?egﬁ%ﬁ%?%&e N &8 éi‘t'ﬁ?’se,r &%célgdnetffrﬁg?ﬁ e DO etic
celluloses, sefeadseatk aithateammiplosesof these. The biomass can be or can include a natural or a

synthetic material. Fgﬁ(o IR Efr?, t?lef Jﬁﬁ?ﬁ&g&%e%&etg% E?S’J&soécl&‘%@%?ﬁu@é%QHQE'Z%decarbons'

For example, the alcoh _ n-propanol, isoproanol, n-butanol, or mixtures of these. The
microorganistica#sowith an asibeaddsin or a yeast. Converting can include fermenting the material to

the product, such as,{agROHBIAHRLUR 1east HEBGIBLIARGHRrbE S P QIR b etz @ ionizing

radiation, such as gamma rays, a beam of electrons, or ultraviolet C radiatjon havingi] a wavelength of
from about 1Y% d, 15 St 3 42854 At 95 percent by weight of the biomass has not been hydrolyzed. In

specific embodiments, substantially none of the biomass has been hydrolyzed. -
For example, in some embodiments, at least one pretreatment method is performed on
. biomass in which less than about 25 percent by weight of the biomass is wetted with a liquid,
such as water. Specifically, in some embodiments, at least one pretreatment method is
performed on biomass in which substantially none of the biomass is wetted with a liquid, such
as water.
The biomass can have, e.g., less than about five percent by weight retained water,
measured at 25°C and at fifty percent relative humidity.

" In some embodiments, at least one pretreatment method can be performed on biomass
in which less than about 25 percent by weight of the biomass is in a swollen state, the swollen
state being characterized as having a volume of more than about 2.5 percent higher than an
unswollen state. In other embodiments, the biomass is mixed with or includes a swelling agent.

For example, in any method described herein, the biomass can be mixed with or and
include a swelling agent, and the biomass can receives a dose of less than about 10 Mrad of
radiation.

In some embodiments, one of the pretreatment methods is or includes radiation.

In some embodiments, at least one of the pretreatment methods, e.g., radiation, is

performed on the biomass feedstock while the biomass feedstock is exposed to air.



The ionizing radiation can include electron beam radiation.  For example, the radiation can be

applied at a total dose of between about 10 Mrad and about 150 Mrad, such as at a dose rate of about *
0.5 to about 10 Mrad/day, or 1 Mrad/s to about 10 Mrad/s.  In some embodiments, irradiating
includes applying two or more radiation sources, such as gamma rays and a beam of electrons.  For
example, sonication can be performed at a frequency of between about 15 kHz and about 25 kHz,

such as between about 18 kHz anq 22 kHz. In some embodiments, the biomass includes a first
cellulose having a fiPsessure basy kvt izad nfiokesmplsaylses ndethbleeprdireptmant methedmedbmprises a

second celluloggAgNIag b SBEANHRNENRE BiRHAGSElSTHIaRNIBbiRuARAfiaRuig frst number

average molecular weight. For example, the second number average molecular weight is lower than
the first numbdmatRheigR i as srarterdhsnemy Ar@asahessout one-fold. In some embodiments, the

first cellulose has a firstyesraiabin hir@BdibRELSANIEL] BRIRRA DA SRR BLhdsdia tiotaxer than the
first crystallinity. For, exan‘l le, Ee second crygtall'ir‘#? can be lower than the first cr stallgwity by more
Pl Rvé RS, '

than about 10 percent?™ b 1OMRaSS, B IATE ARSI U FPAPST PAREA SLARE RARE W&t V0% of oxidation
and the secopartielbtiond, hagdascapicdlterd hakexidatige sigge gtissesiinedihstlbebegastoxiattpn. For |

example, the.hj f t a re I i ss. fi u vide a
fibrous mate HE*Q’IEC%% gkﬁ%ﬁ?ﬁ@éﬁgggﬁacggﬁﬁg& (;%rgrégc? @?t%kgao%g’tiéﬁ%%%éﬁ?%%%%ﬁbers of
the fibrous meesrllsapperpe hairgcotianasardigicl erlytleses. rarred leam GTpbdaies ahtiess/1. The fibrous

material can have, g pREE SR AEHALK SARLUI LAmHAE thaterid) SOMe embodiments, the
carbohydrate can include one ar more (3-1,4-linkages and havina a_ number average molecular weight

between about 3,008<aRBlSPHBIS!s inchge ovs prgnerans hydeacieiionhinlsad hgrosadbens; ffther include

a buffer, sucheasnpts]itiealisiuleante ethamsepiopat) dsgenaasl aldsitalyltorguiines pothasium

chloride or sodium c¢hloride a growth factor, such as biotin and/or a base pair such as uracil, a

surfactant, a mineral,"df & Che |hsgr;n g@% R T %cﬁgg%r?n%(?&f?na%hts, the biomass feedstock is

pretreated using anGdhverting caonecluflecfeiatenting dri aatienn] py théymisdwndushidathsrcombmsiibdeder, or at
about the sarggytime.  In another aspect, the invention features methods of making a product, such

as a combustible fuel that includes providing a material that includes a carbohydrate produced by
pretreating a biomakEféatioaenk bkitheangdermet wibiring RraaHBE radiptiomisicheRigamsr YEdlysis, and -

steam exploiesn ibrubieRAS s RMVRNQW: SRiRGsEBaLRY MRIvBI-RbMSHOM assuls1 Db anrwpllen state,
the swollen state being characterized as having a volume of more than about 2.5 percent higher than a

nominal, unstSHLASAER: and contacting the material with a microorganism having the ability to

convert at least a p@tisdonieigg radilkidatcaahontlddp eletohiheanaigtistiohthe material to the product, such
as the combustible Ig‘l()lre clz'xample, the radiation can be applied at a total dose of between about 10 Mrad and
about 150 Mrad, such as at a dose rate of about 0.5 to about 10 Mrad/day, or 1 Mrad/s to about

10 Mrad/s.

In some embodiments, irradiating includes applying two or more radiation sources, such
as gamma rays and a beam of electrons.

For example, sonication can be performed at a frequency of between about 15 kHz and
about 25 kHz, such as between about 18 kHz and 22 kHz.

In some embodiments, the biomass includes a first cellulose having a first number
average molecular weight and the carbohydrate material comprises a second cellulose having a
second number average molecular weight lower than the first number average molecular
weight. For example, the second number average molecular weight is lower than the first

number average molecular weight by more than about one-fold. In some embodiments, the
4



In another aspect, the invention features methods of making a product, such as a combustible fuel that
include providing a material that includes a carbohydrate produced by pretreating a biomass feedstock -
with any one or more of radiation, sonication, oxidation, pyrolysis, and steam explosion, wherein less
than about 25 percent by weight of the biomass is hydrolyzed subsequent to pretreatment; and
contacting the material with a microorganism having the ability to convert at least a portion of the
material, e.g., at least about 1 percent by weight, to the product, such as the combustible fuel.  In
another aspefitsthellidveriisn fastorgsattiettyp esidhersatind @lprioskibts ssetond aystathbiislivkerfuel, that
includes provigig:a ma'aiah el SR ASaONH AR RPAyGaR K RiRbeab0E Sy feedstock
with any one or more of radiation, sonication, oxidation, pyrolysis, and steam explosion, in which less
than about 25Tyetatemitsohyiestthet sheubldhrerssnt in contact with a liquid, such as water; and

contacting the matepiab Witk AyRfHRAg alisiRhNNsharkilbalRrageva s FixRagbRapetten, e.g., at
least about 1 percent by weight, of the material tq the product, such_as the combystible fuel. In
some embodfifeRtCcaliasedtpraesqr guel aferafaiian & ahsrbpn therbrstie e#géflfiﬁgﬂ?'methods. The
example, the two oFgieiautljife ebntedtaiickieln bel preparad biustearheiai it onsassl figenistatics,
radiation and oxidation, radiation an rolization, sonjcation and oxidation, sonication

pyrolization, & %r)%\ago u%r%E garrcl’ Sﬁ?/arlto |za2itipg/ﬂr. 86&?&6& ye,' %i}eewggﬁ%qiﬁgeﬁﬁ)%g%g lc%l(r% fh%fﬁ@@ fjsﬁteeam
explosion.  cittendinefitespelth¢iibioncmticrdecituhsvereghouswsiagalkrghatprdiametersain ofs a
combustible f ' revidi tesip] SUMPEISINGE retreating
a sheared bigf*g%até%@?e{ﬁ%c h%vﬁﬁ@?y%%@%ﬁr%@#e of rgdiation,gseg%%%{%%a?g%g%%%ﬂe%ﬁsis, and
steam explodibfg-and contacting the material with a microorganism having the ability to convert at least
a portion, e.g., at leps{aboshdoBiRIERRIRY PeHYdald b mvlediadde shadtesluctimukebeaanthe
combustible fuel.  For example, the sheared biomass can in%lzéﬁ§%i$§@e&§§ibers having a

length-todiantBYde ARSI AT U5 18 e MR P AR YRR OS Y CE, 30995, omass can have internal

fibers, and the bionfass\uasplectie pleaasad thoastantriilabitSunberimiliteadaiierssizbtantially

exposed. For eyl U homacs s besn SHeRied ) o, XA pRILER Sy of e
g‘ ﬁp{h | omass feeds

u € Oor a onium ¢ )
than about 0% g/cms. n another aspect, the’invention features tock processing

systems tat isedinie chloridnagsdwtidiriek mehmsrbiotin andeurebrse reif RS BIecH pReEBStHtbfomass;
two or more %H@Falf%loé’\@ﬁ@aﬂﬁ%tﬁﬁé’imem modules; a radiation module arranged to apply radiation to
the biomass; a sonication module arranged to apply sonic energy to the biomass; an oxidation module

arranged to oxidizelfremformkediments, gy hiomasa redsiockisauetr b ng AnYFHFE PidE and a

biomass transapiife SRS SO Q4e dRrikieR) asanitoad, beinspntnheduiestinghin the
processing system. The two or more pretreatngent moduﬁg are x1<311£I(allréyged "21 1igris%%hand/or are arranged

to treat a portion of]fh%p?)' %%&g"ét‘%gwfﬂ%‘& SRtRrER s (9 v

|§8xamp11 . any system <A1 further include
avessel.  tombotide fspdut, itvbuivs priiddifgatiaerisy thetinsbives imcﬁmtélﬁdr_etam@ﬁuml containing
@ pretreated bigmase. maisrial hahincliden agatheliale Hsate! Gatedibiogsagaterial i
produced by‘any method describe erein.  “For example, the vessel can also contains a
microorganidtirelysisntagstenn explopians i hieh #ﬁﬁér@éﬂg’gﬁ‘%ﬁﬁ RStaeRY brevsightyfdhe diRmasssisieast a

portion of th%a%%ipéntaﬁem@miléﬂga@%ar%mhua@ﬁ@dta@ha%ﬁfg@wm@,mdfem gthave a
total volume of greater than about 1,000 L, such as greater than 5,008‘L. For.e amﬂ!‘e, any system

can include ZPRAEEBHMHRBHhamhBom s uassn! fa and contacting the material w

microorganism having the ability to convert at least a portion, e.g., at least about 1 percent by
weight, of the material to the product, such as the combustible fuel.

In another aspect, the invention features methods of making a product, such as a
combustible fuel that include providing a material that includes a carbohydrate produced by
pretreating a biomass feedstock with any one or more of radiation, sonication, oxidation,
pyrolysis, and steam explosion, wherein less than about 25 percent by weight of the biomass is

hydrolyzed subsequent to pretreatment; and contacting the material with a microorganism
5



In another aspect, the invention features carbohydrate materials produced by a process that includes
pretreating a sheared biomass feedstock with any one or more of radiation, sonication, oxidation,
pyrolysis and steam explosion. For example, pretreating can be performed with any two or more of
radiation, sonication, oxidation, pyrolysis, and steam explosion.  In another aspect, the invention
features carbohydrate materials produced by a process that includes pretreating a biomass feedstock
with any two or more of radiation, sonication, oxidation, pyrolysis, and steam explosion. In another
aspect, the inkavitigthésilite oconpdsitibas dparivovftheansitisieortléaghahatdipsieem&terial having
a peak maxinwir%n}[m&et%ge@%q\f‘%'{gmcﬁfalse&]% Ela% gtét_tggl,_ooo, and a crystallinity of less than about 55
exa ce

percent. For gle, t ulosic or a lignocellulosic material can have a porosity of greater than
about 72 percent, alBETP®grespechbhatay entenderuies metndygf making ACERINSHPUHNBSE than about 0.5 -

g/cm3. For examplgs e iR SHANGARJHERE I REAR AR ROLY NABHRYafR Plsdeaby  In another
aspect, the invention features compositions that include a cellulgsic or gﬁlﬂign,ocellul sic material that

includes fiberRreHFARHBE RS L HRAS RS AR AR AN T8 O Er3saio P SRR HAM AR weight of less
than about 29@00sanand hiedin depleksionfiteahithaesatiantabdnt s petcent biyvesigihef thepasbathdsinvention
fealures Melheds ST Ao camReRes. ek 23 alhentet campadimibalindudspdiaing a
fibrous materlAI gt includes A firsteaftbS e and/or ignace fulGsic material having a first molecular
weight to prohiking gecbilitycelkdueis abidist dipprtion] e sit leratebrutHanirgm biewstetneBeular weight
higher than thﬁafgﬁﬁl%otlﬁecb’tl@&u\é@&@ﬁ; A combisiagtheisecond cellulosic and/or lignocellulosic

material with a material, such as aresin.  In another aspect, the invention features methods of

making compositesseRReERaiBenEsthcBrgdsieclnds SHiratRatWe ARAFR LT ERE RS @ ™s a

resin, with a filsgldasmaiRIeRbaAL, B Wil Srannl dishiempéaedigrRacaibuosicamateide hadiinigm first
molecular weight to prqvide a composite, that includes the fibrous material and a matrix; and irradiating
the composit@Th SHHFANL% fﬂ%?é@?lg?‘g\?éﬁéﬂ%‘?ﬂ?gl ?gf’(?é‘ﬁtﬂgé)lﬁzgﬂ?ﬂb?oflfﬁ%g@e%qggfcédr%%%riaI within
the matrix, suohieaian esdpynaiiviation, dnoxitativer aadpyeolitationy Optionalbs pretsatiegbelbiahasaking
composites, %lélrtl:riw aﬁ,%fs' e%rﬁrexsi{'(n)squposites that include irradiating a fibrous material that includes a
first cellulosic andlor |gnoceIFuft)JS|c material having a first molecular weight to provide a second
cellulosic and/or lighoeedtbrssispenatbeinveatinnfeeweesonethadiof makingighetighsvah anathe first
molecular weight, caBIPREGRES L eRHIDs i ABRIPEigPeSRY WlestoRyalarighvdla Byaterial, such

as a resin, to provide a composite; and irradiafing the composite.  _ In another aspect, the invention
features metREIESYing Ahgrrd diomas fedstrekattivraxione prarfte oFadialing£Ms8H%roduct that
includes a firsk RPN PRI ANPRING Mplaia; hadicghadiliss homsautiil wilghiriardrgeailiating the
wood produci to. provide .an irradiated wood product that includes a second carbohydrate;containing
material haviﬁ@v%f%é%eoﬁd?ﬁxé?e%?ﬂg?wivilgﬁ? éi)ﬁ%%lro th gﬁ'tﬁé ﬁ?gtar%%qtecg a{?evr\llge% h Eor 8@%ple, the
methods canrfiatthiet imtiegeoduriicadngs tagcombiostibleditelr, or concurrently with the irradiating.

Methods are disclogegdhghine s Ripuing  fish eGPl pru s el dano

number average molec e first material to provide a sec aterial that

L t; Irradiatin y [
includes ce||@b§@mamhg@@afmmmb@a§>9@Fé§b drien Exmnic, i Piomass A dAV EFERlhumber

average molegdlarayg el bisRdss ARPHRIAGABS R MERRRHAHS With Rl GRes arr iabatantaly
microorganism utilizes, e.g., ferments or otherwise converts, the seC(%Hd mllg;[ferigl,@(grd in some
&t u g] e, the

instances the¥RetsHhafon skanlsoie biemass s beenaheared 9 an sy G ESERRRDI
combustible feg|aanabsivde ogenst more of hydrogen, an alcohol, an organic acid, a hydrocarbon or

mixtures of these. 4 e eireg DRGSR M0k e UIaEls ool 8o R0 P ARk o
include a biomass feedstock preparation module for reducing size of pieces of biomass; two or
more of the following pretreatment modules: a radiation module arranged to apply radiation to
the biomass; a sonication module arranged to apply sonic energy to the biomass; an oxidation
module arranged to oxidize the biomass; a pyrolysis module arranged to apply heat to the

biomass; and a biomass transportation subsystem to move the biomass to and between modules
6



In some embodiments, the first material includes a cellulosic or a lignocellulosic material. For example,
the first material can be or can include paper, paper products, wood, wood-related materials, particle
board, grasses, rice hulls, bagasse, cotton, jute, hemp, flax, bamboo, sisal, abaca, straw, corn cobs,
rice hulls, algae, seaweed, coconut hair, cotton, synthetic celluloses or mixtures of any of these
materials.  In preferred embodiments, the first material is in the form of a fibrous material that
includes fibers provided by shearing a fiber source. Shearing alone can reduce the crystallinity of a _
fibrous matertidntheprovessing ynregistitaltvadinety freneastein avdojos dicatralgged dulsares crystallinity
and/or moleculgy weight. For.example, the shearing can be performed with a r ' er. In
some embodﬁ’hge;?]rtgf ‘%ﬁg%ﬁfgl}g %’éﬁgrﬁ’g asCan %veorrgagsé f‘gr%?ﬁt%éa%%%té??éﬁé%%é%@i%é%gﬁan 5/1.
The first andAystsecomdfurtheeiislladralvaseel.e.g., a BET surface area of greater than 0.25 m2/g and/or a

porosity of greater Y3l ARGLAR PRIERkior %30S SHNANHRRAIRDS feiafiating performed with

an ionizing radiation, such as gamma rays or a beam of electrons. In preferred embodiments, the

microorganiseenainingamntipated bigmugtmatariah thel ingudey a carhohyddsate « Fhsdustieatid bARRS cond

number averagemeieprianiveiils akigsriabapéARraicent lower than the first number average
molecular weight, e.g., 50 percent lower.  Methods are disclosed that includ‘%ﬁg}%rin% j
u

a fiber
source to provide afFPRBISs RS ARALA SRMBES R MU SRR LCAPLH &V Fgalé

molecular weightiievodrifnicdiatiaginp ehbrstifilyraucnvaiesidbist proviida of sbeonttfifirousprodtstjal that
e & O N ARE AT N TBELRYRIZ0E IUSCRIOL R IRE! JPaIE gl number
average molécular weight. Shearing can work synérgistically with radiation to reduce crystallinity
and/or molecabeutSRhE., suckachreatstitbaisS:A8Y Kurther include combining the second material with a

microorganism.  gethpdgarg discloned hahdaevdpiladipilacieMaa saiRn mdduepaper, that

includes cellulose having a first number average molecular weei%ht to provide an irradiated fiber source

that includes celluldB@OMAREsRee tisnvsnioBdraturess3e phyisels mateaalRrRAUCef by HRENFSE number
average molggilaci@igpicede i e sibagdhsoiad RiariblienrpUgohe rmotttofrtibienien, material.
Relative to the &ae-,irradia ed material,.the jrradiated mater‘ifl can be brittIE d more susceptible to

"opening upSABIREP I &XFRHOANRYTRIYEL A ST BRIOHI N &IOf TR bEg Fr%{;llnggt%agﬁ%rous material

with a microqugyforiaed. with any two or more of radiation, sonication, oxidation, pyrolysis, and steam
explosion.

In another aspect, the invention features carbohydrate materials produced by a process
that includes pretreating a biomass feedstock with any two or more of radiation, sonication,
oxidation, pyrolysis, and steam explosion.

In another aspect, the invention features compositions that include a cellulosic or a
lignocellulosic material having a peak maximum molecular weight of less than about 25,000,
and a crystallinity of less than about 55 percent. For example, the cellulosic or a lignocellulosic
material can have a porosity of greater than about 72 percent, a BET surface greater than about
0.75 m%/g, or a bulk density of less than about 0.5 g/cm’. For example, the composition can
further include an enzyme and/or a microbe.

In another aspect, the invention features compositions that include a cellulosic or a
lignocellulosic material that includes fibers. The cellulosic or lignocellulosic material has a
peak maximum molecular weight of less than about 25,000, and a bulk dgnsity of less than
about 0.5 g/em”.

In another aspect, the invention features methods of making composites, such as a fiber-

resin composite that include irradiating a fibrous material that includes a first cellulosic and/or
7



Methods are disclosed that include providing a first lignocellulosic material that includes cellulose
having a first number average molecular weight; and irradiating the first lignocellulosic material to
provide a second lignocellulosic material that includes cellulose having a second number average
molecular weight lower than the first number average molecular weight.  Such methods can further
include combining the second lignocellulosic material with a microorganism or removing lignin from the
second lignocellulosic material to provide a delignified material, and then combining the de-lignified
material with ignoteidasgiznisiarthichaviagoofiga mstacfarvesighntl prdhiddig sinofrd nelihlogiedodoting can be
utilized as a processing aid for.plastics or it ca s are
disclosed thatfnc t‘?glél%rlg\r/? %rgl]gﬁﬁrsl?%grsgﬁ%nﬁrgt%#ﬂ%af i%é%ﬁ(;%\ls&cae]ﬁg%?gﬁ%ﬁﬁ%%;ﬁ %dst number
average molecight; wedglombisingijin sethadfreiviprisodiratisnecebiy psiviaatsris iath adogiefitlorous
material; and radiating;the densified first fibrous material to provide a densified second material that
includes cellulose having a second number average molecular weight lower than the first number

average molecular Wetpgtherrsneshiche dncatienfamrey mathrdicfmakiag sa2aesich IBeLH& 8lecular

weight and cagialsshipssRa sRatiiemab poth Binip/aRfaceks s bR eaac i fiies matd@iatthanethods
can further include combining the second densified fibroys material with a microorganism ar fiberizing
0 ior Henscelh SRS RIS

the second dBIGLIASS FiEFAHICSHR ARS/RE 1BPSFEIRS RISk W HaR & T {BREr ahd Theh combining the

second fibrousmpatéwiahavitiviadesthe Gityamisnaterial Bodfanttanigishéh the reduction of the molecular

weight of the.cellulose,. an enzyme, e i I ' ent, can be utilized
CIHESE iR ShEIE e ARG AN BP R A e AR

with any metho ) rein. s are disclosed that include sonicating a first material
that includeslissihgribdonigviateaaliratiin e artvoralsh #haesimaii¥ight to provide a second material

that includes Ce"U'Qﬁ%ﬁlﬁﬂéﬂ%ﬁe@@%ﬂ%ﬂ%@éﬁﬂé@ﬁ&%%ﬂ{ﬁm@é@%&w& shemahefiiat number

average molecular weight; and combining the second material with a |cr03ir§t]anlﬁnfij The
microorganisiesikApraRosies thatinclude isragistingndibroys maasterial that elpdes A e Sp 4 Sif2ad0re
instances thqifinstéenatesi@mieRiDaiie:a dee iublaaliariakighy to prooidbastiokaifesdiubsic endiorple, the

combustible fuel ¢ e.or can.include hydrogen, an alcohol, an organic aci rocarbon or
mixtures of ti@g?gi‘]‘iﬁék%w&‘anﬁgﬁ%ﬁaF.%Se ]e%rfo'qoc%%% ano ; f%'gon r%?@gﬁ%ﬂ%%@%%ﬁfﬁ In some
embodimentsvdigbtficatmbiabegitiei seiontbeeHulesic usitooi gndicphio tsii foatiriab adithia metsriakayabs, the first

material can %ﬁﬁ,@%ﬁ&\ﬁﬁédaec% ggitaaﬁgqtpggqgﬁ&gvg&gpwd-related materials, particle board,

grasses, rice hulls, bagasse, cotton, jute, hemp, flax, bamboo, siéa[, abaca, straw, corn cobs, rice

hulls, algae, seawebrnegissasrashiheisention feanees methodselmakingddiated H PRt materials.

In preferred ggpiaginae pieviliadiisienaisoaldetntthriiRenals: iyl draéiatlinaig nelegiab fibers
provided by shearing a fiber source., Shearing can_woéi‘k %nﬁrgis icetlllx Witrr}Psoni(l:ati&ntgg ‘r&)d ce
molecular weitHEEA GRS ORIETAIRTIY 1805 ABS Arpiating Aheveod PLoSAE KPR RTINS Yoy Kknife
cutter. In sorpmératthalimentts teeditnid vabohyerasd-bastamirpantanl bagtip-todiend aelecalis of greater

than 5/1.  The first and/or secend material can.ha d. & %ﬁg‘ gieaiaethan 0.25
m2/g and/orgeﬁ)%l}{o}zllﬁ/%ébar%zﬁ%g{ﬁa%oi 08%{ yg‘ﬁ@fcﬁlﬁgxgﬂﬁ%é%éﬁ g{rﬂn%og%ﬁnents?the sonicating is
performed wignisatingl baviprpatiadisarmscoickoenthbwith 18 ipdiglingout 100 kHz and/or an intensity of

from about 30 W/cye i AL LR AEntRee pieviaths TRFIMRNE HaFiABIGIeO LIRS IS a

bacterium or a fungus, such as a L ) .
having a first number average molecular weight; irradiating the first material to provide a

second material that includes cellulose having a second number average molecular weight
lower than the first number average molecular weight; and combining the second material with
a microorganism. The microorganism utilizes, e.g., ferments or otherwise converts, the second
material, and in some instances the first material, to produce a useful material, e.g., a
combustible fuel. For exarﬁple, the combustible fuel can include one or more of hydrogen, an
alcohol, an organic acid, a hydrocarbon or mixtures of these. A preferred material is ethanol or

butanol, e.g., n-, sec- or t-butanol.
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yeast. In some embodiments, the second number average molecular weight is at least about 25
percent lower than the first number average molecular weight, e.g., 50 percent lower.  Methods are
disclosed that include shearing a fiber source to provide a first fibrous material that includes cellulose
having a first number average molecular weight; and sonicating the first fibrous material to provide a
second fibrous material that includes a cellulose having a second number average molecular weight
lower that the first numberaverage molecular weight. Such methods may further include combining
the second materiafyting ¢nibsannigms)#e first et dechidediseibhdesidlons liglucklsosicating a fiber
source, e.9. 2 paper. inat incljdes celliiose having e Jrsk nmbe! axeragsMalefarysiont o

provide a sorlTEFER i &t CETHRE His IREIacE CEftI0se aving a secon er average molecular
weight less therodee!fitst materils, pedticlg board) erasses risiyills hd gasesaciitpmninisohtancdlpfiber source to .

provide a foigyymiGUal BEIPNEI0. o R SRAIGAHRCIBAIURL e Dl Baleiial can be brite

and more susceptible to "opening up" during the shearing. Such methods can further include

combining theynBesisceiiateses onamix el asptelthsse mataialgods are disclosed that include sonicating

a first lignocellulosi¢ypatrriahtiGabdamhias teliioanian nbRtHeTonH sTAsRtVE ageemolasular weight to
provide a second lignocellulosic material that includes cellulose having a seé%nd numb% ayerage

molecular weRArdEtaes RrPYides Rt TGATBE R dhsr SgUrRoRRSITN& AaBRtan redyreihn eSS further
include comhéningbitaassaserial hgdoacitssenrraisitallwititiaamigrooegeaachniqoe tbanalsingdigren from the
second lignocellulgsic material to provide. ignified erial, and thep combini de-lignified
material with %yﬁg?cgrlgg?{gagn|§ant?1ggum?(r:r‘5%l%'§r?s|%n?xm eéat‘&llgé?s‘ég?él %?gglgesgé% lla&tgi}r%;lggg sonicating a
first fibrous matavi&niffatitictu desous lendwdimenisghe fisoutmdseniabbes ag everegedengthnieight to provide
a second fibrgkﬁl%g%gglo%mm%ﬁellulose having a second number average molecular weight
lower than the first number average molecular weight; and densifying the second fibrous material to

provide a densified T &6 srdierrpgeond mgfen S Cev RIRRErS aheeaiss B8 Bnsified

fibrous matenig@ydtaRraissrRRIGUTsrf: faarising 2bedledsified fibrous material to provide a third
fibrous material, and then combjnin third, fibrous mqlerial with a microorqgéll m To further aid
ellu

the th isSm.
in the reduction of TSP BRI e MSATFRIRLRG 1S SSTIQRRSd Wb an dogizine tadiglipr, Such 2 e or a
chemical, e.qgameadiwyslypdehivifelarasid, a base or a swelling agent, can be utilized with any
method described hereinp, T r i ; gtm%m G SFGYUL pgqurs% fyting or after
sonication. Metr?&ﬁ’é%%%?ﬁ%ﬁ%@é@%ﬂ?ﬁ%% qué% g}%ﬁﬁ]g a |rsef material that fnclcudes cellulose
having a firstygaghber average molecular weight to provide a second material that includes cellulose
having a second nyRekAYRFadmEAN ARl YRIGHNHIRVETHABO HaR sk WeBRaE avREBODGIpHCUlar

weight; and combining the second material with a microgrganism. The
percent lower than the first number average molecular weight, e.g., 50 percent lower.

Methods are disclosed that include shearing a fiber source to provide a first fibrous
material that includes cellulose having a first number average molecular weight; and irradiating
the first fibrous material to provide a second fibrous material that includes a cellulose having a
second number average molecular weight lower that the first number average molecular
weight. Shearing can work synergistically with radiation to reduce crystallinity and/or
molecular weight.

Such methods may further include combining the second material with a
microorganism.

Methods are disclosed that include irradiating a fiber source, €.g., a paper, that includes
cellulose having a first number average molecular weight to provide an irradiated fiber source
that includes cellulose having a second number average molecular weight less than the first

number average molecular weight; and shearing the irradiated fiber source to provide a fibrous
9



microorganism utilizes, e.g., ferments or otherwise converts, the second material, and in some
instances the first material, to produce a useful material, e.g., a combustible fuel. For example, the
combustible fuel can include one or more of hydrogen, an alcohol, an organic acid, a hydrocarbon or
mixtures of these. A preferred material is ethanol or butanol. In some embodiments, the first
material includes a cellulosic or a lignocellulosic material. For example, the first material can be or can
include paper, paper products, wood, wood-related materials, particle board, grasses, rice hulls,
bagasse, cottggteidt, Reanve lathdyrsibadiatdalaabatahsiradiaedmatatid, ciobdhriltleabmoseaweed,
coconut hair, cotton, synthetic cellulpaes ortmixktlures of any of these materials. In preferred
embodiments?‘ﬁ‘fgpﬁ@gﬁ?af)éﬁgﬂ% iR (e ST S ibfous material that includes fibers provided by
shearing a fiber souSoeh Rethdissiynsinsticcindsds cotitinig thsflbrave wpteriph withdthigieugaREBNtrol and

effciency. For exami e, shGaUG Ak ARRRHNAS U WA IADCUISs R iRrin e

embodiments, the fibrous material has an average length-todiameter ratio ofa%reater than 5/1. The

first and/or sdbokdesealivlaschayingadinst guabsrvensq Rdesula wright-aad imahanstha S5tand/or a

porosity of grgalgtdifieibRUeAR REproNtcich Har fase RIRAS B RBIaIAsHeRd 3 RANAECE reaction
rates, making processes more efficient. In preferred emb dimg‘r[}?ﬁﬁg,? microggganism is a bacterium

or a fungus, S¢S seddpumbes dustage melaoRlaR M AL loveer IR BEP AT A olecular weight

is at least abaendledunesegphdower than the first number average molecular weight, e.g., 50 percent

lower. Methods are disclosed thai jnclude sheari fiber rﬁ% 59 ide. a first fiRvplg material
that includes ceIIqu%éghgzﬁ%Lgﬁas ﬁ?rslt%ﬁirlﬁ lerzlf?g\a/gfggleg gnu% %EI%%%t/ﬁelg t; %@Mpyrolyzi‘ng the first fibrous
material to provttieoegssewr firovisghigrni foth shednehond digneedlivlosis matsral ko SERUAR Aifmber

average moleGIANHIRIES el 405 H15h EUBE T BHERAR RISk WelEStkganidiia methods may

further include™combining the second material with a microorganism. Methods that include
pyrolyzing a fEFoSEEAESTe Bor §x3Hpis, thedignialfoasthe RIESS AR GRS e Fr HROSAS g ad
molecular wejght iRy Giecah BrelyEarkdibrideeseaerghat includes cellulose having a second number
average molecular Vl\\ﬁleeit%g;[lsk?a?g (}gglggpdetﬁiz{ts itnglldgébp%viding a first fibrous material that includes

cellulose having a first number average molecular weight; densifying the first fibrous material

to provide a densified first fibrous material; and irradiating the densified first fibrous material

to provide a densified second material that includes cellulose having a second number average

molecular weight lower than the first number average molecular weight. Densification, can

work synergistically with irradiation to lower molecular weight and can also increase

throughput in any processing step described herein.

Such methods can further include combining the second densified fibrous material with
a microorganism or fiberizing the second densifed fibrous material to provide a second fibrous
material, and then combining the second fibrous material with a microorganism.

To further aid in the reduction of the molecular weight of the cellulose, an enzyme, e.g.,
a cellulolytic enzyme and/or a swelling agent, can be utilized with any method described
herein.

Methods are disclosed that include sonicating a first material that includes cellulose
having a first number average molecular weight to provide a second material that includes
cellulose having a second number average molecular weight lower than the first number
average molecular weight; and combining the second material with a microorganism. The

microorganism utilizes, e.g., ferments or otherwise converts, the second material, and in some
10



average molecular weight; and shearing the pyroly-zed fiber source to provide a fibrous material.
Relative to the pre-pyrolyzed material, the pyrolyzed material can be brittle and more susceptible to
"opening up" during the shearing. Shearing pyrolyzed material can be less energy intensive and can
be more efficient. Such methods can further include combining the fibrous material with a
microorganism. Methods are disclosed that include pyrolyzing a first lignocellulosic material that
includes cellulose having a first number average molecular weight to provide a second lignocellulosic
material that insthidesthe fintosathritg prekrendsefishtnatesiul mgeanodvstiefotihFooweamblen the first
number average moé%%\%jv'l ﬁqf‘ﬂ’ﬁ'%‘be or é&i‘i&ﬁﬁ&éﬁﬁ?gﬁ%ﬂ liHraIﬂ%Béﬂ%@Fg&ﬁmﬁﬁ”lg the second

lignocellulosic matenar a microorganism or re ignin from the Second flignocellulosic
material to proydersartoliynifisansathsse adcmterebmasenitldsterbanel g Bitarp hitlerfnl SHRHAL
microorganisgy,thgmicroorganism. Methods are disclosed that include pyrolyzing a first fibrous
material that includes cellulose having a first number average mglecular weight tq provide a second

fibrous material thatirierasaediments fhefiry mateiaiachidssseretvlosin® mbRReeTUF™ht lower than
the first numbgsiavaraas gy aioreiohtitand dansbirgnthriaeepastipapeasprodietaiandrovide a
densified fibrous magerial. =~ Such methods, can further inglude combinjng the densified fibrous
material with %%é%ﬁf%‘f’féﬂ?é?ﬂ%% A %We%%sﬁﬁﬁg&e#ﬁ%t’%a K& @H}lg?/?g%ma{’ third fibrous
material, andbidmboopsisbiihapshstrivigadiinranbs, med drils, wigaca seasweds gegomehhair, cPofurther aid in the
reduction of thetwe ec ya weight of the 8?' loﬁ%@s@ &n e eg.,a cellulolytic enzyme, or a

. S C CClIUIOSC 1IXtures [¢] 1 . .
chemical, e.g.?'%o ium ypocsh orite or an acid or base, can be utilized with any method described

herein. The enzyméraprafereshentiedimeatstherfirstanatsialisiaibeclommig Bhrapemalerialitly. Inany

aspect or embagifeenbele prslnach s aiturny MBS, IDrkdHRGAAY RBRk SyrBRIaisdIiiofallowing
features. The pyrolyzing can include heatig&ﬁthe first material using a resistiveéslﬁgatin m?)mber, such
as a metal filSPRISAHER i BduqeIBRlTCH RNt ARC(or Pty o L EXARIS S %‘g}ét‘fﬁl Esistive
heating memp&forndd hediestoant kit ciiterp Hckmnentadinaty ehb dibting tiveefica thasaverial by
induction, such as by using a .Currie-Point pyrolyzer. The pyrolyzing can include heating the first
material by tﬁé’eéﬁﬁ%g oﬁ%%lr%?g forﬁt,l%ﬁf:p# %asg%rzn‘ﬁ%?ézﬁ radiation. The radiation can be generated by
a laser, such as an T firetialéerseEhrdpyatisizl ngndavine Lice Biebswripes afipfigreaierdhon h 22
convective hggz}%m&&%&%\{;m&m %ﬂ?ﬁ@tﬁé}&}{t?‘ flowing stream’ of heated gas. The

heated gas can be maintained ‘at a‘temperature of less than about 1200 C, such as less than 1000 C,

less than 750 C, ledB spaf Gobrdimests: thesauorting isperfomacdivith sppdheving #Esauengieican be
maintained afanieMRRRIRES, @b Fbea 00N ahdut ZbMiensith o fRrusbveIDeRicEndsbeaEatted by a
hot body surroundjng the first material, such as in a furnace. The pyrolyzing can include heating the
first material Wi#Tsteam at a temperature above about 250 C. Methods are disclosed that include
oxidizing a first matieriatfhiaéd eatbodimentd| ths mivendrguasfirss abackkeiuaverafiegusleethias weight and
having a first axygen content to provide a second material that includes cellulose having a second

number averg'\ge molecular weight and having a second oxygen content higher than the first oxygen
content. The seconkh seste cabedimiets shalsheendwimberaxprage molsaylaniupightisablsastaba 4 to

provide a compositgoRePighiehierat ahmvidatienohilt-SnpniRRgLBO e patenaihs. can provide
composites with exceptional mechanical properties, such as improved abrasion $ieﬁgtance,

compression strendd¢thpds arrelissiased ibat Rende shsrERg B GG L BIYIAC AR A8 ulus, flexural
modulus andheiergpdianiaiiiiestcl it Sesdngafianiinhinanwiegdademlamnedghiflamispsiotidngnd/or

liquid described herein, or any sqlid and/or liquid cribed in a ent applicat tor
publication i1Bb e LIE0hy ORGP e REER ooord SR AT Irha e R 2.
include a corsgsondnutiter avelagemblednby eveipbiiding thastls fist olralseoanersgpriopteeldtydride groups,
carboxylic a%}agmups, hydroxyl groups, amide groups, amine groups or mixtures of any of these
groups. In some preferred embodiments, the component includes a polymer copolymerized with
and/or grafted with $nehanethndymaydurdgeinphide rembiniagihsissepadiatetial 36t inder the tradename
FUSABONDQ;)cmorg‘mgnf,i_rst material can be or can include, e.g., paper, paper products, wood,
wood-related materials, particle board, grasses, rice hulls, bagasse, cotton, jute, hemp, flax, bamboo,
sisal, abaca, straw, corn cobs, rice hulls, coconut hair, cotton, synthetic celluloses or mixtures of any of
these materials. Other materials that include cellulosE are described herein. Still other materials that
include cellulose are described in the patents, patent applications and publications that have been
incorporated by reference herein.



In some desirable embodiments, the first material is in the form of a fibrous material that includes
fibers. Such fibrous materials can be, e.g., provided by shearing a fiber source, such as by shearing a
fiber source using a rotary knife cutter. For example, to maximize mechanical properties, it is often
desirable that the fibers of the fibrous material have an average length-to-diameter ratio of greater than -
5/1. For example, to maximize dispersability, it is often desirable that the first and/or second material
have a BET surface area of greater than 0.25 m2/g and/or a porosity of greater than about 25 percent.
Oxidation of the maké¢iniel cias difehd ddatairichni ©sonickindy fibvesiatynt isohpiger hanokludes
pyrolysis. Forgiample the oxidizingican/ngiude AANAINGANG (st malsiatdeatingRe frst
material using a resis |venﬁeaf|ng mem{)er, stich as a metalfilament or metal ribbon, in a oxidizing

environment,thatdhchsies chldujnssduning ofsatordmunyeicavaspgeomelegplertwright dess tham®e)ist oxygen
itself. In some, preferad mathediiihe fartine RCHRRYAERREATIES Refvas pididnsimivaseating

member and the first material. In other methods, oxidizing includes pyrol zing{f’;?)e first material by
heating the fiFsttaRigle Relatiyoria degipre sonissisd myteriel hirsmifpied an og PEHe A FP8FR/ironment.
In other methpdsspisididrggaahiias’ aurply Zhegiseifigst material by heating the first material by the

application of radiatjon, such as infrared radiatjon, in an oxidizing environment. In one m , the
radiation is generatéﬂcgylﬁﬁ?ﬁfrﬁ?’éﬁfﬁéeér’pfkugﬁ i é‘}“#ﬁgﬁc%gg o éﬁﬂépm%%‘ua &S pyr E/&zﬂsﬁg the first
material by heating Mwehbstareatisciabedithahiodndestivieating ifirstrlignadetivigsirmisrighrt. For example,
the convective hieal cORRSORRAIA PRI ARMVG ikl R b REex aiple. the heated gas

can be maintained at a temperatute of less than about 1200 C, su s less than 1000C, less than

750 C, less tiignoseinbsiemstasishtaginclusiee cellnlesedhaving 3oecend Austher 2R ase A9lsF¥ Eonvective

heat is genergiech DR alRARY ff ipmnsiing dhg dirsdiseatariadigh yet other methods, the oxidizing
includes pyrolyzing the first material b heatir‘g%the first material %Eﬁe@m{}ma temgr%fatu e above
&

about 250 C.  OXREBrods R urtTsjacluds pambiRune ke Shfe GHI&BalERIY Bonication. |
For example pitigooidaiitshgot adimovihitibeninfasii g deechkslignatelisibiicamtexial mgoeiddodenent. For '
example, the sonication can be, gerformed while the firs terial is dispe in.ar ous medium.
In some desi}%%egm %eé}ﬁg’]earr\’ s?"i “e°g'c§‘§‘8gfﬁﬁﬁ§ ?5(131 d?ir%a:@ég?r?g“sﬂc{)%%gg i%%?r%ﬁgsﬁgggency of from
about 12 kHztorabgati@tkHz. Oxidation of the materials can be performed by still other
techniques, including janiing aREG%A A ARIERAALANINY FQI AxRNRIR«AA Mxididhadgan include

irradiating the first material with gamma rays in an oxidizing environment and/or jrradiating the first

material with%&lbdesmher e afisn awnber amerglerrlayaisht to pPrayids s seennd Bpusmaleifnents for

providing comppRitaRic R IHAEK Kh i W SIcaNE g Nefigemaletghir waightiowe thandistian percent

lower than the first number average moleculay yeight. In.some embodiments. for providing composites,
{ne second nEHFIEF SOEREL GBI T S BEAR D G LS RS et SV

‘ 8§ RGP R RUmber average
molecular wealgisified fibrsoseatkemirable embodiments, the second oxygen content is at least about five
percent higher thanithe first oxygen.cqntent, oy e r lY st RefEeRidQigher than the
first oxygen contennts.uc‘}31 Wéitﬁé%l'égagr}grg?gf: 8?3 etﬁélgtﬁl’r@l%qﬁ ée%gﬁ#g_ a fiber source to provide a first
fibrous matefatprIEAimduSibetizieg the densified filerons maferialve pigwida 8 thitd btousgnataritlhaving a
first oxygen copigak bRk i armalGHahizasidizech RiprVAgRisecond fibrous material that

havi d b

includes cellulose having a second number average molecular, weight and having a second oxygen

content higher thantt&hst 8id jgdheceinetion phbe mAlsri b e hod bR SPLUAsEAD ANZ80 S Brake
composites (ISR elibvae, KraqlhenioslpeaticatunRypRsAIGHNS aherisk e bask oratewalliten be
combined with any solid and/or liguid describ (g heti)ei% or anyrﬁgléd an%/% I ui?}e%gglribed in any
patent applic%ﬁ?GH ,CB‘é eenqtﬁy B’I&’aﬂ?’rﬂﬁ%(? SPStey {}efglfrérence i e T esired, and when
making a connansiéat ¢che ottt tedsealufngloerfieckodedombining the second fibrous material with a

resin, such as a thangplaSlc ALINGHRASHARES I ind SRR RIBIRA BBRAL BURe oxidizing

¢
a fiber source that includes ce ufose(ﬂ]avmg a wg’t.number average molecular weight and having a first -
oxygen contdaving prissiduzmhes aiksase miskscwlsuaighie provides sspabaaterialihigtdnsbidssd number

average molegylRiseiGREAREHAY NGB SSYeRE MY HREISOREH: Iaketikhand ieslinah®eygen content.
The oxidized fiber source Is then sheared to_provide an oxidized ibrgﬁus material that igﬁludes fibers.

The oxidizePYBASaEIstRlanMeishh andireabingathr secondspurad 87 2 AHBROMAER 14 8ther
applications. For example, the second material can B& combined with any solid and/or liquid described
herein, or any solid and/or liquid described in any patent application, patent or publication incorporated
by reference herein. Methods are disclosed that include oxidizing a first material that includes
cellulose having a first number average molecular weight and having a first oxygen content to provide
a second material that includes cellulose having a second number average molecular weight and
having a second oxygen content higher than the first oxygen content. The second fibrous material is
densified to provide a densified fibrous material.




If desired, these methods can further include combining the densified fibrous material with a resin. In
some preferred embodiment, the methods further include fiberization of the densified fibrous material
to provide a third fibrous material, and then combining the third fibrous material with a resin, such as a
thermoplastic resin. The densified or third fibrous material can be also combined with any solid and/or
liquid described herein, or any solid and/or liquid described in any patent application, patent or
publication incorporated by reference herein.  Methods are disclosed that include converting a first
material that iniclodasudetuldtiechagndeaniiestsou othawiseaeyertsshecetandmajenalranhmsage first
xy0en contenlind sreand maleP\ Ao el G GelhRse. oy Aa-ARERRN Ae! Bxerpes

molecular we aving a secdnd oxygen content higher than the first oxygen content; and

combining ththeeemhstiviedviel cantineludssimeoirowds bydmsiso analpebeb i ongarigireidadd/or second
material can plepobearPingewiBamssolichrirshes licisdesetings] esgimorr any solid and/or liquid

described in any patent application, patent or publication incorporated by reference herein.

Methods are disclodBaciaFmhadmeniidhs fgbmmerial medrsiaseIAsHY 2 IRIRSEIYN g a first
number average:AxD) awlaanpie) thaeshaiagPclinscn@ainehidiepipe, ppvidecdweconddnaterial that

includes cellulose having a second number gverage molecular weight loyver.than the figst number

average moIé‘é‘fﬂ&ﬁ?ﬂ%ﬁ?ﬁﬁ%‘aﬁa@?ﬁﬁcgEg%rgngﬁg%g e%“M%n ﬁ?gs;%’é(r:? ah J[}l?ee’ |Fs“tl%>§/a§(én content;

and combiningribesaahdiaalstiamwitimecobis e yahisrigad seameedo cogemithait antielize the second

material, e'ggy%@?{c%@ﬁﬁﬂﬂ??o}%ﬁ{tﬁge%%? gé{@lﬁggﬁlﬁgmgrogen, alcohols, organic acids and
any of t

hydrocarbons’or mixtures o ese fuels. In some embodiments, the first material is combined

aswell.  Methoddrarefaredesedimentictha Ssbratorinl gsanrths fermaor aifthousianierd ©eliulose having

a first numbey, avaLa g8 MpRiad Weiski-Rac hevineurcH R axIeay sRNfeRsisesaceaoraiesal that
includes cellulose havinﬂ.‘[a second number average moleculahwfﬁight lower th§n th? first.number

average molB¥RRZFINT SRSk SO AR EBIRFRS ST SXAmRIS HGRATINE CTEeRL o&nfélen content;
and combinirgttherseepkaifaaiaeal vibne saltddimdins, shidibichus nehesialddican dveragériengte®a
microorganisggdn%rggr/?gt%% nzyme méﬂme instances, the first material is combined as well. In some
instances, the mlcroorganlsgn Utilizes the' second material to produce a fuel, such as hydrogen,
alcohols, organic adibisfastdu/drecemsbmeteriahiznies of- any BEThautadearea pf gsaes daibddinents, the
first material gaj) Al5e,0L AlGEAR Y FHGIPHARDSPRARRI AIHR G 48 areas WHRRR porbdtiGOrgaNISM is
utilized, it can be a natural microorganism or an engineered microorganism. For example, the
microorganisincaianee99aiienfaiss, Baking prorgistymeosedrieth, a fungus, e.g., a yeast, a plant or a
protist, e.g., an algag pRRIAIPEABIAimE IS Hilkeoprpitfinfida G BriduNyns sudteaprganisms are
compatible, mixtures may be utilized. Generally, various microorganisms can produce a number of
useful produ?ff'oa,S'such as a fuel, by operating on, e.g., fermenting the materials. For example, alcohols,
organic acids, hydricaniaeesbogiinents)thp seteinbnombexaveesze miscuht ivedghtisnse leaht aboutid
produced by feimeniaon. of ADRLPIASTERSRuracoMSIBARS B lioEioosd hRbipRAR shearing and

[

r
ercen WET I r 3 . .
steam explogmg A fiDeF SOUMCE to Torm a |brousgmater|a; and ctontacting the fibrous material with a

microorganism to péstnsts arpdissinsedethatiinsludesheariste p ffortsersan Emaevidsd S58 fbEE8 hols, organic :
acids, hydrogaRansmpl HaiRfs BB ERERIPAEA SrihAIRBE: BvanR Aot usekd fitearsyeeinglude

cellulosic material, lignocellulosic material, and combinations thereof, qShear angl steam
exploding th&filfigst Eé’f@%ﬁh@rﬁ%‘?ﬁ%ﬁ%’@ﬂg{m%‘é“ﬁiﬁﬁ?mgﬂ li¥ ﬁﬁﬁkﬁa%er. X8R 8ition,
multiple sheashadneidesivaaervkdilg vpptationer thaythefpsrinmberaieapy molkenlshearing may be
performed, for example, using a rotary knife cutter. The fiber source may be cut prior to shearing
and/or stean}' & deing. For example, in some embodiments, the method includes shearing the
fiber source to forn$eck netiieds filvgr fechecéchntt toabisiegtheseotodingtdralovidiaged fiber source to form
the fibrous %E‘?Q@J %)Lii&glso possible to produce fibrous material by additionally shearing the steam
exploded, sheare % er source. It is also possible to shear the fiber source a second time to produce a

second sheared fid¥ethodshatinsisde xryring afbexpuiredes i daRmethrbinmrdescriiiest.

Methods areydigsiosaethahine iiastanneexpicuinmiepibaase yiestyactomerssiecs thaxploded fiber
source, and then shearing the steam exploded fiber source, to %rdodu%ﬁ tpe figrogisségsate‘{ia% Itis also
S fe.

possible to JRSUHSES sRHIORe h?éﬁ%iél%?ﬁ%l&%‘?%@%’?&&rﬂ‘é%ﬂf iKg! foded fiber

source. 13



Methods are disclosed that include shearing and steam exploding the fiber source concurrently to
produce the fibrous material. In some embodiments, the method may include passing sheared
material through one or more screens, e.g., a screen having an average opening size of 1.59 mm or
less (0.0625 inch). Screening separates the material according to size. For example, in one
embodiment, the method includes: shearing the fiber source to produce a sheared fiber source;
passing the sheared fiber source through a first screen to produce a screened fiber source; shearing
the screened fikesgeonotedhpreihcandsheain drapnedyilibfitsysroesqtagsvidtefideatind sheared fiber
source through a se reen having an average. i j ' rovide a
P E%aa%%e%@h%pg%é@rn&&gﬁ)@ﬁ%ggeﬁ% AR A

second screene lfll%er source; an nd screened fiber source to produce the

fibrous materisuscEpiebleéatfopening upitusing tha decatins rivhyariesqoeehacd craterabcAn Bf Kstirce to

produce a third, sheared ShRermaQuras AR diaRisieam exploding the third sheared fibers source to
produce the fibrous material. It is also possible to shear the fiber source and concu,rrentlé Sass it

through a screen.  Suehastbedbern fisthes wsindssembinmg e Aboays matrrgahid RIGY ina
sugs:an?a”y gas ?mwmagiemawt @:tmtrﬁmﬁn@b Iﬁgtllmged_ mﬁimdmwgfyxﬂweﬁ;jbrm matferial. Tfhe _
substantially gas impermeable materjal may be soluble in. water, and may be provided in the form of a
bag. Exan?B‘fi‘égnﬁg?ﬁ 8%%@%%5%‘%‘1@? BETR &W(geﬁ}loadrl%eé%%g}’ u%/rgfﬁ p?osgﬁ%rﬁnclude bacteria,
yeasts, enzynigsoilshsibinatinashiairebidéseeinlasa pyitpe sacorsorgmbésaveragesroetidaterium, e.g.,
a cellulolytic RAGlgF M. ATUPANTHS: HuRolP Atk RLURNRIA e €. an aluae, & protozoa or a

fungus-like protist, e.g., a slime mo Examples of products that may be produced include mono-
and polyfunctional Suciemsthpds eastfrtheninghda senbiniog fheserndd osicigateriplvgth a

hydrocarbons,fashrambinatiRR ey tiehis e it sxanpianal-avinrimalsekialspstdde dsethanol,
ethanol, propanol, isopropanol, butanol, ethylene glycol, propylene glycol, 1,4-butane ogol, glycerin,
and combinaﬁ@ﬁ@ﬁé@@ﬂ@ﬁ@éiﬂ?’éﬁﬁ%f&"&%ﬁ%ﬂﬂ@ hﬁ%%whﬂﬁéﬁma%’m‘ %id, acetic

acid, propionigiefiesdatiyic acid, valeric acid, caproic acid, palmitic acid, stearic acid, oxalic acid,
malonic acid, succini¢ acid, glutaric aci leic acid, linoleic agid, glvcoli ' i id,
y-hydroxybutyric acr}éfe%ﬁgs(%?n lslﬁfé |%n%i#1lélr°g% °B gﬁﬁf&aﬁ@uﬁ%’g %/%%%gr%g%%%?g% ude methane,
ethane, propasliyipsrhavieg a-fiskaweberay wogaisoleiulis Weiskior MRMIJecr sprosd @bmmeﬁs_tmy be used
as fuels.  BXaMOIGROLIMESAABRAREMINRE MAsh Wi RIROHMCR SR TewWRIARMRe ARt de

bacteria, yeasts, or combinations thereof. For example, the microorganism can be a bacterium, e.g., a
cellulolytic barEantvarsenmoelecular weight anddensiyne thp aserd fifrousmatsHal 1 YiS58a or a
fungus-like prgiisifiedFivd s el d. Examples of products that may be produced include mono-
and polyfunctional CI-C6 alkyl alcohols, monp- and poly-fupctional.carhoxylic acids, Cl-C6
hydrocarbons, and SYRRSTFHIRSR Sam Bpebsr %@&‘?ﬁ%&’éﬁﬁé&%@%ﬂhﬁ%@ﬁéH}ﬁ%".’r‘;ﬁcm t%methanol,
ethanol, propmit@hosppiapanihdiuiag de dtnyifedfiponsimatenn} i erpglided tipd-fibreusandiatiagyly cerin,
and combinalons, heteol, RO, SRR RN cAheMigAfls include formic acid, acetic
acid, propionic acfl, Sﬁlﬂ/nc Id, valeric acid, caproic acid, palmitic acid, stearic acid, oxalic acid,
malonic acid, succirfie fitherghdtinibersduasionoftie mmesiler aightnfdbacallilostaansnzyme, €.8.,
y-hydroxybutyrie agiflndspmbipgiaesiberee! seampignalisHitah! st wiierahenadelude methane,

ethane, propane, peritane, N-hexane, and combinations thereof, Many of these products may be used
as fuels.  Yhlizedmitrmromstheddensribed herein e fnziang pRdfen chemmicel earmmet R RS 3Ys loose,
discrete and gefRas ahIffER SR QyRIpaHEE, a fibrous material can be prepared from a bleached Kraft

paper fiber source hy shearing, e.g., wjth a rqtary. knite cutter. The term 'screen,” as used herein,
means a member ¢ %?8?‘8@%%8’?}4%%%%%%‘8?@i&%%r%l’sqyéqlgin nf)? Smg#usgr%n hainalude a
perforated plafahebihsleing fektertkeThe pyralyzimesin inchidehéatinig the firstmaterial W?ﬁi&@; used
herein, mea”EeE%nbr%%ﬁ?%g&l?cﬁ”aéa”&?e‘t%ﬂﬁlmem%é%?&ﬂf?ﬂﬂﬁ’&h.oﬁlﬂ@%& B bodiplyydifea occur while

the subject matengl 1S under vacuum, or immersed In a gaseous material, such as an oxidizing gas,

e.g., air or oxsytast betweenitheirrgisfive haatngmenybntay the first material. The pyrolyzing can

include heating the first'material by induction, such as by using a Currie-Point pyrolyzer. The

pyrolyzing can'include heating the first material by the application of radiation, such as infrared
’ 14



Oxygen content is measured by elemental analysis by pyrolyzing a sample in a furnace operating at
1300C or above.  The terms "biomass" refers to any non-fossilized, i.e., renewable, organic matter.
The various types of biomass include plant biomass (defined below), animal biomass (any animal
by-product, animal waste, etc.) and municipal waste biomass (residential and light commercial refuse
with recyclables such as metal and glass removed).  The term "plant biomass" and "lingocellulosic
biomass" refer to virtually any plant-derived organic matter (woody or non-woody) available for energy
on a sustaingidehasisriRladidienias dcgenénakdlsy Dlasés, nahlanite thioredidseitirbe pyoyyvasgtes and
residues such as corn stover, wheat straw, rice straw, s n : ike. Plant
biomass furtif&? }H%?ﬂ%esfa\é% fgen%tsh%l %ﬂé%o‘?’l?rheaeg?\%’ggjig? Eé%%r&%?%%ﬁ?%&%gﬁge?and residues

such as softvgentateddst 4flowing sirbmmiof heattd gasafln heatehptsrcan 8 nRIMANGE R Avaste streams,
wood fiver, apgh e e oAl oAb ArEsR CtORe IR At HobSesk ATk e akaipatential (o be
na

produced o rge-scale as another plant biomassosource. For urban areas, the best gotential plant
biomass fee @9k ileeshrastPar§ wretenlssg than309 (ﬁpﬁhﬁg@‘?ﬁ@ﬁ%?%@e&ﬁ‘ﬂfﬁﬁsﬁ brush) and

vegetable progassingniESiRarll aRRGBIIaSE feednindhdaiandinarioienihientyesteubbdgs, but not
limited to, non-woody plant biomass, cultivated crops, such as, but not Iimjtefi éo [ASSEs ff.or example,
clu ’h%l]m§ € gst '

but not limiteSEEpuading thefirst aigriale sughhigha Lunatsy HisRYONA R S81 Meide eAtne e eanary
grass, or a Ceinainatidmh fieract. atsngitprostssinboe AYUS such as bagasse, or beet pulp,

agriculuural residueﬁdgt%r & a@&llls%lo%(gx Ehe gé/ei%m e %erﬁ{ ﬂ&?&ﬁf@ﬂ’iﬁlﬁ&d@ygé’m%@y straw, corn

cobs, wheat straw, Canola straw, rice straw, oat straw, oat hulls, corn fiber, recycled wood pulp fiber,

sawdust, harbaving fost axaberievemsge molewdanweighisnd bevirg bt Risan OB SRiBi Yids R of.

Further, the lignacalluiosis depdRingls Manibeuda el wesia wasternriapahmisturpwaighbaidimited to,
newsprint, cardboard, sawdust, and the like. Lignocellulosic feedstoc_[@érgrg igﬁlude orle %)ecies of
i r

fiber or alterdBNiRER SFGPREBNBER RORLBH Bighrr thay ey BT EOPLeBY 1 SHAERom

different ligngeqlbuiesisd aadsiasis. Srhaonal thdheipeeiinpr piedds toaimpasitc onpigber fresh
lignocellulosic feedstock, .partially dried lignocellulosic feedstock, fully dried i losic feedstock or
a combinatiolf {RetEGFdatioa,p kg %%Sg%égé??llﬁ%ufls‘gl%l ugeﬁ,mc1 rrggh;?(fpa%tlgéga{rkggrﬁg!‘tjerials that are '-

composed eriicepyiofanednnimiespetia;isehms ismpraoyes dbrkioeresisaoserapastiomsiragihits.
Carbohycirats, o b AONIIEICP G AR, AR, Y s RO "

10,000-mer, or mer), oligomeri¢ (é.g., equal to or greater than a 4-ma, 5-mer, 6-mer, 7-met,

8-mer, 9-merelongdionatbreinctite sieadimaserinisepieribe WW@W@@@QW@?@Q’%L‘%M of more
than a single gepeat iiifeif A5 LS REAE HhtIdAR A JesesBen Mahglifiearipplicatizapaites af polymeric

carbohydrates include cellulose, xylan, pectin, and starch, while cellobiose and lactose are examples
of dimeric caPBB’f‘ﬁfd}%{té“ﬁ%ﬁﬁﬁ‘l X@f‘?ffé‘ﬁﬁh?éﬁﬂ'carbohydrates include glucose and xylose.

Carbohydrates canhefp@iéGfpovp Gspaiability, sicuesinearigelwivwatentpprisontiatinvodgse structure.
Examples of such magerials include lignocellulosic materials, s sthadfonng.ig . A
combustible ﬁ’ftéf%e ?%oé'é%%%l\lﬁgbﬁ‘é%gﬁﬂlfﬁ i%br?ﬁrﬁwaéﬁl.r%f%en%g %’? ’o%?gen?hgxamp%{g}s&gf combustible
fuels includegtivaryl growns peridst grobptaamoint grungon mixduradafinay of these GIBY: HbIRRE these.

preferred embodiments, the component includes a polymer copolymerized with and/or grafted
with maleic anhydride. Such materials are available from Dupont under the tradename
FUSABOND®.

