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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

1



In sonme enbodi nents, the bionmass feedstock is prepared and then pretreated.
The bi omass feedstock can al so be pretreated and then prepared.
Reduci ng one or nore dinmensions of individual pieces of bionmass can

i nclude, e.g., shearing, cutting, or grinding. In sone enbodi nents,
the two or nore pretreatnent nethods are applied to the bionmass feedstock
at or about the sane tine. For exanple, the two or nore pretreatnent

met hods can. include radiation.an i.catl r , di ation
can e i n Piisdfestiio [ his RAABaAAR i 4 Waralehl nESBNRLE: ebatLSAT 2

el ectron Hmeanmoh)adpamid @ils (Sg.pqeplid 2i)Adtydeocirboms] codmsdges (ef., ploteirts) diGnivRag and
the sonication is applied at a total energy of nore than 5 M)/ n8. Radi ation
can precedgagb?ﬂ%tg?ﬁ on, or sonication can precede radiation, or radiation
and soni cati onigake d@?d’cf,@feﬂﬁ%nﬁ&n REtuRD Heéthol\&f cE@iFmhgta Mdlecular structdr®6f £xanpl e,

t he change in nol ecul ar structure_ of the bigmass feedstock can include a

change i n bignyass fredsieck iyt inchde areparingthgftiomass deedttesk %F‘b‘ﬁ’t“g OB%/AraRfE .
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and domain size o Iomass. In some enbodi ments, the change in
mol ecul ar mare differaneprotreatent bicthdsthatieadtidirageithe meleerarstrecteredn 8dich then ei t her

one or _bot b Ay BNk R ULV EhA MaidtOf SHEARYS YL Ahd fRldign O Lhe

bi omass or an I Ncrease in el rone or bot f sur ed and porosity
of the bi anéipmcessing thelprepared aikpremesapmdiomash edstockne produckeptadnets net hods of

maki ng product such.as. combust.ible fuels,. that inc e 1, dld a
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prejcreaftirbg)neasb'feedlml ; cﬁﬁﬂﬁ&ﬁd}ﬁgreé@eﬂbnmyrapmat nor e 01;1 r adi atioln, .

soni cati on, pyhgwésls, and oxi datj on; a‘g c?ntactl the material with a
AR b B

m croor gani sm Hi§ Onp &F e dirpspsiops fd al plecqsof bomasscap chide, €8ug 4t
| east aboupeainpRuc@BlorR¥ndiRs.ght, of the material to the product, such as a
conbusti bl e fuel. In sone enbodi nents, the two or npre different

pretreat ment nEtI9B8ESMbadimgats thewoar mose prtEcapt mgthodsare anplipdto; thybigmass

oxi dat i on,gdyagdiiddbPibodifle BMAlheat i on, sonication and oxidation, sonication
and pyrolization, or oxidation and pyrolization. For exanpl e, any

met hod descr i bEer exemplesthetve draor¢pretréatroént ensthodseean duplude gadiation Bibmas s

feedst OCk-sX“iéaI?io?.t ?&@kﬁﬁ;me,qr?%ﬂ@iﬁtion can b E}% m@mele%tﬁn%gﬁﬁ 5 &%d'ent s, the
process does not 1nclude’hydrolyzing FHe Bilomasa w an aclid or a base.
| n sone exipbeliments,she a¢ctior betm mbiation is epiet yt piotat doshgdnf abmit ¢6 MRs( ahéh the

bi i hydr ol d, e.q. b ight of .th
bi omass 3P fauiiaire B susad ot s mh R £ PG onfe Ty
none of t Besoalcatidsan asedeeadiativyifsrahdizti.and sonicatibrDtangedomied at arnbaun e

enbodi nents, at |east one pretreatnent nethod is performed on biomass in
whi ch | es&M4HAC-aphout 25 percent by wei ght of the bionmass is wetted with a

liquid, such aporeRiriple, tridande if floletulal SrusRRFFABIEHAYE Redstockcan Rdfulle #Ne
pretreatnment nmethod is perfornmed on biomass in which substantially none of

t he bi omashkangaingay pajionare ofan averaymoleciiar weighhaverage crystallinity, surface drea,
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,
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The bi omass can have, e.g., |less than about five percent by weight retained
wat er, neasured at 25C and at fifty percent relative humdity. I n
sonme enbodi nents, at | east one pretreatnment nmethod can be perfornmed on

bi omass in which | ess than about 25 percent by weight of the bionmass is in
a swollen state, the swollen state being characterized as having a vol une
of nore than about 2.5 percent higher than an =swollen state. In other

enbodi nents, .the th or incl swel | in

For _exanp! SmSEHom APOlTaR Bt SHBELTs BikroRerine e TS M oha ShoekR i e

or and i ncinddiligy t6\8Eivieit AbleR@ L PértioB R, lahRash bEVIRE PerCehiby @eighty ethematesal of

| ess than about 10 Mad of radi.ation. In some enbodi nents, one of the

pr et r eat meft WP%&I@‘?@SGFO‘P‘%‘@PWG&BWadl ation. In some enbodiments, at
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bi omass feedstock while the biomass feedstock is exposed to air.
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st eam expl & Gg tgl g QnBss.. Exanpl es of bionass feedstock include
paper, pap SB 5 £ amﬁé%g?m}/vaste wood, particle board, sawdust,

agricul tural west exanfpia)agmeeinbadifienty thspocess ddes fotlindlide hybabamgehe cott on,
jute, henp,. flax, banboo, glsal, abaca, straw, corn cobs, corn stover,

SWi tchgras@omaﬁ%ﬁh@aaﬂﬁgpa #Fce hulls, coconut hair, cotton, synthetic

cel lul oses, segNgsfl erdbddfontsDkt was%atbuﬁ@@véaiyﬁemﬁ@yJ&agubmeamaesa@ube or can
i nclude a natural or a_synt hetic materia | es of fuels include one

or nore ofhdydyzederg. aéieeaﬁb?%per@ﬁbbmwslﬁeﬁ%émasqﬂ&s nghhegmhydrolyzed. Iy conhol s
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The mi croorgani sm can acteriumor a yeast Converting can
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fuel .
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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
exanpl e, the radiation can be applied at a total dose of between about 10
M ad and about 150 Mad, such as at a dose rate of about 0.5 to about 10

M ad/day, or 1 Mad/s to about 10 Mad/s. In sone enbodi nents,
irradiating includes applying two or nore radi ati on sources, such as ganma
rays and a beam of el ectrons. For exanpl e, sonication can be perforned

about 16 ki aAac e LR ot Bt A1EAGH! vebekRhpaR MRS OF, 100"

first cellabeten, hm/lierpgrfmrfeidroattherhinsmm umices pgssurenlf greateathamahogh.5 and t he

car bohydr at e terlal i econd,cel | ul ose having a second nunber
aver age m)‘ftE‘E ?S\R)é?h@ﬁ @ @@?ﬂﬁﬁ)aﬁf@s POPESt nunber average mol ecul ar

wei ght. For exariglpocess dgh RERQRSLIIeBRRAZIY fyroliitngd)Yot @il eiplodRig@iRi bidrBass.oner
than the first nunber average nol ecul ar wei ght by nore than about, one-fol d.

In some enbodi ri¥amales pfhiomass fe§95t?,"§ll'|“il‘!d6§ép%é’§l’eé Pfqdi“%tf PEPFRstFI WeRdt y, and
the second,fhd biaRE eav&aﬁa a?grﬁaﬁgmva%ys%tvaéé klﬁg& %rds&‘é’eﬁcethhﬂs“ bigdasef doktdh,
crystallinity. For exa t he second crystallinity can ower than the
first crystgl hamp, flgx, hym @sql HhACcaaReN: Corp c%r@mtover sthchgms SHalfa, hay,
enbodi neént t ek hiche Ot i on and

t he secon ce?lpﬁcédgg&kpggeég tglkegglﬁ%&]iagsle Sg? g%ame tllg(%n\éﬁ I g e? than the first
| evel of oxi dat"ﬁhchxomasscanmercaemiqdbepamnéofmsan&stssmﬁel@étock can be
prepared by sh 19 fib r 0 V, erial.
For exanpl e, tﬁ% snlgsa?aﬁfﬁgsggﬁa oneo eoLthﬁrmﬁ%hB &wof ary %'re cutter. The
fibers of dxhmpl) tbe gltsholsache bé ethamam-;in@aﬂol Eo;goanol’;m-bataeolagemxtures of these.

| engt h-t o- dla .ratio.of greater than 5/1. The fibrous material can

have, e.g., ?"’é‘ﬁ?‘?’&"d‘é“ bectE ot GBI PERA Yeash o5 np/ g. In some
enbodi nent s, tmnw@wamfcmdef&ﬂ&mng@{dmge@m@tﬁé provuce, stelr ab tie- dotmblsstipis and
havi ng a nunber aver age nol ecul ar wei ght between about 3,000 and 50, 000.

For exarrplfl%e the pretreated biomass material can further include a buffer,
such as sodi umpblAh efflcLe. grp&mw&mzﬁﬂglamdn%gﬁma@arﬁma& Yinfina ?é:la as
pot assi um chl oride or sodi um chloride a growth factor, such

and/ or a theam ofeleetrons onuliravioletC iradiatign bavingsvavstensth of framrahput 16‘?‘“&% hel ati ng
agent . aboltRs§ Qe embodi ments, the biomass feedstock is pretreated using
any three or nore of radi ation, sonication, pyrolysis, and oxidation, in
any order, or aftlembamgradia;iosaaminclmieelectronbeannradiatimher aspect, the invention
features netho rod

i ncl udes provi gl rneécaré‘gial&k‘ erl laal ea%plfegéestagél @Oasrggpﬁéﬁg%éél% é&fotrlg g%g&{)y
pretreati ngowu 160 M’mchhaeaiSBIdmsé(ram dflabann9.5a0 ebont mmmvdny, ord dVimtlis dnabout

soni catio ,I\Efxii/datl on, pyrolysis, and steam’explosion, in which less than
about 25 BQ 8f(* by wei ght of the biomass is in a swollen state, the

swol | en state being characterized as having a volune of nore than about 2.5 -

percent higher than a nominal, unswollen state; and contacting the “rjrﬁt erial
with a m croor §esemesmbadiments.iradiaime inolydes applying, ioor gorg radiationsoproes, s

e.g., at a?@éﬁm@ﬁ?yind]a&%%%}%ctﬁﬁsm' ght, of the material to the product,
such as the conbustible fue

For example, somcatlon 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
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I n anot her aspect, the invention features nethods of making a product, such
as a conbustible fuel that include providing a material that includes a

car bohydrate produced by pretreating a bi omass feedstock with any one or
nore of radiation, sonication, oxidation, pyrolysis, and steam expl osion,
wherein | ess than about 25 percent by weight of the biomass is hydrol yzed
subsequent to pretreatment; and contacting the material with a

ot eri ol i genae s e mnE AR RSB e TR B B

t he conbuaharhheﬁfsuaystalhmty beleﬂmpleh&i‘e secopé Criystallitiey aanbemweoﬂlaﬁ thatfist es
nmet hods of makin gluct ch as a conbustible fuel, that includes
provi di ng AYSAHEE; é(lmqr?t F“b%hé’é’t REGBbhydr at e produced by pretreating a

bi omass feedst gglony¥ dulbodimén¥8e Bst éenms@tanmaw aaﬁﬂstQElwel sfuxidadbn @M, theoxi dat i on,
pyrolysis, and steam explosion, in which |ess than about 25 percent by

wei ght of seeradispliess bas assepond deyist efcoxidgierhigher hgmfh fird el of oxifaes ;  and
contacting the sgpbeH g@'mwonm A APE AR %sw@vymameuﬁ&wsrfmatseu&@nvert
at least a portion, east about f percent by wei

mat eri al ttoptormieplﬁbmmsmatesedc Fonexatriple, &mtmsng tsinde peréirmed Wlth alf%alyéﬁmfe
enbodi nent s | u

pretreat et terneqf'ﬁ N oﬁi eh%rglésn'% ena? %Cﬁatbg%%% a%raeézgénﬁtg{r e%%ﬁ%li}ter%nroeoaft nment
met hods cegﬂealtdmﬂaudﬂ. rlmdlﬁatduomaanai camhavepd.g. GnBET awdiaa¢ aremofogrehteythad &t250n,

radi ati on d pyrolization, sonication and oxidation, sonication and

pyrol i zat i®™f or oxidation and pyrolization. Optionally, pretreating the
bi omass can i ngi sl eﬁib@&ﬂ‘ieﬁ%ﬁh@é‘dr&ihydrate can inBluaét@teh)eEnoaésme@tlinkig&eaﬂmventi on
features methods of making product, such tihle fuel, that

i ncl ude prhGY/‘F‘aF‘ﬁb‘“’éFrﬁﬁ?réﬂelf‘&?le%‘?ﬁﬁ’Fng W?“éﬁ?"égﬁ%% Poduced by
pretreating a %B'eaaﬁgle%epﬁﬁ&tém&ﬁés@ﬁ{étewattdan ARtheORSudd a Billet; s@h as adi at i on,
soni cation, oxidation, pyrolysis, and st.eam expl osion; and cont acting the
mat eri al  Pdikmbisarhonae prammenivn shipride, amelectisiyts, sychiap petaspg} ¢hlofide peast  a
portion, Hﬁm ag;};a tp the
product, 28% zfsﬁfotl h@é‘g{n rtf)%uecnfe‘jl ueﬁa.Hltl alworwor e§<r ggn%‘ ngﬁtcﬂ? s?ft%(g!rmé P

bi omass camin¢ralcbnrkheldiisgagente fi bers having a | engt h-t odi aneter ratio (L/D)
of greater thap abaut ,541. FQr ex I
fibers, and thg‘ 5r?ﬁné’gdlﬁlﬁgts’géeelnw%n}egaf%ggw(lsgn ex enh%tlﬁgfml 1S |§t(§e€nal

fi bers ar eacﬁalhstﬁni‘cataulnl mrrelym)aﬂdjoxﬁmmn,enampd»rder dmaealimut)thasanetmm been shear ed
to an extent t .t has bul k .depsjty of han abou E: 35 g/ cns.

I n anot her asp atnothf‘i‘laép?cﬁ Ys3Hion E‘“’é’t‘f%é‘?ﬂt?fi%?ﬁg "fgeaéﬁg uSk 9B 2essi ng
systens t gbmbudeiblédeel thabincli8G provaRiaiss Materiflitep Sichidescartotiydrate pryduceddyci ng
size of pieces. of biomass; two . or nore of thf/ follow n retreat ment

modul es:  ATeiTaing: binmass feedstock pith g ang o masp pizadiatign, sqniati ’b°i"ﬂ§t‘°ﬂt omass; a

soni cat i on oAl SddfehRRLRIOsibn t@mkm&pﬂﬂh&ab%aezs%ae@c byl ddit OS Biomash is
oxi dation nodul e arranged to oxidize the bionass; i/ro ysi s nodul e

arranged 2 symiey staisathe swollen statsi mrm@bara%tweaa%baﬁmﬁo i ore then #heut

Subsy St emylsthoPRiihidaFuh PHBRal thedRfle AT JHRMIEhe midiBl Wiad Die pr ocessi ng
system The ‘two or nore pretreatment nodules are arranged in series and/or
are arr angadoctrgamssrehavm tpmb:lhtmrcp omverhet ledsomposidong e.gapideast atieut kpgieent e, For
exanpl e, n | I'-n anot her aspect,
the invent %}1’?% ?H]ragegialstos € bgd’uf%ﬁa Chiligﬁﬂe%geég%ﬁ@g&% on vessel containing a
pretreated bi onmstha’&tsperct dle m\h:atton fca:mteslmttmds:tﬁmmkmgchrmo@ct Fuvh apaet r eat ed

bi omass materi

exanpl e, £oMROYSH §£‘lel @‘ﬁﬁm F‘Sed’r% gﬁ‘?éé‘aﬁﬂﬁt i‘fdrﬁ%%?ag‘i’ﬂq\y A e&ﬁ?%t‘&?d WF'? L t he

mat erial , pich@atiik G bRMBMREEDBCR Mith by bitcor atdird bitridiktioncnicatidn, aildtte,ast a
portion o? the material to a product, such as a co ust‘J[gRIe f For

exanpl e, PHelYsissad stearn gxpiesien. yhersindess than ghout 38 PePemh by e ‘tftmi 100 L,
such as gﬁﬁﬁﬂ%edtsbﬁs@q@nptggréheatﬁﬁﬁt Wm{a@mngacﬂé’mﬁt\éﬁil%%ﬂwtd%@a&% a

radi ati on ule and a sonicati on nod u5e




I n anot her- aspect, the invention features carbohydrate materials produced
by a process that includes pretreating a sheared bi onass feedstock with any
one or nore of radiation, sonication, oxidation, pyrolysis and steam

expl osi on. For exanple, pretreating can be performed with any two or nore
of radiation, sonication, oxidation, pyrolysis, and steam expl osion.

I n anot her aspect the invention features carbohydrate materials produced
by a proc udes treatln i fe two or
nore of ra Vgigl @%ab'@%k‘ cé’BY‘frpﬁ? Ca 2P ogth% n%ﬁs‘ﬂs & ggg%g%étu }e\iaér%?ceeg pl°0si on.

| n anot her wéightgwtthe product, s lmmtstmmomemwremlcorrpom tions that include a
cellulosic or a lignocellulosic material eak m nol ecul ar

wei ght of |ess! f‘ﬁ’a‘}% heg gipget, @5‘@6‘5‘”5‘?&"&5’B?‘g%‘#&??‘ig]ﬂ\g%?p@?%’esg ¥#an about 55
percent. FQmbaxPfusl, thhiigclG®ds lpl=b|v f%rﬁﬁteﬁal linc@rReCelarbohg&hte praduxdibgl can have
a porosity of greater than about 7 ercent, a BET surface greater than

about 0. 75Praggaling ybiomass feedsigelwith @y@me prEgre(of EadiatipR spnieptign.pridaton, For
exanpl e, t;ﬂ’?olgﬁmgéét zinp& R i Writeess Bah 46kt 35 p&OAY BRwaBRY R thedidhdss RDE.
I n anot her ect vention features corrp05| tions that include a
cel I ul osi cingpntact Ml@}radxgeildl sich 8¢ watern sk dontactingdhe mpfetial gath afmiproprganiyh e
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I N anot hermater ¢d the produdtsuendsi thecohastibleickret hods of maki ng conposites,

such as a fiber-resin.c cl.ud rradlatln . terial
that includes 4" PIPeEml gﬁ%ﬁo@‘?&”&’ﬂ%%&udﬁe ﬁg(l,getf" Blglrclﬁ%r%ﬂt?’ g@‘l ng a
first nol etetheds. Whe @bﬁtnpleothb Wbldﬁoradﬁ‘mmﬂreﬁ'eitrheﬁt arthodadad/imiude radiation

| i gnocel | ul Qsi ¢ mate a second | ecul ar wei, fghl hlcghe than t he

first mol eRdPHCaREm gPA‘a“Oaﬁa eyfision; Agationand RYgHiERloR| SPYFHOP An

l'i gnocel | WopRhtfon Rl Sﬁbﬁiaﬂ% toRoBd4tih Ahid BYroliZatiéd) GytioRallyeprietteating the biomagfot her
aspect, the invention features methods of making conposi tes, such as a
fiber- re5|%ﬂwlﬂﬁé§fﬁ¥féexﬁlmfln i nclude combining a material, such as a resin,
with a fibrous Iff’?ﬁo e¥§4 f\P‘L’ foH #&fur lﬁéﬁddélopﬁhlﬁng?@ﬁi{oﬁﬁctlshm(ia l'ul osi c
mat eri al havi ng |rs ecular weight to provid onposi te t hat

i ncl udes tdcmbflstibied'usi mxedu®lprmuﬂn$a materiahcompnsing ¢¢8abﬂha[dfiaﬁ¢g’erﬂeed(han05| te
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as a fiber-resin at |nIude|r r|aI
that incl Jﬁe@gg‘efalgﬁ?toé:&“fe&l })E’F% (0 PB’r%’I e&%@ Irf%emgmlr?gt er aV| ng a
first nol egddriai tové glotuct, Quarame:hanmumma cel lul osi ¢ and/ or

| i gnocel I ul osi¢c materjal havi a second, npl.ecul t r than the
first nol ecul aFovgagRle: thﬁgﬁﬁﬁeag’r?&aﬁ@né@mglsﬁréfe%%@? n%lﬁgepgtﬁlei

l'i gnocel | i gmsddr rAREEID)S g y&ae‘ehthal 2ELES/M aFor eih&ﬁble,aﬁe Blomasicin hdve u@ér@au de a
conposi te; and irradiati ng he conposite I n anot her aspect,

i nvent i on fberst anddke bipmass digs b@renﬁmarqégommmtataéws W?BE‘I ﬁ\’%ﬁéﬁ‘ébs{aﬂ%&“yl ncI ude
provi di ng 8, W09 dFo[il 'Ié tﬁ%m%sgﬁ&%% lf%axfe e&‘éﬁhﬁﬁxg{agﬁﬁuﬂ‘(‘a@ﬁﬁ'y _kng

mat eri al halng a | ecul ar welg% n irradi ating the wood product
to provi déesamamabcaml[)éﬁg@ od product that includes a second

car bohydr at e- cgnt aj,ni n eri al a hi gher
than the first Blrr%\o S{ffsg?m antxo%?ea exa)ﬁ%r?gggf‘ﬁsté&n%ﬁ%g% cgﬁén%l}%tt her

i ncl ude SQIIiUllﬁﬁ'ralblilgnasefe@ds,tocRIprepﬁraﬁm medulefor redncmgmmnﬂpmaed of bidntass; e or

i rradi ating. Met hods are discl osed .t hat ude pr.ovi

mat eri al t“%’é? OEtHEfOE}aﬂg’geéqtﬁeﬁtm?gfé“ sn“’gragla’f‘?‘}@?&ﬁ% \98?& *’%P?@P‘étm ar
vei ght ;i iKeaslbradsk; rhgsohlhaloﬂllnﬁ&imem?eu% apply $onfe\éhélgy & taesmdssm exidadont hat
i ncl udes cel | ul ose hav a_second nunber aver age nol, ecul

r vvel t | ower
than the fodule aangsd fo F%@ebm%apgplmee%eéwﬁ‘ ﬂt‘ second
material Wohiks@ affl £6i8R0 S Hatih8u lFEty&E&l% ARV B bishiabd t888d bé?w&n mdd@lesENt S
or .otherw se converts, the second erial, and in sone instances the first
material, to produce a useful material, e g., a conbustible fuel. For
exanpl e, the conbustible fuel can i ncl ude one or nore of hydr ogen, an
al cohol, an organic acid, a hydrocarbon or m xtures of these. A preferred
material is ethanol or butanol, e.g., n-, sec- or t-butanol.




I n sone enbodi nents, the first material includes a cellulosic or a

| i gnocel lulosic material. For exanple, the first material can be or can

i ncl ude paper, paper products, wood, wood-related materials, particle
board, grasses, rice hulls, bagasse, cotton, jute, henp, flax, banboo,
sisal, abaca, straw, corn cobs, rice hulls, algae, seaweed, coconut hair,
cotton, synthetic celluloses or m xtures of any of these materials. I n
preferred enbodi nents, the first material is in the formof g.fihrous :
mat eri al tWH¥N the progersas syshar sTHS O PLBArCHICISARIZRS ‘Hg,d%ESPfetféfP“%ﬁgm ¥E® sheari ng
al one can ggause akiifped ttadad pdrildn of tRf bidindsh BY DUt tHEPsaME kitle. BObxampleydyK
synergistically with an rocess technique that al so reduces crystallinity
and/ or nols¥etem g feheghecludegrvesglanpl e, the shearing can be performed with a
rotary knife cgf ﬁrﬁfher As?e&,qggin%m&?féaﬁpéﬁyst hdtiRNAE S rERES ¥eddel has an
average |l ength-todianeter ratio of greater than 5/1. The first and/or
second matcentamingagnetivated biogasy. materiaBiat inclndes csathplydrats. Thedsatispted biamag. 25
n2/ g and/ Qr_.a. porosi ty,,of ar I ut 25 percent. In sone
enbodi msnt“sl%te aﬁ'eSpimr(f %é@ébé’tﬁngén%ﬁ’;ogseesﬁc?%r%#g%&w th an ionizing radiation, such
as gammma rays 0or examplantheiesadl eat dinentains a priebagardan mrbotéctvethtths matasal,

m croorganj smis a bagteriymor. a fingus,. such as a.yeast .. l.n_ sone
enmbodi ment! MICFROTEARISE, V‘ﬁ%ﬁﬁé’ﬁ"‘&(fgfa “ﬁb‘egstéﬁpgﬁog\@f réﬁpa{egalé?apreogg%t, about
25 per centsuétoabRicombBaiblelfrell FérsdkafiploiRe veadee EadRvEDIoL dlame vLgrgdér.thad. g. , 50
percent | ower. Met hods are disclosed that include shearing a fiber
sour ce t o apous\ki0gR Lasuch pssgreaterthad p00dt eri al that includes cel | ul ose having a

first number aygfAGRpIEDING S cah@ite a Adistionmic¥lieahd B Sorfidiiond mbadle.f | br ous
material to provide a second fibrous material that includes_a cellul ose

havi ng a seconi agthpeaspestdhesigeention feaiyres carhelygrate maaiials pradiced hva PIoFest nunber
aver age ' L b ot t6RlolrYadiib radi ation
o oduoe T pilidts sty « SHRERH bR AN Y ARGl 8GR o b | 2
further i sodicationcxidation, pgrotykie asksteantexpinsioni Hpr exampleprefiegtingtag®hi sm

Met hods are disclosed that 1include irradiafing. .a .fi g., a
paper .t hEEPTER AR Eh gy, SN Sy uloh ol S e O

wei ght toepplosiorde an irradiated fiber source that includes cellul ose having

a second nunbefy average mol ecul ar i ght S han the first, nunber average
nol ecul ar wei g "",“°§ﬁrda%2‘??éél?‘? ‘Hbenfl%}%?%?ea&?fﬁ@aﬁ 'B%?mésoﬂ?‘iu e‘%‘é’?’%&%ﬁsae a
fibrous it Biciudés préfRbatiigd aSorhess tfdrastiukewitl ingdwabeslordf Ridlatiby, sbrieation, adi at ed
material can be brittle and nore susceptible to "opening up" during the

shear i ng. OSMeFPIBYAES 286 e FXAIRSION ncl ude conbining the fibrous materi al
with a m croor gapb@ep 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/em’. 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
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Met hods are disclosed that include providing a first |ignocellulosic

mat eri'al that includes cellulose having a first nunber average nol ecul ar
weight; and irradiating the first lignocellulosic naterial to provide a
second lignocellulosic material that includes cellul ose having a second
nunber average nol ecul ar wei ght |ower than the first nunber average

nol ecul ar wei ght. Such nethods can further include conbining the

second |ignocellul.osic erial, wit i Cr ani,sm ar ni n
fromthe JEBBOW “WF‘@H’G@B%V‘B% F@rﬁlrﬁ‘l"gﬁ?lﬁli W?‘%é%g?%wla%a E ‘{%%gﬁr:‘ﬁ‘pg“ drn?lt erial,
and then qpgbleniBsc Ha@n@!erml/ﬂngalsédoﬁﬂmaﬁhﬂﬁﬂvadlgnmtgherahamtmﬁrwmmﬁm the

m croorganism For exanple, the lignin fromt h oceSSJ can e utilized
as a pr oce&%glmganépﬂnblemg Hresegangd gel °Sl°tan€/8hh%’@° ‘é&‘af%‘ag‘g%ﬁﬂ’é Bler gy .