The first material can be or can include, e.g., paper, paper products, wood, wood-related
materials, particle board, grasses, rice hulls, bagasse, cotton, jute, hemp, flax, bamboo, sisal,
abaca, straw, corn cobs, rice hulls, coconut hair, cotton, synthetic celluloses or mixtures of any
of these materials. Other materials that include cellulose are described herein. Still other
materials that include cellulose are described in the patents, patent applications and

publications that have been incorporated by reference herein.
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Swelling agents as used herein are materials that cause a discemable swelling, e.g., a 2.5 percent
increase in volume over an unswollen state of cellulosic and/or lignocellulosic materials, when applied
to such materials as a solution, e.g., a water solution. Examples include alkaline substances, such as
sodium hydroxide, potassium hydroxide, lithium hydroxide and ammonium hydroxides, acidifying
agents, such as mineral acids (e.g., sulfuric acid, hydrochloric acid and phosphoric acid), salts, such
as zinc chloride, calcium carbonate, sodium carbonate, benzyltrimethylanunonium sulfate, and basic
organic amines, sughsaméetaiable eididdigents, the fhidemetstiah il aiitk famusadibane mae@amaterial that
includes discgete fibers ig whi t least about.50% of the discrete fibers: have jameter (L/D)
ratio of at Iea{éftdﬂ%)?ﬁg?, e t%&l‘ﬁ%ﬁ g Hsu%%tgxrﬁpsrggnse% %élkpa%vﬁ(s??é/ggf ebsagt aﬁi {59%909&%?% gkm3. A
sheared matarihlastysheifigrefivérennmensirg miatay ki isuter.cher ehoppledomgrdnizd.  Changing
& molecular sigugliie, AhadiRARS fdSionkule HAG VAL MBRANTIR chaaaP i ghemical bonding
0

arrangement or conformation of the structure. For example, the change in the mglecular structure can

include chardyieiganieagthriordismetsriptioof npaiesithae HlatEPRexaRrle o marnEHliResabiinging an

average molgGulteyaiditnt \MRGHIA MRSRER Y Hialiibhasb A BTG @ fack faee dgeatehthaging a
degree of polymerization, changing a porosity, changing a degree of branching, grafting on other
materials, ck%%fﬂd%%élﬂﬂ@%ﬁéﬁegﬁ%,hﬁ? %\%’P‘é‘k?&?r@??ﬁ%n overall domain size.  Unless
otherwise defined, altitatbnicihanthecisnttistiben hasadddre ided bg sharsaynd tedmiinesas commonly
understood b e of ordinary skill in th t to which this.inyenti ﬁﬂ{"{ﬁ hods and
materials sirﬁ'}/faﬁl%f%aﬁrlgfgrse’%t 8t xc?%ogéqs%n xe}%ﬁ%%%ec?ﬁl (lzrg:rimlu%%eb&g%%%@%%geplractlgg agltr\ggting of the
present invehertingshidiviematetivd dsingralmsistivédisating osathtbstdabamati! plnentRniaeshtent

applications  RRINiR ARHPANE LHGIRAERGRS AMGRAR PRIGINAE ORI BYRLRLANCIRIPERACRIN thelr

entirety. In case of con present specification, including definitions, will control. In addition, the

materials, méiBo AEEUNPERBYERIdS AR [N sema pRfesrod mehade: hrbrriing R5E M AFRSt conBther
features andyadvaniagessatitaadanestirmyel e aepnsenkisan theotabomengdictaderdiggscription, and
from the claims. DESCRIP,TION(E)F DRAWINGS . FJG, lis a blotcﬁ diad%tr%mnilgggﬁrgstig aconversion of
biomass intd ISBATRYENE RS B ﬁﬂd?ﬁtmalr—qlé’.e?t}ggo B S R RO SRR I of a fiber
source into aCfirdedins pemitgtdibinas oxidienglcilinhepta brofesactiods oxsiziog incidey knife cutter.
FIG. 4 is block diagram illustrati eS| ' j flstoneeaa0A thits fibrous
material, IO LB e SRR L ALIELSR B A atorereat

infrared radiation, in an oxidizing environment. In one method, the radiation is generated by an

infrared laser. In still other methods, oxidizing includes pyrolyzing the first material by heating

the first material with a convective heat in an oxidizing environment. For example, the
convective heat can be generated by a flowing stream of heated gas. For example, the heated
gas can be maintained at a temperature of less than about 1200 °C, such as less than 1000 °C,
less than 750 °C, less than 600 °C, less than 400 °C or even less than 300 °C. In other methods,
the convective heat is generated by a hot body surrounding the first material. In yet other
methods, the oxidizing includes pyrolyzing the first material by heating the first material with
steam at a temperature above about 250 °C.

Oxidation of the materials can be aided by still other techniques, including sonication.
For example, the oxidizing can include sonicating the first material in an oxidizing

| environment. For example, the sonication can be performed while the first material is

dispersed in an aqueous medium. In some desirable embodiments, the sonication is performed

using sound having a frequency of from about 12 kHz to about 25 kHz.
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FIG. 6 is a perspective view of a pellet mill. FIG. 7A is a densified fibrous material in pellet form.

FIG. 7B is a transverse cross-section of a hollow pellet in which a center of the hollow is in-line witha
center of the pellet. . FIG. 7C is a transverse cross-section of a hollow pellet in which a center of the
hollow is out of line with the center of the pellet. FIG. 7D is a transverse cross-section of a tri-lobal
pellet. FIG. 8 is a block diagram illustrating a treatment sequence for processing feedstock. FIG. 9 is a
perspective, cut-away view of a gamma irradiator. FIG. 10 is an enlarged perspective view of region R
of FIG. 9. FIG. Okidationlofthelingraiaisitastratienfoaned|by wdih dtheredhmanasionrfeding dopieing

pretreatment Segafeion, FlGadih 5 ILIAIG HE Wy R MdRusailariing Alotgess stream of

cellulosic material in a liquid medium. FIG. 13 is a schematic view of a sonicator having two
transducers doalsiial with gamga Ty mexidiziag ewisermerpiredionimadiating thefirbpaterabyih ok
pretreatment sysigl s Eleerdm ip nRREReERNBhsiIR. vView of a pyrolysis chamber.

In some desirable embodiments for providing composites, the second number average
molecular weight is not more than fifteen percent lower than the first number average
molecular weight. In some embodiments for providing composites, the second number average
molecular weight is substantially the same as the first number average molecular weight.

In some desirable embodiments, the second oxygen content is at least about five percent
higher than the first oxygen content, or even more preferably, twenty percent higher than the
first oxygen content.

Methods are disclosed that include shearing a fiber source to provide a first fibrous
material that includes cellulose having a first number average molecular weight and having a
first oxygen content. The first fibrous material is oxidized to provide a second fibrous material
that includes cellulose having a second number average molecular weight and having a second
oxygen content higher than the first oxygen content. The second fibrous material can be
utilized to make composites or it can be utilized for other applications. For example, the
second material can be combined with any solid and/or liquid described herein, or any solid
and/or liquid described in any patent application, patent or publication incorporated by
reference herein.

If desired, and when making a composite, the methods can further include combining
the second fibrous material with a resin, such as a thermoplastic or thermosetting resin.

Methods are disclosed that include oxidizing a fiber source that includes cellulose
having a first number average molecular weight and having a first oxygen content to provide an
oxidized fiber source that includes cellulose having a second number average molecular weight
and having a second oxygen content higher than the first oxygen content. The oxidized fiber
source is then sheared to provide an oxidized fibrous material that includes fibers. The
oxidized fibrous material can be utilized to make composites or it can be utilized for other
applications. For example, the second material can be combined with any solid and/or liquid
described herein, or any solid and/or liquid described in any patent application, patent or

publication incorporated by reference herein.
17



FIG. 16 is a cross-sectional side view of a pyrolysis chamber. FIG. 17 is a cross-sectional side view of
a pyrolyzer that includes a heated filament. FIG. 18 is a schematic cross-sectional side view of a
Curie-Point pyrolyzer. FIG. 19 is a schematic cross-sectional side view of a furnace pyrolyzer. FIG. 20
is a schematic cross-sectional top view of a laser pyrolysis apparatus. FIG. 21 is a schematic
cross-sectional top view of a tungsten filament flash pyrolyzer. FIG. 22 is a block diagram illustrating
an oxidative feedstock pretreatment system. FIG. 23 is block diagram illustrating a general overview of -
the process of conveytingd fleetissridsaatntmepioskidizingh frshmatekidt Gat Mcisdescedsdosectional view

of a steam explosion aratus. FIG. 25 is a schematic crpss-sectional si ' id. electron
beam/sonicat%ﬁ‘%@iggpnu 2% ™ gz%cﬁnﬁrn‘ével eEC rc?:lg?nvllgﬁ)%]gz%?ﬁ%ﬁi%‘%%%ﬁrﬁ%%%roduced
from polycoatedondpeiteda? Thit imcludssi cellidnseThifip rogsombnundenaysrpes maleanisn veeightagdinife

cuter utlizing &, /¢ Sg M, LIS AORRIDAS-an ELTnd G5 bocaRBIROIIE iR isAGIaDh of 2
fibrous materleﬁvf)r}. gjgceoci{ %%rﬁoﬁaaé})eg ICraft bacl)%rd paperZ%ZS X mdgnification. The fibrous material
was producedneteralisdepsifisd tewprevidin dongifedfbensm¥erid-inch openings.  FIG. 28 is a '

fﬁ:gnn_ifng te_lecthor? %&e&;&&h&;@aﬁ@a{e&%w{ﬁg@b a{gldw&drﬁsﬁm@i@a@émmmbmeﬁmer at 25 X
nification. The fibrous material was twice sheared on a rotary knife cuter. utilizin creen with
1/16 inch opeXiftaatiAng a0 Bf?é%{?ﬁﬁige.mbo‘iﬁ’é‘.’%@?ﬁ%% ’é’llécfflrdct)er?{ g gﬁﬁclff‘ a fibrous

material prOdld@ﬁﬂi‘fi‘é@mibhiﬁﬁﬁﬁ%i‘iﬂltaf‘pmmdahﬁiwﬁbﬁo%r%awmmﬁdmﬁiﬁxg{;glgeﬁmterial was
thrice Sheare%borgu% rrr?gtae%l with a resin, such as a thermoplastic resin. The densified or third fibrous
material can be also combined with any solid and/or liquid described herein, or any solid and/or
liquid described in any patent application, patent or publication incorporated by reference

herein.
Methods are disclosed that include converting a first material that includes cellulose

having a first number average molecular weight and having a first oxygen content to a second
material that includes cellulose having a second number average molecular weight and having a
second oxygen content higher than the first oxygen content; and combining the second material
with a resin to provide a composite material. The first and/or second material can also be
combined with any solid and/or liquid described herein, or any solid and/or liquid described in
any patent application, patent or publication incorporated by reference herein.

Methods are disclosed that include oxidizing a first material that includes cellulose
having a first number average molecular weight and having a first oxygen content to provide a
second material that includes cellulose having a second number average molecular weight
lower than the first number average molecular weight and having a second oxygen content
higher than the first oxygen content; and combining the second material with a microorganism.
The microorganism can utilize the second material, e.g., by fermentation, to produce a fuel,
such as hydrogen, alcohols, organic acids and hydrocarbons or mixtures of any of these fuels.
In some embodiments, the first material is combined as well.

Methods are disclosed that include converting a first material that includes cellulose
having a first number average molecular weight and having a first oxygen content to a second
material that includes cellulose having a second number average molecular weight lower than

the first number average molecular weight and having a second oxygen content higher than the
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knife cutter. During the first shearing, a 1/8 inch screen was used; during the second shearing, a 1/16
inch screen was used, and during the third shearing a 1/32 inch screen was used. FIG. 30is a
schematic side view of a sonication apparatus, while FIG. 31 is a cross-sectional view through the
processing cell of FIG. 30.  FIG. 32 is a scanning electron micrograph at 1000X magnification of a
fibrous material produced from shearing switchgrass on a rotary knife cutter, and then passing the
sheared material through a 1/32 inch screen. FIGS. 33 and 34 are scanning electron micrographs
of the fibrous fgtetialealcbhfen anaftembiakliptinrevitd taldfadiitidalold\indtbyaligwid, sugh asaspectively,

at 1000 X magnification. FIG..35 is a scanning electron mi gsﬂpg thedibrisRaterial of FIG.
32 after irradidfi® @0&%"1‘6"%& LR LSRN G iﬂb@%eég%i_ [caticl)r%m‘ gt e 36 is a scanning
electron micregnatphaics twellfiinmomeiastriat st @icoomgmism adlizgohesesondmpieral shd sonication at -

1000 X magnifigﬁ\lgié)ena éil ﬁxcﬁzsiﬁﬂﬂdgﬁﬁ?ﬁﬁ:@ﬁﬂ?,Q%H?ﬁ@ééﬁf@iﬁ@%?&%&ﬁ@@ﬂsﬁﬁﬁmm%@taw knife

cutter. FIG. 3ng$ an infrared spectrumof the Kraft paper of FIG. 47 after, i,rradiatign with 100 Mrad of
gamma radiatéresadielo 18 omeararhadisonsey he Srstmatiakernitinbe stlissddsiBh. FIG. 40 is
schematic vie,w;&t,&@gg;ﬁq Wy pressdampipmass conversion. DETAILED DESCRIPTION Biomass
(e.g., plant biomass, animal biomass, and mggl ipal w%ste b om[as;s,c)aé:an bes rocessed 1o oduce

useful products sch%WﬁéE‘?rg?f%’ﬁg’ésn'&‘ L&A 05 A THELRLIBE BEAW that can se as feedstock
materials suckhigosaitienic Fardiamigaahe et gnssericds thatacteriandibygavaitiiblelybat can be

difficult to progess,. for example, by fermentation. F toc efials aredicshRby siaaibaRigeared for
processing, oﬁ%c eB?“sl,’Izael}n 5bﬁ§h% ?%18\?\7 ?@é%t%ﬁiﬁ%&%é@%h%da Igrprepared feedstock can be
pretreated or proisessedastimg wakl.oWherthePraahises rre sompaiible, B manheRidigednd steam

explosion. Theaias ALEIE AITUGRH AN A BROAIES VbR oPasu rsuaciy bioR oL byo, three.
or even four of these’technologies. - : ..

operating on, e.g., fermenting the materials. For example, alcohols, organic acids,

hydrocarbons, hydrogen, proteins or mixtures of any of these materials can be produced by

fermentation or other processes.

Methods are disclosed that include shearing and steam exploding a fiber source to form
a fibrous material; and contacting the fibrous matérial with a microorganism to produce a
product. Examples of useful products include hydrogen, alcohols, organic acids, hydrocarbons,
proteins, and combinations thereof. Examples of useful fiber sources include cellulosic
material, lignocellulosic material, and combinations thereof.

Shearing and steam exploding the fiber source to form the fibrous material may be
performed in any order. In addition, multiple shearing and/or steam exploding operations may
be performed in any order. Shearing may be performed, for example, using a rotary knife
cutter. The fiber source may be cut prior to shearing and/or steam exploding.

For example, in some embodiments, the method includes shearing the fiber source to
form a sheared fiber source, and then steam exploding the sheared fiber source to form the
fibrous material. It is also possible to produce fibrous material by additionally shearing the
steam exploded, sheared fiber source. It is also possible to shear the fiber source a second time
to produce a second sheared fiber source, which is then steam exploded to produce the fibrous
material.

Methods are disclosed that include steam exploding the fiber source to form a steam

exploded fiber source, and then shearing the steam exploded fiber source to produce the fibrous
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In some cases, to provide materials that include a carbohydrate, such as cellulose, that can be
converted by a microorganism to a number of desirable products, such as a combustible fuels (e.g.,
ethanol, butanol or hydrogen), feedstocks that include one or more saccharide units can be treated by
any one or more of the processes described herein. Other products and co- products that can be
produced include, for example, human food, animal feed, pharmaceuticals, and nutriceuticals. A
number of examples are presented that range from bench scale implementations of individual

pretreatment metHenStn sgpashie hippass: fittcessiagritbyt addiMétaly Gtbai|QhladdE the Generally,
any biomass rEater'aI that is r&nglz.lt()jes cargohydrates composed entirely of one or more saccharide
units or that iAAFAHE ST FRSTE SACEKENHE units can be processed by any of the methods described
herein. For examplé\ititedianatisiosaddtial inaldssheiting sivl stehgroxptodingsiecibeefRige  For

example, suc@omﬁ%ﬂ%ﬁég%pOMy% RAREE RARSS products, wood, wood-related materials, particle

board, grasses, rice agasse, cotton, jute, hemp, flax, bamboo, sisal, abaca, straw, corn cobs,

rice hulls, coconut Haisomegembediawaisdhestedipdepamiasdomaties sheored Ralraal 6‘?’8}'\9’%‘%’5&

Fiber sources;jpeludecns] blosicéiRes BRikean Hiidipg-RmpeIzad RSPRiPsoiisc(s.0625. iphlycoated
paper and Kraft paper), and lignocellulosic fiber sources, includinglwood and w. ggﬁ{e@éed materials,

e.g., particle BeRFAEHRPet Rt ABfaRsRLeRs A GO SHE: L PEIREIS: Lie Euo)

ources, e.g., grasses, rice hulls,
bagasse, cottashisdeadtedep, firxribathbaibersisakabogradsicashaned folrsonics; pastingdeonut hair; fiber
sources high in a-cellulose content, e.g.. cotton: and synthetjc fi SRS S cE: Tl ged yam
(oriented yarﬁ%?rﬁﬁe}(ll)ﬁ%ﬁ ad f/éﬁ%.i%sagtgﬁatlngegg}ar%]?ﬂ)erﬂé‘ﬁggré%égrr%%s can beco’btaeinedé]from virgin
scrap textile statenta Sibergoureertnpneduse tespandrshnarsd Sbensmuencpassingdhesecord gieapden paper

products are Heed A% ANRISRH SR oI EANIRGNY SRR Eeni iR QEaPIVIFOIR: TAlRBAkn @ they

can be post-consumer waste. Aside from virgin raw materials, post-consumer, in%tggrial e.g., offal),
[

and processiiipiigefsteogd W%ﬁ%ﬁ%ﬁ@ﬁé&%ﬁ@%é@é%@%ﬁ FSUFEes. Also,
the fiber sourgeyeainRarNBIoas Rty P REhbYMayfieie: iacl@osheaninini sicpidntreantds.

Additional fiber sources have been described. ip, U.S. Patent,Nos. 6,448,307.. 6,258,876 ..6 , 729,
5,973,035 anfP§Tg8Y'95)8 Produgg %W@%ﬁ%%dﬁ%ﬁ&‘?fﬁe"%g%% §/%?3}5k|%9%dri? c%ﬂf esr(gsﬁa g%al

having one ofibeey solide lofptvdiagdr ﬁbtt?ﬁmigtgialnumber average mqleqular vyeight between about
o o TS R A Sle. S el AR CEl ARG Mty i ROl KeRRed(D- ol cose

1) through condensation of > bonds. This linkage contrasts itself with that for o(1-- 4)-
glycosidic bonds prébemdthedarotyatse Butesr daslydnyarapsuatiogfhe fibrous material in a

substantially gas impermeable material to remove entrapped gas and densify the fibrous
material. The substantially gas impermeable material may be soluble in water, and may be
provided in the form of a bag.

Examples of microorganisms that may be used to produce the useful product include
bacteria, yeasts, enzymes, or combinations thereof. 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 protozoa or a fungus-like protist, €.g., a slime mold.

~ Examples of products that may be produced include mono- and polyfunctional C1-C6
alkyl alcohols, mono- and poly-functional carboxylic acids, C1-C6 hydrocarbons, and
combinations thereof. Specific examples of suitable alcohols include methanol, ethanol,
propanol, isopropanol, butanol, ethylene glycol, propylene glycol, 1,4-butane diol, glycerin,
and combinations thereof. Specific example of suitable carboxylic acids include formic acid,
acetic acid, propionic acid, butyric acid, valeric acid, caproic acid, palmitic acid, stearic acid,

oxalic acid, malonic acid, succinic acid, glutaric acid, oleic acid, linoleic acid, glycolic acid,
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Blends of any of the above materials may also be used. SYSTEMS FOR TREATING BIOMASS
FIG. 1 shows a system 100 for converting biomass, particularly biomass with significant cellulosic and -
lignocellulosic components, into useful products and co-products. System 100 includes a feed
preparation subsystem 110, a pretreatment subsystem 114, a primary process subsystem 118, and a
post-processing subsystem 122. Feed preparation subsystem 110 receives biomass in its raw form,
physically prepares the biomass for use as feedstock by downstream processes (e.g., reduces the
size of and heEQURNIZ§h farRIBMALS ki) andtesabititidrio thassfb Ekampilis rdsubiatdefeedstock forms.
Biomass feedstock with significant cellulosic and lignocellulosic ¢ PSSR Ra R ligh average
molecular wjafi)f%ﬁ%%‘?%?gm?%ﬁ? %zftn Saeﬁ%r%ngk%r(fﬁ%%eéggp%nt g-%;g%%st’oc%into uset?‘ul proa%%s (e.g.,
fermenting thagds$thete wrohodisine b anal eslfiftlslt Pretreatment subsystem 114 receives
feedstock from the fﬁfgnyefgsoaﬁi&a&gmﬁ&%mt%%eqm%am&ﬁﬂﬁmmmmw primary

, fo

production processes r example; reducing the averige molecular weight and crystallinity of the

feedstock. Priarigia sesssosgpmpinationsthererieifer sxaniple dba TICIPSISAMT TG A UAT IR
subsystem 114, andJprAsiyae satesiuhiD tORHESS, e a Géhanplather Apestine/s.iharilaecuticals, and/or
food products). In some cases, the output of primary process subsystem 118 is directly useful but, in -
other cases, Féﬁﬁ?ﬁ%%ﬁtﬁ'@ﬁ‘b%‘&éﬁ%’ﬁ%%viﬁé’b"wrgﬂgt-processing subsystem 122. Post-processing
subsystem 122 proviggaagiestbeprotaceshingnty bspdahicstramindefmomaprindgyl yfroctesab(dt€in 118
which require jt (e.g., distillation and denaturation of. ethanal). as f aste streams
from the othe?{gﬁjag%lfgf%gl ?Hoégflndgpgﬁéglg,c% Ogagcc)?f)?gx l?lcqtggcl) étﬁégﬁeﬁ%%%ﬂlgig{dfﬂ can also be

directly or indicadtinativefi thersafe Spedidieepronlrstofaiiabicnlhabaisiseiadgmehuelidiretbney of system
100. For example, BPFIRHG jmtwﬁxm}ﬁgﬂég%%sedw%e@ salachwaiaclaihicgigearaied for use
0

as process water in other subsystems and/or can produce burnable waste whjch can be usaed as fuel

for boilers praadepmbinatensiherrat eRreaifitgxampisof sytabls bt asidsiacudedRumieasidniants is

affected by fagiars el yipbarecRnirvasaé asdle anithadypprokdduapdbilily aidiseadeadded as
feedstock. Increasing plant sjze tends to increase economies of scale associated with plapt processes.
However, incPa4GAy" 15’}@%?}%“3}3&{‘@&&%%@&%‘5% cé? t%%g %‘.“S Iﬁ ??gﬁgﬁglé’al cnglclg%té;}?’per unit of
feedstock. Stladiksacidadyirjdepiiybatyfizcicids suggetttationk ¢hegepfoBriamplsivef fuitaidsmass conversion
plants can rapge from 2000,ta 10,000 driad tons of feedstock perday.dependisgaideadkiedpart on the
type of feedsp(gg%oﬁ%rrgafl ghtl(ésgl g'fgﬁggﬁétoc ’rksg?%g;fsbgimpac’t plant s?’orage requirements with plants
designed pririveaily dbthpse peashiety Reavdsigesd whiysls-availability varies seasonally (e.g., corn stower)

requiring more on- qf,gf:sife- fpdiasksiaAreseuhan Rt desiarrdtapierassandsindeosbose
availability is relatively steadyv(;.é, waste paper). FEED PREPAEAT ON gléwgome (fas%sdmethods
of processingiietsis HHISRBAYS ERersr RN StRIP s AHIPFRUYERIERLCY! DS DERREAR ARIACP e e dstock
materials, sugh-spayet Girgoadadingeatinging, aithoppingkiifesame.cases, loose feedstock (e.g.,
recycled paper or syyitchgrass) is prepared by shearing or shreddi magnets can be
used to remove ové%fztg orsﬁlz?aré’si?ggfe c?b?re%?s%lﬁc ] gén Srg %rx(gr%%%,%%%ssﬂgr%%%%flrom the feed
stream.  FeedrdinztasitoExystplesof serdsasdueifideiraunionstestiplete.fedinderes the Iienosgakie
characteristicrge%H%tij &gthf%{b%gmple, specific maximum sizes, specific length-to-width, or specific

surface areas ratios. As a part of feed preparation, the bulk density of feedstocks can be controlled
(e.g., increased). sibhe tesa  PyERlysis,” as used herein, means to break bonds in a material by the

application of heat energy. Pyrolysis can occur while the subject material is under vacuum, or
immersed in a gaseous material, such as an oxidizing gas, e.g., air or oxygen, or a reducing gas,
such as hydrogen. .

Oxygen content is measured by elemental analysis by pyrolyzing a sample in a furnace
operating at 1300 °C or above.

The terms “biomass” refers to any non-fossilized, i.e., renewable, organic matter. The

various types of biomass include plant biomass (defined below), animal biomass (any animal
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In some embodiments, the material to be processed is in the form of a fibrous material that includes
fibers provided by shearing a fiber source. For example, the shearing can be performed with a rotary
knife cutter. For example, and by reference to FIG 2, a fiber source 210 is sheared, e.g., in a rotary :
knife cutter, to provide a first fibrous material 212. The first fibrous material 212 is passed through a
first screen 214 having an average opening size of 1.59 mm or less (1/16 inch, 0.0625 inch) to provide
a second fibrous material 216. If desired, fiber source can be cut prior to the shearing, e.g., with a

shredder. F%fé%ﬁ{?é?Mﬂﬁ'ﬂmpa&%&%&ﬂaﬁﬂgwtﬁeme(mﬂiaammmghecﬁmauamo strips

that are, e.g., 1/4- to 1/2-inch wide, using a shredder, e.g., a counter-rotating screw shredder, such as

those manufdefrewigy rrmiriablsseyshas fefe) andglass RIS e to shredding, the paper can be
reduced in size by crt Rgrio‘Alie Bitaaasi2 andsiiggacgllillatio biemttes’” fefer taceinyildy ey plaiitotine cutter
can be used tp cut the paper into sheets that are, e.g.. 10.nc j 2Ja6hek IoRg.  Insome
embodiment ,efiﬁ‘ée%ﬂ‘ég%l%“ B ‘¥"§’§Jr%‘e“8‘ﬁa” ﬂ?fyfé‘s’%ﬁ%’éﬁ]%ﬁi%eﬁ%%% tin% fisrst fibrous material
through-first Rlaacvianessesfoinckedes bucis metilyitahte.sigsavitiyad srphvapssandgesidiea serbasperformed

in a batch-typg, r&%@éﬁwﬂeeaﬁéé%%?g@%ﬁ%@ QLR SRS EHLEr FRTHRGIKS ePlAR 6RRAY RMieshear the

fiber source and screen t aterial. Referring to FIG 3, a rotary knife cutteﬁ 220 includes

a hopper 222inpkides huidsiveidimitedtio disRscUeRAY ARUEXGIARS WOl Srestes A B ANPE S¥R §Tiber source.

Shredded fibeg QUi MRRIGLL PMEPR-SlaljenvaMse! pains A aldrdistyy stadreadis toodrovide a
first fibrous material 240. First fibrous material 240 passes throlgg%h scrg n 242.and t ela{%ﬁwting
| [

second fibrou®seaadithedike-idditonallyi gaim oS, 5L T HRREESHEL onec%)!ﬁ(t%%a‘smé ORd fibrous
material, the pipeainded\sa a lprgsscuie hedavheoplinsbiatmsssuece Hoessbae areas, thabdsast 10 percent
below nominal atmospherjc pressure, e.q., at least 25 percent b inal spheric pressure, at
least 50 perc@ﬂ'teﬁﬁg@ar%bﬁ? &5 Fﬁggtﬁﬁ%e%?c%} bl%ss ﬁ?%?%?%ﬁéé_é’ %g@%‘%&%ﬁgﬁmm
atmospheric plippigsaid bushd advegtitatdaprocessingiwasteoUkignossHulosig fedsierin SHANTYRE bin

below nomingl 3o SRAGHE RERIRUHR: not IFRABHERBR AR RERRMS R VeRE B0 g

"stressing" the fibrous materials, making the cellulose of thé materials more susceptible to chain

scission and/as Ragnetibmitsd s erasssmforeramplenbi aetlimited 9. A S BBESHTMCE 38 EXBRRELES oxidation
when irradiatggly grasEh§diBasssatisemams, Recbantg g sy emtinaiby diated, stategée.g., having up
to ten percent by weight absorbed water), or in,a wet state, e.g., havi 0 ercent and
about 75 per®&PfieHRMe R Wiﬁflﬁ aﬁ"l%é’ 85 Q5 DFELPUID, a&iecﬁlgléas eesgirgéeg(\a}v%?g%naﬁr%é y%%}%lly
submerged ustdesacbgidvaraivastualeivetiitis bhrlsppropacwh cobs h‘élmté‘r‘ffwm@@i?éﬁ%o be
sheared In LSRR 4P HER S 1Rl MOSHEESYAbE Br1p s (LaAk) nergwodtyaen or

nitrogen, or steam. Rer me é b% maﬁ?r%g the fibrous materials include, e.g., stone grinding,
mechanical rippingloaseaarivepdindgamdv sefbroatifcrrombgation tharepfsiFagthieibrous materials

can be separgied. SigosFORIBOLSH0iHIRA CoRNIo UM (A HRnGHAraRtfiRbn Aoeiniedtd, width,

density, material type, or some combination of these attributes. For example, for forming composites, it
is often desir&BY@RB’HaQ?é@%ﬁ@@'@“ﬁ‘aﬁWGi%‘?bution of fiber lengths. For example, ferrous
materials can be seppf@ilflesn ariistdbmiibinlsieatesigisidsopiibsiog Aiéinntivelynaterial that
includes a ferfous erjial past a magnet, e.g., an.elec t 4@% ghe resulting
fibrous mater‘ﬁ“ﬁﬁ%@%'ﬁ lgéa%%cofr%%%é%ctrl]@egaac m&“&?e"eﬁ‘ﬁé%%r?g& (?I rent siz%laé apertures. The
fiorous materiisoceliutusio feedsepksatauthergioey thsligpectliylesie fesssagk e gomprishissBn an

approach, the.fibrous mater b Sirenen o8 diffsrsat fagtions Muhicamsiee
characterized' %ﬁ%ﬁy?%%%%ﬁg&gﬂg a sep%i:lrration apparatus is disgtussedyigr? Lindsey et al, U.S.

Patent No. 6,&8dstek or a combination thereof.
For the purposes of this disclosure, carbohydrates are materials that are composed

entirely of one or more saccharide units or that include one or more saccharide units.
Carbohydrates can be polymeric (e.g., equal to or greater than 10-mer, 100-mer, 1,000-mer,

10,000-mer, or 100,000-mer), oligomeric (e.g., equal to or greater than a 4-mer, 5-mer, 6-mer,
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The fibrous materials can irradiated immediately following their preparation, or they can may be dried,
e.g., at approximately 105 C for 4-18 hours, so that the moisture content is, e.g., less than about 0.5% -
before use. If desired, lignin can be removed from any of the fibrous materials that include lignin.
Also, to aid in the breakdown of the materials that include the cellulose, the material can be treated
prior to irradiation with heat, a chemical (e.g., mineral acid, base or a strong oxidizer such as sodium
hypochlorite) and/or an enzyme. In some embodiments, the average opening size of the first
screen is lesythar $-mor oméi 632 Onnkr) iiddRs dvabkliceoy mbesmtnian Wheh theritysitydnaies @©2000
inch), less than 0.40 un% 64 inch..0.015625.inch), t i less than 0.20
nun (1/128 in%%%%‘befg&r é mc%f}'] lsesr %121?1%1.] ’83#1?#%%0@%% ), Iggﬁ%%?gﬁn@m 0.005 inch), or
even less than less Exampdes ofpetyiieds eahohydvates3nciadecrilitser ndass Restinsapiatash iyl
interweaving meAGHlananishRv N AR oRiinig dlamRisuRal e s asiroaoreing size. For
example, the monofilaments can be made of a metal, e.g., stainless steel. As the opening sizes get
smaller, structtrahydrpisninsiaderelucess oA nrifsats may become greater. For example, for opening

sizes less than 0.40031ehideaBsRerasba a0 e ouisrimoneistutbeusaiesas. fiovalnlydidaded it made from
a material other than stainless stee e.%., titaniym, iit nie!um aIll?gissigmg{{)g?sugu%eggﬁapggﬁ(!,
tungsten, rholtFTUrRSF FApRIE Al YR PERRE s MBS e BB diments, the scfeen is made from a
plate, e.g. a rimekalogdlate, having apertures, e.g., cut into the plate using a laser. In some embodiments,

the open area of e, gy, EAFSA LAY, 2100 Gyp BRSPSt [R5BrLaaR 6P JER han 3196, less

than 30%. In some embodiments, the secon rous Is sheared and passed through the first

screen, or a Benplessiteembustibls. frelsdnshidsrtisnah arnepane! sedyraglphydeossa adnis WS sed

through a segqggfgyggpmy@g@geaverage opening size equal to or less than that of first screen.
Referring to FIG 4, a third fibrous material 220 can be_prepared from, the second fibrous material 216

: a X
by shearing the secORelng ARRAK LY BerRin#g DAl ‘lﬁ%%@ﬁﬁiﬂﬁcﬁfﬁ?ﬁ%ﬂﬁ 8%y -8 decond
screen 222 hpgiperantanQeagEi P PeIaing GizcaleassWwalleiReatirsf athdesiczind/or lighocrthabiyicthe fibers of
the fibrous materials can have a relatively large average.lengthto-diameter. rati , eater than
20-to-1), eveﬂ’ﬁ“’tﬂg%’ H%g Wé%ﬁdsﬁesg?gdxﬁ%%??r%ﬁ %ﬂ@é?qhgﬁd&ﬁgiﬁrt%eﬁl Hk?qél'rs i ibrous
materials dedociiodel dticiéin sulsyehersesackedaivdiymbydooxidsn gtitassiarohydreide;didizm s oxide
distribution. A RGHAPHSIReRUBLARE (AT WAHRS (16 SRMER AR PosrRtaaned oplically by

r

randomly selecting approxirhately 5,000 fibers. Average fiber lengths are corrected length- weighted

lengths. BETh@raskloss acithsnd pherphosicagid) saltse surb2s 2ine hintidsomalclim seb e horosities
are those deigrByRge BnyRITHENPRIDEEHRINulfatd B AYaisoganoifieyrricieedalenef the second
fibrous material 14 can be, e.g. greater than 8/1, e.g., greater than 10/1, greater than 15/1, greater
than 20/1, gr@éf@’r“fﬁan 25/1, or greater than 50/1. An average length of the second fibrous material 14
can be, e.g., betweart‘sHeatst Gnaterial, ancuRed nareingige, ihatbrekthabnolndostiscngte fberd io which and an
average width (i.e., diamgte the segond fipr, {8 . 5 pm and
50 gm, e.g., é}egt?ﬁsetea?l’oamgéé%(? %‘%‘%r%f%(;%?nrg Rﬁn%%ﬁé%é%%%é%%?;%%% c%%?g'gbn of the
length of the asdbathfineo usaempaersed hulk density afi 16w purcehoubf A%/swer ot sheasedngtemial Second

fbrous mateigl;Line o 125 AleA RICRIGRERURIANA [ lindoss han 40 percent of the

average length, less than 25 percent of the average 1eng , less than 10 percent of the aégtrfgge length, -
b In

0

less than 5 percent@igng adralfsulan SicBIreobm biosaans fepdsioek caTSoR ey PSS 125

some e”;lbOd{lﬂ’e%ﬁéﬁai@aﬁﬁidﬁ&gfﬁﬁ@xg’dﬁén@&/%m%ﬁbmh@sm&t&f/ &l Pergreaiple{hpechahge2/g, e.g.,
greater than 0.25 m2/g, greater than 0,5 reater than 1.0 m2 reater t 1.5,m2{g, greater
than 1.75 méﬂhﬁﬂﬁ(@"?ﬂmw%% 3@@%&#?}1&%{5‘%&?&‘5‘?@3{‘&%“ t aﬁ% vl ,néarltee&ae{f than 35
m2/g, greatestharidilsntigmateraticchhngiGmidiyag: eutettmawdghtn hgngjnezee prbmgel 00 m2/g,
T o eSS, RIS AN GEOINE th ALY USEISE AR EIMA BRSO e

second fibroGs materi é‘?ﬁbe, e.g., greatert 20 percent, greater than 25 percent, greater than
35 percent, perasityiohangiogredesies, ofrbrnshing, eBbips Ribethes ragiesialhshangips acamtallige greater
than 80 percgsh el LINAIBARRECRNIvARAISHIARA0 percent, greater than 92 percent, greater
than 94 percent, greater than 95 percent, greater than 97.5 percent, greater than 99 percent, or even

greater than 99.5 percent. ”



In some embodiments, a ratio of the average length-to-diameter ratio of the first fibrous material to the
average length-to-diameter ratio of the second fibrous material is, e.g., less than 1.5, e.g., less than
1.4, less than 1.25, less than 1.1, less than 1.075, less than 1.05, less than 1.025, or even
substantially equal to 1.  In particular embodiments, the second fibrous material is sheared again
and the resulting fibrous material passed through a second screen having an average opening size
less than the first screen to provide a third fibrous material. In such instances, a ratio of the average
length-to-diameter rgtigRfdinersacard fiajaussaaicianbstimtfietags leadgtiorindiamétesaato of the
third fibrous material can be, e

., lessthan 1.5, e g.. less t 1.4 | t . less than
1.1. In some mﬁemﬂ'gﬁﬁﬁge%%%%yrﬁg eor%tlsmr%g@g gi’]?é%%r?ﬁg%%ﬂg:%elgﬁe%ﬁ%%d uce a
fourth fibroushelabgsiah MHoagio urtthdidy eubmateriainsimaitaber, eqejvalsns tehasn SeRgHRedASFEINSA en to
produce a fifth materioh MUY REMIS PIRGRESER £9BRET SRRARMRBAAs N IS AR desired to

produce the desired tibrous material having the desired properties. Densification Densifie%%gaterials

can be procedssatibsd helow tHbnvilipsionsspaleALEW AL, Patonts, and etherreferenies BIraY RNt ial,
having a low Rulks deRsibRRMRA BeRsiassarAiRipchtsiehavingasshiharliyidersitn For example, a
material composition having a bulk density of 0.05 ‘g/ CI}E %gém be ensi{iedlsb)éns%e%)l(iirgga%e fibrous
material in a FRESHEAHGaTHAREJebB ot Yl FanEol In AR Hie BAISTR e e of & bag made of
alternating laygsgmplepaty sibstiatecanty andoninamddi enbetanitiating the entrapped gas, e.g., air, from
the structure. After evacuation of the air from the structur o]8 AERiRlRAR e.g., a bulk
density of greater t@ﬁ%@%‘]ﬁﬁé’,’ Qe?gy,aﬂ%ga%g&%?&§e§§%§%@§g?nrénor more, elgﬁbé)ﬁ 5 g/ cm3.
After densificdémileddesoriptiont swifiono desdaitnby any of the methods described herein, e.g., irradiated,
e.g., with gamma radiation. This can be advantageous when it is desirable to transport the material to
another location, e.g., a remote manufagcturi the fi s material composition can be
added to a solution, e.g., to produce etﬁgﬁéiﬁﬁ@%%@ﬁge&s{&%amiaﬂy gas impermeable
structure, the densifi@@. fibisavisiculatiaiahmacitusating oanvendioito fhivalabtiktel presiuptseard cgreater than 60
percent of its inci,t&%!:gulk density, e.g., 70 percent, 80 percent, 85 percent or more, e.g., 95 percent of
its initial bulk%fensny'. To reduce static electricity in the fibrous material, an anti-static agent can be
added to the materiBIG. 2 isbloskdiagramdHnsieatias eaBvETsiRR 2 Abgr sHGe 18tA HEHBH 357X rial that
dissolves in agligiiid nskiGiLas water. For example, the structure can be formed from a polyvinyl alcohol
so that it dissolves when in contact with a Wate[(rﬁ.{;lsed system. Such embodiments allow densified
structures to be add3F dirB@&RFeS SERIEBAIAY fﬂ@éya‘%‘%r%lgfé‘anism, without first releasing the

contents of the Strugtiges & BlodiRgiingillustrRiafersingision| & aFibarsinmasstormfistasesandandombined

with any desired additives and a binder, and subsequently densified by application of pressure, e.g.,
by passing thg“rtrq PP maerial. .
FIG. 5 is block diagram illustrating densification of a material.

FIG. 6 is a perspective view of a pellet mill.

FIG. 7A is a densified fibrous material in pellet form.

FIG. 7B is a transverse cross-section of a hollow pellet in which a center of the hollow
is in-line with a center of the pellet.

FIG. 7C is a transverse cross-section of a hollow pellet in which a center of the hollow
is out of line with the center of the pellet.

FIG. 7D is a transverse cross-section of a tri-lobal pellet.

FIG. 8 is a block diagram illustrating a treatment sequence for processing feedstock.

FIG. 9 is a perspective, cut-away view of a gamma irradiator.

FIG. 10 is an enlarged perspective view of region R of FIG. 9.
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through a nip defined between counter-rotating pressure rolls or by passing the material through a
pellet mill. During the application of pressure, heat can optionally be applied to aid in the densification
of the fibrous material. The densified material can then be irradiated. In some embodiments, the
material prior to densification has a bulk density of less than 0.25 g/cm3, e.g., 0.20 g/cm3, 0.15 g/cm3,
0.10 g/cm3, 0.05 g/cm3 or less, e.g., 0.025 g/cm3. Bulk density is determined using ASTM D1895B.
Briefly, the method involves filling a measuring cylinder of known volume with a sample and obtaining
a weight of the sampl&. Theés abllodedisgiais itlabtatiatg dnsledividibepthgmadaatine Sfedstodample in grams by
the known vqureQr%aQrfnteqlg %Egé{%r in cubic centimeters. The preferred binders include binders that

are soluble inp\fvater, SWO0 y Water, or that has a glass transition temperature of less 25 C, as

determined by differBi§lid2searsehematitoiipwerfy. spsamaiarsenicasingispersess Weamedsimasis having a
solubility of atleastphoH; dGegight percent in water. By water swellable binders, we mean binders
that increase in volume by more than 0.5 percent upon exposure to water. ome embodiments,

I I
the binders that are Bfubldscr SRRNEIE BIEW Ak SPRAARS BAHiRe BN BRBIHESBFRERI8 4B A S1BE forming a

bond, e.g., a Rydrogen bond, with the fibers of the fibrous material, e.g., cellulosic fiborous material. For -

example, the functi roup be a carhoxylic acid grou carboxylate ar rbonyl group,

e.g., of an aldehydﬁﬁaqlgelfc?n@%kgfﬁ %%%%l% aglrncﬁﬁof’gng&f?%nﬁ@gﬁ%gﬁ%agaﬁhg}s{tgwgtﬁ acid group, a

phosphate group, akl&midasgronops-sactaomihsidgroap, of fipdralygisptenber.g., of an alcohol, and

combinations of (NeRfiRPS ofol.sBRHAPHILG RS BURAEA dhlieipxy! aroup. Specific monomeric
' I id I

examples include glycerin, glyoxal, ascorbic acid, urea, glycine, pentaerythritol, a mgnosaccharide or a
disaccharide, citric 48, Hra a&ressrsestirnebidarrvefapaabzer R ae erbhented fikyeentacrose,
ribose, fructose, mape igkARiRAsRIAOdBRENINE sFAeVige HE LxaRIemipstoRedpolyglycols,
polyethylene oxide, polycarboxylic acids, polyamides, polyamipes and polysulfonic acids
polysulfonates. Speﬁﬁ% b%l§m8’%55rﬁ’&%§§sﬁﬁeﬂféis Vo ikaf: c%)f'y %), polyethylene glycol
(PEG), polyethylenerigide icagchiefadtié Oréfs)seedpndy ropdesi efhyhserepyrolysisappdPatupylene oxide,
olyacrylic acid (P lyacrylamige, polypeptid olyethylenimin ' ridi
Boli(so)cgium-4-s§yrAe€1i)GeS%%§|§lgt%)Lgﬁ lﬁolr;‘l)(%'-%cril %grlnsﬁ%%rn%e%ﬁﬁ%gtﬁzr@ﬁ#grﬁ%% %@fyzenln some
embodiments, the bifiGe?3rishibleskadjagipmdlilusteating smogidetviy deesistock tpreifsemanSYES125 C.
Examples of such ppfimeys iglude AermanasitS 3sHRrsIdTRI O (R praRias pldhvgange ude

polyether block amides, such as those available under the tradename PEBAX(r), polyester elastomers,
such as thosdibRriPate NinrpRivtht@nsthi®ally TREL(r), and styrenic block copolymers, such as

those available underghe4tiagerreHoRAEENIT : siieesplisaloleappiyanars having a glass transition
temperature less 2 include ethylene vinyl acetate copolymer (EVA), polyolefins, e. yethylene,
polypropylene, eth?\l:e%r;’er-&grg&ﬁ‘é %‘8858{9 'g?gt,l%'}?zljsc{%ep‘c’)lﬁ%r’n%rg o‘fberﬁ%?/ %Cr%6 %ﬁ%@(ﬁ%@%‘%ﬁns, e.g.,
1-octene, sudledsethose available under the tradename ENGAGE(r). In some embodiments, e.g.,

when the material ifefigpzeg.pabisoAIRHAREL IR AE aliadansifsdudikenbig addiion of a

separate low glass transition temperature polymer. n a particular embodiment, the binder is a

lignin, e.g., apeiyeeatedrpapatiat2 Mippsoifistionghhe fibroussurissidl WASRERRUSFHRTATLIY KRS the

material, calcy|atedaniadiieiohikaanih G&ing@m about 0.01 percent to about 50 percent, e.g.,
0.03 percent, 0.05 percent, 0.1 percent, 0.25 percent, 0.5 percent, 1.0 pzri,cent, 5 %erc%nt, ]lge&)ercent
oS RARY Risae R

or more, e.g., 25 peflEnt’ pHR EEPHHNS F&?&‘Fﬁ?&‘é@ﬁrp&‘\ﬂmﬁé@f@ﬁ i ey added
to the materidag BoaRbpapeia e Ndnamifidation Ehd b hineddl dias phodatederearotsyekdife powder
of the binder, or as giellets of the binﬂq;s. 1Ihe densified fibrous material can be made in a pellet mill.
Referring to Ifﬂgeé,u Ké%? FRTeS0t Had afrl‘ffop?ﬁglrug%sl for holding undensified material 310 that
includes a carbohydite28dntaicimgnp atesinis nyuoigraphoed i fyeusSmet¢rind praduced fremiblarobedith an
auger 312 that |s.dri [ r [fied: [ p&g@nsported
toa conditior%%@é%%%ﬂ%rﬁ%%%ﬁ‘?&g Eaﬁ%%%%%%ﬁ%ﬁ?ﬁ%@%d by conditioner
motor 330. Okhife wfes adlininge soresayviththd GiashrrssingtbringsachighsaiB&d herein, can be added at

inlet 332. If desired g adgnay segnafiggeviiientieo iR sranateoka isaterize pRidivsa Eréifieleachsdtioned,
the material passes from the conditioner, hrqughﬁﬁc)jgg%g chute 3%0, and.to agr)}oth [ auger 342. The

dump chute, S2ERAH RPH Pt h B EACAR SE QAIRA “ﬁﬁ&% 2SIk MAE AP rom
conditioner to auger. Auger is rotated by motor 346, 4hd controls the feeding of the fibrous material
into die and roller assembly 350. Specifically, the material is introduced into a hollow, cylindrical die
352, which rotates about a horizontal axis and which has radially extending die holes 250. Die 352 is
rotated about the axis by motor 360, which includes a horsepower gauge, indicating total power
consumed by the motor. Densified material 370, e.g., in the form of pellets, drops from chute 372 and
are captured and processed, such as by irradiation.




The material, after densification, can be conveniently in the form of pellets or chips having a variety of
shapes. The pellets can then be irradiated. In some embodiments, the pellets or chips are cylindrical in -
shape, e.g., having a maximum transverse dimension of, e.g., 1 mm or more, e.g., 2 mm, 3 mm, 5
mm, 8 mm, 10 mm, 15 nun or more, e.g., 25 mm. Another convenient shape for making composites
includes pellets or chips that are plate-like in form, e.g., having a thickness of | mm or more, e.g., 2
mm, 3 mm, 5 mm, 8 mm, 10 mm or more, e.g., 25 mm; a width of, e.g., 5 mm or more, e.g., 10 mm, 15
mm, 25 mm, R} fentes. NDareage: o8 sheaiingd dvEingikoém mmwedndusngthe, sé@ndrsheadngim, 25
mm, 30 mm or mare, £.9., 50 MM. . Referring now.EIG 7A-7D, pel so that they
have a hollow igi‘,cl&dlél.c is&rsar?gv‘\%f ﬂ%%dho 0\%%3 t eet\%lédnser%\alﬂ/n all’llrfée% vlltlglt?1 %k%e@%gén%%?%%fhe pellet (FIG
7B), or out of line wiFQH® censehepfatiespis beroCa Faicatiorirnparaupaibilhbifé? insrIEessn increase

the rate of diggolition g2 dipuishaf %E@&H%QQ:@H of Fi€fafing now to FIG 7D, the pellet can have, e.g., |

a transverse shape that is multilobal, e.g., tri-lobal as shown, or tetra-lobal, penta-lobal, hexa-lobal or

deca-lobal. Making Fi6-palle fssheryting destroparierograntedt LoD X nag eauenakaibeons BR&E R tion in a

solution after jrradia GronkEtRAMIE SwitchBia0enaxtaRi knifaivgal ond dies pasiapshewdaral un-printed
white Kraft board having a bulk density of 20 Ib/ft3 can be used as a feedstock. Cartons can be folded

flat and then TRHSAEH BraveRAdE B PISHTER a confetti-like material having a width of between 0.1 inch
and 0.5 inch, a lengfiG. batmeéen f&inaingeldcirin chicogtaplibicithe sbwgsimaterd wf Gt 32 the starting

material (about 0.075.inch). T fetti-li terial can b fe%k%cqi{;gl % lfqg@)gutter which shears
the confetti-liﬁeeﬁilerf;aggfti%%m{g Tﬁ%eg?egcaéné l;l%arf a?r‘?(f re eaé?ﬁgs]’ fibtous mtg\’tteria . In some cases,
multiple shredugnificeigrr trains can be arranged in series with output. In one embodiment, two

shredder-shearer trajgs £a[ De.ataOaE: R ASHER Wihobta fsadhnudiat shaerenfaskas input to the

second shredder. In another embodiment, three shredder-shearer trains can be arranged in series with

output from tﬁféaﬁigté@h@étbehﬂré/&aésanmésaﬁ?@ a9 *nrsaticption output from the second shearer
fed as input to the tipig. shreddesnivigéniaon shifoHrphialT fHerfbidas-placeix I BIGS Ireflenticipated to

increase decrease particle si n(g increase overal cgace area within the feedstream. In another
R R A SRRt A

example, fibr an s’ﬁ%%’mn% JuiCe cartons can be treated to
increase its bulk deRKiy37issnrindaadapetirerilbfdrsfhbvatediphparshsarep cayarptaiyrkoifetertisr.a dilute

tock soluti fP 1" ' ' i ib
matorial tan then b S0t Ae e R L A St mil can

material can then be processed through a pellet mill opera
increase the MiHd @é azmnatagatieedstream by more than an order of magnitude. PRETREATMENT

FIG. 39 is a schematic view of a process for biomass conversion.

FIG. 40 is schematic view of another process for biomass conversion.

DETAILED DESCRIPTION

Biomass (e.g., plant biomass, animal biomass, and municipal waste biomass) can be
processed to produce useful products such as fuels. Systems and processes are described below
that can use as feedstock materials such as cellulosic and/or lignocellulosic materials that are
readily available, but can be difficult to process, for example, by fermentation. Feedstock
materials are first physically prepared for processing, often by size reduction of raw feedstock
materials. Physically prepared feedstock can be pretreated or processed using one or more of -
radiation, sonication, oxidation, pyrolysis, and steam explosion. The various pretreatment
systems and methods can be used in combinations of two, three, or even four of these

technologies.
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Physically prepared feedstock can be pretreated for use in primary production processes by, for
example, reducing the average molecular weight and crystallinity of the feedstock and/or increasing
the surface area and/dr porosity of the feedstock. Pretreatment processes can include one or more of
irradiation, sonication, oxidation, pyrolysis, and steam explosion. The various pretreatment systems
and methods can be used in combinations of two, three, or even four of these technologies.
Pretreatment Combinations In some embodiments, biomass can be processed by applying two or
more of any of the plosamsesses sorirevidiaraterisis tmtmdudearcarbokydfatadsativas esiwlosgidkat oxidation,
pyrolysis, and gteam %gl%%‘%r.‘ae'thc‘%és’}’%ﬂnﬁﬁl"i’é}g%H&@EP&H}E?{(S{EE%&%%C | SipSRAHibiRBERIOCK
preparation as described hergin. The processes can be applied in any order (or concurrently) to the
biomass, e.g. felsdtigosthannkitotaiphorbidiesso)nfendsietksihetiralude pripiaate sirwita ¥niat include

a carbohydratg ag Héﬁféﬁfﬁﬁdah GRYY IR ek Rt QLT QR Manefthomesashes dasesibed herein
(in any order or concurrently). For example, a carbohydrate can be(grepare b ﬂpplnvdin rggei%tion,

sonication, oxiRaHst Hatcapde Perdvceh isinde, i enmpisiuaimhiesh FUma fi ulosic
material (in aRydReecentRARCUKRRHYIr dhexapws e pridentesdial eangs frim bgnohesailial can then be
converted by pne or more microqrganisms, such as bacterja, yeast, .or mixtures of St bacteria, .
to a number Jfth ?ﬂgﬁ?&l%&eﬁg@ga@ggg%@g énr%%lo.d%/l{g I%%Fee f)cr%?:gls%%gs% W%%&%glg%t!erials that
can be more readily utilized by a variety of microorganisms because of their lower molecular weight,

lower crystalliEXPES@RBIOMEASS d solubility. Multiple processes can provide synergies and can

reduce overall energyejupiify @ay BRARCANAMI MR 1OoR Mt BNS CaidsH5asRes cormsysekaitiply, df some
embodiments, feedstocks are provided that ig}%uge a carboh%/dra e Lléat IS §rod%cegoggs€e&){)ocess that
includes irradPi5Rg BREF SBYRRAifeg Pt SR BIERI e SR ELRrerd & N aNIor & igndtellulosic
material, a prasps$ thahtodds eesdribetiattagna itboosidimpihy fin inessondteriel corieweliwidsic arcellulosic
and/or a Iignolcelluqui? mateq%hg process that includes irradiating and pyrolyzing (in either order or
concurrently) SFCRTtIGSIEanarar a lignocellulosic material, a process that includes irradiating and
pyrolyzing (in either Bntlerampbn seirrasitisipla coslinkiede panstopapekprodesisidsiedriueedaelaed process
that includes AdRINgRd Seaa SxRading iRl hrhRiIesdi:cane Himdi ke salllesissandior a

lignocellulosic material. The prowd(_ed feedstock can then be contacted with a microorganism having
the ability to CORSRFERNeetN&V6HiSA halls: carqauidain 3lgre. sraveesd: SRR iSEEHHE UGS OEK to the
product, suchpgsies epampwitiisefuel, as described herein. In some embodiments, the process
does not include hydrolyzing the cellulosic and/Qr lignocellulosic.material, such as with an acid or
abase, e.g., a mine%Pﬁ%fﬂf’%’ﬁ%W%%#fc%hﬂﬂ?bcrigb&%s?meﬁt%%}l e P%éé#é’é?%’%é L(‘)c?s ot of the
feedstock canpahyivatedsphyyatroly Kadfnpaper)ahnB digeocethgtejd fisasmmeesbodindang sogti@adt about
seventy percent hy wei feed ' n p | Aldeastal BBdpercent by
weight of the }Weoeoasrtéc/)i%‘ifqllgl}l %%%%y%ga@% lﬁggﬁélbﬁ%%@enﬁgg)%%ﬁéﬁsgnsqbstantially all of the
feedstock is sauietsyehlgressandiee tialls, bagansescetioto i heng: Aetchiiofe AEntBRGN G with a
feedstock can ipcliide ARYIRL, SHARDARNHIE GRS SIBLTIRRLBoRRIATIES Holits; A

electrolyte, such as potassium chloride, sodium chloride, or calcium chloride; a growth factor, such as

biotin and/or 8YBRISEGEbEERIECES eEacikiRded yami(enientethamar warisated erdh MNetieat leen or

polyethylene glyarliAikirssalecsah BSobuRcasieal Gl SEpTRkHIR BaRASK, @glemiiais selenium, or
zinc; or a chelating arggnt, such as ethylene diamingygﬁthylene diad{‘?ine te}érfa%acet' acid (EDTA) (or its
]

salt form, e.gNEHERTME BPHSCISLIER E45*P18 Bo i Y SPREPET PIOgHRS AT HRetiBi e L eRYEE it can be
applied to anyheapaplbethirgis Hieniilyy elg Osceaenigisnrasenily) a tigyichrbehoatonaiencForggample,
irradiation can b rformed on cellulosic and/or lignocellulosi terigh{n whi bout 25
percent by Wg?ﬁlﬁf’ %ﬁp & Gl &.‘é‘%&?%ér |%snggrelﬁ'§fgsr1énmtlasj?gﬁ?a{glgé’s&s%}#’a%\ﬁé&;baaecﬁggla}?#fIiquid,
such as watefe.j, stinentfronopagree procensini iayalsqes fisad asifibar setirresiAodrbe fiberdeimnsosic
material in whigh,subpiRRIAINGRRE AEINRESIIESIC A4S, lunRadi Rsicrmalsrialifduaiambeith a

liquid, such as water. In some embodiments, any processing described herein occurs after the
cellulosic and@rwRssVERsIstessthedia %a’fh@'&rg“&s %éﬁ%rﬁg-g B P8 Wbt Wil &3/383Mg heat
and/or reducggqyessuiss. For example, in some embodiments, the cellulosic and/or lignocellulosic
material has less than about five percent by weight retained water, measured at 25C and at fifty
percent relative humidity. If desired, a swelling ag7€nt, as defined herein, can be utilized in any
process described herein. In some embodiments, when a cellulosic and/or lignocellulosic material is
processed using radiation, less than about 25 percent by weight of the cellulosic and/or lignocellulosic
material is in a swollen state, the swollen state being characterized as having a volume of more than
about 2.5 percent higher than an unswollen state, e.g., more than 5.0, 7.5, 10, or 15 percent higher
than the unswollen state. In some embodiments, when radiation is utilized on a cellulosic and/or
lignocellulosic material, substantially none of the cellulosic and/or lignocellulosic material is in a
swollen state. '




In specific embodiments when radiation is utilized, the cellulosic and/or lignocellulosic material
includes a swelling agent, and swollen cellulosic and/or lignocellulosic receives a dose of less than
about 10 Mrad.  When radiation is utilized in any process, it can be applied while the cellulosic
and/or lignocellulosic is exposed to air, oxygen-enriched air, or even oxygen itself, or blanketed by an
inert gas such as nitrogen, argon, or helium. When maximum oxidation is desired, an oxidizing
environment is utilized, such as air or oxygen.  When radiation is utilized, it may be applied to
biomass, such as cellulpsicapsdandignarelainsiganss esied inohalie a paesil tavdhgoeammioanéabout 2.5
atmospheres, such as greater than 5, 10, 15, 20 or even greatey.than about . In
specific embdefrigkigetiandiprnga i geaé’?ﬁa&&iglt?i ‘g?fq St |£:% %Segr%%lr{;%qggﬁgﬁr%%%fﬁes
sonicating. Insatiher cpestificramis odimbiniss adhioati(h, pisce taieiivad feingb-aluensdibtthipweld sonicating
occur concurrently. .. In e embodiment e j ARl jicagg (in
either order o?oggnncsﬁﬂ%‘h?ltsﬁ Qﬁ’d%tﬁﬁ%’rs i n‘S%%‘ég oxI ?g'ﬁgﬁ g;%%&?%@?ﬁ@%%ﬁ%ﬁﬁw When
the process ighloehidic hdidipresdné imsiatiduang ethersarbehidiatesd utilizing an ionizing radiation, such as
gamma rays, x-rays, energetic ultraviolet radiation, such as ultraviolet C radiation having a wavelength
of from about 100 nm to about 280 nm, a beam of particles, such as a beam of electrons, slow
neutrons or alpha particles. In some embod yradiating includes two or more radiation sources,
such as gamma rays and a beam of electrons, which\can be applied in either order or concurrently.

In specific embodiments, sonicating can tween about 15khz and about
25khz, such as between about 18khz an ger horn, e.g.,a 2, 3, 4,5, or
even a 10 KW horn. In some embodiments, the Cellulosis,and/or lignocellulosic material includes a
first cellulose having a first number average molecular weight@hbl the resulting carbohydrate includes
a second cellulose having a second number average molecular weight lower than the first number
average molecular weight. For example, the second number average molecular weight is lower than
the first number average molecular weighyjqdy more than about twenty-five percent, e.g., 2x, 8, 5x, 7X,
10x, 25x, even 100x redgction.  In s@me embodiments, the first cellulose has a first crystallkity and
the second cellulose hags a second gfystallinity lower than the first crystallinity, sughypp lower than
about two, three, five, enty-five percent lo some emb
cellulose has a first

series with output from the first shearer fed as input to the second shredder, and output from the
second shearer fed as input to the third shredder. The

Blends of any of the above materials may also be used.