Met hods arqud gsed that include providing a first fibrous rraterlal t hat
i ncl udes cellu

Iose ‘having a first nunber average nol ecul ar weig
densi fyi ng t heIf anodter dspent.dhesinmention featurqswqﬂrods/pfgmlmﬁ@pfﬂﬁe@duqh qs§tﬁbf“i‘br ous
material; apd. i gp@g i f Uit Bl esdsFhatdrial MOVi de a
densi fi ed rgsé%%onqd; %?AP@H 12191 é%%frﬁ)l n thgtgn%e{?ﬁ oa{sxggl av}hn a ssecaond number
aver age nuhehwisk amelh@sghhd/boh@m&lhbmcmmﬁal haying ratfuﬁeml@zva wejehtripprowide ar

wei ght. Densifi.c L) vmthlrradlatlontolower
nol ecul ar c\%‘?@ﬁ‘n‘?%ﬁ lcﬁlg?f%g?é\%o?sﬁ%%{ i%“f r%tﬁg’h%lut in any processing step
descri bed jhgfifing.the compo&dc@lmﬁh%mﬁiﬂewhﬂwéighﬁdfﬁte firsteklhdesicandfor ni ng t he
second densified f.ibrous rr%é'(}a with a m croogﬁgni smor fiberizing the
second dedgnecslulpsinmaisaalivy har“a{"& PeB 85 4SI M nd fi brous material, and

t hen combi ni ng it fRtHee&pad thd RV&ESH PR nthods 6fnakinP mPosigs Buchnas a fiber- To
further aid in the reduction of the polecul ar weight of the 1ﬁ@llul &se an

enzyme, e Tepin compesites thapinglufe iradiatinga thausgpaterial fhat | ‘PF Hdps adiatt celluloge agd/o
utilized y ﬁﬁ&eﬁ{ﬂ)ﬁsnmﬁt@f?g HAGH E't‘xps?ﬁlnof}%lﬁ' \Delght to provld HQEsnddeBuleéis sdasred t hat

i ncl ude sofficating a first terial that includes cellul ose haV|ng a first
nunber avdigaepsliviosiematerial haping hsecorsd melocularaveight kighgs thamdhedirtanoleqylar i ncl udes

cel lul ose n h aR8Ha1, Sh@ns t he
first nunbtf?m?at\?g?jglnz%ﬁg‘{]%gﬁl&gfqﬂv{% aﬁl[d%gﬁﬁl?&ﬁﬁn%lcﬁflﬁé@%g gecong mat eri al
with a m aresi, grapmslmairmamtc;ram)mdmhmummpoms e.g., ferments or

maerial . o pPRIE SR spL s megts il ) BBGEpAEE 11!

exanpl e, theineRid® pﬁ)'fvidbig& \ﬁdtﬂbr&ﬁé’t thet ietudeenfilsneibotipdrhiydowgieing meaterial cohol

an organlc acid drocar on xtures of t referre rial

i s et hanoh2ypg bﬁfsé% eculgr weight;an gating fheyaod pro g}“’t% pm"lg??f”é"(?%pd o8
embodi ”Enbﬁaduéthﬁatﬁdclu%s JT&E&{dl @}bohmét&d&ﬁalﬁng flatetihidfaving @kecand m@leodia | uI osi c
material. For exanple, the first material can_be or can include E@

paper pr oé‘(ﬂﬂh‘shlgmé‘&“ tm&-m@%ﬁi"é&’e’r&m dior sxagple, thegmethods B”(?g‘i"‘al‘ rice

hul I's, bag&ﬁéﬁﬁpg%cg Lo%0r tol AHeF, or@&@nerft%%thtﬁ@mﬁ%n i sal, abaca, str aW .corn

cobs, rice al'gae, seaweed, coc t hair, cotton, synthetic
cel | ul oses or Methods @e disslossd yhabincluieprevidingarfirstimaterial that ingludss eallriose

o octoe iRving £ fsf ilyer BREGE kidlecl e Wlgh? Frab Bl B e bR ¥opiBRigER! 2| | 1

i ncl udes pr ovi ear| ear | g can work
syner gi st seahd mamnﬁlhhas mcluded ¢eumlo$echar/mg acecond hesher avermmgmcubnw#laht

crystalli e, thes arin e perfo r ry
kni fe cut? gthaﬂq?c;ﬁg B AVHERT ’§° e? ‘g"%’f%‘? 6’8@ e e é’\é\ﬁ @Etegi\%le‘ggge

| engt h- th@h&B&thﬁsrﬁ afl‘lid}niéfooﬁgaﬂi@ﬁ@lhhidéﬁélg Heﬂments or oth'Ehﬁsef dongdrtsathelse@bnds econd
mat eri al can have ., a BET surface, rea &C g er thfm 0.25 n2/g

and/ or a PwkHah @gﬂlaﬁore?@a%qesmﬁéwt%&&e sapro@ice & 4§ ful matena f8s8ne

enbodi Mentspshitle BRNT K lekdifplé Sh&%ﬁibggtmpéﬂfuwcwlnamu@&mﬁowoﬂlyafogmaﬂcy of
from about 16 kHz to about 100 kHz and/or an intensity of from about 30

WecnR to alehsl, a@saricesi, ath@%m%“a%&@%%@@%é mpteziabis egaral e i s a
bacteri um,g,d d JNAUSe- of Lblkafti. 2
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yeast . In sone enbodi nents, the second nunber average nol ecul ar wei ght
is at | east about 25 percent |lower than the first nunber average nol ecul ar
wei ght, e.g., 50 percent |ower. Met hods are di scl osed that include
shearing a fiber source to provide a first fibrous material that includes
cellul ose having a first nunber average nol ecul ar wei ght; and sonicating
the first fibrous material to provide a second fibrous material that

i ncludes a cel l.ul ose having a,second nynber. average. nol ecul wei ght | ower
that the first ImiAREARRSTREYE %E@&{H‘P‘S‘E‘H\}\%’?‘@ﬁ?c‘?ﬁ%m °’Sﬁ§$f‘°r°/a[“llﬁ§_tfs may
further ingleige FQRAHIEGRS MSt HAGUNBanBRloR EdrAihcldd fapé, plper pREedugR) Weol,

Met hods are di sclosed that include sonlqatlng a fiber source, e.

. | g., a
paper, t hawoddrielaied eatesials) nartisiecbonly eragses rips pulls, baghse FotipRaiutss e fla% | ar
wei ght 10 \nrayh dRataruods ,%mec'of?s‘?f‘ic R Gfpak \BiwdeA TR Ldtithose having a
second nunber aver age nol ecul'ar wei ght 1'ess than the first number average :
nmol ecul ar symthefivtcellelngbs shmixmirescpfiameofdhese matedelsf | ber source to provide a
fibrous material. Relative.to. t -sonj cat t er | . i cat ed
material can b %rfgfrf?%mléoﬁign%sr Q‘%sfﬁég‘é%’t%f’io‘ﬁg"?gf@ﬁg%?ﬁllé’“ﬁﬁg‘gﬂﬂﬁyﬁlg t he
sheari ng. iftlades fibérk prdsidediby shesridger filensiurtde Sharibg alomorah ineluéd the crystaliinityer i al
wth a mcro ani sm, Met hods are disclosed that include.sonicating a
first Ii grﬁég{b?qyﬁ gefegaland g3 v IElsmffg’?tﬁﬁlfyu‘ﬁ@ém@'éﬂr?cﬁfsg’%c@nﬂ%ﬁﬁtgalsa? PIeeR
nunber  averaeMiniila @bl mbledi@ir Selght. OFdP eQMIPIE ti sEEEAE Sanl HepaeoEled Withsi C
mat erial ‘that includes_ cellul pse having . a second nunber average nol ecul ar
vei ght | ovietartigis cutiee T spae embedimpnts, fas fihgeus matertal nag an gygraggdength-to- g 0py

met hods  Cafnfdidrir iR ofigfialetifien §Q@T0I Ni ng the second Iignocel lul osic materi al
with a m croorgani smor renmoving lignin fromthe second |ignocellulasic

material to prdue fiest andissecgnd mpterial en bave.£-8- BRI sustape wemefignsatng than 8-25
de-lignifi i W } i he m croorgani sm Met hods
are discl on%i@{?g?lp?‘lﬁg u@%ﬁﬂ%ﬁ%‘%@?ﬁ‘%t fibrous material that

i ncl udes cel | ullsmelembodigents;the stadiatimghie performed yéth amloaizingaadigiioncgych 8o
provide a second fibrous terial that includes cellul ose having a second
nunber avma‘e“%ﬁé%ufagwﬁ‘?"gﬂ ] ower than the first nunber aver age

mol ecul ar wei gt preferred elrbuodinfients) the tnfierosrgaxdsmalisfa Hacterinen nd fangus| suchagpa ovi de a
densified fibrous material. Such met hods can further include conbining
the densi PP¥4 fibrous material with a nicroorganismor fiberizing the
densified fi br gl@ni¥Rhdbdiglents,AhddetdtiddRmBer dverfage mbletudarSveight Brat Rbst abowd 25 hen
conbining the third fibrous material with a m',croor%gni sm To further

aid in theecgsdevs ghmdie fraumberayeiegs moleswiaweisght e SOBPICENLIXETr an enzyne,

e.g., a cellul plewoliart BANBER (M iruaE ¥k a filRr SourceIOPHoVIAE BYIRREDBIRS I te, an
acid, a base or a swelling agent, can be utilized wth any nethod described -

herein. Theatesiakihaencludes oellutasehaving 2 firstawmberaveagnmeleeulsr rightrand irpdrating or
after son 'ﬂ?&aﬁr%tqtfb ous matenIMStg a3 038 ftdtelilBhat iltfladdSceMilodd Hkingd 2

! de3 Bcdili §6
first mteria at 1 nc S ceel s'uToglse taw ng a first nunber average
nol ecul ar sevondyhiumbep ayarageinghdecalas weightdowertthat ithel firstiambénayeragramoleeuldry| ose

09 2 SRR PR PR AR AU Sy i 51 e
m cr oor gamiotetuladWweight. '
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



m croorganismutilizes, e.g., fernents or otherw se converts, the second
material, and in sone instances the first material, to produce a useful
material, e.g., a conbustible fuel. For exanple, the conbustible fuel can 3
i nclude one or nore of hydrogen, an al cohol, an organic acid, a hydrocarbon
or m xtures of these. A preferred material is ethanol or butanol In
sonme enbodi nents, the first material includes a cellulosic or

| i gnocel | ul osi c material . For ex | e, st, materi a be or _can

i ncl ude papaterialpRelelivedp hapse gradm&g%at%t@eﬁe? %t‘éddﬂ?}glﬁaéf%qg’ %b%ar“fl e
board, grags&piible @ @ptihd & RAKRHE Sheaif. t ON, Jute, henp, flax, banmboo,
si sal, abaca, straw, corn cobs, rice hulls, al seaweetﬁﬁ coconut, hair,

cotton, synt hetSueh methpds css Sxsther inphde qopbiningthe 06?“‘%@%% ith3 puerpegsm.

In pr eferred e gggt I fitsSlidnBediliBsit flatirigftha fibrous
mat eri al that :ﬁrf]%ﬁ(& es ﬁscbé%hgtrlgﬁdgw %Leastr llgrrllgca i era sour ce.

Rel ati vel ymsllrd?dslceld:ndmsha\seg:a ﬁtsnmmbwr ofetagn MCWWlWe@dMQdWIQg gwtfest control
and eff|C| or exa e she o rotary
kni f e cutt X"Illﬁlzgl(?r’?@te *8&’?%41 as,ecotnﬁlilglg&ﬁlrﬁ%%pﬁg rgz{rllhg1 i}(ﬁggééﬂé:%ﬁhgsgr age

| engt h-t 0dlha&ngta%cdhahmﬁbafavga@amﬂecutah avaight lwer than the fitsenunibesaverage/ or second
mat eri al can h? g., a BET surface area of greater than 0.25 n2/g
and/ or a p@f %‘I‘FWC Lgreater than about 25 percent. High surface areas

and/ or por osi t igagh meho@ AR RGHer iRAGAd Mmbirigthe settid liggogilalosis smeriaDith a
efficient. In preferred enbodi ments, the roqQrgani smis a bact um or

f ungus, su@wm&sgaalsyié&éftmovmg ligniny fFP‘%@ﬁé“@H%nl%‘I ﬁé{\'g 1 gferia zt&%‘hd‘? ckf)
average Nojg tehal, ahd thbéc&ﬁblﬁxﬁgﬁ& d@-lﬁghﬂ‘ne@{haﬂéﬁil&ﬂmta thieefgahib@rthd he fir st
nunber average 1ecu l'ar wei ght ercent | ower. Met ho'gs are

di scl osed misedorganismy dfer @thﬂ»ghanm %s@rthwaﬁeenz enheytilized 252 PIOFESFIng Ay ouis
t I f t nmb I I
materi a @gé}ath?LHgga%b%%w&%z}ﬁ 4;@%#%%9@ irst nunber average nol ecul ar

wei ght ; yrolyzing th material to provide a second
fi brous rrat er i Aflethduiatrei disclosetbthatanaiusle lprividieg :hﬁvt fihyous materishthatinelndas aver age
nmol ecul ar

that.the fir I {.
Such net hoq\%ﬁu‘ﬁﬁ%}‘af’ﬂﬁaﬁé nI"HB?rLT(‘:I’%m%I:e nﬁl%ll ni ng @\égr({asggﬁﬁ mr@faf?%lrﬁlb s “ﬁteﬁgl
m croor gﬁntbq»mwde addensIIfﬁédlImdsﬂurdnaEnatml ; unkbirpdiathgthe depsidied ﬁtseﬁbmmma;tenale g., a
aper, that inc]udes . ce se a er avera
\%e!oght to BPEY éd!i“%@"rdcﬂewgdmﬁrﬁ 36‘3?‘%&"?5‘{?5 CF%@IW@%O %IﬁIng?ose %aw ng a
second NUNRgkcult eiiElowe! @G tha firstaiurgbr al@sge rhdlevnlak heighi. nsificatiorycan

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



aver age nol ecul ar wei ght; and shearing the pyrolyzed fiber source to
provide a fibrous nmaterial. Relative to the pre-pyrolyzed nmaterial, the
pyrolyzed material can be brittle and nore susceptible to "opening up”
during the shearing. Shearing pyrolyzed material can be | ess energy

i ntensive and can be nore efficient. Such nethods can further include
conbining the fibrous material with a nicroorganisn1 Met hods are
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radi ati on,"Sfch as infrared radiation. The radiation can be generated by a
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first material with a convective heat. The convective heat can be generated
by a flowY&#tstreani of heated gas. The heated gas can be nmmintained at a
temperatur e of 1 £33 crbefin@halihe RO dimbeHARrags mbREMal g WIARaabbia2s  han
750 C, less than 600C, |ess than 400C or even |ess than 300 C. The heated
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oxygen conésnd nﬁrﬁbepWbtagéencae@ﬁcwe@hrﬂBWQrthalthdﬁmﬁnumbeﬂ aydmge meletulérose havi ng
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conp05|te§“WPWBmB¥%ept|onal mechani cal properties, such as inproved
abrasi on resi stance, conpression strength, fracture resistance, inpact
strength, bending strength, tensile nodulus, flexural nodulus and

el ongati on at break. The second material can al so be conbined 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
her ei n. To further inprove dispersability, the resin can include a
conponent that includes hydrogen-bondi ng groups, such as one or nore
anhydri de groups, carboxylic acid groups, hydroxyl groups, am de groups,
am ne groups or mxtures of any of these groups. In sonme preferred

enbodi ments, the conponent includes a polymer copolynerized with and/ or
grafted with mal eic anhydride. Such naterials are avail able from Dupont
under the tradenanme FUSABOND(r). The first material can be or can




I n sone desirable enbodi nents, the first material is in the formof a
fibrous material that includes fibers. Such fibrous nmaterials can be, e.g.,
provi ded by shearing a fiber source, such as by shearing a fiber source
using a rotary knife cutter. For exanple, to maxi m ze nechani cal
properties, it is often desirable that the fibers of the fibrous materi al
have an average |length-to-dianmeter ratio of greater than 5/ 1. For exanpl e,
to maxi m ze di gpersabiljt ten desirable that th or
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oxi di zi ng anththen comhining the th1rd ﬁbromn@er@éyitham@m@rm ments for providing
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second fibrous material can be utili zed to make conposites or it can be
utilized for other applications. For exanple, the second nmaterial can be
conbined with any solid and/or |iquid described herein, or any solid and/or
i quid described in any patent application, patent or publication

i ncorporated by reference herein. | f desired, and when making a
conposite, the nethods can further include conbining the second fibrous
material with a resin, such as a thernoplastic or thernosetting resin.

Met hods are disclosed that include oxidizing a fiber source that includes
cellul ose having a first nunber average nol ecul ar wei ght and having a first
oxygen content to provide an oxidized fiber source that includes cellul ose




| f desired, these nethods can further include conbining the densified
fibrous material with a resin. In sonme preferred enbodi nent, the nethods
further include fiberization of the densified fibrous naterial to provide a
third fibrous material, and then conmbining the third fibrous material with
a resin, such as a thernoplastic resin. The densified or third fibrous
material can be also conbined with any solid and/or |iquid described
herein, or any solid nd/or d descr.i bed in t on,
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fuel, suclafeaa?% hydr ogen, al cohols, organic acids and hydrocarbons or

m xtures of any @meleMBSEmERS, the sebéhd&ﬂmaema@gu xﬁerahﬂamergu fsiaf lebst aldue2$ al can
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m Xt ures 3’1" y of these materials can be produced by fermentation or other
processes. Suclridipds may firtfiersiatlodesdmbliddg thesdcomtbmatbréd withg and st eam
exploding a fiber source to forma fibrous material; and contacting the
fibrous nBYYEPEIMSF-th a microorganismto produce a product Exanpl es of
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fibrous material nmay be perforned in any order. Inaddition, multiple
shearing and/ or steam expl oding operations may be perforned in any order.
Shearing may be perfornmed, for exanple, using a rotary knife cutter. The

fi ber source may be cut prior to shearing and/ or steam expl odi ng. For
exanpl e, in sone enbodi nents, the nethod includes shearing the fiber source
to forma sheared fiber source, and then steam expl oding the sheared fi ber
source to formthe fibrous material. It is also possible to produce fibrous
material by additionally shearing the steam expl oded, sheared fi ber source.
It is also possible to shear the fiber source a second tinme to produce a
second sheared fiber source, which is then steam expl oded to produce the
fibrous material. Met hods are disclosed that include steam expl odi ng



Met hods are disclosed that include shearing and steam expl oding the fiber
source concurrently to produce the fibrous material. In sone

enbodi ments, the nmethod may include passing sheared material through one or
nore screens, e.g., a screen having an average opening size of 1.59 nm or
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Exanpl es of m croorgani sns that may be used to produce useful products
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may be praq j o I i | 5 S,
oo and AR UGB Rl Yo olnh Qo CherkRel HekfleniXaR S
conbi nat i drefore, lderiegpdr.afiGweiljzing.exanpl es of suitabl e al cohol s include

met hanol , et hanol ropanol., .i sopropan but anol. I

propyl ene glyc ?“Yffs)&ﬁ°g?fte§ﬁ8d‘meap‘?es‘81%§‘iE?F‘H’, p%ﬂgl%%%?%&@?%ﬁ? &t{lﬁg}r BoF.
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acid, propionic acid, hutyric id, valeric acid, ,caproic aci . mtic
aci d, st edeptingdpemper.sychas@ '%ﬁ'ﬁ‘f@?a“i‘ffﬁf Qfﬁi‘e(falé'g’P?ﬂ' ﬂ\fé‘fg £, qCHr DY l\%:?tari c
acid, ol eign@gtivdiwekh hekistivelidating Sikyib&@ lah the Girst matefigl i The pPiolizing can
y-hydroxybutyric acid, and conbinati ons thereof, EX@:@ gs, of sui ta&lﬁe

hydr ocar bdndudedhentingdhe-firstipaierial by Hdneiongsueihashy usig it (ae-Poinpsgolrer g
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The term “fibrous material," as used heréin, I's a material that includes
nuner ous | oose, discrete and separable ¥ivers. For exanpl e, a fibrous
material can be prepared froma bl eached Kraft paper fiber source by
shearing, e.g., with a rotary knife cutter. The term "screen," as
used herein, nmeans a nmenber capable of sieving material according to size.
Exanpl es of screens include a perforated plate, cylinder or the like, or a
wire nmesh or cloth fabric. The term "pyrolysis,” as used herein,
nmeans to break bonds in a material by the application of heat energy.

Pyrol ysis can occur while the subject material is under vacuum or inmersed
in a gaseous material, such as an oxidizing gas, e.g., air or oxygen, or a
reduci ng gas, such as hydrogen.




Oxygen content is neasured by el emental analysis by pyrolyzing a sanple in
a furnace operating at 1300C or above. The terns "bionass" refers to
any non-fossilized, i.e., renewable, organic matter. The various types of
bi omass include plant bionmass (defined below, aninmal biomass (any ani na
by- product, aninmal waste, etc.) and nunicipal waste biomass (residenti al
and |ight comercial refuse with recycl ables such as netal and gl ass
renoved). . . The term "plant bionmgss” and "1ingocel .yl osi i ss" refer
o vi 't Uardtiony Thr BREORER DEATGTUSIDG I P8 % ADOUG0, Hor e BUaDRTE

avai | abl e b OincRAERGYnPMRe frsh HisteAhlRAR £cobitdtie hdal. aMie chnvettedeatzan bncl ude, but
is not limted to, agricultural crop wastes and re |dues.3ﬁ§n1as corn

stover, wgeearated bymflowing atreamrof fieated gpar Thedivatet) 83568 Be mapipine i ke. Plant

bi omass Lt et de BFlesARsr abbitl1206°¢) Shich! a Esd @éh 1000 °C/ 1843han\WS0 &, 168 €fagy CT OPS,
wood wast es ‘and resi dues such as softwood forest thinni ngs, .barky wastes,

sawdust, [GPEC, lessthapd0G°q orcuert less thansi08 °G+ Thetheated grsran be mataingd @t 3 he | i ke.
Addi ti onal | rass.cr suc oS Wit C j pggd?nti al
to be pr odf%%egaugﬁ °£1ng§%3%- sa§ 8‘11162@ gsé'gm) %gﬁégfea}ﬁe%a? gﬁéésdgkd?g[}? \égl.o Foi urban
areas, thgub@sidingeMitingdierfal, 3uth diimafmmcé. cBepymiyingrah inghide heating the firss

(e.qg., grass clippings, |leaves; tree clippihgs, and brush) and vegetabl e
processi ngj“"\?\ﬁi?&é’gﬁ)“tﬁ HAIEPPORYSiA °‘f°€§8‘§?g‘l&%9 is any type of plant bionass
such as, but n@tetlolsmirt @dclbRd tha fircide B¥idiRing a firsd matepiakthat dndiudey edllelse r ops,
such as, but not limted to, grasses,. for exanpl but not limted to, C4
grasses, JA¢RE A §rsspymben gyerags malespigr UF‘&@@,‘” g?/"én% g‘é%‘f"yﬁ‘?"s‘:@ gﬁflghtﬁ providea
canary gr 3ssnd HateRalGRArMcNAES QMulobelR e aQEcohd hbdp bk R Ihdlgule siighemdsuch as
bagasse, or Beet pul p, agricul tural residues, for exanpl S0 beag‘fstover,

e1
corn st ovéeving psesond exygen qonteat higher than g fird Pxygep sopterd.o L he SeeHd mafgiaLeans r aw,
canol a st i t Irbsth, 1 RbNdE & Bshiposiis A Righé Wood
pul p fi berb’@\é’g%%gog\%/’ﬁﬁ %%%YQV\%%H‘! ﬁ%{t)%%&rg@ ]Ia%emés pe’%&ﬁv;\tpod and, pso;vydust ,gﬁ‘éi
sof t wood, level af axatatiom whilomainteéniegyholegularweight, camprovide praerositesvadi ¢ f eedst ock

may include cellul osic. wast terial . : Wap
newspri nt ,ex%egﬁ%ggxp ,amgﬁ'a\k)bo gftg?’ziﬁ‘%l a?ﬁrgsﬁd?%e@&smp%E%g%eékgﬁ‘ﬁlgg? itsger%gg‘édst ock
may i ncl udecrerespace dmpadt sttdnpthr bandinglstrengtia tensikel podulus oftesural moduwles and

f eedst ock y includ m xture of. fibers, that.aonig for i rent

| i gnocel | &H‘gg‘?@"%@&g‘t %@Ré‘?wﬂ‘iﬁ‘f‘?‘?ﬁ?lﬁﬁ? gl:% ‘B%‘"’é’“}t"u“be%"g‘l‘e‘ %ﬁ%?oégiag%g%@ifock may
conpri se fqeqsiBed hetdif) ©f htyWoRs hid/draRdiitdesdtibediarahy patént apblicatibr, pgendoel | ul osi ¢

feedstock, fully dried I'ignocellulosjc feedstock or a conbination thereof.
For the pwrbliratien igeorpasated By fareNcg pieine oy hohydrat es are materials that are

conposed enti r g} ¥, Hk: ithfove iR il AR h 8% HAlbdca Qinpolidiit thaniatluds one or
nore saccharide units. Carbohydrates can be pol yneric

1 (e.g., e%lual to or
greater t Madrog@-baading EOPsEYCh as onpEr- RSP anhydridsomoypsy CarboX YRS IABP Per ) |
ol i gorrer i : ide! i@ 5r6hpsioh Aixtfredof By oPthBRgroups.NBYsome 7 - MeL
8-nmer, 9- Ex%ér%)éﬂgio(@%g%d,e ?‘@r'rsr’ea?flc, _dlprieri (l: or rm%grreri cgf ,u\?\hen t he
car bohydr atefgredrembbdiments, the compoaent inchidgs palyynes cprglwnerizadh with apd{engrafiede at
unit can be the .sape.or di : pahY BEdehsm
car bohydr é‘f’%‘éﬂzﬁ?{ﬁ P’rhgggnie'eﬁu{ﬁ %étg{m)s&rlegﬁ%da%lg?t% Pﬁblﬁ%ﬁg&g tarch. whil e
cel | obi oseusaBONDR.0ose are exanpl es of dineric carbohydrates. Exanples of

nmononeric carb rates.include glucose and xvl ose. r WA es can
be part of a sﬁg‘%lfgrﬁﬂp%t?}lﬁl g0 l&“{ﬁg‘} ar 8&6’ &8y PP ge%ﬁrgﬁotdfuilts’%on ’e‘g&%anrtgfgé?he
st ruct ur e maketRRPpLTclOBoatd) GRsIEE rRE hallss bagasse wdaon, jige)hemp) flaxpbandbonpsisl,i al s,
such as that found in wood. A copbusti bl e fuel is a rr&tﬁ{ri al. capabl e
of bur ni ngbaca, STRY, GFrecbRice brllsy QrqaY hait,cofiom sunthatic CeHIHOReY PUPRFSOL &Y 1 c) yde

teh hanol ,  ir BeQAARHaLs. DR hARRals it HoRAB BelRilbde HiedestiBEd IbkeiRNStill stieror nor e of
ese. L
materials that include cellulose are described in the patents, patent applications and

publications that have been incorporated by reference herein.
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Swel ling agents as used herein are materials that cause a di scemabl e
swelling, e.g., a 2.5 percent increase in volune over an unswol |l en state of
cellulosic and/or lignocellulosic nmaterials, when applied to such materials
as a solution, e.g., a water solution. Exanples include al kaline
substances, such as sodi um hydroxi de, potassi um hydroxide, |ithium

hydr oxi de and annnniun1hydroxides aci di fying agents such as mneral acids

(e.g., sulfuric acid, drochloric ac d and, phosph c.acid |.ts, such
as zinc chlori H’ém’ééF%IPéFrF@B?%FF&i &e gﬁd’i‘qﬁ?ﬂa i r@°fa%lbr°)“§ maferial

benzyl tri pet BYhabUiRR! YIREStrb R hfaterRREaPBE e, oy RISl By iR filebghres
et hyl ene di am ne. A "sheared nmateri al as_used herein, |s a materi al

that incl setdgs by shepengs fitensqueceiusingairetpryknife eusist. Bopexamplro BIITKE i scret e
fibers, h tnatdi@tiav@an and t hat
has an un?‘%m@ggg}g‘[&%{egk%ﬁg%%ﬁ%@ ﬁhét?%é t g{IOfg%obet?a% 6 gkrrBav &n sheared
mat eri al  eeragelengthi-fofdianestdr rtftnocnﬁgaeatmathen $/a) Forrrxamplado pesimiza disperstiibyed or
gr ound. i as
used her eftds o%éﬁc%g%{bﬁ%%th@rﬁ éotr'nldc aa? ?{) EagEgrs{rhg%é Eﬁ%ﬁ?&é&t&q&n

conf or mat 0@s ndlg dnb&r@bdrdﬁty@fgreaﬁﬂﬁaﬁ&mu&i@erdeﬂe change in the nol ecul ar
structure can jngcl ude t he. s anpol ecul ar. struc

material, OXi ’id'ﬁ‘)tl‘P“c?ff%F Eélf‘?c&f’ed %ﬁ%\?\ﬁ&ﬁ h‘ﬁd%% g}' C%Llﬂflar wei ght,
changi ng aRIAUR Iy ¥oi ambR| thy oxiaRmgehmigcladspyrdlseing e Gast makedadiyng a
degree of polynerization, changing a poros%% Eangln iﬂ degree 0

br anchi nghe"@ﬂ&f%ﬁrﬁﬁW%E%%%‘%WFH?‘%‘%EW éﬁ’g‘j a%m‘g‘[ PPFRE YR n si ze,

or an ¢ hapigl') gmaz{'oﬁd{ﬁ?fédwrgﬂﬂa’h RucH #ASn the presenctBf S &n Sfyper-BhrfcRediabrt Q&d al |
t echni cal scientific terns used herein have the same meani ng

conmonl y (nwafsqno,csm okygeniteeliofln samafi preferyedsmptheds; the bmma?qcuts&y\;én% ﬁmttmt

I nvention, fel 8{}9% resﬂl\;em%&gl% hEidap tﬁ@gﬁﬁm‘rﬂ@ﬁdl Afrotitr Hetidbs, gﬁldﬁ ' vaI ent to
t hose desé¥ib ereln can-be use e practice or testin

present i inchwles mymolyzing tha Btsematetildg heating threefirstmnas¢rial by indepdion,rsp él ow Al l

publ i cati gns atent . applicati.ons al en nti oned
herein arg C}p ’B@V‘a’}yég‘pwnroépé%}%egglré n e%’?]eli‘l?jﬂ%ﬁ?l%@gé S/‘F’ﬁ{h%ﬁlgg% gﬁg
confli ct, pirbBzing eecitst nmml by leatingthe ﬁrsnmhueﬂalrbgtlmbenbpkidatibm&adiaﬁdnl suchps r ol .
I n addi t| 0 the.materi al net hads, an are ustr y and
not int enﬂg‘d‘eﬁd"‘qﬂ@‘% ilas P’Hﬂ‘zmg envirgiment qﬁ’g‘éﬁ‘ﬂ % Eﬁda%\?aﬁi% %éfeﬂﬁ y%ﬂe :
i nvent i onjnfated 18€r. AR BRI &hdr nhdtivds, o alifigd 1haweagym,tzmgltmﬁreteﬁaenqnby bheatingind
fromthe clainms. DESCRI PTI ON OF DRAW NGS. . FI G 1%@6 Iock dlagram
i | | ust r at thedire splesiabvigha emmvestivehens in %toefldp?%@&r FI G
2 is bl O%ﬂagﬂmat lchd %sgeﬁaatwgy &H&Mﬁé%&&fh Sfheted gé@eForSéith!xhﬁl@ thélh&tea first
and second fibrous matertal IS a cross-sectional view of a rotary
kni f e cut gasrcan be mainfingd atp tﬁmp@almﬁofdﬁsa@ﬂmbqw 12097 ¢ aurns less AR89 C,of a
fiber soufcs th!lx{]ﬁ?)"% fe&s ti: 60935 CleE t@chob 6¢ blkveh régé)t'ﬂén mt«'éf inRbtherThdthods, | S
bl ock di agiam [T ustr efsitication of a materi al

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 viewof a pellet mll. 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 hollowis in-line with a center
of the pellet. . FIG 7Cis a transverse cross-section of a holl ow

pellet in which a center of the hollowis out of line with the center of
the pellet. FIG 7D is a transverse cross section of a tri-|lobal pellet.
FI G 8isab| strtln C: essi ng
feedst ock. FI G dﬁqg“ §f‘§sws 8@? 7D ep@u? ﬁ’§g‘t‘mﬂ& ‘%ﬁﬂiﬂ&& “’3“’1{‘85% e
FI G 10 i sandfor aod-ihizég rpdistiope 5od exempleahe afldlzmg ba)nnﬂlddlrrfdliﬁng@le first FI G

11 is a block diagramillustrati. an el ectron, beam.i tlonf egst ock
pr et r eat mefitt e%% rgé'é‘ma rays ‘“ﬂ%‘y%ﬁg pryirgnraenyt aplor;1 raﬁ ?l?t?f r%{n&}e&ag qﬁ

soni cat i nga@eag,r&@ggtsorgmmmmgg{vhrgmtc material in aliquid nedium FIG
13 is a schematic view of a sonicator having two transducers coupled to a

singl e horn. Filwsomudesisable asmbodimentscfef pipNIding CRMROsKIS G SECORATIMPET 3VeRage dst ock

ELe'ﬁrtr)eat MERbleNa WRiBht f5'n6t mdre thlaf fikte&d REGASIERE tRthe RistRunbeEWethe @ PYrolysis

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.
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FIG 16 is a cross-sectional side view of a pyrolysis chanber. FIG 17 is a
cross-sectional side view of a pyrolyzer that includes a heated filanent.
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

pyrol ysis apparatus. FIG 21 is a schematic cross-sectional top view of a

tungsten filanent flash _pyrolyzer. FIG 22 is a bl ock di am.llustrati

alnl oxi dati ve fddethedsare disc %ég%@dewg@gaép@atﬁ?@t ‘B?lg‘ieﬁ cﬁliug‘)&?amr s

i1l ustrating: @ Ge0Ghabe eyl R¥led] tﬁb%hpﬁmﬁﬁi% @ffirst Oxy4RA tontght f providra sour ce
into a pro u::nt%,a e.g., et haﬁ%l. FlG 2415 a cr%ssl-se?%gieonal Vi eﬁ\;v of aa steam

ﬁxgl in oln seoprudrmatersal thiat igpludes cplinlese baviegmserendaupber averags palspularwrightandy, of o
ybrid el egfr ' L oR: ' i SEEFBH el ectron
m crograp hgaé’fn%% Jf}"l’e%%S@éhg?{éﬁ?gﬁ%ﬁ%@?&%ﬁﬂ%&’%@&%@o&? ggecpaper blg? 25 X
magni f i cat material Thdenfifibd oypsovidet aadensified fitgoysmenteriabd on a rotary knife cutter

utilizing a screen.wth 1/8,inch P RTI ~ 22 4 SHAGH N
el ectron nicr oglfgﬁﬁ\éﬂo}thege ‘f‘?tg?%tf%n Rngts %Jrlﬁcg?deﬁ? Bduct éﬂ%egrangﬁq @gc ed ! C! a? t
board papewitah redfn. Yn soagipréfeat énthodinking tHeinbtimds furtibwinélade fiwszationditbed on a

rotary knife cutter utilizing a,scre wth 1/.8 i openi . FI G
28 is a sc‘é"t‘?ﬁﬁﬁ‘b%}é‘lo%‘i‘?t %Itﬁ PYds %Bwﬁgiprogs W%Pglugn%ﬁgﬁne@fn%nﬂ%?%%t&g%d from
bl eached Kggihis aandl witReEsi buck s XtHERAPIdsliCREinOThe Jensifitd frthiubfibratser i al  was
twi ce sheared on a rotary knife cutter utilijzing a screen with 1,16 inch
openi ngs duetery cambaplsarermbingd with any solig p@/orjgu}dé%gpr@gcgﬂqwlﬁg)r antofifl gpg/or

m crogr ap hli(ﬁﬁq @eszﬁd%awa#g&ﬁ%?ﬁcae&pﬁgm@ﬁ% Fﬁ&%tmn%&ﬂ%?até@@fr&fehﬁed d paper

at 25 X rrat? ITication. ous terial was thrice sheared on a rotary
creln.

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 30 is 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 el ectron

m crograph at 1000X magnification of a fibrous material produced from

shearing switchgrass on a rotary knife cutter, .and the assi. shear ed
material t AsbAgECHCONesy a?qf@ﬁ‘@&?%‘gﬁ?econdcmateﬁl&ﬁaégllﬁﬂ@k’gﬂﬁgwg’%g%ﬁ;%ﬁ i ng

el ectron Migi®@hAERNSIRE nliétBorkhd¥n® WA d/BR4r¥nz the. Oh sérhéinstaibes) iliecfirsti materthd @t i on
with 10 Wad" and 100 Mad gamma rays, respectively, at 1000 X ni fication.
FIG 35 i scambieedeaivell. biseme instneascthe piicoganism ytiizesthesegond malend 193 of FI G
32 after | 3 | 1shydQedM, Aot otk S 8 hdroddis & MEkenesdfamy i on.
FIG 36 is‘glrg&gggaﬂﬁﬁ?’%me%egtrg_n’m'%ro%?aphs.'of the?dfi brous material of FIG
32 after iofithese ftelsorin santdrenit@dinntsdthe ikt metsrialcen dpe b utiigesbYtheragni fi cat i on.
FIG 37 is_an infrar ctgum of Kraft board paper sheared on a rotary
knife cutt@?cfoﬁa@fs%tggf@g%naﬁlﬁfrar ed spectrumof the Kraft paper of FIG 47
after irradiatiWhend mierob@fanivndsiutdizedjatnoan be adateral wicrooFga@ism3y ap engineselenat i c

view of a process. for_ bi omass conversion. FEI.G .40 .S SC ' L ew of
anot her pr BicELEanism. Fiop FXAmD ecgﬁ%?rg?rg.ﬁx}lsrbﬁap&e%& r%%’{%{}h&yﬁ ¢ Bi omass

(e.g., pl awctehhﬂmﬁﬁgusaa'?.nayeabd, 9 pRbtor aprdlistyeg), ai glgde, npotozoborarfangi-likan be
processed to produce use uIW%roducts such as farLt'LlEls.. stenslwaug@l Py ocesses
are descr i petstife-Aslimearoltal E%@eagaf“é‘é‘ﬂ?ﬁ‘}e‘!?p. CelPATTEs B %I 1 ul osi ¢
and/or i ge%ﬁllgwa&?iéhﬁnﬁ%ﬁ‘g'aham cAmRbARE & nrBB of ise R piotiady, uchhish fimhybybe
difficult to process, for exanple,” by fernentation. Feedstock materials are
first physoneting oprecgpferaenting thpmaieaalsi Fey exgprledlophols omenicatiitt i on of raw

f eedst ock yat&hinBhe nydrben! sblelnl oPinBRRESH ahPEriAORitcRER cltPbdpisducarbyed or
processed using oné oy r'e of radiation, sonication, oxidation, pyrolysis,
and st eam ferpdntsion or otli¢reracasseous pretreat nent systens and net hods can be

used in combi nqil A0S 8 didclRed thiYiffadeSheaFifE Bnd Rtk AbloliihE AFibbAGRRRISBERS -

a fibrous material; and contacting the fibrous material 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 sonme cases, to provide materials that include a carbohydrate, such as
cel lul ose, that can be converted by a m croorganismto a nunber of
desirabl e products, such as a conbustible fuels (e.g., ethanol, butanol or
hydr ogen), feedstocks that include one or nore saccharide units can be
treated by any one or nore of the processes described herein. Oher
products and co- products that can be produced include, for exanple, human
food, animal feed, pharnmaceuticals,. and nutr

ex arrpl es angeilcKdvaliopossible tq%?@’é e fiprgHs watsas] by 8‘3‘* @°qahr¥)ft8%ﬁ’ipib def%?nt%

i ndi vi dual gpsed g@%wgdmgq@&cgo | arge scal e bi omass processing pl ant S.
TYPES OF Bl OVASS General ly, bi omass, materi al HE i s or includes
car bohydr at es d\éﬁfmé@@@bﬁ?@h‘}“@ﬂu sheagipg anshsteamFxpioding the fibes PUCEr ¢ hat

i nclude ong or. . @ﬁ@&g@@l gﬁuyﬁ"c‘{eﬁ alCan be processed by any of the nethods
descri bed nerein. r exa ff Iomass material can be cellulosic or '
| i gnocel | ul osi dn Mceemlmldanents the- ruémodmmpll@epgag@g sheared maggrial theoygh pra Yde
paper, paper products I

grasses, rPEESHETPSE baasczrfs?% gavx%a?xtaQQJagé ﬁ’gnﬁgﬁ% oft. ?9 E)ésﬂ) 6§9§{c§)a
abaca, st r@dﬂéenﬁ;@rsépamé&she hatergal hecbtding to csxzanEnr ehanp1¢, uabtg:aﬁelbOéwmw c ot t on,
synthetic cellulo m xtyres of an f these. rces

i ncl ude cePsthpdas! B‘?‘flsl Bléﬁa“%tﬂ? é so‘frﬁ%ﬁofé‘?ﬁﬁe s}ﬁgfd g?%s%ue{géggsrsm ucts (e.g.,
pol ycoat edsheﬁ&ﬁﬁbeaB&xr&gtaxfohglp@ﬁ@fécreeambrbmeeeabénud fibér goufree) shreasmg the es,

i ncl udi ng wood, and wood-rel at ed ITB.tEI‘IGJ%Q % particle bqgard. Clher
sui tabl e fscrseneddibgr sautceitqpodiss asepond sheaged biber so¥e: passing thegsecon grs rice

hull's, ba f‘our&Qﬁrrof?Qtaie%rﬁ 'scre&Wavirlglaf averBRHR N §tcﬂ@§s¢haﬁbl@£i&st s&tebﬁw corn
cobs, rice |'s, coconut hair; fiber sources hlg in a-cellul.ose content,

e.qg.. cottpovidemstcendroreenaddiber source;d sieaa exploging the secprAscrrened HYERSUESt ed

yarn or U, %F&dﬁ&ttﬁgﬁyﬁﬁ%meﬁﬁt h etﬂ5d ﬁ){?ﬁx?tﬁ&‘1ﬁcl£deQﬁéanﬁEH{e%€c%n@ fdredned

obt ai ned f7 mvirgin scrap texti mat er ., remants or they can be

post cons ufiter sonastte produdy.a, thxrchsjsared/\ﬁbm SpEpR anqothqdﬁmexaloém%hﬁ% shepied

sources, t can be v teri e.g., scrap virgin materials, or

t hey can btﬂ’\é g‘c'm%g’rpgﬁ%g Mgagsmﬂgepc%i]e fromvirgin raw material s,

post - consuner, Ijig dlus passible t§ §hegr the fibdradyree adatomruaentygiangjt thasigh agaeqn. ,

ef fl uent from proces can so be.use fibe rces. Al so,

the fiber sour%g 8‘3“‘06%‘“% éEFr(B‘PCI'iaﬂ]I@FPWBﬂ“? V’Bﬂ?eﬂﬁ’ﬁ%’ﬁ “ta«E:\e“ PH 4ewage) ,

ani mal or fbaHtialPsdseHp er{hesblé in&xeadl td tehfwve Sxﬁupﬁda%ahmd&iehﬁﬁnhdﬁsoms bed in

U S. Patent Nos. 6,448,307, 6,258, 87 6 207 73% 5,973,035 a‘ﬁ}" 5%1952 105.

I'n some erBeiakeRiesubstantialy gas dmpermaghle mategal maybe gefuble in Waierpndmax i, i o one

or nore 135.kddih tHakagest g, havi ng a nunber average nol ecul ar wei ght

bet ween about 3, 000 and 50, 000. Such a carbohydrate is or |ncI Lr;:‘?fg

cel lul ose (1), Exkmples ¢fsma@ptgv@an$ﬁhatrﬂlw@lgm@mu%thﬁﬂﬁeéﬁgw setiralvieat i on of

(3(1-* 4) KA & orbintshh sk for

o(1-- 4)- b%flz%lg%g%%{s '%%géé%%gg%ﬁtlbl n stgo affg Eelr%(?ééaor%!qnglydr at eg
bactenum e.g., a cellulolytic bacterium, a fungus, e.g., ayeast aplant 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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Bl ends of any of the above materials may al so be used. SYSTEMS FOR TREATI NG
Bl OVASS FIG 1 shows a system 100 for converting biomass, particularly -
bi omass with significant cellulosic and |ignocellul osic conponents, into
useful products and co-products. System 100 includes a feed preparation

subsystem 110, a pretreatnent subsystem 114, a primary process subsystem
118, and a post-processi ng subsystem 122. Feed preparation subsystem 110

as T ecast deRiasgiaurbvRbaaT Fbabs Beeiges Bt ERRRR IR 2 o

horogeni ZQ@dP&@erﬁsQHa&ﬁ)met%@ ¢afé, PPophis p&lit&IRPS hexand, ind coniblrtioratheeat.
f eedst ock forms. Bionass feedstock with si gni ficant cellulosic and

| i gnocel | dﬂm@thﬁébméwywﬁ%ﬁ\féeﬁ hi gh average nol ecul ar wei ght and
crystallini ty thah, s ARESRIRACHS HeY BdBed @-ThBCIschNbodkhdtidpT 0duCt S
(e.qg., ferrrentlng e fee stoc to produce ethanol) difficult

Pr et r eat nﬂmbteea;b'sgm emofnbinatiensdheyed. Faeyampleidhs mmwmlsmééebw RASERINM, 0N

subsystem 110 a ares the fee [Hye:1s goguction
processes b81?§ @Plo&ggﬁﬁqtegu g‘tﬁ&ﬁ g%t %géav’e lald?@r %t(%l ?aﬂa@ éﬁt and
crystalli rbwz&forhlﬁuﬁxgﬁeﬁldé;treﬁd(,efra:slrmleynqhd ocess subsystem 118 recei ves

pretreated feedstock f r et reat nt .s em 114 an ef ul
products (e.g. EXaPplsH pr" fsdhat 5‘% g““%ﬁéﬁ"ﬂﬁ@@ﬁ?"i §Pgl gﬁ %;tslf g@d

gr Odutclt s) . allb? afléglg@st m@%ngﬁb@ - fonbtiBkH] cboxtit aansf/cmwt mcahmyamem 118 :j Sd
irectly usefu u in other cases s fur L oces provi de

by post - pregawingfiens t‘éﬁﬁﬁgy§t’f'éfﬁ°]?22mp‘ﬁ)%ftsu‘ﬂfg %’?P]ﬁg“ B‘@BE{; @%&prow des’

further pr g & eIl érlelgRycH1, mMQﬁeasmsy tyeérinl 18 whi ch
require |t‘9§&l§‘§lI ﬂgpchQatnle{ Batl one?ﬁa});ld gﬁlﬁatm)?l grfwocf et anol) %zmyev\gl

t r eat ment afndlcombmt@rlstheeeaﬁeswlﬁﬁrﬁ’iwlecﬁfﬁéh‘abﬁpaﬂ’s?ﬁ ieragids fnglide E‘Pa?s?lé’s t he

CO- product g of . P{%}‘i%}x%g@ idlthdtyric %}1:1% valai a@f'ﬂnc k&@acli@ glidi tﬁcicid?/ stdricladidi r ect |y
useful as 'séconda products and/of 1n |ncre sing e over a eff|C|ency of
syst em 10&xaﬁ®acncbxralqnioea,mqo gstinjsracid eglstangacid; bweiﬁn_mgc acith ghrcelircidst r eat ed

water to he_ rec: dfo S8.8 ens and/ or
can produ 5“8&?%3%6 éi’ ci@fﬁg(g:gﬁﬂbrzan\é@}eg&e“]ﬁ&qﬁ%or Em ers produci ng
st eam and/1gdroehb6rstindtideymethane, etlithe payphmeypentarieziehéxane, badbererbinationntheredfon
plants is affected by factors i ng econom es of scale and the type and
avai | abi | |I\%§“yo‘¥fﬂEﬁS%Pf\)é§‘é°tslf§@’abea”§e‘f%sLeig§T ock. Increasing plant size tends to

i ncrease economheenAffiboas MadSA TGk ade@teréint 13 anhzadsﬁal thannﬂs@asamtﬂouelume,

i ncreasing plant size also tends to mz,l{,ease t h ﬁéﬂ’ d

t r anspor t #iscrie ¥serarablgatibegsFor gramples g Hprgug maiggt d’f"e : ﬁ%apﬁg@g
factors s Lok RBr sbilee PGl &b Swiith & fothr) knilé QUBSS conversion plants can
range fro;t?ggéd)e%o 1r(§ OO%Q%JI’I edg %swof feéexgstock per day depenagl ng at

| east in part a‘hetm“soy?ﬁe”@ﬁ U$eééléf§t"o@kafl§§é@meh€apﬁ§)EEf PFVIEIBHI%Sck can al so
i npact pl aa@# ordi hg gl% Q{eé%‘ﬁﬂlélﬁhe b Sted pRitdd @ﬁﬁ‘xd&r dr MRNikk Yor faQire
processi ng aval Ity arles seasonally (e.g., corn

st ower) reqeshlorclgthrfahrs on- or of-site feedstock storage than plants
designed to prqgess f.eedst.ock aval I teady

(o g st e paBer ™ BEED reneR i el bind B irkdcbohd b ndibPlynd | 2203

pr ocessi ngippk@tion viHelt edergiry ByroBhbis mrmnalra&mlamhecﬁubﬁbtendtwdsmo@dx vaguum, or si ze
reduction of r f eedst ock terl;al S, Adjc as bg cutti n re&lcrl%
shearing d?‘“’t?ﬁ@%/ Figpseops masHal gk asan QRIIENE B3ag 1?}5?5%3 Y eI paper
or svvi tct},gap@sh)yd,logerpr epared by shearing or shredding. Screens and/ or

magnets can be used to renove oversjzed or und siraple objects such as, for
exanpl e, rocks OByegR&PNIENts magsured by é’éﬂ'e%tﬁlraééWF‘S Yy pyro YF—‘QEHS‘ ﬁlraa‘#fn&ﬁe

systens ¢ Iggngcgqg?](g@r&q IR produce feed streanms with specific
characteristics suc For exanpl e, eci fic maxi mum si zes, speC| fic

| engt h-t o- wi dt Ahe tsrms: fhéamndss orefetartp areencmr spilizeditijeq Eenewable, opspic maft
t it
preparati Qrigds ;ag) gggﬁgcrggggzﬁcﬁaaeg fanf ﬁ&ﬂ&%ﬁ&éﬁ%&ﬁ%@?mﬁﬁm m&h&e@nyemam

i ncreased)




In sone enbodi nents, the material to be processed is in the formof a
fibrous material that includes fibers provided by shearing a fiber source.
For exanple, the shearing can be perfornmed with a rotary knife cutter.