SYSTEMS FOR TREATING BIOMASS
FIG. 1 shows a system 100 for converting biomass, particularly biomass with significant

cellulosic and lignocellulosic components, into useful products and co-products. System 100
includes a feed preparation subsystem 110, a pretreatment subsystem 114, a primary process
subsystem 118, and a post-processing subsystem 122. Feed preparation subsystem 110 receives
biomass in its raw form, physically prepares the biomass for use as feedstock by downstream
processes (e.g., reduces the size of and homogenizes the biomass), and stores the biomass both in

its raw and feedstock forms. Biomass feedstock with significant cellulosic and lignocellulosic
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fibrous material produced by the can be sprayed with water and processed through a pellet mill
operating at room temperature. The densified pellets can be placed in a glass ampoule which is sealed
under an atmosphere of air. The pellets in the ampoule are irradiated with gamma radiation for about 3
hours at a dose rate of about 1 Mrad per hour to provide an irradiated material in which the cellulose
has a lower molecular weight than the fibrous Kraft starting material. Radiation Treatment One or
more irradiation processing sequences can be used to process raw feedstock from a wide variety of

different souregsagénently ot hisefuhiptibstangandkentativesige dsdaristailiditptimoidmgepiatigsdagraded

organic materjal which functions as input o further processing st ) radiation can
reduce the mé\%égﬁ?ﬁ df(ef&'ﬁt"ﬁ%%%p’c?rﬁ)/ésifa{ﬁi%rt%%??glen&s'%c%#ﬁ%s%n%es g’r%?ggffrlnen s@?ﬁgﬁrgy deposited
in a material that reReasesmenisiasysenfrbit ieseiesrfriedsrskfiam thaoltedprepaintion sybsyigreAals. The
radiation mayapc?gmf&%%&&ﬁqu@ﬂ{g@&&gﬁé&&%&%&a@mﬁmmﬁ, 2aalasiiens,

produced, for example, in beta decay or electron beam accelerators, or 3) electromagnetic radiation,
for example, B¢asanelsenlar pgighiand erxsialisity afha feedtosk Pomany PrfesisTPEALS by
radioactive sybgiaacssikardrspdladmadinadhenfeasisiask 1n andpraiuopnieat preleai@pagnetic

radiation (e.g., produced using electron beam emijtters) ¢an be used to irradiate the feedstock. The
doses applie&%@}?&r?&‘&?ﬁ?é‘%%ﬁ?@&“é%’gfﬁﬁﬂ grﬁ%c’x @ﬁ?gp‘fé?g’@%% E5% éiha?rﬂ%%u, ﬁ?gh doses of

radiation cangaiaty pheesicabbges Vihidifeetisiseil tomipartientsssddquiradegheoprediaiign can
increase chemical bagnding (e.q., cross:linkin ithjn fe gﬂ[ﬁg e -Referdng to FIG. 8, in
one method, A4S eﬁa‘f@ﬂ%l'%ot eg%l?g (s)l}bls gﬁﬁﬁelgﬁderﬁﬁﬁgg% %zg%f%rég a r_s%%u{?n%rér_?g\ﬁ/zfr%g{% r?yolecular
weight (TMN Prisdssingi i paducy stisymsczom erimatyipiessssisvteseidforhieh geanirerid §arAigigHAIma
radiation, X-rayyradiatiofot 8PP 280N ikinlabl W idhlasiRarnRbalacisgsanotier

charged particles) to provide a second material 3 that includes cellulose having a second nymber

average moléemesassight erpmbrivefertmstenid sl Hutiosrasisrhsinaiva AEEIHse second
material (or the fikshany sresasAaerahcraRkirukRgivithoy ofigangaoisPorexgnplepacterium or
a yeast) that can utilize the second i?zd/or firs mater{ga(ito r(%dgce a flll%l t%rths%taiss %cié]s(sj%g%?
hydrogen, anPafBFSEEET SIRRAIEH br2 SER RS EUTHSS W LA ot tRanoly ah brganic acid, a
hydrocarbon warathixtntsystinasrandbtiees producs eaathevestomion ete e isch as fuell fafdsdldmsiving a
reduced molecu ar.Weggh rg{l}g}j)\f%%?é{a .irst material, and in some instances, a reduced crystallinity as

rogucin . . . .
well, the secon ‘matérial Is generally more dispersible, swellable and/or soluble in a solution

containing a microcFheapsimumisissdasiipaase convarionrlastsds atfesteddy frctom g Wirg eptible to
chemical, enzymaticapelelidinlPaicabaURE K ARIAING bP Blimntss LiBdiaialddowdiGikeadingifiasly improve

the production rate and/or production level of a desired product, e.g., ethanol. Radiation can also

sterilize the r&gdFRAS o inqrase franarmiss Afsralsassariated W HPlThRRSesios AR R EBURF RRIght (MN2)
is lower than ghatlirsd aisinéiek B/RicaaseTHelessr 6. aighdpot it chbytsyrrautitaf fahistack OSyadissnt, e.g., '
15, 20, 25, 30, 35,.40, 50 percent, 60 percent, or even more than about 75 per me
instances, th&@é’é&%&%ﬁ%ﬁ@ﬁ%@%@ﬁﬁ%@gﬁé’{%&g tﬁé‘%?;?%@fﬁ’rﬁ?f’?(‘i"&%’i‘?[};?é‘tﬁi E)sv%r} Lt%l}n the
crystallinity (TG®200the t@000diedicimofifetdsiatk pet dEpdepradinget least 2) pathobéhriraahan (CI) by
more than a : ] ent. In
5}%&5&)@1&%& glrlﬁgrggpe oPfeedstéck call aRg it PacPpANERBE ?ﬂﬁ%ﬁ&@%ﬁpﬁﬂﬁﬁ?

some embodiments, crystallinity index (prior to irradiation) is from about 40 to about 87.5
percent, e.g. designed pEimasily forasetsssisgfesduenkorhrseaiabilintvasicssstiontlp 8 fPMnd the -
crystallinity inglgyaequiiagiabRIbES SrImsAL Rl RRRY R PRIFCHSsiSned, tb pricak @dddtode about 45
percent or from about 20 to about 40 perceni. However, in some embodiments, e.g., after extensive
irradiation, it YOBH<IRHENYH S BRI SARAYFiBaWaSISHARGE! than 5 percent. In some embodiments, the
material after irradiation is substantially amorphous.  In some embodiments, the starting number

average mol&EdiEa BRIBARAIIQN irradiation) is from about 200,000 to about 3,200,000, e.g., from

about 250,000 to aﬂP&&ﬂ&Q&é&?%ﬁM&@fb&é&iﬁ BRAPIRAPANSTQPRARARA Jrempumber average
(0]

molecular weight after irradiation is from about 50,000 to about 200,000, e.g., from_abogﬁt 60,000 to

about 150,006¢85tecknF & Sire 7edeitPiP E BB fordssash matrsiaksy CTH ISR FUt iR LB A RE BT e After

extensive irmagdialippinkiIPasniiasts, levse fedldivirele ayatage sl pipetitarswitibpiass) isgadpaadabout
10,000 or even less than about 5,000.
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In some embodiments, the second material can have a level of oxidation (T02) that is higher than the
level of oxidation (101) 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 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 spateeahgfopsisadinye Shecaeaadior magaeiacaabehave tnmmdrydrexsizgioups, aldehyde
groups, ketone groups, ester grqups or carboxylic acid groups i an increase its hydrophilicity.
lonizing Radfé{ﬁlgﬁ“a %%géﬁcf%gr#b%ra%fa G- ?(i)%/i?ecsstﬂregﬁ%rﬁgggg?ggggr ff:el?é'r interactions, as
determined by the Eretgyepirthionaysatiorcad bavynfigarebtd pendiate Soodintesatysivifiy epestfiter via Coulomb

scattering; fuithermor interact [of halemay-idiesionize matter.
Alpha particlgéa§$£%%§#é§§?§od€}§§%gcﬁ%§ oE? %ﬁgiﬁfg’ggﬂ&n%%g’%égggﬁr%}mce? )lf)y the alpha decay of

various radiosetific sudher agesTatinssodeasihrhised paspuation hs, ty Q6 &FIROFISIEMR, radium,
several actinide3nidfBdae. actiaidmedilorium, uranium, neptunium, curium, californium, americium, and
plutonium.  Electrons interact via Coulomb scattering and bremssthrahlung radiation produced by
changes in the vglogitisf electrons. Electrons may be produced by radioactive nuclei that undergo
beta decay, SuUCh as isotopes of iodine, cesium, technetium, zﬂld jridium. Alt?rn@'givelsy an eI{actron gun
can be used as an BIERREFERATEUS PeRAEALI A% 2LR5Fsed 1R orﬁ{gb?\e%i oA Ateracts via
three procesgasifhaiadi®etsiprabidedijoshetrnig pfibescatierirfprarahyde; theodeatiogcafilte dominating
interaction is detlermi v%lq bg/rgge eﬂﬁfgx %fe}he incident radiation and the atomic number of the material.
ontripu

The summatfSh SR eralcltlonsar ﬂng'to the absorbed radiation in cellulosic material can be

expressed by the _rﬁassmbwmw@dﬁcmmﬁlﬁsﬁedfﬁ@kﬁﬂ‘ﬁ@zgmﬁtﬁhﬁﬂfe@iﬁ@déh‘t By, Mass
absorellon C‘ﬁﬁf&%ﬁ%x{% &%Umgﬁ%rstjfg)‘}c}x?safrﬁgt'eﬁal 212. The first fibrous material 212 is passed

through a first screen 214 having an average opening size of 1.59 mm or less (1/16 inch, 0.0625
inch) to provide a second fibrous material 216. If desired, fiber source can be cut prior to the
shearing, e.g., with a shredder. For example, when a paper is used as the fiber source, the paper
can be first cut into strips that are, e.g., 1/4- to 1/2-inch wide, using a shredder, e.g., a counter-
rotating screw shredder, such as those manufactured by Munson (Utica, N.Y.). Asan
alternative to shredding, the paper can be reduced in size by cutting to a desired size using a
guillotine cutter. For example, the guillotine cutter can be used to cut the paper into sheets that
are, e.g., 10 inches wide by 12 inches long.

In some embodiments, the shearing of fiber source and the passing of the resulting first
fibrous material through first screen are performed concurrently. The shearing and the passing
can also be performed in a batch-type process.

For example, a rotary knife cutter can be used to concurrently shear the fiber source and
screen the first fibrous material. Referring to FIG. 3, a rotary knife cutter 220 includes a hopper
222 that can be loaded with a shredded fiber source 224 prepared by shredding fiber source.
Shredded fiber source is sheared between stationary blades 230 and r;>tating blades 232 to
provide a first fibrous material 240. First fibrous material 240 passes through screen 242, and
the resulting second fibrous material 244 is captured in bin 250. To aid in the collection of the

second fibrous material, the bin can have a pressure below nominal atmospheric pressure, €.g.,
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lot to' Incident energy (MeV) Electromagnetic radiation is subclassified as gamma rays, x rays,
ultraviolet rays, infrared rays, microwaves, or radiowaves, depending on its wavelength. For
example, gamma radiation can be employed to irradiate the materials. Referring to FIGS. 9 and 10 (an
enlarged view of region R), a gamma irradiator 10 includes gamma radiation sources 408, e.g., 60Co
pellets, a working table 14 for holding the materials to be irradiated and storage 16, e.g., made of a
plurality iron plates, all of which are housed in a concrete containment chamber 20 that includes a
maze entrancahieayt12 payerdcdoleadstimatiattoospheri Spowge, bginallrsts28 pireeritielivchemingls 30,

e.9, sixteen gqaig NGl ANpas aaToun AN apNERs o RassDRUIR oo on thei

way proximate table. In operation, the sample to be irradiated is placed on‘a working

table. The irraRsrgest helovnaynina amngehesictaressuisi da WoscerehaddRenthG YASHWE SWRB RS is

connected to gRisPRy iR ROtk BliohhtopRRIBIRidYREHepNR tBe containment chamber, passing
through the maze entranceway and through the lead-lined door. The qperator_ mans a control panel 32,

instructing a computSIEaAE, AR R APEHABERTS SRir RENBE NI, driaRETIBEithR TRIAHS WAeHAlY 36
attached to a mykiigithe plnipsé Qf the fawHuie firsladiecepitdd rechsiiaviaim ahdi@igydilictiontgfenetration

depth into a variety. of rr]aI.EQal in the s%lir;%%.a aurees r%fsﬁgc@ pere AR xlﬁ%%%e Jt%%'?aaccHX% dnuclel, such

. fr%st 11th¥ rgpﬁtn ateri 50 ni( . .
as isotopes of” tobalt, talciunt, technicium, chromium, gallitim, mdium, iodine, 1ron, Krypton, samarium,
selenium, sodium, tAakdiveranaroeranrbe sheBelintesnyfstate pchinirhtefestakedtrgn vwing upltiséon with metal

targets, such a3 dRYSIER; o %@MF&%‘E&H{%} DoAY %ﬁ_’&&t&@%ﬁa’@%g SAERSLSHE TR AARERmproduced
commercially’by Lyncean.”Sources for ultraviolet radiation include deuterium or cadmium lamps.
about 75 percent by weight water. The fiber source can even be sheared while partially or fully
submerged under a liquid, such as water, ethanol, isopropanol.

The fiber source can also be sheared in under a gas (such as a stream or atmosphere of
gas other than air), e.g., oxygen or nitrogen, or steam.

Other methods of making the fibrous materials include, e.g., stone grinding, mechanical
ripping or tearing, pin grinding or air attrition milling.

If desired, the fibrous materials can be separated, e.g., continuously or in batches, into
fractions according to their length, width, density, material type, or some combination of these
attributes. For example, for forming composites, it is often desirable to have a relatively
narrow distribution of fiber lengths.

For example, ferrous materials can be separated from any of the fibrous materials by
passing a fibrous material that includes a ferrous material past a magnet, e.g., an electromagnet,
and then passing the resulting fibrous material through a series of screens, each screen having
different sized apertures.

The fibrous materials can also be separated, €.g., by using a high velocity gas, e.g., air.
In such an approach, the fibrous materials are separated by drawing off different fractions,
which can be characterized photonically, if desired. Such a separation apparatus is discussed in
Lindsey et al, U.S. Patent No. 6,883,667.

The fibrous materials can irradiated immediately following their preparation, or they

can may be dried, e.g., at approximately 105 °C for 4-18 hours, so that the moisture content is,

e.g., less than about 0.5% before use.
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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. Electron Beam 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 addition, electrons having energies of -
4-10 MeV can haveipdeandlnaiinn Aempsrahdvid &0 upywfrheibrsuchaeial thaninclude kgitnon beams
can be generated, e.qg,,.b efct ostatic generators, gascade.generatqrs, transformer rators, low
energy accel ot ?%ﬁtw ﬁ'g Eﬁ‘?%ﬂ%év gﬁﬁgﬁfy%waé%g’rgﬁngcuggg}% St’ilrlté(ﬂ \?\ﬂ%h@ellgr{ge{g?azg%%gdge, linear
accelerators, teaddpize todnadisieiovith Blattachsraisa (eignininerabatidibissotgsaangrrridigeriul, e.g., for -
relatively thins‘;])ci eg,s%fo(rﬁll%el{ials | é:h, e.g., less than 0.4 inch, 0.3 inch, 0.2 inch, or

0 h“?%ﬁlte)'%ﬁé/&?%{?e :

less than 0.1 Inch. In'some m%o ments, the enérgy of each electron of the electron beam is from

about 0.3 MeV to abosinz@mbevimentichecieeagmopenisy dzg of thefisbsteen i s ST 5 MeV, or

from about O { A4q¥ct0 RNk 1ndh) MY 1ess thifFo 51 shPwS@iRERCE 63080 eliRgEa R 0 dhamincludes
various steps in an electron beam irradiation feedstock ﬁretr itmengseﬁgﬁnce. kZl%}SImS: ep 3010, a
4 &8

supply of dry#ée4iuefei0R1 828 iR fgsn b d mim (8 ORL Rl 188 LRd stock from
the feed sourgeoTEIR DEENE I¥OBER 9613 Riin (0MOEihh)yltssthendddGirom (006 inchiliatioveddsstes. For
example, if the feedstock is deriv m pl S, Gertain porti falen ay be
removed priotlgTB {?BTI o@ﬁ%ggﬁ%‘%l&cat%qagrﬂé?grl%%ﬁorzi}%%g%%%r?g ﬁ%%%gt%qgeliverﬁ y the
feedstock tramspofil sheeritshatitgrarapebpriate dianidition, g dhplesisutonrupgsizal SRFFODRIC46 the
biomass feeqﬁé%ﬁ&%%gn:w%g@qat& TEChRRICAPrachssilddd s @d spinRg bRa grrage length of

fibers in the feedstock) prior to delivery to the electron beam irradiation devices. In step 3030, the

dry feedstockmatiemsifaerahdemaaderidshkmenafameatsimay hesgme Zesice TSRS distributed
over the crosgseRapanal widtihaf dlae eadeiasivl aneripdryicmanp hyknetalyfonformly by volume.

This can be accomplished, for example, malnugll or ta{?g}jfucin 2 loc l{gggn\{i lrt%%glpoti%n at some
point in the f S ERER TR R A thRE! B 1 S E Procassing. 2’ In some
embodimentanpmlisingeydicnickel; echisen alaiimictieagmntc8aticn wr flasfeduistork in an optional
process 3040 that produces a slurry. Combinin ter with the Drocess: efstack in yixing step
3040 createsera{lrl?oéiqrtl}ggtsj’stﬁeeéc g 8&%@?%%?%?%%‘3 t()g'eg'trg%lspor@ead throug E}%1‘0( exém%)]e, inng rather
than using, fomtetempbits, usivpaespor eiome embedimsntstds 9pTDAFEEOIIhp Mesk éﬁ‘l&ﬁfrﬂf?&s%%@exposing

the feedstock (in dey REshiwy IQUMIP3E% I HREAYaRiRRIM BEoANe or more (say, N) electron beam
irradiation devices. The feedstock slur%is moved through each of the N"SE&\@{, "0 electron beams

at step 3052. The ibsEREHbedienndheiecand BB teUpL ARt RAsaa &t & %howers,

or there maydp@ difadsesidstgberanhsshe wabddiknnaiiysecend Gbrous avaeriehisoashes next shower. A

oy, i % Y AR DS LARu SRR R P B SISV POsure time 2t

screen.
Referring to FIG. 4, a third fibrous material 220 can be prepared from the second fibrous

material 216 by shearing the second fibrous material 216 and passing the resulting material
through a second screen 222 having an average opening size less than the first screen 214.
Generally, the fibers of the fibrous materials 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 narrow
length and/or length-to-diameter ratio distribution.
As used herein, average fiber widths (i.e., diameters) are those determined optically by

randomly selecting approximately 5,000 fibers. Average fiber lengths are corrected length-
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Electron beam irradiation devices may be procured commercially from lon Beam Applications,
Louvain-la-Neuve, Belgium or the Titan Corporation, San Diego, CA. Typical electron energies can be
| MeV, 2 MeV, 4.5 MeV, 7.5 MeV, or 10 MeV. Typical electron beam irradiation device power can be 1
kW, 5 kW, 10 kW, 20 kW, 50 kW, 100 kW, 250 kW, or 500 kW. Effectiveness of depolymerization of
the feedstock slurry 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 kGyvaprre01kigths. BET BeafiscinRomsidad Tl ctdicbemas aramidtiqoidesidaqsower
specifications include cost to operate, ital. costs, depreciation device footprint. Tradeoffs in
considering e%fﬁ%fsﬁ?g %Dor(s’%ltf&%g 0 Seﬁcé%%%l egl:b ??Fégd}gi%orﬁ)ﬁgb be energy costs and environment, -
safety, and health (EH)yerpemh-Toaiieadfer irnttoptibeshegnd Sbravs maErglcks i8S @nergy costs;

here, a lower rqy, ' QG faRoMerkaaianaehsertain
feedstock slu%?égfé{ae, oér]ﬁe’gé D?ﬁ?%%‘ﬁ?ﬁ%ﬁ%?%&&%ﬁgg’ 3%06) 13: 601-?10). It maé?be
e

advantageouerteresienihen AU bu b yasse et alheesend fRmut B R L F b Y5 SuBa B AV
effective depghymieyigatinadaresass, EQ!, exaranlabdiedosasioakdiiansmrinici eectagddvidtiect the

feedstock (in dry or slurr)$1form) undernpeath and in aLreverse diregtitc&p ct}o %% &?gia}r}%&%% direction.
Double-pass @yst#ReiethofiiBes oo drrousmaenal i £aa b8 58 nPsteelatuid AE B ovide s more
uniform depodyesgasianbbiotgpihadiiclness of the feedstock slurry.  The electron beam
irradiation device can produce either a fixed beam or.a scapni 8P, SR HPIREATRRY be
advantageous with arg‘;)’en &&a @W’g%nésrélnsée%ﬂ%]dé(ﬁ]‘l'éﬁlglégﬁ{é@pgg S, as this would effectively replace a
large, fixed béis lessithanrad eereniviidalaisegelepatiof theofeoond-fibions materil Mo fetalssathamble.

Once a portiogy g faslsiark e RapoRts Wanseauiac e inal s aesbears ptaiion

devices, it may be necessary in Some embodiments, as in step 3060, to mechanica%ﬁleé)arate the

liquid and soﬁtﬂ@émﬁfﬂﬂéﬁﬁgﬂi’ﬂﬁsf@éﬂléﬁ)&?{%ﬂrﬂﬁfl‘ﬁ weragedrngtulfe e A RgeRR n of the
feedstock slugperigdiiaian, treiraituaiiagldpeaiitietiansveppediagthack to the slurry preparation step
3040. A solid portion of the feedstock sl is then advanced on tqQ the next pr. ' t 070 via
the feedstock transHb??’iS‘&?fEB‘.’Wfﬁ%raueéﬁ/ SHf %%g?atﬁ%&'gesag%%lﬁ’smr%sa% gﬁ;ﬁ%ﬁ%&%ﬁm for
further procegsing/f legly gremertatic (Rsdied i preatdntiean oimfigngseatenthiohlf enivea grasiey thaperformed

with electromagnete I, 15 <I774 SUANNALR SSFEYN AN\ R Bessoton Cr

electron volts) 0 , greater than 1 4, 10p, 106, or even greater than 107
eV. In some ef{Bgiislenteané wiédgtenvaisythen Sondiatisnatashen SR e BT afv@en 104 and

107, e.g., be%lga%}&{%ﬁ m%??ﬁgryatérrhﬁaﬁ'mfmg?} & tasliztonlar diavenaisaeranayss, e.g.,
greater than 1Q16 hz, greater than 1017hz, 1018, 1019, 1020, or even%%(i@fég]an 1021 hztérln some

embodimentdiige él@%?&ﬁéﬁﬁ‘&i??&%ﬁéihﬁﬂ"ﬁ&?‘&%d6@%3‘?“0%&% RIS H R g., .
between 101848 39gekdant, dasashan INREcHR, piebwes thaa e pthet gdiatén th4wid pensentidiation source

2t loact 1.0 VRRHCBIRL BT RS, B R B st e Qe o T2 0
the irradiatingéecae; foeatedthanti2ipercastiayiedtee thaiv 94 pethont gtitetthan P rermphEalsiMrad, e.g.,
of benen S R B T o B orats/hour of between 50.0.
and 350.0 kilorads/Hbieme embodiments, a ratio of the average length-to-diameter ratio of the first fibrous
material to the average length-to-diameter ratio of the second fibrous material is, e.g., less than
1.5, e.g., less than 1.4, less than 1.25, less than 1.1, less than 1.075, less than 1.05, less than
1.025, or even substantially equal to 1.
In particular embodiments, the second fibrous material is sheared again and the
resulting fibrous material passed through a second screen having an average opening size less
than the first screen to provide a third fibrous material. In such instances, a ratio of the average

length-to-diameter ratio of the second fibrous material to the average length-to-diameter ratio
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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 run 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. In some embodiments, relatively low doses of radiation
can crosslink, graft, or otherwise increase the molecular weight of a carbohydrate-containing material,
such as a celjfiggit R HBRAGSHHASIE caiPbe! h (Qess thallugsey., Sscthanrhajéesakivaniilg,ioceresed
molecular weight can be useful, e.g., in making a composite, e.g., having improved mechanical
properties, suess Hembhasion resistance, compression strength, fracture resistance, impact strength,
bending strength, tdasimerashddisndies trakind dibrossmateriorig pasadthimesha birdiscaepdeerial having
increased molecular weight can be usefyl i ' i¢] F fpgous material
that includes %f?fir{é ec%\al\fﬁj osi@éﬂ@&%ﬁic?ﬁgggkgg m%t%%@@ﬁgﬁ%? fli)res’tegirﬁé ecﬁelgkﬁvrvﬁé}ﬁf can be .
irradiated in dochtesereente praduceprfiimatesisbobisniaTlsAESRNERIRSP R SEL ME SRR RAM  aving a
second molegular yejghthighesdharubadiiRlameless tasevRidhtlimomexesipleprfgatama radiation is
utilized as the radiation source, a dose of from about 1 Mrad to about 10 Mrad, e.g., from about 1.5
Mrad to abouﬁzﬁgf!\élggg or from about 2.0 Mrad to about 5.0 Mrad, can be applied. After the low dose
of radiation, cellulosic and/or lignocellulosic material CﬁnﬁPe coni)k%w}(fqe\{\lllith a resin and
formed into a compBsnefigdgnatgrialscanbe Broresse AL BE RS AG BP eI Ton. Forming
composites is descripggdalyOe2 QAL hktranhinihy S 10k bulkidersity avarveAppiifieditmaSerial Nos.
60/664,832, filed on March 24, 2005, 60/688,002, filed .on June .7, 20 7.dilgd 49 on
August 24, 2@65",‘4665‘?1‘9?8’2%2‘?&%(?%}% CR RS @gﬁ%fé’?qfdﬁﬁepéxoﬁr%v o ggg‘r%qz, 2005,
60/726,102, filessionoDe:0shg/ci? can 66 demifiedsG1RDS titdibronsestenbisrarslaiyely 835 Alternatively,
a fibrous material thé’“bilré%%dﬁ?&ré Q."g?],t acﬁyglr%&‘é ARRelignoRiuesisrmalaTalibmsing afistenolecular

weight can bér Combined With a resii to provide a compasite, and then the, com&osite can be irradiated

with a relativeiglyetindienscand aaianiornd shas euapraIEahs SERIREI R ok EniBt P AL fosic

material havingg seeoRAMetasHaF Meiaht bigkeriae tibeolisshmeiscaenwveighy, Foulkxansile, if |
gamma radiation is utilized as the,radiation soyrce, a doﬁ@jf from about 1 Mrﬁq;%]o g Mrad can
el whfe 1t'is wit

be applied. Uafiggeatss By Po#iiThcfdadty gfrnmBid sle &ﬁ%f%rél%eateéﬁa aresin
matrix. In sorgensifiaEeH) @8 iothetiesi prixasedbg dinkafite mahwdndbssibeutheieitresglinks as the
carbohydrate-containing material increases in malecul Ight, Whichreat: Rravidest synergistic effect
to provide ma¥| s h%%hgﬁ?}: ‘“B%?)rg?dt?lagéo{ld ;ﬂlésc%%{n%éoxsétgg IEIggr examplel such composites can have
excellent low transpatabennaterifd tonenodesr dogatipmnaigy & teaie annuiaBERg plapheshers BFAERYSK at low

temperatures; ¢ g/ SOMAHUFSIBIONAL 08 SidiBIDe 1 proRR R ABR ferdiigor oven
e

below -100 C, and/or excellent performance at high_temperatures, eg a%a}lble gf m'ainfaining their

. { y
advantageousuhstasialiceas raprariabls st ssstErd Jlgns B .’éa.‘?‘é et

éer‘r'lper%ﬁ?ég é%ove 100
C, e.g., above k2 fulklB iy, 208, GredfPthan¥bérecHd OfGs tritaldnliidensitiC0pC7Orpemdelitidid, such

composites can have excellent chemical resistance ., fesistan lF&ﬂx&Q aafelvent, e.g., a
hydrocarbon E?fﬁfé’ﬁt??é?@ﬂ‘ﬁ%%@h%ﬁigj%%%a@ (fa%tggﬁ%t)l/asﬁ%ﬂrﬁg& %élﬂ é\,his%trong bases, strong

oxidants (e.gelehivitydnthbltaohy maretilcingrticeiatis {gout cactiveddrstiosha materibodium and
porassium).  AlSnARe s ARolctE @RAIR. 2 DiSBiRia ekl enruRsivase andior
ate

lignocellulosic matefal s irradi andl, optionally, heated with acoustic energy, ?ﬁ% ulirasound.
1

In one examplquid, tishistvwetendien erempls, the saraire senhafoymedfipma vl calhelsp un-printed

polycoated wijie;K il RRaihBRHING Aot Wteansik a3t yiianar suseshosdinfessallusk. Cartons are
folded flat and then fed into a sequence of three shredder-ghearﬁ{ trains arranaged in (?ﬁ ilﬁsﬁmth output
S

from the first dersified sEHcHESHEABe3dHRd Siresily i sPLHFES BRSNS ? AP AT LsTa Ny Shearer fed as
input to the thisdshieadontdes e stiatesal progdueaindy the can be sprayed with water and _
processed through a pellet mill operating at mom temperature. .l ifi aced in a
glass ampoule Whic%‘%ré\%éﬁ kl?é% gffﬁge%r %%%%%%%ﬁmaﬁ%%%ﬁ%ggﬁ%%? %v%ﬁjég:g%%ﬁgi%e
ampoule is sedisderuhersabgeueTtiedoesified bythephsatiouns pressirad@ebypAFF§E R TRAERMton for
about 3 hours at a dose rate of about 1 Mrad per hour to provide an irradiated material in which the
cellulose has a lower molecular weight than the startitfg material. Sonication One or more
sonication processing sequences can be used to process raw feedstock from a wide variety of
different sources to extract useful substances from the feedstock, and to provide partially degraded
organic material which functions as input to further processing steps and/or sequences. Sonication can
reduce the molecular weight and/or crystallinity of feedstock.



Referring again to FIG. 8, in one method, a first material 2 that includes cellulose having a first number
average molecular weight (TMNO is dispersed in a medium, such as water, and sonicated and/or
otherwise cavitated, to provide a second material 3 that includes cellulose having a second number
average molecular weight (TMN2) lower than the first number average molecular weight. The second
material (or the first and second material in certain embodiments) can be combined with a
microorganism (e.g., a bacterium or a yeast) that can utilize the second and/or first material to produce
a fuel 5 that ishesuigich mipldfirsbgeweancaintirabtating yessicealls a hygpessiagtberontenigdiures of any of
these. ~ Sincel ée&%&‘%{i@a AR Ce'l%gq?o% '3%@%&&%%0?%9 SpRltpe bl eigve (o the
first material, andin sBme ins ances, a reduced crystallinity as well, the second material is generally
more dispersiblthesiasiEpitioma iy BoionsimateriaboThodeasifiedimtierdlcmibradiiradiaed g, at a

concentration of gregtey{hanJHMiR AREIARIMYRYr-«J BERTDIARPRIS S BN ASRyTIERdmAterial 3
more susceptible to chemical, enzymatic, and/or microbial attack relative to the flé%ttgat,erlal 2, which

can greatly irdBogEThecoltdl et a1 asony yd Q&8 Ot 62 HdesFetiEn SR EEY:, ethanol.

Sonication cag, iRy 1z thmmatesialsa Buhshogdd BoBHelyshe indtilod evohies ditliggaisms are
supposed to be alive. In some embodiments, the second.number avera lecular weight (TMN2)
is lower than THESHFR&ExliRssr a(kpaya Vﬂ&%ﬂé@\ﬁé@'ﬁfﬂﬁﬁﬁ%??ﬁ&w ]‘é?]og&eust%%’e?é%nt, e.q.,
15, 20, 25, 3GuBSdetith pacabinid 69 dieidiaptthe weigit ofitrestngrieab granftbpdhednown vilugisme
instances, the{% conﬁngéateri%lféas (iell&lgr?e that has as crystallinity (C2) that is lower than the
crystallinity (8 ) o ¢

he celllldse of the first r'nat_erial. For example, (TC2) can be lower than (1C1) by
more than about 10Tsemrsfared indes imlpls bimlessthatars selubls impratematollspby 36t ftditt In

some embodjmenis de.alagn e apeialioyiRsex e dacsniisapaifeHiam saring0 to about 87.5
percent, e.g., from about 50 to about 75 percent or from apout 60 to abogt YOF%xer?:n%,&?n% the
crystallinity irflaEEEY s BvaEHoL s PndsB e e BEIYE B G4y M8 25RO 3 KRYFPTY to about 45
percent or franpshelgh?Peitcabiaul A6 PBIORMEr SWuYRYRS bifdes| mimemboidius tist ingeastier extensive
sonication, it islg&s ible to aveoaéc%staélini% indgxuggtlgwaetrrthan 5 percent. In some embodiments,
the material SRHEORBOBIESUDS %?aﬁl)‘/) arﬁé?p?wous. ffi some embodiments, the starting number
average molecular ingight Gurtodimeositetindds fhehamstsolubReo Hodlen bywaicea inagdco, e.g., from
about 250,00 3 , verage
Rui]& 3 alﬁrﬂurﬁ%{)&%a&}%ﬁ% E)c?@[ﬂﬁs%%%g%%g) %9&%@9 §54; i doemumbane

molecular weig tla ter-sonication Is from a out’ 200,000, e.g., from about 60,000 to

about 150,008beus oraterisbis s ceiciyorsmateind. Essuarple s freiont Smrsae be ., after

extensive SO@%&%&@}i&&dﬁ%&&ﬁ?k&cMﬁyﬁ@ FEIDLEAYSRDRINS 66y ar aMeilbll!6ss kerRsabout
na

10,000 or even less tha out 5,000. In some embodiments, the secoré?gmaterial can h(flve a level

of oxidation (2 BZfomisRRIHRIE, A-S4HIRUI ST R BRRRRACHC A PP RQRIRIE B B Hl UM Sevel of
oxidation of theupaiarialicapreig, in lissidisylensap)ldy,, s et alibliyl s corsbindsibing, dfithbesr grolpsncing the
materials susceptibility to.chemical, enz tic QI microbi | to increase
the level of tﬁégbfia%tr%x b ﬁ%rg &@r%%anm%]@ﬂ%ﬂx?é%{?\}lg 'tc%l ?%@ﬁéﬁ%ﬁ%ﬁgﬁﬁﬁég‘%@gﬁ is
performed inglycenidigiyaxahestiarbicpridinetagelysincoprntarayduiiek empnasesehaidgiobdl than the first

material. FOrﬁ&%@%&%é%ﬁ@&&&f’a{m%ﬂk%éﬂ.hgxﬁameﬁsca&ﬁé{@sxhgﬂm?u@%buaese,roups, ketone

groups, ester groups or carboxylic acid groups, which can increase its hy roph'lic%‘&? In some
n

embodimentdaqieesHPRSEEHFioRedmrANeSERRab RSt 2 herithrese r DRIESHC REmTRAL: include an

oxidant, such,agayRe1psigcBylendwARIpsIRarbutERS, Ridispsiratnisiag polyamities amduffer. Examples of
dispersing agents [nclude ionic dispersin ens, e.g., sodium lauryl sulfate, and non-ionic dispersing
agents, e.g.,Wt‘é@@ﬁaﬁ%‘%R&%ﬂ&omafﬁgoﬁgé”?lg%%%%m%ﬁFéafﬁé}eggﬁ%%#o%dlr%ap rﬁnlcé%? %qi:\queous.
For example (RRG)s poigetiglerzagl ool {REG)pelyéthplénedixidesbgn POLY@Xferpdymeptefe, an ether,
e.g., diethyl ether or tetrah c?rofiir n. or | ] ' Il}F1 itrogen.
oLt wish B L BB B e onci n the
cellulose by prdpaingdmimbiapiytiayinsdding polwansivnthstyenersfensielendpeiZaendeidaolently
collapse. During,{hq GolaRRsuRbHC Ridpble, which can take place in less than a nanosecond, the
implosive force raises the local temperature within the bubble to about 5100 K (even higher in some
instance; see, e.g., Suslick et al., Nature 434, 52-55) and generates pressures of from a few hundred
atmospheres to over 1000 atmospheres or more. It i$%hese high temperatures and pressures that
break the bonds. In addition, without wishing to be bound by any particular theory, it is believed that
reduced crystallinity arises, at least in part, from the extremely high cooling rates during collapse of the
bubbles, which can be greater than about 1011 IUsecond. The high cooling rates generally do not
allow the cellulose to organize and crystallize, resulting in materials that have reduced crystallinity.
Ultrasonic systems and sonochemistry are discussed in, e.g., 011i et al., U.S. Patent No. 5,766,764;
Roberts, U.S. Patent No. 5,828,156; Mason, Chemistry with Ultrasound, Elsevier, Oxford, (1990);
Suslick (editor), Ultrasound: its Chemical, Physical and Biological Effects, VCR, Weinheim, (1988);

Price, "Current Trends in Sonochemistry” Royal Society of Chemistry, Cambridge, (1992); Suslick et
al Ann Rav Matar <eci 20 20E (1000): <yicliclkk at al Natiira 2E2 A14 (1001): Hillar at al DPhyve



121, 4196 (1999); and Avivi et al., J. Amer. Chem. Soc. 122, 4331 (2000). SonicatMn Systems  FIG.
12 shows a general system in which a cellulosic material stream 1210 is mixed with a water stream
1212 in a reservoir 1214 to form a process stream 1216. A first pump 1218 draws process stream
1216 from reservoir 1214 and toward a flow cell 1224. Ultrasonic transducer 1226 transmits ultrasonic
energy into process stream 1216 as the process stream flows through flow cell 1224. A second pump
1230 draws process stream 1216 from flow cell 1224 and toward subsequent processing.  Reservoir
1214 includes a firstirsate chaddiarnets dedomitintalodds2Pbiyntaithatdasmghissdtansitioth a volume 1236.
A conveyor (not sho lggldel' ts.cellulosic material str M}% j st intake
1232. Water gfr%%erﬁ }% lfségferé'rgggrn )i %%%‘Pﬂ%&'gﬁ?@con ﬁ?ﬁ?%%ﬁ.%%ﬁgm%imems,

water stream B2biptasteff EREA imkdexséyetlondlack agides csseitanthinsg avalehipdenthéstrdsnasieme
1236. In certaipgmpodiments SRS Malatialol saMabiA AN huRlaERFRATY TIREC® 3ds a

schematic view of a procéss for biomass conversion. 212 are introduced intg)\hllgluzg‘gﬁ%ZBG along
0

opposing axeXXes ALK RAITETRfEh afchash Avlable wpdgr the seadepame KB MONo0 BPfater stream
1212 throughssaseReINakes havade gredusaiasiraiipdraaiio RECH elbisidudattiiatio vimter (e.g.,

approximately 10% cellylosic rial, weight by volume). For example, 2000 tons/d f cellulosic
material can B&%ﬁ?ﬁﬁ?&&%@? 'm%lﬁ‘%%‘%‘.% ?fﬁﬁig‘# A 1%%7%?,’%93’.’%?556% H)?gﬁ Ba r?éq day, of
water. Mim@fmlwmsmmmmmmwatemu a&ﬁgrvbﬁrﬁmg,ié-omqmlwdlw M%i;e of volume
1236 and theJ'v%Waﬁ?gt?f]%a%fr%'HL%%&%%W@A&E@W&%@@%%M&@ €N S MAAIMERTS,

volume 1236 Is sized to create a minimum mixing residence time for the cellulosic material and water.
For example, fiblhazed polycosieddapesi the matssial in deasified ithoptthaindditign b A SRR S OVAES e
flowing through r6a6ReRihderdreRYlME: 1236 can be about 32,000 gallons to produce a minimum
mixing residence time of about 15 minutes. Reservoir 1214 includes i mixer. 124a?lin fluid

communication withly@iBRriculongmRadizents s BiRderds A MWy frén BRI SR A disperse

cellulosic matggaified pigginout the water in the volume. For example, mixer 1240 can be a rotating vane

disposed in reservoir 1214, In some embpdimen ixer 1240 disperses.t i rial

substantially unifor YH?B{?ga%OL‘ﬁlﬁ?g %é‘%errg edtéoe{ygrr\?gfﬂélc lﬁﬁﬁ@f‘?ﬁé‘%%@%ﬁﬁ%ﬁ? in fluid

communicatiargyitorzahoute) 02 36reemd tortmms §&paeent.124.60.9h penaprtu L0 PEEIRHoib REAEEMa| and

water in voluge d330.fI0ws Bukal SR 21 et dadenindA2 s asipian paan e bottom
oa ity to pu

of reservoir 1 low gr v;lyt ) pull the mixture of cellulosic material and water out of reservoir
1214 and intc et axsightratthe donsified matsrigl.  Thebindercen be addsd by theaptgrial A SNeah RS ler
vortex pumps;adady feRfEAPMENE Bildariiaividmasigpies doapéaiia fimvsdadicocastents of

process stream 1216 toward flow cell 1224. In some embodiments, first pump 1218 agitates the
contents of pr@é?so theindes1 6 such that the mixture of cellulosic material and water is substantially
uniform at inlet The densified fibrous material can be made in a pellet mill. Referring to FIG. 6, a pellet

mill 300 has a hopper 301 for holding undensified material 310 that includes a carbohydrate-

containing materials, such as cellulose. The hopper communicates with an auger 312 that is

driven by variable speed motor 314 so that undensified material can be transported to a
conditioner 320 that stirs the undensified material with paddles 322 that are rotated by
conditioner motor 330. Other ingredients, e.g., any of the additives and/or fillers described
herein, can be added at inlet 332. If desired, heat may be added while the fibrous material is in
conditioner. After conditioned, the material passeé from the conditioner through a dump chute
340, and to another auger 342. The dump chute, as controlled by actuator 344, allows for
unobstructed passage of the material from conditioner to auger. Auger is rotated by motor 346,
and controls the feeding of the fibrous material into die and roller assembly 350. Specifically,

the material is introduced into a hollow, cylindrical die 352, which rotates about a horizontal
36 ’



1220 of flow cell 1224. For example, first pump 1218 agitates process stream 1216 to create a
turbulent flow that persists along the process stream between the first pump and inlet 1220 of flow cell
1224, Flow cell 1224 includes a reactor volume 1244 in fluid communication with inlet 1220 and
outlet 1222. In some embodiments, reactor volume 1244 is a stainless steel tube capable of
withstanding elevated pressures (e.g., 10 bars). In addition or in the alternative, reactor volume 1244
includes a rectangular cross section. Flow cell 1224 further includes a heat exchanger 1246 in
thermal commpigaiiahivi thalalaasy axpadiegndd orst2sovadiaBsA R4dta@dalingt thedxiPWBrietgr, water)
flows into heat exchanger,1246 and absorbs heat generated when pr is sonicated
in reactor Vo|éﬁ$@%‘§ﬁﬁ%ﬁﬂ‘§%ﬁ*‘eﬁ8fﬁ?§8 i?ﬁé%‘%é?’tﬁ‘e%%%%%a?gal o&)ccg:%r%gﬁ%dslé 48%%1{%& exchanger
1246 is contrDlbesifiedmaitetidh340, 2Earodin foety ofpelieis dropsferatobte3 78 aatbiro saped oud |n
addition or in the alteec{n%tcix(‘gls Weulrgg; ature of cooling fluid 1248 flowing into heat exchanger 1246 is

0Cessed, S :
controlled to Maintamn’an apprgmmate y constant temperature in reactor volume 1244. In some

embodiments, the t3ipastanieb derdanpficasionean bagorvarisaiinsheomn ebpsfiets & ghipss 30, 35,
40, or 45 C. Additionaiu&y sHeImRvel. hartdeanaien selitrgRelnartsshd ddBobiatmntsantor volume

1244 can be used’in other parts of the overall process., An adapter sectior&.lzzqocrg?tgs fluid
communicati®g! s Redipsese RINeNsA & haRE £ HAYSRE IR SPREE e Y MaEhAnieany coupled
using a flangq)rienWEmsey) € dranseh) Ganh? 8t mxg Tpiematihphercsantie e 225 oum. iAdiottier &flange

and 0-ring assembly arranged to create a leak tight connection betw | 44 and

booster 1250°H% Bi/ﬂg seﬂﬂ%cfgf it é(ir%%{% GRS %%?H s?jsu%geﬁre&sﬁé;?fép Saetﬁ% &?é;gfév% é}%@ﬂ%ﬁhic

transducer megg layineshickndsitofid omic srohdre] gy, 238 mym, 5 THng B @akidA MNLRITEeEor 1252

delivers electfgity iq st 11080USRR 12 Hort U RSa0 RS HHEISTRRO InGiBIR RIS golectic
ts the electrical &f i und i ] ’

element that coriver ectrical energy into sound In the ultrasonic range. In some em? diments,
the materials ¥+ aBy ARbAdened 98 SENTher FAF 6 8y fHAEHBN LY Bk Si TRl 8 REPUS e (YlO kHz,
e.g., from abgyt 18 kHz to about 75 kHz or from about 20 kHz to about 40 kHz. (e.g., sound having a
frequency of 20 kHz to 40 kHz). The ultrasoni ener%%/ is then d Iiv&reci‘gg th% o%%ggdyeﬂisum
through booster 12$§f°m“ﬁﬂé’m{’r£%gﬁra78n8?§§}if£9 ganest B5t8r 1548 In reactor volume 1244
creates a seripswk,ahenolessicnbagenstydntiorssithpiecestesufthepdit GRIGITBh o siffisefficient
to create cavitafjon in process str Cayitati [ I ' ial ¢ispersed
in process strét mt?fch%t.e %t\s/l g Siﬁeggs%&plr?g u?e{é(}xrlgeﬁlrgagﬁz%?ﬁg Qﬁ%&v%g%eg%f%%é@%gﬁ 1216.
These free ratlssalstmotitoafliqtiid rfieebiadioton.the cellulosic material in process stream 1216.  In

general, 5 {0 4000 ik 2oy WPFRD 70 ik RERAnI0e, E0) 408 S0 S AR Witk Of
ultrasonic energy is applied to process stream 16 flowing at a rate of about Ojggu /shé%bout 3200
. 'S

gallons/min). labédr egpbisinbatas shersorietersleRrlrpratalabaldieradobakor 4563 MeD%6 exits
flow cell 1224, thepughuutifindvase AaFANADAS0AntA3ce N e P divsshtssrciam shBtbriafehsequent
processing (e.g., any of several recessed impeller vortex pumps made by Essco Pumps & Controls,
Los Angeles,‘fﬁ%ﬂlf’é’ﬁﬂa). While certain embodiments have been described, other embodiments are
possible. As an example, while process stream 1216 has been described as a single flow path,
other arrangdiiBReS re possible. In some embodiments for example, process stream 1216 includes
multiple parallel floinpaiexéeple, fiatfipglon juiateadbiOmyaltoof mipyintedwditiokreft hoardhakingative, the
e Dbl Ao pieceR e IR LBt aR Al B aNara e RaTe o -
ality of 1 ult

parallel (e.g., using a plur rasonic transducers). As another example, while a single

ultrasonic transbiedderto peofucs beenfeitidirnataisldwrigea witdyobbatvrad Linsh aB‘ilPeﬁ chngements

are pOSSib'e-Jﬁ‘eﬁgﬂﬁ‘Sf%%QQi’ﬂ%tﬁmﬂ plereiikheby irasaaisstansouene ie6fane asranged inflow cell
1224 (e.g., ten ultrasonic transducers can be arranged in a flow cell 2241). In i(é}rge gg]boqlmients, the
PEDE I G

sound waveshreraHahw P 9% inghknZhs confRiidrG matsidcanhsirides aYeg"

synchronizedsgpuskofheRasrtmilikOpiecas athen) epibarcpdhamhidiating fibtng mperighrocess stream
1216. In some cases, multiple shredder-shearer trains can be arranged in series with output. In

one embodiment, two shredder-shearer trains can be arranged in series with output from the
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As another example, while a single flow cell 1224 has been described, other arrangements are
possible. In some embodiments, second pump 1230 moves process stream to a second flow cell
where a second booster and ultrasonic transducer further sonicate process stream 1216. As still
another example, while reactor volume 1244 has been described as a closed volume, reactor volume
1244 is open to ambient conditions in certain embodiments. In such embodiments, sonication
pretreatment can be performed substantially simultaneously with other pretreatment techniques. For

example, ultrggeRicfeckdasapReBpkschid firdess mrm&zmdﬂimc,tmmmmmamne

electron beams are simultaneouysly introduced int roce tream g@gﬂoexample,
while a flow tﬁygﬁ@qrbpggggggﬁéjénbsggﬁs Lé‘c?‘btg‘ét%g er %rrg%g%:ﬁ]rgn S (;‘{lrseln gsfbgt@eg gln some

embodimentshaadigaiidowpnt lﬁemehfmmadi ishenieafeh prinpattn thothixbshstiden Wuliinle passsse filled

with a 10% (weidht B o %JW&@MM@& RPaseshiniRowd with
intensity fror%Aﬁé%%cﬁJBt%{(s é)é atrgra oﬁ%%S? Vw%% from about 75 W/cm2 to about 300 W/cm2
or from aboub@ﬁﬂvwmqmabwuhmmamdd|t|onaIIy or alternatlvely, the mixture in the volume

can be sonicated frgm ahout-1 004, @R AGRPHRRE FHANARAIHE iRk @beut 12 hours, or .
from about 2 hours to about 10 hours. In certain embodiments, the m éﬁﬁfrhl?al IS sonic ted fgr a

pre-determinEHtaRSEan Ae TREAININFEERES K RMIK A5Psi e L RIS EA3F5 EFYIAEBR1SPE Lnicating
again.  Rejauegwithwiadr 65 a iuis sorkectimibooPORBONIY SR & quitictylersduddsls are

mechanically coupled to a single horn. showr air iezoelec [P fnd 62 is
coupled to agfﬁfgﬁsbﬁ?vﬁgfh etﬁ'/epéusir?egé ?/sel?r%%rrlraﬁe E eepégu Tlngséorn §7§ the latter also

being known q&ﬂaomgmlrckunnnemifd:wtumecﬁwnﬂbvmﬂéumnmm@mb@iﬁyiktﬁ@ﬂm&@sﬁé‘éﬁbnsive to
high frequen il Rereto, are transmitted to the respective coupling horns,
%Y RiSRUG agl"o‘?agyosfl%?alﬁﬂr&

which may be constructe to provide a mechanical gain, such as a ratio of 1 to 1.2. The horns are
provided with a respective mounting flange 74 and 76 for supporting the transducer and horn
assembly in MMM@ The vibrations transmitted from the transducers through the
coupling or boosterm@smw@repupmmm icanbiegirefecated Soohsk i pdmenyptadustipapendsssd through
the horn to the ositel dIS ose 20 g@g;t;ﬂi glﬂgs,rgpmgfégd%@rmr

;;F]gnp (3 re ? %%188'11 tﬁ\é &51{{

engagementv?/' awor& iece (n s ow rations are applied. The r:.:ﬁlh frequency

electrical energwmomdi%@%@@mﬁpsmm tbef&?%%&cﬁréﬁh@ﬁéﬁ%%ﬁé’a%f@ feally
connected inarglighigeaaalaneneLHi @Qﬁfﬁr%a%xﬁﬁ?rélf%%@ﬁ(@aﬁﬁé@%@@ﬂﬂ@%ﬁdﬁmmtor 86

and 90, one capacitor connected in series with the electrical conne %#Oﬂ to.each of the tran§ducers
The balanC|n@r?F%ngﬂ‘rfé’meﬁﬁ’é?pégm‘Bﬁlﬂﬁ? 1 S0BTRAE P 24 AR Qi AR T A S e %alancmg
transformer ig@gictieshadiogsetic core 92 and a pair of identical windings 94 and 96, also termed the
primary winding and secondary winding, respectively. In some embodiments, the transducers
include comrpgigiaiyayebadadissoelectric transducers, such as Branson Ultrasonics Corporation
models 105 or 502, each desjgned for operation at 20 kHz a am XI IS5 R0 of @KW The
energizing voltage {BFB%"V?HT %g}ﬂ’an?ﬁﬁg’?%mnalsostﬁ)naﬁ §8ﬁ$§%n At e ol é{gé sgtlj)ré%ce of tr?e transducer is
930 volt rms messwmsa:rthm/hmm,gduda asitvarioooors af rediafivativnisatian@xideiono FapEie
depending onlaG oA LITIBANRRRE. AR WS MpALE AlinhLMARIGRRRRG mAIRIEO microns. The

maximum difference in terminal v age for the same motional amplltud erefore, can he 186 volt.

Such a voltagesphffsiemesdesgiibgddiersn .+l ?l?r@’é"éﬁ?é‘%ﬂﬁ?ihb%h?ﬁé‘?@ﬁlﬂ@%ém‘{ﬁ’é“ﬂ%@ducers

The balancing Uit A2Q 3$SWeSIRIBISAKHSE HRASENMTCRINEANIIA QUi eribedibitaw, tatuiis the
transducers, hence eliminating the possibility of circulating currents. The wire size %];eth§ };Msngéngs
must be selettéldngrdra ?BTPFS?XSrEWrﬁBTEe@ by aoeiy g"m rﬁg ggé appearing across a
winding inpudigibedHicrein (Aenan aliarontiveieremiyy Eﬁr&xmpi@n@ﬁgbvﬁy@m&mhﬂmypamd)r stator
devices can be uti ed T of dewce oduces S ich can
disintegrate RARB S R 'EOH: a?¥i‘ catﬁ%?i ?orces St ggsmgeﬁr% vall’a%%%lgfégf;r%%ﬁgcy,
rotor-stator dwhekzamramﬁmd@mlmsu}afamhﬁn md@r m@nmamméd by RIpHdetiustrietechnik
GmbH and rg%@;ﬂ&x LRl %d%‘?fél%%ﬂ'ﬁi%ﬂ RO AEE P BRCHE o dRRrRisRAXT dctlevices

manufacture marketed by ca -Works, Inc. of Cincinnati, Ohio. Operation of such a
microcavitatidhbaeigrid E"éise{l%é@rﬁf afysgst @@bqﬁ%ﬁ‘?\ﬁ)ﬂ?@?@‘%‘ﬁsm Wﬁﬂg fr&Eonic
transducer 1226 has been described as including on&or more piezoelectric active elements to create
ultrasonic energy, other arrangements are possible. In some embodiments, ultrasonic transducer 1226 -
includes active elements made of other types of magnetostrictive materials (e.g., ferrous metals).
Design and operation of such a high-powered ultrasonic transducer is discussed in Hansen et al., U.S
Patent No. 6,624,539. In some embodiments, ultrasonic energy is transferred to process stream 16
through an electrohydraulic system.




While ultrasonic transducer 1226 has been described as using the electromagnetic -response of
magnetorestrictive materials to produce ultrasonic energy, other arrangements are possible. In some :
embodiments, acoustic energy in the form of an intense shock wave can be applied directly to process
stream 16 using an underwater spark. In some embodiments, ultrasonic energy is transferred to ‘
process stream 16 through a thermohydraulic system. For example, acoustic waves of high energy
density can be produced by applying power across an enclosed volume of electrolyte, thereby heating
the enclosed deeriheddredcinoMutiiple arpressss rar o idsmateripls deps spmbearaprsirtdily wWititsg b4 sound
propagation megdijug S‘i’ﬂicx%‘?%ﬁﬁ&rfs%%@ms%%%@ci%wmﬂ&%tm Riwdtyacihmieohydraulic

transducer is discussed in Hartmann et al., U.S. Patent 6,383,152. pyrolysis  One or moge pyrolysis

processing scgdéon cabapsed iselubility-1dBHGRIRIOaHSHS SR RIRKACHIE SRS 8NP BIeGiRES Rt sources

to extract use;Hg@Q%pﬁgﬁ@%%mgﬁq@I@@@q}g%m&e@ partially degraded organic material
which functions as input to further processing steps e%%d/o‘é(se%en S4 th tngﬁgi%g again to the
general schematic iFQF R 2BPLe. APSORE fPRABARIS; fRsrRiedR ATK PERY SVIRG TS Aumber average
molecular weigkidffdi) ity ipbaieed by phyckssatingritiadisstradatnipind sonidadrfgmeghao provide a
second materia| 3 that includes.cell e.having a,seca rage malgcuigowgight (TMN2)
lower than th&fIFEChGM lérrr%{l\glé’?aagceelﬂﬁ]; ecd gﬁéi&ﬁ?ﬁé@%@?ﬁ C?r%gté?ﬁg (or the first and second

material in ceitaitiatimpodmddishidfarethonotderet erneurentiybargBuiess tadjor a kgnoesliglests a yeast)
that can Uti'iZﬁx{\%‘?iaﬁe%%&@ﬂ(%iﬁéﬁd@ﬁﬁ‘?&iﬂiﬁﬁﬁ&%&%l%ﬂgkﬁ Hhabieine siRarrdigaen an

alcohol (e.g., ethanol or butanol, such as n-, sec or t-butanol), an_ organic acid, a Hydro arbon or

mixtures of asgiklariegad/or a Beneeelosicapaarialatararsis thabingiydes irRdingns é@%ﬁfﬁ’f}%cu lar
weight relativgiQithée firatropterialmendy s sembiisiagces, lpestiiobsdicivatedijor aprowis that second

material is generally more dispersible, swellable and/or soluble in a solution containing t
microorganistcidss BRdiang: Fé??&h’%‘?é?%&?e@?ﬁé’%eiﬁéjﬂ & concmentt'PZ?rﬁE?.lt sé%%“gé)rpaerties

mlcroorgamsnx
make the secigdeeiitriil @aedat Sheqeptiel fealseokcah bexpmetitagied /withAcniisharsamsir relative
to the first malelias fne YRIRR SEARALY IEAR'PNG AR, RreTMala fase: A PheGRIAWENRR il of a

desired produé‘t, €., cthanol. yrolysis can also stérilize the first and second materials. In some

embodimentsetdetankciorttierpuedhes; sushrestbeneneustieardrasdesmibgd hestifer than the first number
average molecular yeightt (HGu R MOR AR AD A HONRERRR I RiblytRedRe éuRiticindAst, 50

percent, 60 percent, or even more than about 75 percent. In some ir}sta ces, the second material
has celluloseligprogHulesicanateanlntyrre withan JiR0 &858 £ e RIREAA ’(ﬁ"@lﬁ’%f the cellulose of
the first mateigdrdehiloRiBP@lEubiE @ddd.can be lower than (CI) by more than about 10 percent, e.g., 15,
20, 25, 30, 35, 40, Qr.even more than about 5 rcent. . In some embodiments.,t tarting
crystallinity (prior to(%ﬁ (8] 30@%9&%0358& fg‘{%ggg%%?agf%%g?ge]m%gi.g?%rglr%easd}iut 0 to about 75
percent or frosxaatplefiSotoezdnthoriFfepts; ot feashalob th ecerntyaitheryt inieightent |t frpdséork i about
10 0 abouit 50,peiganl.® fa JAM:AD1 4 R S0RULAR BPIRERL U HRTARRMCADP about 40 percent
In €émbo

However, in cer iments, e.g., after extensweP%/roly&s, it is possible to have a crystallinity
index of lowevnhydhialyged sazteripl. Shrreme mbardinsnts, westaiiallyalkefaho fiedstorkils apstantially
amorphous. unﬂpdﬁgmgi[nents, the starting number average molecular weight (prior to
pyrolysis) is from about 200,000 to about 3,200,000, e.lg. from ab Utéfsflo Oq(O to ab?Léte]EOOO,OOO or
from about 250,0004BYA6EAN RS @Y, SRR (RIS aﬁl}éfﬁ%le R G pyrolysis is from
about 50,000visfal) eut P61 0mevigarbranten baatondy M0t knridb or TS Gy Eld otofytersadioast 70,000 to
about 125,000. However, in,some embpdiments, £.Q. [.extensi sisitisyassingdp have a
number averg(dteasﬁ%% ecc:uﬁ%rrl%esla it OF Eis%srl ea%‘&%S@fﬁ%ﬁ%rg géﬁgggé%anc% out 5,000. In
some embodirhesstppiheiciesomdcihoten shutvalbreivhezcndle barfesttsoeh@oDyepmt 05 PRYIcEIMSE® the
level of oxidajfgec{ kil ik ValR R AIANGRHEHE CoyeRtan ! Ih Batatid Gl in 1t

dispersability; swellability and/or solubility, further enhancing the materials s.usc,eptibil_g%ggpchemical,

enzymatic orehicshalpsingragent, micdornetlyiene diameings ctbyirrsdimins detrnsriis aoid by bfthe
second mategi fstalivg IQdiad st poatarm, BT Ry ef\Eifidgdpestormed in an oxidizing environment,
producing a second material that is more oxidized than the first material. For example, the second
material can have more hydroxyl groups, aldehyde groups, ketone groups, ester groups or carboxylic
acid groups, which can increase its hydrophilicity.



In some embodiments, the pyrolysis of the materials is continuous. In other embodiments, the material
is pyrolyzed for a pre-determined time, and then allowed to cool for a second pre-determined time
before pyrolyzing again. Pyrolysis Systems FIG. 14 shows a process flow diagram 6000 that
includes various steps in a pyrolytic feedstock pretreatment system.. In first step 6010, a supply of dry -
feedstock is received from a feed source. As described above, the dry feedstock from the feed
source may be pre-processed prior to delivery to the pyrolysis chamber. For example, if the feedstock
is derived from plantdenradiatios itaitilped;ittrabdlapphiehtorast sainpla thathe domowest] prriyeto collection
of the plant mﬂsteg@éaagadmapsfggmw@w Hb@%%{(&ﬂlg?eﬁ% 56k RintBeJGRARIOf b ANERRYL device.
na ck canbe

Alternatively, orl ition, the biomass feedsto subjected to mechanical processing 6020

(e.g., to redusadfineligneeslielqsin guntesial e rehiphirssithan ahsut 2p mercest dynveight o ke psiBIosis chamber.
Following meghilif3hBtarassitallie.BeOSIFsk RAGEI A MRILIRIPAY WHRIE N Séaie 6030. The

nature of the moisture adjustment step depends upon the moisture content of t%%?rﬁ%c anjcally

processed feSRbREReRSHEadRting s Refomred ey cerlost cnflonBeaselasiaydh &WBisture
content of thefegsiaiankisieeifvres:llosit 2 oslighektul 3 miri] b etoredwith%ligna 266h) by
weight of the feedstock. If the moisture content of the feedstock is larger than about 40% by weight,
the extra theAhar foad presented by the water content of the feedstock increases the energy
consumption of sublsequerdnbodilysigsstap processingaivredyed betirmartuirstafier thedeivlsigibas a moisture
content which g aiger, QAN AROHL B BYRIGN SUel rarsiaak maladal G220 hiadas a low

an be blende

moisture content ¢ In, creating a féedstock mixture in step 6030 with an average

moisture contefforradissdiprisswe Reonexarplacsseme snbotinattathcssibemiaardorieedstock with a
high moisturg; g ERORABRAY B8 KESEE0aPAIR Berdbf BRASHNE krintariadter) Mdmaragaconveyor

that cycles the feedstock through an in-line heating unit. The heating unit evaporates a portion of the
water presentiritARdadiftypercent relalive i diments, if the feedstock from step 6020 has a

moisture content wifdasigetha saellirgtgdniyer dbfedbeaein] 046 teuriliiehi), dneprectsalercaibedrocessed
feedstock cap be combined with. wetter feedstock. materigl 6230 wyj [ Eatle) tent, such -
as sewage s u"ﬁ%‘g‘_ tseorrrtllgt?\l}lg?/?lcr)r}efh Sagﬁl ?o%%%v%g{%sf%%éf%ofaggrggg g@gé% %A%émd%%é%gtggck from
step 6020 to Usiogrdiniiennicisthan dwutditpercent byopedriv of thecrllutpsie ard/erdignopelirlostoisture
content adjusfer foifRll YRR Rhle iTis IcRaRe RuRR_RIRAENAR APHARRL RFRIAURY RS 6040.