For exanple, and by reference to FIG 2, a fiber source 210 is sheared,
e.g., in arotary knife cutter, to provide a first fibrous material 212.
The first fibrous material 212 is passed through a first screen 214 havi ng
an average opening size of 1.59 mmor less (1/16 inch, 0.0625 inch

provi de a t&emochntt hnlbmbwestmméranémummeal Waﬁte@é%ﬁals%@“lqep%%lmds pQaIpey abe cut
prior to th ?“S’% For exanpl e, when a paper is
used as thg erreg r(l:egsg%hhas%eg%gx?d %I rst cut into strips that are,
e.g., 1/4- to mhatanm‘,‘hlamuﬂ@nassiSandgluagos«tihlmwé)ﬂomaés”gefef%9V@@BHYé‘F)’RlH‘Lt ating
screw shredder, such e rranuf As an
al t er nat | VIV e RASTH? ?Fé & °pApeY gﬁgvggab?% g%ue}a&b rrll(aglgl gztgl blé\{(’:%/lts %I ng to a
desired sipgntWiinidgs @n @u;lddbdiult @otlithitedrto, agnculterahonpp wastesdrad gesidupsoufings cut t er

can be used to cut the paper into sheets that W de by
12 i nches 9o8hyjover, wheat|sfaw.gifg sg%éag%?ﬂez)agatsﬁea@ﬁggy g’l%’% &18 m%gr source and
the passi ﬂqcneéestﬂaexsrneﬁmhédrte thee§, Woolly areﬁgys;mmtwada&asﬁemm@mes sEh ascr een
are perforned concurrently. The ‘shear i ng and@}pg ‘o |tr]1§1 can al so

RpiPan

per f or med sofwaodferesHhinpings, hatky sasies, SaWd“StFEPrPe Hesle STeRh fwé)ogut ter
can be use r aﬁ’d"ﬂ* fiké BRB pbtbRiaf tor St

fibrous ma E‘eIEI%m?&@&H§ e%ﬁlﬁynaﬁygﬁgs (gb% g:'gb}?%{sary fﬁefe cﬁtter 250 ilr?cloudes a
hopper 222)etm@duccrbanadergb@wll@@amﬁ¢r1&an§hlpmmﬂﬁ¢ b ughan aeas, thehestr epar ed by
shreddi ng fiber Ja stationary
bl ades 230 é‘?ﬂ‘galrpi*{ng{mﬁﬁssghedgt %g&&%?&g%{eggg éér Tas% ?l; i btrégis mat erial 240.

First fi broippings st brash) Rﬁk{)vqgaslsleprobdsssmgglastsc‘flegwcﬂh@sxcefmﬁs@ﬂ@” 15@8YIfYPf ng

second fi bro s materi al red i 0

col I ecti orPf f?f@mgséé%ﬁji‘(fs’?li“ﬁf‘%tdgm%? ep?%fvoocfyf?e %?ﬁmg%;h é‘\%édg %??g%hur e
bel ow nomi Rabut AsITRERD €S, igfas§es FosexampleSbud not limiged td, émgrassgs qnehmtclngasgw
nonm nal at rmspherl C pressure ggd at | east 25 'ﬁ gl% Iog\év qpm nal

at nospher | ©dETassiyF grassmiscantys, EHd cANRLY SASSPL P SRR B'HOH M Heri c
pressure, Jﬁﬁce?stmé B8&les éRhRS bERRK, &%a\ﬁumpﬁgﬁaalkurﬂtrmmm eaarpplemyhem I'n

sonme enbodi nents, a vacuum source 252 is utilize mai ntain the bin bel ow

nomi nal  atsieysphemistoves; Besiiry, rice hulls, bagley AW LORLEP ?’Eré” A\SIAY 25008 T4
"openi ng up.. g oa?ét{a%sédt'ﬂﬂlb E&ﬁ fi Bé@fe@&&ed%oﬁﬁ:h@'fﬁ)er §B¥dusg hirdwoddietorul ose of

the materi a‘i S nore suste hain scission and/ or reduction of

crystalli mxamplemnwed\anﬁasawdumsgﬁwmd, a1 aseombination therpk Fgherptie t o oxi dati on
when irradi ate he § hed. dufnét 1Eilikd 8d, at e, a
hydr at ed %f’%eﬂtﬂém& f eed?'tu%ci}( nﬁdJ 1985(# c%tf&lﬁﬁ%gr?{(geeﬁ?te%{/ﬁﬁl g’htu gbsor bed water),

or in a Wetewsﬁraﬁ&ardeoagd,,sahénst ragdtheﬂxkeen about 10 percent and about 75

percent by wei e f.iber. source whi | e
partially or f \A@L‘ig’ﬁ’&fﬁ"gﬁfoﬂﬁ‘a@'rmé Y9G é&%gﬁgﬁ r%?al?e than l,

i sopr 0panqtgnocellulosnlk&dsfwdkaﬁa}aﬁuﬁm mturabfibetsaha bagnatd fnom dmcmt a gas (such
as a stream or at nosphere of s other..tha r) nit rogen
or steam lgnocellgjopjg feedstpqks,qEu %ﬁl%‘&"ﬂ‘é%ﬁ’ ﬁg(g{fgsei?r%trg? %%?en% fide, e.g
stone gri ”I%n@&vlluﬁﬁe RRA4EA! ¥aﬁilsﬂ@'dﬂi€d fgndcelfildsivFeedsiodk, SiillydHed dignocekhilosic
attrition desired, the fibrous materials can be

separ at ed, fe@s@ckowquggryhyregf in batches, into fractions according to
their Iength, Qﬁprﬁ@%? *)f this d'iE@fo?L{rE Q:L.rbBH)Qﬁates%e RReRals SaDiré adnh f these

attributes. For exa m ng conposites, it is often desirable to
have a relmtxrebedfpnmatrmmwsambmdem thaéfncflidﬁéﬁie qranqye pagcharide unitspo,  exanpl e,

ferrous |als can be b s by
passing a GrParEckEPEPeR AR e ML ARG 1O PR TROM e © et
e.g., an elogodmiuirgned,000uner), dligomerics(sign gquah® ar grater tmaﬂrmoﬁmehﬁt@ﬁ al
through a series of screens, each screen having different sized apertures.
The fibrous materials can al so be separated, e.g., by using a high velocity
gas, e.g., air. In such an approach, th® fibrous nmaterials are separated by
drawi ng off different fractions, which can be characterized photonically,

if desired. Such a separation apparatus is discussed in Lindsey et al, US.
Patent No. 6, 883, 667.




The fibrous materials can irradiated imediately follow ng their
preparation, or they can may be dried, e.g., at approximately 105 C for
4-18 hours, so that the noisture content is, e.g., less than about 0.5%

bef ore use. |f desired, lignin can be renoved fromany of the
fibrous materials that include lignin. Also, to aid in the breakdown of the
materials that include the cellulose, the naterial can be treated prior to

irradiation with heat henm ¢ ner al t.rong
oxi di zer sS{IERN gé““én?d‘i“afrﬁfrh{) FrB’P?"{r"e‘i‘g‘ﬁﬂ‘d/"BF‘%%“eé‘ﬁz \‘&8“ g CarbBhydtaret i
embodi ”E”tfénnédhﬂnﬁﬁ@thﬁgﬁs@%@fbb&@ usiit, 2&chGEpdahenitfcas samsmdufﬁerémss than 0. 79
mm (1/ 32 inch, 0.03125 in qw Iestha P 1/50|nc}bw§\g 02000
inch), |ess thaﬁxm@plﬂ@ofrm}mew 609 éwtesencwse bylgse, xpiipr He apdstarc

(0.009 ing gamg cdrbYhdrafes. OkafhbRB of MEHOmericess than
0.18 mMm (0%%"7@%@% ess th #ng%gégngn 805 mcE)ﬁlia or even | ess than

| ess than @rbbbyqulmﬂmlvmmndwyto@%90625 |nch) The screen is prepared by
i nt erweavi ng t he

dosi 1 ed oponi g o pb R % AP ABRE AR drfle &N REpy bolinb "2

met al , e. ghe staicaira)|Bxamples efisuch mstemdiemopémhgxmélubels mygarialspsuch ay thatdeyndct ur al
demands on _the,nonofil aments may beconme greater. For exanple, for opening
si zes | essS™M98% 0. 40 nm it can be advantageous to make the screens from
monof i | ament s Bsbmbhistidie faelri®s materil capabierofbhaingsn m'eptessse of @oken. e. g :

titanium tltanlu al |l o nmor phou tals st en j.um
rheni um dJeRHERICEStC o&buﬁf@\%@als r%@%ﬁ@a‘@”ﬁwﬂ?ﬂﬁ‘z% ut?*liuoé ly@ﬂ)ggxhaqd m'xa 2 froma
pl ate, e. g,fagym,tﬁlmopg&ttgesehavi ng apertures, e.g., cut into the plate using
a laser. In sone enbodi nents, the open area of the_nes |§ Iless than 52%

e.g., |ess thadwelling ageatsas psedhersiogre matenals fhafrauseaydiscgrmable o 2 I'n
some embo ?r?&cﬁ 26RO BT HgndcB@seh t he
first scr?egg?&%e?tlgéﬁgsf erenteé\%egélgag‘g?g%rﬁnéml n sone enbodi gnents t he second
fi brous manaseriald, when gppliektd sedmaterialsas gselytien, s€x  watehaplitioy. Eramples age

openi ng si. ze t ,mﬁgfdg{ fdeng to
FIG 4, a t'ﬂ cme?eosglgggn%%sgg‘?cglapg@b&#ﬁ%drg’adé Pééstglr fronqef lﬁttlau secongl( fel br ous
materi al 26 aﬂnmosilumdiydmgldbhacldéymgmgehiSMas mmcrelracalls (@a.csubfude padsi ng t he

I A 0 o

fibrous meh®ohat, berimatgatmosiumtsulfat,yand aasyeormamgeesl ach bhethyleieanet er
ratio (e. g , .greater than 20-to-1), even if they have been sheared nore
t han once 948 ddition, the fibers of the fibrous materials described

herei n may havw@héaﬁédaﬁateml ¥ ad\bd Rofeih Qﬁghﬁteﬁﬂdﬁﬂlincltﬂagdlhbrétaﬁderanﬁﬂﬁch ratio
di stribution. used herein, average fj ber ters)

are thos e afjlepst Pﬁ’ﬁ“ﬁé‘l% bt diseretp fibgrs, have iangthidiametar i(lr(lj>S ?ﬁﬁr"éﬁﬁﬁﬁ %09{% 000
fibers. ﬁﬁ?hafs'ap hﬁagéeh%um&n lof R4 @ih AR, @%/I cm¥VEA GhéaRA el Rs.  BET

(Br unauer rrrret an surf areas are nulti-point surface areas,
and por osnlnuseidfeamfrbm@gaatdmi thatlias beeniopt, ehopped 9f OMEsi rnet ry. The

oo e ant e AR Pl B8 o Bl 5l o hai O,
than 20/1 thegmemtoarbohmag aﬁﬁ{gémemm gnﬁa‘hmnombfammttme Eor examplegtheichange h of

the second fi brous materi al ena t nd 2.5
mm e.g., hbeRHeULTELE oAR "f‘f %ﬁgifgghe%ﬁ?mg'ﬁ %rsg\u/(t’e)nrl%ﬁg%ve\n cﬁ@?

di amet er) oﬁfdaﬁ&ﬂam@qﬂm&xaﬁ ichirpify afavaageaholidla aright chaging an bedrageen about 5
pm and 50 g gyg} bet ween, about 10

m gnd 3 . . _ln sone
enbodi nen€ aH‘“é‘t”é;hﬁfﬁ% futfpcear "t?nCIB‘Pg‘g%é%P%?Fg‘{(%ﬁg&]f“eWFé‘og’ecgwgfal br ous
material }arokity, bR lc ing Q%@gr@@ofﬂﬁi:ﬁﬁiﬂg @ifiAglondiRératieriaR\Hahgiff a tiystaligeond
fibrous material 1 ., less than 50 percent of the average |length, |ess
t han 40 pém@ntswe,forﬁnehaae@ga'gevqr{lh{fmwn%’ss than 25 percent of the average
| ength, less than 10 percent of the average length, |less than 5 percent of
the average length, or even | ess than 1,percent of the average |ength.
I n sone enbodi nents, a BET surface area of the second fibrous material is
greater than 0.1 n2/g, e.g., greater than 0.25 n2/g, greater than 0.5 n2/g,
greater than 1.0 nR/g, greater than 1.5 nR/g, greater than 1.75 nR/g,
greater than 5.0 n2/g, greater than 10 nR/g, greater than 25 nR/g, greater
than 35 n2/g, greater than 50nR2/g, greater than 60 nR/g, greater than 75
n2/ g, greater than 100 nR/g, greater than 150 n2/g, greater than 200 n2/g,
or. even greater than 250 nR/g. A porosity of the second fibrous material 14
can be, e.g., greater than 20 percent, greater than 25 percent, greater
than 35 percent, greater than 50 percent, greater than 60 percent, greater
than 70 percent, e.g., greater than 80 percent, greater than 85 percent,




In sonme enbodi ments, a ratio of the average |length-to-dianeter ratio of the
first fibrous nmaterial to the average |length-to-dianmeter 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 enbodinents, the

second fibrous material is sheared again and the resulting fibrous nmateri al
passed t hrough a second screen having an aver eni.ng_si,ze han t he
first screen tdJyssothenyiss @ﬁ?@&l**ﬁ\"%@’ﬂé?‘é’?‘ﬁg%mgﬁs@& i fede g‘%%%%é

ratio of trﬁ@anﬂ'xgea@ @&ﬁm}nﬁyGB&rs&&a%QH@&ﬁfmﬁwsﬂn@ﬁthtealet@\emanmsfmmmm

material to t average |l ength-to-di anmeter ratio f.i br ous

mat eri al clelonge, Aloygh metheds ang materials simalagor equglgntﬁ%ﬁlﬁseﬁeifn%fﬁi&gel? fdh 1. 25,
or even | hgititd methédsn@ustermb efei al i s
passed th(ra%ﬁus%ﬁq?‘# }%wés%rtgsgﬁgf)gﬂgpgkéﬁg&gmogur%t h fibr ojs mat eerl al . c he
fourth fi bdescrﬂ)edhele\w All palamatbms, pategt applicatiorsaipatents aghother refereRges BEREAEd { o

any 1 mosheEh thedTp R s n BRI eDE 1PLRE G DAmeC MR pRaer DR O R
desired prgpgfiédtion, indiaiig cfelﬁﬁﬁbns;)mll Banrsl fTh eddition, the nalesialsamethedspandcessed by
any of the netgogrslfes%rlbeg’ h retl C@gﬂt %e 0 terlal e.g., a fibrous
material, ©awplesasilfus WB’GPR&EQ‘?I“ U YWHE fi ed to a product having a
hi gher bul k deSihdrYeatdr&y an@ s @vERlages of tHEAh RG] witibeppgardnt fromftbe/folgwiagbul k
density of 0.05 g/ cnB can be densified by sealing the fibrous material in
arelati vedﬁwllgééesmm@ﬂn@élﬁp@@??a‘&sure e.g., a bag nmade of pol yethyl ene or
a bag made of alternating layers of polyethylene and a nylon, and then
evacuatl ng tpetﬁntrappfed gafﬂéE ﬁh& I‘,Wﬁq tructtjre_. iAfter ]
evacuation o e air from %‘ﬁh‘i} us material can have,
e.g., a bulk dengi fMa‘BfocﬁHﬁ rlllﬁéﬁ@ﬂnélzoﬁv@élﬁlﬂﬁﬁblﬁmgs intdprodgtscam8 co-0. 6 g/ cnB,
0.7 g/an or nore, e.d., cnB. After densification, the product can
processed wgdugtdy of the rret hods descri bed herein, e.g., |rrad| ated, e.g.,
Cransport the raverbalotk i no?ﬂﬁﬁaﬁ%!%??%ﬁs‘pﬂ%m?%%?Z‘ﬁ?;ﬁ"&‘?‘?ﬁ?tj‘i i ng

pl ant, whefitgoustreatériabr ous mat eri al conposition can be added to a sol ution,
e.g., to produ Siestantially gas |rrperrreable
structure, the Cei(r?}s? QPJs?éALI)rElEJ\SnQ@EgH?%P/%% revert to nearly its initial
bul k d<7985| ty, @Ig. 4lsgroe1aumgrtamhguésuﬁmgmnfmpn ofa ﬁhessqumetmtg; fﬁﬂs&“{!’?%ﬁ:t yt
e.g., p rcen percent or nore, e.g., percent of its
initial ESE‘EWQ? gb reduce static electricity in the fibrous material,
azbagti - st ati Cﬁag.esﬁs blbaladiagraadﬂwaﬁﬁg dehaﬁc?ioabf gmat:rial. In slorreh

enbodi nents, the sfructure orned of a material that

di ssol ves in aﬁQqéﬁsﬁpe@l?ﬁ?w%‘é‘g‘ﬁ/&f%?gre%ﬁl exanpl e, the structure can be
formed froma goGywA R deadic@rosenddial inipelllifergnl ves when in contact with a

wat er - based system Such enbodi nents aII den fl e truc{ ftf; {“ghog?e added
directly to solfi€i Bhis atiaiverspemosrrecipnfa B?‘zga %‘ifﬂer? L% easi ng
the cont en{$, ffe W ﬂ?a&‘hfegﬁftﬂéﬁelleﬁ g., by cutting. Referring to FIG 5,
a biomass material can i

e conbined with any desjred addltlves bi nder,
and subsequent IRiGdKhisiaftiansyetsy crapspierticaaf gotiow pellet i yhich acegter 0%15 g%{ ¥ ng the
materi al 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 mll. 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 sone

enbodi nents, the material prior to densification has a bulk density of |ess
than 0.25 g/cn8, e.g., 0.20 g/cn8, 0.15 g/cnB, 0.10 g/cnB, 0.05 g/cnB or

| ess, e.g., O. C |k density is determ ned i D1895B.
Briefly, the ngi%ﬁo%ﬁgwgg@gfm* ?W@X% %g"gﬁ?rfﬂéémc‘?f“#{%ﬁ g?edggg hown vol une
Wi th a sanplegeatiiéht &dyuaicel ng a wei ght of the sanple. The bulk density is

cal cul ated by dividing the weight of the sanple in grans §¥ {hﬁ known

vol ume of the &G Hdép sihematigyigw of#syste: far sonicating a pragess el ot GEUWOBE e
include bi pdera ih Dafui@hRdiaRl ubl e in water, swollen by water, or that has a
glass transition tenperature of less 25 C, as determ ned by differential
scanni ng cal or it Hyis asv}lematl@we\g@fmmamh@@rgst}vomnwﬁ% wpladioa ng a
solubility,of at |east about 0.05 weight percent in water. By water

swel | abl e ]F)I nders, we nean binders that increase in volune by nore than 0.5
percent upon exXfiGsltie ablpchdiagram illustratinglapysaptic feedstodk prstaeatment pysten}- nder s t hat

are sol uble or en by water. .ncl. j group that is capable
of formng a bolﬁg?He'.saFr,o\é%sﬁ%}o rabédﬁ;en\llﬁgﬁ%a?p)&flpﬂg%ﬁe %II bers of the fibrous
mat eri al , e.g. ,FIGeld ish omssseciidmmabside viaw ef 4 gyroly§iochastbanpl e, t he functi onal

group can be a rhoxylic acj.d gr.ou a. car boxyl.at e arou nyl

group, e.dg., ofﬁén dF%émﬁﬁech‘?nagﬂ%eﬁ%%gf,a%yr% ?ﬁ%g}# QCIggﬁsé%a?t%lu@,g&g&sul f onat e
group, a Ehgspmfﬂ 18iaﬁkdxeﬂxﬁ@&lﬁoss];%e@bﬁﬁFﬂaﬁﬁrgff@lﬂélﬁe@bni)mpﬁdlgz@r OU]P’ ﬁn ani ne
group, a hydrox roup, e.g., of an al cohol, .and conbinations of these
groups, e.g., @aggo‘éﬁ?‘me@a%?rﬂssﬁ‘%‘ﬁﬁaléﬂﬂv W&&W%e PYTOOFF: sSpecific

mononeri ¢ exangsg g g sikmatt #6QLskdtiondlhoVia of ARSRHRoBsBeppirantsl €a, gl yci ne,
pentaerythritol, a nonosaccharide or a disaccharide, citri¢c acid

and
tartaric acid. FiGi2ldbpechemedherpssdeasions] don e gf vesesen Wapens Sash pysobyzss e
i bose, [ruct 939, SAB0BRGK oL ARRGA SINHY BRGcPHYIRRE SRIATP! S
i ncl ude pol yglycol's, po yetlh ene oxI de, polycarboxylic acids,” pol yam des,
pol yanm nes and F¥G! 23sis blodndiegramiilistrgtvigypgendralmaemiew dteatiredess of GPMeEng@
exanpl es iacl ude pol ypr | ene_gal yeol (PPG, polyethylene glycol (PEG,
pol yet hyl e Sl e é’,’toé.péo%,%)’{tpﬁﬁfﬁ%prég, copol yners of ethyl ene oxide and
Propyl ene oxi deFIGpD iy acroyd-sectiamnl dew PRegteanpedpjaionygppanitae, pol ypepti des,

I hyl eni m | yvi nyl i di ne, | di < . d
ol (2 acryl antigrRRyFrped s dopl S LR e d SR RS ARahGl 1

enbodi mentg&yickhe bi nder includes a polynmer that has a glass transition

tenperature |less 25 C. Exanples of such po rs include.thernoplastic
el astomers ( TPHESS: 260% appsnwes BIPCEPP%‘”PE@P}E@?%%PV&%@PTB’PSWE&mndes, such as

those ava!ﬂo@?ﬁbste&lﬁ%%f at BB hiAHRIASE TREBORUE Inatelial wapkdluced casirowB imifesuch as
those avail abl e under the tradename HYTREL(r), and styrenic bl ock

copol ymer scuttenmsitizing asereencvigy B inghlopeningder t he tradename 1CRATON(r). O her
sui tabl e poly i . it kingl ude
cthyl ene vi nyl TSt WnfingbBandifplbl ) ABRGRALI prob RSE 1S edkiy U

pol ypr opy| Kma# bostl Ipypee a2 SPX oppiifertion.oPied fitmeursanateriaiwesprodugedensa ofarekmifd ene
and al pha o%& e.%.é 1- szlgeng esuch as those avail abl e under the
tradenane f';"f.as TS lr% M5 8?%‘%%?-3, e.g., when the material is a
fiberized pol y®p@at28ds psfanting élb@ronmii@bgraph o fiteasindteil prodived fromfbdeagliddi t i on

of a separate |ow glass transi.lion tenperatur | ymer. . | n

parti cul arlg’éﬁﬁiﬂﬂflﬁg‘m at ZtSHémBng ‘@“o?'sﬁg FOrgsiTR e"@Pb’XS twice shearsd go ag?tary

synt het i calnify ciRd ufilizth d dceHdh With 1/16 inoh opeHih@ldufing@eaet Slieatliig. bi nder added to
the material, calculated gn a dry weight basis, is, e, Q. fg‘ﬁlgm 8»?0 t 0.01
percent to abofIGH8 ipicawing elgctign migrographefiacfifpus mestessl ’g"@ﬁ‘&? omPIeACHLy cent ,
0.25 per cfbs bfard phief #2831 migHiRabE Sife fibPoR A&l wasiflri REhERA o rofi®y €,

e.g., 25 percent, based on a'total weight of the densified material. The

bi nder can be added to the material as a neat, pure liquid, as a liquid
havi ng the bi nder dissolved therein, as a dry powder of the binder, or as
pell ets of the binder. The densified fibrous material can be nade in a
pellet mll. Referring to FIG6, a pellet m|l 300 has a hopper 301 for

hol di ng undensified material 310 that includes a carbohydrate-containing
materials, such as cellul ose. The hopper comunicates with an auger 312
that is driven by variable speed notor 314 so that undensified material can
be transported to a conditioner 320 that stirs the undensified materi al

wi th paddl es 322 that are rotated by conditioner notor 330. O her
ingredients, e.g., any of the additives and/or fillers described herein,
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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 sonme enbodi nents, the pellets or chips are cylindrical in
shape, e.g., having a maxi numtransverse dinension of, e.g., 1 mmor nore,
e.g., 2mm 3 mMmm 5mm 8 m 10 mm 15 nun or nore, e.g., 25 mm Another
conveni ent shape for maki ng conposites includes pellets or chips that are
plate-like ip for e.g,, .having a i.ckness of 2 mm 3
m 5 mm ‘W‘teig})ﬂﬂ?&)‘;‘e fist Shearingya | ti)g ﬁ?FFe"aW%“&?dr:H]‘brf“g tgvsﬁ‘:dndgh%ﬂT'% nor e,
e.g., 10 rﬁﬁ/léﬁxcmree%%agmed%dmxﬁgthémﬁ:a,sh&ngga1/5@mm1scramd~aauheangth of 5 mMm
or nore, e.g., 10 15 mm 30 nm or nore,

Referring now MG 3)0AS ?@hefpéﬂq %433‘”%# afenigaion awr%tvfawhs%%‘? %laifé‘ C¥S#ol | ow
i nsi de. e?@ﬁ‘éﬂne&ﬁl?ou?ﬂ e%\%cggpi&@ngpp@% ly in-line with the center of

t he pellet out of ne wth the center of the Eellet (FIG?C)
Maki ng the pel [R. Hasammm@cld@romncmgremeasé@oqIﬁmag@zﬁeatm ofis Barepsmatgrivl i n a

nave, . g.Prodiopd Bt Sl yichrasSEn bt Hideh ot e Plasib R 22
shown, or I%lﬁérﬁafltﬂrﬁl@h,l/ﬁmﬁh&cfeelbm hexa-| obal or deca | obal . Making the

peIIets in suc SV e shape al.so incr i3sol ution
in a solution %}J{"%gqiaﬁé\%i‘rﬁﬁ?aﬂ? ng E@%ﬁwlnéxgrograp so(%ﬂﬁefg’ﬁ%lsé‘{ agetn%‘ (ggnﬁ'a?f -gal | on
juice car t&@slrﬁaﬁﬁomnmmmadrml@domadegaiﬁmfraysb@qrednwatmg)oaXbu| k density of
20 I b/ft3 can_be used as a feedstock. Cartons can be folded flat and then
fed into anagnHicgiy to produce a confetti-like material having a w dth of
between 0.1 i ngiicands Qscﬁnﬂlﬁiaect@n|n§ﬂ€§1@pl@fof§@m9nﬁtea5ldfm'!ﬂ:'l 32nferl i nch and
a thickness equivalent to that of the starting material (about 0.075 inch).
The conf etltrﬂdlath{levlﬁﬁltoé\{taélan%ml%@ff%GOQOOXﬁla%g%ﬁ“?“kn| fe cutter which shears
the confetti-li j%use&scamlﬁgaéetﬁag aﬁge,nﬁ%?ﬁw%wug nRlflall o FER S Aterd i br ous

mat eri al . N 'sonme case redder-shearer trains can be
arr anged |mad;amne@th/\hODMredlarplﬁomcatmn@héoogr?bmmtwntvvo shr edder - shear er

trains can be r fed as
input to the sﬁé‘?gqs reg 66?%“%8%%? %B‘n%c};cf}%;ea%nﬁfrngé&g%ﬁrgﬁﬂgﬁshearer :
trai ns can be FG3B8deth 1hﬁaxe¢speetsum/bfﬁ1eﬁmimaperquﬂ6tﬁeﬁénlnsdlatMne’aﬁlelﬂof ed as
input to t cond shredder and output fromthe second shearer fed as
input to t Yé‘dt"ﬁg‘?"éfnﬁ By . Ml tiple passes through shredder-shearer
trains are ant m.matxeﬂsdlanat&mi@asﬁ;de@ssatasﬁomas"stcbmlemcsﬁ ze and increase
over al | surface ar ea Wthin the stream | n_anot her exanpl e,

fibrous materi & ﬂpdﬂiﬁi&%@aﬂrsr"b@ﬁ’{ 8 gripoFessfar RS CAY e cartons can be
treated to increase its bulk density. In sone cases, the fibrous materi al

can be sprayed with water or i ion of POLYOX11" WSR N10
(pol yet hyl ene oxi de) prepar ed%ﬂ’rwﬁ{,@fﬁ%ﬁiﬂ&ﬂ d fibrous material can
then be pr ocesBﬂﬁndsh(e@@hhnabmh&s%mmllbiomw ingicipal waseibidnensy)eaabeur €. The

g?:jleret O-Fn lﬂ;ﬁ%ﬁl C?sggltpg)% e the bU| suc ns tly gfstetnt]sean}cigr%ggstsésea?en& angc?{)glothan an

that can use as feedstock matenals 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 primry
production processes by, for exanple, reducing the average nol ecul ar wei ght
and crystallinity of the feedstock and/or increasing the surface area

and/ dr porosity of the feedstock. Pretreatnent processes can include one or
nore of irradiation, sonication, oxidation, pyrolysis, and steam expl osion.
The various pretreatnent systens and net hods can be used in conbinations of

two, three, or even four of these technol ogi.es. ,Pretreat t i i ons
In some enbodi MEPRe C35FH ARRYY Sr‘f‘abega%rﬂ@g@g@gﬁa %j‘”i‘ﬁ%‘f‘% sﬁ’g}? V\%f@rg;%fr@?tte of
any of thecHReeswRsd B\esmidrdteghniial ©iaMumber@lf desrableprodictsyeich aoh comislistiile on,
soni cation, oxidation, pyrolysis, and steam expl osion either UH] or

wi t hout pr ﬁ@k,(e-gﬂﬁ@%&llé{‘@ or Rydregen) fesdstopks thabigelpdsgne o B’ﬁ%?rsﬁ“tcw c s

described Bengiflated BFald 96 8PR6R F e phRedBddséifbed Reréifly Offeflfoddc®yand co-
concurrently) to the biromass, e.qg., a cellulosic and/or |ignocellu]osic

material . prodethtbat camboptpdusad includetferrexample.thyman foed) aniaal fecd cpaprareiticels ar e
prepar el DR A! W el BkaficlBE feRhicd Dhed BmBEREGSRES descr] bed
herein (in any order or concurrently). For exanple, a carbohydrate can be
prepar ed bimmeményations ofautivituad pretreatmend anethods todareelscale bipmasy protegsingplanthd,
optionally, steam explosion to a cellulosic and/or lignocellulosic nateri al
(in any orilﬁ, of BIGMAs8Nt | y). The provided carbohydrat e-contai ni ng

mat eri al ca-n—pﬁ'err—g'e—coﬂverted by one or - nore m croorgani snms, such as
bacteria, yeastGensrallyiany bioemssohaterizh thiat iandinbladessabehydratescompergd entigely of
desirabl e products s..described herein. t] . nQVvi de
material s YAt "boé?lsaﬁ‘glaﬂ%er‘g"tf' 8%1@?‘1 19&[11([61 iF 26 e;b%k%l&?{h@?i&%? e ﬁl&gérl(s)égrbgani sns
because of ardytufitiie thahwis desotileseithetein. i gtaimpld, thetbiontasysbtetidlican becellalnsi¢ or
enhanced sQl ubi L‘:‘F%% Mul ti pl e processes can provide synergies and can
reduce oveh&norel d’@at‘?rﬁ%ut required in conparison to any single process.

For exanpl e, i 'rosefdnpiél Rl intiedtak cah RORAE PHKS paeLprBwYs, dedd, woad-rélated ude a
carbohydrate that is produced by a process tﬁat Jncl udes irradiat.ing and
soni cat i ngmpferalaiperiisle baprdegrasses, Besiuliprbagasssy sotiongte; hemps flex. bpmbagy sisal™

| tgnocel | ubas) G fRlElcBbs, rife m{a%%ém Bt alght bades, botiorddyathbfdeeiseBydrdi i ng
(in either order or conclrrently) a ceIIuF05|c and/or a lignocellulosic

mat eri al , @mixurenefany ofthesei ncl udes irradiating and pyrolyzing (in either
order or concurg ' | | eCorb@icRikgl . a
process that i r%ﬁ?equgé%éﬁs ?hrchglla gﬂuﬁ%kcg}%p%/u%%?%c?dgg&%?ﬁé r_g?% ﬁ%%{:%.r der (org

concur r ent polycoated papendmairaft pami)panddignpegtulosit Fibdrseireespmeladingwoodandy process

that includes, irradiating and steam i i I

concurr entW%d'rgfalte Ir?%fr@gi %g.a%a&ﬁ%? g%tar i thgrgsélp%tlj }ci)gs}f gd&n{}? éﬁcﬁggﬁgﬁfeﬁbﬁf ovi ded
f eedst ock Sblaftei, B gheses,alte aameﬁagaks‘ejmlaomjme,dﬁmg,aﬂmwmmmj siaglt;alma,am:]w,i t yf to
convert at least a portion, e.g., at |east about ercent by weight, o

the feedst®@Ekeabs Hosbulls sRFamit hai: fier seurcen e Sreeiuas EOTHeby 8- 481 ofk & bed
herei n. thetid itk Sr g@%,'e&ﬁﬂ&e@yaﬁﬂ@ﬁ&ﬁ&%ﬁfor@ﬂ%ﬁeﬂ@d yarf)C INagl@alldy dr ol yzi ng

the cellul'8si ¢ and/or Ti'gnocellul'dosic material, such as"with an acid or
abase, e. gsypthetiofibes surcea eanche obtained feomhyingirecrApdextide rasterials, £§, Fenngnts Qr

I f desire e. Legdst ' 9 LV el Y A=To]

mat eri al . %@f&gﬁﬁﬁéﬁtggﬂ?“ﬁ%%%’ ee%bgag?n@ﬁiﬁﬁa%grtﬂr{%gfégﬁe about sevent ys’per cent
by wei ght théy dahée vizgid staterials] sg.ascrapniingthrmdtgriats] omtheyeran &k post-consimat wisiast  at

95 percent b i ght. of the .feedstock is.apn unhydro B n some
embodi mont e Fia i - Brmet e RN P P S b b Bluag
material . (e.g., effiBit FoRLEHEQHbcesing) @Yn dlertiehwsed afibbesoniead. QAlse; s fhedsonideh a

f eedst ock can inqlgﬂe a buffer, such as sodjium bi ca bong%e, %Hnnnhﬁﬁ%
chloride dns phiaingdorderyad fEany humanyg gy, seyeagp, pywal f plaphy agsy Addigngl fper
chloride, QfircE&Mavh BébhABcARSTRU.S PténiiNGs.f 66490307, G5B B7656,20712915, 978038 a
base pair such as uracil or an equivalent thereof; a surfactant, such as
Tween or pofy@ByPene gl ycol; a mineral, such as such as cal cium chronium
copper, iodine, iron, selenium or zinci7or a chel ating agent, such as

et hyl ene di am ne, ethylene diam ne tetraacetic acid (EDTA) (or its salt
form e.g., sodiumor potassium EDTA), or dinercaprol. When
radiation is utilized, it can be applied to any sanple that is dry or wet,
or even dispersed in a liquid, such as water. For exanple, irradiation can
be perfornmed on cellulosic and/or lignocellulosic material in which |ess

t han about 25 percent by weight of the cellulosic and/or |ignocellulosic
mat eri al has surfaces wetted with a |iquid, such as water. In sone

enbodi ments, irradiating is perforned on cellulosic and/or lignocellulosic
material in which substantially none of the cellul osic and/or

|l ignocellulosic material is wetted with a liquid, such as water. In



In specific enbodi nents when radiation is utilized, the cellulosic and/or

| i gnocel lulosic material includes a swelling agent, and swollen cellul osic
and/ or lignocellulosic receives a dose of |ess than about 10 M ad.

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 Wen nmaxi num oxjdation is desired, . oxi di zin

envi ronment i s lusdmg enghedimenispthe garbghydrgte ‘%Rﬁ}@‘g es a mate%ﬁmg 887 %rtrﬁ%rﬁ B s

uti i zed, § 4yifiPefaRhd £t BHRIER SiblechidF Height Ueelckithinal 3,000 50,000

| i gnocel | ufosic®materti a under a pressure of greater than about 2.5
at mospher eSuch 8 sarhotasraty ie at iseludds aelluose (1, whieh is derived fremedf-gljicess: 1 threyeln about

50 at nospheres. .. JA i-f i i : i ude

i rradiati rfﬁ"‘zer?aat‘%ﬁf@%t i‘ﬁ&?}gﬁ%&% P&gglng@?#gﬁ&g% g%negeslt%gﬁﬁ%gﬁtggﬂl n )cs)t her
speci fi c effasidiciiohds, praseitiic stircipandutisr eatbehyidrateadi at i ng, or irradi ating and
soni cati ng occur concurrently. In sonme enbodi nents, the process
includes irradiating and sonicating (in either order or concurrently) and
further includes oxidizing, pyroR@ing or steam expl odi ng. When t he
process includes radiation, the irradiating can be performed utilizing an

i oni zing radi ati on, such as gamma rays, X- I ays, energetic ultraviol et

radi ati on, such as ultraviol et HOTadi ha¥i ng gpavel ength of from
about 100 nmto about 280 nm a b2 i 7 such as a beam of

el ectrons, slow neutrons or al pha particles. sone enbodi nent s,
irradiating includes two or nore radiation sol es, slch as gamm rays and
a beam of el ectrons, which can be applied in either order or concurrently.
In specific enbodi nents, sonicating can perforned at a frequency of between
about 15khz and about 25khz, as between about 18khz and 221chz
utilizing a 1 KWoy larger h , €.9g., a2, 3, 4, 5, or even a 10 hor n.

In sonme enbodi nentfs, the cell ul osic and/or |ignocellulosic
includes a first fellul oseNphaving a first ngqur average no | ar wei\ght
and the resulti¢1 car bohydrate incl@yes a secon f ond

nunber aver age
nmol ecul ar wei ght .
is lower than th

I owe than(gh

| ecul ar
0. , 3X, X, 7x, 10x, 25x, eve uct yon.
I n sone enbodi nents, the first cell @pfke has a first crystallinrty agd the
second cel lul ose has a second crystallinity | ower than the first
crystallinity, such as |ower than about two, three, five, ten, fifteen or
twenty-five percent |ower In sone e i ts, the first cellul ose
has a first Ie\?g‘fn 6?}Wi°8g’ﬁa8?1veghaaeriasema eag%g’guce | ul ose has a second | evel
of oxidation higher than the first |evel of oxidation, such as two, three,
four, fiveSYSEEMSFOREREAMNGBIOMASSer cent hi gher. I n one exanpl e of

et m—

the use of radiation wth oxi i on as. r : "ﬁ&%lgh%aﬂt“i ce
cartons nade oﬁ(ér}-%?‘ivm %’&efﬂéﬂ@[% 8?'8’8%\%% P{feélg%ff ;gaﬁcm%ggtrnggﬁéasw ng a bul k
density ofceflflodidandlligneteRulssirdmpsoneatsf inediséfaipkodud@aandmograduets.f Ssttadl 00 at  and
then fed into a sequence, of three, shredder-shearer trains. rraggg in
series wi tincledes pdred preparation subsysien 1 @né&‘feg?auf‘@(ﬁ s‘g’éyswﬁb{h g at%m?aﬁ}é S ec%nd
S E r egger , s_?_ st 1Rl tand § SUR-HroCesSRE MBS sRMOIAL EFecll Prbp@ationBbsystény 1 1hecdives r d
shredder.

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 mlIl|l operating at roomtenperature. The densified pellets
can be placed in a glass anpoule which is seal ed under an at nosphere of
air. The pellets in the anpoule are irradiated with ganma radi ati on for
about 3 hours at a dose rate of about 1 Mad per hour to provide an
irradiated material in which the cellulose has a | ower nol ecul ar wei ght

than the fibrous Kraft starting material. Radjatiaqn.Treatnmen . One or
nore irr aﬁwpwwﬁ%haé{%g%a%%%?ﬁéﬁ%@%‘"c"é%%“@&ﬁ{ngy B?g%ér?f‘?%{% FeHist ock
froma w dge gadstdRk ¥ntddsefl prb@IcRNE g SRR thOfeSdstdcR € protued sthansiyibigficahces from
the feedstock, and to provide partially degraded organic material %uch
oftfbeysem 1

functions as i Mpieatmentisubsysiem | b reecivss foadstosk Epm thefggdgirenagy

Irradiatio ' a6 rfysdxahpie, Reduling th
feedstock.a{?lfjﬁﬁeg%%rritq g%ﬁﬁéﬁ%ﬁ%ﬁ@%%ﬂ%&%?{&gﬁ%y’a mat eéi al tlﬁgt )
rel eases aavempemoleaar fueight and srystallinitcof dretfeadstpek. Primapiprecsssisphsydrmi ks t he

material s. The_ radi ati Y ' ) r"g‘?g k6 £,
such as alrﬁ??évesb%rreg?aceldefé;etaﬁ ﬁeq?rg r?ée%ﬁ‘&se?lg%P%tﬁéelé?WO&ehE%np e,pp(iﬁ%&tkbggg’ decay
or el ect r asthdnelasthaaizehads, pliapmaceutivals And/et food produtshelniseme cedésathe output PHY

exanpl e, gamma rays, ra or.ultraviolet rays. |In one :

radi at i on PSITEHRIESES §§y§tﬂ%§a§:{sidﬁcﬂtgb‘5 l%ﬂ%@so%%ﬁas%sereﬂ%uee ﬁﬁlﬁg{p?%g%}ngt e the
f eedst ock. prbvided®9pbpro2eding absystel B2t PostFpEOEking subsyltent 120 provislegfurthgrr oduced
using electron_beamemtters) can be used to |{{a‘gh te the fee(?g@ock. The
doses app! ArEsSNgIR Agdesh streams HemiPRRAyProcess systay! 13 PAUITE (G- PRUANGT ¢

For exanpl gq qkHatatidR SEhanbl) AN P r@imerit PorWaSie kiréahiR Wofathe dIuR Sbsystei3i T
f eedst ock conponents and | ow doses of radiation can jncrease, ch}gm I
P@%"Zr ring

bondi ng ( esompe cases, desoipraduétiefjsubsystemnl 1t ed8sk23 crn denhs ety or indirect]

to FIG 8, ) oy : j fisSstd 100N FhiGespiee! | ul ose
havi ng a falsF%f)gdr%ﬁln%g&r&g\%(}/grg%Hﬁ%%séﬁg‘?‘}e%}elieﬁgeaﬁm Is irradiated, e.g.,
by tr eat mgmbt-predessinigenbsysteny 122ehn ataduce tieatedywater to be recydladifon use aspaeesss WalRli at i on,
X-ray radi.atjon,. 100 nmto 280 | i . I , f

el ectrons '8 Péhsrtsﬁgﬁys%'ﬂ%?n é’a"%‘ rr?cﬂlg‘l[ ﬁé"éﬁ"%@\é"’%r" SJ\l/’fcg’gMQ abésdggggﬁéu eﬁgo?gd?%s? 3 that

i ncl udes gebduting sieathandiorgleetrisigcond nunber average nol ecul ar wei ght ( TVN2)

| ower than the _first nunber .average nml ecul ar i, gt .. The. se d materi al
(or the first Jﬁa%wah erfa kiomasp °“¥%’ﬂ°%@%ﬁﬁﬁ§°é%%f?%’r%m§1u§$ or gani sm
(e.g., a Q@Gﬂoﬁﬁ&%&feaﬁdh@@?& hind dvailabiliylofbidmasgesed hefe@isockn dnoreasingplafiti r st
material to produce a fuel that is or ing¢ludes hydrgﬁ‘&%van al cohol

(e.g., et uREndyle ingraseasenomiesof praleasiociated with plgRt RIOGSRES AV T EA BEni ¢
act d, a M PGA! M erdS toThokbast 8 o8l (BB Yiribpdrldisifoosts) per unlofifeadsideRt. Stadiend
mat eri al has cel lul ose having a reduced nol ecul ar weight relative to the
first matenalwing thesd ficirswagesi thal therperepriaie sizederchieomass SavaFen MRS CAENGR| |, the
second Uatf%HfHookosl(ﬁfbﬂ%édtBXsJﬁéeﬁstS’ék%Qﬁd’laﬁ'd eﬁdmgmédsal?g&tﬁﬂﬂé estol ubl e in
a solution containing a m croorganis ese properties nake fhe second
mat eri al Featstoek wed Cho type bEfetdstock eamialsa limpast plgntatorage reauireenty wathplgntsal at t ack

relative to.the first .material .2 ich ¢ AV roducti on
rate and/ &%‘MHU@?’?‘X for Ipé%ﬁsmgfeegs“\%,\f,ggl& P %e&%%%agglﬁﬁawse%eémfl&é?%%% . Radi ation
can al so stoset)réquiting eradat or sfasite feedstock stbragsthareplentbdeigneito procesh feedsénekind
nunber average nol ecul ar weight, (M\N2) is |ower than the first nunber

aver age nﬂ@gﬁﬁvg‘?abaﬂ'@ﬁ‘ilat'(?*ﬂ/g@dd&e'ﬁv%’%stetﬂaﬂygbout 10 percent, e.g., 15, 20,
25, 30, 35, 40, 50 percent, 60 percent, or even nore than about 75 percent.
I n sone | FEEDEREPARATIONCOND material has cellul ose that has as

crystallinity (TC2) that is |ower than the crystallinity (TCQ of the

cel | ul ose of t W{eﬁws’mdﬁa 1?”?—"6?‘“@)5&%‘1"@‘} Z?Wﬁ‘fpcf%ﬁ‘?}%‘ "PoWer than (Q)
by more t hastedkobl., 39 RAGEHBA bf ra®- fedstodlomaiéflals,3ach &by cdfting,4dinding, shegingmor e

t han about 50 percent. In sonme enbodi nents, the starting crystallinity
i ndex ( pr iobehoppingr IesemgcpsH)loqse fqeﬁ%?ﬁkéﬁéufecmki"?%ﬁ\m@ﬂaﬁs)g@rﬁ ' e.g.,
from about 50 to about 75 percent or frgm about 60 to about 70 percent, and
the crystallinity index after irradi atizgn is fromabout 10 to about 50
percent, e.g., fromabout 15 to about 45 percent .or from about 20 to about
40 percent. However, in sone enbodinents, e.g., after extensive
irradiation, it is possible to have a crystallinity index of |ower than 5
percent. In sone enbodinents, the material after irradiation is

substantial | y anorphous. In sonme enbodi nents, the starting nunber
average nol ecul ar weight (prior to irradiation) is from about 200,000 to
about 3,200,000, e.g., fromabout 250,000 to about 1,000,000 or from about
250, 000 to about 700,000, and the nunber average nol ecul ar wei ght after
irradiation is fromabout 50,000 to about 200,000, e.g., from about 60, 000
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In sone enbodi nents, the second material can have a | evel of oxidation
(TO2) that is higher than the | evel of oxidation (101) of the first
material. A higher |evel of oxidation of the material can aid in its

di spersability, swellability and/or solubility, further enhancing the
materials susceptibility to chem cal, enzymatic or biological attack. In
sone enbodi nents, to increase the |level of the oxidation of the second
material relative to the first material, the irradiation is performed under

an oxi di ziP§heH0E PoRFRIAING. BCTEENS aR(Hefdnagycty fan iedseddp TeRqve QYR PEn, produci ng

a second RRE&Q(hAL ot subtSas TR exdl&lrdcRSot AN rbhiend feéddwesrat eri al . For
exanpl e, the seconé mat eri al can have nore hydroecxgl!aj(ﬁ%_goups, al dehyde
©

groups, ket oneFepdpmperatienssysiemg pmoaﬁgw_rm;@m gy BihsPecififi ch can
I ncrease i S, hydtonii és?%ﬁ X’EZ‘."A&’E{ géécﬂﬁ iR sioR, speciﬁ%I Eﬂgth-t&;-widm,%i radi ation

i oni zes tie DI oMRSS VI & par I nteractions, ‘as detéerm ned by the

ener gy of spdeéficrsacfacataraanratible aAvs/a prantofdeed preparatiar, 8w bylk densitylof feedsiockecanat t er
via Coul orlgb ) awg in?' fuer hermore, these interactions produce energetic
el ect r ons "L R% ‘f}“’f%;r }5&°Doni ze matter. Al pha particles are identical to
the nucleus of a heliumatomand are produced by the al pha decay of various
r adi oact i ®izeRgductipn sych as i sotopes of bisnuth, polonium astatine, radon,

franci um radi gneom3@8sdneds thdvastesal teBGloRssed flih Helbim éfAcAbréuRImatyrani um
neptuni um_ curium californiu anericium and plutonium Iilﬁect rons
i nt er act Whaalr@@dﬁsdw@rswdeérbv%eaanaaSwﬁ%tgfqarl‘a)ﬁp’eﬂwl% HeishearBecBduced by

changes i - OCI : rons. Electrons may be produced by
r adi oacti@g&ﬂﬁ‘gﬁgltﬂ%ﬁg yﬁ‘frﬁ“@ﬁ}r"g% ‘beta decay, such as isotopes of iodine,

cesi um techneFonemamplndnd by diference 2 FIéx hatfibgresoyrce 240 is|shesradong giir® TEWHY be used
as an el e?cfuﬁ?O cgulxtgg o;p%c\?\lziéé %a ﬂl%p ﬁt;rmlsonrllitgﬁa?mf Zl;llxg?igsé Figrous Ellaéﬁ lrﬂf?s%gsteﬁ c

radi ati on ee processes: ctric absorption, Conpton
scatt eri nghrowphc firstistreqr Tidhaving an averege dpsmingaize od 159 trew adessGh 16 mckjér025i ned

by the ener of the incident radi.atjon and the atom c_nunber .of the
material . ‘“Fﬂiw aiSS?P“Sf%%fOHF g}a%g?%[ jdﬁs I@Sﬂfefl’i @lfffs%cetc(%n F%%“?QB%&? i
radi at i on shedrife lelgl WaiaGhi¥BAR! Fétl ex@mple behef s Pais Sadedys thiibereasceaths paget i on
coefficient, graphed below as a function of 1Incident grrégéeg%g al\n/:%nsnﬁer-

absor el | ofarcksefrtcyt 1Berstrns thatate; §:8-oYé- to 1/21ipch Wids, ysgpg as

rotating screw shredder, such as those manufactured by Munson (Utica, N.Y.). As an
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 (MV) El ectromagnetic radiation is
subcl assified as ganmma rays, x rays, ultraviolet rays, infrared rays,
m crowaves, or radi owaves, depending on its wavel ength. For exanpl e,
gama radi ation can be enployed to irradiate the naterials. Referring to
FIGS. 9 and 10 (an enlarged view of region R), a gamma irradiator 10
I ncl udes gamma r adi ation sources 408, e.g., 60Co pellets, a worki ng tabl e
14 for hol din i rradiated and st de of
2 ol ural 1 § RO BreRuglondpnitl ofifosohe R Pkt o Bt AsEE S eeh el fonpindTh e
chanber 20attdaaﬁhehapdessd@ataeaatemq:eﬁiahtrtﬁmawnatRtmepmﬂdpasduﬂaa&alt leagd5door 26.
Storage 16 inclu eﬁes a plurali F of chanpel s 30 , Sixteen or {}tr).re