Preheating step 6040 can be used to increase the temperature of the feedstock to between 75 C and

150 C in prefanabantdriRaseat highephampausrollenstaie: 6 Bsp i Jooh the AARFESE the
feedstock angighe praigidlansiesienselishenpyintysimhotiateis, wheahadiitich isatitieetstack can ensure that

heat distribution within the feedstock remains. more uniform durin rolysis, and.can reduce the

thermal load% ﬁ‘f%@’%ﬁé}%}%ﬁ(g ‘ggﬁ".c malfyia Té‘é%cfi?‘géﬁwlglf %eno?rgngglgﬁgg 8" acll}é§/rolysis chamber to

undergo pyrdigsischudvso G@dialissomsvetidostitnients, transport of the feedstock is assisted by adding

one or more pressiyfizgd gases. At n Wlossaislastinnm, e HRMGIRBIE RRbesbkieradient in
d i stock into the

a feedstock transport conduit, propelling the fee pyrolysis chamber {and even through
the pyroIysis@ﬁ&ﬁ#bév)l.uﬁﬁtéMﬂiemﬂﬁm&ﬁﬁswpﬁh%gﬂ%hh@%@%%ﬂwl@@émée?ﬁ@&ﬁéﬁRﬁilIy; that
is, a transpogsysiamhthiaiaudes a conveyor such as an auger transports the feedstock to the

pyrolysis chamber.

When radiation is utilized in any process, it can be applied while the cellulosic and/or
lignocellulosic is exposed to air, oxygen-enriched air, or even oxygen itself, or blanketed by an
inert gas such as nitrogen, argon, or helium. When maximum oxidation is desired, an oxidizing
environment is utilized, such as air or oxygen.

When radiation is utilized, it may be applied to biomass, such as cellulosic and/or
lignocellulosic material, under a pressure of greater than about 2.5 atmospheres, such as greater

than 5, 10, 15, 20 or even greater than about 50 atmospheres.

40



Other gases 6210 can also be added to the feedstock prior to the pyrolysis chamber. In some
embodiments, for example, one or more catalyst gases can be added to the feedstock to assist
decomposition of the feedstock during pyrolysis. In certain embodiments, one or more scavenging
agents can be added to the feedstock to trap volatile materials released during pyrolysis. For example,
various sulfur-based compounds such as sulfides can be liberated during pyrolysis, and an agent such -
as hydrogen gas can be added to the feedstock to cause desulfitrization of the pyrolysis products.

Hydrogen combinesgnjibcmidfidps dians) thy grogsesinciiiite igasiathicind sonioetingand ewhdistinghe

pyrolyzecl feedstock. . Pyrolysis of the feedstock. within the chamber ' l }’g-:-rating the
feedstock to Pé?ﬁﬁﬁ%l)?%ﬁﬁt}i@‘nﬁ?ﬁ r‘céose%g%gﬁs(e) r’félﬁ[lt}aﬁ’ %Igg?nlgggﬁ?g%&%ptljﬁeﬁ I%ee%’stock. Typically,
the feedstocknadisthig dridsartieating aemecona@mande from 150 C to 1100 C. The temperature to which
the feedstock is hefed A BRRATHEAD HEnBREY il {RREORANlHE I e GarasUiaR e deedstock
the feedstock average particle size, the moisture content, and the desired pyrolysis products. For
many types cobrumenslyand Sasbrr forledesonifizipgrplyelyziaapetstnr&sPdii@en 300C and 550 C are
used.  The residapge,tileRbieifeRdsioakMihimE R REals i hapRBROsNamingapends upon a

number of factors, including the pyrolysis temperature, the comgositlon of the feedstock, the feedstock

average partiGRizngadiatione Nah &S GIRVBATA%H o TRESJEISFEIH YIERYSLe LSRR, SP8%he embodiments,
feedstock mairsiaisiare Ridielisrathdha denmedsritl of ishaitivue 106 me aoshpdIfonite mpewatofe for the
material in an inert atmosphere, e.g,, from abqut 2 C above to about.1.Q C osition
temperature B?Iﬂf)lﬁ?’a%%h%fée o‘c’l\}hee {1%: a%lgugc?wd‘ above ﬂ%gﬁ%c%aréglo%itil(ﬁ?%ﬁr%é@%%ﬁeg gl{%?’such
embodimentsirtidétingtaxdbidis gener aliyrk ediatiothisursnspeeitascfomep cayetnthaf®@m oours, e.g., greater
than 1.0 hougegfrgég%ﬁ{ﬁg@éé §§9 lf%;QiPQM(& éghgtg%m@gnts, the materials are pyrolyzed at a

temperature well above t osition temperature for the material in an_inert atmosphere, e.g.,

from about 75 C abB\epeei pembadimentssewisang G BRRosRRhH thrmsasypl Ritwesn a8kt 85 C

above to abop¥h3Qfd Ay eske, dacr RBRRIEER JRsHPERRIE i d| D2RtE RtEZIgd iKW or tagganaterial is
generally kept at this temperature for less than 0.5 hour, e.g., less 20 minutes, less than 10 minutes,

less than 5 niiPiidsgortiésy than® e XY Mbther embodiments, the materials are pyrolyzed at
an extreme temperailsiencegbdineiatic 29RIcskaddtdighoaldodcnatecekinblsdts edirgbosition
temperature of the material in an inert environment or fro Q4L 400 C above
the decom pocselﬁ‘(r)ﬁr? Stee%b'lé’ga l?}respﬁl]l ns'ué%a\e/%%g&n r?]%cnutfsa,r fﬁ%%g%%i a @l? g%@r? g _r\%?}gé}gt at this
temperature foeligss disecoridwiHulesedayinpa sedond BonhsrayrIsgtanelepiar B’gbbm,‘béléé}lﬁan 10
seconds, lesg;ihan Biseconds, IeSSdNanvESREORS SkRpR G REmSHCRaEpeesUBanis are

typically referred to as flash pyrolysis. In"'some embodiments, the feedstock is heated rgj}atively

rapidly to theWsiehgis dopgrongsithechng aramhee eSS Melcrwanpeieht By metn e Weptkdean be
designed to @e@@m’ee]‘g,eg,gtgg,ksa,tﬁ{m,cﬁsb,eémqrm@%&iand 11,000 C/s. Typical heating rates for
biomass-derived feedstock material are from 500 C/s to 1000 C/s, for example, ... A tur flow of
feedstock material WESTRSAE Bf% 8??%8?&5%%%%%%6\%% é‘gaz‘:‘)“de(, aéléj | gﬁ%&%@ﬁ aft_?l)\rslléely
efficient heathranséeorid dhatidladstdokenthsaribe fistetystatatynepchbs dgywes tham albpufl wefbieean be
achieved by ’?I‘,%V\/tienrg ) Jggp@g&}?_rfl@%%gggmqgugp the chamber using one or more injected carrier

) 3y a t M

gases 6210, for example. In gene carrier gases are relatively inert towards the feedstock

material, even at th& Hﬁ’gh?mbp@mwﬁé%ﬁﬁécﬂ%mﬁmﬂ?@f&’ﬁﬁ?&ﬂ?&aﬁ%? $pserd include, for
example, NitiQgeRs2iA9R sBEHIF] SRERRIANBR ARHdanat s arRqBvei oxisladAlbarasiyalywel in addition,

mechanical transport systems such as augers can transport and circulate the feedstock within the
pyrolysis chaiefefedre f¥5dcR 9f AYERMHERE MR SRINMIERET some embodiments, pyrolysis of the

feedstock occurs supstriiatipledhhalsaTerdifionygenoxidhtivhes sqaetisanyandsal Ogatlpan can be
removed from the pyrolysis, chamber by, periodic purging,of the chamber with hidh. re nitrogen
(e.g., at nitrof&H ngggﬁ%%d%?g"ﬂﬁ’f'&%%%?éﬁ. g o%%&%ﬁr%ﬁ%r gt%t Véngﬁ\;%r%%gg%%[a??nﬁxture present
in the pyrolysigfchmentsed {e afeedstonk) [SatdysiarofaldedSatiand dhyrcted incladeansnsaiod theeenole%s
0xygen (¢.-oiesripaL VSR SIS R Y GRIETRIAR: TR b arvoRR s Thpuaksaece of

oxygen ensures that ignition of the feédstock does not occur at the elevated pyrolysis temperatures.
In certain ensserfifbnedden eni enpshfiamirotsseadsheareyddasinputiinfbe ?g e 1d&dstock and
are present during pyrolysis. This technique is referr&l to as oxidative pyrolysis. Typically, oxidative
pyrolysis occurs in multiple heating stages. For example, in a first healing stage, the feedstock is
heated in the presence of oxygen to cause partial oxidation of the feedstock. This stage consumes the
available oxygen in the pyrolysis chamber. Then, in subsequent heating stages, the feedstock
temperature is further elevated. With all of the oxygen in the chamber consumed, however, feedstock
combustion does not occur, and combustion-free pyrolytic decomposition of the feedstock (e.g., to
generate hydrocarbon products) occurs. In general, the process of heating feedstock in the pyrolysis
chamber to initiate decomposition is endothermic. However, in oxidative pyrolysis, formation of carbon -

dioxide by oxidation of the feedstock is an exothermic process. The heat released from carbon dioxide
fAarmatinn ~ran accicet fiirthar nvrnhv/ecic haatina ctanace tharehv laceanina the tharmal lnad nraceantad hy




As discussed above, a variety of different processing conditions can be used, depending upon factors
such as the feedstock composition and the desired pyrolysis products. For example, for
cellulose-containing feedstock material, relatively mild pyrolysis conditions can be employed, including
flash pyrolysis temperatures between 375 C and 450 C, and residence times of less than 1 second. As
another example, for organic solid waste material such as sewage sludge, flash pyrolysis
temperatures between 500 C and 650 C are typically used, with residence times of between 0.5 and 3
seconds. In géheralmatenial plothe gy eisaprocesaypdmithoreter, ind prdness¢é Sideusbe pallst mitolysis
temperature, {3edaiack IERHERGE MR SHE EAIRA b AGT A GHIRAR I P UIRUHSIS WHRSS!

composition, a itive gas composition can be regulated automatllcalle/ ya slyéstem of regulators

and an autonfgtad spderenayeshere ofzifioliipgeBgiony s arnrwosr WA NEERMBRcts undergo a

quenching stepifa5R #3 FBEMCEHiRBMARBEB YIS ¥htdRININHHEISPHI @ fusthes araeansiay. Typically,

guenching step 6250, includes spraying the pyrolysis products with streams of ¢ooling water 6260. The .
cooling waterBAt5i#h n¥hich the-Geitlosh brs 0 e ?B?lfﬁ‘bli%’s‘@f\}é% Bﬁa&fg% 3‘(‘83%?%%‘—\(}8%%5

dissolved proslagisalAlso present in the product stream is a mixture that includes various gases,
including product gases, carrier gases, and other types of process gases. The product stream is
transported vig i Riatp@de a gas separator that performs a gas separation step 6060, in which
product gases and gther gases are separated from the slurry formed by quenching.t rolysis
products. The sepa a'f%arg%%r?ﬁ&ﬁrazl?g Bf) f6hA %,saﬂ“eeé‘t%ea ?(%{1 agg os\}evgetr%é)f (65 s\?\fﬁ%%ﬁ@(%gcé\éses the gas
pressure by Htomiagyaie inteth efdifftueat sDhegyds exivactiresefahsbbstanbge fro thefekiistasbnastble 6140, in
which the gas, Ui RaR5 93 HIRIIRLANE ALGRIS LA Rue:n e ipleth ehArEPAULRIR) Refgmove

particulates and other impurities. In a Subsequent step 6150, the filtered gas can be compressed and

stored for furgféfansequsnessakivdiptionemedissghs walenaswsiehtendioremsaliniiiEris'eps 6160.
For example jifsspeenpetadinciselh efiaiarvamserndeaoniansas Mesepaiva diftlesant gaseous

compounds within the gas mixtyre. The different compounds can include, for example, varipus
hydrocarbon ?}Pd&bb*té}%é‘& Inpdiaip fhe ptsralE ih?erﬁé)@f‘gﬂ%ggeé’ﬂ%& p&%(ﬁ% X %fihr?r e‘ri)oyrolysis. In
certai_n em bgpﬁm’eiaks siible a‘ilmphai;gascmmmangms;mmdueedf foydraogilbon betm:immxeqtslcmbe
combined W'%‘eé%egc@e%ﬁﬁo?}%? 1Pl ML ?J%YXﬁé %Yo%%&%%%fé, D904 sifiGsted to a

the hydrocarbon ¢

cracking process to reduce molecular weights o mponents. In some

embodimentaltiakipipt stysisie asraperdrii kedistinanredusedbyradionshy e gehsanosnesesdith as
methane, propagaicnefesdian iRl s IGRESIR oM ARISIRT R4 R P[RS HRRACaIRMigRSes can be

recirculated into the pyrolysis chamber for combustion, tQ generategﬁéocess heat tq sustain

NDUS e
pyrolysis pro€leston basmermuierd sanduinseshie wdins e Kedstock i darsannlied Srpepd ohls: that
can be used gesine efse: tid tRpafiatlaaeiiicrlsRakeraaisiefisgdusexofrplitisnadiabirgkfeedstock
with radiation (e.q., gamma radiation, electron beam radiation, or pther types of radiation) can heat the .
feedstock m%ﬁfﬁ%ﬁé%% ?‘%ﬁ#‘%"gﬁ%@gﬁﬁ?& %3(3 %g egasf%% %e%téiﬁrcnagt{lalﬁé gsggneémécg?ooled by
a heat exchabgdisg<tegn mmm@wkbim&cdsth@cenmdmwt from the irradiated feedstock. The
hoat exchange syl RErfe AN it indiRR A ARG 8l MR AR LRSI

chamber to heat (or pre-heat) feedstock material, thereby reducing energy cost for the pyrolysis
process.  THBSERIRPeAeRER B AearRIVEISHI 0Ny OIS HradiRted e arTGraRsRy oV h I9piriR&l
de-watering sigftfia @ .gniwiie P T amBiahdatoREX SRyRYaRAtAN 00 usl B iRPIReAsERE such as
mechanical pressing and evaporation. The excess \%?ter 6580 can be filtered gnd then recirculated for
further use ir{%éhéwgbﬁ?@&?%g&"ageam%&éﬁis rstielesd (o repyig 3sepond malenial 2,8k e siurry
then undergarsidenesihaose ahenparsitondsiemi a0erupshidbcabiiovpigit (M plewal ®id thés separated -
T S aIBLA0R0In R e O TiReeasinahlag [lisrs dR. b 400 ascigy procuct
material 6090°CaN then be eBn enseoar(e.g., via evaporation {5 remove waste water , and purified
by processesalshcambinadivtithra mHicnecgansoate. moh tetenamddiperss) thatcen nidiae tigsasiendolvents
6180, for example AR SRRAIA GHBHHGS Fiih ARAUSIRELALOHYESeeHGR aRAEPRYS Rilieile Organic
solvents include, for example, various hydrocarbons and halo-hydrocarbons. The purified liquid ,
products 6200 can then be subjected to further processing steps. Waste water 6190 can be filtered if
necessary, and recirculated for further use in quenching the pyrolysis decomposition products in step
6250.  After separation in step 6080, the solid proﬂ?uct material 6110 is optionally subjected to a
drying step 6120 that can include evaporation of water. Solid material 6110 can then be stored for later
use, or subjected to further processing steps, as appropriate.  The pyrolysis process parameters
discussed above are exemplary. In general, values of these parameters can vary widely according to
the nature of the feedstock and the desired products. Moreover, a wide variety of different pyrolysis
techniques, including using heat sources such as hydrocarbon flames and/or furnaces, infrared lasers, .
microwave heaters, induction heaters, resistive heaters, and other heating devices and configurations
can be used. A wide variety of different pyrolysis chambers can be used to decompose the

feedstock. In some embodiments, for example, pyrolyzing feedstock can include heating the material
1eina a racictivie heatina memhbar crich ace a maetal filamaent or maeatal ribhon The haatina can ocectir hy



In certain embodiments, pyrolyzing can include heating the material by induction, such as by using a
Currie-Point pyrolyzer. In some embodiments, pyrolyzing can include heating the material by the
application of radiation, such as infrared radiation. The radiation can be generated by a laser, such as
an infrared laser.  In certain embodiments, pyrolyzing can include heating the material with a
convective heat. The convective heat can be generated by a flowing stream of heated gas. The heated
gas can be maintained at a temperature of less than about 1200 C, such as less than 1000C, less than
750 C, less thamaf§lDsGeHasa-{kas 4006 anay,an legamibaciehydrotabdreatauxgassedamycomaintained at
a temperatur?1 gf reater than about 250 C. The convective heat can be generated by a hot body

€

surrounding t f irst material, such as in a furnace.  In some embodiments, pyrolyzing can include
heating the materiaSivith thcseondt matsnind Srhasicelwinsodaving a redoced molgcylanwsiahtrelAi v pyrolysis

chamber is showd) i EGi o1 S RS i RpARN GIHdGs AR e AlRg ShAmhae wabndSddemitnsa vent

6600 for exhaust gases, a plurality of burners 6520 that generate heat for. the pyrolysis process, a

transport ducessaslionestispsreiblytucilablestadionse Bl A SAlHiaESBHining R IR Mioving the
feedstock thraygh gripefR3MmilkaherdudtniatiimerAnanard yesepiibl: sy stemicddthmbicindles an auger

6610 for moving, the pyrolysis products, water jets 655Q fqr spraying the pyrolysis pro ith cooling
water, and a §RLOSILAIAGK FSPRLYR I8 i Seatedl ¥ H%tga%%ﬁquélrrnn%‘psﬁ% %rg%cggﬁtt%%%ing solid

and liquid progidess prodwitiofiievet nflaattisiredpotiach\erelysinuiaRatirtos tavatsorserdize be Chamber
6700 includesr.n%{%riln ulated chamber wall 6710, a feedstock supply duct 6720, a sloped inner chamber
wall 6730, burners 740 that generate heat for the pyrolysis process, a vent 6750 for exhaust gases,

and a gas separatol6xeeefonkustineati the sesend SYrbER RYerEP ToolesHIan NFE w3 i [P Eiducts 6780.
Chamber 670,15 GOl yrarbie FoiAle MR HMSGLER TMNNUPHRTOW-A 696ut0 @ peecatpelggusye mixing

and turbulent flow of the feedstock within the chamber. A further embodiment of a pyrolysis

chamber is sRAvAT-AGRS. 407 SR pareraib G REIGSR: o PYSMATFban AR MPHETEr 1713 with resistive
heating element 17 14 dhibenéipeg fthewitontinaiogal aughulbs: dpe hapa ceystefimitg ECihthasasnple
holder 1713. Optionally, the heated ent can be spun about axis 171 indi rrow 1716) -
1 tumble thel LA HEETRATIAD O R MBI e e oy b C bl
defined by erteldswee thati § @ )rbpintaetbenabautclf percentye- b bu P03 I ADAARF BV HIOP00 to 250

C. In a typica,us rer' as, €.g., an inert gas, or an oxidizing or reducing gas, traverses
through the sglr%naggﬁgf()(?e%r {‘%‘g while the resistive heating element is rotated and heated {o a desired

temperature, e.q., 3sanesmhodimaptsr i Mteingrygayintyinder (prior i irrrdiatom i AZerahestial is
emptied from4fig, 585uP ke BYeleint BE SHotREbSHCINI AYOHETsLefnte Somlatbanshmoadewdotinuous.
For example, rather than a wire as the heating member, the heatin emher be an auger screw. |
Material can E8isERk 8RS HesmHrllngy Wgﬁﬁéﬁa’g’ﬁ%‘tﬁﬁ%‘“& %{é%'%a%bst r%v(\’/ug]%gpﬁffr:gl &&the |
material. At thesabaitinsao tesasperent prfothebpyrlypabom#@patentt dfoweveninsemiolder to

allow for the entry of fresh, unpyrolyzed.material.. . j ARvEelysls gpamber-is
shown in FIG?’&%%@%?&STSQU@?%‘W%’- &%Afla&?r%liﬁgi’q%f%qﬁgﬁonﬁ%géa sa{??wple chamber 1821
housing a ferteweagreticpiaiicns 2lp. sSme omhditiganis, Sampleris afasaradistiondessientially 823, The
space 1824 da%ggsﬁolax enclosure 1825 is maintained at a temperature above room temperature, e.g.,

200 to 250 C. In a typical Ué%ge,_a carrier gas traverses through the sample ch(imber 1821 while the
foil 1822 is inductivihsPraafrPpgiments fretiaiogipwnhsiAnsise moleptayalent @UdRed temperature.

Yet another griodigng i 96 Mow!yo000as wirkis 200)000j2.5| GrokPabout 2800 (Hiokoat 130 includes a
movable sample holder 131 and a f e 132. In atypical e, the sample is lowered (as. indicated
by arrow 137}-H&%% 8F ToMe1% ﬁ%ﬁﬁ%@%?@n@gaa%%?ﬁ%g%%%eﬁIT%’ "’thé%‘%ﬁllsgf’rﬁ‘gﬁg&%ﬁﬁd
traverses thragghithdistdon pcrbmidbout 30,000 eosdop 200006 el ﬁnmemsﬁ@ﬁ%mp@ature for a
e = SIS AR RO lod 13 GBI RGNSl ERMEHLIRTE fiouRgf Ol 22 bY

raising the samgle holder (as Indicated by arrow . n certain embodiments, as shown in FIG.

20, a cellulostastemsijest iméi@tém,tiéipwmﬁé@WYMH@QK@W@@WW%&%@QW%}\?QCUum
chamber 141,yxithy (3666 JOEVeiEss fitabout 5,000.

43



having a wavelength of from about 225 rim to about 1500 rim. For example, the target can be ablated

at 266 rim, using the fourth harmonic of a Nd-YAG laser (Spectra Physics, GCR170, San Jose, Calif.).
The optical configuration shown allows the nearly monochromatic light 143 generated by the laser 142
to be directed using minors 144 and 145 onto the target after passing though a lens 146 in the vacuum
chamber 141. Typically, the pressure in the vacuum chamber is maintained at less than about 104 mm
Hg. In some embodiments, infrared radiation is used, e.g., 1.06 micron radiation from a Nd-YAG laser.
In such embodimenia, sarifeattaisnntilite syechmderiebnibhuvd aiveliof wédationic Gahtaatas to produce -
a cellulosic ayget, e, WINGY G AEN"8 G edadingnl Nospllinn el apdeablation

al. inU:s.

is described byBlanchetrincher e L atent No. 5,942,649. = Referring to FIG. 21, in some
embodimentsiaterdh derskidimitsritisneasatibtnasre it and/py selibilify, Lt spbaiagdft 150, such as -
a 5 to 25 mil tyngsian flamentiwith dersesiee el essistpiesiatmixleriRermeainbiadiischoysed ina -
vacuum chamber 151. To affect pyrciilﬁ?is, current is passed thr%Jgh thﬁﬁﬁ mentt, wlii causes a rapid
heating of theitfEsaRertRedevelpl sheridenonmfshesrronddnatesian ip RIG 1 FPUEEN TS before
allowing the fiiggaambiricpeolm s A arbndiizan sniheraatiggisundefarhiaket of sirve orfgimes to
effect the desired amount of pyrolysis..  .In certain empodime carho SGONRINRY biomass
material can l?é°ﬂlé%{ﬂ§aai??%%%ﬁ%ﬁ‘éi%?t&(%oéen?’rﬁ“gzﬁtﬁg}%rg\%nés trrgggzgt%%?{?@t%fre , the carbohydrate
containing bicevass taretia\carr alativedyethjdrorgd greapsi aldehydel groupinkoiens BFpRS; eSETEIAYDS
materials described herein,.for effici eatiansier ;I Beqraaigiiah,can be heated by thermal transfer
from a hot me%léfag‘rg%@?g?nﬁ%, %%@%?éﬁ%gé‘erggs orlsang in%ﬂe%y;ctor, and the resulting pyrolysis
liquid or oil can be transported to a central refinery for making combustible fuels or other useful

-lonlzing Radiation . . .
products. Oxif36E ne or more oxidative processing ,sequen?es can he used t(g ﬁ%rlocegz)s raw
feedstock from a widi@hREn o8 raitireripuget dasbigadss Xia RAERY % ErAFHons AS ASHIRSE Biock, and
to provide pagtigbysigpeadastangamc Maerialadsithafutlsprimasijnpniztonfattth iaCoulessing steps
and/or sequences..  Referring again.tg FIG. 8, a first material 2 that | alldlosgigying a first
number averafﬁ%%%’cgf}ﬁe\%‘?gﬁt%m AR AL 3%%%%%(5&%%%%\#%%?% ) is oxidized, e.g., by
heating the finsbteateAipharparticlve fterivirotionl Bribamdtedobp beijematen st ate roducptdVithe a second
material 3 thajyielydes GUMRTE HRAG A SREANIHINBYBIGMEIEDIRMMAIUNATING) and

having a second oxygen content (102) higher than the first oxygen content (1.01). The second material

(or the first aradoacharriviasrinm sexerhaetinisiss: FSh RS ACHAIE, LR FEHEY IFPEYRYIN, such as
a molten thergpplastinifesinAl Adteiaalaadisitotiuprovide a composite 4 having desirable

mechanical properties, or a fuel 5. Proyidi higher level of oxidation can improve di bility of
the oxidized materia@ll‘f'?‘é°ﬂ§§meé?‘faVd%ﬁ%ﬂﬁ%ﬁ?ﬁﬁ%\%%gﬁ%? a%ga%%gg%ntf be l\ia\/{(?:‘oenr}J ?ﬁgu(%j%is 1zed
material and WRrgsiim iRepvet) dispessadilitil estior rirde bapredived dinpdinastiveaialsitheles in
combination with, mantal L%gym%%“a%'%% NSIghD;SANPL LRV, FRmRatHE S I drRe liRkRidvgghanical
properties, suéh 4 IMprove ABrasion resis ance, compression strength, fracture resistance, impact
strength, bendingjestremgtin, carisiiusedad aluclefiBru saRTPR WA thSTHHAN SAGHIh at break.  Such

materials can also bﬁ&%ﬁ&gﬁ%’%@&%‘%&@@mdﬂ%?&&&e& lidhadigssshsiambe in the form
of a solution and the solid can be Patticulate in form. The uﬁjid and/or, solid, can include

microorganisiAOBRION SCARHB pAiERSPduGtian, The deminaling ipierapianys SR /(%ﬁeenzyme can
work on the cgli#8siE tie isnaar luesieaadatiahionitatniterofltht raaetizis Bibamomaioa obproduct,

such as a protein. Fuels and. coproducts reﬁe cribed in FIBROUS MAT é

COM POSITE@Eer?fggﬁ cffi%%%%‘f,tﬁfe bt} %dsf%41 o]o]o ﬁ%eﬁl 3%&%%%?’1{;%?%? e (P:‘l'rglg(?)%l m’eﬁ%gregoing
applications arasaisxpptiatechéfficiénthgraptieddmdmy as a fusching efinsiierhensEgyithe second number
average molecular weight is not more 97 percent lower than the first number average molecular
weight, e.g., not more than 95 percent, 90, 85, 80, 75, 70, 65, 60, 55, 50, 45, 40, 30, 20, 12.5, 10.0,
7.5,5.0, 4.0, 3.0, 2.5, 2.0 or not more than 1.0 percent lower than the first number average molecular
weight. The amount of reduction of molecular weight will depend upon the application. For example, in
some preferred embodiments that provide composites, the second number average molecular weight
is substantially the same as the first number average molecular weight. In other applications, such as
making ethanol or another fuel or coproduct, a higher amount of molecular weight reduction is
generally preferred. For example, in some embodfments that provide a composite, the starting
number average molecular weight (prior to oxidation) 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 oxidation is from about 175,000 to about 3,000,000, e.g., from about
200,000 to about 750,000 or from about 225,000 to about 600,000. Resins utilized can be
thermosets or thermoplastics. Examples of thermoplastic resins include rigid and elastomeric
thermoplastics. Rigid thermoplastics include polyolefins (e.g., polyethylene, polypropylene, or
polyolefin copolymers), polyesters (e.g., polyethylene terephthalate), polyamides (e.g., nylon 6, 6/12 or

6/10), and polyethyleneimines. Examples of elastomeric thermoplastic resins include elastomeric
ctvvranie eonnhh/mare fe A otvwvrencaathvliena_hiimtviena-ehvrene connlhvvmaerel nonlvvamide alactameaere (o A



In particular embodiments, lignin is utilized, e.g., any lignin that is generated in any process described
herein. In some embodiments, the thermoplastic resin has a melt flow rate of between 10 g/10
minutes to 60 W10 minutes, e.g., between 20 g/10 minutes to 50 g/10 minutes, or between 30 g/10
minutes to 45 g/10 minutes, as measured using ASTM 1238. In certain embodiments, compatible
blends of any of the above thermoplastic resins can be used. In some embodiments, the
thermoplastic resin has a polydispersity index (PDI), i.e., a ratio of the weight average molecular
weight to the number average molecylar weightw.Qtgreatendaan-duds €.9., greater than 2.0, greater
than 2.5, greater than 5.0, greater thafi 7.5, of even greater than 10.0.  In $pecific embodiments,
polyolefins or blends of polyolefins arg\utilized as the thermoplastic resin. xamples of
thermosetting resins include natural fubXer, butadiene-rubber and polyurethanes.  In some
embodiments in which the materials afe ised to make a fuel or a coproduct, the starting number
average molecular weight (prior to oRiflatioq) is from about 200,000 to about 8,200,000, e.g., from
about 250,000 to about 1,000,000 &r from agout 250,000 to about 700,000, and the number average
molecular weight after oxidation is ﬁ'ﬁrh aboux 50,000 to about 200,000, e.g., from about 60,000 to
about 150,000 or from about 70,000 td about ¥25,000. However, in some embodiments, e.g., after
extensive oxidation, it is possible to Rave a numker average molecular weight of less than about
10,000 or even less than about 5,000, In some diments, the second pxygen content is at least
about five percent higher than the fif§t oxygen content, e.g., ~5percent highér, 10.0 percent higher,
12.5 percent higher, 15.0 percent higkfer or 17.5 percent higher. In'S preferred embodiments, the
second oxygen content is at least aBQEt 20-0;percentmigher than thedxygendcontent of the first
material. Oxygen content is measured by elemental analygighy ssglyzing a sample in a furnace
operating 1300C or higher. A suitable elemental analyzer is the LECO CHNS-932 analyzer with a
VTF-900 high temperature pyrolysis furnace. IMWe embodiments, oxidation of first material 200
does not result in a substantial change in the crystallinity of the cellulose. However, in some instances,

e.g., after extreme Blidtovagunticadishoniseeiaspificdas|easuBaraysHamYSs WRARISIRHAY1C2) that is

lower than the, grysigliRitg{bwhRlstie ﬁ@lk%%&pé@%«ﬁ@téﬁwaeﬁﬁg@xample, (TC2) can be lower
than (Cl) by more than about 5 percent, e.g., 10, 15, 20, or even 25 z%rcent. Th%i n.be desirable

J Is
when optimizing the eRtAEP S EIIN BBt h‘?ée%lﬂﬁﬁlsﬁ?érfédéa fhe BHPIRS RSECTEE Ring the
crystallinity capgipraveltheeangadtpriat bf egtioarrian giniran ireatiistan1pdatidssgamo® of a composite.
This can also be desirable t hangg-solubility of the materialsin a ligui jquid that
includes a baRfbPHAR Sgﬁgl%srggﬁ’éa’r’%ymce% pgl?e i ggvn%rg“gﬁiﬁaéq &%ﬁ?&%@%@r@tﬁ%@@?gﬁr%ty index (prior
to oxidation) isrddiatedbelitd@ge Ehegt, 87adepé rcpintalityirdmaates allof o/hich prsuonseh ér@ent or from
about 60 to 2palcfOBRARALRERISCAISIN AL Rd e RaleL AR 1 Beybnaidiiisabout 75.0

percent, e.g., from about 35.0 to about 70.0 percent or from about 37.5 to about 65.0 percent.

However, in depe6-cSipsairieineudes a plneality el AharadsAPatidn SIKISSH OEIIRE tBHRSS a crystallinity
index of |0W'3£1ﬂ§\§lﬁ§tﬁ@é§§ﬁ\§a AGRTBR fIeetFR ShifgMesRIselcalthepwisiapioriinatthetantially
amorphous. Without wishing to be bound by any particular theory, it is believed that oxidation
increases thé”ﬁﬂ?ﬂ@é?lﬂf'hydrogen-bonding groups on the cellulose, such as hydroxyl groups,
aldehyde groups, kei@pergionphecanhsixytbariddied pspiacad oydrive igngugde wHielirsdiociease its
dispersability and/or its solubilit .. in a liguid), To fur i i ity 0.3 resin, the resin
can include & %%gﬁ}’fgéé%? fﬁgﬁr%l%w%‘geﬁf%ﬁgéae%%lgﬁ ?%&gﬁaﬁggﬁgﬂ%ﬁé%%mtgg anhydride
groups, carbexytiimitildriock3 ] hiftienperaiastinn leavrsshe containment chamber, passing through the

maze entranceway and through the lead-lined door. The operator mans a control panel 32,

instructing a computer 33 to lift the radiation sources 12 into working position using cylinder

36 attached to a hydraulic pump 40.
Gamma radiation has the advantage of a significant penetration depth into a variety of

material in the sample. Sources of gamma rays include radioactive nuclei, such as isotopes of
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groups, amine groups or mixtures of any of these groups. In some preferred embodiments, the
component includes a polymer copolymerized with and/or grafted with maleic anhydride. Such
materials are available from Dupont under the tradename FUSABOND(r).  Generally, oxidation of
first material 200 occurs in an oxidizing environment. For example, the oxidation can be effected or
aided by pyrolysis in an oxidizing environment, such as in air or argon enriched in air. To aid in the
oxidation, various chemical agents, such as oxidants, acids or bases can be added to the material
prior to or duripepalkidaltivm, Feshaicamyptdrenpaers galbufe, indlven zodingdrori dejptem samamited prior to
oxidation. OXidaipR Y EmS thalflE- ad SBRYS a process flow diagram 5000 that includes various
steps in an oxidative feedstock pretréatment system. In first step 5010, a supply of dry feedstock is

received from a feed>8YifES *HavRBaluds plesttanPraBsabision Bithmstal targetrayehise P BB ehtainer
that is connecigeljadeAuin HnAIGHIGRMERBCHRNYIBLAE0RUGH 8 Bl PraletiRbiaResIaTKBansport
device. As described above, the dry feedstock from the feed source may be pre-processed prior to
delivery to the BREfon reactor. For example, if the feedstock is derived from plant sources, certain
portions of the plant Soatessabmétyadoi ke mdistidipinolutie deltedtinnootitimiptahimpaterial and/or before the
plant material is delivered by the.feedstock transpart device. Alternatively, or.i % ion. the biomass
Feedistock can be subEUEe b e M IAEREE ST AN QMR RGP CIRE T foers in
the feedstock)lgms: to delivery to the oxidation reactor.  Following mechanical processing 5020,

feedstock 5030 is rauapaes} AR RMGIR RARISH BILORSRS MAGIEAZG: i fedstock in a

mechanical mixing process. Combining water with the processed feedstock in mixing step 5040
creates an aqSRBERS thesHBlyy AYHF9EsOS VeRT R IEHKOS BRSSreated with one or more oxidizing
agents.  Typically, one liter of water is added to the mixture for every 0.02 kg to 1.0 kg of dry
feedstock. Thé&leglien Bgdmedstock to water in the mixture depends upon the source of the feedstock and
the specific oxidizindTsipEsmbedimanisct bramnnfielsstons inbserd atshespdiation seycexArbEA® 4 typical
industrial procgeatagsIng U wRaTREIoOGeH desicaRiopas, Sosesidn 1TERASIGRE Setwi)pRigA includes
from about 0.5 kg to abqut 1.0 kg of dry biomass per liter of water. In some e bgdiments, one or
more fiber-prc}m@ﬂ | W@Q%%W’&taﬁ“&l?8568@5‘88‘8’16"‘%‘8’?8%31%1&‘%‘15?&?‘?ﬁ’?é’ecfs’%%%ﬁ mixing step
5040. Fiber-peffiettingtadekingchhialpisied Unediigyaddtitoe loyite eitsgges of HithMe¥ ¢ers (e.g.,
cellulose fiber, r idati f ck. Fiber- j dditives can be used, for example,
if a desired prgll ucl:ét ro?r?%ﬁrj%a%gééﬁatpf ﬁ%ﬁ?ﬁuﬁéﬁpégﬁﬁk includes cellulose fibers. Exemplary
fiber-protecting additlestondiertes eradrecsngraiednsgolncticsrestatis genenatosh. AR exngeators,
Concentrations,aifhre- ARIESHRg RICIHIVES R deeARACKRIW AR SARREIFAEGEPY6 1O 0.4% of the

dry weight of the biomass_feedstock, for example. In certain embodiments, agueous feedstock
slurry 5050 cA5laipsTekibe Hper srhodfatiastrachelrrai o ARt AU POAGEHIFRLR FIFE Pet D 6B
water-insolublerizibgiadies:finde calbérysehfl] €xaropreladvétachinnidéssdd mutbids) egihlessaehan more
organic solvents yields a purified slurry .and,an grganic waste stream 5210 that includes
water-insolub?éir%e?%ér?ﬁ's %ﬁ%ﬁ%‘safgt's%&& Iré?}é'ﬁ%gbgf?elrn ﬁ%r?—régfgr, ﬁ'&rgrlggla%ﬁ)o%ﬁ)o%eed substances.
Suitable solventbddimeetfothe engrexivé ctidnelkshurof 68500t easis fromadbolki@lS, MpMrtscabdisns, and

halo-hydrocarpRp T Becon IBIRAIUS SAPHHEIRDS 1AGVSOURIRIEIASY Yy iRnpaRR can be

subjected to an optional thermal treatmenit 51'90 to further prepare the feedstock for oxidation. An
example of a SeMeY teahovtddIMRMes heating the feedstock slurry in the presence of pressurized

steam. In fibrous bigN@RSY VRS BKeJEL3 NEASHAEFEA FIRARLEINENALS CaHBRE StePYRPEIJeBHIGRTCT
racion of o stfaces (0 e addpous, solven' and lo.ondizing agepts Datafe dyschicess
is received from a feed source. As discussed above, the dry feedstock from the feed source
may be pre-processed prior to delivery to the electron beam irradiation devices. For example,
if the feedstock is derived from plant sources, certain portions of the plant material may be
removed prior to collection of the plant material and/or before the plant material is delivered by

the feedstock transport device. Alternatively, or in addition, as expressed in optional step 3020,
46



In certain embodiments, aqueous feedstock slurry 5050 can be subjected to an optional treatment with
basic agents 5200. Treatment with one or more basic agents can help to separate lignin from cellulose
in lignocellulosic biomass feedstock, thereby improving subsequent oxidation of the feedstock. ‘
Exemplary basic agents include alkali and alkaline earth hydroxides such as sodium hydroxide,
potassium hydroxide, and calcium hydroxide. In general, a variety of basic agents can be used,

typically in concentrations from about 0.01% to about 0.5% of the dry weight of the feedstock.

Agueous feedbedikmshssifecssookisandresubitedd G gnethasinalpitessingiig Sy steediaotbecivaragser, which
can be an OXidaliarPrRIefFE AL ARSI AR RIAAINRS aCiRh bedaiaRdGRiBRESSIng Step

5060, one or mare oxidizing agents 5 are added to feedstock slurry 5050 to form an oxidizing

medium. In some ediRRRENkshecine Keadssnsk dsdeapsirgredorn fesdwerk SNt dEicAlbGeh peroxide.

Hydrogen perQyieis san beard ek iArtidd ¥veP i dRbaudRAUAEAILTIGR fesadialrianRpdions ranging
from 3% to between 30% and 35% by weight of slurry 5050. Hydrogen pergxide has a numbher of
advantages SCHSCARRRON YA M fen by BIume o JOi DRI PSSP HERESi S SXATRGH TRAPEMNvely
inexpensive, & telaideinghtriliady dtabtion mdativnpagiendadintiazhedocs elatrassporotieeicoxidizing
agents (and theg?;grt%edqgﬁrgg gggqirrrg dli)telrgenr%gggsemhandling procedures and expensive safety
equipment). Moreover ydrogen peroxu?

e e%ompo&s to form water during oxidation of feedstock, so
that waste stream cleaomp émbelithesly, straigihgfeystendintradinesqehemhienl ageniBdbtiite imbodiments,

oxidizing agepisi500;3R JPRLIAPHSUAE IR Sha BRI IRALAE N IoRIBRA Ok ERmpiRAtion with
hydrogen peroxide. Oxygen gas can be bubbled into slurry 5050 w&jgropor lons ranging from 0.5% to

10% by weigRteseatedipesistook mumiring e A0 cEaistishagiepye feiloek sURCIBETR¥ G8uced into a

gaseous DhZﬁﬁd%)&%ﬂ'iEf#d@h,WHib%ﬂﬁ(e?%ﬂxé&ﬁheﬁmﬁﬂﬁiﬂg?g& S W EEPhoTe oxygen gas
can be introduced into either an oxjdation preprocessing chamber of info an qxidation reactor (or into
both), depending u&[ﬂ? Bt SERAYAHS GrosP L SRR sﬁ?&é@%ﬁﬂgg‘%? %IY oM BXample, the

partial pressuendf oeleronbéhm vialiaionabdy ensl oriyidd fys N ehetithebe theiaad pidnt ¢geassuire of
oxygen, and ‘i%'%qgéa%& Qin PR 00k RabugE REAAIPE S ReBNeNAF e Al NeHERASIPGK, 30527 e
oxygen gas can be introduced in pure form, Fean be mixed with one oF more carrier gases. For

example, in sSBra@mevssimansithaidie-pire sontisupsansedithsough and betwasnitke shpwersPeiesn
embodiments, xy08 BASShANIFIPRIRECINEWALE)a I EBENAPRRAR RS RS YRSWEAT &

concentration o olsig(gen in the vapor remains within certain predetermined limits during processing of
the feedstockMAl ol MnBatersIBRY Berrrpsediarash MR eR Q8 Somt BRI LB EPeYtentration
to oxidize thaifgedsiepkscsnd then the feedstock can be transported to a closed, pressurized vessel
(e.g., an oxidation rgactor) for processing., . In certain embodiments, oxidjzing.agents 5160 can
include nascent oxyﬁgla%%tr?éz.é‘??giggag'ﬁ %%df’canrs?ﬁsﬂ?ﬁ%ﬂ”ﬁ’%“é%“f&%‘%“&‘f%éﬁ ig %??)I(?ﬂgcge%s needed in an
oxidation reaspptioations, dramairetaiNtuvd, Betgimuric tiecHitanitGapomtidatBam Risgeo CAy dpieeimore _
deCOmpos'“%’Pec??&‘:&?é?gieg%%%@m@v,'E_ﬁﬁ'\*}‘,ezt%’WP&F"W?M@v?@PP@M&%yméﬁ@lé&a{Oduced from -

a reaction between NO an In a gas ‘mixturé or in solution. In’ certain embodiments, nascent oxygen

can be prodiemirsdigicideyesrrveoesrdT kW s ke A0 EYhe Ok ¥h ik Wy 1P W +728deWt oxygen
can be produgsinaldeiaiolaeasn R SRhaPREHRINNHE elaaiabsRee WirhdSoh BidélRion 1N
general, nascent oxygen is an efficient oxidizing agent due to the relatively high reactivity of the
oxygen radiclIeigoWedandhedest Rgdn e 8@8%%‘?@&%@95&1é%?i%“ff%iﬂ??eiﬁ&s%gent. For
example, whEeppligil dosdiLiesicafeadtiocklis KEAs Gy 0 RGEL20 bEYQEMkGdOMeGyxaON of lignin
occurs in prelza'ence to the other components of the feedstock such as cellulose. As a result, oxidation
of feedstock With nascent oxygen provides a method for selective removal of the lignin fraction in
certain feedstocks. Trggiefiyn nessideringsloesronbamyritradistioncicwissnoseripecifioat ossinel i of the
dry weight ofiedeaslckupifused Wl ciRrianealingn. Waliod siRsuinhe bound by

theory, it is believed that nascent oxygen reacts with lignocellulosic feedstock according to at least two

different meSKBPTEFALOR L5 rls Ofaleqtan; Brarisediation opf b RASFEH £ PaiERYBATBE Y ion with the
lignin, resultiggety, RadtidaKigesig)cordbadionideuifich sonsidiizgsdbenibarincigiamends arigiion. As a
result, the solubilized lignin can be removed from the rest of the feedstock via washing. In a second
mechanism, nascent oxygen disrupts butane cross-links and/or opens aromatic rings that are :
connected via the butane cross-links. As a result, soﬂbility of the lignin in aqueous solution increases,
and the lignin fraction can be separated from the remainder of the feedstock via washing. In some
embodiments, oxidizing agents 5160 include ozone (03). The use of ozone can introduce several
chemical handling considerations in the oxidation processing sequence. If heated too vigorously, an
aqueous solution of ozone can decompose violently, with potentially adverse consequences for both
human system operators and system equipment. Accordingly, ozone is typically generated in a |
thermally isolated, thick-walled vessel separate from the vessel that contains the feedstock slurry, and -
transported thereto at the appropriate process stage.  Without wishing to be bound by theory, itis

believed that ozone decomposes into oxygen and oxygen radicals, and that the oxygen radicals (e.g.,
nacrant nvvvaen) are recnnncecihle far the nvidiZzina nronartice nf n7o0ne in the Mmannar diceeciricead abhnve



preferentially oxidizes the lignin fraction in lignocellulosic materials, leaving the cellulose fraction
relatively undisturbed. Conditions for ozone-based oxidation of biomass feedstock generally
depend upon the nature of the biomass. For example, for cellulosic and/or lignocellulosic feedstocks,
ozone concentrations of from 0.1 g/m3 to 20 gJm3 of dry feedstock provide for efficient feedstock
oxidation. Typically, the water content in slurry 5050 is between 10% by weight and 80% by weight
(e.g., between 40% by weight and 60% by weight). During ozone-based oxidation, the temperature of
slurry 5050 canste hemsirtdimed drstivoendeg madbbGd @ntegsouidnsatenrgieaippivmmizaiomelozone.
In some emb%@%ﬁ%ﬂﬁ%@ﬁ%@% @Jél{rlfoﬁ% ?&‘ﬁ’&xﬁiﬁ?&?& XYJ‘@eﬂGl@é_&L(Q%@’ 1@”@!@1@9'“““ that

includes one or more alkali and alkaline earth é/dromdes such as sodium hydroxide, potassium

hydroxide, and calcilifaykfadianiagenysiie Areddeasianbleamsahfrcanndanieatintioh it Yderie an
oxidation reagividd iR thRIBREThbsensa isceds NHiz Rt IR tha se dtsskipagidnn of the
biomass in slyrry 5050, Typically, for example, a concentration of hydroxide ions in the alkaline

solution is beﬁﬁg'@ﬁ WHS&%%M%@?\S&%&% ] sfm %'Bédnﬁ?f& STELYASE e;hgr eheoﬁ1 \tﬁetted via
contact with tite ialkialitranspirttitirection. cRoulslecpastaipstegng agnisliowr dd cler deetsiadtiesbigatiohaeactor,
where it contacts and, oxidizes the feedstock .. dizi t 0.GHgle other
substances. Iﬁrg%er%sgd egr%fgﬁﬁ\rgﬁlt%? ol}%?(;%l&g? @gﬁ%%ﬁggg%g% gﬁ‘é}%?nﬁgl%%?eér% s? such as chlorine and
oxychlorine affsdsto¢ls gjurhypochlorite) can be introduced into slurry 5050. In certain embodiments,

nitrogen-containing pridiziae, SYRRIPRERT AR RS LAERH HRRA B RNy B A Weals (7 T RiARYing

nitrogen-containing oxidizing substances include NO and NO2, for example. Nitrogen-containing
agents can aReBe AHINEERIHA By Seidvaaiassostireesn SHerdrnath 2 2gl $88nts. For
example, NOspbeli$) adZ2Hotveldretisstveliitepiagerdrp sl fined Heah wdbinFuiiatcavaittioswes which are
effective oxidizing a s for bigmass feedstock..Halogen- and nitrogen-based oxidizing agents can, in
some embod%@%ﬁs@%% {) 2 1'5‘,5}@

%acﬁiﬁb"é?rﬁﬂ%reo%%ass ‘feedstock, depending upon the nature of the
feedstock. The bleaOneg: pwgiobe)ﬂksdaw smmmmmwmwmtracted in
subsequent RIOLESTINASIRES it may BT LHHANE SRR CAHRGINIS il &y RIBE) Go YRiRMTcally

peroxyacids, peroxyacetic acids, persulfates, percarbonates, permanganates, osmium tetroxide, and

chromium oxreearate the snyidiarg slidearsmpprensnidbeifegdsterk sben. ddhsts ebAdiREsH5D is oxidized

in step d5070- ga@mig@m \ %ﬂﬂﬁtﬁl&k&&m\@ﬁl&)ﬂgdﬂ%&%ﬂﬁ@éié@ﬁ@dnmiéagﬁmaéey&lwrbmefb oxidation
proceeds in the same reactor. Alternatjyely, if oxidizin ents 516Q were added to slurry 5050 in a
preprocessin{'¢ AR, RIER#AHCZIR 1980 s[?gfi(gBHP?gc? hﬁrﬁe&g’%%?gdﬁfg’mé‘é%‘?ﬁ@;ﬂ%%iping
system. Oncehi¢sétepfoeessiidadien3¢rctty (iexetditekof-thephindaviss. fiedbtyeknpodoreds, theder a
controlled s_etfé)f gtg\a/i{%nr%?nqgarlle%oln%iltlilonsfogxp%(i%%lxg‘fe(r)rrp r%%gsrg%g, the oxidation reactor. is a cylindrical
vessel that is closed to the external environment and pressurized. Both batch and continuous
operation is r;gssible, al%h%@hﬂenvironmental conditions are typically easier to control in in-line batch
processing op&fanois: e "9RiAtion of feedstock slurry 5050 typically occurs at elevated
temperatures in theldgmbedimeats dbovhich thsdtragirsing s W&M%ﬂﬁﬂ‘yaﬂ}%iﬁ‘%ﬁé‘%idaﬂon

reactor is typifatlesnainbgiigd AbRYSnER favk) ad 2082V pdidn (I &8buon FeltsiuREyeataes of
biomass feed tocl@zo jdation is particulagly, efficient if the temperature oﬁs}u y 5050 is maintained
between 150%“5?1 5% 0% SIGRISF Sip5d aﬂ(qa)el edfnPLEYT 5"\?5‘?5@% h%?m tPMsfer devices. For
example, in smibedanvhtgiteaMstronegndtiatinintioadtar arrgapts phbeatofddatenHal mdudb.gil or
molten salts.,In certainsempogi a.series_of heat exchange,pipessurrou c the
oxidation real?:%)v?',e ea'tlr?fdB Cﬁ%ﬁ%()gr‘i:ﬁ onfﬁ%f }%Ir Wﬁ%‘%}%ga%ﬁ)gs ﬁgena}t%%ﬁfﬁ/é@(%@%%ﬁgf actc%. Other
heating devidbanthalf baretraterdanddithe, d0iy1 605 At eeenestaterdtian 463 ghel dmears, induction
heaters, and JRIGIRNRNE, SRLIERSRoiR SAE VB ation HAS FRRIEIHRGS ARG AETI0USIRF 0P Y3050 in the
oxidation reactor can he varied as desired to process the feedstock. Typically, slurry 5050 spends from -
1 minute to BFNiRsBLES Gﬁd@rg%g oxidation in the reactor. For relatively soft biomass material such
as lignocellulosic matter, the residence time in the oxidation reactor can be from 5 minutes to 30
minutes, for example, at an oxygen pressure of between 3 and 12 bars in the reactor, and at a slurry
temperature of between 160C and 210 C. For other types of feedstock, however, residence times in
the oxidation reactor can be longer, e.g., as long 48 hsours. To determine appropriate residence times
for slurry 5050 in the oxidation reactor, aliquots of theé slurry can be extracted from the reactor at
specific intervals and analyzed to determine concentrations of particular products of interest such as
complex saccharides. Information about the increase in concentrations of certain products in slurry
5050 as a function of time can be used to determine residence times for particular classes of feedstock
material. In some embodiments, during oxidation of feedstock slurry 5050, adjustment of the slurry
pll may be performed by introducing one or more chemical agents into the oxidation reactor. For
example, in certain embodiments, oxidation occurs most efficiently in a pH range of about 9-11. To
maintain a pH in this range, agents such as alkali and alkaline earth hydroxides, carbonates,

ammonia, and alkaline buffer solutions can be introduced into the oxidation reactor. Circulation of
clhiirrvy BEOEND Aiirina ovidation can ba imnaoartant to ancrira crifficient rontact hetwaen avidiZzinAa anante



After oxidation of the feedstock is complete, the slurry is transported to a separation apparatus where
a mechanical separation step 5080 occurs. Typically, mechanical separation step 5080 includes one
or more stages of increasingly-fine filtering of the slurry to mechanically separate the solid and liquid
constituents.  Liquid phase 5090 is separated from solid phase 5100, and the two phases are
processed independently thereafter. Solid phase 5100 can optionally undergo a drying step 5120 in a
drying apparatus, for example. Drying step 5120 can include, for example, mechanically dispersing the
solid materialtoste a drying surface, and evaporating water from solid phase 5100 by gentle heating of
the solid material. Fpllsstiegnsiydig e ptrlizadianngl(edtrihelydintitusotrce de agwimbivatiomgpstep 5120),
solid phase 5100 is transported for.further processing steps 5140, iduid. phase optionally
undergo a dryieERy 8.?%%%3 H(I:Lég?h"éa}:%ﬁc{—:-ercl faton %&;SSV%%?S Fﬁ%ﬁ?q%&%ﬁ%e&?f%&qﬂ
embodimentsMird catdeng (2.5 dMyadgas feps 6310 Yoz an et ehste Pehiiratio insaayo erabsdiegnts, Akl /or
extraction of YalgL AL UathROAGR: PR AR LR Neallagebte-iRuc 6 ¥RsialluY kg, addition,
one or more chemical drying agents can be used to remove water from liquid phase 5090. Following
drying step 5820 bsPeaearhatdead apdth8Midddergoing drying step 5110), liquid phase 5090 is
transported for furthgrs e catifichsHe the IisMAicR pafornmi deaivay ety sffbetvesaiciidand biological
treatment steps such as chemical and/or enzymatic rolysis. . Drying ste 0 tes waste
stream 5220, ‘2A%Y KEgadsdoki 6§ 1hETvssR h‘?gé?f&é &?g&ﬁ,g’&%ﬂg%ﬁ&%@%&%ﬁg&%@i@%S and
bases in relagvielydemoaancentrations. Treatment of waste stream 5220 can include, for example, pH

neutralization with qneor more lineegall acids or ba&??ﬁi&e&%qmgﬁgg’ LE%%QQ‘%WQ{LQQ of dissolved _

. 1 € WO Or more radi
salts in waste stream 5220; the Solution may be partally de-ionize passing the waste stream

through an ioivwixizigandietopstdin cxareplctamples eas e tieatedy il @nyeedsaiadBarheamofater - can be
re-circulated inio e QUREILPEYSEIIE Hai AR RIS UYL HVRESAVaIGRAINaoR MAFI 00meSCharged.

Typically, for lignoceflulosic biomass feedstocks following separation step 5070, liquid phase 5090

includes a valfeost 2¥uite Boigms smbagimsats: sampies alk teaiedat thitien PLZE WA d/or reduced
to smaller-chgdirsas chad islashéian BHEIBEHRIRG BaRiNg iipGor; ahid dkase SUVAighpically includes primarily
cellulose, for examile, withﬂigadller amoynts ?fpen%licellul S&s §md Ignin-dﬁr'veda%r%Cgucts. In some
embodiments, oxidaliSH A B L S VAT BEAIITE IR & YEatBPE e as a pyrolysis
chamber. Footheamiss énarefeering rag)ednlso weightof afeatishydkateratotidinganatesialxstitheas h filament
pyrolyzer 17%%11LWP%é>§?£g,k&%ﬂgﬁ%@%%zﬁﬂg'& CRHIRIIGS Shdh a M QA AV BRAREN, traverses

through the sample 1713 while the resistive heating element is rotated and heated to a desired

temperature, leolecdzoweightean 26 vssibBats meking 3compesite, fgn dneHRRIRNAI Spshanisah) is

emptied from,tBE.sAMRIRNAUUBFastétErSYSR0R, Larpreiis Girot RRHRENSCAR G @A TaskRcontinuous. For
example, rather than a wire as the heating member, the Eeat'nﬁlgeénk?er can bg an Auger.screw.
ARG 5

Material can m&sgﬂ%ﬁtm‘fs%?%%%%ﬁa&?’% ) LR H)yrc')llzlécshtia"le
material. At thesaaading itbesetanoratlpusatigite axtd necfuhiaterikingd aitpessmmple holder to allow

for the entry of fres%,ounoxid'izeg é’g%tges;%}a%feﬁal@ﬁgte{r{‘i;@%%ggﬁ}&ocﬁl o&?ﬂ%ﬁﬁ ek diaissials can be

oxidized in a Curie- 5iﬁ’faf)n)}|)'o zer n atypical usage, an oxidizing carrier gas traverses through
the sample chataiiehisag avinsertioteolan Seighiscamoriivasipted instichy minnspRe P RIOYiERRt0 oxidize the

material at & desiee.RTRE AR 1ignddalRURG.AHA il « 1 JREARISH MRS R gR% BRrpxIdized
in a furnace pyrolyzer 130. In a typical usage, the sample is lowered_(as indicated, by arrow 137) into a
hot zone 135the first molecular weight. For example, if gamma radiation is utilized as the radiation source,

a dose of from about 1 Mrad to about 10 Mrad, e.g., from about 1.5 Mrad to about 7.5 Mrad or
from about 2.0 Mrad to about 5.0 Mrad, can be applied. After the low dose of radiation, the

second cellulosic and/or lignocellulosic material can be combined with a resin and formed into

a composite, e.g., by compression molding, injection molding; or extrusion. Forming

composites is described in WO 2006/102543, and in U.S. Provisional Patent Application Serial

Nos. 60/664,832, filed on March 24, 2005, 60/688,002, filed on June 7, 2005, 60/711,057, filed
49



of furnace 132, while an oxidizing carrier gas fills the housing 136 and traverses through the sample
holder 131. The sample is heated to the desired temperature for a desired time to provide an oxidized
product. The oxidized product is removed from the pyrolyzer by raising the sample holder (as indicated
by arrow 134).  Referring again to FIG. 20, feedstock materials can be oxidized by forming a
cellulosic target 140, along with an oxidant, such as a peroxide, and treating the target, which is
housed in a vacuum chamber 141, with laser light, e.g., light having a wavelength of from about 225
nm to about 5aQQupist JHR00p}i6a t5y8HR fitkiam Skptembel 8y RO8H 601 B2 fogHoflksktion|Qeteerd Henerated
by the laser g doghe fliesledusinemitars . dduandd da Adadiaiaer illenpasainisoush a lens
amber 14T P the hamb

146 in the vacuurh chan ypically, the pressure in the vacuum chamber is maintained at less -
than about 10-6 mrAlgadtivebrrefibrobotisrsisldhahinghedssadiestisplidasicapdoplisnaseiiasion radiation

from a Nc-YAGaae bl el GHRRAIME Wisih B BERbABIRE VA A doAal oo usite he

cellulosic material to pro a cellulosic target. The infrared dye can eg[jdlé?(}nce the heating. f the

cellulosic magadahen sepompasiesandreiaritaied vatha Zelaiughbl i Aase AERARIALPR I AP BPUS. Patent
No. 5’942f'|649secorﬁ%@fﬁiﬂﬂﬁﬁﬂi’ﬁrﬁ?gﬁb@el%iosf@ﬁfiﬁéﬂﬁiﬁmﬁgrdal&mafnhﬂe&:bidiye@ﬁdiwmby coating aI
tungsten filament 150, together with an qxidant, such.as a pergxide, with.the I C osic materia
while the mafBrhe HstoolpHy \‘/"éf’éﬁﬁh?‘g< 85%‘88&1%%@3‘%?3& gé’)%éfalflc}hz,eggrgrﬁe{%??g? g‘ﬂzed through
the filament, ygnick, aalusesfaroapitidue atvgpdidiabofitait diradoran bieaipbiddirkisimeyhie aRIOATE heating is

continued for;econds aiore, oW e HIAMIRALIAAE 10 SRIERARRAIMCNSolhe heating i

performed a AUMDar of times 1o effect the desired amount of oxidation, Referring again to FIG. 12,

in some emberhodintentse Bitsrsikisrarmssdinkableyesinand atsurirosslmiy adhn et s vitation.

Generally, to &ffechaxidation g RaisHalsIasas BRI IR RE.ApRvaeHtigmesToatch as water
saturated with oxygen or another chemical oxidant, such as ,h%/dé%lgfe%e oxide. Referring again to
S

FIGS. 9 and Rmvﬁq%’@ﬁ&m%ﬁ@ﬁﬂ’éﬁkﬂ%ﬁ?ﬁ&r’%mo@ B T SRR S P Teedstock
materials. GapgedielR@lestenjsation phtomaiespdsa tevingdiatducad tmdenigi 2inraakwrdioment, such
as air or oxygen. For example, gamma radiation and/pr elestr ragistion e cﬁp@@yed to
irradiate the rﬁﬁ?&ﬁ’a‘ W 8ﬁ%f%gﬁege%§éstempe§{grae§g g%&égghgéaggﬁsz%agfonmthout any of the
processes des;rHEEtChemien bxiiw cbPNBRatdiongthetent performmsest bigh JuupeBREEFh&8In.  FIG 23

shows an ovepiR of g ERiHOR S50 AlceniiiamAi e suice Adiva R i dirguch as

ethanol, by a process that includes shearing’and steam oexplosioon to produce, f'RpQ, S material 401,
which is themmmaﬁmwwe&%?%.gs-fébﬁwt@a,Qolafb&a&?‘fh‘é’ ﬁ?&d@cé hgﬁ{b]gr g)urce can
be transformegldpip s EBtRuUE Mataidic) budi esigpositesibah daws pretinlcheibaldssiaiveling at least
one shearing process and at least one stTam exglos%){n rocess. 1 Itz%s%amg{ ,cgggigl)&?tion includes
shearing the fifefSSHAReE RABHHIEAD HFMLHL LBrde ﬂé)cs ep(s3%and optional additional shearing
step(s) to pragtick, 8 shepsadigueidsostrongdfesydtichgamidintr(be sldarinesphierst) r FérAiRe the

fibrous material 401. The steam. explosion AGE d Sptignally followed by a fiber recovery process to
remove quuiaa§%nrt§§eég'liaﬁ%vrq %B%isrse‘gatgl?la ﬁom?ﬁe%steam eiploding process. The material resulting

from steam explodifdtenatizebaiaduittbercxammlentaibrusamaterial that ipelwes o, sEURLFSAIfBhal shearing

step(s) and/ Ofignocellulosic material is irradiated and, optionally, treated with acoustic energy, ¢.g.,

ultrasound.

In one example of the use of radiafion as a pretreatment, half-gallon juice cartons made
of un-printed polycoated white Kraft board having a bulk density of 20 1b/ft? are used as a
feedstock. Cartons are folded flat and then fed into a sequence of three shredder-shearer trains
arranged in series with output from the first shearer fed as input to the second shredder, and
output from the second shearer fed as input to the third shredder. The fibrous material
produced by the can be sprayed with water and processed through a pellet mill operating at

room temperature. The densified pellets can be placed in a glass ampoule which is evacuated
50



optional screening step(s). In another method, the fibrous material 401 is first steam exploded to
produce a steam exploded fiber source 410. The resulting steam exploded fiber source is then
subjected to an optional fiber recovery process to remove liquids, or the liquor. The resulting steam
exploded fiber source can then be sheared to produce the fibrous material. The steam exploded fiber
source can also be subject to one or more optional screening steps and/or one or more optional

additional shearing steps. The process of shearing and steam exploding the fiber source to produce
the sheared andeshiginvasupiodadithen backrliledrizitivatigon gestBredimpaulsdd sseledwnder aBenfiver source

can be cut infq pieies B i iR, Sl SHLTARAPHRRI MRAINTH BRI YSHRIASIAT s shearing

processes can take place in a dry (e.g., having less than 0.25 percent by weight absorbed water),

hydrated, or B29%HiMadkrar hadn 0 RQyada anyadiated matsvial parhishhiertivlosthas a WL or
isopropanol. délecRiacespitanaisre aptmahaiaedude steps of drying the output after steam exploding or
shearing to allow for additional steps of dry shearing or steam exploding. The steps of shearing,
screening, aggn,sts@sR explosion can take place with or without the presence of various chemical
solutions. ~ In a steam explosion process, the fiber source or the, sheared fiber source is contacted -
with stearm under I BTGPPSR oM rEFEsTAC FAAEH P RE S B AIRESET AL HE Srce (e.g., the
lignocellulositostrastidesdridipe Sl dhancontentast usefel dulsshpresonethedeedsobkattidéy' the fiber
source. The maisture in the.fiber spurce.can hvdrol ny.acetyl Sd i e.g., the
acetyl grou pgr?rY the ﬁ%ahﬁqg/éf gg%é??é%%%%g}?{% rgr{%&g%%r%lg\ét%lgc%%jls g%%o ggtg%%q?g%%gg r%%é acids.

The acids, iraedfer, ssanengeslySenitasiorepasl yedest-tht orplshlemieisht kstéorerpsaliing b feadstodimited
amounts of glucan g Lhe el fPRy MoK ESH(BhaReised JIRRE SRIEGE 29iRd iR LS caxrded” when the

pressure is released. The condensed moisture mstantgneouslé evaporates due to the sudden

decrease in présrErahprmReeaisa s Srolr S Wriedt (o) isdimersedrinametiEnish #e fiber source -
(or sheared {llagsr S@id senigied aAdRbCiaNi & @RItREIbeRIYSadBshanasRamcahby arldiwn of the

internal structyres (e.g.. the the ligocellulosic struructures) of the{fiber source. The sheared and
oA oxplo IR SO SRR B RRET R B L e e e St TR o
embodimentsetiagefibpiecalanateight. i bo sacertd chattnah (orehedist and sacehd heateriaditiregrtbie fibrous
material into gl & IS SR M SEIRIREBIARIE QY03 Badt it bIST i R dgy mented to

produce the product. Other known an nown methods of converting fiborous materials into fuels

may also beutidiag the sggogd anslienflsiamaisriad toprodusecfnelin gt is eninchlssidrose 8 sheared and

steam explogigshflrars:gamtesiad A0k & oetRbibn 8Fhixkilea 07 £9BEHERY Microorganisms that may be on
the fibrous material. For example, the fibrous material can beagséeﬁferilize? bﬁi expo inggthe fibrous
g NG

material to radiation"SEHH seeand maarraldiatiesivnashasies Aatugehms ] AiNE3R, such as
gamma radidiéfirsileteriuty and o soara snsancals e feauddbcrystatlinith esvietl| diestantd nsatetiabis bleach
(e.g., sodium hypechlorite)., chlorhexidine.,or ethylene.qxide. on hydrolyze the sheared .
and steam e%&';'l%%ﬁe)érﬂ%rr%u'gp r?{g%%pﬁa“{g%e?lﬁﬁgn géé o %@Iﬂfﬁ%g&u&o&% g}s%g%é% group of enzymes .
that act SynenisrRcaasiso. eirelyreoneshitaiien o greatesrdian!y 0l witeasiegmisasorbsdhese 000, which
contains a coapIRLOhRANDE SHA bAEHACS HsrQERLIRSIC D AR INUR, {RisRe abs Sugars can also

be used. According to current understanding, the components of cellulase include
endoglucanBierebial sk aplative tebrdin masenh 2o whigh erp Fraty dnapmws tmmodnedionrats nergism
between thmﬂﬁ?ﬂﬁﬂ&ﬂ%?ﬁ%ﬁi&d@?&ﬁ&lﬂg@'ﬁiﬁby r?&ﬁ?md anIed mammri |
components exce the sum of the activjties expresse the individual caqmppnents. The generally
accepted mg@ﬁeéfﬁ%ri"btfs 0%3%5{?8 gﬁf ‘%ptgﬁf%fﬁmﬁnfoﬂﬁﬁﬂpd’ﬁ%ﬁf%ﬁvgrystalline cellulose
is: endoglucanaselhygons préwditents) tfie-sebglyrmsbeicoagsnafltoalarweight ¢ My gidowethereby
increasing t 0 - ' X f cellgbiose units
BE HIDREE R@E@é\}v ﬁg&%&&&ﬁ%&ﬂ%@@?%@%ﬁ %Fbatﬁﬁl&g St fgfﬁe\{gex?{ £g198

from the nonreducing en turn are hydroly ividual glucose tnits by b-glucosidases. .

There are séletdd &ﬁﬁgﬁ?éﬁ%ngrmcﬁﬂw,anavew@mm rpemetin stereospecificities. In

general, the Synefﬁi%@ﬁl@ﬁi@ﬂ;&&}'ﬂ%QQEBWHE%%MEPM%Q@&%H@H?&?&&HW(@925%995,_“Um
cellulose hydrolysis. Celluloses, however, are more inclined to hydrolyze the amorphous regions of

cellulose. AIWEBMARRFREFRIBENCER ehaearigsead t disiyarterak Fesreampitetety) fBher
crystallinity indices correspond to slower enzyme hydrolysis rates. Amorphous regions of cellulose
hydrolyze at twice the rate of crystalline regions. The hydrolysis of the sheared and steam exploded
fibrous material may be performed by any hydrolyzing biomass process.  Steam explosion of
biomass sometimes causes the formation of by-products, e.g., toxicants, that are inhibitory to microbial
and enzymatic activities. The process of converting the sheared and steam exploded fibrous material
into a fuel can therefore optionally include an overliming step prior to fermentation to precipitate some
of the toxicants. For example, the pH of the sheared and steam exploded fibrous material may be
raised to exceed the pH of 10 by adding calcium hydroxide (Ca(011)2) followed by a step of lowering
the pH to about 5 by adding H2504. The overlimed fibrous material may then be used as is without the

removal of precipitates. As shown in FIG 23, the optional overliming step occurs just prior to the step
of hvdralhveie af the cheared and cteam avnloded fibhroirie matarial hiit it ic alen contemnlatad +A




travel through steam inlet 466. Once the reaction chamber reaches target temperature, which can take
about 20 - 60 seconds, the holding time begins. The reaction temperature is held at the target
temperature for the desired holding time, which typically lasts from about 10 seconds to 5 minutes. At
the end of the holding time period, outlet valve is open to allow for explosive depressurization to occur.
The process of explosive depressurization propels the contents of the reaction chamber 462 out of the
explosive depressurization outlet 468, through the connecting pipe 472, and into the cyclone 470. The
steam exploded fiher gaurce gbiipowsimaiboa 1hperexitsetpe 16y AN, iB0a3S|tly erfoven intoethe
collection bin 474 as mg&h of the remaining steam exits the cyclone into the atmosphere through vent
476. The steallB2RSSOP gﬁzﬁgfatus further includes wash outlet 478 with wash outlet valve 479 in
communication with locemectintsp gignents7 the Brasting sty ssaliiaity sdexApdste keseetinmi igyftpm akeubf the
steam explosig SaRAIALYS AU Sleam A BITianSULaPAIE e ARTD G bR Toaction

chamber 462. The target termperatur e reaction chamber 462 is preferably between 180 and 240

degrees CelsRscsnband e roppilingyindey afeetonicaionis frame JhemliHytaahout YraseseniiF-Between 10

seconds and §@HUBLEESs & RIWVASDIERESARsIE ARkl DO WimdausdRaieEbwevesiNiHes@thS minutes.
Because the steam explosion process results jn a sludge of stea ex$lode%@ous aterial, the
steam explod8’8‘?95“8%%St%r@‘?ﬁ%?ﬁfeé‘ﬁ%ﬁ%ﬂﬂ?alﬂ‘&’l’mlfésd’?ﬁfg?}?é‘gh% 9 sty e "liquor"” is
separated frofeweetbirarperodalo de dolis enibotinienis) tHehimfihiel sRacssaiyattaps substpftially that it
enables further shearing and/or screening processes and can allow for the conversion of the fibrous
material into fUen B e Tiber recovery process occurs through the use of a mesh cloth to separate the
fibers from the liquon Femhemblrdimgntscbe statingauahas dierad mperulapyeisitdnfier irous material or
steam explodggl flaet SqUES{IhcHBRE M6 N RSGHESSHI00, LY VHRIRSESS DS0iesh RiGkesuescribed

herein can be used at pressure above or below normal, earth-bound atmospheric pressure. For

example, any 3782098 or fominba 220:900:19, Bori Ao d e RuBbebRySiase Mmalsruap R, or
combinations feasdnRhIASE FERCARHESCO0U @/ Beut ZUE 0005 4l ifiosl uBeubcoubD Ry steie can be

performed un igh pressyre, which, can inc eaction rates. For example, any process or
combination oﬂ%r&geggégl%éhoﬂé%éwgFﬁ\&?léttﬁggp?)@é’sg%w rextet AR eé‘géé)gg%?gtasteﬁ'hg%le% MPa,
e.g., greater teaensidd\dtrcafionyiPR, pbEibld Rehdos@ MiRheP O tate andlemint Mewighb 0 fNeFthBd0 MPa, 750

MPa, 1,000 Mﬁ&tqrog)r&ﬁt%&gﬂésjs,aggi\él%?s 0% mbinations of Irradiating, Sonicatina, and Oxidizina
Devices f Some em odiments, it may bé’advantageous to combine two or mere separate

irradiation, sonicatidn,sppetirhndimentsithe sscendivaterialietshizie aleyplpéaxdatiomizenifiat Bor such a

hybrid machingHguiliplenierg 1e3iMRBPE O SPIRSHsIHRAR1 UX RRAS AR IUTRX RIAIN bitaleoUSly,
with the benefit of increasing pretreatment throughput and potential cost gavin S. . For example,

consider the SlatEHaHAR A L isReraRhs SHR LR BYVer Slubiity, LeaRansE s is effective in
lowering the merAJRGlECHMbINGIEhtntell sinidet alibsobial attek. olrvaneimbledimentsydo and by
several orders of magnitud en performed.seriall Both irradiati onjcatign processes can
be applied usfl'r‘%'eﬁsﬁ)gt’)?iE ‘é?e%tFo?ﬂqgggrtﬁo/rslgﬁggﬁ%cr? Pc{1del\"/1|iciztgnzfilg ﬁ%ﬁﬁgéroa eeﬁ}r\gtsﬁ)&téﬁf §'/brid electron
beam/sonicasonicéivics peligrediotamectidizingnzedinatl proganingdaetond3ngtena) hrESOFY of cellulosic
material 25SOREs IR S AdREHA: PECANIE MM ARRNARAMRR ORI ARIRKGRIDaMIde

peroxide. Hybrid device 2500 has an energy source 2510, which powers both electron béam emitter
2540 and sorStapsEiishydemgnps, kelns @eiph 8T SRNREPLIARIRYHALTABDIFHBEAMSs which
pass though mﬁggmﬂm@m{ng device 2545 to impact the slurry 2550 containing cellulosic
material. The electron beam aiming device can he a scanner that sweeps a beam over a range of up
to about 6 feet in a XS FIRGHERHatRASPRFAHER FBSHIBIA I ARATRINS 2 élﬁ.s“eddﬁﬁeeither side
of the electromditamcaniitidaMdridaspnichton feporiRle fe3E), hvidiopet giévexidi)iastispersimye energy to
the slurry 2550. The sonication horns 253Q.end in a detachable endpiege 2 hat is In contact with
the slurry 25%@ a"l‘ﬁ%rgg)ﬁl%ﬁ{ﬁx‘% ?\es? %@i Sre aﬁg&%lmbglr%%lé)ég rolrgr’?%gnl%gg-t&e%%nh?’egﬁihal exposure
to the electrospdisamianaylisuifric, Bnd vothiviiodispering agontics g dlittethydennghe®Bhield 2520, e.g.,
made of lead or a heavy-metal-containing alloy such as Lipowitz metal, which is impervious to electron
beam radiation. Precautions must be taken, however, to ensure that the ultrasonic energy is not
affected by the presence of the shield. The detachable endpieces 2535, are constructed of the same
material and attached to the horns 2530, are used to%8e in contact with the cellulosic material 2550
and are expected to be damaged. Accordingly, the detachable endpieces 2535 are constructed to be
easily replaceable.




A further benefit of such a simultaneous electron beam and ultrasound process is that the two
processes have complementary results. With electron beam irradiation alone, an insufficient dose may
result in cross-linking of some of the polymers in the cellulosic material, which lowers the efficiency of
the overall depolymerization process. Lower doses of electron beam irradiation and/or ultrasound
radiation may also be used to achieve a similar degree of depolymerization as that achieved using
electron beam irradiation and sonication separately.  An electron beam device can also be

combined with one gy spRrRAbSIgReHIEAHE Bo¥cAatA nTANE deiacmueducForaxmplaatieas an

alternative to ultrasonic energy devices, and performs a similar function.  Further c inations of
devices are a18BIGHQLIEHE DeSEERRAAIZ %Y%g)?ﬁ%ﬁﬂlr&%‘affg]ﬁea%?/{gg RS ’p%%’ﬁ%%g‘a'é%n%gl radiation

emitted from, ether obfearpatesfyraarobeven mhitigebfidthgassathely arplie xenapOraateegetior an ultrasonic
wave source. Shieldjng requirements ma more stri in thi edasiatign devices for
O e _

pretreating biomass discusSe ove can a one or more devices that perform

one-or more pyeatysiendsandusintiubergiherneenting buhbles bt madinmsayaipanthesdigesaduthage of
higher throughayt . NeyeHURIRRRy ColiiRe. ishpaeRsnsysconnd BassI aibEanRllie prgd aguirements

between some radiation processes and pyrolysis. For example, ultrasonic ragﬁiﬁék%@/ices may

Na pyroly
require the felserstrkananasrserdethsimpirtivg BisaAise the lpeheBRBSHE iussed
previously, it gagit Be0adY pV@DEEHE: (Rksentrimplacef Jas d$ipSksliciler gliNgtmeréds2t65p endf a particular
moisture content. In this case, the new systems automatically mea nd monitor for a particular
moisture conBSAERHS Péﬁa‘fé?%%ﬁg%’&ﬁ%‘ﬁ]m&‘é?%% 838 | Yco)fo t eﬁza%?v%m SVices, (l;ers%%%faﬁ{/ the
pyrolysis devieeesehibl tempeninees\aii pressuces dhin breiak the lam@ﬁsdmsééidme«viﬁagtwiﬁmmRY
RO S S R DA haricGENRLAIY YRR W HAGKIBI USARBIPHHCE & RUSBEpA uselu
products, such as a ué’l,a%){/ operating on; e.g., fermenting the pretieated biomass materials. For
example, alcdteoisheryireiehichigh ryeling ratseAuring eptiopsa of Faedmkblss il 60 begrsPlsT thatke
materials can,gg,pigdyese. il eHman AN I deherEREESnot alloWIdvEIRRE dntgarian be a

natural microorganism or an engineered microorganism. For exarp le, the microorganism gan be a
bacterium, e84 srslligR tesHREMmAtes s Rl daxeedycsd Soysta BDT‘éWt TS A algae, a
protozoa or asHaBehEmikts; RroisicRsgd ia, i Ol elchLynsn Raem idarfisies; 7 Raveng bR, mixtures of

more enzymaaR N, e R R 5 e et
include the cédditose GtexsirsndritatShiemitialtRbysival and Ricdogiepl Geffeeti MG Hh &Veisheinn| (397 Bhe

Price, "Current Trends in Sonochemistry" Royal Society of Chemistry, Cambridge, (1992);

Suslick et al., Ann. Rev. Mater. Sci. 29, 295, (1999); Suslick et al., Nature 353, 414 (1991);

Hiller et al., Phys. Rev. Lett. 69, 1182 (1992); Barber et al., Nature, 352, 414 (1991); Suslick

etal,J. Am. Chem. Soc., 108, 5641 (1986); Tang et al., Chem. Comm., 2119 (2000); Wang

et al., Advanced Mater., 12, 1137 (2000); Landau et al., J. of Catalysis, 201, 22 (2001); Perkas

et al,, Chem. Comm., 988 (2001); Nikitenko et al., Angew. Chem. Inter. Ed. (December

2001); Shafi et al., J. Phys. Chem B 103, 3358 (1999); Avivi et al,, J. Amer. Chem. Soc.

121, 4196 (1999); and Avivi et al., J. Amer. Chem. Soc. 122, 4331 (2000).

Sonication Systems
FIG. 12 shows a general system in which a cellulosic material stream 1210 is mixed

with a water stream 1212 in a reservoir 1214 to form a process stream 1216. A first pump 1218
draws process stream 1216 from reservoir 1214 and toward a flow cell 1224. Ultrasonic

- transducer 1226 transmits ultrasonic energy into process stream 1216 as the process stream
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enzyme in an agueous solution. This material can then be combined with the microorganism. In other
embodiments, the materials that include the cellulose, the one or more enzymes and the
microorganism are combined at the concurrently, e.g., by combining in an aqueous solution. Also,
to aid in the breakdown of the materials that include the cellulose, the materials can be treated post
irradiation with heat, a chemical (e.g., mineral acid, base or a strong oxidizer such as sodium
hypochlorite), and/or an enzyme. During the fermentation, sugars released from cellulolytic
hydrolysis or tfigwsashghfloatiesn] IER, Aadesndgniap 103Edgawethraces tiseanfddteftimflovioredbrganism
such as yeast %gi}ggle fergwegti%% mticroor%anisms have the ability to convert carbohydrates, such as
glucose, xylosig, i%vsaé, MED) gg,Pgr%g 08, oligosaccharides or polysaccharides into
fermentation produdieséresinédtihipchidenafiranisaks 23R arel stsafondointhiee d23in Suischromyces spp.
o0, SacChONGES SRR (NGRS ¥oReth BAREDAY BYSRS alius. JRraatamees Lvarum,

the genus Kluyveromyces, e.g., species Kluyveromyces marxianus, Kluyveromyces fragilis; the genus .
Candida, e.qg.sicandidt0pesersowipiabditrangh GashintrkpaddicHaterdredn IRl S AREHGPETYEY., species
Clavispora lugi3nigs.apdscdanishaic PRINtRQIAR SaBsERaRale et 1 STPaIRSsRaNls0len
tannophilus, the genus Bretannomhﬁ,esa e.g., species Bretannomycelzqg%ﬁéﬂi %Dhilippidis, G.P.,
1996, Celluloéé:‘gél?&ﬁ\?é@i%ﬁ‘i‘ttéﬁ 5RBg AisviLRE DS S B YN B r BTSN and Utilization,
Wyman, C.E.eg8odiraatey; &lhulasicimaiadRingian 200Cant #:2d R)eam [JIGAR isialishematialvieweast
include, for exam Ieé Red Stare/Lesaffre Ethanol Red (available from Red Star/Lesaffre, USA) FALI(r)
(available froM ﬁéﬁ%c tnatu sowaesgsct?ng%f\l/?gion of Bums Philip Food Inc., USA), SUPERSTART(r)
(available from Allte21 2@ ERTIBTIR DOy 43D Riolrs APIBEINESHENE MBS BUERS WHBIEBRMOL (1)
(available from) PSM Specialties). Bacteria that can ferment bimoss to ethanol and other products
include, e.g., Zymomonas mobilis and Clostridium thennocellum (Philippidis(,f,19a%?6l gra). Leschine et

al. (International JoANF dR3R ceafoltithe ABMERONARS s IG T RRE] 57595 ®60) isolated

an anaerobic pragse Wisire@ Hatle lvfisehatketinmdnertofakeet e ql, dpinokidusly pbysottiulesictans sp. nov.,
which converts cellulose to ethanol. Fermentati f biojpass.to .ethanol and other products may be |
carried out usﬁ'??é%éh&i?f@b@évé’f‘fﬂ@n%%ﬁﬁ“m%2§8%&oaﬂ %&fr?é"g‘r‘?’ l?n%%g?ggﬁérgs, such
Thermoanaeraimtsiied spdciesiliimiucing milliadipdloinsaag yeadt ZhmiliengatonssiBictfiavaiencies. An
example of a strain pf]'.. mathranii is A3M4.descr i AlntaprligdsMigebiology and
Biotechnology 1993, n%ﬁ%]calﬁi‘)oscﬁ? Kﬁr?ﬂgl g%%l{p?g%cﬁé I\gl%:org; i(?l.ﬁ]ig%fg,ﬁl%, 1194-1159). Yeast and
Zymomonas heliwed Barandtie 8o anttsrel cellalnsic oratasisl andiwater HiodhsinaldmpHASPPEast is from
about pH 4 togpahiiiedhe ntimuTEBeYE (i Yonemrnasiifdian nakpigiraliiénée md Yeiaa) fermentation
times are about 24 to 96 hours with temperatures in the ragrz}ﬁe of 26 C_to 4$?C, howev éntg'?%()ph”ic
uch

microorganisfpste Mt and N fips sxample, N hen 200 iepsislay0f slilontmeiaie L
cellulose, to lgpigealesisfaayighiceare dbyiigrongtiatsenepint2edialelumct2as giubeskowturing
saccharificati referred to gs cellulolytic enzymes or cellulase. Th s may be a complex
of enzymes tggtagg%(yﬂ%?é?ﬁfggﬂf/etgxﬁg'épr{lélgé%lry%fﬁﬁeegg l{j ogé).f é(ﬁ%%%@%@cgéllulolytic enzymes -
include: endoglucarResesobelRbidimtudedaseixeat24bdtidhidsemiuyratosivitbaglumedB@osic substrate -

s iniially hyciglygeth by SAAROINCANASES BFBNAR IS RS RINdEIRE A Eriigisuelia s

These intermediates are then substrates for exo-sglittlng glucanases such as cellobiohydrolase to

produce cellowigraribevetemsn doortrenie miseel be @ enfatingsene dispated BIRFTEYS-1 4-linked
dimer of glucqses FnalmEeHBBIRRRRICATRS FoH0RIGRASA el itluEnsRateriahstbitdiaReys capable of
degrading biomass and may be of fimgal or bacterial origin. Suitable enzymes include cellulases from
the genera Bﬁﬁlmlﬁggﬁ‘(ﬁ%fﬂ‘ﬁﬁlé"s,w%icola, Fusarium, Thielavia, Acremonium, Chrysosporium and
Trichoderma, and iR eosPEXTS SuethkHinoiaats af exitite4s, fiflald ianfusiastion Wil seliophii23a,
Acremonium, Cephalosporiu yigalidium, Penicillium.or ill ),
especially thc?gge grr%c lstC%rCf %{}ng%éam ggfég:}[“é% rg%l%ioglg&%ggflg{%‘?co g%‘n‘g%%é?g%gégigﬁied as
Scytalidium toetofopisiverr, Hd viagxitB12P Rinl M3 ig aesged npacbp hetempisesazoir 4 34ditm

orysporum,  ajjow gravity to pull the mixture of cellulosic material and water out of reservoir 1214 and into

process stream 1216.
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Myceliophthora thermophila, Meripilus giganteus, Thielavia terrestris, Acremonium sp., Acretnonium
persicinum, Acremonium acremonium, Acremonium brachypenium, Acremonium dichromosporum,
Acremonium obclavatum, Acremonium pinkertoniae, Acremonium roseogriseum, Acremonium
incoloratum, and Acremonium furatum; preferably from the species Humicola insolens DSM 1800,
Fusarium oxysporum DSM 2672, Myceliophthora thermophila CBS 117.65, Cephalosporium sp.
RYM-202, Acremonium sp. CBS 478.94, Acremonium sp. CBS 265.95, Acremonium persicinum CBS
169.65, AcremoniunFiastnaumpriiilf @igL)a8p dOsLephmieesparimpeler OB PEHPs alerantissiom

brachypeniumpGRS 836, f1 RSSO CYMmaTROILE B GR2 Fhaciemaym phdauRtum CBS

311.74, Acremonium pinkertoniae 0, Acremonium roseogriseum CBS 134.56, Acremonium

incoloratum OB £alb B24a Ml samesmbafimetsitspars1 20D aiiptestls contpnts ehpipsess sH@Nalso be

obtained from; &y ¥easiar e mpreie/siiv@isiie inaifal Wiacsrar iy sidsekiawenser dosienally,
Trichoderma éparticularly Trichoderma viride, Trichoderma reesei, and Trichoderma koningii),

alkalophilic BAGARISIHY crll 224mise cxgraple dieshpigep 4245 asifatsshiacess Wsaid2) oM F&dieptomyces
(see, e.g., EPtibBIEaD)Ionedidopersiad abng eiopiocessistel bdhaetarike fiastpaigoand eildstidatest from soll,
e.g., a novel OII“L(|I0I t'ﬁﬂ)ecies of Clostiridium, Clostridium phytofermentans sp. nov. (see Leschine
et. al, International Journdl of Systematic and Evolutionaty Microbiology (2002), 52, 1155-1160).
Cellulolytic enzymeglgsirglrd2dfribohaies techctotomjuosn] e uid colriwmericatign Wi i2B012361818 and

W02006/11083 411t 198,C Gl URHEGHRAITER USEA S IRG LT S84 R B (BT RRBIAI LGS HIE of

above-noted microbial strains on a nutrient medium containing suitable carbon and nitrogen sources
and inorganicPgfistanding §lgyaied prpesymen (g i brsshripsdditiog or etk aliemetiveJereiasrelime (eds.),
More Gene MpaipisatigsaifeéatiailafGasieRGdRIESs, CA 1991). Suitable media are available from
commercial suppliers or may be prepared according to published compositions (e.q., in catglogues of
the American Type Elﬁmﬁﬁé%%%ﬂfﬁ?f ‘?gﬂ?ﬁﬁﬁflfﬁ%e ﬁ reﬁg%o‘fh EBH A B growth
and cellulasegpieduatportianoRreactor ivoimal2{de€ooling Raidcl248Ke, gowatei)fldninBibetemical
Engineering Fundamentgl cGraw-Hill Book Campany. NY, 1986)...,, - freatm Ipse with
exc lﬁdﬁc‘ éﬁh{J g%orWs 'ﬂ'eat t%e:ner %e% whal Xégcgfs asn gagx% lél%lé ﬁ%‘xcﬁ% glf I%%g{’é

Genuine is usually carrie emperatures between . ‘ lulases are active over a
range of pH ofcdioel 24 I somacothadimentssthadlowntaty ¢hsoelingfluithi AaR nftohieat cutABEY enzyme

dosage achievsg 3 Suffidrgihe Ak isHShAbpRILIAREIS CONRE Wb MG RISt HVSRRIOPIIAEe

cellulase dosage is typically between 5.0 and 50 Filter Paper Units (FPU or Ill) per gram of cellulose.

The FPU is al8@difion onisste alierantiven thedaaprrayra b sording fluid 4243 flamiied (1987, Pure
and Appl. Chexthd@e? 524368 ofirsiBe &ipnintain Ardspiiimadly asRHOkaisianR i astonent of
feedstock, pyrolysis S0 be us%d 0 process pre-treated feedstock to eﬁ‘r&ct usefyl.mgt(?rials. In
particular, a OO E@‘I‘%‘I iSRRI aY glgﬁ‘igi iSPREA S & ?ﬁ%&%b’ %%neraftsa%aé? Sglseesa along with
various other2§ase0U€, kqids 2305 3% 1 anotiliiEs . Add lerfd lyoaltifivdively, tieat ransferned tbfeedstock is
introduced inia, Ry Pl ATAGIPRLARS NFARY ALIC \WDRE GNPl SRR samare. The

temperature used depends upon a number of factors, including t he feedstock and the
desired products. Anadapter section 1226 creates fluid communication between reactor volume 1244 and

a booster 1250 coupled (e.g., mechanically coupled using a flange) to ultrasonic transducer
1226. For example, adapter section 1226 can include a.flange and O-ring assembly arranged to
create a leak tight connection between reactor volume 1244 and booster 1250. In some
embodiments, ultrasonic transducer 1226 is a high-powered ultrasonic transducer made by
Hielscher Ultrasonics of Teltow, Germany.

In operation, a generator 1252 delivers electricity to ultrasonic transducer 1252.
Ultrasonic transducer 1226 includes a piezoelectric element that converts the electrical energy
into sound in the ultrasonic range. In some embodiments, the materials are sonicated using

sound having a frequency of from about 16 kHz to about 110 kHz, e.g., from about 18 kHz to
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Quantities of oxygen (e.g., as pure oxygen gas and/or as air) and steam (e.g., superheated steam) are
also added to the pyrolysis chamber to facilitate gasification. These compounds react with ‘
carbon-containing feedstock material in a multiple-step reaction to generate a gas mixture called
synthesis gas (or "syngas"). Essentially, during gasification, a limited amount of oxygen is introduced
into the pyrolysis chamber to allow some feedstock material to combust to form carbon monoxide and
generate process heat. The process heat can then be used to promote a second reaction that converts
additional feeglsg@cks Bt AYSEOBRKERNG SshRaI0 RIBNOKS, sounthhavifigtasieuendhefaterall
reaction, heating the tock material produces a char that can include a wide variety of different
hydrocarbon- & ?z‘s. Certain volatile materials can be produced (e.g., certain gaseous
hydrocarbon materidls) uiessoticgargyrsdhetidelioértidacothe nadtirkiegynedifith éhfewghdioestembdédial. Then, in
B SO e o B e R RAHIG P SHaL 24 proslG R PlleL sl geacts wih

oxygen in a combustion reaction to groduce bot on monoxide and carbon dioxide. The
combustion reerisior eetaprsssions andusrifactiromiptrocess sHrensihoorithandaiensty SHGERhIAY step,

carbon dioxidg AR iRaMeH s ProdRiaitdeRT YRGS deReraiads héeiftrosRipRtadprm carbon

monoxide and hydrogen gas. Carbon monoxide can also react with steam, in a water gas shift
reaction, to fEHWPEEFHIHRIRSEIISEAR A7t Pre CAYRIYLHSgAEoduces Seitadits B R AT B Frimary
process to gesekaid produatisse freethdicarapr eihated teak doeck doy clioRsipuanttidis patand/or sale,
for example. At\Iteran'Ygly, or in addition, gasification can be used as an auxiliary process for
generating fuel$oraf overall processing system. The hydrogen-rich syngas that is generated via the
gasification procesdgentralbditod@0ddvibnancde |t 2fe00r 409,25;tHi0y7 50 d/A0p2008er BBAR that can

be directed fqj5p 3 QHRELIACAIAN 10 HAiRIASRIAA Syalfris ASEStlra AURiRbRIARRSSING

system can be at least partially seli=sustaining. A number of other products, including pyrolysis oils and

gaseous hydfaeetbihaslionsiminka et cxpasurst BUIaIonfRISTEY iMF iRl BRI BresRation:

these can begepareied &nd AlRVeAICrYaRRBaEIESUAS 9230 €Second PurdfIEIS0FhEVESpREGeRy rOlySis
chambers are suitable for gasification of pre-treated feedstock, inclu%lrgﬁgt)%? %P¥r0| sis chambers

disclosed herFATh! ALe e SERScANRI RS ARSI Bl &G0 P RESRYSTAHFEhRSE B'8B%¥stock is
fluidized in steade by Bsexy Bemisii& Tantids, Eiatimiplbsplaliftenighput and straightforward recovery of
products. Sold chagiiat remains folpwind gasifsatianna Huidized-hsd sysiem.(orin,her pyrolysis
chambers) can be bUrh&d 10 generate additional process lI21eélt o promote subsequent gasification

reactions. POST-PROGESSINIC Wil priesss streanftb? e hascheenidescribed-ase ingsilensnadih be distilled
using, for exqRRleyan AARMEOANTIBsSBISCRALGIR SiibtRleR RINGEANEH&eRtm Taierity of water

and residual solids. The vapor exiting the beer column can be 35% by weight ethang] and fed to a

rectification daRIHES Multipkc paraiie) ok paths &6-8p floren ;a3 & A8 4P Satiar/mup iAdditan el ation
column can hgepuefied e, tieranfipie Yaratblamat paiRdof pReRasanNIQEC it Biveparhteefloeer column
bottoms can be senj to the first effect three-effect evaporator. The, rectification.column reflux ‘
condenser cﬁﬁ(ﬁﬁ &é"ﬁ%‘gﬁ&%ﬂtfﬂé’?{@{e&?&t.“&ﬂémgﬁ 8%@%{(,-@0 %ﬁ?g%lﬁ sduceed using a
centrifuge and driechiranothéa ey xinple;. whitoatsingl@ Biidsofitheanshiciut 2 @ifha beercdesdsibed eycled to

f tati aq t { ' t t
ermenta mn&%ﬁ%&%ﬁﬁ téz'@‘c\)ﬁ%éﬁ‘?23"4?8&%%%%8&%@&%%2@{ ?éi Vé\ﬁt GldifRgyaporator

condensate can be returne e process as ean C a small portion split off to

waste water plaeatitenf wirpsenisritapsiitarp I32oretsoimnged nflstels A GE vistefsamitent
Wastewater Fement h'66 drignBuiil iz W ke YRR dGHE ERBEIRAS R RIaRd xvesating process

water for reuse within the plant. Wastewater treatment can also %i%duce fuel (e.g., sludge and biogas)

that can be (BSEaaehbyEAch ofths plralirmEnlasPie dansduestol G{ft'ﬁ%‘ﬁddfo%e%cg{ﬂ"&@mple, as

described in urtbrRshds athiayansiticly onHahieghs rhidion sRidamue piecsie ameannte e ctricity that

can be used in VaanéJSéI%t g} 9{833 e?%v lile a single flow cell 1224 has been described, other

arrangements are possible. In some embodiments, second pump 1230 moves process stream to
a second flow cell where a second booster and ultrasonic transducer further sonicate process

stream 1216.
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Wastewater is initially pumped through a screen (e.g., a bar screen) to remove large particles, which
are collected in a hopper. In some embodiments, the large particles are sent to a landfill. Additionally
or alternatively, the large particles are burned to create steam and/or electricity as described in further
detail below. In general, the spacing on the bar screen is between 1/4 inch to 1 inch spacing (e.g., 1/2
inch spacing).  The wastewater then flows to an equalization tank, where the organic concentration
of the wastewater is equalized during a retention time. In general, the retention time is between 8
hours and 36 hours fe.gtill2ddiberre}aipia)weiils rdisprsetimd i R4 ias boéntdestiitttbas aclesdd of the tank.
In some emboginents. g BRI HDIXEI3 A RPaRERPEaNARON ihe-tank AfHRRd o Hikie contents

of the tank. In certain er%bodl_me.nts, thegngﬁxer su stantla#y mixes t?ewe; contents of the equalization tank
such that conefabehiments, sprisatigmpseteestioeriean ba parterasdouhstenty iy shuulogowly ¥k are

uniform.  Adif} primRTHeMa SRS A DB ARIKARALGR A& SN A Pfeddd prisiicsheah

exchanger. The heat exchanger is controlled (e.g., by controlling the flow rate of fluid through the heat
exchanger) suéha st amms ddhilseleserbeamiye simuliancouslydprednssd o988 naerobic

treatment. Fogteesaimplis. the desired temperature for anaerobic treatment can be between 40C to 60C.
After exiting the heaf exchanger, the wastewater enters one or moye anaerobic reactors. In some
embodiments, the ¢ %ﬂ@&ﬁ%?&‘ﬁgﬁem%%@ﬁﬁﬁ%ﬁsf tg?egﬁséré%%é’tg "the overall
concentrationaofsjedpetiaté possisite Wa teméremtivdineentspalimiveatits) ¢he tenmeiabiedrmecchatchas a higher

concentration gl s, bon e QeTalleoCBOHALPN:B SHHIBRIOIAEL) GG Bt 4y ULTON

solution containing nitrogen ahd phosphorus Is metered into each actor containing

wastewater. TaBulsifarteilfonatennd erhpseddossaprbwithiiniensite fapmoahont A9 WO shoWiogas
which can cogbymaaRe, e TRme MBd: 19 /an1aa ineuy aleewt A BaHmalRit 42 MABighotermal

units, or Btu, erﬁoung). The bio&as exits each anaergbic reactor through a vent and flows into a

he, : : :
manifold, wh Bimalifddit OLtermatively LB ndeVeime enbs sonkatehif¥ssor moves
the stream ofdbngashtaerdsbitait 04 Aed b s liomaboie. AadestsiiiratinXusiner cddian abdan2 In some
embodiments, the compresspr also, moves the single stream of bipgas thr a desulphurization
Catavat, AQcTOIS FORICRTRR RS eSS i SiRle R Fe eI R peiiea "
sediment trqptime, aAdstéwnﬁbms_hp m@rmodweﬁmwrﬁm%qmmt@mm to one or
more aerobic reaaciiéféﬂiﬂg AR Y3186 514998 SRRYARABRE IO bIR ARRaRGd Wil &achraerobic

reactor to mix the anaerobic effluent, sludge, oxygen (e.g., ox;égen contained in air). Within each

aerobic reactBechieiiromieditea singlerminAs shohae adtsie piszaelpsBisemsdusesopdskiie, water,
and ammonigs coupfeArUGIBHHASAE RPN G 19-Mspéiti G R iai ASERPIAIL hoys GRalviEieHs separated

from treated yater. Sqme of the sludge is returned to the one or. more aerohi¢c reactors to create an
elevated sluoyége&gﬁez)ﬁ{%ﬂ%‘r(?‘?ﬂ’ﬁ? %%?8‘0?8?561& ?é’,’ffﬁé%ﬁ?} f’é@ﬁfﬁi‘?ﬁ@%é‘fgﬁ’é’ breakdown of
cellular matettahsduiieesyvegiensieto Riglofreqyamc yetectvieal exerpysapplidd ¢hfnetv, e temsaitttaltoAs
described in fyrther il below X sludge | fu re 2am and ctricity.
The treated %&%%%%ﬁ%%’%%%‘gﬁg svz%%grarlltlg tgoe g%gﬁﬁ(#&ﬁ t}n%%g%ﬁ: S |S§§§élc§%ﬁfoé§éﬁ§n the

treated wateiadatigeofd tad BoflbmhommarepreidedamithmteprstiviesevpingHapsmifand xder a settling

period, treat%%ﬁé%ﬁﬁé%fé%&%@c@&é'ﬂ@rﬁ%&ggﬁ%@ﬁ}{(éyﬁi&ﬂﬁﬂmﬁiﬂ er to remove any additional
solids remaining in the water. In some_embodiments, chlorine Is added to the treated water to Kill

pathogenic bacterial 1f BB BEMsA Eophedranidhessh furughdhe satplingeorhorster BtRsiques are

used to furtheredtipleth® thedipdosiaiRte 78 oLHRMPIL atib &lealankie«dxhrbezp the A6 torbegh a carbon
adsorption reactor, As danoth r

. example, treateq water can pumped.through a reverse gsmosis reactor.
Waste combﬂgﬁ%sﬁtely 1598 pr%%%&ﬁ?ﬁ% aggbﬁqé’lc rbrﬁrg}%ﬁggg%%ﬁﬁ%%g?ﬁ%‘ﬁ?%ﬁ%%@%‘@ & various
byproduct steerkpiagséiiot showe)herading tteaibrativhedectpplipdo be used in other parts of the plant. For
example, steam ge i ' -disfllati cess. As

?ﬁé%gﬁyﬁ;%gﬁg%é%l%ﬁ%%gg%@ﬁﬁ%%@#%9?%&@%19@34@%9&@@

another example, electri -product streams can be used to power electron

beam generdb§isaasdpentsaalepiiicatinconnested in parallel; incchatansing transfermor $fbandeds used to
generate SteampaRY BT ciNRER ARSI STATIITRR R RAERABERUGR M RIRTagReSS. For

example, anagerobic digestion of wastewater produces a biogas_high in methane and a small amount of
waste biomaS TR GReEL oS Frshf Ahs tansdsersid b halasinetiangformsE KRONRRIRG A, cellulose,

and hemicellulose remaining from the pretreatment &id primary processes) can be used as a fuel.



The biogas is diverted to a combustion engine connected to an electric generator to produce
electricity. For example, the biogas can be used as a fuel source for a spark-ignited natural gas
engine. As another example, the biogas can be used as a fuel source for a direct-injection natural gas
engine. As another example, the biogas can be used as a fuel source for a combustion turbine.
Additionally or alternatively, the combustion engine can be configured in a cogeneration configuration.
For example, waste heat from the combustion engines can be used to provide hot water or steam

throughout theypignt standTpefsd voglenanghpast-tis bate dofdamorhisrinchidehe atagretéar dowMg through

a heat exchanger. In, sognm% riaﬂryékfeodimi%%s%%h?ﬂ]\ggtg{s{)l?gvin&%ﬁg@% aétg?.” lh i:‘é[ gSa)ﬁ%r]s%Q&x%{a& evaporated

and superhedt&tB24%& ents, the steam 1s used In retreatment rector and
in heat exchawiyelingfhesphistiieliiton and evaporation processes. Additionally or alternatively, the steam

expands (o power ayyilaqe SISAN WIESAIEHANAOAMRIREHR IPARBIY SRR X ing the

steam turbine is conaense with coolifig water and returned to the heat exchanger for reheating to

steam. In sontrensdoerdinvshas Brenseviiesasicy Serpombon mede il &P rsasigsat Mfed to obtain

a target electygity iR (1am tha SiRaMuiee Gennactd tnanTalesiteappsiiiar Rer example,
water can be added to the heat exchanger to ensure that th%f%tear{l?ﬁrbin%s 0 e:%tén‘?o bove a
GiPt the ato

threshold corRIRIGARS FaximummaHana EXHISIRE LIRS Ega t?)’Rﬁhile
certain embogientehtauavibongestaiddcathey eapbetiweentzarendGsSinpere depsdimgenaheple,
while the biogas,is describe eing diverted to a combustion ' n electric
generator, inq(?é“rjtglnr? %gm cgd%n?é&%?énge f(;ﬁ]g%gu %églgqboélslssggpt Ogﬁl%%?gc{uaﬁfce?ﬁgnfﬁo groduce
hydrogen. Thmdxjuiuoydiffiseimenniorminabebitagsi don tisitsathe suasioneFamplicude, thexefersotarpetdnple,

while the biogg ISAPENRRSLE S REIA.PLARGH SRt RRJRSluARe ARkRORs il bekeald, n

certain embodiments, all of the waste by-products can be burned together to produce steam,

PRODUCTS rasipes Jixbrbsinsmsit 430 sssuresadhabmnsed sapditionbymoxidngsmebrss™icohol,
e.g., ethanol, gywAcRehdHnaiaedts) nende iR E: BLGIsSIb DY CEr bircBRiEAgDRSeafsalTRBOIS that can
be produced include methanol, ethanol, propanal, isopr ol, butanol, e.g., n-, se¢-, or t-butanol,
ethylene glycBIrpissnEHE b’lﬁ)éﬁ’l?sl’,"ﬁbméﬁ%c&ﬁfg@é@%&ﬁf %?%W%Q%F?%agg‘ééa%‘gﬁ'&s. Each of
the alcohols miedtnet oripeaptraiihguerasmmiadiin inplués®38 vduistrial feedstock. For example,
ethanol can be useq in the manufacture of varnis fl g , Ranol can
be used as a solver%suasnea tgrgaa“é%a}r%b%lrl} r%l%\{lrﬁs \c/’v%dgs%%ig %%e%%ﬁb}&%q%ﬁﬁ%?g%r% butanol
can be used irtifitadtiFikisrypradfideyiceemeduseirighrages, migracavitasipforpbPpieghited by the plant is
valuable as agideadieBiosRE N IRQ AR BEb R RHEERISW LsRiRleRlPAAMaIE Kt haraLproduced

by the plant can be purified to food grade alcohol and ysed. as a primary ingredient in the alcoholic

beverages. TOBIAIRANEPERION AEYISY Hribn SMPRIOY halewishsmerarLrd @R EMRPansportation fuel.
The use of ethdnatisemiiRIGHSH alio midatedbyoinpiivecDeut ohitind €laible bf okmeatpita) andestment
from spark ignitign engipe manufacturers and owners (£.9..,C es.to injegtion timing, fuel-to-air
ratio, and co ﬁk‘ﬁ&@‘?ﬁ’g ofgﬁYéc?ﬁ &qﬂ]’g%?%@%%ﬂﬁigfgﬁg %‘f% |Veﬂ1r%a‘r;1%%%?b%artg§}lr1#éntly offer
flex-fuel vehiClperatinmedseuck omcmmuﬁmﬂaﬁwggﬁmmﬁlérﬁmm&b%ﬁ%@tmél,w;ﬂ?ﬁbme (e.g.,
standard eq”'pmenmeeﬂl%%%%ﬁ]%ﬁu%éef‘)ze naPIRENAA NP BY iR RiaRbRAN be used as an

engine fuel to improve environmental and economic .corr}%%ons beyond the location of the g;ant. For
example, ethpisetqleeitigastive\elems pirliorcapaie ERseRicLRGES s Athee AaREgRsaiH SR IRSHES e fissions

from manmagdg e embodiments, ultrasonic transducer 1226 includes active elements made of other types of .

magnetostrictive materials (e.g., ferrous metals). Design and operation of such a high-powered
ultrasonic transducer is discussed in Hansen et al., U.S. Patent No. 6,624,539. In some
embodiments, ultrasonic energy is transferred to process stream 16 through an electrohydraulic
system.

While ultrasonic transducer 1226 has been described as using the electromagnetic

-response of magnetorestrictive materials to produce ultrasonic energy, other arrangements are
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sources (e.g., transportation sources). As another example, ethanol produced by this plant and used

as an engine fuel can also displace consumption of gasoline refined from oil.  Bioethanol has a 0
greater octane number than conventional gasoline and, thus, can be used to improve the performance
(e.g., allow for higher compression ratios) of spark ignition engines. For example, small amounts (e.g.,
10% by volume) of ethanol can be blended with gasoline to act as an octane enhancer for fuels used

in spark ignition engines. As another example, larger amounts (e.g., 85% by volume) of ethanol can be
blended withpgssiblenditedinetbmbrdirents dtwmdtietmrtyrie thafoosrofianl idispie skotkrgeve/cdabres of

gasoline. t [ k for Biomass
Ethanol Prod%@%ﬁaannétg t%fl%cceﬁ%aﬁ ﬁg@%‘?‘g a%%%%ﬁé@%%%n@%%%ﬁﬁ%&%@%%gress 15:8179,
1999; Martinulirssarigeeergicsdrns fPaeh raneppssitrean 16 dopughra themmehipdrgelis sgstems Fapril 2005;

Lynd in MicreRiplgay RBesMAlacear Ry REAWS &R td pB8aedi’d ' RbRJsahnn U.S.
Patent No. 429294%YG and Bellamy %S E’%fglnﬁal\{l?)u 0955942 Org};imlc acl The organic acids

produced caﬁnmefﬁeaqwm&éaﬂf&wh%&aw %ﬁ&%&?lﬁ%&ﬁ&%‘fﬂ&@%tﬂﬁ%’&ﬁ&r@%ﬁ’&uds
include formigsaeidt a@eﬁs‘e@mﬁhpfﬁawﬂt&&&tﬁb@ﬂ%&xﬁ@lﬂo}b&é@ﬁﬁrﬁﬁwmﬁm@(;pmmtmamd stearic -

acid, oxalic malonic ac d succmlc aci utari |d .0leic acid, lingleic acid olic acid, lactic
acid, y- hydrglgy%&tync &L, OPr?ratu%g osfu es%é E@%?éyadc SSEE cer s %ns%lgsrﬁelgmg%%gfarﬂ%n s, allora
portion of thalfeth$eRatton638%ESS can be interrupted before the cellulosic material is completely
converted to ethanol. The intermediate fermentation products include high concentrations of sugar and
carbohydratggrdifdise intermediate fermentation products can be used in preparation of food for

human or animal cesupIRAT, ISR s AIMAY AN A AHBLAR AT BRASH AR AR higeic

material will render e inter ta ucts sterile (e.g., fit for human consumptlon) In -

some embodiidatsaripy pfidiffsenineureshie Mo ipr bl sehstanres 8‘?)@%@&5 9 prior to use as -
food. For eXT@FBWEe FoHTMBY ERralE] G2 EAIOMBITI S/ I TR HRNS HaBul i HR@di PR JasRRIisfon '
products to facilitate storage, handling, and shelf-life. Additionally or alternatively, the intermediate
fermentatlorF‘B%Hlﬁﬁ‘tlg‘??éFFbe ground to a fine particle size in a stainless-steel laboratory mill to

produce a flour- Iike{sfehsnﬁgm@eimmw@@@d schédatibensyGag) find satedides tanibdudesverted into a

valuable byprqHH fthe d'§1Ir'le.|f5‘rt1'anbgrezb(ﬁraélr%lgcglce%vséxAIf ﬁ/{%zgl% tlon (:](?ﬁhé Kahtlo rocess,

distillers grains ARe so utrés'Gan rie improve e ma 5rlal The
resulting dri¢kedistilinatsnipkimg whe Solatic® (DDES) isdond nattrint B thagmtuﬂas delyose payingn, high in

fiver, and highiJoRRABRBEYSi2adI B UL RRE SR iF e bRNIRASeRRkge of animal feed

(e.g., as a feed source for dairy cattle %#DDGS can be subsequently combined with nutritional additives

to meet speditlcelannpight iFhaferradmaisealiferdhediysiaod seconthmaterialdn esHAMRCing digestible lysine
and phosphegiso i yNR/aE tambined with a microorganism (e.g., a bacterium or a yeast) that can

* utilize the second and/or first material to produce a fuel 5 that is or includes hydrogen, an

alcohol (e.g., ethanol or butanol, such as n-, sec or t-butanol), an organic acid, a hydrocarbon or
mixtures of any of these. |

Since the second material has 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 3 more susceptible to chemical, enzymatic and/or
microbial attack relative to the first material 2, which can greatly improve the production rate
and/or production level of a desired product, e.g., ethanol. Pyrolysis can also sterilize the first

and second materials.

59



Pharmaceuticals The pretreatment processes discussed above can be applied to plants with
medicinal properties. In some embodiments, sonication can stimulate bioactivity and/or bioavailabilty
of the medicinal components of plants with medicinal properties. Additionally or alternatively,
irradiation stimulates bioactivity and/or bioavailabilty of the medicinal components of plants with
medicinal properties. For example, sonication and irradiation can be combined in the pretreatment of
willow bark to stimulate the production of salicin. Nutriceuticals In some embodiments,
intermediate fermeﬂtaim&mbhmﬁsefmgthﬂaﬂmmﬂmmmm higltconeeigha(he)ns dogar and
carbohydrate% C u emented to greate an I For Ie ing r fermentation
products can be gﬁ%%ee?nggleeéw (R mu?%ucarrevé eé}l {ﬁﬁ |N§ LPflca ?ﬁg%g%%wdes eergz'le‘érrgltl %1(? ézlps
improve or mada&8r30.0¥e 4ré0 gercaBt-Frpetouits origren Mersithea abow §lpersdied above, lignin

containing res'dUESIHQ&%Q{HB%Xeé‘Qﬂe%ré%U&?Iﬁ%ﬂkm&C@éﬁﬁésQﬁﬁt‘@é’&‘s %Fllowever RelyRaeRergy fuel

and can be used to generate power qn steam for use in Eﬁ ant processes uch lignin

residues are E’Wéwwp@f‘o?réﬁﬁa@ﬂ)’e(l Gnkpfiths eckufene ofshediret W%ht%ﬁ‘ﬁﬁ?ﬂ&ﬁ f¥undaries,

and the costsgfisligiigatt (& yapaReEtatianiul Cperbat! dem 5[0 TS BRBYaMcol v mereases,
gasification of the eLeg YE residues can converting it to a higher-value product with lower cost. Other
Co-Products 1 Frrd®&itfural, and acetic acid have been identified as potential co-products of

biomass-to-fuel prohesnmﬂmﬂtmmtmtbemhgeﬂymttmm@ﬂdrb@pwdﬂmﬂ)axstfrmnragdrmrﬁhtsure
significant pujifigadon arkets oIyl Pas el 75 sk AisniaReaRIaY RN Bdg ypikel tha they

are large enough to consu e output of a fully comm ignocellulose-to-ethanol industry.

EXAMPLES percatfieangliba/onys@hiaityiades efionorelyeisds ﬁemr@l@tdﬁdo@@%tmﬂwm,t@aehmgs of this
disclosure. Exgmaa 1 RFRUISHEELITPHSMBIRT b FEQBL a1 AY eI RRRVer, in certain

embodiments, e.g., after extensive pyrolysis, it is possible to have a crystallinity index of lower
than 5 percent. In some embodiments, the material after pyrolysis is substantially amorphous.

In some embodiments, the starting number average molecular weight (prior to
pyrolysis) is from about 200,000 to about 3,200,000, e.g., from about 250,000 to about
1,000,000 or from about 250,000 to about 700,000, and the number average molecular weight
after pyrolysis is from about 50,000 to about 200,000, e.g., from about 60,000 to about 150,000
or from about 70,000 to about 125,000. However, in some embodiments, €.g., after extensive
pyrolysis, it is possible to have a number average molecular weight of less than about 10,000 or
even less than about 5,000.

In some embodiments, the second material can have a level of oxidation ('0,) that is
higher than the level of oxidation (TO,) of the first material. A higher level of oxidation of the
material can aid in its dispersability, swellability and/or solubility, further enhancing the
materials susceptibility to chemical, enzymatic or microbial attack. In some embodiments, to
increase the level of the oxidation of the second material relative to the first material, the
pyrolysis is performed in an oxidizing environment, producing a second material that is more
oxidized than the first material. For example, the second material can have more hydroxyl
groups, aldehyde groups, ketone groups, ester groups or carboxylic acid groups, which can

increase its hydrophilicity.
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A 1500 pound skid of virgin, half-gallon juice cartons made of un-printed polycoated white Kraft board
having a bulk density of 20 Ib/fewas obtained from International Paper. Each carton was folded flat,
and then fed into a 3 hp Flinch Baugh shredder at a rate of approximately 15 to 20 pounds per hour.
The shredder was equipped with two 12 inch rotary blades, two fixed blades and a 0.30 inch discharge
screen. The gap between the rotary and fixed blades was adjusted to 0.10 inch. The output from the
shredder resembled confetti having a width of between 0.1 inch and 0.5 inch, a length of between 0.25
inch and 1 inch andia digkaabsdanenv e biedlysts of themiaiialgismwiaimb@biuo®®d75 inch).  The
confetti-like material was fed to a Munson rotary knife cutter,.Model SC i ipped
with four rotaFV‘LB?é‘aHgg?tfofﬁeﬂ%t% e{&gg{%ﬁl&% a% ig rf':'frgf%emsncizlrxéeegr(lili%laef\’/|2Lnn:géqfl/!€\§{Il %%%&g&%}%gls?&ruhe gap
between the sotegnd ipc:ficcanblkaaia e dsiomt pyrolypmpdgaately 0.020 inch. The rotary knife cutter
sheared the confetti-like-pieces across the knife-edges, tearing the pieces apart and releasing a
fibrous matermgraysas sgt@m$ about one pound per hour. The fibrous material had a BET surface area of

0.9748 m2/g +/- .08y WfQw PRFOSILY A BRi0KEH 60O ARGaL YFER HHs (120RZ0RI8) of 0.1260
g/mL. An avera%e length of the fibers was 1.141 mm and an avergﬁs width of the fibers was 0.027 '

mm, giving afPeRRRsl BreeRigreRd systams - dm ArststoR 68 dstarly Rbsydertsi s S S ARMAshown in
FIG 26 at 25 geagigication. Example 2 - Preparation Of Fibrous Material From Bleached Kraft
Board A 1500 poupd skid, of virgin bleagched white Kraft board having a bulk density of-30 1b/f3
was obtained from I'?ifé%‘?ﬁ?i%%a?%&%é%?%ﬁ'e%ﬁ%i@ﬁ% v?/léls'ﬁgllggddasﬁgff%ﬁ %ﬁgﬁrfb KR gs%\éig T‘]?JrFlinch
Baugh shreddeddivaryatetef mppiysisctateberl 5o @(arppiqridﬁlp_éceﬂmckTmsmé@@mm equipped with
o 12 inch rglarysblade pieerMadenAnd sl A ichalincbagaR e (iReaR priween the

rotary and fixed blades was adjusted to'0.10 inch. The output from the shredder resembled confetti

having a widmasgrisb andlentaformibe plant oateriahis dekivrsed By Bstredstookaranseortdsiiainch and a

thickness equjyalpitvayhatirhianistatiogisnaiariatdabaudd B ubjedted thaenaiesit fleensigrial was
fed to a Munsaon rotary knife cutter, Model SC30, The discharge screen had {8 inch 0 enings. The
gap between®# (5@n R as e BYSHRES W%@%%{%%&H%a%gﬁ%ﬁ?ﬁg@%rﬁ% VR 13ER, knife cutter

sheared the gg9riBuislttarpbes.es, releasing a fibrous material at a rate of about one pound per hour.
The fibrous materi d a BET surface area.of 1,1316.m2/g +/- 0.0103 m. ' 8.3285
percent and a bulkaé‘iélg's‘ﬁ?}%@?f%‘omﬁég)r SF5 e eé%r%‘ffr?%irg‘é‘{%%%f erég‘é]{%?%]%{?i eéPs‘ é/%vg s 1.063
nun and an eGgEheitthrodfiteclibeistuncadio0nas stndeionds wontheragitrerentos: ef thescanning
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Preparation Of Twice Sheared Fibrous Matefial From Bleached Kraft Board A 1500 pound skid of

virgin bleach®aspithemaisims santerafithy Sesisibds bryrermtpastlAreand Bbam 9 R & e eional
Paper. The masetiak vas)eldesidirbrang theadad maombhufklidtcRafgh subtdkialaggente of

approximately 15 to 20 nds per hour. The shredder was equipped with two 12 inch rotary blades,

two fixed bla ﬂ\fﬁ)d'ta“é%%%ylﬁ”ﬁ&&s@ﬁaﬁﬁ?éﬁ‘éﬁ?ﬁ#@ﬁ%‘%ﬁgﬁ i ({ee 1?8?3%/%?\ ed blades was

adjusted to Ofdddstock ifdnenses itheefiergy thasshptitoheofisbsenindetpyoifsisi gepsabove). The confetti-like

material was fed to n | L e inch
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openings. The gap between the rotary an es was set to approximately 0.020 inch. The

rotary knife cifttebinweightidrirtifesdsieck saterish6a79 whishdas #laremeisiurs conteriicap Sadbngdsdound per
hour. The mgtegirbrgsuliastcumdiadieshs0gasi30 was deavenck inbiskiie il 9aitie WrBRIibed above

and sheared again. The resulting fiborous material had a BET surface area of 1.4408 m2/g +10.0156
m2/g, a porodRybAiseHEssa8b9¥F. R CarAiLeRMAHRE Ty IRraT Rk WA 1Eh BISET AT N f W erage
length of thesiapls bealsiéd 89 Hispersactias fevdesaganatelibl oh hmdiiagurasy0rGRA ayules diwing an

average LID of 34:1. A scanning electron micrograph of.the fibrous material i sh%/ﬁm' IG 28 at 25 X
magnificatior@étgfj“}ﬁo%%%?%%{f Fgﬁe%gfl% rrlllge@%élg?gagﬁ%lrgﬁgpﬂaa eesrﬁa??frﬁg% eag’{?gﬁ Kraft Board
A 1500 pourpteskid mfther Gieditirkched white Kraft board having a bulk density of 30 Ib/ft3 was obtained
from International ager. Tipdaglerial s feldssclaboandahen nidunadhhrblidavinggg shredder
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at a rate of approximately 15 to 20 pounds per hour. The shredder was equipped with two 12 inch
rotary blade$o@deiesss ingethamebaud Hieihyrveigkthdhganschanisativpropsss Ackherdigry and
fixed blades was adjusted to 0.10 inch. The output from the shredder resembled confetti (as above).
The confetti-like material was fed to a Munson rotar$knife cutter, Model SC30. The discharge screen
had 1/8 inch openings. The gap between the rotary and fixed blades was set to approximately 0.020
inch. The rotary knife cutter sheared the confetti-like pieces across the knife-edges. The material
resulting from the first shearing was fed back into the same setup and the screen was replaced with a
1/16 inch screen. This material was sheared. The material resulting from the second shearing was fed
back into the same setup and the screen was replaced with a 1/32 inch screen. This material was
sheared. The resulting fibrous material had a BET surface area of 1.6897 m2/g +/- 0.0155 m2/g, a
porosity of 87.7163 percent and a bulk density (@0.53 psia) of 0.1448 g/mL. An average length of the

fibers was 0.824 mm and an average width of the fibers was 0.0262 mm, giving an average L/D of
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Fibrous material was prepared according to Example 2. Approximately | Ib of water was sprayed onto
each 10 Ib of fibrous material. The fibrous material was densified using a California Pellet Mill 1100
operating at 75 C. Pellets were obtained having a bulk density ranging from about 7 Ib/ft3to about 15
Ib/&. Example 6- Preparation Of Densified Fibrous Material From Bleached Kraft Board With Binder
Fibrous material was prepared according to Example 2. A 2 weight percent stock solution of
POLYOXTm WSR NIO (polyethylene oxide) was prepared in water. Approximately 1 Ib of the stock
solution was gfgyrd aitoveeh ot fifatetis en3dasith aﬁh@nﬁbﬁﬂhiﬁxﬁ‘tﬁd&ﬁ&ht\/\@ﬁtdﬁﬂﬁﬁ@ using a

California Pe éet Mill 1100 ratin 5 C. Pellets were f@}/l et%lu # nsit anglng from
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o Example 4. The (A RIS L IR AR B Bed 1o RIS ARRSITed pellet

are placed in a glass a aving a maximum capacity of 250 mL. lass ampoule is
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ampoule is sea|ed HRASH HGORe TRARGHIEIRIR Hreha faRABAHRACHRET @/Hiug30TDamradiation for

about 3 hours at a dose rate of about 1 Mradéaer hour to provide an |rrad| ted mat I in which the
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according to 25
can reduce the thermal load on the pyrolysis chamber.