3ge on

channel s, BIFFFHPHEY porRinglAtmesp pé?SF‘HFr V‘E@%‘b?dbm ¢ VEHMBUgH© &t

their way pfiggd fmhﬂnthxlﬂ%é/!ﬁﬁ Kél&g nbnﬁbﬂaﬁatmosphencdréhs\ﬁ@er ation, the sanple to be
irradiated is placed on'a working table. The irradiator is configured to

del i ver the desihewingganbe sdypntageaes fopm pp@ﬁswg aad (stiepaing thefitponsmatearials. t o an
experi ment nber,
pacei ng-t hian e elthoes SN R Blerd e o o e
oper at or nermstallinityo rithe openpuaterial3an alsnbe mmtsuwgptdwle:fomp@a@on Wgntimadigtéd t he
radi ati on sour I nt r DOSI ed to a
hydraul i c punpclj% f%gr sourc%a\l\%eléhé%daﬁg dh) ke %t% k eéthafeQQgéha%?\ ggl%é‘?%ﬁl ficant
penetrati opsembaplbyfmngﬁt@bmbedlwmw oxoxh armit aaﬂe,aﬂ g-4Havinp bemapdbeut 1$q1¢roeasmd)f

gama rays i nclude r d|o such as i op

cal ci um %’8%45&8{??‘?? Y HY%%& ﬁ'ﬁﬁer g eI FOUIR GRL YR g%é\ ngﬁl %@fﬁ%‘ﬁ
samari um &6heiged tides LTI sudhis Wate) ettaRél, X&eanol. Sources of X rays
i nclude el ectron heamcollision with netal tar%ets such as tungsten or

mol ybdenum or dihe G sogre g b shaagndan undsr 2 88 (such ata steeamop dmosphsEafl e d

conmer ci aléagomrthymga@g oXYBECR Ditfdpen, Bk kikay ol et radiation-i ncI ude

deuteri umor cadm um’l anps
Other methods of makmg 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 w ndow

ceram c | anps. Sources for mcrowaves include klystrons, Slevin type
RF sources, or atom beam sources that enpl oy hydrogen, oxygen, or nitrogen
gases. El ectron Beam In sonme enbodi nents, 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 Mad per second), high throughput, |ess
contai nment, and | ess_ confinenent etqui pmaé}‘gf F‘IHectrons ctg?r}.al S 1.be.nm)re -
ef ficient at cHidspired. bgnin gnbe regvehiomany he fibyAus materAls BAINAG I o ner gi es
of 4-10 Nelﬁ & 8l T Re BreNABWH bAhL RRASIR tHAt RElude the celllons) theQhiatéHd an BUCh as 40
nm fectron beans can be generated, e.g. chi' electrostat|¢

gener at or Sreaicdpuerde irgdistiomwish keat, @ichemicd(pres miyerbicid, §ass or p SYPNGAXIdIAFT

accel eratqr i L: w energy accelerators with a linear
cat hode, Isflﬁleégrswa}gggﬁéogg@g%?ﬁ%% pu yj'srfegbl accel erators. Electrons as an

i oni zi ng radi afi smesabpdiments,rthdxyerage dpeningeizg of the frst scegen s loss|thani0idmyi | es of

0.2 nch, B2 a0 G5 efpe £t -2l s ERA 00 e eliien SaT 01,

el ectron qi/64 hehs). ®G620RCH)Aasthian 0f23anm @ 00% inch)AedsthantOR0aimo (/128 iBciveV

(mllion el ectran lts), e.g., from.a t 0.5 V t Qu or

fr om about®-®7 gl%vméesaﬁeﬁﬁ-lg%2%58\?'“"%)’%55 gﬁb"ﬁf’"&ﬁ’o@? ug%br]o(r)gveeg{géé]s | ow
di agr am 3G 1643 ManioN0!nitA €1929637HO0.H0IEPSIntH). The ke i Repatsddmintenwediiag i on
feedst ock pretreatnent sequence. In first _step 3_0?192),? a sugglely of dr

f eedst ock mepofilementy baving amppropaaiediapgiete sivadheesitiLPERNG e, 47T EEPLF y

feedst ock dd ARdHichRlth iHAd D TR, DIRiMESSEaS Ad tlopdiing izalghi very Lo
|

the el ectron beamirradi ation devices.” For exanple, if the feedstock is
derived f rsomllgy sinctusabdeneands orctbe mahefilpments wasbeseme mreater. Fiof exapls: {41 may be

renmoved pr]| gl}rj"éﬁtsﬁze%?ASLE‘g‘@b'&ﬂ’e“g{'g&gﬁ’gé‘ﬁ’g{‘ta‘ &b ke MR Yrednsphor e the plant’

material ¥ vered ransport device. Alternatively, or
in addi t i mmnofilments madsfam a matepini atherlthantsenl@ostes], e, titutemyitarwm 8lle¥sedst ock

can be subjected to nmechanjcal processi.ng. (e, . u e average
| engt h of HCRAPES ’f‘?‘falf"ﬁ’é"k?]g §stt‘3‘£f5° b Bl}egiugi ’ 8%?'}"1\(/%%{/@?% ?‘ﬁ%&% ectron beam
i rradi ati Qmbe@iefisIhe screen is rhatle Flofta FAE (. g. tdraetalrpjaté, badsg apekures, etg,ansf er r ed

to a feedstock transport device (e, q0,, a conveyor begelt nd, i S,..di i but ed
over the dMB&E RACSRGRIpseh J&tsﬂmﬁg’m’t"?ﬂé’“?'ﬁ% %5[%’8%”?‘?’ %ﬁg%%‘ﬁ% 31898 tcl:‘%{ 8%,
apprOH ”ate%.,%eskl-ﬂ{ag@[%lMsstllialn\/.i@%l,l_l&s%&h?gﬁ,qtéqﬁﬂmw't%mfm'iShed, for ;axarrpltﬁ,
manual |y or by inducing a |ocalized vibration ion o) int in e
feedst ock t ranBpwte cabodipentprihasiecqny fbRusey s@&f?‘g%d@éﬁﬁ‘?‘s‘f?%gﬁfgﬁgﬁcmm’
_ Processi ng, , different 4ifbdS6HE. THERRE TRSYdiments, e XéddAd SbiohEMtbrd] isherads a

chem cal agent 3045 into the feedstock in an optional process_ 3040 that

produces dhratghra secondserbenianing wa evsraggiopeningizesaudl dxardessthapdat et n i xi ng
step 3040 Lgates an aqueous feedstock slurry that may be transported

t hr ough, for éxanpl e, piping rather than using, for exanple, a conveyor
bel t . TheRaferringsd EiG: 8058bird Sbraud matprial 320 casrhe praparsd romdhpissonsdfibros

feedstock (in. or,sl.ur for t o el ectr . L o La-gne or
ror e (Say mogiabd 9 s I svBpd o GRS AR R oGl O
nmoved t hr gygipheatondiscredi22blhavinget sveragé opdnaptsizo tesbthamthedirst seregn 23852,  The
novenment nmay either b a n{.j nuous speed .t hr ough and bet

showers, or th@F‘éﬁrﬂﬂy&Bﬁ%{s ﬁéﬁ%éﬁrﬂﬁ @ﬁtﬁﬂﬁﬁg@ﬂmﬁ% 1}'&?( gﬁweo%\é\%g%lf}léﬁ sudden
nmovement tt&ditaﬂﬁteflﬁﬁé (esg),]gy\&lier tin 208b-1), eVénGethey hive dedrashelsédmbreshanronye. i I

exposed to each shower for sone Pr,edet erm ned,exgosure time at step 3053.
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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El ectron beamirradi ati on devices may be procured commercially fromlon
Beam Appl i cations, Louvain-| a-Neuve, Belgiumor the Titan Corporation, San
Di ego, CA. Typical electron energies can be I MV, 2 MV, 4.5 MV, 7.5 MV,
or 10 MeV. Typical electron beamirradi ati on device power can be 1 kW 5
kW 10 kW 20 kW 50 kw 100 kW 250 kW or 500 kW Effectiveness of

depol yneri zati on of the feedstock slurry depends on the el ectron energy

used and t he dose appl iied, whil e ti nme. depends o the r and
dose. Typivaghtefolspaths BE @R‘é’a\%ﬁ:d%@ elﬂ&‘%/surf ek%fs °m 50

kG, 100 ks, #H p&QQn&%‘e those detenﬂ]h&ﬂ%é@uﬂy@o@ﬁﬁfet@e” ng e' ectron beam

irradi ati on devi ce power specifications include cost to gg %& ? capl t al
e

costs, depreci dhg ewragamg@émd&@efeésﬁﬂa of the secppd, Hbrgps Waterial
exposure %Qéa?er 6 %/1S g A g,%ht‘é{?t?ﬁ;ﬁfb( D et &{aﬁl%/@tgr%rmulzd/lbgeﬁmnﬁwsmst s and

envi ronme concerns. Tradeoffs in considering
el ectron engregieeshan 5/1 LA aemegedgnethos hessecand fibrous matsviel 1 46pba, £8n DEEFYy My

(sco. ' Tor BRRf oM BRCSHARG £ heRERRUIEpys B AR e fhfnygtpiark sl Uity
may be advaajdigaass of the picond fiteows minerial b4 pade, of., tehwmabmtt@emmndﬁﬁdm ation
in order to ’EJI’OVI de, a re ecgé ctl ve depol yneri zation process. For exanpl e,
the feedst&RieHYesn bt H‘B\ﬂ‘ #Bul d direct the feedstock (in dry or slurry
form under nea‘lxhsoﬁ{%rﬂﬂadﬁwhﬁvﬁs&zﬁﬂaxdldéﬂﬁﬁdm tiederigttSofiths detand fibraws syaterial

di rection. Doubl e-pass systens can aIIo |ck I feedsto?r}lif‘sl urr| ﬁ to be

processed Hritllessthanfiperosat of a%‘feéagallﬁ Gkrons mater?] 14e /53 P

thi ckness et dr %Q%rgé%he@?ﬂp 'iersé’than 40 perce-ﬁh@f thé Sefdgd [bn@tﬁ,&ﬁﬂsltlﬁdh%lpatdemn
devi ce can produce either i xed beam or a scanning beam A scanning beam

may be adwfithesyeagssiengt.fess thagd0 peregnt Qf/té%b"eraéﬁéﬁﬂﬁthaﬁif thangpeseniPidfeeds, as
this woul davglja%eel(éééﬂ){%k)éve{n?&%ﬁéﬁlieljfél{tgﬁthefabéfféi 1&f@N Wi dth. Furt her

avai |l abl e swe m or nore are avail abl e. Once
a portion of fd:esimte@unboélhums,w h&%sm@emama eﬁib?)m@r@dibﬁwmaklﬁéfeﬁee%m ron

ctep 3060 0.{ 8 Rekhatridey o2s B, PR BERE A3 PR B e The
f IeedS't ock 1f$$ ?if‘/g,ygrcadt? thanasis rg@gdamgss Oa lgt, lgraatektbartﬁm g, gfeatehtha 88 dst ﬁCk
slurry is fjltered for_residual so articl.es to the
slurry prdpés gteishthag é{)m’o’/ézﬁeat%déaﬂIsb’ﬁ?z/gogrﬁt%ﬁhaﬁ}@ ® grgétgrstﬁ ﬁqﬁ Brry is
then advang&ghr eant100 AR, gieatdr tmqseaéﬁgngeahanaMﬁ%% ar dvee glegterthirn230
transport vice. In other enbodiments, eedstock |.s |nta ned.in

slurry formvs ok porasityd ﬁheﬁP%é@?T%&maEPé‘clt“r‘: h s ) cel, greafey,
embodi ment s |53 ﬁeefvgc f ;F;H’S&}@r tharnra%cbeﬁs%tngeatér tRAH S03JeroRAk, Eﬂeﬁtbr tﬂixﬁw;fefumgnetl c

radi ati on, magnetic radi ation can have, e. ener gy, per phot on
Cm el ect rcgneam tita J70 pércent.ceca. careaten shin B0 persgnt, greater thagﬁéa@re?m{as%ﬁtpri@e 104,
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e.g., bet\9¥emeidht, greaterlibé %erc‘éﬂeoxeivelcgne&n!dgmg Tparegt-ati on can have a

frequency of G e P b )3 o Uge B ERLE i AAP kB firt B s 101

1020, or even
el ect r onagnuériaCtortheiivatage lenfthso-diafneterjratio oythe fecord filrous m@ddal inelg.1 Bepthay

e.g., between 1019 to 021 hz odi &{u

i rradiati e i (9% HAY 1 ala"?s lfqnolr?SD%EFrtﬁ%p i lﬁsm%ﬁg’tl'f’%@ oflraggltﬁ%ce is
per f or med 1L02t5|drebé}ﬁsu8§&ﬂ'fall uﬁﬁg@l ves a dose of at | east 0 25 M ad, e.g.,
at least 1.0 M ad | east at | east | east 10.0

Mad. In sone Mu}aﬁ W@Odlmﬁés ﬁhersa@mﬁtfws P@teﬁé‘r‘? Wﬁ‘é& }Pﬁhe mat eri al
recei ves Qesgﬁﬁig fiBfoub ﬁ%ﬁ@ﬁﬁ%eagse%%d@ﬂ 23888 sQedMh@ting 8n Sveragh BpcnaRHizE 1655 M ad

and 4.0 M ments, the irradiating is perforned at a
dose r at e tigh thefirserses toprowide 2Hd fibros materials Imsigh instaneps, a 1Btq 9@3‘?13‘?63% and

750.0 kil Yt aggxs{o Qﬁéﬁgeté? atR) SRS 0condl ABrodl thatn -0 tll@'akl&ﬁfaél‘éﬁp to dameter ratio
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I n sone enbodi nents, two or nore radiation sources are used, such as two or
nore ionizing radiati ons. For exanple, sanples can be treated, in any
order, with a beam of electrons, followed by ganma radi ati on and UV |i ght
havi ng wavel engt hs from about 100 run to about 280 nm |In sone enbodi nments,
sanples are treated with three ionizing radiation sources, such as a beam
of electrons, gamma radi ation, and energetic UV |ight. In sone

enbodi ments, relatively | ow doses of radiation can c 9s r or
ot her wi se qfﬂmtbmeﬁbrpvﬁen#m%émt&re&elewb% &gcé‘?sf)ﬂﬁ‘?ﬁl altse t@%%f etven

material, suGh,.gs a cellulosic or Iignocellulosic material (e.g.,
cel lul ose).”"Such a material having increased nol ecul ar wei %ht can be

useful, e.g., imsomskmhgdimeptsnthe tirddibrays materiplis pase dithrgpeh AT SEHFRAT cal
propertle uch asy I en@édhroliglogt ur e
Fear ot ancerofiff AR ABIRE pfafC The RARE Rurche HREARTMN, Bl BaGdrote e
modul us ankue @rgatd podat alﬁﬁbaiateriﬂ;cﬂmndarmenn@m%aﬁﬁﬁﬁ@heﬁéﬂeétﬁéé"dnﬁﬂl ecul ar

wei ght can. be u u 0S| e, a fibrous
nat eri al tH&"’tsaF ?,sfrﬁ%@ ({m? #hggesérgﬁ ?E??’%Ssﬁ“%‘e‘ﬁﬁn ving the dérfsé?r%%ﬁ& OJéSI c materi al

having a first nol ecul ar wei ght can be irradi at ed in such a manner as to
provi de a Depsificatiogel | ul osi ¢ and/or |ignocellulosic material having a second
mol ecul ar wei g@engh&f}ﬁfteﬂﬁ%tbgﬁr&és‘%&ibﬂg'SPME fHethoBs @%rlbelfﬁéremxanpl e, if
gamma radiation 1s utilized as the radi'ati on soqurce, 3 g,f fromabout 1
Mad to about ¥Omafrad, e.%, agﬁbrousmwwbbmm&a EWM“M"E‘WY&H?B ¢ densdied oy or from
about 2.0 M Qink @Buigose of
radi ati on, r{;cﬁ:gtlgavtngn lg‘eﬁ’&f 0S| g’and e?g%gtegﬁlcg&fgglﬁﬁorinﬂét eFI al can be
conbi ned Wlehhtya)fIOfE)S |gncm3rm\n1bedemdied hygeaang:thprﬁbwm wategaldn a relglively 88 essi on

nmol di ng, i.njection nol di n r e bed
'n VO gOOG‘FJPG‘?Selﬁ es%‘ff’&”? 428 H)ég?/ﬁyfssbogﬁglyfg%&é %gix% @??A%ﬁ%tﬁﬂ%erl al h

60/ 664, 83 ol)ffeu{ly%gegﬁgu d\@}l&h ameﬂg%@agfoﬁQmSB%%a})g? gag,m,g,cmroﬁrommtwctlnm%

60/ 711, 05 ile on Augus ,
2005, 60/ TABergyasuatiqnof the i  lyuctuge, tisfheous éf’fg cap b3 Y, f g]’ qu“%ag%??gber
12, 2005, anekaRPinir 0340’ Fl €8 o’ e LBRg 0. 7Jg30m3?&&'ﬁare e.g. OSSM erel: eftervel y,

a flbrous materl al that includes a first cell 03|c alheg/or noceIIuI osi c

materi al hdensifieptian.ithe rredupheasprqcsssediay gyt g d&S‘F?BT‘ e {ﬂ“\’ﬁ A resin to
provide a amg&'t with GRdibR. TRIERASH RAvEdLeb®s Whehads dsiablaiot h a

rel atlvely ow do €0 adi atl on so as to provide a second cel |l uIf sic
and/or |i gmsndrﬂ th¢ watetalieenothenlocation; hig, aremetepmufAsiuEag PRty E)ﬂ‘? Yher
than the fjrst S Aflerdidréing the
utilized a atf‘i‘l% %%H{I o%ﬁl\go%?%:deto a%laﬁ&@g%f’?ﬂ‘grgéﬁcg bout 1 Mrgfj tggabout 10
M ad can hﬁbamilallyegas itipérmgatilbitaicaips, thealehsifiedfibeous mptarigkcapsivert (1 BEATIVAS ght  of

1 T Pl b bl B R R

car bohydr gieeeefi)BS éredngr Midrea.g. ,695 pementeﬁstemmahbmib demsity.aFo sgdycglstatic whi ch can
provide a synergistic effect to’ rov e maxi operties to
the conposgledicitydt ‘héi‘gﬁ’b‘? matedg], §ia§eé'§°a@aﬁ f\?g@g{fg@?@lt | ow

temperature perg %n'i@é?ﬂ%dm@enﬂs the bt@wtu}g e Ib@glli&ﬁﬁnédarrfdmmﬂmal thatutissalvesing/ or
crack at |l ow tenperatures, e.g., tenperatures beedafxév 61 e.gl. Rel‘gw-lo C,
©20 C, - 40iiqDid, si5b agwaten R esimile S s can brforned iR s poleyigialeohel

per f or mancg, t"#dxé}hﬂbs WHAHR Lottt in a%fagzpbaseaeﬁwne Stich BRbGYimems Alpwt hei r

advant ageous nechani cal properties at relatjve hi gh tenperature, -

t enper at urdessifibsmmctu®s tahe added diregthptpesottionsthat 1@%“163 TEQOTgANIFR, 3 ‘@0“%‘%6‘ C,

400 C, or eyen 0 h conposi tes can have excel | ent
chem cal g?séqutﬁ%gonten%ef?fiersgrg?tglgg%%e to s Illng in a soI vent e.g.,

hydr ocar bon soIRe&ﬂmngtchSGsi,abmmaSmubmwaebe(atrlmeWl@agy esped F’c‘fﬁ"ga"ém ds,
strong bases, ,str OXI b g agents
(e.g., act? t?}@d%@flgf‘g’sg‘ﬂ‘gﬂ%'a g‘fﬂ l%'rﬁpgﬁ‘g’hg gs?u{ijre éf%ypasé?% t'glggﬁlg{liﬂvel y, in
anot her exanpl e, a fibrous materi al tha4 i ncl udes a cellul osic and/ or

|l ignocellulosic material is irradiated and, optionally, heated with
acoustic energy, e.g., ultrasound. In one exanple of the use of

radi ation as a pretreatnent, half-gallon juice cartons made of un-printed
pol ycoated white Kraft board having a bulk density of 20 |bfft3 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 fromthe first
shearer fed as input to the second shredder, and output fromthe second
shearer fed as input to the third shredder. The fibrous nmaterial produced
by the can be sprayed with water and processed through a pellet mll
operating at nomtenperature. The densified pellets can be placed in a