The feedstock is then transported to a pyrolysis chamber to undergo pyrolysis in step
6050. In some embodimenté, transport of the feedstock is assisted by adding one or more
pressurized gases 6210 to the feedstock stream. The gases create a pressure gradient in a
feedstock transport conduit, propelling the feedstock into the pyrolysis chamber (and even
through the pyrolysis chamber). In certain embodiments, transport of the feedstock occurs
mechanically; that is, a transport system that includes a conveyor such as an auger transports
the feedstock to the pyrolysis chamber.

Other gases 6210 can also be added to the feedstock prior to the pyrolysis chamber. In
some embodiments, for example, one or more catalyst gases can be added to the feedstock to
assist decomposition of the feedstock during pyrolysis. In certain embodiments, one or more
scavenging agents can be added to the feedstock to trap volatile materials released during
pyrolysis. For example, various sulfur-based compounds such as sulfides can be liberated
during pyrolysis, and an agent such as hydrogen gas can be added to the feedstock to cause
desulfurization of the pyrolysis products. Hydrogen combines with sulfides to form hydrogen
sulfide gas, which can be removed from the pyrolyzed feedstock.

Pyrolysis of the feedstock within the chamber can include heating the feedstock to
relatively high temperatures to cause partial decomposition of the feedstock. Typically, the
feedstock is heated to a temperature in a range from 150 °C to 1100 °C. The temperature to
which the feedstock is heated depends upon a number of factors, including the composition of

the feedstock, the feedstock average particle size, the moisture content, and the desired
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The densified pellets are placed in a glass ampoule having a maximum capacity of 250 mL. The glass
ampoule is sealed under an atmosphere of air. The pellets in the ampoule are irradiated with gamma
radiation for about 3 hours at a dose rate of about 1 Mrad per hour to provide an irradiated material in
which the cellulose has a lower molecular weight than the fibrous Kraft starting material. Example 9 -
Methods of Determining Molecular Weight of Cellulosic and Lignocellulosic Materials by Gel
Permeation Chromatography Cellulosic and lignocellulosic materials for analysis were treated
according to Eaoiyaie grofiamponeiayialpep fdiotass ifedisotdd) ovieguigidepyrotysd echipafatusgser (P),

wheat straw (\p/ﬁz alf EFAJ‘? switchgrass (SG). The number "132" of the Sample 1D refers to the
particle size o f eb?rrlla?itlgﬁaa a tdg?s g‘r‘fﬁg%%rs'ough a 1/32 inch screen. The number after the dash

refers to the dosage Bfereedidgion {MRefthafegdiek vdthinsths pinelyesharebanseraratly depsadaple, a

sample 1D "Phagel D[RRI I PRARSID Al RToRRRNHIRAAREIUR DafeMRisI7 6 @fel 32 mesh and
has been irradiated with 10 MRad. Table 1. Peak Average Molecular We%%tsof Irradiated Kraft Paper

SampleDosadégdstarkgbaiisdsiosk avsrasrnartiele sisrdhs BOIsEIRABIEHS R Hibg dqgicgd pyrolysis

PaperPI1320Ng:43613 1 G0nR eRBolRAGAd, 38Rt GRat b B2t Q41046344 4 terBsbRAEZ B 4B SASi16668*
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the decomposition temperature for the material in an inert atmosphere, e.g., from about 2 °C

above to about 10 °C above the decomposition temperature or from about 3 °C above to about 7
°C above the decomposition temperature. In such embodiments, the material is generally kept
at this temperature for greater than 0.5 hours, e.g., greater than 1.0 hours or greater than about
2.0 hours. In other embodiments, the materials are pyrolyzed at a temperature well above the
decomposition temperature for the material in an inert atmosphere, e.g., from about 75 °C
above to about 175 °C above the decomposition temperature or from about 85 °C above to
about 150 °C above the decomposition temperature. In such embodiments, the material is
generally kept at this temperature for less than 0.5 hour, e.g., less 20 minutes, less than 10
minutes, less than 5 minutes or less than 2 minutes. In still other embodiments, the materials
are pyrolyzed at an extreme temperature, €.g., from about 200 °C above to about 500 °C above
the decomposition température of the material in an inert environment or from about 250 °C
above to about 400 °C above the decomposition temperature. In such embodiments, the
material us generally kept at this temperature for less than 1 minute, e.g., less than 30 seconds,
less than 15 seconds, less than 10 seconds, less than 5 seconds, less than 1 second or less than
500 ms. Such embodiments are typically referred to as flash pyrolysis.

In some embodiments, the feedstock is heated relatively rapidly to the selected
pyrolysis temperature within the chamber. For example, the chamber can be designed to heat
the feedstock at a rate of between 500 °C/s and 11,000 °C/s. Typical heating rates for biomass-
derived feedstock material are from 500 °C/s to 1000 °C/s, for example.

A turbulent flow of feedstock material within the pyrolysis chamber is usually
advantageous, as it ensures relatively efficient heat transfer to the feedstock material from the
heating sub-system. Turbulent flow can be achieved by blowing the feedstock material through
the chamber using one or more injected carrier gases 6210, for example. In general, the carrier

gases are relatively inert towards the feedstock material, even at the high temperatures in the
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1000W horn under re-circulating conditions with the material dispersed in water. Table 2. Peak
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pyrolysis chamber. Exemplary carrier gases include, for example, nitrogen, argon, methane,
carbon monoxide, and carbon dioxide. Alternatively, or in addition, mechanical transport
systems such as augers can transport and circulate the feedstock within the pyrolysis chamber
to create a turbulent feedstock flow.

In some embodiments, pyrolysis of the feedstock occurs substantially in the absence of
oxygen and other reactive gases. Oxygen can be removed from the pyrolysis chamber by
periodic purging of the chamber with high pressure nitrogen (e.g., at nitrogen pressures of 2 bar
or more). Following purging of the chamber, a gas mixture present in the pyrolysis chamber
(e.g., during pyrolysis of the feedstock) can include less than 4 mole% oxygen (e.g., less than 1
mole% oxygen, and even less than 0.5 mole% oxygen). The absence of oxygen ensures that
ignition of the feedstock does not occur at the elevated pyrolysis temperatures.

In certain embodiments, relatively small amounts of oxygen can be introduced into the
feedstock and are present during pyrolysis. This technique is referred to as oxidative pyrolysis.
Typically, oxidative pyrolysis occurs in multiple heating stages. For example, in a first heating
stage, the feedstock is heated in the presence of oxygen to cause partial oxidation of the
feedstock. This stage consumes the available oxygen in the pyrolysis chamber. Then, in
subsequent heating stages, the feedstock temperature is further elevated. With all of the oxygen
in the chamber consumed, however, feedstock combustion does not occur, and combustion-free
pyrolytic decomposition of the feedstock (e.g., to generate hydrocarbon products) occurs. In
general, the process of heating feedstock in the pyrolysis chamber to initiate decomposition is
endothermic. However, in oxidative pyrolysis, formation of carbon dioxide by oxidation of the
feedstock is an exothermic process. The heat released from carbon dioxide formation can assist
further pyrolysis heating stages, thereby lessening the thermal load presented by the feedstock.

In some embodiments, pyrolysis occurs in an inert environment, such as while
feedstock materials are bathed in argon or nitrogen gas. In certain embodiments, pyrolysis can
occur in an oxidizing environment, such as in air or argon enriched in air. Insome
embodiments, pyrolysis can take place in a reducing environment, such as while feedstock
materials are bathed in hydrogen gas. To aid pyrolysis, various chemical agents, such as
oxidants, reductants, acids or bases can be added to the material prior to or during pyrolysis.

For exémple, sulfuric acid can be added, or a peroxide (e.g., benzoyl peroxide) can be added.
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As discussed above, a variety of different processing conditions can be used, depending
upon factors such as the feedstock composition and the desired pyrolysis products. For
example, for cellulose-containing feedstock material, relatively mild pyrolysis conditions can
be employed, including flash pyrolysis temperatures between 375 °C and 450 °C, and residence
times of less than 1 second. As another example, for organic solid waste material such as
sewage sludge, flash pyrolysis temperatures between 500 °C and 650 °C are typically used,
with residence times of between 0.5 and 3 seconds. In general, many of the pyrolysis process
parameters, including residence time, pyrolysis temperature, feedstock turbulence, moisture
content, feedstock composition, pyrolysis product composition, and additive gas composition
can be regulated automé.tically by a system of regulators and an automated control system.

Following pyrolysis step 6050, the pyrolysis products undergo a quenching step 6250 to
reduce the temperature of the products prior to further processing. Typically, quenching step
6250 includes spraying the pyrolysis products with streams of cooling water 6260. The cooling
water also forms a slurry that includes solid, undissolved product material and various
dissolved products. Also present in the product stream is a mixture that includes various gases,
including broduct gases, carrier gases, and other types of process gases.

The product stream is transported via in-line piping to a gas separator that performs a
gas separation step 6060, in which product gases and other gases are separated from the slurry
formed by quenching the pyrolysis products. The separated gas mixture is optionally directed
to a blower 6130, which increases the gas pressure by blowing air into the mixture. The gas
mixture can be subjected to a filtration step 6140, in which the gas mixture passes through one
or more filters (e.g., activated charcoal filters) to remove particulates and other impurities. Ina
subsequent step 6150, the filtered gas can be compressed and stored for further use.
Alternatively, the filtered gas can be subjected to further processing steps 6160. For example,
in some embodiments, the filtered gas can be condensed to separate different gaseous
compounds within the gas mixture. The different compounds can include, for example, various
hydrocarbon products (e.g., alcohols, alkanes, alkenes, alkynes, ethers) produced during
pyrolysis. In certain embodiments, the filtered gas containing a mixture of hydrocarbon
components can be combined with steam gas 6170 (e.g., a mixture of water vapor and oxygen)

and subjected to a cracking process to reduce molecular weights of the hydrocarbon

components.
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In some embodiments, the pyrolysis chamber includes heat sources that burn
hydrocarbon gases such as methane, propane, and/or butane to heat the feedstock. A portion
6270 of the separated gases can be recirculated into the pyrolysis chamber for combustion, to
generate process heat to sustain the pyrolysis process.

In certain embodiments, the pyrolysis chamber can receive process heat that can be used
to increase the temperature of feedstock materials. For example, irradiating feedstock with
radiation (e.g., gamma radiation, electron beam radiation, or other types of radiation) can heat
the feedstock materials to relatively high temperatures. The heated feedstock materials can be
cooled by a heat exchange system that removes some of the excess heat from the irradiated
feedstock. The heat exchange system can be configured to transport some of the heat energy to
the pyrolysis chamber to heat (or pre-heat) feedstock material, thereby reducing energy cost for
the pyrolysis process.

The slurry containing liquid and solid pyrolysis products can undergo an optional de-
watering step 6070, in which excess water can be removed from the slurry via processes such
as mechanical pressing and evaporation. The excess water 6280 can be filtered and then
recirculated for further use in quenching the pyrolysis decomposition products in step 6250.

The de-watered slurry then undergoes a mechanical separation step 6080, in which solid
product material 6110 is separated from liquid product material 6090 by a series of
increasingly-fine filters. In step 6100, the liquid product material 6090 can then be condensed
(e.g., via évaporation) to remove waste water 6190, and purified by processes such as
extraction. Extraction can include the addition of one or more organic solvents 6180, for
example, to separate products such as oils from products such as alcohols. Suitable organic
solvents include, for example, various hydrocarbons and halo-hydrocarbons. The purified
liquid products 6200 can then be subjected to further processing steps. Waste water 6190 can
be filtered if necessary, and recirculated for further use in quenching the pyrolysis
decomposition products in step 6250.

After separation in step 6080, the solid product material 6110 is optionally subjected to
a drying step 6120 that can include evaporation of water. Solid material 6110 can then be
stored for later use, or subjected to further processing steps, as appropriate.

The pyrolysis process parameters discussed above are exemplary. In general, values of

these parameters can vary widely according to the nature of the feedstock and the desired
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products. Moreover, a wide variety of different pyrolysis techniques, including using heat
sources such as hydrocarbon flames and/or furnaces, infrared lasers, microwave heaters,
induction heaters, resistive heaters, and other heating devices and configurations can be used.

A wide variety of different pyrolysis chambers can be used to decompose the feedstock.
In some embodiments, for example, pyrolyzing feedstock can include heating the material
using a resistive heating member, such as a metal filament or metal ribbon. The heating can
occur by direct contact between the resistive heating member and the material.

In certain embodiments, pyrolyzing can include heating the material by induction, such
as by using a Currie-Point pyrolyzer. In some embodiments, pyrolyzing can include heating
the material by the application of radiation, such as infrared radiation. The radiation can be
generated by a laser, such as an infrared laser.

In certain embodiments, pyrolyzing can include heating the material with a convective
heat. The convective heat can be generated by a flowing stream of heated gas. The heated gas
can be maintained at a temperature of less than about 1200 °C, such as less than 1000 °C, less
than 750 °C, less than 600 °C, less than 400 °C or even less than 300 °C. The heated gas can be
maintained at a temperature of greater than about 250 °C. The convective heat can be
generated by a hot body surrounding the first material, such as in a furnace.

In some embodiments, pyrolyzing can include heating the material with steam at a
temperature above about 250 °C.

An embodiment of a pyrolysis chamber is shown in FIG. 15. Chamber 6500 includes
an insulated chamber wall 6510 with a vent 6600 for exhaust gases, a plurality of burners 6520
that generate heat for the pyrolysis process, a transport duct 6530 for transporting the feedstock
through chamber 6500, augers 6590 for moving the feedstock through duct 6530 in a turbulent
flow, and a quenching system 6540 that includes an auger 6610 for moving the pyrolysis
products, water jets 6550 for spraying the pyrolysis products with cooling water, and a gas
separator for separating gaseous products 6580 from a slurry 6570 containing solid and liquid
products.

Another embodiment of a pyrolysis chamber is shown in FIG. 16. Chamber 6700
includes an insulated chamber wall 6710, a feedstock supply duct 6720, a sloped inner chamber
wall 6730, burners 6740 that generate heat for the pyrolysis process, a vent 6750 for exhaust

gases, and a gas separator 6760 for separating gaseous products 6770 from liquid and solid
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products 6780. Chamber 6700 is configured to rotate in the direction shown by arrow 6790 to
ensure adequate mixing and turbulent flow of the feedstock within the chamber.

A further embodiment of a pyrolysis chamber is shown in FIG. 17. Filament pyrolyzer
1712 includes a sample holder 1713 with resistive heating element 1714 in the form of a wire
winding through the open space defined by the sample holder 1713. Optionally, the heated
element can be spun about axis 1715 (as indicated by arrow 1716) to tumble the material that
includes the cellulosic material in sample holder 1713. The space 1718 defined by enclosure
1719 is maintained at a temperature above room temperature, e.g., 200 to 250 °C. In a typical
usage, a carrier gas, e.g., an inert gas, or an oxidizing or reducing gas, traverses through the
sample holder 1713 while the resistive heating element is rotated and heated to a desired
temperature, e.g., 325 °C. After an appropriate time, e.g., 5 to 10 minutes, the pyrolyzed
material is emptied from the sample holder. The system shown in FIG. 17 can be scaled and
made continuous. For example, rather than a wire as the heating member, the heating member
can be an auger screw. Material can continuously fall into the sample holder, striking a heated
screw that pyrolizes the material. At the same time, the screw can push the pyrolyzed material
out of the sample holder to allow for the entry of fresh, unpyrolyzed material.

Another embodiment of a pyrolysis chamber is shown in FIG. 18, which features a
Curie-Point pyrolyzer 1820 that includes a sample chamber 1821 housing a ferromagnetic foil
1822. Surrounding the sample chamber 1821 is an RF coil 1823. The space 1824 defined by
enclosure 1825 is maintained at a temperature above room temperature, e.g., 200 to 250 °C. In
a typical usage, a carrier gas traverses through the sample chamber 1821 while the foil 1822 is
inductively heated by an applied RF field to pyrolize the material at a desired temperature.

Yet another embodiment of a pyrolysis chamber is shown in FIG. 19. Furnace
pyrolyzer 130 includes a movable sample holder 131 and a furnace 132. In a typical usage, the
sample is lowered (as indicated by arrow 137) into a hot zone 135 of furnace 132, while a
carrier gas fills the housing 136 and traverses through the sample holder 131. The sample is
heated to the desired temperature for a desired time to provide a pyrolyzed product. The
pyrolyzed product is removed from the pyrolyzer by raising the sample holder (as indicated by
arrow 134).

In certain embodiments, as shown in FIG. 20, a cellulosic target 140 can be pyrolyzed

by treating the target, which is housed in a vacuum chamber 141, with laser light, e.g., light
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having a wavelength of from about 225 nm to about 1500 nm. For example, the target can be
ablated at 266 nm, using the fourth harmonic of a Nd-YAG laser (Spectra Physics, GCR170,
San Jose, Calif)). The optical configuration shown allows the nearly monochromatic light 143
generated by the laser 142 to be directed using mirrors 144 and 145 onto the target after passing
though a lens 146 in the vacuum chamber 141. Typically, the pressure in the vacuum chamber
is maintained at less than about 10 mm Hg. In some embodiments, infrared radiation is used,
e.g., 1.06 micron radiation from a Nd-YAG laser. In such embodiments, a infrared sensitive
dye can be combined with the cellulosic material to produce a cellulosic target. The infrared
dye can enhance the heating of the cellulosic material. Laser ablation is described by Blanchet-
Fincher et al. in U.S. Patent No. 5,942,649,

Referring to FIG. 21, in some embodiments, a cellulosic material can be flash pyrolyzed
by coating a tungsten filamént 150, such as a 5 to 25 mil tungsten filament, with the desired -
cellulosic material while the material is housed in a vacuum chamber 151. To affect pyrolysis,
current is passed through the filament, which causes a rapid heating of the filament for a
desired time. Typically, the heating is continued for seconds before allowing the filament to
cool. In some embodiments, the heating is performed a number of times to effect the desired
amount of pyrolysis.

. In certain embodiments, carbohydrate-containing biomass material can be heated in an
absence of oxygen in a fluidized bed reactor. If desired, the carbohydrate containing biomass
can have relatively thin cross-sections, and can include any of the fibrous materials described
herein, for efficient heat transfer. The material can be heated by thermal transfer from a hot
metal or ceramic, such as glass beads or sand in the reactor, and the resulting pyrolysis liquid or

oil can be transported to a central refinery for making combustible fuels or other useful

products.

Oxidation
One or more oxidative processing sequences can be used to process raw feedstock from

a wide variety of different sources to extract useful substances from the feedstock, and to
provide partially degraded organic material which functions as input to further processing steps

and/or sequences.
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Referring again to FIG. 8, a first material 2 that includes cellulose having a first number
average molecular weight ("M1) and having a first oxygen content (TOy) is oxidized, e.g., by
heating the first material in a tube furnace in stream of air or oxygen-enriched air, to provide a
second material 3 that includes cellulose having a second number average molecular weight
(") and having a second oxygen content ("O2) higher than the first oxygen content (O:).
The second material (or the first and second material in certain embodiments) éan be, e.g.,
combined with a resin, such as a molten thermoplastic resin or a microorganism, to provide a
composite 4 having desirable mechanical properties, or a fuel 5. Providing a higher level of
oxidation can improve dispersability of the oxidized material in a resin and can also improve
the interfacial bond between the oxidized material and the resin. Improved dispersability
and/or interfacial bonding (in some instances in combination with maintaining molecular
weight) can provide composites with exceptional mechanical properties, such as improved
abrasion resistance, compression strength, fracture resistance, impact strength, bending
strength, tensile modulus, flexural modulus and elongation at break.

Such materials can also be combined with a solid and/or a liquid. For example, the
liquid can be in the form of a solution and the solid can be particulate in form. The liquid
and/or solid can include a microorganism, e.g., a bacterium, and/or an enzyme. For example,
the bacterium and/or enzyme can work on the cellulosic or lignocellulosic material to produce a
fuel, such as ethanol, or a coproduct, such as a protein. Fuels and coproducts are described in
FIBROUS MATERIALS AND COMPOSITES,” USSN 11/453,951, filed June 15, 2006.. The
entire contents of each of the foregoing applications are incorporated herein by reference.

In some embodiments, the second number average molecular weight is not more 97
percent lower than the first number average molecular weight, e.g., not more than 95 percent,
90, 85, 80, 75, 70, 65, 60, 55, 50, 45, 40, 30, 20, 12.5, 10.0, 7.5, 5.0, 4.0, 3.0, 2.5, 2.0 or not
more than 1.0 percent lower than the first number average molecular weight. The amount of
reduction of molecular weight will depend upon the application. For example, in some
preferred embodiments that provide composites, the second number average molecular weight
is substantially the same as the first number average molecular weight. In other applications,
such as making ethanol or another fuel or coproduct, a higher amount of molecular weight

reduction is generally preferred.
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For example, in some embodiments that provide a composite, the starting number
average molecular weight (prior to oxidation) 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 oxidation is from about 175,000 to about 3,000,000,
e.g., from about 200,000 to about 750,000 or from about 225,000 to about 600,000.

Resins utilized can be thermosets or thermoplastics. Examples of thermoplastic resins
include rigid and elastomeric thermoplastics. Rigid thermoplastics include polyolefins (e.g.,
polyethylene, polypropylene, or polyolefin copolymers), polyesters (e.g., polyethylene
terephthalate), polyamides (e.g., nylon 6, 6/12 or 6/10), and polyethyleneimines. Examples of
elastomeric thermoplastic resins include elastomeric styrenic copolymers (e.g., styrene-
ethylene-butylene-styrene copolymers), polyamide elastomers (e.g., polyether-polyamide
copolymers) and ethylene-vinyl acetate copolymer.

In particular embodiments, lignin is utilized, e.g., any lignin that is generated in any
process described herein.

In some embodiments, the thermoplastic resin has a melt flow rate of between 10 g/10
minutes to 60 g/10 minutes, e.g., between 20 g/10 minutes to 50 g/10 minutes, or between 30
/10 minutes to 45 g/10 minutes, as measured using ASTM 1238. In certain embodiments,
compatible blends of any of the above thermoplastic resins can be used.

In some embodiments, the thermoplastic resin has a polydispersity index (PDI), i.e., a
ratio of the weight average molecular weight to the number average molecular weight, of
greater than 1.5, e.g., greater than 2.0, greater than 2.5, greater than 5.0, greater than 7.5, or
even greater than 10.0.

Ih specific embodiments, polyolefins or blends of polyolefins are utilized as the
thermoplastic resin.

Examples of thermosetting resins include natural rubber, butadiene-rubber and
polyurethanes.

In some embodiments in which the materials are used to make a fuel or a coproduct, the
starting number average molecular weight (prior to oxidation) 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 oxidation 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
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125,000. However, in some embodiments, e.g., after extensive oxidation, 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 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 higher. In some preferred embodiments, the second oxygen
content is at least about 20.0 percent higher than the oxygen content of the first material.
Oxygen content is measured by elemental analysis by pyrolyzing a sample in a furnace
operating 1300 °C or higher. A suitable elemental analyzer is the LECO CHNS-932 analyzer
with a VTF-900 high temperature pyrolysis furnace.

In some embodiments, oxidation of first material 200 does not result in a substantial
change in the crystallinity of the cellulose. However, in some instances, e.g., after extreme
oxidation, the second material has cellulose that has as crystallinity ("C,) that is lower than the
crystallinity (TCI) of the cellulose of the first material. For example, (TC2) can be lower than
(TC1) by more than about 5 percent, e.g., 10, 15, 20, or even 25 percent. This can be desirable
when optimizing the flexural fatigue properties of the composite is a goal. For example,
reducing the crystallinity can improve the elongation at break or can enhance the impact
resistance of a composite. This can also be desirable to enhance solubility of the materials in a
liquid, such as a liquid that includes a bacterium and/or an enzyme.

In some embodiments, the starting crystallinity index (prior to oxidation) 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 oxidation is from about 30 to about 75.0 percent, e.g.,
from about 35.0 to about 70.0 percent or from about 37.5 to about 65.0 percent. However, in
certain embodiments, e.g., after extensive oxidation, it is possible to have a crystallinity index
of lower than 5 percent. In some embodiments, the material after oxidation is substantially
amorphous.

Without wishing to be bound by any particular theory, it is believed that oxidation
increases the number of hydrogen-bonding groups on the cellulose, such as hydroxyl groups,
aldehyde groups, ketone groups carboxylic acid groups or anhydride groups, which can
increase its dispersability and/or its solubility (e.g., in a liquid). To further improve
dispersability in a resin, the resin can include a component that includes hydrogen-bonding

groups, such as one or more anhydride groups, carboxylic acid groups, hydroxyl groups, amide
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through a column packed with a porous gel trapping small molecules. The sample is separated based
on molecular size with larger molecules eluting sooner than smaller molecules. The retention time of
each component is most often detected by refractive index (RI), evaporative light scattering (ELS), or
ultraviolet (UV) and compared to a calibration curve. The resulting data is then used to calculate the
molecular weight distribution for the sample. A distribution of molecular weights rather than a
unique molecular weight is used to characterize synthetic polymers. To characterize this distribution,
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Oxidation Systems
FIG. 22 shows a process flow diagram 5000 that includes various steps in an oxidative

feedstock pretreatment system. In first step 5010, a supply of dry feedstock is received from a
feed source. The feed source can_include, for example, a storage bed or container that is
connected to an in-line oxidation reactor via a conveyor belt or another feedstock transport
device.

As described above, the dry feedstock from the feed source may be pre-processed prior
to delivery to the oxidation reactor. For example, if the feedstock is derived from plant
sources, certain portions of the plant material may be removed prior to collection of the plant
material and/or before the plant material is delivered by the feedstock transport device.
Alternatively, or in addition, the biomass feedstock can be subjected to mechanical processing
(e.g., to reduce the average length of fibers in the feedstock) prior to delivery to the oxidation
reactor.

Following mechanical processing 5020, feedstock 5030 is transported to a mixing
system which introduces water 5150 into the feedstock in a mechanical mixing process.
Combining water with the processed feedstock in mixing step 5040 creates an aqueous
feedstock slurry 5050 which can then be treated with one or more oxidizing agents.

Typically, one liter of water is added to the mixture for every 0.02 kg to 1.0 kg of dry
feedstock. The ratio of feedstock to water in the mixture depends upon the source of the
feedstock and the specific oxidizing agents used further downstream in the overall process. For

example, in typical industrial processing sequences for lignocellulosic biomass, aqueous
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The peak molecular weight value (Mp) is another descriptor defined as the mode of the molecular
weight distribution. It signifies the molecular weight that is most abundant in the distribution. This value
also gives insight to the molecular weight distribution.  Most GPC measurements are made relative
to a different polymer standard. The accuracy of the results depends on how closely the characteristics
of the polymer being analyzed match those of the standard used. The expected error in reproducibility
between different series of determinations, calibrated separately, is ca. 5-10% and is characteristic to
the limited prefetgmocksBRLS080enntidasifon dtost&bikg ©ROUL0 ke of drnbiomasensr ligesf a
comparison b%%g‘en the molecular weight distribution of different samples is made during the same
series of determinations.  The lignocellulosic samples required sample preparation prior to GPC
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Loop Size: Weilsrand {ithet sopatapdgrocarbon-based substances. Suitable solvents for performing
extraction of slurry 5050 include various alcohols, hydrocarbons, and halo-hydrocarbons, for

example.

In some embodiments, aqueous feedstock slurry 5050 can be subjected to an optional
thermal treatment 5190 to further prepare the feedstock for oxidation. An example of a thermal
treatment includes heating the feedstock slurry in the presence of pressurized steam. In fibrous
biomass feedstock, the pressurized steam swells the fibers, exposing a larger fraction of fiber
surfaces to the aqueous solvent and to oxidizing agents that are introduced in subsequent
processing steps.

In certain embodiments, aqueoué feedstock slurry 5050 can be subjected to an optional
treatment with basic agents 5200. Treatment with one or more basic agents can help to
separate lignin from cellulose in lignocellulosic biomass feedstock, thereby improving
subsequent oxidation of the feedstock. Exemplary basic agents include alkali and alkaline earth
hydroxides such as sodium hydroxide, potassium hydroxide, and calcium hydroxide. In
general, a variety of basic agents can be used, typically in concentrations from about 0.01% to
about 0.5% of the dry weight of the feedstock.
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Diffraction X-ray diffraction (XRD) is a method by which a crystalline sample is irradiated with
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characteristic "fingerprint" allows for the identification of the crystalline compounds present in the
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oxidation preprocessing step 5060, one or more oxidizing agents 5160 are added to feedstock

slurry 5050 to form an oxidizing medium. In some embodiments, for example, oxidizing

agents 5160 can include hydrogen peroxide. Hydrogen peroxide can be added to slurry 5050 as-
an aqueous solution, and in proportions ranging from 3% to between 30% and 35% by weight
of slurry 5050. Hydrogen peroxide has a number of advantages as an oxidizing agent. For
example, aqueous hydrogen peroxide solution is relatively inexpensive, is relatively chemically
stable, is not particularly hazardous relative to other oxidizing agents (and therefore does not
require burdensome handling procedures and expensive safety equipment). Moreover,
hydrogen peroxide decomposes to form water during oxidation of feedstock, so that waste
stream cleanup is relatively straightforward and inexpensive.

In certain embodiments, oxidizing agents 5160 can include oxygen (e.g., oxygen gas)
either alone, or in combination with hydrogen peroxide. Oxygen gas can be bubbled into slurry
5050 in proportions ranging from 0.5% to 10% by weight of slurry 5050. Alternatively, or in
addition, oxygen gas can also be introduced into a gaseous phase in equilibrium with slurry
5050 (e.g., a vapor head above slurry 5050). The oxygen gas can be introduced into either an
oxidation preprocessing chamber or into an oxidation reactor (or into both), depending upon the
configuration of the oxidative processing system. Typically, for example, the partial pressure
of oxygen in the vapor above slurry 5050 is larger than the ambient pressure of oxygen, and
ranges from 0.5 bar to 35 bar, depending upon the nature of the feedstock.

The oxygen gas can be introduced in pure form, or can be mixed with one or more
carrier gases. For example, in some embodiments, high-pressure air provides the 6xygen in the
vapor. In certain embodiments, oxygen gas can be supplied continuously to the vapor phase to
ensure that a concentration of oxygen in the vapor remains within certain predetermined limits
during processing of the feedstock. In some embodiments, oxygen gas can be introduced
initially in sufficient concentration to oxidize the feedstock, and then the feedstock can be
transported to a closed, pressurized vessel (e.g., an oxidation reactor) for processing.

In certain embodiments, oxidizing agents 5160 can include nascent oxygen (€.g.,
oxygen radicals). Typically, nascent oxygen is produced as needed in an oxidation reactor or in

a chamber in fluid communication with an oxidation reactor by one or more decomposition
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reactions. For example, in some embodiments, nascent oxygen can be produced from a
reaction between NO and O; in a gas mixture or in solution. In certain embodiments, nascent
oxygen can be produced from decomposition of HOCI in solution. Other methods by which
nascent oxygen can be produced include via electrochemical generation in electrolyte solution,
for example.

In general, nascent oxygen is an efficient oxidizing agent due to the relatively high
reactivity of the oxygen radical. However, nascent oxygen can also be a relatively selective
oxidizing agent. For example, when lignocellulosic feedstock is treated with nascent oxygen,
selective oxidation of lignin occurs in preference to the other components of the feedstock such
as cellulose. As a result, oxidation of feedstock with nascent oxygen provides a method for
selective removal of the lignin fraction in certain feedstocks. Typically, nascent oxygen
concentrations of between about 0.5% and 5% of the dry weight of the feedstock are used to
effect efficient oxidation.

Without wishing to be bound by theory, it is believed that nascent oxygen reacts with
lignocellulosic feedstock according to at least two different mechanisms. In a first mechanism,
nascent oxygen undergoes an addition reaction with the lignin, resulting in partial oxidation of
the lignin, which solubilizes the lignin in aqueous solution. As a result, the solubilized lignin
can be removed from the rest of the feedstock via washing. In a second mechanism, nascent
oxygen disrupts butane cross-links and/or opens aromatic rings that are connected via the
butane cross-links. As a result, solubility of the lignin in aqueous solution increases, and the
lignin fraction can be separated from the remainde'r of the feedstock via washing.

In some embodiments, oxidizing agents 5160 include ozone (O3). The use of ozone can
introduce several chemical handling considerations in the oxidation processing sequence. If
heated too vigorously, an aqueous solution of ozone can decompose violently, with potentially
adverse consequences for both human system operators and system equipment. Accordingly,
ozone is typically generated in a thermally isolated, thick-walled vessel separate from the
vessel that contains the feedstock slurry, and transported thereto at the appropriate process
stage.

Without wishing to be bound by theory, it is believed that ozone decomposes into
oxygen and oxygen radicals, and that the oxygen radicals (e.g., nascent oxygen) are responsible

for the oxidizing properties of ozone in the manner discussed above. Ozone typically
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preferentially oxidizes the lignin fraction in lignocellulosic materials, leaving the cellulose
fraction relatively undisturbed.

Conditions for ozone-based oxidation of biomass feedstock generally depend upon the
nature of the biomass. For example, for cellulosic and/or lignocellulosic feedstocks, ozone
concentrations of from 0.1 g/m? to 20 g/m’ of dry feedstock provide for efficient feedstock
oxidation. Typically, the water content in slurry 5050 is between 10% by weight and 80% by
weight (e.g., between 40% by weight and 60% by weight). During ozone-based oxidation, the
temperature of slurry 5050 can be maintained between 0 °C and 100 °C to avoid violent
decomposition of the ozone.

In some embodiments, feedstock slurry 5050 can be treated with an aqueous, alkaline
solution that includes one or more alkali and alkaline earth hydroxides such as sodium
hydroxide, potassium hydroxide, and calcium hydroxide, and then treated thereafter with an
ozone-containing gas in an oxidation reactor. This process has been observed to significantly
increase decomposition of the biomass in slurry 5050. Typically, for example, a concentration
of hydroxide ions in the alkaline solution is between 0.001% and 10% by weight of slurry
5050. After the feedstock has been wetted via contact with the alkaline solution, the ozone-
containing gas is introduced into the oxidation reactor, where it contacts and oxidizes the
feedstock.

Oxidizing agents 5160 can also include other substances. In some embodiments, for
example, halogen-based oxidizing agents such as chlorine and oxychlorine agents (e.g.,
hypochlorite) can be introduced into slurry 5050. In certain embodiments, nitrogen-containing
oxidizing substances can be introduced into slurry 5050. Exemplary nitrogen-containing
oxidizing substances include NO and NO, for example. Nitrogen-containing agents can also
be combined with oxygen in slurry 5050 to create additional oxidizing agents. For example,
NO and NO, both combine with oxygen in slurry 5050 to form nitrate compounds, which are
effective oxidizing agents for biomass feedstock. Halogen- and nitrogen-based oxidizing
agents can, in some embodiments, cause bleaching of the biomass feedstock, depending upon
the nature of the feedstock. The bleaching may be desirable for certain biomass-derived
products that are extracted in subsequent processing steps.

Other oxidizing agents can include, for example, various peroxyacids, peroxyacetic

acids, persulfates, percarbonates, permanganates, osmium tetroxide, and chromium oxides.
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Following oxidation preprocessing step 5060, feedstock slurry 5050 is oxidized in step
5070. If oxidizing agents 5160 were added to slurry 5'050 in an oxidation reactor, then
oxidation proceeds in the same reactor. Alternatively, if oxidizing agents 5160 were added to
slurry 5050 in a preprocessing chamber, then slurry 5050 is transported to an oxidation reactor
via an in-line piping system. Once inside the oxidation reactor, oxidation of the biomass
feedstock proceeds under a controlled set of environmental conditions. Typically, for example,
the oxidation reactor is a cylindrical vessel that is closed to the external environment and
pressurized. Both batch and continuous operation is possible, although environmental
conditions are typically easier to control in in-line batch processing operations.

Oxidation of feedstock slurry 5050 typically occurs at elevated temperatures in the
oxidation reactor. For example, the temperature of slurry 5050 in the oxidation reactor is
typically maintained above 100 °C, in a range from 120 °C to 240 °C. For many types of
biomass feedstock, oxidation is particularly efficient if the temperature of slurry 5050 is
maintained between 150 °C and 220 °C. Slurry 5050 can be heating using a variety of thermal
transfer devices. For example, in some embodiments, the oxidation reactor contacts a heating
bath that includes oil or molten salts. In certain embodiments, a series of heat exchange pipes
surround and contact the oxidation reactor, and circulation of hot fluid within the pipes heats
slurry 5050 in the reactor. Other heating devices that can be used to heat slurry 5050 include
resistive heating elements, induction heaters, and microwave sources, for example.

The residence time of feedstock slurry 5050 in the oxidation reactor can be varied as
desired to process the feedstock. Typically, slurry 5050 spends from 1 minute to 60 minutes
undergoing oxidation in the reactor. For relatively soft biomass material such as lignocellulosic
matter, the residence time in the oxidation reactor can be from 5 minutes to 30 minutes, for
example, at an oxygen pressure of between 3 and 12 bars in the reactor, and at a slurry
temperature of between 160 °C and 210 °C. For other types of feedstock, however, residence
times in the oxidation reactor can be longer, e.g., as long 48 hours. To determine appropriate
residence times for slurry 5050 in the oxidation reactor, aliquots of the slurry can be extracted
from the reactor at specific intervals and analyzed to determine concentrations of particular
products of interest such as complex saccharides. Information about the increase in
concentrations of certain products in slurry 5050 as a function of time can be used to determine

residence times for particular classes of feedstock material.
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In some embodinients, during oxidation of feedstock slurry 5050, adjustment of the
slurry pH may be performed by introducing one or more chemical agents into the oxidation
reactor. For example, in certain embodiments, oxidation occurs most efficiently in a pH range
of about 9-11. To maintain a pH in this range, agents such as alkali and alkaline earth
hydroxides, carbonates, ammonia, and alkaline buffer solutions can be introduced into the
oxidation reactor.

Circulation of slurry 5050 during oxidation can be important to ensure sufficient contact
between oxidizing agents 5160 and the feedstock. Circulation of the slurry can be achieved
using a variety of techniques. For example, in some embodiments, a mechanical stirring
apparatus that includes impeller blades or a paddle wheel can be implemented in the oxidation
reactor. In certain embodiments, the oxidation reactor can be a loop reactor, in which the
aqueous solvent in which the feedstock is suspended is simultaneously drained from the bottom
of the reactor and recirculated into the top of the reactor via pumping, thereby ensuring that the
slurry is continually re-mixed and does not stagnate within the reactor.

Afier oxidation of the feedstock is complete, the slurry is transported to a separation
apparatus where a mechanical separation step 5080 occurs. Typically, mechanical separation
step 5080 includes one or more stages of increasingly-fine filtering of the slurry to
mechanically separate the solid and liquid constituents.

Liquid phase 5090 is separated from solid phase 5100, and the two phases are processed
independently thereafter. Solid phase 5100 can optionally undergo a drying step 5120 ina
drying apparatus, for example. Drying step 5120 can include, for example, mechanically
dispersing the solid material onto a drying surface, and evaporating water from solid phase
5100 by gentle heating of the solid material. Following drying step 5120 (or, alternatively,
without undergoing drying step 5120), solid phase 5100 is transported for further processing
steps 5140.

Liquid phase 5090 can optionally undergo a drying step 5110 to reduce the
concentration of water in the liquid phase. In some embodiments, for example, drying step
5110 can include evaporation and/or distillation and/or extraction of water from liquid phase
5090 by gentle heating of the liquid. Alternatively, or in addition, one or more chemical drying
agents can be used to remove water from liquid phase 5090. Following drying step 5110 (or

alternatively, without undergoing drying step 5110), liquid phase 5090 is transported for further
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Each sample was placed on a zero background holder and placed in a Phillips PW1800 diffractometer
using Cu radiation. Scans were then run over the range of 5 to 50 with a step size of 0.05 and a

counting time of 2 hours each.  Once the diffraction patterns was obtained, the phases were
identified with the aid of the Powder Diffraction File published by the International Centre for Diffraction -
Data. In all samples the crystalline phase identified was cellulose - la, which has a triclinic structure.
The distinguishing feature among the 20 samples is the peak breadth, which is related to the crystallite -
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dissolved chemical agents such as acids and bases in relatively low concentrations. Treatment
of waste stream 5220 can include, for example, pH neutralization with one or more mineral
acids or bases. Depending upon the concentration of dissolved salts in waste stream 5220, the
solution may be partially de-ionized (e.g., by passing the waste stream through an ion exchange
system). Then, the waste stream — which includes primarily water — can be re-circulated into
the overall process (e.g., as water 5150), diverted to another process, or discharged.

Typically, for lignocellulosic biomass feedstocks following separation step 5070, liquid
phase 5090 includes a variety of soluble poly- and oligosaccharides, which can then be
separated and/or reduced to smaller-chain saccharides via further processing steps. Solid phase
5100 typically includes primarily cellulose, for example, with smaller amounts of

~ hemicellulose- and lignin-derived products.

In some embodiments, oxidation can be carried out at elevated temperature in a reactor
such as a pyrolysis chamber. For example, referring again to FIG. 17, feedstock materials can
be oxidized in filament pyrolyzer 1712. In a typical usage, an oxidizing carrier gas, €.g., air or
an air/argon blend, traverses through the sample holder 1713 while the resistive heating
element is rotated and heated to a desired temperature, e.g., 325 °C. After an appropriate time,
e.g., 5 to 10 minutes, the oxidized material is emptied from the sample holder. The system
shown in FIG. 2 can be scaled and made continuous. For example, rather th;m a wire as the
heating member, the heating member can be an auger screw. Material can continuously fall
into the sample holder, striking a heated screw that pyrolizes the material. At the same time,
the screw can push the oxidized material out of the sample holder to allow for the entry of
fresh, unoxidized material.

Referring again to FIG. 18, feedstock materials can be oxidized in a Curie-Point
pyrolyzer 1820. In a typical usage, an oxidizing carrier gas traverses through the sample
chamber 1821 while the foil 1822 is inductively heated by an applied RF field to oxidize the
material at a desired temperature.

Referring again to FIG. 19, feedstock materials can be oxidized in a furnace pyrolyzer

130. In a typical usage, the sample is lowered (as indicated by arrow 137) into a hot zone 135
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To determine the percent crystallinity for each sample it was necessary to first extract the amount of
the.amorphous phase. This is done by estimating the area of each diffraction pattern that can be
attributed to the crystalline phase (represented by the sharper peaks) and the non-crystalline phase
(represented by the broad humps beneath the pattern and centered at 22 and 38). A systematic
process was used to minimize error in these calculations due to broad crystalline peaks as well as high
background intensity, First, a linear background was applied and then removed. Second, two
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though a lens 146 in the vacuum chamber 141. Typically, the pressure in the vacuum chamber
is maintained at less than about 10 mm Hg. In some embodiments, infrared radiation is used,
e.g., 1.06 micron radiétion from a Nd-YAG laser. In such embodiments, a infrared sensitive
dye can be combined with the cellulosic material to produce a cellulosic target. The infrared
dye can enhance the heating of the cellulosic material. Laser treatment of polymers is
described by Blanchet-Fincher et al. in U.S. Patent No. 5,942,649.

Referring again to FIG. 21, feedstock materials can be rapidly oxidized by coating a
tungsten filament 150, together with an oxidant, such as a peroxide, with the desired cellulosic
material while the material is housed in a vacuum chamber 151. To affect oxidation, current is
passed through the filament, which causes a rapid heating of the filament for a desired time.
Typically, the heating is continued for seconds before allowing the filament to cool. In some
embodiments, the heating is performed a number of fimes to effect the desired amount of
oxidation.

Referring again to FIG. 12, in some embodiments, feedstock materials can be oxidized
with the aid of sound and/or cavitation. Generally, to effect oxidation, the materials are
sonicated in an oxidizing environment, such as water saturated with oxygen or another
chemical oxidant, such as hydrogen peroxide.

Referring again to FIGS. 9 and 10, in certain embodiments, ionizing radiation is used to
aid in the oxidation of feedstock materials. Generally, to effect oxidation, the materials are
irradiated in an oxidizing environment, such as air or oxygen. For example, gamma radiation

and/or electron beam radiation can be employed to irradiate the materials.
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Other Processes
Steam explosion can be used alone without any of the processes described herein, or in

combination with any of the processes described herein. _

FIG. 23 shows an overview of the entire process of converting a fiber source 400 into a
product 450, such as ethanol, by a process that includes shearing and steam explosion to
produce a fibrous material 401, which is then hydrolyzed and converted, e.g., fermented, to
produce the product. The fiber source can be transformed into the fibrous material 401 through
a number of possible methods, including at least one shearing process and at least one steam
explosion process.

For example, one option includes shearing the fiber source, followed by optional
screening step(s) and optional additional shearing step(s) to produce a sheared fiber source 402,
which can then be steam exploded to produce the fibrous material 401. The steam explosion
process is optionally followed by a fiber recovery process to remove liquids or the “liquor”
404, resulting from the steam exploding process. The material resulting from steam exploding
the sheared fiber source may be further sheared by optional additional shearing step(s) and/or
optional screening step(s). .

In another method, the fibrous material 401 is first steam exploded to produce a steam
exploded fiber source 410. The resulting steam exploded fiber source is then subjected to an
optional fiber recovery process to remove liquids, or the liquor. The resulting steam exploded
fiber source can then be sheared to produce the fibrous material. The steam exploded fiber
source can also be subject to one or more optional screening steps and/or one or more optional
additional shearing steps. The process of shearing and steam exploding the fiber source to
produce the sheared and steam exploded fibrous material will be further discussed below.

The fiber source can be cut into pieces or strips of confetti material prior to shearing or
steam explosion. The shearing processes can take place in a dry (e.g., having less than 0.25
percent by weight absorbed water), hydrated, or even while the material is partially or fully
submerged in a liquid, such as water or isopropanol.' The process can also optimally include
steps of drying the output after steam exploding or shearing to allow for additional steps of dry
shearing or steam exploding. The steps of shearing, screening, and steam explosion can take

place with or without the presence of various chemical solutions.
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In a steam explosion process, the fiber source or the sheared fiber source is contacted
with steam under high pressure, and the steam diffuses into the structures of the fiber source
(e.g., the lignocellulosic structures). The steam then condenses under high pressure thereby
“wetting” the fiber source. The moisture in the fiber source can hydrolyze any acetyl groups in
the fiber source (e.g., the acetyl groups in the hemicellulose fractions), forming organic acids
such as acetic and uronic acids. The acids,‘in turn, can catalyze the depolymerization of
hemicellulose, releasing xylan and limited amounts of glucan. The “wet” fiber source (or
sheared fiber source, etc.) is then “exploded” when the pressure is released. The condensed
moisture instantaneously evaporates due to the sudden decrease in pressure and the expansion
of the water vapor exerts a shear force upon the fiber source (or sheared fiber source, etc.). A
sufficient shear force will cause the mechanical breakdown of the internal structures (e.g., the
the ligocellulosic struructures) of the fiber source.

The sheared and steam exploded fibrous material is then converted into a useful
product, such as ethanol. In some embodiments, the fibrous material is converted into a fuel.
One method of converting the fibrous material into a fuel is by hydrolysis to produce
fermentable sugars, 412, which are then fermented to produce the product. Other known and
unknown methods of converting fibrous materials into fuels may also be used.

In some embodiments, prior to combining the microorganism, the sheared and steam
exploded fibrous material 401 is sterilized to kill any competing microorganisms that may be
on the fibrous material. For example, the fibrous material can be sterilized by exposing the
fibrous material to radiation, such as infrared radiation, ultraviolet radiation, or an ionizing
radiation, such as gamma radiation. The microorganisms can also be killed using chemical
sterilants, such as bleach (e.g., sodium hypochlorite), chlorhexidine, or ethylene oxide.

One method to hydrolyze the sheared and steam exploded fibrous material is by the use
of cellulases. Cellulases are a group of enzymes that act synergistically to hydrolyze cellulose.
Commercially available Accellerase™ 1000, which contains a complex of enzymes that
reduces lignocellulosic biomass into fermentable sugars can also be used.

According to current understanding, the components of cellulase include
endoglucanases, exoglucanases (cellobiohydrolases), and b-glucosidases (cellobiases).
Synergism between the cellulase components exists when hydrolysis by a combination of two

or more components exceeds the sum of the activities expressed by the individual components.
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The generally accepted mechanism of a cellulase system (particularly of . longibrachiatum)
on crystalline cellulose is: endoglucanase hydrolyzes internal B-1,4-glycosidic bonds of the
amorphous regions, thereby increasing the number of exposed non-reducing ends.
Exoglucanases then cleave off cellobiose units from the nonreducing ends, which in turn are
hydrolyzed to individual glucose units by b-glucosidases. There are several configurations of
both endo- and exo- glucanases differing in stereospéciﬁcities. In general, the synergistic
action of the components in various configurations is required for optimum cellulose
hydrolysis. Cellulases, however, are more inclined to hydrolyze the amorphous regions of
cellulose. A linear relationship between crystallinity and hydrolysis rates exists whereby higher
crystallinity indices correspond to slower enzyme hydrolysis rates. Amorphous regions of
cellulose hydrolyze at twice the rate of crystalline regions. The hydrolysis of the sheared and
steam exploded fibrous material may be performed by any hydrolyzing biomass process.

Steam explosion of biomass sometimes causes the formation of by-products, e.g.,
toxicants, that are inhibitory to microbial and enzymatic activities. The process of converting
the sheared and steam exploded fibrous material into a fuel can therefore optionally include an
overliming step prior to fermentation to precipitate some of the toxicants. For example, the pH
of the sheared and steam exploded fibrous material may be raised to exceed the pH of 10 by
adding calcium hydroxide (Ca(OH),) followed by a step of lowering the pH to about 5 by
adding H,S04. The overlimed fibrous material may then be used as is without the removal of
precipitates. As shown in FIG. 23, the optional overliming step occurs just prior to the step of
hydrolysis of the sheared and steam exploded fibrous material, but it is also contemplated to
perform the overliming step after the hydrolysis step and prior to the fermenting step.

FIG. 24 depicts an example of a steam explosion apparatus 460. The steam explosion
apparatus 460 includes a reaction chamber 462, in which the fiber source and/or the fibrous
material placed through a fiber source inlet 464. The reaction chamber is sealed by closing .
fiber source inlet valve 465. The reaction chamber further includes a pressurized steam inlet
466 that includes a steam valve 467. The reaction chamber further includes an explosive
depressurization outlet 468 that includes an outlet valve 469 in communication with the
cyclone 470 through the connecting pipe 472. Once the reaction chamber includes the fiber
source and/or sheared fiber source and is sealed by closing valves 465, 467 and 469, steam is

delivered into the reaction chamber 462 by opening the steam inlet valve 467 allowing steam to
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travel through steam inlet 466. Once the reaction chamber reaches target temperature, which
can take about 20 - 60 seconds, the holding time begins. The reaction temperature is held at the
target temperature for the desired holding time, which typically lasts from about 10 seconds to
5 minutes. At the end of the holding time period, outlet valve is open to allow for explosive
depressurization to occur. The process of explosive depressurization propels the contents of the -
reaction chamber 462 out of the explosive depressurization outlet 468, through the connecting
pipe 472, and into the cyclone 470. The steam exploded fiber source or fibrous material then
exits the cyclone in a sludge form into the collection bin 474 as much of the remaining steam
exits the cyclone into the atmosphere through vent 476. The steam explosion apparatus further
includes wash outlet 478 with wash outlet valve 479 in communication with connecting pipe
472. The wash outlet valve 479 is closed during the use of the steam explosion apparatus 460
for steam explosion, but opened during the washing of the reaction chamber 462. The target
temperature of the reaction chamber 462 is preferably between 180 and 240 degrees Celsius or
between 200 and 220 degrees Celsius. The holding time is preferably between 10 seconds and
30 minutes, or between 30 seconds and 10 minutes, or between 1 minute and 5 minutes.

Because the steam explosion process results in a sludge of steam exploded fibrous
material, the steam exploded fibrous material may optionally include a fiber recovery process
where the “liquor” is separated from the steam exploded fibrous material. This fiber recovery
step is helpful in that it enables further shearing and/or screening processes and can allow for
the conversion of the fibrous material into fuel. The fiber recovery process occurs through the
use of 2 mesh cloth to separate the fibers from the liquor. Further drying processes can also be
included to prepare the fibrous material or steam exploded fiber source for subsequent
processing.

Any processing technique described herein can be used at pressure above or below
normal, earth-bound atmospheric pressure. For example, any process that utilizes radiation,
sonication, oxidation, pyrolysis, steam explosion, or combinatioﬁs of any of these processes to
provide materials that include a carbohydrate can be performed under high pressure, which, can
increase reaction rates. For example, any process or combination of processes can be
performed at a pressure greater than about greater than 25 MPa, e.g., greater than 50 MPa, 75
MPa, 100 MPa, 150 MPa, 200 MPa, 250 MPa, 350 MPa, 500 MPa, 750 MPa, 1,000 MPa, or

greater than 1,500 MPa.
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Combinations of Irradiating, Sonicating, and Oxidizing Devices

In some embodiments, it may be advantageous to combine two or more separate

irradiation, sonication, pyrolization, and/or oxidation devices into a single hybrid machine. For
such a hybrid machine, multiple processes may be performed in close juxtaposition or even
simultaneously, with the benefit of increasing pretreatment throughput and potential cost
savings.

For example, consider the electron beam irradiation and sonication processes. Each
separate process is effective in lowering the mean molecular weight of cellulosic material by an
order of magnitude or more, and by several orders of magnitude when performed serially.

Both irradiation and sonication processes can be applied using a hybrid electron
beam/sonication device as is illustrated in FIG. 25. Hybrid electron beam/sonication device
2500 is pictured above a shallow pool (depth ~ 3-5 cm) of a slurry of cellulosic material 2550
dispersed in an aqueous, oxidant medium, such as hydrogen peroxide or carbamide peroxide.
Hybrid device 2500 has an energy source 2510, which powers both electron beam emitter 2540
and sonication horns 2530..

Electron beam emitter 2540 generates electron beams which pass though an electron
beam aiming device 2545 to impact the slurry 2550 containing cellulosic material. The
electron beam aiming device can be a scanner that sweeps a beam over a range of up to about 6
feet in a direction approximately parallel to the surface of the slurry 2550.

On either side of the electron beam emitter 2540 are sonication horns 2530, which
deliver ultrasonic wave energy to the slurry 2550. The sonication horns 2530 end in a
detachable endpiece 2535 that is in contact with the slurry 2550.

The sonication horns 2530 are at risk of damage from long-term residual exposure to
the electron beam radiation. Thus, the horns can be protected with a standard shield 2520, e.g.,
made of lead or a heavy-metal-containing alloy such as Lipowitz metal, which is impervious to
electron beam radiation. Precautions must be taken, however, to ensure that the ultrasonic
energy is not affected by the presence of the shield. The detachable endpieces 2535, are
constructed of the same material and attached to the horns 2530, are used to be in contact with
the cellulosic material 2550 and are expected to be damaged. Accordingly, the detachable

endpieces 2535 are constructed to be easily replaceable.
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A further benefit of such a simultaneous electron beam and ultrasound process is that
the two processes have complementary results. With electron beam irradiation alone, an
insufficient dose may result in cross-linking of some of the polymers in the cellulosic material,
which lowers the efficiency of the overall depolymerization process. Lower doses of electron

- beam irradiation and/or ultrasound radiation may also be used to achieve a similar degree of
depolymerization as that achieved using electron beam irradiation and sonication separately.

An electron beam device can also be combined with one or more of high-frequency,
rotor-stator devices, which can be used as an alternative to ultrasonic energy devices, and
performs a similar function.

Further combinations of devices are also possible. For example, an ionizing radiation
device that produces gamma radiation emitted from, e.g., 99¢Co pellets, can be combined with
an electron beam source and/or an ultrasonic wave source. Shielding requirements may be
more stringent in this case.

The radiation devices for pretreating biomass discussed above can also be combined
with one or more devices that perform one or more pyrolysis processing sequences. Such a
combination may again have the advantage of higher throughput. Nevertheless, caution must
be observed, as there may be conflicting requirements between some radiation processes and
pyrolysis. For example, ultrasonic radiation devices may require the feedstock be immersed in
a liquid oxidizing medium. On the other hand, as discussed previously, it may be advantageous
for a sample of feedstock undergoing pyrolysis to be of a particular moisture content. In this
case, the new systems automaﬁcally measure and monitor for a particular moisture content and
regulate the same Further, some or all of the above devices, especially the pyrolysis device, can

be combined with an oxidation device as discussed previously.

PRIMARY PROCESSES

Fermentation
Generally, various microorganisms can produce a number of useful products, such as a

fuel, by operating on, e.g., fermenting the pretreated biomass materials. For example, alcohols,
organic acids, hydrocarbons, hydrogen, proteins or mixtures of any of these materials can be

produced by fermentation or other processes.
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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,
e.g., a yeast, a plant or a protist, e.g., an algae, a protozoaora fungus-like protist, e.g., a slime
mold. When the organisms are compatible, mixtures of organisms can be utilized.

To aid in the breakdown of the materials that include the cellulose, one or more
enzymes, €.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 the microorganism.
In other embodiments, the materials that include the cellulose, the one or more enzymes and the
microorganism are combined at the concurrently, e.g., by combining in an aqueous solution.

Also, to aid in the breakdown of the materials that include the cellulose, the materials
can be treated post irradiation with heat, a chemical (e.g., mineral acid, base or a strong
oxidizer such as sodium hypochlorite), and/or an enzyme.

During the fermentation, sugars released from cellulolytic hydrolysis or the
saccharification step, are fermented to, e.g., ethanol, by a fermenting microorganism such as
yeast. Suitable fermenting microorganisms have the ability to convert carbohydrates, such as
glucos;e, xylose, arabinose, mannose, galactose, oligosaccharides or polysaccharides into
fermentation products. Fermenting microorganisms include strains of the genus Sacchromyces
spp. e.8., Sacchromyces cerevisiae (baker’s yeast), Saccharomyces distaticus, Saccharomyces
uvarum; the genus Kluyveromyces, e.g., species Kluyveromyces marxianus, Kluyveromyces
fragilis; the genus Candida, e.g., Candida pseudotropicalis, and Candida brassicae, the genus
Clavispora, e.g., species Clavispora lusitaniae and Clavispora opuntiae the genus Pachysolen,
e.g., species Pachysolen tannophilus, the genus Bretannomyces, €.g., species Bretannomyces
clausenii (Philippidis, G. P., 1996, Cellulose bioconversion technology, in Handbook on
Bioethanol: Production and Utilization, Wyman, C.E., ed., Taylor & Francis, Washington, DC,
179-212).

Commercially available yeast include, for example, Red Star®/Lesaffre Ethanol Red
(available from Red Star/Lesaffre, USA) FALI® (available from Fleischmann’s Yeast, a
division of Burns Philip Food Inc., USA), SUPERSTART® (available from Alltech), GERT
STRAND® (available from Gert Strand AB, Sweden) and FERMOL® (available from DSM

Specialties).
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Bacteria that can ferment bimoss to ethanol and other products include, e.g.,
Zymomonas mobilis and Closqridz:um thermocellum (Philippidis, 1996, supra). Leschine et al.
(International Journal of Systematic and Evolutionary Microbiology 2002, 52, 1155-1160)
isolated an anaerobic, mesophilic, cellulolytic bacterium from forest soil, Clostridium
phytofermentans sp. nov., which converts cellulose to ethanol.

Fermentation of biomass to ethanol and other products may be carried out using certain
types of thermophilic or genetically engineered microorganisms, such Thermoanaerobacter
species, including 7. mathranii, and yeast species such as Pichia species. An example of a
strain of T. mathranii is A3M4 described in Sonne-Hansen et al. (4pplied Microbiology and
Biotechnology 1993, 38, 537-541) or Ahring et al. (drch. Microbiol. 1997,168, 114-119).

Yeast and Zymomonas bacteria can be used for fermentation or conversion. The
optimum pH for yeast is from about pH 4 to 5, while the optimum pH for Zymomonas is from
about pH 5 to 6. Typical fermentation times are about 24 to 96 hours with temperatures in the
range of 26 °C to 40 °C, however thermophilic microorganisms prefer higher temperatures.

Enzymes which break down biomass, such as cellulose, to lower molecular weight
carbohydrate-containing materials, such as glucose, during saccharification are referred to as
cellulolytic enzymes or cellulase. These enzymes may be a complex of enzymes that act
synergistically to degrade crystalline cellulose. Examples of cellulolytic enzymes include: |
endoglucanases, cellobiohydrolases, and cellobiases (B-glucosidases). A cellulosic substrate is
initially hydrolyzed by endoglucanases at random locations producing oligomeric
intermediates. These intermediates are then substrates for exo-splitting glucanases such as
cellobiohydrolase to produce cellobiose from the ends of the cellulose polymer. Cellobiose is a
water-soluble B-1,4-linked dimer of glucose. Finally cellobiase cleaves cellobiose to yield
glucose.

A cellulase is capable of degrading biomass and may be of fungal or bacterial origin.
Suitable enzymes include cellulases from the genera Bacillus, Pseudomonas, Humicola,
Fusarium, Thielavia, Acremonium, Chrj;sosporium and Trichoderma, and include species of
Humicola, Coprinus, Thielavia, Fusarium, Myceliophthora, Acremonium, Cephalosporium,
Scytalidium, Penicillium or Aspergillus (see, e.g., EP 458162), especially those produced by a
strain selected from the species Humicola insolens (reclassified as Scytalidium thermophilum,

see, e.g., U.S. Patent No. 4,435,307), Coprinus cinereus, Fusarium oxysporum,
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Myceliophthora thermophila, Meripilus giganteus, Thielavia terrestris, Acremonium sp.,
Acremonium persicinum, Acremonium acremonium, Acremonium brachypenium, Acremonium
dichromosporum, Acremonium obclavatum, Acremonium pinkertoniae, Acremonium
roseogriseum, Acremonium incoloratum, and Acremonium furatum; preferably from the species
Humicola insolens DSM 1800, Fusarium oxysporum DSM 2672, Myceliophthora thermophila
CBS 117.65, Cephalosporium sp. RYM-202, Acremonium sp. CBS 478.94, Acremonium sp. -
CBS 265.95, Acremonium persicinum CBS 169.65, Acremonium acremonium AHU 9519,
Cephalosporium sp. CBS 535.71, Acremonium brachypenium CBS 866.73, Acremonium
dichromosporum CBS 683.73, Acremonium obclavatum CBS 31 1.74, Acremonium
pinkertoniae CBS 157.70, Acremonium roseogriseum CBS 134.56, Acremonium incoloratum
CBS 146.62, and Acremonium furatum CBS 299.70H. Cellulolytic enzymes may also be
obtained from Chrysosporium, preferably a strain of Chrysosporium lucknowense.
Additionally, Trichoderma (particularly Trichoderma viride, Ti richoderma reesei, and
Trichoderma koningii), alkalophilic Bacillus (see, for example, U.S. Patent No. 3,844,890 and
EP 458162), and Streptomyces (see, €.g., EP 458162) may be used.

Anaerobic cellulolytic bacteria have also been isolated from soil, e.g., a novel
cellulolytic species of Clostiridium, Clostridium phytofermentans sp. nov. (see Leschine et.
al, International Journal of Systematic and Evolutionary Microbiology (2002), 52, 1155-1 160).

Cellulolytic enzymes using recombinant technology can also be used (see, €.g., wO
2007/071818 and WO 2006/110891).

The cellulolytic enzymes used can be produced by fermentation of the above-noted
microbial strains on a nutrient medium containing suitable carbon and nitrogen sources and
inorganic salts, using procedures known in the art (see, ¢.g., Bennett, J.W. and LaSure, L.
(eds.), More Gene Manipulations in Fungi, Academic Press, CA 1991). Suitable media are
available from commercial suppliers or may be prepared according to published compositions
(e.g., in catalogues of the American Type Culture Collection). Temperature ranges and other
conditions suitable for growth and cellulase production are known in the art (see, e.g., Bailey,
J.E., and Ollis, D.F., Biochemical Engineering Fundamentals, McGraw-Hill Book Company,
NY, 1986).

Treatment of cellulose with cellulase is usually carried out at temperatures between 30

°C and 65 °C. Cellulases are active over a range of pH of about 3 to 7. A saccharification step
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may last up to 120 hours. The cellulase enzyme dosage achieves a sufficiently high level of
cellulose conversion. For example, an appropriate cellulase dosage is typically between 5.0
and 50 Filter Paper Units (FPU or IU) per gram of cellulose. The FPU is a standard

measurement and is defined and measured according to Ghose (1987, Pure and Appl. Chem.

59:257-268).

Gasification
In addition to using pyrolysis for pre-treatment of feedstock, pyrolysis can also be used

to process pre-treated feedstock to extract useful materials. In particular, a form of pyrolysis
known as gasification can be employed to generate fuel gases along with various other gaseous,
liquid, and solid products. To perform gasification, the pre-treated feedstock is introduced into
a pyrolysis chamber and heated to a high temperature, typically 700 °C or more. The
temperature used depends upon a number of factors, including the nature of the feedstock and
the desired products.

Quantities of oxygen (e.g., as pure oxygen gas and/or as air) and steam (e.g.,
superheated steam) are also added to the pyrolysis chamber to facilitate gasification. These
compounds react with carbon-containing feedstock material in a multiple-step reaction to
generate a gas mixture called synthesis gas (or “syngas”). Essentially, during gasification, a
limited amount of oxygen is introduced into the pyrolysis chamber to allow some feedstock
material to combust to form carbon monoxide and generate process heat. The process heat can
then be used to promote a second reaction that converts additional feedstock material to
hydrogen and carbon monoxide.

In a first step of the overall reaction, heating the feedstock material produces a char that
can include a wide variety of different hydrocarbon-based species. Certain volatile materials
can be produced (e.g., certain gaseous hydrocarbon materials), resulting in a reduction of the
overall weight of the feedstock material. Then, in a second step of the reaction, some of the
volatile material that is produced in the first step reacts with oxygen in a combustion reaction to
produce both carbon monoxide and carbon dioxide. The combustion reaction releases heat,
which promotes the third step of the reaction. In the third step, carbon dioxide and steam (e.g.,

water) react with the char generated in the first step to form carbon monoxide and hydrogen
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gas. Carbon monoxide can also react with steam, in a water gas shift reaction, to form carbon
dioxide and further hydrogen gas.

Gasification can be used as a primary process to generate products directly from pre-
treated feedstock for subsequent transport and/or sale, for example. Alternatively, or in
addition, gasification can be used as an auxiliary process for generating fuel for an overall
processing system. The hydrogen-rich syngas that is generated via the gasification process can
be burned, for example, to generate electricity and/or process heat that can be directed for use
at other locations in the processing system. As a result, the overall processing system can be at
least partially self-sustaining. A number of other products, including pyrolysis oils and gaseous
hydrocarbon-based substances, can also be obtained during and/or following gasification; these
can be separated and stored or transported as desired.

A variety of different pyrolysis chambers are suitable for gasification of pre-treated
feedstock, including the pyrolysis chambers disclosed herein. In particular, fluidized bed
reactor systems, in which the pre-treated feedstock is fluidized in steam and oxygen/air,
provide relatively high throughput and straightforward recovery of products. Solid char that
remains following gasification in a fluidized bed system (or in other pyrolysis chambers) can be

burned to generate additional process heat to promote subsequent gasification reactions.

POST-PROCESSING

Distillation
After fermentation, the resulting fluids can be distilled using, for example, a “beer

column” to separate ethanol and other alcohols from the majority of water and residual solids.
The vapor exiting the beer column can be 35% by weight ethanol and fed to a rectification
column. A mixture of nearly azeotropic (92.5%) ethanol and water from the rectification
column can be purified to pure (99.5%) ethanol using vapor-phase molecular sieves. The beer
column bottoms can be sent to the first effect of a three-effect evaporator. The rectification
column reflux condenser can proQide heat for this first effect. After the first effect, solids can
be separated using a centrifuge and dried in a rotary dryer. A portion (25%) of the centrifuge
effluent can be recycled to fermentation and the rest sent to the second and third evaporator

effects. Most of the evaporator condensate can be returned to the process as fairly clean
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condensate with a small portion split off to waste water treatment to prevent build-up of low-

boiling compounds.

Waste water treatment
Wastewater treatment is used to minimize makeup water requirements of the plant by

treating process water for reuse within the plant. Wastewater treatment can also produce fuel
(e.g., sludge and biogas) that can be used to improve the overall efficiency of the ethanol

' production process. For example, as described in further detail below, sludge and biogas can
be used to create steam and electricity that can be used in various plant processes.

Wastewater is initially pumped through a screen (e.g., a bar screen) to remove large
particles, which are collected in a hopper. In some embodiments, the large particles are sent to
a landfill. Additionally or alternatively, the large particles are burned to create steam and/or
electricity as described in further detail below. In general, the spacing on the bar screen is
between 1/4 inch to 1 inch spacing (e.g., 1/2 inch spacing).

The wastewater then flows to an equalization tank, where the organic concentration of
the wastewater is equalized during a retention time. In general, the retention time is between 8
hours and 36 hours (e.g., 24 hours). A mixer is disposed within the tank to stir the contents of
the tank. In some embodiments, a plurality of mixers disposed throughout the tank are used to
stir the contents of the tank. In certain embodiments, the mixer substantially mixes the contents
of the equalization tank such that conditions (e.g., wastewater concentration and temperature)
throughout the tank are uniform.

A first pump moves water from the equalization tank through a liquid-to-liquid heat
exchanger. The heat exchanger is controlled (e.g., by controlling the flow rate of fluid through
the heat exchanger) such that wastewater exiting the heat exchanger is at a desired temperature
for anaerobic treatment. For example, the desired temperature for anaerobic treatment can be
between 40 °C to 60 °C.

After exiting the heat exchanger, the wastewater enters one or more anaerobic reactors.
In some embodiments, the concentration of sludge in each anaerobic reactor is the same as the
overall concentration of sludge in the wastewater. In other embodiments, the anaerobic reactor

has a higher concentration of sludge than the overall concentration of sludge in the wastewater.
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anaerobic reactor through a vent and flows into a manifold, where a plurality of biogas streams
are combined into a single stream. A compressor moves the stream of biogas to a boiler or a
combustion engine as described in further detail below. In some embodiments, the compressor
also moves the single stream of biogas through a desulphurization catalyst. Additionally or
alternatively, the compressor can move the single stream of biogas through a sediment trap.

A second pump moves anaerobic effluent from the anaerobic reactors to one or more
aerobic reactors (e.g., activated sludge reactors). An aerator is disposed within each aerobic
reactor to mix the anaerobic effluent, sludge, oxygen (e.g., oxygen contained in air). Within
each aerobic reactor, oxidation of cellular material in the anaerobic effluent produces carbon
dioxide, water, and ammonia.

Aerobic effluent moves (e.g., via gravity) to a separator, where sludge is separated from
treated water. Some of the sludge is returned to the one or more aerobic reactors to create an
elevated sludge concentration in the aerobic reactors, thereby facilitating the acrobic
breakdown of cellular material in the wastewater. A conveyor removes excess sludge from the
separator. As described in further detail below, the excess sludge is used as fuel to create steam
and/or electricity.

The treated water is pumped from the separator to a settling tank. Solids dispersed
throughout the treated water settle to the bottom of the settling tank and are subsequently
removed. After a settling period, treated water is pumped from the settling tank through a fine
filter to remove any additional solids remaining in the water. In some embodiments, chlorine is
added to the treated water to kill pathogenic bacteria. In some embodiments, one or more
physical-chemical separation techniques are used to further purify the treated water. For
example, treated water can be pumped through a carbon adsorption reactor. As another

example, treated water can pumped through a reverse osmosis reactor.
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are the Wavelgrrégg;s.o fAIQ gx%%{gr lé%r&lp%fjerlgaricity generated from burning by-product streams can be
used to power electron beam generators and ultrasonic transducers used in pretreatment.

The by-products used to generate steam and electricity are derived from a number of
sources throughout the process. For example, anaerobic digestion of wastewater produces a
biogas high in methane and a small amount of waste biomass (sludge). As another example,

-post-distillate solids (e.g., unconverted lignin, cellulose, and hemicellulose remaining from the
pretreatment and primary processes) can be used as a fuel.

The biogas is diverted to a combustion engine connected to an electric generator to
produce electricity. For example, the biogas can be used as a fuel source for a spark-ignited
natural gas engine. As another example, the biogas can be used as a fuel source for a direct-
injection natural gas engine. As another example, the biogas can be used as a fuel source for a
combustion turbine. Additionally or alternatively, the combustion engine can be configured in
a cogeneration configuration. For example, waste heat from the combustion engines can be
used to provide hot water or steam throughout the plant.

The sludge, and post-distillate solids are burned to heat water flowing through a heat
exchanger. In some embodiments, the water flowing through the heat exchanger is evaporated
and superheated to steam. In certain embodiments, the steam is used in the pretreatment rector
and in heat exchange in the distillation and evaporation processes. Additionally or
alternatively, the steam expands to power a multi-stage steam turbine connected to an electric
generator. Steam exiting the steam turbine is condensed with cooling water and returned to the
heat exchanger for reheating to steam. In some embodiments, the flow rate of water through
the heat exchanger is controlled to obtain a target electricity output from the steam turbine
connected to an electric generator. For example, water can be added to the heat exchanger to
ensure that the steam turbine is operating above a threshold condition (e.g., the turbine is

spinning fast enough to turn the electric generator).

While certain embodiments have been described, other embodiments are possible.
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relative refractive index of the sample material. Application of Mie theory provides the detailed particle
size information. Table 7 summarizes patrticle size using median diameter, mean diameter, and modal -
diameter as parameters. Table 7. Particle Size by Laser Light Scattering (Dry Sample Dispersion)
Sample ID Median Diameter (Pm) Mean Diameter (Pm) Modal Diameter (Pm) A132 380.695

As an example, while the biogas is described as being diverted to a combustion engine
connected to an electric generator, in certain embodiments, the biogas can be passed through a

fuel reformer to produce hydrogen. The hydrogen is then converted to electricity through a fuel

cell.
As another example, while the biogas is described as being burned apart from the -

sludge and post-distillate solids, in certain embodiments, all of the waste by-products can be

burned together to produce steam.

PRODUCTS / CO-PRODUCTS

Alcohols
The alcohol produced can be a monohydroxy alcohol, e.g., ethanol, or a polyhydroxy

alcohol, e.g., ethylene glycol or glycerin. Examples of alcohols that can be produced include
methanol, ethanol, propanol, isopropanol, butanol, e.g., n-, sec- or t-butanol, ethylene glycol,
propylene glycol, 1, 4-butane diol, glycerin or mixtures of these alcohols.

Each of the alcohols produced by the plant have commercial value as industrial
feedstock. For example, ethanol can be used in the manufacture of varnishes and perfume. As
another example, methanol can be used as a solvent used as a component in windshield wiper
fluid. As still another example, butanol can be used in plasticizers, resins, lacquers, and brake
fluids.

Bioethanol produced by the plant is valuable as an ingredient used in the food and
beverage industry. For example, the ethanol produced by the plant can be purified to food
grade alcohol and used as a primary ingredient in the alcoholic beverages.

Bioethanol produced by the plant also has commercial value as a transportation fuel.
The use of ethanol as a transportation fuel can be implemented with relatively little capital
investment from spark ignition engine manufacturers and owners (e.g., changes to injection
timing, fuel-to-air ratio, and components of the fuel injection system). Many automotive
manufacturers currently offer flex-fuel vehicles capable of operation on ethanol/gasoline blends
up to 85% ethanol by volume (e.g., standard equipment on a Chevy Tahoe 4 x 4).

Bioethanol produced by this plant can be used as an engine fuel to improve
environmental and economic conditions beyond the location of the plant. For example, ethanol

produced by this plant and used as a fuel can reduce greenhouse gas emissions from manmade
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sources (e.g., transportation sources). As another example, ethanol produced by this plant and
used as an engine fuel can also displace consumption of gasoline refined from oil.

Bioethanol has a greater octane number than conventional gasoline and, thus, can be
used to improve the performance (e.g., allow for higher compression ratios) of spark ignition

. engines. For example, small amounts (e.g., 10% by volume) of ethanol can be blended with
gasoline to act as an octane enhancer for fuels used in spark ignition engines. As another
example, larger amounts (e.g., 85% by volume) of ethanol can be blended with gasoline to
further increase the fuel octane number and displace larger volumes of gasoline.

Bioethanol strategies are discussed, e.g., by DiPardo in Journal of Outlook for Biomass
Ethanol Production and Demand (EIA Forecasts), 2002; Sheehan in Biotechnology Progress,
15:8179, 1999; Martin in Enzyme Microbes Technology, 31:274, 2002; Greer in BioCycle, 61-
65, April 2005; Lynd in Microbiology and Molecular Biology Reviews, 66:3, 506-577, 2002;
Ljungdahl et al. in U.S. Patent )No. 4,292,406; and Bellamy in U.S. Patent No. 4,094,742.

Organic acids
The organic acids produced can include monocarboxylic acids or a polycarboxylic

acids. Examples of organic acids include formic acid, acetic acid, propionic acid, butyric acid,
valeric acid, caproic, palmitic acid, stearic acid, oxalic acid, malonic acid, succinic acid,
glutaric acid, oleic acid, linoleic acid, glycolic acid, lactic acid, y-hydroxybutyric acid or

mixtures of these acids.’

Foodstocks
In some embodiments, all or a portion of the fermentation process can be interrupted

before the cellulosic material is completely converted to ethanol. The intermediate
fermentation products include high concentrations of sugar and carbohydrates. These
intermediate fermentation products can be used in preparation of food for human or animal
consumption. In some embodiments, irradiation pretreatment of the cellulosic material will
render the intermediate fermentation products sterile‘ (e.g., fit for human consumption). In
some embodiments, the intermediate fermentation products will require post-processing prior
to use as food. For example, a dryer can be used to remove moisture from the intermediate

fermentation products to facilitate storage, handling, and shelf-life. Additionally or
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alternatively, the intermediate fermentation products can be ground to a fine particle size in a

stainless-steel laboratory mill to produce a flour-like substance.

Animal feed
Distillers grains and solubles can be converted into a valuable byproduct of the

distillation—dehydrétion process. After the distillation-dehydration process, distillers grains and
solubles can be dried to improve the ability to store and handle the material. The resulting
dried distillers grains and solubles (DDGS) is low in starch, high in fat, high in protein, high in
fiber, and-high in phosphorous. Thus, for example, DDGS can be valuable as a source of
animal feed (e.g., as a feed source for dairy cattle). DDGS can be subsequently combined with
nutritional additives to meet specific dietary requirements of specific categories of animals

(e.g., balancing digestible lysine and phosphorus for swine diets).

Pharmaceuticals
The pretreatment processes discussed above can be applied to plants with medicinal

properties. In some embodiments, sonication can stimulate bioactivity and/or bioavailabilty of
the medicinal components of plants with medicinal properties. Additionally or alternatively,
irradiation stimulates bioactivity and/or bioavailabilty of the medicinal components of plants
with medicinal properties. For example, sonication and irradiation can be combined in the

pretreatment of willow bark to stimulate the production of salicin.

Nutriceuticals
In some embodiments, intermediate fermentation products (e.g., products that include

high concentrations of sugar and carbohydrates) can be supplemented to create a nutriceutical.
For example, intermediate fermentation products can be supplemented with calcium create a

nutriceutical that provides energy and helps improve or maintain bone strength.

Co-Products

Lignin Residue
As described above, lignin containing residues from primary and pretreatment processes

has value as a high/medium energy fuel and can be used to generate power and steam for use in
plant processes. However, such lignin residues are a new type of solids fuel and there is little

demand for it outside of the plant boundaries, and the costs of drying it for transportation only
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subtract from its potential value. In some cases, gasification of the lignin residues can

converting it to a higher-value product with lower cost.

Other Co-Products
Cell matter, furfural, and acetic acid have been identified as potential co-products of

biomass-to-fuel processing facilities. Interstitial cell matter could be valuable, but might
require significant purification. Markets for furfural and acetic acid are in place, although it is
unlikely that they are large enough to consume the output of a fully commercialized

lignocellulose-to-ethanol industry.

EXAMPLES

The following Examples are intended to illustrate, and do not limit the teachings of this

disclosure.

Example 1 — Preparation Of Fibrous Material From Polycoated Paper
A 1500 pound skid of virgin, half-gallon juice cartons made of un-printed polycoated

white Kraft board having a bulk density of 20 Ib/ft® was obtained from International Paper.
Each carton was folded flat, and then fed into a 3 hp Flinch Baugh shredder at a rate of
approximately 15 to 20 pounds per hour. The shredder was equipped with two 12 inch rotary
blades, two fixed blades and a 0.30 inch discharge screen. The gap between the rotary and
fixed blades was adjusted to 0.10 inch. The output from the shredder resembled confetti having
a width of between 0.1 inch and 0.5 inch, a length of between 0.25 inch and 1 inch and a
thickness equivalent to that of the starting material (about 0.075 inch).

| The confetti-like material was fed to a Munson rotary knife cutter, Model SC30. Model
SC30 is equipped with four rotary blades, four fixed blades, and a discharge screen having 1/8
inch openings. The gap between the rotary and fixed blades was set to approximately 0.020
inch. The rotary knife cutter sheared the confetti-like pieces across the knife-edges, tearing the
pieces apart and releasing a fibrous material at a rate of about one pound per hour. The fibrous
material had a BET surface area of 0.9748 m?/g +/- 0.0167 m*/g, a porosity of 89.0437 percent
and a bulk density (@0.53 psia) of 0.1260 g/mL. An average length of the fibers was 1.141
mm and an average width of the fibers was 0.027 mm, giving an average L/D of 42:1. A

scanning electron micrograph of the fibrous material is shown in FIG. 26 at 25 X magnification.
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An appropriate amount of sample was introduced onto a vibratory tray. The feed rate and air pressure
were adjusted to ensure that the particles were properly dispersed. The key component is selecting an
air pressure that will break up agglomerations, but does not compromise the sample integrity. The
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(about 0.075 inch). The confetti-like material was fed to a Munson rotary knife cutter, Model

ac2sTiall

SC30. The discharge screen had 1/8 inch openings. The gap between the rotary and fixed
blades was set to approximately 0.020 inch. The rotary knife cutter sheared the confetti-like
pieces, releasing a fibrous material at a rate of about one pound per hour. The fibrous material
had a BET surface area of 1.1316 m?/g +/- 0.0103 m?/g, a porosity of 88.3285 percent and a
bulk density (@0.53 psia) of 0.1497 g/mL. An average length of the fibers was 1.063 mm and
an average width of the fibers was 0.0245 mm, giving an average L/D of 43:1. A scanning

electron micrographs of the fibrous material is shown in FIG. 27 at 25 X magnification.

Example 3 — Preparation Of Twice Sheared Fibrous Material From Bleached Kraft Board
A 1500 pound skid of virgin bleached white Kraft board having a bulk density of 30

[b/f® was obtained from International Paper. The material was folded flat, and then fed into a 3
hp Flinch Baugh shredder at a rate of approximately 15 to 20 pounds per hour. The shredder
was equipped with two 12 inch rotary blades, two fixed blades and a 0.30 inch discharge
screen. The gap between the rotary and fixed blades was adjusted to 0.10 inch. The output
from the shredder resembled confetti (as above). The confetti-like material was fed to a
Munson rotary knife cutter, Model SC30. The discharge screen had 1/16 inch openings. The
gap between the rotary and fixed blades was set to approximately 0.020 inch. The rotary knife
cutter the confetti-like pieces, releasing a fibrous material at a rate of about one pound per hour.
The material resulting from the first shearing was fed back into the same setup described above
and sheared again. The resulting fibrous material had a BET surface area of 1.4408 m?*/g +/-
0.0156 m?/g, a porosity of 90.8998 percent and a bulk density (@0.53 psia) of 0.1298 g/mL.
An average length of the fibers was 0.891 mm and an average width of the fibers was 0.026
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mm, giving an average L/D of 34:1. A scanning electron micrograph of the fibrous material is

shown in FIG. 28 at 25 X magnification.

Example 4 — Preparation Of Thrice Sheared Fibrous Material From Bleached Kraft Board
A 1500 pound skid of virgin bleached white Kraft board having a bulk density of 30

Ib/ft® was obtained from International Paper. The material was folded flat, and then fed into a 3
hp Flinch Baugh shredder at a rate of approximately 15 to 20 pounds per hour. The shredder
was equipped with two 12 inch rotary blades, two fixed blades and a 0.30 inch discharge
screen. The gap between the rotary and fixed blades was adjusted to 0.10 inch. The output
from the shredder resembled confetti (as above). The confetti-like material was fed to a
Munson rotary knife cutter, Model SC30. The discharge screen had 1/8 inch openings. The
gap between the rotary and fixed blades was set to approximately 0.020 inch. The rotary knife
cutter sheared the confetti-like pieces across the knife-edges. The material resulting from the
first shearing was fed back into the same setup and the screen was replaced with a 1/16 inch
screen. This material was sheared. The material resulting from the second shearing was fed
back into the same setup and the screen was replaced with a 1/32 inch screen. This material
was sheared. The resulting fibrous material had a BET surface area of 1.6897 m?/g +/- 0.0155
m?/g, a porosity of 87.7163 percent and a bulk density (@0.53 psia) of 0.1448 g/mL. An
averagé length of the fibers was 0.824 mm and an average width of the fibers was 0.0262 mm,
giving an average L/D of 32:1. A scanning electron micrograph of the fibrous material is

shown in FIG. 29 at 25 X magnification.

Example 5 — Preparation Of Densified Fibrous Material From Bleached Kraft Board Without

Added Binder
Fibrous material was prepared according to Example 2. Approximately 1 1b of water

was sprayed onto each 10 Ib of fibrous material. The fibrous material was densified using a
California Pellet Mill 1100 operating at 75 °C. Pellets were obtained having a bulk density
ranging from about 7 Ib/ft’to about 15 b/,

Example 6 — Preparation Of Densified Fibrous Material From Bleached Kraft Board With Binder

Fibrous material was prepared according to Example 2.
A 2 weight percent stock solution of POLYOX™ WSR N10 (polyethylene oxide) was

prepared in water.
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Approximately 1 Ib of the stock solution was sprayed onto each 10 Ib of fibrous
material. The fibrous material was densified using a California Pellet Mill 1100 operating at 75

°C. Pellets were obtained having a bulk density ranging from about 15 Ib/ft> to about 40 Ib/f’.

Example 7 - Reducing the Molecular Weight of Cellulose in Fibrous Kraft Paper by Gamma

Radiation with Minimum Oxidation
Fibrous material is prepared according to Example 4. The fibrous Kraft paper is

densified according to Example 5.

The densified pellets are placed in a glass ampoule having a maximum capacity of 250
mL. The glass ampoule is evacuated under high vacuum (107 torr) for 30 minutes, and then
back-filled with argon gas. The ampoule is sealed under argon. The pellets in the ampoule are
irradiated with gamma radiation for about 3 hours at a dose rate of about 1 Mrad per hour to

provide an irradiated material in which the cellulose has a lower molecular weight than the

fibrous Kraft starting material.

Example 8 —Reducing the Molecular Weight of Cellulose in Fibrous Kraft Paper by Gamma

Radiation with Maximum Oxidation
Fibrous material is prepared according to Example 4. The fibrous Kraft paper is

densified according to Example S.
The densified pellets are placed in a glass ampoule having a maximum capacity of 250

mL. The glass ampoule is sealed under an atmosphere of air. The pellets in the ampoule are
irradiated with gamma radiation for about 3 hours at a dose rate of about 1 Mrad per hour to

provide an irradiated material in which the cellulose has a lower molecular weight than the

fibrous Kraft starting material.

Example 9 - Methods of Determining Molecular Weight of Cellulosic and Lignocellulosic
Materials by Gel Permeation Chromatography

Cellulosic and lignocellulosic materials for analysis were treated according to Example

4. Sample materials presented in the following tables include Kraft paper (P), wheat straw
(WS), alfalfa (A), and switchgrass (SG). The number “132” of the Sample ID refers to the
particle size of the material after shearing through a 1/32 inch screen. The number after the

dash refers to the dosage of radiation (MRad) and “US” refers to ultrasonic treatment. For
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example, a sample ID “P132-10” refers to Kraft paper that has been sheared to a particle size of
132 mesh and has been irradiated with 10 MRad.

Table 1. Peak Average Molecular Weight of Irradiated Kraft Paper

o W+
g::)r:::cl: Sample ID Do;:fg Ultrasound® Avesr :dg;)lg.
A ot et —————————————
Kraft Paper P132 0 No 3285310006
P132-10 10 «“ 61398 +2468**
P132-100 100 “ 8444 + 580
P132-181 181 «“ : 6668 + 77
P132-US 0 Yes 3095 £ 1013

**Low doses of radiation appear to increase the molecular weight of some materials

'Dosage Rate = IMRad/hour
2Treatment for 30 minutes with 20kHz ultrasound using a 1000W horn under re-circulating

conditions with the material dispersed in water.

Table 2. Peak Average Molecular Weight of lrradiated Materials

|
Sample ID P?k Doi:f; Ultrasound? Avesrtadgcle)lg.w *
WS132 1 0 No 1407411 £ 175191
2 “ “ 39145 + 3425
3 “ « 2886+ 177
WS132-10* 1 10 «“ 26040 + 3240
WS132-100* 1 100 “ 23620 + 453
Al132 1 0 “ 1604886 + 151701
2 “ « 37525 £ 3751
3 “ « 2853 + 490
Al132-10* 1 10 “ 50853 + 1665
2 “ “ 2461 + 17
Al132-100* 1 100 «“ 38291 £ 2235
2 « « 2487+ 15
SG132 1 0 « 1557360 + 83693
2 “ «“ 42594 + 4414
3 « “ 3268 + 249
SG132-10* 1 10 «“ 60888 + 9131
SG132-100* 1 100 «“ 22345 £ 3797
SG132-10-US 1 10 Yes 86086 + 43518
2 « “ 2247 + 468
SG132-100-US 1 " 100 « 4696 + 1465

*Peaks coalesce after treatment

**Low doses of radiation appear to increase the molecular weight of some materials
'Dosage Rate = IMRad/hour

>Treatment for 30 minutes with 20kHz ultrasound using a 1000W horn under re-circulating

conditions with the material dispersed in water.
Gel Permeation Chromatography (GPC) is used to determine the molecular weight
distribution of polymers. During GPC analysis, a solution of the polymer sample is passed
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0.8689 SG132-100 P/Po= 0.241960361 0.5518 0.7034 SG132-10-US P/Po= 0.225692889 0.5693
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through a column packed with a porous gel trapping small molecules. The sample is separated
based on molecular size with larger molecules eluting sooner than smaller molecules. The
retention time of each component is most often detected by refractive index (RI), evaporative
light scattering (ELS), or ultraviolet (UV) and compared to a calibration curve. The resulting
data is then used to calculate the molecular weight distribution for the sample. _

A distribution of molecular weights rather than a unique molecular weight is used to
characterize synthetic polymers. To characterize this distribution, statistical averages are
utilized. The most common of these averages are the “number average molecular weight” (M)
and the “weight average molecular weight” (My).

M, is similar to the standard arithmetic mean associated with a group of numbers.
When applied to polymers, M, refers to the average molecular weight of the molecules in the
polymer. M, is calculated affording the same amount of significance to each molecule
regardless of its individual molecular weight. The average M, is calculated by the following

formula where N; is the number of molecules with a molar mass equal to M;.

2NN,
M,= IZ N

M,, is another statistical descriptor of the molecular weight distribution that places a
greater emphasis on larger molecules than smaller molecules in the distribution. The formula

below shows the statistical calculation of the weight average molecular weight.

o 2NM]
Me=Svn
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WS132 P/Po= 0.237823664 0.6582 0.8663 WS132-10 P/Po= 0.238612476 0.6191 03912 WSI32-100
P/Po=0.238398832 0.6255 0.8143 '

The polydispersity index or PI is defined as the ratio of Mw/My. The larger the PI, the
broader or more disperse the distribution. The lowest value that a PI can be is 1. This
represents a monodisperse sample; that is, a polymer with all of the molecules in the
distribution being the same molecular weight.

“ The peak molecular weight value (Mp) is another descriptor defined as the mode of the-
molecular weight distribution. It signifies the molecular weight that is most abundant in the
distribution. This value also gives insight to the molecular weight distribution.

Most GPC measurements are made relative to a different polymer standard. The
accuracy of the results depends on how closely the characteristics of the polymer being
analyzed match those of the standard used. The expected error in reproducibility between
different series of determinations, calibrated separately, is ca. 5-10% and is characteristic to
the limited precision of GPC determinations. Therefore, GPC resuits are most useful when a
comparison between the molecular weight distribution of different samples is made during the
same series of determinations.

The lignocellulosic samples required sample preparation prior to GPC analysis. First, a
saturated solution (8.4% by weight) of lithium chloride (LiCl) was prepared in dimethyl
acetamide (DMAc). Approximately 100 mg of the sample was added to approximately 10 g of
a freshly prepared saturated LiCVDMAc solution, and the mixture was heated to approximately
150°C-170°C with stirring for 1 hour. The resulting solutions were generally light- to dark-
yellow in color. The temperature of the solutions were decreased to approximately 100°C and
heated for an additional 2 hours. The temperature of the solutions were then decreased to
approximately 50°C and the sample solution was heated for approximately 48 to 60 hours. of
note, samples irradiated at 100 MRad were more easily solubilized as compared to their
untreated counterpart. Additionally, the sheared samples (denoted by the number 132) had
slightly lower average molecular weights as compared with uncut samples.

The resulting sample solutions were diluted 1:1 using DMAc as solvent and were
filtered through a 0.45 ym PTFE filter. The filtered sample solutions were then analyzed by
GPC. The peak average molecular weight (Mp) of the samples, as determined by Gel
Permeation Chromatography (GPC), are summarized in Tables 1 and 2.Each sample was
prepared in duplicate and each preparation of the sample was analyzed in duplicate (two

injections) for a total of four injections per sample. The EasiCal polystyrene standards PS1A
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The BET model for isotherms is a widely used theory for calculating the specific surface area. The
analysis involves determining the monolayer capacity of the sample surface by calculating the amount
required to cover the entire surface with a single densely packed layer of krypton. The monolayer
capacity is multiplied by the cross sectional area of a molecule of probe gas to determine the total
surface area. Specific surface area is the surface area of the sample aliquot divided by the mass of the
sample. Example 14 - Fiber Length Determination of Irradiated Materials Fiber length distribution
testing was ped@RrREB welgipliehiegenciar aaalipladsidurviéttd thsimgltdceldrantigktsddeo froh BBdisystem.
The average lgpgth g%%gpar‘e reported in Table 9. Table 9. Summary of Lignocellulosic Fiber

0 . . ) .
Length and Wi bata ample S Arithmetic Average (mm) Average Length Weighted in Length (mm)
Statistically
Table 3. GPC Analysis Conditions
Instrument: Waters Alliance GPC 2000
Plge! 10u Mixed-B
Columns (3): S/N’s: 10M-MB-148-83; 10M-MB-148-84; 10M-MB-
174-129
Mobile Phase (solvent): 0.5% LiCl in DMAc (1.0 mL/min.)
Column/Detector Temperature: 70 °C
Injector Temperature: 70 °C
Sample Loop Size: 323.5uL

Example 10- Determining Cyrstallinity of Irradiated Material by X-Ray Diffraction
X-ray diffraction (XRD) is a method by which a crystalline sample is irradiated with

monoenergetic x-rays. The interaction of the lattice structure of the sample with these x-rays is

recorded and provides information about the crystalline structure being irradiated. The
resulting characteristic “fingerprint” allows for the identification of the crystalline compounds
present in the sample. Using a whole-pattern fitting analysis (the Rietvelt Refinement), it is
possible to perform quantitative analyses on samples containing more than one crystalline

compound.
Table 4. XRD Data Including Domain Size and % Crystallinity

Domain Size

Sample ID A) % Crystallinity
P132 55 55
P132-10 46 58
P132-100 50 S5
P132-181 48 52
P132-US 26 40
Al132 28 42
Al32-10 26 40
Al132-100 28 35
WS132 30 36
WS132-10 27 37
WS132-100 30 41
SG132 29 40
SG132-10 28 38
SG132-100 28 37
SG132-10-US 25 42
SG132-100-US 21 34
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Corrected Average Length Weighted in Length (mm) Width (micrometers) (um) P132-10 0.484 0.615
0.773 24.7 P132-100 0.369 ‘ ‘

Each sample was placed on a zero background holder and placed in a Phillips PW1800
diffractometer using Cu radiation. Scans were then run over the range of 5° to 50° with a step
size of 0.05° and a counting time of 2 hours each.

Once the diffraction patterns was obtained, the phases were identified with the aid of
the Powder Diffraction File published by the International Centre for Diffraction Data. In all
samples the crystalline phase identified was cellulose — Ia, which has a triclinic structure.

The distinguishing feature among the 20 samples is the peak breadth, which is related to
the crystallite domain size. The expérimental peak breadth was used to compute the domain
size and percent crystallinity and are reported in Table 4.

Percent crystallinity (X. %) is measured as a ratio of the crystalline area to the total area

under the x-ray diffraction peaks,

Xc%=——"l-°———x100%
{Aa +AC}

where,

A. = Area of crystalline phase
A, = Area of amorphous phase

X. =DPercent of crystallinity

To determine the percent crystallinity for each sample it was necessary to first extract
the amount of the amorphous phase. This is done by estimating the area of each diffraction
pattern that can be attributed to the crystalline phase (represented by the sharper peaks) and the
non-crystalline phase (represented by the broad humps beneath the pattern and centered at 22°
and 38°).

A systematic process was used to minimize error in these calculations due to broad
crystalline peaks as well as high background intensity, First, a linear background was applied
and then removed. Second, two Gaussian peaks centered at 22° and 38° with widths of 10-12°
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0.423 0.496 23.8 P132481 0.312 Q.342 0.392 24.4 A132-10 0.382 0.423 0.650 43.2

each were fitted to the humps beneath the crystalline peaks. Third, the area beneath the two
broad Gaussian peaks and the rest of the pattern were determined. Finally, percent crystallinity
was calculated by divi.ding the area beneath the crystalline peak by the total intensity (after
background subtraction). Domain size and % crystallinity of the samples as determined by X-
ray diffraction (XRD) are presented in Table 4.

Example 11 - Porosimetry Analysis of lrradiated Materials
Mercury pore size and pore volume analysis (Table 5) is based on forcing mercury (a

non-wetting liquid) into a porous structure under tightly controlled pressures. Since mercury
does not wet most substances and will not spontaneously penetrate pores by capillary action, it
must be forced into the voids of the sample by applying external pressure. The pressure
required to fill the voids is inversely proportional to the size of the pores. Only a small amount
of force or pressure is required to fill large voids, whereas much greater pressure is required to

fill voids of very small pores.

Table 5. Pore Size and Volume Distribution by Mercury Porosimetry

Median Median  Average  Bulk Apparent

Total Total
Pore Pore Pore  Density poietay Porosity

Intrusion Pore

Sample ID Volume  Area Diz:netee; Di:rx:er D(i:‘l;llf:)er @ gi.:l) Density (%)
mig) (mig Volme)  (Bred psiad  (g/ml)

P132 6.0594 1.228 362250 13.7278  19.7415  0.1448 1.1785  87.7163
P132-10 5.5436 1211 46.3463 4.5646 18.3106  0.1614 1.5355  89.4875
P132-100 53985 0998 345235 182005 21.6422 0.1612 12413  87.0151
P132-181 32866 0.868 25.3448 122410 15.1509 0.2497  1.3916  82.0577
P132-US 6.0005 14.787 98.3459 0.0055 1.6231  0.1404  0.8894  84.2199
A132 2.0037 11.759 64.6308 0.0113 0.6816  0.3683 14058  73.7990
A132-10 1.9514 10326  53.2706 0.0105 0.7560  0.3768 14231  73.5241
A132-100 1.9394 10.205 43.8966 0.0118 07602  0.3760 1.3889  72.9264
$G132 2.5267 8265  57.6958 0.0141 1.2229 03119 14708  78.7961

S$G132-10 2.1414 8.643  26.4666 0.0103 09910  0.3457 1.3315  74.0340
S$G132-100 25142 10.766  32.7118 0.0098 09342 03077 1.3590  77.3593
S$G132-10-US 4.4043 1722  71.5734 1.1016 10.2319  0.1930 1.2883 85.0169
SG132-100-US  4.9665 7.358  24.8462 0.0089 2.6998 0.1695 1.0731 84.2010
WS132 29920 5447  76.3675 0.0516 2.1971 0.2773 1.6279  82.9664
WS132-10 3.1138 2901  57.4727 0.3630 42940  0.2763 1.9808 86.0484
WS132-100 32077  3.114  52.3284 0.2876 4.1199  0.2599 1.5611 83.3538
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A132-100 0.362 0.435 0.592 29.9 SG132-10 0.328 0.363 0.521 44.0 SG132-100 0.325 0.351

The AutoPore 9520 can attain a maximum pressure of 414 MPa or 60,000 psia. There
are four low pressure stations for sample preparation and collection of macropore data from 0.2
psia to 50 psia. There are two high pressure chambers which collects data from 25 psia to
60,000 psia. The sample is placed in a bowl-like apparatus called a penetrometer, which is
bonded to a glass capillary stem with a metal coating. As mercury invades the voids in and
around the sample, it moves down the capillary stem. The loss of mercury from the capillary
stem results in a change in the electrical capacitance. The change in capacitance during the
experiment is converted to volume of mercury by knowing the stem volume of the
penetrometer in use. A variety of penetrometers with different bowl (sample) sizes and
capillaries are available to accommodate most sample sizes and configurations. Table 6 below

defines some of the key parameters calculated for each sample.

Table 6. Definition of Parameters

Parameter ' Description

The total volume of mercury intruded during an experiment. This
Total Intrusion Volume: can include interstitial filling between small particles, porosity of
sample, and compression volume of sample.

Total Pore Area: The total intrusion volume converted to an area assuming

cylindrical shaped pores.
Median Pore Diameter The size at the 50™ percentile on the cumulative volume graph.
(volume):
Median Pore Diameter (area):  The size at the 50™ percentile on the cumulative area graph.
Average Pore Diameter: The total pore volume divided by the total pore area (4V/A).
Bulk Density: The mass of the sample divided by the bulk volume. Bulk volume
y: is determined at the filling pressure, typically 0.5 psia.

‘s The mass of sample divided by the volume of sample measured at
Apparent Density: highest pressure, typically 60,000 psia.
Porosity: (Bulk Density/ Apparent Density) x 100%

Example 12 - Particle Size Analysis of Irradiated Materials
The technique of particle sizing by static light scattering is based on Mie theory (which

also encompasses Fraunhofer theory). Mie theory predicts the intensity vs. angle relationship
as a function of the size for spherical scattering particles provided that other system variables

are known and held constant. These variables are the wavelength of incident light and the
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0.466 43.8 WS132-10 0.353 0.381 0.565 44.7 WS132-100 0.354 0.371 0.536 45.4

relative refractive index of the sample material. Application of Mie theory provides the
detailed particle size information. Table 7 summarizes particle size using median diameter,

mean diameter, and modal diameter as parameters.

Table 7. Particle Size by Laser Light Scattering (Dry Sample Dispersion)

Median Diameter Mean Diameter Modal Diameter
Sample ID
(km) (um) (um)

Al132 380.695 418.778 442.258
Al32-10 321.742 366.231 410.156
Al32-100 301.786 348.633 444.169
SG132 369.400 411.790 455.508
SG132-10 278.793 325.497 426.717
SG132-100 242,757 298.686 390.097
WS132 407.335 445.618 467.978
WS132-10 194,237 226.604 297.941
WS132-100 201.975 236.037 307.304

Particle size was determined by Laser Light Scattering (Dry Sample Dispersion) using a

Malvern Mastersizer 2000 using the following conditions:

Feed Rate: 35%

Disperser Pressure: 4 Bar
Optical Model: (2.610, 1.000i), 1.000

An appropriate amount of sample was introduced onto a vibratory tray. The feed rate
and air pressure were adjusted to ensure that the particles were properly dispersed. The key
component is selecting an air pressure that will break up agglomerations, but does not
compromise the sample integrity. The amount of sample needed varies depending on the size

of the particles. In general, samples with fine particles require less material than samples with

coarse particles.

Example 13 - Surface Area Analysis of lrradiated Materials
Table 8. Summary of Surface Area by Gas Adsorption

Surface area of each sample was analyzed using a Micromeritics ASAP 2420

Accelerated Surface Area and Porosimetry System. The samples were prepared by first
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Example 15- Ultrasonic Treatment of Irradiated and Un-irradiated Switchgrass  Switchgrass was
sheared according to Example 4. The switchgrass was treated by ultrasound alone or irradiation with
10 Mrad or 100 Mrad of gamma rays, and then sonicated. The resulting materials correspond to
0132-BR (un-irradiated), G132-10-BR (10 Mrad and sonication) and 0132-100-BR (100 Mrad and
sonication), as presented in Table 1. Sonication was performed on each sample for 30 minutes using
20kHz ultrasound from a 1000W horn under re-circulating conditions. Each sample was dispersed in
water at a codegnuiatidor ab Aborsta 4D/ rext, fréel §SccIDainey S shdvollenathdwinmdsused for
sonication. A@Ql%ﬁ?

500 includ - Icati ith
- orm 506 fab e teéh’?ﬁ T, féqgul"ee{&ee(r?c(&%é&’Qé%?ﬁé%ﬁgﬁﬁ%%ﬁéﬁ% oI EHNEAdNg With &

rom titanium or an alloy of titanium. has a seal 510 made from

VITON(r) abchegins pBeirtussecmdtevproaiasing exsistoefiisining ferargpresanrsnithich sPBERINY cell 508.
The processing, §id6 Of RAVRIHIIRE AL AT Htisbe (?k&Eh?e? Helgintitpbhas dinbysrshiherein the

sample to be sonicated. Pressure in the cell is monitored with a pressure gauge 512. In operation,

eactisample 1esH RIGsBURAsesteemiRed 3Rt BeerdRdo Jon RFSSIFE Lisids the SBMRIR R Snicated. After,

sonication, the &gl avisncaptdsert iatakce? A ditRiRss dfaseiliesattad wntihdk tageontents of
tank 520 can be sent through the processing c I%and tured.in tank 516., This process can be
repeated a nBRBEFOF ées??%?ﬁdaa 8‘§ﬁ5§1° I%‘/u(-fﬁl ?befo%%%&‘haé‘ féy g a2 AdEPTB g‘s%af?np él.eég%\mple 16-
Scanning Elestnomihgjoraigipgpbsses ditto irastiongld. Shitphessassaind @omtpsdsiinets ghyadiemeitband
Irradiated .angs§ﬁg%§aas?ga§avﬁ§8@ ulate a%ﬂfd%g(ﬁm%%f&ﬁ&ﬂ% ﬁﬁm@m&rﬁ%mcrographs
were applied to carbon tape and gold sputter coated (70 seconds). Images were taken with a JEOL
6500 field enfilsion scanning electron microscope. FIG. 32 is a scanning electron micrograph at
1000 X magnification of a fibrous material produced from shearing switchgrass on a rotary knife cutter,

and then passing the shearedumaterial thrgugh.a1/22 00k ool ElGS 22.and 34 are scanning
electron micrographs of the fig| ﬁmategiﬁg,nggm?rgtéa;;tg;(mﬁggiatimmfi‘@ Mrad and 100 Mrad
gamma rays, respectively, at 1000 X magnificati i ctron micrographs of
the fibrous material of FIG. 32 aitr irrad@bea-0i203Wirad a25d sonicdi&ds7at 1000 X magnification.
FIG. 36 is a scanning electrorPiickdgrapB8/Brip@Mides nidbhal of FIE782 after irradiation with 100
Mrad and sonicaiton at 1000§ﬁ:§nific%i§%g}§%ﬁéiégg7 %ﬁﬁgﬁred S;éé‘gfﬁum of irradiated Kraft Paper
In Comparison to Un-Irradiateg J3redt Pagespo= d.h@Fsdo7kR aosdysis wasgresformed on a Nicolet/Impact
400. The results indicate that aNisample @per0d0#0bib|c0lAoe consi%tsg}gwith a cellulose-based

material. Al32-10  @P/Po=0211218936 0.5383
A132-100  @P/Po=0238791097 0.4258 0.5538

SG132  @P/Po=0.237989353  0.6359 0.8350

SG132-10  @P/Po=0.238576905  0.6794 0.8689

SG132-100  @P/Po=0.241960361  0.5518 0.7034

SG132-10-US @ P/Po=0.225692889  0.5693 0.7510

SG132-100-US @ P/Po=0.225935246 1.0983 - 1.4963

WSI32  @P/Po=0237823664  0.6582 0.8663

WS132-10  @P/Po=0.238612476  0.6191 0.7912

WS132-100 @ P/Po=0.238398832 _ 0.6255 0.8143

The BET model for isotherms is a widely used theory for calculating the specific
surface area. The analysis involves determining the monolayer capacity of the sample surface
by calculating the amount required to cover the entire surface with a single densely packed
layer of krypton. The monolayer capacity is multiplied by the cross sectional area of a
molecule of probe gas to determine the total surface area. Specific surface area is the surface

area of the sample aliquot divided by the mass of the sample.
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FIG 37 is an infrared spectrum of Kraft board paper sheared according to Example 4, while FIG 38 is
an infrared spectrum of the Kraft paper of FIG 38 after irradiation with 100 Mrad of gamma radiation.
The irradiated sample shows an additional peak in region A (centered about 1730 crn-1) that is not
found in the un-irradiated material. Example 18- Combination of Electron Beam and Sonication
Pretreatment Switchgrass is used as the feedstock and is sheared with a Munson rotary knife
cutter into a fibrous material. The fibrous material is then evenly distributed onto an open tray
composed of Hxmmdid1anFiie deobty teaieriiiton etiradiat@Mud?iaB he fibrous material is distributed so that it

has a depth of abouf:}edidn Qﬁsmﬁb@o%@sﬂﬁgavasm&lﬂwmmlwde sn@ekampliskibhieddn plastic
bags at lower doses of irradiation (under 10 MRad), and left %ﬁn the metal. tri%?t |gher

doses of radiatitg the %%B%‘?M@rgé%%@ﬁfel‘ﬂeﬁﬁ&u??ﬁ% g?pr(gg%réf 0'SuCcessive doses

of electron beam radiation to achieve a total dose-of 1 Mrad, 2 Mrad 3, Mrad, 5 Mrad, 10 Mrad, 50
Mrad, and 10%Mé@s§&%&ﬁ'ﬂ§lﬁ%ﬁ%@@ﬂ&m@d¢md&1ﬂmsam conditions as the remaining

samples, but are ne : pon pre proereaterial is
sent on for further i fibe. f-. catian déVié‘e includes a
converter connect r cOMIPRSnicatingy fER e ' tgﬂﬁﬂ?ﬁ‘%"l’ﬁ alloy of
titanium. The horn,{which hasia s (éﬂmrh , m“%) g eftaths pssing side,

forms a liquid tight sealapith alprooessing cell. Tlosnsrocesnnq S|d037®3 the harn is#Imerged in a liquid,

such as water, intoMléMﬂeittad?a?ﬂ}Lﬂﬂmm n¥48rial to he son@#ed is in mnr“a;gl Prdssure in the
cell is m_onitored w h?ﬁ%is' re "%.3' ey operut i ‘_%, eac_h \,w.._wg‘ég...uve by pfﬁ:.‘_.p_th 'eugh the
processing cell ang NERtet ) 3650 PIEPare s rradiated-fibigsgg Taterjat fopggnication, the
irradiated fibrous n i removiedgron] any cosgauner (€.9., plagae bags)land 48.@ispersed in water

at a concentration pfs&»se4t00.10 g/miks Sonlcatlon 3sloerfor ed o DS h sample {680 minutes using

20 kHz ultrasound 132 s 2 r—he irradiated

fibrous material is & - Sereemaitnes=sti| 2 desired
level of processing is achieved based on monltorlng the structural changes in the switchgrass. Again,
some irradiated samples are kept under the same conditions as the remaining samples, but are not
sonicated, to Bemeds ddmponic Treataentiofirastitad agd ipheirted SWEFLerR8t irradiated are sonicated,
again to serve as C(Swtmhgri'dsmﬂhmdammm BeappbcésTbd sednhgrasevasitraateditated, and
some are On QMG Rone SR IS i MR Rt 571108 O1:hd 8 gz'ﬁgﬂ B hen soIRGAEE

lignocellulosic materlals pretreate as described herein are ana for toxicity to common strains of

yeast and badlesrasuliing matsaabsshuesepnd et %rﬂﬁe(vérmeﬁf’é?ﬂ)n@t%m Bk &HbMsrd dtition.

Additionally, SHeiRL ey GG C‘i@mﬁﬁt'@Wh@aﬁ@'Eéﬁﬂéﬁx@ﬂ%@)ﬁés&ﬁ&&mm@d tgoRgiaigHne the
viability of the treatment process. Testln? of the pretreated materials is ¢ rled OM\% é;éhases as
0

follows. 1. ToXRSBFHAMed g8 Fshstamle TorARuiRyst Hiing A HA TSR stocks is
measured in uem&&aﬁemaﬁam@mmﬁexasmmmkbawmdmaemmex(aﬁmem& as well as
the bacteria Zym obilis (ATCC 31821) and Clostridium thermocellum (ATCC 31924). A
growth studya}é ?ggﬁf ith each of the organisms to determine the optimal time of incubation and
sampling. FIGS. 30 and 31 show the apparatus used for sonication. Apparatus 500 includes a

converter 502 connected to booster 504 communicating with a horn 506 fabricated from
titanium or an alloy of titanium. The horn, which has a seal 510 made from VITON® about its
perimeter on its processing side, fenns a liquid tight seal with a processing cell 508. The
processing side of the horn is immersed in a liquid, such as water, that has dispersed therein the
sample to be sonicated. Pressure in the cell is monitored with a pressure gauge 512. In
operation, each sample is moved by pump 517 from tank 516 through the processing cell and is
sonicated. After, sonication, the sample is captured in tank 520. The process can be reversed in
that the contents of tank 520 can be sent through the processing cell and captured in tank 516.
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Each of the feedstocks is then incubated, in duplicate, with S. cerevisiae, P. stipitis, Z. mobilis, and C.
thermocellum in a standard microbiological medium for each organism. YM broth is used for the two
yeast strains, S. cerevisiae and P. stipitis. RM medium is used for Z. mobilis and CM4 medium for C.
thermocellum. A positive control, with pure sugar added, but no feedstock, is used for comparison.
During the incubation, a total of five samples is taken over a 12 hour period at time 0, 3, 6, 9, and 12
hours and analyzed for viability (plate counts for 1 mobilis and direct counts for S. cerevisiae) and
ethanol concemisaiiaress cak Yo apeaRiEnhahbie Jemded aaks dYesienisleverofiptogekiigh iPdefivenednce Liquid
Chromatogra[:)hﬁ(HPL ) equipped with either a Shodexim sugar SP0810 or Biorad Aminex(r)

HPX-87P coltfhif °of the feedstocks (approx. 5 g) is mixed with reverse osmosis (RO) water for 1 -
hour. The liquid por tos
mannose, ara¥#g
Bioenergy Cdubdiated amek 3 ehariasarbohydrates and Lignin in Biomass. H.
Cellulase Compati bﬁWtch{a%‘lﬁ(ﬁféK?&@é@@&ﬁﬂn@%ﬁmﬁﬁﬁr&@@ﬁ@m&@iﬁw R\aiedl eape
Accellerasend 1000d which contains a complex of enz%me%{hat éidr&:%gﬁé%g&?%elgjIosigigrilomass into
fermentable 9¢&d sRygirRatet  TLims)o REES RS AR M HS Sel and Aspergillus nidulans
at the recommansiag éapralidresespd.concentration in an Erlenmeyer flask. The flasks are incubated
with moderate shakj around 200 rpm for 12 hours. I 12 t .qvery
three hours at timekgi,gj?%,15?5%5‘%5&5@%}?%%1&%?%%5?Eg%%ﬁﬁﬁgﬁ%%ﬁﬁ% gtég&larg (Hope
and Dean, Biptedbived frarg Bhearing: a0sghigraseonicuietasn kivfs etitie Fhddhen massinghe stisargdcohol

Production Uﬁj&gAg%i&}B{g@g@im%rgggtreatment The optimum size for biomass conversion :
plants is affected by factors including economies of scale and the type and availalgi((lﬁi%j%{1 lomass used

as feedstock. Incre&3fiYy Piandsid arciannyg secicstphs o1Ps fbroussoatens ant

processes. Haveuesdiliie 3R Y00\l Sie e Mied danminalsarepdvtiatgiat (0000, Xransportation costs)
per unit of biomas.b%;eedstock. Studies analyzing these factors suggest that the appropriate size for

biomass con{4&h ﬂfgﬂts can range from 2000 to 10,000 dried tons of biomass feedstock per day.
The plant describeFli@|8svisa sizadity platess?G0grsphsoftlrfitiomustelabdEHEk Peafay.  FIG. 39
shows a proﬁ%%ﬁi% 1h,?wla%"fo%araE%é&%&ﬁ@}{%ﬁl&&%@@@ﬁf&yred to process switchgrass. The

feed preparation subsystem processes raw biomass feeds to remove foreign objects and provide

consistently sized palfaclédstescantties plastienshigyosmaphp aftieafibrons Butssid ah38ethe molecular

structure (e g J@dHGES A 6 HiARSAISEAs R iITioachiagisevEMlinity) of the biomass feedstock by
irradiating the biomass feedstock, mixing the irradiated the biomass feedstock with water to form a

slury, and applyipg 15RO RIGHNol R HakE ki b M@Mﬂfi&@ﬁ@dmtiﬂi};mggﬂ the cellulosic
and lignocellulosic nts of the biomass Teedstqck intp fer able materi imary
process subsystemﬁ]%[’;ﬁggsaﬂ%y 8&‘38%86%5“5&%? ég\}c\?\}g?é%}%%%% r?ﬁ%léersm?a‘ e?iﬁget?lelga{t.ment to
form alcoholsllfsemgigs egpaxteidon TabIEHeasetenstbulosita feadldlosecbhsediveatsiaalt is 2,000 dry tons per
day of SWtchOrass piermase T RN GHLBEH rIORBGE ARG HRERISUHIEY B Emplo Blomass

m o

feedstock in the for bales of switchgrass are received by the plant on truck trailers. As the trucks

are received whids/F@ %é@@d@ﬁ@ﬂ@ﬁ%&@@ﬁ?‘?&fﬁﬁﬁ?@éﬁf@&l&azﬁ‘?! Eptittiunvihd Worage while
others are taKﬁQcﬁﬁiﬁ‘%%}MﬁQ 60NV eSSl $hapRs ShevhalesdEdRNYEXEH Fogin Automatic
t

unwrapping system that cuts away, the plastic wrapping and/or net surrounding the bales. The biomass
feedstock is (ReeEshiRatd 394 Magdsnetdaputpdreytramdined s TRetal, after which it is
introduced to shredder-shearer trains where the material is reduced in size. Finally, the biomass

#opledd 1 Sombinatign ot Elaetren Beary g ALUOR NS UEIBMENhe switchgrass bales are
wrapped with plastigwiéigranssiiceth sdstetanp iy thehed withddthnandrotay kbifs beterrapped in
plastic film thchr)oz;[ I%trcmse ng)a Ie?igi.o [Fhe fibrous material is then evenly distributed onto an opén tray

xylose,

tion of the mixture is removed and analyzed for

16 nScanning pphs of Lir

glucose, galac
CArass in Lot

€,

\

Balttn
G S Y

composed of tin with an area of greater than about 500 in2. The fibrous material is distributed
so that it has a depth of about 1 — 2 inches in the open tray. The fibrous material may be

113



weather. The bales are either square or round. The bales are received at the plant from off-site
storage on large truck trailers. Since switchgrass is only seasonally available, long-term storage is
required to provide feed to the plant year-round. Long-term storage will likely consist of 400-500 acres
of uncovered piled rows of bales at a location (or multiple locations) reasonably close to the ethanol ,
plant. On-site short-term storage is provided equivalent to 72 hours of production at an outside storage
area. Bales and surrounding access ways as well as the transport conveyors will be on a concrete
slab. A concrgignsiateisinpRe b daps s e éheovel uiraalidtidiiundei cehiRadjchvdethenargeedorount of
biomass feedgté)ck rq%uired Ahcogcretefslafp {/ill minimize the amount of standing water in the storage
area, as well Fagac aet%'i%r%rasoss FeRU%08 lpsn'exposure to dirt. The stored material provides a
short-term supply foBepemicadpldsaifthy Sibaovs mriteriaharetbintirposeiipaseessividesrsidhio the process
s Interrupted oieq KRS ERRIARARLATS 2B Didardle g piatRd 41 REdM SR Kaagport

conveyors or In the short-term storage area. Bales are also reclaimed from short-term storage by

forklifts and 1680 raerdthR0arady SaaporrerlaY assdraintaingd wnder e Fime FRVGIHRNS 35N unwrapping

stations. Unwiapnrmhbalepiasenbl akerbivrihingias épads charfoi) dathasbsapatgdetaitird conveyor
which passes a magnetic separator o remove metal prior to shreddin%hgq tramp iron magnet is

provided to cARIQUHEHSHAlH SR RdEL rbenriesasiing Lirpuegh 3 SPARISTEEIBES oversize and foreign
material ahead of mulipieRhteddevishartadds aiomwhéticomtuted thbdoken essifemistigkwaltiae proper

size for pretreatment.. The shredder-shearer trains.jnclude shredder ' s. The
shredders reg‘ (%?ﬂ?g Qe ?)r]p lfﬁgq?gw i%rrr%%sag%8d§%‘(‘:‘l‘<m§hs§}§g%%h%ﬁrgglﬁ%%xrﬁgﬁe%%ﬁﬁhe rotary
knife cutters. VEEON®rpduiife peritactscomis proatssisssiderfienpiontiquid fegh seot i a RISFSE Nghe |
resulting mategigl. i, TRHIGEAPRASFIRTAR iRiRVIRALdfiMibQucsmhaksians: dayitie dwe to required

maintenance on and/or breakdowns of feed preparation subsystem equipment. Each silo ¢an hold

approximateljredisiod Gemoks faaestlipbsacaitateddtdmmersado Bressisinhe seianimepiered Bl Aent. A

conveyor belt,cagigs g dimmpeaiRpdsiorkiipe mdeatymansatiougins yetessiikél e is

pretreatment subsystem 114. As shown in FIG. 40, in the pretreatment subsystem 114, the biomass

feedstock is iffAfiAtEd using electron beam emitters, mixed with water to form a slurry, and subjected

to the application ofTalisapartithe eadiztedfitlioosisstetiabiovsonicatibafite wfatiatds dibravs fatetislock

changes the molecular structure C . rAel llinity) of
S8 BRI Slf.thol E0HRIIC RS QRPIREGUATISIRL AULRR ARG

the biomass feedstoc IXing the irra lomas stock’jnto a slurry and ap&l)yin ultrasonic

energy to theoflgheptiQrtAefrehafgeisatienispedenaed oneaghsurpiclondhmiitesiiing lication of

the radiation giRd3ARIFARM 0BG W RBREUMAY BRYR AXfeE dinfinRiecks BaldiRigaRbiniaeof
techniques apélg?ars to achieve greater changes to the molecular strugtureé%%égeduces the average

molecular welt %%@%f’%fﬁ%ﬁfﬁﬂ/}“tﬁmnﬁgﬁsgﬁ?ﬁﬁ?@aﬁﬁegfﬁﬁ AR HBRE ¥R \Rn. without
wishing to bedasisad dvgitbemotcisingititichldaedadseing thenftotiny diézatiotun thengmsmess feedstock by
breaking intramolecular honds between.segments of cellulosic apd lignocellulosi onents of the
biomass feeosﬁgﬁ%rﬁfé' i??ga‘fét%ﬁ’?ﬁg?/ ﬁ%\ e cvara eB %%5 setrst%&%_?g%#ttlﬁggtﬁsg{r%gss feedstock
more brittle. Adteaitivez Isaititdes) bt asstitedsicatkdtorsomd dntomrolsirip additigpptemasanledthasonic
energy furthe, ¢RYSER IR A GHRLRL PRI BERRIN TRYSIRGR BipiRaWlge wavoht and the
crystallinity) and also can reduce the size of biomass feedstock particles. Electron Beam Irradiation
The conveyoP19efsspy] seareisrheiBrdiAleds aebepsms s A ARNSAR A atment subsystem distributes the
biomass feedstock into multiple feed streams (e.g., 50 feed streams) each leading to separate electron
beam emitte Ex4@E ienottial Testing oft RrétieatedRidmasisstock is irradiated while it is dry. Each feed

stream is carried orsgesRRAMEEHNENINNREHAS PorRERAGM R AIRA HR R U fdrach irradiation
feed conveyor belt can be approximately one meter wide. Befor%ﬁ%ﬂn the g(l)e tron beam emitter, a
|

localized vibrQRSALLoFATERAnisFamS LY Brstetis BRRHR fe IR E96M%ss feedstock over
the cross-seqtanaltuvicilstep thethamligyodistbn. A&diitelybemar emitterndd 2ofegtieligywith beam
irradiation deviges commercially available from Titan, Corporati ' é%g Arg.CH igpired to
apply a 100 If‘l?g- rgf %Zggéeso?rgeexc%ﬂ%%%gﬁgglgp g%gwélglg?%%%lﬁﬁgaﬁﬁ%gg%gm% beeamlqgemitters are
scanning bedhe preticaedwititeriadvie epmviditnonwaglases asdiolepsdnd to the width of the conveyor belt.