Referring again to FIG 8, in one nethod, a first material 2 that includes
cellul ose having a first nunber average nol ecul ar weight (TMNO i s dispersed
in a medium such as water, and sonicated and/or otherw se cavitated, to :
provi de a second material 3 that includes cellul ose having a second nunber
average nol ecul ar weight (TMN2) |ower than the first nunber average

nol ecul ar wei ght. The second material (or the first and second material in

certain e odiments)_.can be c .1 a

bact er i um Brough 93‘89%5‘““???5&‘”38%?”8?{ fﬁq%‘gtpﬁeés“é%’eg%%f é’ﬁ’ﬁsbnrgﬁé’rggt?n Tmterial to
produce a this@gh 2pdileeshill. Duwdin mbpldﬁﬁoxfwimgea hea‘lﬂaxﬁdph@i‘iajly beapplmdgeald c acid,
a hydrocarbon or mxtures o mat eri al

has cel | ulipéhe 4‘?33}13‘??@0‘&0@@?1@?,‘@%}5 %Pr@éur%ﬁd%ﬁﬁjrﬂ‘at?‘@l &‘th I1%’(5%{’3 irst

material, and 'Il'i‘ &%ﬂo@ﬂeﬁﬁ%@ ma@nﬁl%?%dieﬁs’iﬁ/oiﬁ@{ ﬂds B'bhlk dossityof less thae
second mat erial general | ,y nore dispersi, ble, swell and/ or ;sol uble in

a sol uti orOZ‘Swf@ral,mgng29I§(§n‘mQ:lr5(ﬂ¢lgaﬂilQl${CHb, %05,81 ‘Hl‘?,sbr?tfeﬁtqzéﬂcﬁh of

greater t cond
mat eri al %é}%@gﬂ%g&t@?{ gfcﬂl ?%% WmDIgﬁ%eelﬁ{fg t%dé&ﬁ()ﬂgy(gvgsmm(l:r gabl al attack
relative trﬁeahti‘rﬁmgfdyrmder oftitnewn ablughe mﬂuacshmplaran@@b@mhg(a imeighioaféhe samplsr dbict i on

rate and/ qr ction,l evel ..aof. a deS|r I

Soni cat i oﬁ’uyg Fs’&mg ulateq l?yzcgvngwg%vgégq f‘@e % "emﬁgaﬁr%(}’y %G@%dgle whi | e

the m croqfgadyindr &l RbRPRDERds.t 0 be alive. I n sorre enbodi nents, the
second nunber average | ecul a TIVN2 fir

nunber aver age %P@%&Fg‘fg“&gﬁ [“d\é\ﬁ‘ﬂgﬁrﬁt V’?rﬁ%‘g’llet‘ﬁé‘ﬁ 5’83'8 e‘%wa I e att e.g.,
15, 20, 23s §@lass'3t§a:n51f}9n te ?erﬂ@fé‘(ﬁ'ﬂﬁss 25 e Baertiined OF dﬁﬁﬁmxmbamtdgan about 75
per cent . n sonme ins

ances, the second terial C ul ose that has
as cryst a|qal<>ﬁme§ry(Bzyva&eh&tluw%bm%rvemﬁ ’L“ﬁ%‘gg‘”’r l“i?’ﬁ nge 3 Lfﬁta Ut he
cel | ul ose ' WelabR Mhd &JQ%Anﬁﬁdb A& ihe¥é int han
(1C1) by r@se%t}%tﬁ%‘r"%gbﬁstg’r E?&%ﬁ? e?hg e S 25 30, 35 40, or even
mor e t han vabmetby30orp thas 8:3tpercent upon expognetosydsdi nent s, the starting
crystallinity index r' j I out 87.5
percent, e.g. Ihfgognm grg) ?{egfiotp éﬁ’ﬂ%&?{hh%é Sdé‘?%{a(%g wgr f oﬁ%ﬁ%ﬁﬁgo to about
70 perce Ntfuncinnal fghomp dray Btcapableruf fgnmrrgjadwnd,fetga,ra hydrogerabandrwithsthe fibers effbeit 10

b b b
(0 cEoUL SHBSEA oS Sepy O ARTHAP AR BN TSGR B Pl 00U

ext ensi ve ca@bkyrtacidzroup} a tFbdx9Rte gdbup, & Carbdiybgraurs s bhird aldﬁhwe orra(tetonc;f | ower
than 5 percent. In sone enpodinents, the material after sonication S
subst ant | fspifonisrasidargue a sulfonate groupephospiipsigari gE0UP. 4 FIRSREAL,efq ga"r?mlr%

er
aver age A iPdm BloR¥1 SOP| ednialkBhol) dhd Loabinativas bf tRexe 5,t 0
about 3,2 &% M@gﬂébﬁ ragﬁq an(?)ug{r E Q 00 tao aobout 1, QOO0, OO%éor 1@3?1 about
250, 000 t & ga,tacsmboxzi@ ae@cgmlmr?ad@hédrﬁaﬂwpa%%ﬁgén%}né%?’@mp imghde o ¢ er
soni cati o sl 0 HenBQPimARY o rfor@sacciizri@gb@bout 60, 000
to about %%%&6% Q’f%gérﬁbgglggg&e%gg@% tbtgnabout IZaS 00?)accHovxever in sonme
enbodi mentdisacabanide, cigrictasid, @)dttmc\aelds Snitablesaepharides inclidp gle9se SUCIPE, have a
nunber av e b g less than
about 5, 08%5;?&1? l—{B%Lel %H&S‘{e éal%m ?e gms? Sgog S'rrlr‘%{?cerl an(E:gﬁmﬁave a |l evel
of oxi dat |polyg(yﬂ:612,)potylaﬁxylen<so>hdeg belycartha&yhct #oids| molyaimides, pokyagunasend ( TOI) of the
first materja

di sper sabipP|yf‘§)f°n§v§S|ng§lﬁL\"§9§%§n§P8? gl %flﬂ%n ef‘}m&?sﬁl {:ﬁﬁ&eeﬂoeﬁ)k%ﬁ/?eﬂngiy?%' nits

material s épm)csawbﬁédetgvycbmm@ ob@thylefeaxiog klgG POLYOIXD; cdpblgdneatdfack I n
some enbodi nents, to increase the | eve 41cacfdnéA§b dat of the%$econd

mat eri al cdwleps 9%de sdiprepyfene gxidenpplyaery sty lam: YesPP@PYIHed in an
oxi di zi ng g}é@m sbihf YL sirerefiafonats) 4id pely@caddylagidot han
the first e%#laéll g@%%pﬁﬁ%%g second@rrrat erial )can pﬁe};\% 0(rd?'l)re hydr oxyl
groups, amu@wyaamgmawpgmn«@m ne groups, ester groups or carboxylic acid
groups, which can increase its hydrophilicity. I n sonme enbodi nents,

t he sonication nediumis an agueous ne um |f desired, the nedium can

i ncl ude an oxi dant, such as a peroxide fe g., hydrogen peroxide), a

di spersing agent and/or a buffer. Exanples of di spersing agents include
ionic dispersing agents, e.g., sodiumlauryl sulfate, and non-ionic

di spersing agents, e.g., poly(ethylene glycol). I n ot her enbodi nents,
t he sonication nediumis non-aqueous. For exanple, the sonication can be
performed in a hydrocarbon, e.g., toluene or heptane, an ether, e.g.,
diethyl ether or tetrahydrofiiran, or even in a liquefied gas such as
argon, xenon, or nitrogen. Wt hout wishing to be bound by any
particular theory, it is believed that sonication breaks bonds in the
cellul ose by creating bubbles in the nmedium containing the cellul ose, which




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

Soni cat vn Syst ens FIG 12 shows a general systemin which a cellulosic
material stream 1210 is m xed with a water stream 1212 in a reservoir 1214
to forma process stream 1216. A first punp 1218 draws process stream 1216
fromreservoir 1214 and toward a flow cell 1224. U trasonic transducer 1226
transmts ultrasonic energy into process stream 1216 as the process stream

fl ows through fI ow cel | 1224. A u 1230 rLaws .pr stream 1216
fromflow cel | 159mc epepdimasfs thed %fé&ﬂ‘é‘%ﬁ"ﬁ?é&‘é%é? angss?ra%gé%r voir 1214
i ncl udes ateﬁxbéxﬁturé 1e§s@|seclzﬁﬁnp?lactfau&%mrs 1ﬂ$lﬁd©&h&ﬁ3ﬂlaﬂtm efaktainers (TPEs).
comuni cation with a volunme 1236. A conveyor liver

cel | ul osi cExamplsioATPEs inglyde pojyether b‘°?‘%‘§’é‘ﬂ%f‘t° etah?‘ili\‘lgéhm& tralaf‘ﬂagt?e
1232. Vat O@&k@@&&%&&x&%ﬁtﬁ&ﬁﬁ@%@ Jvalia%%nhé}rﬂ%«t%e@ﬁﬁmm%m 1234.

In sone e wat er stream 1212 enters vol une 1236 alrgétg a tangent
est abl i shi sigrezic block bapolynfersosuchias thpse ayailablesunder 3 tradgname KBATON ifdBetrent s,
cellulosic ACToN I Bvikse van chemati ¢
view of a %’Sgﬁlgé&%eé%éﬁ%é?%onverns| oﬁératﬁlte lé‘sé‘%acﬁgfrﬁ'ge t?‘n’t’roducygd into

vol ume 123&eatmgolgxppc(§iVAg palyelsfitspe.gn pdmebylmequ\garwy!mp,m&tylﬁewwmhee

Val ve 1238 control s the flow ter e 2 i nt ake
1232 to prERGEECE: ﬂgs“’o?‘gg"?ré?f)%hy e 1‘? o@?ﬁclgsha% eli Pét‘ %g%ce\g{ig{r%g(e g.,

appr oxi mat slajlablOfadectht tthdenirfie BRGAGER| In suaiegintbotiynents) egyeyhen Bermatsrabsiae, 2000

tons/day of cel|ulosic materi al e i on
mllion gafibesaed H%XF“% Bpen, t‘eﬁt%arts (ff "Y’@‘ﬂ%/ﬂbeavgmﬁ nt\%%egz?xatetl&v %taésM Xi ng
of cel | ul ogiRitidR s, pahu@ yM@t er in reservoir 1214 is controlled by the
size of vol une 123 and the flow rates of _cellulosic teri.al. and wat er
into the vol undnd apartisdprenbegimentyihsbindesis p ligain,ega natur °E§ﬁm’£°8°3217eate a
m ni mum mvﬁl,b&]g%%g%ﬁgfience time for the cellulosic material and water. For

en

exanpl e, ons/day of cellulosic material and 1,25 mllion
gal | ons/ day of Awitable ameurft bfkindey added daigh matesiak galeulatedong dry Weightb28838 can be

about 32, 099 84 L aBF 009 Pgr%%gg)cz}%ﬁgtl ?ﬁgc@?g%. .s(eé %réeﬂ? b%?@&eﬁt' d"Bp&@tengbout 15

m nut es. eSer voi 240 1 n conmmuni cati on
with vol unmzstﬁéi‘ﬁent l015><;mrceﬁt211.0 pagértt,eﬁmcenhéo poeenbort morefe.g.ASpercentobased on

di sperse ceII S

exanpl e, @h@fglg G%B%?%{i P réﬁ e%%(ir?gg i's ag&seeiéglthtﬁrﬁ?aeés{:gr %/égaﬁeatl:g&r

sonme e nbOdlxcfﬂﬂﬂ S a lilid RBavirgAtObidde nsscﬂeai thdrein s Ialduj msider ofdheshindek, or as

subst anti al uni fgwgt throughout t he water. Reservoir 1214 further

i ncl udes abfl ét;?iofthi €t n fluid conmunication with volume 1236 and process
stream 1216. ThgeQbnsifitdgibRfus ffdtekibil af beﬁﬁaeelhlaq;leltamdll VRiéferring o Fidl 6rapell@36
flows out of reservoir 1214 via_exit eé JO 42 | arra §?dnear t he
bot t om of mélsﬂo\béﬁh%iﬁoﬂ@rdlol%‘ﬁ\dﬁwft “Ea(t)e"ﬁt:fll ﬂPar‘iépc A% 2GALOBYAIAET |yl osi ¢
mat eri al %&a %ﬁ%ﬁat@h’&ls, Qlich'aS s@fu¥Ré." THedbp &@gminﬂﬁl@at&rvﬁﬂﬂﬁﬁa@ér@amai@lfi

First punp 1 g., any of several recessed |n*g9ml er vortex punps nmade

by Essco Ririves bgva@ishlerspeed maters31Aseythatundensified mntqgiabgan be fraaspertid 0 8nt ent s of
process 't Ca 210 |eVBE L LOMASLInd 2 i DS E TR TRty 111U U

1218 agi t 218 rocess strea such that the m xt ure of
cel | ul osi cconwditienidr alotax3d0. \Aaﬁlexrmgxsdxsmswtga.my ef thy additives and/oxtfillers|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 exanple, first punp 1218 agitates process
stream 1216 to create a turbulent flow that persists along the process
stream between the first punp and inlet 1220 of flow cell 1224. Fl ow
cell 1224 includes a reactor volune 1244 in fluid conmunication with inlet
1220 and outlet 1222. In sone enbodi nents, reactor volune 1244 is a
stai nl ess steel tube capable of w thstanding el evated pressures (e.g., 10

et Bngul G scs et FIY orendne IS, BESRfIPBRAOTAEY G5 X

exchanger sgddGnichn 1&ﬂ8§s’ﬂors@€m @!nfg@t 1h&l@atiﬂgtt$'tal§\>bwbx%ﬁ§un&d b kieinotorof r eact or
vol ume 1244. Cooling f ter) flows mtggmreat exchanger

1246 and caDersifisd matenial 38nes.cindes fme?f q&ﬂ%@s&@m&%ﬁﬁ din

react or voI I nbodi nents, the flow rate of coollng fluid

1248 into M %?eé,isé\“hasb& Isr%g% ﬂ| s control I ed to maintain an approxi mately

constant tenperrit m'aeenah after densificatiap, cambe toaveniently indhi forno af Retets ar ¢hips

alternative,. the tenpgrature of cooli feat

exchanger 'g¥ifga |V§“‘3gﬁﬁhﬁms gh? peliss et g%nbéal#agﬁ%‘?ﬁ sghg\é#‘g&é%ﬁﬁgt)ént

t enper at urgllets of &isstad cyliadrivabinsRapd, e.4./hasingia neaxinmon trmwer,se dm;alsloarqfeerw ur e of

reactor volunme 1244 is _nmaintai ned at 20 ﬂP 50H§ gﬁ* §8ﬁn ﬁ#

45 C.  Addi § BT RIITIe: 61820y HEEh § B 8 Eal0 iy hohm G % &8 33 T, ey 90

from r eact QhvetintiHRpd Rf thakiag cétfpddi@ dndlulieOpélRts opaﬂxt;ﬂhﬁtfardphae-dlkemabhn process.

An adapter section 3226 creates fluid connunlca g n react or vol unme

1244 and e-Hdwyinge thiggigssalu gmm gr parege-g., HiEh 8‘“&85%’ a flange)

to ultrasq n £, 4828 mrf G m&; 'mmﬁdﬁ%ﬁrzssﬁﬁlt B@mnﬂ&%ﬁxearg

i ncl ude &fﬂ%ﬁg@ﬁgngQgﬁ@§négassenbf§ a?&gnged to create a | eak tlghg

connect i orSOuemyesn lengttcofdy mmeir moee, ¢.2440 Byiel 16 §59,28 mm, Aam pRmgEEneE-) 50

enbodi nents, ultrasonic transducer 1226 is a hi gh-powered uItrasonlc

transducer™fade by Hi el scher U trasonics of Teltow, Gbrnanéwy

operation, a g@tﬁtﬂtg}fowﬂﬂ&?&émp@letscmb&:madecsptﬂ}attmyhﬂeraé@ msldPaAE%ducer

1252. U trasoni nsduce 6 incl t
q%gwg,l tg%lgorlg g?.'%qnév }'Hx[lbne gxetg genpe ﬁ?tﬂg F(? Ié %%mot{lfﬂ@

converts t on|c range. In sone
enmbodi Ment ith thb Gendrlo€thie Piset FIG EHN mtxgdhamlagmﬂau ididegen ingreasetheogiedficy of
fromabout 16 kHz to about 11Q kHz, e.g., fromabout 18 kHz to about 75

kHz or fr ghssalytion inadiquidafienimadiaven. 40 kiz. (e.g., sound having a frequency

of 20 kHz 10 4Qeizde nohl8 F‘I‘ditTDaﬁﬁ?bﬂet SRENAY, d.6, dthaivetie |shapetlﬁd1s'rnmlm-he
wor ki ng medi umt hrough boost er

The ul trason f atgel i ng
t hr ough bdokalesg.tddebal as ahemt%ﬁetrwl’hahﬁefﬂzfmab hexarlehal gr degd °§ %?/ aking
conpr essi f i9h {nh BtibMaRESi ty
suffici enﬁﬁf‘o@cr ggl?gﬁ%g%%étsqa{?q%gh&l éggog{ﬁ%?:%gg{esr??g%%%%igﬁ Cavitation
di saggr egaitrediatidme cel | ul osic materi al di spersed in process stream 1216.
Cavitation al so produces free radicals in the water of process stream 1216.
These freg,bagiesal s act to further break down the cellulosic material in

process stream 1216. eneral 4 / 50,
100, 250, 500, Ives exampls, haé‘J n yce SHiEs W‘?ﬁ?g ““o‘?“'kﬁdtnqﬂtg%?%b"ea%‘g?ag‘é? k

appl i ed t guB! RESH5ID 1578102k Be fikeavis B Ecditock. GakEnsafan B@ﬁﬂﬂed@la@mﬂﬂﬁen fé(himut
3200 gallons/ mn). After eg&osure to ultrasonj ¢ ene ﬁn@ égé %I une
1244, pr ocﬁe%lsedéﬁfrt%aﬁ?ﬂ‘l%f@o ﬁt%keﬂﬁ%waébﬂvlmglaz‘ﬁliﬂ‘t%bﬁ‘ﬂ% Eu"} Csecond
pump 1230 py dPJeRGe% 9.285i5cha %%Jcﬁaﬁ@amgau&mal&ﬁmawﬂgs(aan@ any of
several rece I'er vortex punps made Essco Punps & Contrgl Los

Angel es, @aateriab(abpa)o 079Winchp H@rcpagw lémmimﬁém@etf@dﬂé atsetéﬁ' kae eytfep ot her
enbodi ment it ream 1216
has been cF@g%srﬁﬁg‘gﬁé{isg(g 1eﬂegsr teeax}r@%&ge{eﬁ erré[‘gHrSir gﬁgg‘%&ﬁ’?@nire possi bl e.
In sone enbodi Hesuns d‘ams rexldpip skredder-sizess trsms cearbe 2 aged indetiesasithentpytpfre

el fl f .1 ddi ti
b1 i ¢he cHRFRRIRYL ot Eiat s Pl Farreed P s R p b oo B 0T PP

1216 flow into separate flow cells and are sonicated in parallel (e.qg.
using a plurality of 16 kWultrasonic t?%nsducers). As anot her
exanple, while a single ultrasonic transducer 1226 has been described as
being coupled to flow cell 1224, other arrangenents are possible. In sone
enbodi ments, a plurality of ultrasonic transducers 1226 are arranged infl ow
cell 1224 (e.g., ten ultrasonic transducers can be arranged in a flow cel
1224). In sone enbodi nents, the sound waves generated by each of the
plurality of ultrasonic transducers 1226 are tinmed (e.g., synchronized out
of phase with one another) to enhance the cavitation acting upon process
stream 1216.




As anot her exanple, while a single flow cell 1224 has been descri bed, other
arrangenents are possible. In sone enbodi nents, second punp 1230 noves
process streamto a second flow cell where a second booster and ultrasonic
transducer further sonicate process stream 1216. As still another
exanpl e, while reactor volune 1244 has been described as a cl osed vol une,
reactor volune 1244 is open to anbient conditions in certain enbodi nents.

I n such enbodi ments, sonication pretreatment can be perforned substantially
si mul t anedirstisheaggried asinput togheseeendishisaders @&Qﬂ'ihaﬁfé%b.c’g L g&f%fﬁg{eg?erﬁﬁ?afeésoni c

energy can he aPpd dfifledddn BErRE R3A oRpLERIT thé hbst sikafeP 8A1O npUQb tigBechad 4 whi | e
el ectron beans are si %rul taneously i ntroduced into process st r@g{gwlzla

As anot hershedderphdoutpwiifiom the sdcond shparenfethasgnri tosthe furd shrsdder. fdu S ot her
arrangenent s ar sk bl e : J{Pptgi- 290 B Al eGadinbRageer f or ned
in a batcﬁhrf1 cs(;%éés?,ﬁér gg”%&#élage%gmgo uné@%%é%eg ?ﬁpﬁgd W teh am10%(wei ght

by vol une)oveial burfaee afea eithinuhofeedstreamt.eri al in water and exposed to sound '

with intensity_ from about. K 50 Wc t @ _ahout, 600 . f.r.om about 75
Wcn2 to about IIBWH’]W BRpPlsy 8?‘198%?%8‘6%? roggcee\lﬁ'é’ %bs%ﬁ[égﬁfsrgwgwlg%.

Addi t i onaldaporRlcabd wdateditd it@tedse itshalkrdendityr I sometchees,\itd fibreusguateriabcaadri cat ed
fromabout 1 hour to about. 24 hours, e. e, 1] . our .9 sabout 12
hours, or SPra¥Ff WibYtenor@stiipe Sfoﬁgéﬂﬁtfﬁ‘ OngFrXfS’Pg . W&P#&?’ﬁg‘é’%ﬁ%%’%@%m s, the
mat eri al i;ﬁcgﬁféﬂii&@'ﬁt@ﬁi T fweRted@ fibrotkh el BaCthér Beprocadd thieuphalpkitaedll t o st and
for a second pre-determ ned tinme before sonicatin Referring

) . ) gai n.

now t o FI @peraiing 3tmoospigmpenatyedi Thepelict milhgandperease B‘eig’&lﬁégp%tytof the Seedeep@ oy e
mechani cal ng'%g,?l ~horn. As shown, a pair of piezoelectric
transducerdg*éogggﬁ%%g%ﬁ%sﬁco p e‘% to a slotted bar horn 64 by respective
intermedi ate coupling horns 70 and 72, the latter also being known as
booster h {0 ¥hani cal vibrations provided by the transducers,
responsive to pj Kol RE b BeretRARH 8F uSPRIpkis: ki6ilofl prodéses
transmtted tolﬂ%1 eai;l{églgg%%ve coupﬁ%adr%o_r ns, whi cﬁ ‘rragg/ytplgtgi constrg/ct ed to
provi de a byefohenainplel reduwing, thesayetagemolaculas weightond erystallinityof thefeedstaekradigr o
provided with a pe | | BQ8stdck BRfcAGerdt ProcSiRaM hilia t he
transducermcé?‘lamﬁg)hrg %Ergagég%%?x@)#Eaﬂgagtogpl?onar@%hgusiCng. 900. The vibrations
transmi t t ee br monetolfi @radiation dordeation taxidatiorh pyrotysis.cang Isteary explogiro skhe van@Bns ar e

coupled to the input surface 78 of. the,hor r ] ugh the
horlr[: to tWéetE?ﬁtBI?QFﬁyétF’ys ﬁ'?‘gxﬁgtg%cg ca by glucpﬁ’g@gg%rg,&%q’ ?ﬁmd{ﬁv?ﬂghgégr gti on,
i's in forqrsde GoB@IENt W th a workpi ece (not shown) to which the

vi brations are appli ed. The hi gh frequency el ectrical energy provided
by the pover Subpl ¥ ndtsnd €d to each of the transducers, electrically
connect ed a bal ancing transforner 84 and a respeclive

series connect busoowsmbodinensiomaps o bemecessss BY: PRRLYINg BRI arosgofiany QEthe o

with the el ectri . t] sl e i si1Ci Ng
't anst or miroetse el RS, L8R o QlofRerd oy A AT gﬁiﬁtﬁgﬂ’lﬁﬂ M he
bal anci ng ahd steafi explesioni eithérnveithsoravitiagfrpeior, interorediag2orsubseauephfeedsick i dent i cal

w ndi ngs 94 and 96,, al so,{er.ned, t he i iindi ng,
e pect; v atgpaton o defirbg e g fedites OB e SBpiid iR A GEACIRIHuy 5l N0
commer ci althe/bigmass) d) #ceflinlozio andiatlighecellulasis taedals In sthetembodiBreatssoaferials
U trasonics Corporatjon nodels 105 or 502 ach. desi gned. f or Lgn at
20 ki andhas MRS PGB S reRgebty bl G TR i orsog b BRELEsS
provi di ng daRxXbeaRBRtih @MpbrdecE dbicuftentBy. Ediexanplglcatbohydate canfbetprapared

transducer is 930 volt rns. The current flow thro%g a transcilucer may vary
bet ween z&y@ppiiag mdptignsenigationxidatiog, PITRLYSISandy 2Rt gb'eﬁtﬁﬂ% EXPIORIoNdad || ¢
rms L he. OWLpibsidmion NedoR e RRBNRMER fintiny rdfR 6t cBirrerkly. TRGrBUdedl 1 e ence
in termna vosI‘tage r the sanme notional anplitude, therefore, can_ be 186
vol t. Suclaholydrategmtaiiing matsriglear then be canvertesdyiase PRIGE TEFTORTEABINSH §UBur r ent s
fl owi ng bet n. t t T ngj j bal anced
condi tion aﬁiéé%pern 3V¥Q§‘?th(g%§§%§ﬁ%%ﬁg?arste%§ b?‘ﬁ%\%’ h‘{}g‘ﬁdgf’ﬁ* %fkﬁa%}) gf@%%lg%r%, hence
elimnating the possibility of circul atd ng currents. The wire size of the
wi ndi ngs nust be selected for the full |oad current noted above and the
maxi mum vol t age appearing across a winding input is 93 volt. As an
alternative to using ultrasonic energy, high-frequency, rotor-stator
devices can be utilized. This type of device produces high-shear,

m crocavitation forces which can disintegrate biomass in contact with such
forces. Two commercially avail abl e hi gh-frequency, rotor-stator dispersion
devi ces are the Supratonm devices manufactured by Krupp | ndustrietechnik
GroH and nmarketed by Don-d iver Deutschland GrbH of Connecticut, and the

D spaxTM devi ces manuf actured and marketed by Il ca-Wrks, Inc. of



VWil e ultrasonic transducer 1226 has been descri bed as using the

el ectromagneti c -response of magnetorestrictive materials to produce
ultrasoni c energy, other arrangenents are possible. In sone enbodi nents,
acoustic energy in the formof an intense shock wave can be applied
directly to process stream 16 using an underwater spark. |In sonme

enbodi nents, ultrasonic energy is transferred to process stream 16 through
a t her nohy Irayl i Fo X

Gensi ty o iR Pt MR C BosRSRTRN Gt ABhe riui Do oo ity

el ectrol yt £varief}&i’ferhyrobtgaﬁmmj)ebhse efthtiobedr molecuiar veerght, powat gtyisialinky,pr essur e

rise that is subse n{ transmtted throu a_sound d| um
(e.g., pro¥W&gedy af‘ lf%@) ﬁ%@B]F@FPcﬁsﬁ%F °858t%¥td68ﬂ‘e£¥res§§‘é§£‘%ﬁ%§r8ﬁ% ydraul i c
transcjucereﬂeﬁgydi&ﬁﬁkbﬁﬁi%ﬁ1h601hl?€[risﬁﬁ@&n?§m@lhproc&§ss Patent 6, 383, 152.