In some embodiments, electron beam emitters with large, fixed beam widths are used. Factors
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including belt/beam width, desired dose, biomass feedstock density, and power applied govern the
number of electron beam emitters required for the plant to process 2,000 tons per day of dry feed.
Sonication The irradiated biomass feedstock is mixed with water to form a slurry before ultrasonic
energy is applied. There can be a separate sonication system associated with each electron beam
feed stream or several electron beam streams can be aggregated as feed for a single sonication
system. In each sonication system, the irradiated biomass feedstock is fed into a reservoir 1214
through a first intake, 323y anadeasdedtio the reservoir 1214 through second intake 1234.
Appropriate valves émanual r automateéj control the flow of bigmass feedstac d the flow of water
to produce a desired Faf o(f?kﬂl?rﬂ’é?g?fté R %gévgg gf\%é?és.%%%)os c%ﬁﬁsj%gﬁic% gt%{rial, weight by
volume). Eaclureservmiicé2dekevisiud@ars prosty 8 fcddagipitie (hECORETR af well#nshd 236 and

disperse biorgass fesdilock oSOV NS WA s PISARMSANIGAHBRAISICATCLS sy I pumped

(e.g., using a recesseyd'f‘r)ﬁnpoeﬂ(ser vortex pump 1218) from reservoir 1214 to and through a flow cell 1224
including an @hvadstiedy reetfarmed 2t ek ofithengapissdadetemyas the eptwRlME Afed to agitate the
slurry 1216 sychghal{ifaaixipriggof biomass feedstock and water is substantially uniform at inlet 1220

of the flow cell 1224. For example, the pump 1218 can, agitate the slurry 1216 to create.a turbulent
flow that persists thEsGBREthetfredsiprks HEGHIBAhate S %‘Eﬁﬁﬁgnﬂlfﬁl‘étcfﬂ(f (i fi o'v@tg’éffslgrm.

Within the flopyoeatls 12AC Uksrmoriflinainsoitantaid RictobivdogicaLitted o ibreraehgy ganismluYM 1216 as
the slurry flows through,flow cell 1224, Ultrasqnic transducer,1226.co ks %Lﬁﬁt{'(@m@&rg}/ into high
frequency mvegéﬂtgr{fc%geg%grg}? (‘ev.(é?',eﬁﬂr%grs%%slt éﬁeerfé)i/s)l%k%%%sséféﬁsdgﬁlere to tﬁe slurry through
booster 48. Uttoadirind GMdduetivg doe Covramercifitty o aisisise(eontrofs ariihpene sigar edded it of

Ringwood, NEWRIEISER. BALaH fr BRARIR AL BUSIARIBURNL U RPN Ml ioiRen  The

ultrasonic energy traveling through booster 1248 in"reactor volume 1244 creates a series of

compressiongvend Falkauicaiod it tintscdsh Gifeand 12 heurmiand analvaek iy LisiR (PRISFRWE Bhvitation
in process strearppkilihdairéiadinmns sregcaesinag ananmapicaidhediomass 119 feedstock
including, for example, cellulosic and lignocellylosic material dj per eg in roc;ss ream 1216 (e.g.,
slurry). Cavitation aft§BeRLohefF it§ m@%&%ﬁg}‘%%gé%gg SEETNE lfglgf{a;g., slurry). These
free radicals aatémitographp EPLOpeqitpedwithleshera Stesdek T pugaeSRIBIGanBb2dbAMIga®ral, about
250 MJ/m3 o nic, enerqy i li C 121 inl oplar
chips. Other 1/GTS B oo B e B 5o, 100,
250, 500, 750/alaGor Lbog; disdigaidmertion efibiiseixbustisaenpiehadsbaetier glePsExposure to

ultrasonic engray. I ATERE, YRIHABS. 1adinBEOCRRIT AiktAE LeARRX TR anigal Rpérrangh outlet 1222,
according to National Bioenergy Center protocol Determination of Structural Carbohydrates

and Lignin in Biomass.

II. Cellulase Compatibility

Feedstocks are tested, in duplicate, with commercially available Accellerase™ 1000,
which contains a complex of enzymes that reduces lignocellulosic biomass into fermentable
sugars."two different cellulase preparations, Trichoderma reesei and Aspergillus nidulans at the
recommended temperature and concentration in an Erlenmeyer flask. The flasks are incubated
with moderate shaking at around 200 rpm for 12 hours. During that time, samples are taken
every three hours at time 0, 3, 6, 9, and 12 hours to determine the concentration of reducing

sugars (Hope and Dean, Biotech J., 1974, 144:403) in the liquid portion of the flasks.
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Flow cell 1224 also includes a heat exchanger 1246 in thermal communication with at least a portion
of reactor volume 1244. Cooling fluid 1248 (e.g., water) flows into heat exchanger 1246 and absorbs
heat generated when process stream 1216 (e.g., slurry) is sonicated in reactor volume 1244. In some
embodiments, the flow of cooling fluid 1248 into heat exchanger 1246 is controlled to maintain an
approximately constant temperature in reactor volume 1244. In addition or in the alternative, the
temperature of cooling fluid 1248 flowing into heat exchanger 1246 is controlled to maintain an

approximatelg SbhicationHietrapfiient 242 of flow cell 1224 is

arranged near te gg{lﬁg§%vgilr%§ggdﬁm i &%gf@/g gm@;@}m Slikagn 1216 (e.g.,
slurry) out of reservoir 1214 towards the inlet of a second pump 1230 whic mps proces stream
1216 (e.g., SIW?%W&%%@&WWQM)%@W”S ﬁfé&ﬁ%@%ﬁ‘é‘f‘%&%&? |ﬁr(l:?uqle a
single flow p@%(ﬁﬁﬁégﬁﬂ%%@@@d@&%&l@&@%%ﬁ%gﬁw \Hithy everpssomEbgd |nd|V|fduaI
sonication units. Multiple sonication units can aJso he arranged to series to, inGr unt o
sonic energy RIBHIR%E '%‘?ﬁ@‘gﬁﬁ’rﬁﬂcﬁgﬁ?ﬁﬁ?cﬁ%ai%&g%n woﬁloélc%oﬁ%? Pglfzg%l/t 8%??1%‘?}%% %llter rz('rmves
solids from thEnalissrynbiyhing thesmfacttas swggkst thd wemﬂmmsi@@nhpmmmibﬂ?@'éﬁ@ring the
fermentors. Filcref SolRAte ABA7 S PARSTBILIN R BRRcRIRF aav Men Sy ke RrER St

processing. e fermentation tanks are large, low pressure, stainless steel vessels with conical
bottoms and sizsd tepeengsadeddess pMdiydiomass %@%ﬂﬁ&%ﬁon tanks can be arranged in series.

The temperature in #§ §533108 feEnS MAliRRilATsbishas talkvisionIgsaatramiprantpadesising
external heat exchangers. Yeast is added to the first stage fermentatiot%tg%nk at the head of each

series of tankVEFhERsTridBafeLRIFPERHND SR EmROSESHR Al iumass eedael fQFRIOVRIRIER A ion
consists of twpjeawtindprsvitRoasieislinpedipatiBes ffdimisipiasingoiitiopetsiyneyitated with slow
speed mechanjcal mixers. Temperature is controlled with chilled water j ghapgers with
continuous re WS%%’.%E%%&O%H gu%cs&éerée@f’tﬁeé‘tuﬁ%ér%gg??&%g\%f%%%g’%éﬁéuse_of the high
solids concernatidiinity) oOfedimtasnfeeisiok hyamadiating hddiemess Seedetaekrnising hbirediagd washed

i & counter-GyiigNl IEIELAAHARSIRIPRIAA ¥ SURD AR R RiAIRUSI dpib sasisyashed to

recover ethanol rather than for air emissions control."Post-Processing Distillation
The irradiation and sonication convert the cellulosic and lignocellulosic components of the

biomass feedstock into fermentable materials. The primary process subsystem ferments the

glucose and other low weight sugars present after pretreatment to form alcohols.

Feed preparation _
The selected design feed rate for the plant is 2,000 dry tons per day of switchgrass

biomass. The design feed is chopped and/or sheared switchgrass.

Biomass feedstock in the form of bales of switchgrass are received by the plant on truck
trailers. As the trucks are received, they are weighed and unloaded by forklifts. Some bales are
sent to on-site storage while others are taken directly to the conveyors. From there, the bales
are convéyed to an automatic unwrapping system that cuts away the plastic wrapping and/or net
surrounding the bales. The biomass feedstock is then conveyed past a magnetic separator to
remove tramp metal, after which it is introduced to shredder-shearer trains where the material is
reduced in size. Finally, the biomass feedstock is conveyed to the pretreatment subsystem.

In some cases, the switchgrass bales are wrapped with plastic net to ensure they don’t

break apart when handled, and méy also be wrapped in plastic film to protect the bale from
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Distillation and molecular sieve adsorption are used to recover ethanol from the raw fermentation beer
and produce 99.5% ethanol. Distillation is accomplished in two columns-the first, called the beer
column, removes the dissolved CO2 and most of the water, and the second concentrates the ethanol
to a near azeotropic composition.  All the water from the nearly azeotropic mixture is removed by
vapor phase molecular sieve adsorption. Regeneration of the adsorption columns requires that an
ethanol water mixture be recycled to distillation for recovery.  Fermentation vents (containing mostly
CO2, but alsq,sprae athianad as welbAsthr BERGEIUTRE bt aeadelvite thinplanditen stfusiiber,
recovering nearly all of the ethanol. The scrubber effluent is fed to the first distillation column along
with the fermBPEBRFAN R8F rucklipilefStioms from the first distillation contain all the unconverted
insoluble and dissopiget s@lidBgrikidsioab)sbisonallgsvaiktdeimigtennsozaprdsmqurédita pravident to a
combustor. The liquid from the pressuye filter that is not. IS C0NGRIt 1 ultiple effect
evaporator ugﬁ%tgv%gtéﬁlégf Hom' ?ﬁséug?gﬁﬂ%%ﬁ%% %c}é{éle(l:ﬁg?? raé:tj')(g1 lsyrup frgﬁg?%é%%ggorator is mixed
with the solicsbaingdpitidoteofbaltsuslpeatidn ke multiniedesaticonderssamblisclessdodlselatively clean
recycle water. 4, I0¢ PIACRSS site shGEAURFSIBR AoV RESHIAOSI MRS RS BRoaaoYeed a6 limited),

an evaporator I1s included in the process. The total amount of the water from the pressure filtﬁr that is

directly recycusifle storageuen, Brigaand SHmURding AcHSSHIAY 8 drellet haleaRod s HgTHY!
components pog iRk 38, OKaRNIE SlaBNoigaiRaassptidlonbefiaffiassenettp in this

stream. Recycling too much of this material can result in.leyels of ionic stren tic pressures
that can be Ml%%ﬁfﬁﬁ‘@%?ﬁ?ﬁlﬂaﬁfgfgﬁg%%rg |(l:f8ér(ic§. ﬁggfrtﬁee %\?gtvev?gi%i%ﬁgﬁgcycled, the
evaporator cameentifisantirgdiasalirctisstiidgatesn synal) thatdvan the tiemaso Bustor,
minimizing the lead (g wastaweley Lemanl WANIEWRIGh LU WS for VUIRHBSIRBIRL ligpimen

er eup wafe

section treatS HrOcess water 101 reuse to re tice plant makeup water requirements. Wastewater is
initially screewbeh tworavw] dirsdbdglvprarttmaterialiitodhe proresidHPERSIper and sent to a landfill.

Screening is followeldy, R0aRIGiGSiee 8 aorRies st eRip Higadiney digasiotgasiermatter in the
stream. Anaerobic digestion produces a biogas stream that js rich in m%hanﬁgt)ha{%is f%d goethe
PRI

combustor. ACRYBKOHIBEIRTER SHRShisERSQrRgefRvar Rales ArgAlie resiumed TE D ess as well
as a sludge thatjskRhimatiosNPRSAHValHapes.coieegdislge is also burned in the combustor. This
screening / anaerohic digestion / aerpbic digestion scheme.is ‘standard withi gentgthanol
industry and faciliti&a]ﬁf ?F?é’%tg Pﬁﬁ?lﬁfﬁ“é%ﬁ%ﬁ%@a%wgr%%%néaﬁp grg%q\g(?r?el{:ljﬁ %??‘Gg#f-the-‘sﬁhelf' units
from vendoras@igmbpresder Boiked thenl disoivogeatatmronveynevwigh@seses aneagesin taRyaYgdter, and

turbogeneragl SNOTALT BHS: 18 BHERIYAL M HOH RIGAUISBisVRkca BalcANLS el gereration.

For example, some lignin, cellulose, and hemicellulose remains unconverted through thie pretreatment
and primary preiekanseascrlpingsgrsanremovaS IR R YR A ioreigr caatenia) Abead PABRYRIS 'syrup high in
soluble solidgyAnaeraRitSieaatiama PaiesRINRmE elVRe torie peaeeshiofapiighatinentethane.
Aerobic digestion produces a small amount of waste bjomas udge). Burning these by-product
streams to ggﬁéﬂfé@@ﬁﬁ%ﬁﬁ@l@%fﬁﬁ@%ﬂﬁﬁ%ﬁ?ﬁ@ﬁéﬂ%?géstlgél\‘ﬂg%?figléﬁ %eé%%é?gr%é%d uces solid
waste disposak estef hedagcionaiaSadsisicnald fednheresutiingeddas] 6 theootandkaifgivitiers. Three
primary fuel streams (post-distillate solids,,bigaas, and evang Y, )26 e fQdfiEculating
fluidized bed%rﬁog]ﬁrgtgnﬁ%ﬁ%asefﬁgﬂnacumrf)egﬂ?' S Warats}{%grl)?(r)nmassg s%%%g%gm Wastewateréfreatment is
also sent to tisetedahbustor. A fan moves air into the combustion chamber. Treated water enters the

heat exchanger cirq@e@sfgﬁ%om B3 RVARP RGP SHRBMRAHR e 2 164uit&bOF) and 86
as from

atm (1265 psia) steam. Flue he combustor ) )
maintenance on and/or breakdowns of feed preparation subsystem equipment. Each silo can

hold approximately 55,000 cubic feet of biomass feedstock (~3 hours of plant operation).

Pretreatment
A cdnveyor belt carries the biomass feedstock from the feed preparation subsystem 110

to the pretreatment subsystem 114. As shown in FIG. 40, in the pretreatment subsystem 114,
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preheats the entering combustion air then enters a baghouse to remove particulates, which are
landfilled. The gas is exhausted through a stack. A multistage turbine and generator are used to
generate electricity. Steam is extracted from the turbine at three different conditions for injection into
the pretreatment reactor and heat exchange in distillation and evaporation. The remaining steam is
condensed with cooling water and returned to the boiler feedwater system along with condensate from
the various heat exchangers in the process. Treated well water is used as makeup to replace steam

used in directjpigrlinn: RLHRE EVBRRU ERESlectroh biarleaiitds mivadi withteaat toefinwention have

been described. Nevertheless, it will be understood that various o%&ﬁc%éggmgbmv%y.gg rg@(gneog/ithout
0 a

departing frorPlYAe- Spitubireted sn e PRAKCAIB A SHirasonis ety ASSEiRanta. reratively Tow doses of
radiation, optigeaiymesy Runestiitarges ustindantgystadura (g sedneks die avtigedntdeewtssslink, graft, or
otherwise increagse th olecular weight of a natugal pr syn i = ipinQRRterial,
such as any o“?’ﬂ%g@i&eﬂﬁ?&m%%%%gfgﬁﬁﬁgﬁ% %rm%%@%géxk%?émggﬁ ggfgilegz;red or

un-sheared céttolosloroy dighappdyinipeizaseaiec satsgytechasiusel fitdher charges Ssdnaleriiar GRS, or

otherwise incigaging e melaada WelabAbiRe etikRneYa G Gain suliai faytining materia
P

can be performed in a controlled and predetermined manner by selecting.the type or %Pes of radiation
8f*d8ses of

employed (e.gynergistiee fents inthasithe combuIAR PAANGIANTH APSARY 19y BIEY SHTHFH B
radiation appligehSichA RREHAAE IR IRASem B aleRMRE Weighbaa hberysasfinlty) tiaking a

composite, such as a fiber-resin composite, having impro mechanical properti as abrasion
resistance, c&%gwgﬁ%ﬁ?m%h@%?ﬁﬁﬂﬁ@ﬁ%ﬁ&%ﬁeﬂéﬁ%@%&iﬁ%&ﬁﬁ%%ﬂér?éile
modulus, flexkdaitiveeidedusing hiopggtienzatitiedkhdbiosslin ket eplabiryeaking rtremodeniddeasing the
molecular wejght,of a selected matefial can improy i ial relative to an
un-treated mﬁ%ﬂ?&&?ﬂ’é?%%%?ﬁa‘ ?H%-?fgg?}ﬁg 5 aﬁﬁﬁ?@ﬁé@s%@%ﬁﬁﬁ%%ﬁ%@ﬁﬁ it to be
processed at feigistacie thp éradistmnwityonakedhe aveudhphysisal gieniuie of thinmass Sediirtkradiation can
steriize the malerial i/ high S0 SAANGE S ROHRRNIGIRkd 1 OIS, hé gpTRoRof The

crosslinking, grafting, or otherwise increasing the molecular weight qf a n%ural or §anthe ic

carbohydrate HiAseRifisgerev farbar ChANBES s TBolFRIAn S BT B e P A P SRR R T rlﬁfgrnner for a

particular applieaie intoRy eMidlaIemimalnep estiesd e cheaizsutbigiimsb Yesddtekimgrifvdesype or types of
radiation employed and/or dose or doses of radiation applied. ~ When used, the combination of

radiation, e.9.¢|QW,Hes5d adigkipn. and acoustic energy, e.g., sonic or ultrasonic energy, can improve
material throughput BRO¢eAVEYBHBERMSNEARYiHE @@biomabifé@sdoiCintohbeprstrtaenen pidisligethermoset,

elastomer, adhesive, or mixtures Qf these resins. Syitable resins incl ' iXtuge of resins
described her@ﬁ’i‘f‘but%t%'&fﬁmﬁifeﬁﬁgt?gzﬁqtglg’}lfgfpﬁ?e?eﬁ%g e?laé?%(;e{ﬁﬁuﬁ%%%}%%@sgg Er‘rg]%lfé%qilﬁag? weight
can be combirggphigedrdiron belteditatwdambtériamnbetimen, the kikmasefeadsinolds dardisire (e.g.,
cemen), lignip, glastomerss a50hal's: RS LIS ALAD KA Bs6aAs af desiited lhatidded to
cement, flber-vrvgln orced-cements can be produced having improved mechanical properties, such as
the propertie e erititier hBrelriradiation Aipdsoniayasthelt G banBrofapiAlY PBSRIEIFRIYE. Crosslinking,
grafting, or otReRVISR IBHIGARING MBI ER YRS B ¥cRlRdWBaAbANS inMaE8e iiCeach conveyor

carbohydrate-containin&r&aterial utilizin%,radiation can provide useful rr%ater{a‘lkl%lﬁ](r)rtl?pey forms and for
many applicahiel esnisdismatete AnrBinmRaRe IR AT IR SRR IS the form of a paper
product, suchcasvegieselpaper pulp, or paper effluent, particle board, glued lumber laminates, e.g.,
veneer, or plywood, lumber, e.g., pine ar, ogk..or even b RS LRI Paper,
particle board, lami §§°d}tiﬁ?ﬁb%$} %%Lr? %&ésﬁ%ﬁ%???ﬁeﬂg%%%i%gﬁerties, such asyl}ﬁeir strength.

For example, dvaitblg frone Titant@orpeithticai BeioPiegm GAdlasccon§ausedioqprbt o0 kdioriendase  When

paper is made isingJadialipn JAFIRIAD SANRW!IERARLAY RAIRklia mAn WAL dier xample
the pulp can be irradiated, a pressed fiber preform can be irradiated, or the flnlsheoLglapﬁlr itself can be
irradiated. In @ﬁmwﬁ&xﬁmg@ﬁmﬁﬁ(me@égﬁggesmnd to the width of the conveyor belt. In some

embodiments, electron beam emitters with large, fixed beam widths are used. Factors

including belt/beam width, desired dose, biomass feedstock density, and power applied govern
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more than one point during the manufacturing process..  For example, a fibrous material that
includes a first cellulosic and/or lignocellulosic material having a first molecular weight can be
irradiated in a manner to provide a second cellulosic and/or lignocellulosic material having a second
molecular weight higher than the first molecular weight. For example, if gamma radiation is utilized as
the radiation source, a dose of from about 0.2 Mrad to about 10 Mrad, e.g., from about 0.5 Mrad to
about 7.5 Mrad, or from about 2.0 Mrad to about 5.0 Mrad, can be applied. If e-beam radiation is
utilized, a smalisngize sRsebeodbiarteiitaiiedugdfontherpldin tioplo@sch 4 todoper dérefdrabout 0.1
Mrad to abou 5dl\/lrad, e.g., between about 0.2 Mrad to about 3 Mrad, or between about 0.25 Mrad and
about 2.5 MradAfter the relatively low dose of radiation, the second cellulosic and/or lignocellulosic
material can be combined with a material, such as a resin, and formed into a composite, e.g., by
compression molding, injection molding or extrusion. Forming resin-fiber composites is described in
WO 2006/102543. Once composites are formed, they can be irradiated to further increase the
molecular wejght of the carbohydrate-containing material while in the composite.  Alternatively, a
fbrous materHHAREY dsaayishaslonbard selsnase uesic Bt bha¥aeaiskmpiocular

c
weight can be comblnecﬁwn a materia as a resin, to provide a_.composite, and then the

composite casntreNrsafiplied Tiera s 26 ASSPRINEROBICBIoRSHSIAB PSGCted B 6RTE S€EO8Nd cellulosic
and/or lignoceuoRicaNatEHI) RBAY Acc86R BeaM elRaHIAE N DI hidighed tadeciherirsinglelecular weight.
For example, if gamma radiation is utilized as the radiation source, a dose of from about 1 Mrad to
about 10 MratP¥5#!'8R 38i5Hkd. Using this approach increases the molecular weight of the material
while it is with a matfixacsthizatidiegirematiimidiathbiemakofteisod i el it reservedst2idkable
resin, and, as, St 1 SHOSIRES 25 G SAIBORYCIRIG cRANG- TAPHAbIRG Rashe inaRelasular
weight, Whlch}ggﬁgprow ea synerglgﬂc &fecto provide maximum mechahical properties to a

composite. Fappumnigsteyadves(mampagistoumtefanteoldbi dlowofbiemass faedsiodetnd e fley e.g.,
having a red %gﬁga@%ggy%g pqss%kegm{gapﬁe&haeé feVidBERRS @swmgam%wmammpw 0cC,

e.g., below -10 ( C, , -60C or even below -100 C,.and/or excellent performance at
high temperarfight '@.’g’.‘?@&}%b@@frﬁf’m&ﬁﬁm!H@Mﬂ@%é&ﬁgtﬂ?&ﬁ*}%ﬁ‘?mﬁﬁﬂ s at relatively
high temperajgigme 3 hi8 MEsIRE LR MmARFY&1 06k Gréughoablirevah C, 150C, 200 C, 250 C, 300 C,

400 C, or even above 500 C. In addition, s chlcom%osite(s%‘fgn ha\sngz1 egg&lég&%clhegﬁgp‘ll 5ﬁ%§stance,
e.g., resistance to SWERMRFIRIAUBRARETE §re SIMTURRATIRSH Sefudht sad5Rnce 10 ¢ emical attack,
e.g., by stronguagid2] 8jrhow hasesirsi2ostpaxd dmtagl pflovhtelinl824rintbulig oy viidsenyy agents (e.g.,
active metals such as sodium and | 98 EBRRiIBe R S A6 YRS ey PP Matrix
material, doegaﬁlg?ugfégsﬁl)?ék @u??r%e%%%?g%%ﬁso e embodiméiilts, adéli{siaonal r_adligytion is applied

while the carlseth/disathe mistnzsofrjomase fredsioghiand wateriaswyentistbramifara stinletd 748G ular
weight of the gaahydiqte £ OpRINIRGIRAR AP PARERIhANmeseriNR I8t ieaLauses bonds to
form between the matrix and the.carbohydrate-containin%hvmateriabﬁ In som%&ﬂ?}g ts, the
carbohydrateUBREnhflay et @smists hravghorhihsPiRIREDY eI LR SUMRANE &iters are
utilized in a cgympesite, the fibers can be randomly oriented within the matrix. In other embodiments,
the fibers can be sybstantially orie uch as in one, two orf irecli ired, the
fibers can be contin 6thgél€ed¥§3¥é:éﬁqz£ﬁ\u§§/r P %ce?%f g\?ﬁﬁﬁfgg%%%/ngsﬁc%hﬂ%%%%?% %{%g ?%?ous
materials, deslsifigtfilorathashiteyidlsves tiranghdtbwrcalibl 22t itrasainirsosducsoSrioavcrrein.
Additives, e.q., in the form of ' jqul d : GoRmtinedirn of a
fibrous mate%}i cé%%%e%%&&%%iﬁ%ﬁ%%ﬁ%ﬁ %ﬁ @Q@Ex%l#%%ﬁéﬁé%ﬁ%ﬁ%ﬁ%%é hite,r_i?vgflélgstonite,
mica, glass, flobvagtdds theiurry thraueh; herstgatie FAKIORIGATRNSANS SR &Y% %ngﬂ%}ﬁﬁytﬁwm% or
magnesium hydroxige HeERRNIE BIOR) SntS tar taRE S8 N W SEH BIR AR ChIEBTY R R gaNC
compounds; ground construction waste; ground tire rubber; carbon fibers; or metal fibers or powders
(e.g., aluminSAMEHoHI@ow et Qb A6 Klawa Sy itives can reinforce, extend, or change electrical,
mechanical or compashitiyspiRpasiep uwidiigantdiiyebossténd 248jnireattagvahmes ] 26Lpiatsgents,
compatibilizers, o g maleated poPIRIERS, procsssing AltS PR Fnfelid uoiAlRdo
polyethylene,eﬁlgs iClZare, Annoxdants. opamﬁerg,%ea stabilizers, colorants, foaming agents, impact
modifiers, potyentersvitajionlzgprudedsietmoaty G, Cadtatenldisaegregsiorreaponapisafibabiomasse g.,
stearates or ethoxylated fatty acid amines. Suitable &tistatic compounds include conductive carbon
blacks, carbon fibers, metal fillers, cationic compounds, e.g., quaternary anunonium compounds, e.g.,
N-(3-chloro-2-hydroxypropy1)- trimethylammonium chloride, alkanolamides, and amines.
Representative degradable polymers include polyhydroxy acids, e.g., polylactides, polyglycolides and
copolymers of lactic acid and glycolic acid, poly(hydroxybutyric acid), poly(hydroxyvaleric acid),
poly[lactide-co-(ecaprolactone)], poly[glycolide-co-(e-caprolactone)], polycarbonates, poly(amino
acids), poly(hydroxyalkanoate)s, polyanhydrides, polyorthoesters and blends of these polymers.
When described additives are included, they can be present in amounts, calculated on a dry weight

basis, of from below 1 percent to as high as 80 percent, based on total weight of the fibrous material.
NMore tvnicallyy amaoirinte ranae from hetwiean ahnoirit 0O B narcant t0 abhoirit GO narcant hyy weinht aa B



microencapsulated, e.g., to protect the additives from heat or moisture during handling.  The fibrous
materials, densified fibrous materials, resins or additives may be dyed. For example, the fibrous
material can be dyed before combining with the resin and compounding to form composites. In some
embodiments, this dyeing can be helpful in masking or hiding the fibrous material, especially large
agglomerations of the fibrous material, in molded or extruded parts, when this is desired. Such large
agglomerations, when present in relatively high concentrations, can show up as speckles in the

surfaces of t@%ofmgfﬂ.amw?&%g@, celIEIREE AR R Iemitastdifaldispenaddtiprozmsshe dyed
ye, |

using an acid Irect dyeor a reactive dye. Such dyes are gvailable from Spectra earny,
NJ or Keystoseeanilto Cospshimvh, €amitatigh 2l @B‘é‘b‘fﬁ%f@(’a{ﬁaﬂff@&g &%&ggaﬁcﬁﬁ g°§§é§?§ATm
LIGHT YELL@M30.¢SR6 T RiedOf 60 riditdlOdy 14 GirtiOBualondyBREETHsN via®rirRMODAMINE 8, -
SPECTRANYLTm NEUTRAL RED B, SPECT INEF NZ ADIAZOTm -
BLACK OB, SPECTHANT T SREIDHER 150 ML LRI SR, SR G Suohh, each
being availabiediam Bpeotnaiflye fagmdntsoipeptantiopinee, lexeinafoltesenic et dRetyFfining
Pigments are iended yap g0 WIRP e BlodSoriadhesd cssmpmedosh ibiiiae stowyearibrous

e dyed

material, the fibtous Materia may h-situ during the compounding. Color concenrates are

available fronbeCippliedtto otherdrienassdfecdstneise ARSI HRITUECLe MHTBPHE PR EHHLTH T  materials,

densified fibrqys,of compasiies 1708 SXAMBRcHiIcAR6 2 vansgeais for the composites smell and/or

look like natural wood, e.g., cedarwood. For example, the fragrance, e.g., natural wo lraggance, can
be compounded int@%%kﬁ%@&ﬁ‘ﬂ%ﬁ&ﬁ?&@fﬁ%‘f&.1%%63’6@%%%’%% |%h°§qtﬁrte %agrance is

compounded 1gisegthoia Siecsemimatiaik 044 CCatimmliad 12ad(Eearweten fmpointedesttinto the resin
using a roll mill, e.g., a Banbury(r) mixer or an extruder, e, IN=S >xtrydeiV¥itbonicated
counter-rotatiﬁﬁ’%%’r%%ﬁ%rﬂ 3&%%%%5% g%%ﬁ tﬁ%/ %er%&g%ﬁssgﬁc\eé %?S%ﬁge\gg éngﬁr@ r mtil>l<((:aar,e
manufacturedrgcanreblvined:24¢ e sofre tmibodionentsctie flour of eprlivglvid 4B INESAompunderTm,

manufactured by Kru rner lei AR SRR [ GeniRehfiesin eauetbe added to
the fibrous mngg&fér]gaeﬁgz\é\@r%c g«?%ﬁgggg‘g%?@égﬁnanvel : r?%g?eﬁggﬁgh ,sbg fr c‘ﬁ-filled resins are
available conveleresal Biroln aditiomanindthepltserativacther alLe ﬁ%ﬁlgﬁ‘fﬁehﬂ’ggé%gm%“ﬂncﬁyel or from
the RTP Company.i bepims-LRedimanisidhe anpuh of liggoanasdly tastantpmpiaisrbaveen
about 0.005 % by Wei?ht and about 10% by weight, e.g., between about 0.1 % and about 5 % or 0.25
% and about 23598 volungs 1244 atural wood fragrances include evergreen or redwood. Other
fragrances include prReRARINR4ChEA TignsteiiD24ry, aomagty tieaethehottomiof reservain b 4ifise, basil,
O e Sk SAREl S pelial bl PREN RHSF R B T OPEAAD b er
grapefruit, ja €, lﬁ%lpeYberry, vendser, ?emon, mandarin, marjoram, musk, myrhh, orange,
patchouli, rosinjeosiseryndparap 4280 wbicdoplmps Rreesss fjiern M*%ﬁeéﬂ%ﬁ&?@ﬁ@?vmilla, new
car or mixture g&@,ﬁ&@gg@gﬁé&ﬂ some embodiments, the amount of fragrance in the fibrous
material-fragrance tombination’is between about 0.005 % bfé{ \%ei%ht ?%nhd atﬁoye %Cr) 3431 {g lveveight, e.g.,
between about 0.1 SiPBisatignsYHteYs eadrshds 25ipeln 8oy PEyes desqRpSappYe) & MAIRIS|s have been
described, sugh-AR 106 pai% aach Keatioaelasicsdndividnd toriiatjatbsitdil Metipksenicatiedl for making
the composites. For example, inorganic fillers.such as calciu i tgq,{;ﬁlcium
carbonate or H%%P@éﬁghm% tgt%e)r,l%\srg)glgﬁﬁ%gs ce;Iae, a&%@&?&r? g%%%@ggg%tag %Jg%,
rhombohedral clays, kaolin, clay, bentonite clay, dicalcium phosphate, tricalcium phosphate, calcium
pyrophosphaf&imadliRsEssddium metaphosphate, precipitated calcium carbonate, magnesium
orthophosphate, triraggeesiuntahubpheapetilaenayssiseids fomdhe shyzryihetors fermaRiatifia xerogel,
metal alumin%gl&ﬁ%&?iﬂ@@lﬁs SRR GHsIBN BHER RlisAaRg BlecrplaiCBiersilissliusinxide or
combinations ot the inorganic additives may be used. Th figgg can have, e.g., a particle size of
greater than P#sieddn pasepd &%é?%ﬁ%%%ﬂhsgsfﬁ%%ﬁ, RS Y% micron or even greater than
35 microns.  Nangpatemsaaltolitengscan ialge bﬂvqﬁeﬂmbmimsanbMSimmﬁbkous materials
of any size and/or shape. The fillers can be.in the farm of. eg.. a i t igr; For
example, nan'b‘?ﬁ%‘[‘ésraé’i%él?‘ﬁl%&sﬁﬁgﬁtﬁrﬁnyﬁgﬁgﬁrﬁ%ﬁ?ﬁa eﬁsr,leé{%%{ é%%&%gﬁjgg%%gawgwires can
be used. The ik cahchavpetatianiytrshrstistapedioméntitionankodoeniobed to| 3 degF4A5900 nm, 800
nm, 750 rim, 600 nm, 500 nm, 350 rim, 300 nm, 250 nm, 200 nm, less than 100 nm, or even less than
50 nm. In some embodiments, the nano-clay is a ®@&ntmorillonite. Such clays are available from
Nanocor, Inc. and Southern Clay products, and have been described in U.S. Patent Nos. 6,849,680
and 6,737,464. The clays can be surface treated before mixing into, e.g., a resin or a




fibrous material. For example, the clay can be surface is treated so that its surface is ionic in nature,
e.g., cationic or anionic. Aggregated or agglomerated nanometer scale fillers, or nanometer scale
fillers that are assembled into supramolecular structures, e.g., self-assembled supramolecular
structures can also be used. The aggregated or supramolecular fillers can be open or closed in
structure, and can have a variety of shapes, e.g., cage, tube or spherical. Accordingly, other
embodiments are within the scope of the following claims. CLAIMS 1. A method comprising:
irradiating a ligheigpllie asisgroateiialieabdkutithgbemyaasiis ddiddradiofatottgt Femvraation tadiation,
using an electyon beam, to gener rboxylic.acijd graups, by reacti [ iated feedstock with
the air and thg}%%v(%?g\]?ﬁf% ?fr? ?rsrggj?a e?ﬂ'lléi:]xc?(r:réﬁfu os@tr“n%ttgﬁlglt%ear\glngsg atlegg%ﬁ?gmber of carboxylic
acid groups than thSdipndstisesl tsiventatienaofsists witieh csinvausftonenigre tinseries Hothined. 2.

The method | | ' [ HReliona) shaupsiselected from
the group co%@?rll{g éf%ggég%isggg%ﬁp@%ﬁ%?& g\&;{l}gg @g@{% égﬁps and es%gr gl’OLljpS. 3. The

method of clatemtioflpdivathcdrilsa sratet Enestamgliey VB SHBMEHB SSICHAal. 4. The

method of clajgi magsaipuihgslisoesalipsifeseianivligeypotsans bt bighattidatoncerfirafie method
of claim 1 further comprising converting the irra iateigg%gcellulosic r%%t%rg%ldtgv 2,01 xgl%d selected

from the group con<tiRt SPHIBRSENEIEYAR A Q9L &3 SR B End mixtures thereof,
utilizing an enrsymer-atdéat waricsclaryabesons beinvéitel ebeathafsphene Theledfens thwashsthiess
feedstock has a bulk den ip‘{ Rf Itfahss tthan. about.O.gg)/&ga . 7. The method of claim 1 further
. recover ethano t f.n or ali C]il‘llSSlOﬂ . . . . .
comprising phyS|caII§/ reating the lignocellulosic material by shearing, stone grinding, mechanical

ripping or tearing, pin grinding, or air attrition milling.
ppIng Pos -Pgaces%ing 9 9

nggt—%‘istillation and molecular sieve adsorption are used to recover ethanol from the raw
fermentation beer and produce 99.5% ethanol. Distillation is accomplished in two columns—
the first, called the beer column, removes the dissolved CO2 and most of the water, and the
second concentrates the ethanol to a near azeotropic composition.

All the water from the nearly azeotropic mixture is removed by vapor phase molecular
sieve adsorption. Regeneration of the adsorption columns requires that an ethanol water
mixture be recycled to distillation for recovery. _

Fermentation vents (containing mostly CO2, but also some ethanol) as well as the beer
column vent are scrubbed in a water scrubber, recovering nearly all of the ethanol. The
scrubber effluent is fed to the first distillation column along with the fermentation beer.

The bottoms from the first distillation contain all the unconverted insoluble and
dissolved solids. The insoluble solids are dewatered by a pressure filter and sent to a
combustor. The liquid from the pressure filter that is not recycled is concentrated in a multiple
effect evaporator using waste heat from the distillation. The concentrated syrup from the
evaporator is mixed with the solids being sent to the combustor, and the evaporated condensate
is used as relatively clean recycle water to the process.

Because the amount of stillage water that can be recycled is limited, an evaporator is
included in the process. The total amount of the water from the pressure filter that is directly

recycled is set at 25%. Organic salts like ammonium acetate or lactate, steep liquor
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8. The method of claim 1 wherein the lignocellulosic material has a BET surface area of greater than
0.25 m2/g. 9. The method of claim 5 wherein converting the irradiated lignocellulosic material
comprises fermenting. 10. The method of claim 1, wherein the lignocellulosic material comprises a
material selected from the group consisting of wood, particle board, sawdust, agricultural waste,
sewage, silage, grasses, rice hulls, bagasse, cotton, jute, hemp, flax, bamboo, sisal, abaca, straw,
corn cobs, corn stover, switchgrass, alfalfa, hay, coconut hair seaweed, algae, and mixtures thereof.
E iﬂe me:ﬂ@?ﬁ%ﬁ%’i{@h@mﬁﬁi&ﬂbmdi&@@ﬂﬁﬁu|6§iﬁoﬂg&i&f&hkxﬁmxaiphrdtdﬁyicgmmmdhamfﬁbipercent.
. The method of claim 5 wherein conyerting the irradiated lignocellulosi ' lses
subjecting theSHiatri F??chﬁ%)t/?ﬁé?l‘&cﬁ)?gmf/ﬁéma Nics ug fnngé? e(ﬁ)?jccl)fl (c):a%m’l;wpr %]i ?Pgiﬁgggfating is
performed at preioses tiat cirlb/detimdnta dovrafisnenting Hrganismiedfbelancil et thewideehariadiating

comprises applyng.adiaHan g e nsEal G AISHRLYUAIDGIE I3AARRRGF BDsRRaM device

15. The metho im herelr ectron beam delivers electronshaving an energy of 0.3 MeV
to about 2.0 Nhe\combusgter, THeinmetrdtoloehipwesimeterirea@entctron beam delivers electrons having
an energy of 0.7 MeV to about 1.25 MeV. 17. The method of claim 12 wherein converting

comprises conaxtéwaett keertraglinted material with a cellulase in an aqueous medium.
The wastewater treatment section treats process water for reuse to reduce plant makeup

water requirements. Wastewater is initially screened to remove large particles, which are
collected in a hopper and sent to a landfill. Screening is followed by anaerobic digestion and
aerobic digestion to digest organic matter in the stream. Anaerobic digestion produces a biogas
stream that is rich in methane that is fed to the combustor. Aerobic digestion produces a
relatively clean water stream for reuse in the process as well as a sludge that is primarily
composed of cell mass. The sludge is also burned in the combustor. This screening / anaerobic
digestion / aerobic digestion scheme is standard within the current ethanol industry and
facilities in the 1-5 million gallons per day range can be obtained as “off-the-shelf” units from
vendors.
Combustor, Boiler, and Turbogenerator

The purpose of the combustor, boiler, and turbogenerator subsystem is to burn various
by-product streams for steam and electricity generation. For example, some lignin, cellulose,
and hemicellulose remains unconverted through the pretreatment and primary processes. The
majority of wastewater from the process is concentrated to a syrup high in soluble solids.
Anaerobic digestion of the remaining wastewater produces a biogas high in methane. Aerobic
digestion produces a small amount of waste biomass (sludge). Burning these by-product
streams to generate steam and electricity allows the plant to be self sufficient in energy, reduces
solid waste disposal costs, and generates additional revenue through sales of excess electricity.

Three primary fuel streams (post-distillate solids, biogas, and evaporator syrup) are fed
to a circulating fluidized bed combustor. The small amount of waste biomass (sludge) from
wastewater treatment is also sent to the combustor. A fan moves air into the combustion
chamber. Treated water enters the heat exchanger circuit in the combustor and is evaporated

and superheated to 510°C (950°F) and 86 atm (1265 psia) steam. Flue gas from the combustor

122



preheats the entering combustion air then enters a baghouse to remove particulates, which are
landfilled. The gas is exhausted through a stack.

A multistage turbine and generator are used to generate electricity. Steam is extracted
from the turbine at three different conditions for injection into the pretreatment reactor and heat
exchange in distillation and evaporation. The remaining steam is condensed with cooling water
and returned to the boiler feedwater system along with condensate from the various heat

exchangers in the process. Treated well water is used as makeup to replace steam used in direct

injection.

OTHER EMBODIMENTS

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

In some embodiments, relatively low doses of radiation, optionally, combined with
acoustic energy, e.g., ultrasound, are utilized to crossliﬁk, graft, or otherwise increase the
molecular weight of a natural or synthetic carbohydrate-containing material, such as .any of
those materials in any form (e.g., fibrous form) described herein, e.g., sheared or un-sheared
cellulosic or lignocellulosic materials, such as cellulose. The crosslinking, grafting, or
otherwise increasing the molecular weight of the natural or synthetic carbohydrate-containing
material can be performed in a controlled and predetermined manner by selecting the type or
types of radiation employed (e.g., e-beam and ultraviolet or e-beam and gamma) and/or dose or
number of doses of radiation applied. Such a material having increased molecular weight can
be useful in making a composite, such as a fiber-resin composite, having improved mechanical
properties, such as abrasion resistance, compression strength, fracture resistance, impact
strength, bending strength, tensile modulus, flexural modulus and elongation at break.
Crosslinking, grafting, or otherwise increasing the molecular weight of a selected material can
improve the thermal stability of the material relative to an un-treated material. Increasing the
thermal stability of the selected material can allow it to be processed at higher temperatures
without degradation. In addition, treating materials with radiation can sterilize the materials,
which can reduce their tendency to rot, e.g., while in a composite. The crosslinking, grafting,

or otherwise increasing the molecular weight of a natural or synthetic carbohydrate-containing
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material can be performed in a controlled and predetermined manner for a particular application
to provide optimal properties, such as strength, by selecting the type or types of radiation
employed and/or dose or doses of radiation applied.

When used, the combination of radiation, e.g., low dose radiation, and acoustic energy,
e.g., sonic or ultrasonic energy, can improve material throughput and/or minimize energy
usage.

The resin can be any thermoplastic, thermoset, elastomer, adhesive, or mixtures of these
resins. Suitable resins include any resin, or mixture of resins described herein.

In addition to the resin alone, the material having the increased molecular weight can be
combined, blended, or added to other materials, such as metals, metal alloys, ceramics (e.g.,
cement), lignin, elastomers, asphalts, glass, or mixtures of any of these and/or resins. When
added to cement, fiber-reinforced cements can be produced having improved mechanical
properties, such as the properties described herein, e.g., compression strength and/or fracture
resistance.

Crosslinking, grafting, or otherwise increasing the molecular weight of a natural or -
synthetic carbohydrate-containing material utilizing radiation can provide useful materials in
many forms and for many applications. For example, the carbohydrate-containing material can
be in the form of a paper product, such as paper, paper pulp, or paper effluent, particle board,
glued lumber laminates, e.g., veneer, or plywood, lumber, e.g., pine, poplar, oak, or even balsa
wood lumber. Treating paper, particle board, laminates or lumber, can increase their
mechanical properties, such as their strength. For example, treating pine lumber with radiation
can make a high strength structural material.

When paper is made using radiation, radiation can be utilized at any point in its
manufacture. For example, the pulp can be irradiated, a pressed fiber preform can be irradiated,
or the finished paper itself can be irradiated. In some embodiments, radiation is applied at
more than one point during the manufacturing process..

For example, a fibrous material that includes a first cellulosic and/or lignocellulosic
material having a first molecular weight can be irradiated in a2 manner to provide a second
cellulosic and/or lignocellulosic material having a second molecular weight higher than the first
molecular weight. For example, if gamma radiation is utilized as the radiation source, a dose of

from about 0.2 Mrad to about 10 Mrad, e.g., from about 0.5 Mrad to about 7.5 Mrad, or from
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about 2.0 Mrad to about 5.0 Mrad, can be applied. If e-beam radiation is utilized, a smaller
dose can be utilized (relative to gamma radiation), such as a dose of from about 0.1 Mrad to
about 5 Mrad, e.g., between about 0.2 Mrad to about 3 Mrad, or between about 0.25 Mrad and
about 2.5 Mrad. After the relatively low dose of radiation, the second cellulosic and/or
lignocellulosic material can be combined with a material, such as a resin, and formed into a
composite, e.g., by compression molding, injection molding or extrusion. Forming resin-fiber
composites is described in WO 2006/102543. Once composites are formed, they can be
irradiated to further increase the molecular weight of the carbohydrate-containing material
while in the composite.

Alternatively, a fibrous material that includes a first cellulosic and/or lignocellulosic
material having a first molecular weight can be combined with a material, such as a resin, to
provide a composite, and then the composite can be irradiated with a relatively low dose of
radiation so as to provide a second cellulosic and/or lignocellulosic material having a second
molecular weight higher than the first molecular weight. For example, if gamma radiation is
utilized as the radiation source, a dose of from about 1 Mrad to about 10 Mrad can be applied.
Using this approach increases the molecular weight of the material while it is with a matrix,
such as a resin matrix. In some embodiments, the resin is a cross-linkable resin, and, as such, it
crosslinks as the carbohydrate-containing material increases in molecular weight, which can
provide a synergistic effect to provide maximum mechanical properties to a composite. For
example, such composites can have excellent low temperature performance, e.g., having a
reduced tendency to break and/or crack at low temperatures, e.g., temperatures below 0 °C, e.g.,
below -10 °C, -20 °C, -40 °C, -50 °C, -60 °C or even below -100 °C,‘and/or excellent
performance at high temperatures, e.g., capable of maintaining their advantageous mechanical
properties at relatively high temperature, e.g., at temperatures above 100 °C, e.g., above 125 °C,
150 °C, 200 °C, 250 °C, 300 °C, 400 °C, or even above 500 °C. In addition, such composites
can have excellent chemical resistance, e.g., resistance to swelling in a solvent, e.g., a
hydrocarbon solvent, resistance to chemical attack, e.g., by strong acids, strong bases, strong
oxidants (e.g., chlorine or bleach) or reducing agents (e.g., active metals such as sodium and
potassium).

In some embodiments, the resin, or other matrix material, does not crosslink during

irradiation. In some embodiments, additional radiation is applied while the carbohydrate-
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containing material is within the matrix to further increase the molecular weight of the
carbohydrate-containing material. In some embodiments, the radiation causes bonds to form
between the matrix and the carbohydrate-containing material.

In some embodiments, the carbohydrate-containing material is in the form of fibers. In
such embodiments, when the fibers are utilized in a composite, the fibers can be randomly
qﬁented within the matrix. In other embodiments, the fibers can be substantially oriented, such
as“ in one, two, three or four directions. If desired, the fibers can be continuous or discrete.

Any of the following additives can added to the fibrous materials, densified fibrous
materials a or any other materials and composites described herein. Additives, e.g., in the form
of a solid, a liquid or a gas, can be added, e.g., to the combination of a fibrous material and
resin. Additives include fillers such as calcium carbonate, graphite, wollastonite, mica, glass,
fiber glass, silica, and talc; inorganic flame retardants such as alumina trihydrate or
magnesium hydroxide; organic flame retardants such as chlorinated or brominated organic
compounds; ground construction waste; ground tire rubber; carbon fibers; or metal fibers or
powders (e.g., aluminum, stainless steel). These additives can reinforce, extend, or change
electrical, mechanical or compatibility properties. Other additives include lignin, fragrances,
coupling agents, compatibilizers, e.g., maleated polypropylene, processing aids, lubricants, e.g.,
fluorinated polyethylene, plasticizers, antioxidants, opacifiers, heat stabilizérs, colorants,
foaming agents, impact modifiers, polymers, e.g., degradable polymers, photostabilizers,
biocides, antistatic agents, e.g., stearates or ethoxylated fatty acid amines. Suitable antistatic
compounds include conductive carbon blacks, carbon fibers, metal fillers, cationic compounds,
e.g., quaternary ammonium compounds, €.g., N-(3-chloro-2-hydroxypropyl)- A
trimethylammonium chloride, alkanolamides, and amines. Representative degradable polymers
include polyhydroxy acids, e.g., polylactides, polyglycolides and copolymers of lactic acid and
glycolic acid, poly(hydroxybutyric acid), poly(hydroxyvaleric acid), poly[lactide-co-(e-
caprolactone)], poly[glycolide-co-(e-caprolactone)], polycarbonates, poly(amino acids),
poly(hydroxyalkanoate)s, polyanhydrides, polyorthoesters and blends of these polymers.

When described additives are included, they can be present in amounts, calculated on a
dry weight basis, of from below 1 percent to as high as 80 percent, based on total weight of the
fibrous material. More typically, amounts range from between about 0.5 percent to about 50

percent by weight, e.g., 5 percent, 10 percent, 20 percent, 30, percent or more, €.g., 40 percent.
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Any additives described herein can be encapsdlated, e.g., spray dried or
microencapsulated, e.g., to protect the additi;les from heat or moisture during handling.

The fibrous materials, densified fibrous materials, resins or additives may be dyed. For
example, the fibrous material can be dyed before combining with the resin and compounding to
form composites. In some embodiments, this dyeing can be helpful in masking or hiding the
fibrous material, especially large agglomerations of the fibrous material, in molded or extruded
parts, when this is desired. Such large agglomerations, when present in relatively high
concentrations, can show up as speckles in the surfaces of the molded or extruded paris.

For example, the desired fibrous material can be dyed using an acid dye, direct -dye ora
reactive dye. Such dyes are available from Spectra Dyes, Kearny, NJ or Keystone Aniline
Corporation, Chicago, IL. Specific examples of dyes include SPECTRA™ LIGHT YELLOW
2G, SPECTRACID™ YELLOW 4GL CONC 200, SPECTRANYL™ RHODAMINE 8,
SPECTRANYL™ NEUTRAL RED B, SPECTRAMINE™ BENZOPERPURINE,
SPECTRADIAZO™ BLACK OB, SPECTRAMINE™ TURQUOISE G, and
SPECTRAMINE™ GREY LVL 200%, each being available from Spectra Dyes.

In some embodiments, resin color concentrates containing pigments are blended with
dyes. When such blends are then compounded with the desired fibrous material, the fibrous
material may be dyed in-situ during the compounding. Color concentrates are available from
Clariant.

It can be advantageous to add a scent or fragrance to the fibrous materials, densified
fibrous or composites. For example, it can be advantageous for the composites smell and/or
look like natural wood, e.g., cedarwood. For example, the fragrance, €.g., natural wood
fragrance, can be compounded into the resin used to make the composite. In some
implementations, the fraérance is compounded directly into the resin as an oil. For example,
the oil can be compounded into the resin using a roll mill, e.g., a Banbury® mixer or an
extruder, e.g., a twin-screw extruder with counter-rotating screws. An example of a Banbury®
mixer is the F-Series Banbury® mixer, manufactured by Farrel. An example of a twin-screw
extruder is the WP ZSK 50 MEGAcompunder ™, manufactured by Krupp Werner & Pfleiderer.
After compounding, the scented resin can be added to the fibrous material and extruded or
molded. Alternatively, master batches of fragrance-filled resins are available commercially

from International Flavors and Fragrances, under the tradename PolyIff™ or from the RTP
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Company. In some embodiments, the amount of fragrance in the composite is between about
0.005 % by weight and about 10 % by weight, e.g., between about 0.1 % and about 5 % or 0.25
% and about 2.5 %.

Other natural wood fragrances include evergreen or redwood. Other fragrances include
peppermint, cherry, strawberry, peach, lime, spearmint, cinnamon, anise, basil, bergamot, black
pepper, camphor, chamomile, citronella, eucalyptus, pine, fir, geranium, ginger, grapefruit,
jasmine, juniperberry, lavender, lemon, mandarin, marjoram, musk, n-lyrhh, orange, patchouli,
rose, rosemary, sage, sandalwood, tea tree, thyme, wintergreen, ylang ylang, vanilla, new car or
mixtures of these fragrances. In some embodiments, the amount of fragrance in the fibrous
material-fragrance combination is between about 0.005 % by weight and about 20 % by weight,
e.g., between about 0.1 % and about 5 % or 0.25 % and about 2.5 %.

While fibrous materials have been described, such as cellulosic and lignocellulosic
fibrous materials, other fillers may be used for making the composites. For example, inorganic
fillers such as calcium carbonate (e.g., precipitated calcium carbonate or natural calcium
carbonate), aragonite clay, orthorhombic clays, calcite clay, rhombohedral clays, kaolin, clay,
bentonite clay, dicalcium phosphate, tricalcium phosphate, calcium pyrophosphate, insoluble
sodium metaphosphate, precipitated calcium carbonate, magnesium orthophosphate,
trimagnesium phosphate, hydroxyapatites, synthetic apatites, alumina, silica xerogel, metal
aluminosilicate complexes, sodium aluminum silicates, zirconium silicate, silicon dioxide or
combinations of the inorganic additives may be used. The fillers can have, e.g., a particle size
of greater than 1 micron, e.g., greater than 2 micron, 5 micron, 10 micron, 25 micron or even
greater than 35 microns.

Nanometer scale fillers can also be used alone, or in combination with fibrous materials
of any size and/or shape. The fillers can be in the form of, e.g., a particle, a plate or a fiber.
For example, nanometer sized clays, silicon and carbon nanotubes, and silicon and carbon
nanowires can be used. The filler can have a transverse dimension less than 1000 nm, e.g., less
than 900 nm, 800 nm, 750 nin, 600 nm, 500 nm, 350 nm, 300 nm, 250 nm, 200 nm, less than
100 nm, or even less than 50 nm.

In some embodiments, the nano-clay is a montmorillonite. Such clays are available
from Nanocor, Inc. and Souther Clay products, and have been described in U.S. Patent Nos.

6,849,680 and 6,737,464. The clays can be surface treated before mixing into, e.g., aresin or a
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fibrous material. For example, the clay can be surface is treated so that its surface is ionic in
nature, €.g., cationic or anionic.

Aggregated or agglomerated nanometer scale fillers, or nanometer scale fillers that are
assembled into supramolecular structures, e.g., self-assembled supramolecular structures can
also be used. The aggregated or supramolecular fillers can be open or closed in structure, and

can have a variety of shapes, e.g., cage, tube or spherical.
Accordingly, other embodiments are within the scope of the following claims.
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CLAIMS

1. A method comprising:

irradiating a lignocellulosic material in air with from about 10 Mrad to about
150 Mrad of radiation, using an electron beam, to generate carboxylic acid groups
by reaction of the irradiated feedstock with the air and thereby provide an irradiated
lignocellulosic material having a larger number of carboxylic acid groups than the

lignocellulosic material from which the irradiated material was obtained.

2. The method of claim 1 wherein the treated material further comprises
functional groups selected from the group consisting of hydroxyl groups, aldehyde

groups, ketone groups and ester groups.

3. The method of claim 1 further comprising removing lignin from the

lignocellulosic material.

4. The method of claim 1 wherein the lignocellulosic material comprises a

fibrous material.

5. The method of claim 1 further comprising converting the irradiated
lignocellulosic material to a product selected from the group consisting of alcohols,
organic acids, sugars, hydrocarbons, and mixtures thereof, utilizing an enzyme

and/or a microorganism,

6. The method of claim 1 wherein the biomass feedstock has a bulk density

of less than about 0.5 g/cm3.

7. The method of claim 1 further comprising physically treating the
lignocellulosic material by shearing, stone grinding, mechanical ripping or tearing,

pin grinding, or air attrition milling.
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8. The method of claim 1 wherein the lignocellulosic material has a BET

surface area of greater than 0.25 m?/g.

9. The method of claim 5 wherein converting the irradiated lignocellulosic

material comprises fermenting.

10. The method of claim 1, wherein the lignocellulosic material comprises a
material selected from the group consisting of wood, particle board, sawdust,
agricultural waste, sewage, silage, grasses, rice hulls, bagasse, cotton, jute, hemp,
flax, bamboo, sisal, abaca, straw, corn cobs, corn stover, switchgrass, alfalfa, hay,

coconut hair, seaweed, algae, and mixtures thereof.

11. The method of claim 1 wherein the lignocellulosic material has a

porosity greater than 70 percent.

12. The method of claim 5 wherein converting the irradiated lignocellulosic

material comprises subjecting the material to enzymatic hydrolysis.

13. The method of claim 1 wherein irradiating is performed at a dose rate of

1 Mrad/s to 10 Mrad/s.

14. The method of claim 1 wherein irradiating comprises applying radiation

to the lignocellulosic material with more than one electron beam device.

15. The method of claim 1 wherein the electron beam delivers electrons

having an energy of 0.3 MeV to about 2.0 MeV.

16. The method of claim 1 wherein the electron beam delivers electrons

having an energy of 0.7 MeV to about 1.25 MeV.
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17. The method of claim 12 wherein converting comprises contacting the

irradiated material with a cellulase in an aqueous medium.
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