pyrol ysis e or nore pyrol Sis processrng se ces.can be used to

process raw f edi®sexamwple iowing emba@iments, fegdstogls agf Rrow té‘lﬂﬂdﬁés to extract
useful su b&}%ﬂg@-ﬁteftﬁa? Epﬁ'&ﬁcg ARASI0%,s th@nstidds %@Mﬁx@mﬁ%{iﬁxb@hk Yin@RigHr aded

organi c materi whi ¢ unctions as input to further processing steps
and/ or - segerderesoncurrentlyRe¢adiufdisie@nd(ged benperliviosic gatrsiah p Pricers g ingludes FI G 8,

a first mate aﬁ g %uilt g?%ﬂgﬂﬁ'} é#ﬂgrs r§& ok wngt?r?enh%d &ﬂul@mtz b d3r aﬁ%ﬂ%ﬂul@éi@r age

nol ecul ar lwgl S pyro yzed, eating the first materi al
in a tube fimem;xeprotess thatandlaties arastenograhdrm/tcslyzm (ueelthhlatr ¢rioc bangarzendly) @ ul ose

havi ng a se ond nu av e o e first
nunber avef® @@S‘ﬁﬁ?‘g&fl l?ﬁ’o‘tﬁg}?{éﬁf alﬁ‘i%l'.l% rocgsghgp%%l&laggﬁz%ddtﬂ d#ﬁ@lgz Jxé;
second nat@d tithler brderG? emhﬂemlyp@ehrmm)xd/bsd lgmecetinlvbic mexkrial, bha process that

m croorgan) sm (€. cterium Qr ast) that can . util the second
and/ or fi r@?‘“?Fét“é?q“’alngP‘éfia ﬁﬁ?agﬁﬁ’ﬁ’@dét‘gf@b‘%( g qriieror pnorenfly) 4 ?fh Osig A& den, a

al cohol (&jghocelidiRMkerial. THelppdiided féedSBcketn firen bs etﬁtt&tedthbrlﬁxﬁi&ﬁio)ganm

organi c acid, a hydrocarbon or m xtures of any ce t he

second rmthavingith 1‘1’5&@&1’%‘5%‘%\%99&‘%‘?%d‘ﬁ&%‘é‘%‘rtéd’lﬁcﬁt‘tww °|f ative to
the first @ickd e fiofuck MuSPiiind ARkARARShead @tlieshasnst al 1 ni ty as wel |,
A

t he secon teria genera y nore dlsperS| e, swell abl e and/ or squbIe
in a sol uti on dwsonee mbwglrmdnts, ﬁﬁ@r@@ﬂsga(m@mﬂcbd@h)’df@ﬂl%g theerllslosicand/on of
greater than 106, m cr {ael;c gs second

mat eri al g'lgr,xg?e “%"“Sé‘teag Chtsaf)n%tﬁk?na%ha&sae drg\é’%%ta%ﬁ%%? ® mﬁcr obi al attack
relative t}grdtdahloﬁcbsstulfaﬁctmd al 2, which can great |y inmprove the production

rate and/ or C n | evel of d duc n Pyrol ysi s
can al so st err I F@e §°“F€| ?’é‘?n%?f&ﬁ‘%gﬁ%hoﬁﬁ Frﬂ{) 8@?"2 hyd%l%ed m%eggi For

enbodi ment gamplREin$6:BO BHbWARRS, ableR( stgat smémyapeream wewggnt oﬂwmsmk isemer
than the first nunper ayerage nol e uI ar {}e‘g t %}'ﬂl\{o r.e than about 10
percent, dingydrolyzed myenahs.g. ?@lea%@ SmsTeeRPy R ght &?&ﬂg or even nore
than abouty,AjrBEL&ERiterial. In somkRmbodIRchts ShERmESLy dllhﬂ'tlie%aﬁﬁcmfaﬁrl al has
cellulose that has as crystallinity (TC2) that is |ower than the

crystal | i rinhydrolyesd mgterighe cel | ul ose of the first nmaterial. For exanpl e,
(TC2) can be | "feddbtBlk drhy réﬂﬁ omrﬁtﬂeﬁﬁpclﬁpgwtwﬂﬁ Bk éan ifolgie.a 15, 20,

25, 30, 35, 40, or even nore than about 50 percent. I n sone

enbodi mentsiffer, kechss seditim bicarbyuatea kmmeniug qhinride er Tids; Wﬁ@%ﬂéﬁé)s“qhsasf rom about
40 to about 87 rom
about 60 tp°ta§%o"3t R@BS g‘?“c‘ﬁf ﬁog%%%fﬁc%@x?@gx?ﬁ |ty |%t8?§u%%t§ gﬁ%;ﬁ(g?{/sr S

i s from ahqtake gadir such ashmactl db@n p@nmant t;heteog a,surlfactam attpbuts Tﬂs&ext o®r ablyethylams
percent or from about bou ercent . a
B rbod rentidyeob Agunerd weh st R AL Ry Scorp IR,y fBupEbline:

crystalli rBrTa)éhélﬁtﬂfg&F&ft suéh/\@ethylaB damaey ediylene dlmmemmmm) (mhes
mat eri al after pyrolysis is substantially anorphous. In sone

embodi nentsalt Q‘Weegt%dt%ﬂﬂ?éﬁﬁﬁ%‘P%a IRGFPEM ar wei ght (prior to
pyrolysis) is fromabout 200,000 to about 3,200,000, e.g., from about

250, 000 to about 1,000,000 or from abouf, 250,000 to about 700,000, and the
nunber average nol ecul ar weight after pyrolysis is fromabout 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 sone enbodinents, e.g., after
extensive pyrolysis, it is possible to have a nunber average nol ecul ar

wei ght of | ess than about 10,000 or even 'l ess than about 5, 000. In
sonme enbodi nents, the second material can have a | evel of oxidation (T02)
that is higher than the |evel of oxidation (TO1l) of the first material. A
hi gher | evel of oxidation of the material can aid in its dispersability,
swel lability and/or solubility, further enhancing the materials
susceptibility to chem cal, enzymatic or mcrobial attack. In sonme




In sonme enbodi nents, the pyrolysis of the materials is continuous. |In other
enbodi nents, the material is pyrolyzed for a pre-determned tine, and then
al lowed to cool for a second pre-deternmined time before pyrolyzing again.
Pyrol ysis Systens FIG 14 shows a process flow di agram 6000 t hat

i ncludes various steps in a pyrolytic feedstock pretreatnent system. In
first step 6010, a supply of dry feedstock is received froma feed source.

As descri bed , dry.feedstock fromthe f
or o pr ocesced BB den et eyt tampiT b Lre b AR S o o

t he feedstdigkrsedinddiguideshch bOWatR. Tt exaaiple; Bfadiaded ¢aniba paforinedas celilosioe pl ant
mat eri al nmay be renpved prior to coIIectign gf t he BI ant n%teriﬁl1 and/ or
PHe HEREH, o

bef ore t henpfoahgnopgliudasicanatqrial i&é’Yl}i?PelPs_éth PEEHL PYPRIgP r’lléepc(g_ Hevi ce.

Al ternati vghkr ligocéiMRRIhdidrRMhassi@ackd WERAWithAdRidOakh eaRatte IBbdmect ed to
mechani cal processing 6020 (e.g., to reduce the average length of fibers in
the feedstesdRilimsnisoirradiatingds performed on qeHulopig prrl/grdigaocelulpgigmaterial in whigh | o ng
mechani cal O8] : Aferidlk VeHdEwti HalidBad st ep
6030. The sﬁg{t%?lgﬁ% &tgﬁgﬁi?rg?@?ﬁgé&%ﬁ%??gﬁgﬁgﬁ%pndepends upon the noisture
cont ent ofaswater.nechani cal |y processed feedstock. Typically, pyrolysis of

f eedst ock occurs nost .efficientl | Sk :he
feedstock is belwee ncmé)Bglu eﬁff,oa(%r gﬁoﬁ%ﬁg3%4388%26%&,%“%g?%\re%g%ce%l&%lgnd 25% by
wei ght of ahtier igeddusic.matdriat lemain® dstas aequired bens beeh dribe; efgseasisg bedt i s | ar ger
t han about 40% ight, the extra thermal .Ioad present.ed t he wat er
content of" ﬂéregééggfe fe- iFtr‘?E?’@gg’ mtsﬁ@eég‘g?%}f}’e@tﬁﬁ@wgﬁf’%ﬁ“ﬁ%subsequent
pyrolysi s igh6dRBulosic matelifl KAOIEs (RAMILTRB pEcentby Waiph rRRlRl Gater,htasnedmi st ur e
content which is |larger than about 30% by wei ght, drier feedstock materi al
6220 whi cHadndt fiyperems relatee BHRENRt can be bl ended in, creating a
feedstock m xt wfsitdd, §§\€dﬂin%%91t,"!srd@ﬁ&6 HRNRY, B lliSdd #h SnyGREdesy desdribad | S
within the limts discussed above. |In certain enbodi nents, feedstock with a .
hi gh noi stherein. do seremembodimantsashen axellalosie andier lignagsivlesinmaterial i wegrstedck
mat eri al Qi JRYbR Qe AN GHRK 23 Patenf¥rleBni it BRI ORIy ERKARIAR, [ n- | i ne
heating unit: e heating unit evaporateS a portion of the water present in
t he feedstmtddial is in a swailes otate, herbwellemstatedeingfcharpterized astiaying arvelymedf 81916020
has a noi gt ur tent whi.ch.i o t %y

wer gnt) - ot el 2 el i ad BB e B eVl S05 0SB,

f eedst ock hightetharathe 623011wi dtite.alnsomb embodimentsvéhen cadtabon is usilizdd aas sewage

sl udge. Alternativel or. in. additio ter 6240. can be. added to the dry

f eedst ock °f! %?ﬁ%%“é@f é@?ﬁel{“@osfcﬁﬂgﬁé‘%ﬁ%ﬁ?}& %@ﬁ?’gth%‘&%g’ﬁ'tc.mg/gr In step
6040, t he |ibpeeBiloskmateiifl\é iMatsollénSstai®i st ure content adjusted to fall within
suitable limts - can be preheated jn, an ogliequgl reheat,i ng ste]i) 6040.
Preheating st el Bedc enbpdimeniiuheniafiation igyeized e of gepeelfylpsic _
feedst ock . @RBHYRER a welin@Rsbnd 2t Swollen BAIRRAICEhA/BNignBEe11a108iS 2681 ES a @38k Ol ySi S
of the feedstock. Depending upon the nature of the tTeedstock and the

parti cul aef igessthayrabent X0MMradyr ol ysi s chanber, preheating the feedstock can
ensure that he LSlatil b b LR -fgIFngs% 4 WIRIERh\S10R5iE akkpdd Or m
during pyrol ys?‘éhfggﬁh{lgrgﬁwg%g\gﬂéw}ﬁo%ﬁg}tr?a gg on the pyr ollysi s chanber.
The f eedstigudcelhdosidie exposairts pivy axygen:enrighqiyairo preyeroxygemitssh, erdlagketed poan
pyrolysis.in ste 050, In di . . ck is
Le st a B AR S oesp srERECr IR, W ey rhirR BFBAich ideskl pl SEHRRE
stream Thevigames icutidiabd; sachps asstioxyggr.adi ent in a feedstock transport

condui t, propelling.the feedstock ipto t.h rolysis ch er d even
t hrough t he pyw(gF?%fi’@t‘@h‘éHB&e?’. I?W E%?ptpgif"ﬁm%%ad%/’ ﬁ’é%[ag f:g]W%fhcs%@@f of the
f eedst ock jiggeeiifosiBaaitaitl Gaténa présbidt of Sreatér thoncdbeRQLY atdysphends, istiditasigreatendes  a

conveyor such as_an auger transports the feedstock to the pyrolysis
chanber . than$, 10, 15, 20 or even greater than about 50 atmospheres.

40



O her gases 6210 can al so be added to the feedstock prior to the pyrolysis
chanber. I n sone enbodi nents, for exanple, one or nore catal yst gases can
be added to the feedstock to assist deconposition of the feedstock during
pyrolysis. In certain enbodi nents, one or nore scavengi ng agents can be
added to the feedstock to trap volatile materials rel eased during

pyrol ysis. For exanple, various sul fur-based conpounds such as sul fides can

be |iberated during pyrolysis, and an agent.such as hydrogen S..can be
added to the fdpenstife RmP??¥‘B_%Iﬁ% e qerarnaydes H{aﬁﬁﬁn%?“dﬁﬁ'acag‘gﬁ ﬁ‘&aga_’a@}goduct s.
Hydrogen cpLlahdi&snitdihh. Hlthdr g&%iﬁ%@mﬁéﬁiﬁbﬁt&’,@f)ﬁgﬁi&n?tébédedﬁ’ra@iaﬁng,mhl ch can be
renoved fromthe pyrolyzecl feedstock. Pyrolysis of the feedstock

wi t hi n t hdmrediatingand snicatingoogurecop@urentiy t he feedstock to relatively high
tenperatures t ShR&ehR! i {tinRd RRISIQEcithdddRE&GRL | V.

t he feedstock ?Ié&ﬁg’ae gg&%hg’t%lgﬁggérgg@glpgésﬁgag lrn nge from 1501C to 1100 C
The t enpercaheunently) anhfuctherttibdudes exidizing kpyralytiegersteanieppladisg. upon a nhunber of

factors, including. the conpgsitian.of the f.eeds f k average
particle size, %g tmr%ﬁefﬁqgaﬁ%ﬁfagfﬁl?n’élﬁed" ¢ ‘ﬁ]‘gﬁn%ectgl??%%f rfogg?dolﬁ@iglﬁ%ggr oduct s.
For many tiyfiging eddiakiom SEchss ERRES 498, k- raf Enetgetiopltayiofey radiatien, suchasper at ur es

bet ween 300C and 550, C are, used. The r.esj dence t] t he feedstock
within t hé‘ltﬁ%yf%?tﬁﬁag‘aﬁéﬁﬁ’é‘g aﬁ@ﬁ@?‘%ﬁ?&fé’b@r‘?ﬂé ﬁghtogl"%ﬁ%g&e?m’oaf ef“ag@?l]cot(ilor s,

i ncl udi ng JahR1BYSHEH %S tRarh @MBIBd R4 sBw rlelifor @FRIPRd partivlesOin dohe efbediatentsk, t he
f eedst ock ‘average particle size, the noisture content, @ﬁn& t he .desired

pyrol ysi s ipadigingtacludes (wonrenossasiationsonices, sush 3s BURMa Fxt Bidiaheamefe pyrol yzed
at a tenp ewl RN Blidd S eiHRESGIRE ChicaRedtgMPer ature for the nmaterial
in an inefetqé%glt’“rgb‘ggﬁgge, e“@‘ f?l(_)m_about 2 C gbrgve to abqut 10 C above the
deconpositi on frespecifiocmbadients, saninating)ean periormed gt freqyengy ofibetween gl e t he
deconposi ti.pn t € ' i &1 W driarggneral l'y
kept at tHfsg}‘ztaélﬁpqg%?%@%’%’8}#&9@@%{3%?%@?22&&5%%&%2%?}1%9., greater than 1.0
hours or doagtegr alhhd, Sloetend. 10 KWhom, | n ot her enbodi nents, the materials

are pyrolyzed at a te ratur |1 .aboye .t he Lk ature for
the materi al iﬁ‘?ﬁ’ﬁ‘eieﬁgg&mﬁf'%gﬁ\%@ﬁ@?mé‘? gr,hgp?%ﬂﬁléglg&(g?é%l l@%(%gglgg{to about
175 C abovelnilbse HGaQ AR nineR atefdEp alokiculaeweiphtfand theatsoliing 8&ibéhydtatve t o about
150 C above the decoppgsition tenperature. In sucqu eg‘godi rrt:}ntst tt}ge
material iBclyienapespndceiiigse having gisecond pumber aysragcagleciiia weightIgwey than e,

e.g., |essigdQuibeUh&age th&iSSuldr Walphi FoextmRs the sesond hiv@ber averageuhslecular | ess
than 2 mnutes. In still h

L es. ot her enbodi nents, the materiaLs re tE)/ml zed at
an ext r ensveightisdewerihan thefirgt numberpyeragemeleowler weeight By Bty aé’o@ﬁi‘t Byt VEbove
t he decon&g;égigg&%gggg&gqu&ggx 6, 198k &dduéloni N @n inert environnent or

a

from abou V€ 'to ‘abolut 400 C above the deconposition tenperature.
I n such enbodi fresetrs embhdiments.shé fiist eglulgserhas a firsy cyatpllinisy andthesseeqndselulessr e f or

less than 1 nl&gc?&qecé%sgﬂ@wg#\g&zh&%r%%%gagﬁ@?suc ESOwhi R aboutiRE ORREE, | €ss

than 10 sé’éso?l eco than 1 second or less than 500
ms. Such diveaen, fita¢msorawenty-fipe padentylowef.erred to as fl ash pyrol ysis. I n

mbodi t he, f eedst qck.. | t ed i vieley. L ant
Sel et od_pyr of eieueEhE RS e s CoeliBhe s R RRIMS g ARy e e QedolE
can be degbigned hhoa eeaid levetof Gaideiémikhea than thedfirst lofel dfzixidaton, 56 2SHwo,and

11,000 C's. Typical heating ratgg for biQmass-derived feedstock materi al
are from Hee & Y6, tenorrven bventyoi veReLaT ugner. A turbul ent flow of

feedstock matef]gle e%ﬁﬂl% bt thd@seRY F4alayioh With bRARRIN ak & ﬁtb&%nbm, ietivgulloageous, as

it ensures relatively efficient heat transfer to the fg&@stock g?éerial
from the budegdartgn of yn-prntedpalyropted white Kgafichoardwving g P 480y %6fBwi ng t he
f eedst 0k yfiRt S Ll ok B FibK! @anGRRABIcH BhiHd ARG O in@WsSqieiiorzde Car Tl ef
gases 6210, for exanple. In general, the carrier gases are relatively inert
t owar ds t kizeddeedwarc kainsarenged in series withoutphefrom gie f%@ﬁb@fﬁ&tf@raé npuptorthe

pyrol ysis _chamher,. Exe | LNG): ir8 SREReE  TH t r ogen,
ar gon, nets?f%(gg“%dgr@ o m ﬁ%ﬁf"ﬁg%ﬁ‘[&‘ d%%%ﬁ%ﬁ%é@gg&%rgnat ie\?iew or in
addi ti on, nechanical transport systens duch as augers can transport and
circulate the feedstock within the pyrolysis chanber to create a turbul ent
feedstock fl ow. In sonme enbodi nents, pyrolysis of the feedstock
occurs substantially in the absence of oxygen and ot her reactive gases.
Oxygen can be renoved fromthe pyrolysis chanber by periodic purging of the
chanber with high pressure nitrogen (e.g., at nitrogen pressures of 2 bar
or nore). Follow ng purging of the chanber, a gas m xture present in the
pyrol ysis chanmber (e.g., during pyrolysis of the feedstock) can include

| ess than 4 nol e% oxygen (e.g., less than I nol e% oxygen, and even |ess
than 0.5 nol e% oxygen). The absence of oxygen ensures that ignition of the



As di scussed above, a variety of different processing conditions can be
used, dependi ng upon factors such as the feedstock conposition and the
desired pyrolysis products. For exanple, for cellul ose-containing feedstock
material, relatively mld pyrolysis conditions can be enployed, including
flash pyrolysis tenperatures between 375 C and 450 C, and residence tines
of less than 1 second. As anot her exanple for organic solid waste materi al

such as seyage slud yroly tur 650 C
are typicaf 3“ RMW’G?@% r% % ?ﬁiwgﬁwﬁg Wéié)noc %Edﬁ?%ggggggéﬂ@ij

gener al , n@ppatiag attrb@n Pendpelayiaé. STWdéﬁﬁﬁal g@ﬂétamﬁtherpisa,ced in@lgleds mgporuhmldémse

tinme, pyronS|s%4 era fﬁﬁ ﬁ bulenfe nnhstg ) ont ent,

feedst ock HRpHYeE TP?’F‘SP%‘FS ?ff:’c“ OIRPL e TS radizlg wé}]&imf"\‘}e gas
conposi t i ofdiaRdh t’aﬁatfoewllh@}@ﬂ a@U&eQﬁiBbfaba{xd YMEad pr ﬁd(ﬁ'tcﬁpffbﬁﬁe arfigudigtdr s and an
aut omat ed control syst oW ng pyrol sis_step t he

pyrol ysi s pateralét ‘yhle‘l‘hﬁ’é%lbﬂ‘?fe aaseadewﬁ@olgqul@pwezh ipthe Q%H%&a%étaf‘%er ature
of the progugts prior to further processing. Typically, quenching step 6250
i ncl udes spraying the pyrolysis products with streanms of cooling water

6260. The cooling water also fornms a slurry that includes solid,

undi ssol ve@;"m&éﬁt—"\%& erial and various dissolved products. Al so present
in Ei he product Gileloembie 1&a<ﬂat[&x>ﬁdt§ﬁirigﬁ&£ueﬁd&ﬁbajxi&$s&(ﬁbipmdSssgm&edstdchC| udi Eg
roduct gases rrier and other t rogess The
broduct StFRA wamgg@??@at SpPIges tA eXtragh Sﬁﬁiflﬁ@taﬁ 2 o decteats i a8t 4 nat
perforns gygade SRAYALLaMLdDrRRicERal WhichRinétibne hORBEtito RMESprédeskiishgl gases
are separated fromthe slurry formed by quenchi ng t he pyrol ys%fi‘%{soducts

The separ 2An&@r gpauenepsk tiyadiatiog caprerengdha rpolaquﬂaéc‘te@éf g/os crysiaihsity togki ch

| ncreases ﬂl@@mggﬁb&'{rﬁ Er?er A b NG xﬁéténdl ﬁfapreiegﬁs Hﬁ &E&foﬁ frohl ¥ AdRicm Xt ure
can be subjected to a n step 6140, as m xture passes
t hr ough oraabitl xsrmcbtoﬁriradaaéq tbe (x@tegals ’éhqrhddatu@dn@ﬁmm@aqledfh}'llg Beayy chaggadenpye
parti cul at i e tered
fas. can pitisiebr udt dtons FRAEEL 2fBprtol, BroabEaC R ERlmeR BfbclidRlly & BRctrdl
filtered @&naml%ors,wbpbde@mmgldm radtwon,giomemplﬁr@rmaepﬁ,ﬁl@& or For

| e, | t er ed t
ai 1 or ent PR SR AR Sty RfialonaSdyBee BT GRl CSnaRRF PR i BP001 0 2
can incl udﬂaduitarhee‘e'eﬁﬁtpéke In mh@uﬁprbuﬂ,r@ammhmepc mdmtmn;(e(ge pgod;ucdlusmgol S,

al | canes, al kengs, alk eth uc, ro ln c rtain
S bod e QBT B GHiers paty b u5eg i e e b, T s Sogt i Sensf o e
conponent Yesirdd elfect aAATE e cthr Bedsio6la o8 afantple] Righ@oges of Adiatixd ¢ahereak wat er
vapor and oxygen) and subjected to a cr ackl r&gﬁeﬁr ocess to reduce nol ecul ar

wei ghts of€ %’h’éalﬂ’yﬂfisd’é'ﬁ\“b@@%hﬁ%‘ﬁ%’@%“ and low of Bt R dRGHRAsE chemi

pyrolysi s ychande's LHQ% R&din BOIRE Sohid@knteUm hydr ocar bon gases such as
met hane, propH%63 /or bgu)t anento heatoté@?eedstock A portion 6270 of

the separat ed Ba@e‘mgé@tﬁlcbtg noog mthpétaéiﬁtlmﬂt@ﬁai B éhapig opinglyes celidossdaving r
combusti o, & %u%ﬁ&%?r&?e r?éllg&ﬁ"aﬁ'%ve%? N tdﬂﬁéa d. Eebeypﬁ‘éaﬂﬁé% twith RInPAdy

I n certain enbo pyro er can tecel ve process E?Zat t hat
can be usedalidtioni(eg s @alsefotnnef gaaumadmmmeXerhy fadiation,d 60 nmdo 280 axh yltrafglet

exanpl e, i i,ati,ng feedstock th ra atl hon,

ol octron IRfERA Sid 5% Seiens o Syt Py Vi R Allhef

f eedst olck mmidefo d:eﬂhB)selt lﬁh&/h@laabwﬁi& hymh&rgﬁerigbmﬁﬂé@lan weight (ﬁmz)h&\a&rehhnftheds]E OCE
materi al s _can be cool e ea chan stem r e;rove ne, of the
excess hedist PY‘B"ﬁrtaﬁ%ager'?‘gg‘i gﬁ‘é’&‘gi%gﬁ@ mi* jal{artne g%?‘fﬁlrfﬁ‘é’ g??? Ztcan be
conf i gur edad K dobiRB With aSﬁlHi%ox%ﬁm&ﬂ?e %mcasac@ﬂamg;y alyBast) ficat PanrlilliySihe sebadber to
heat (or pre-heat) feedstock materi t her eby reduci n% energy cost for the

pyrol ysi s apesdusignaterial to produice s fet § thagk puinelndes Wﬂ’ﬁﬁ?‘da’b gohobieigs BRI Y si s
products can undergo an optional de-watering step 6070, in which excess
wat er can be renoved fromthe slurry via processes such as nechani cal

pressi ng and evaporation. The excess er 6280 can be filtered and then
recirculated for further use in quenching the pyrolysis deconposition
products in step 6250. The de-watered slurry then undergoes a

mechani cal separation step 6080, in which solid product material 6110 is
separated fromliquid 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 evaporation) to renove waste water 6190,
and purified by processes such as extraction. Extraction can include the
addi ti on of one or nore organic solvents 6180, for exanple, to separate
products such as oils from products such as al cohols. Suitable organic
sol vents i ncl ude, for exanple varlous hydrocarbons and halo hydrocarbons
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In certain enbodi nents, pyrolyzing can include heating the material by

i nduction, such as by using a Currie-Point pyrolyzer. In sonme enbodi nents,
pyrol yzing can include heating the material by the application of

radi ati on, such as infrared radiation. The radiation can be generated by a
| aser, such as an infrared |aser. In certain enbodi nents, pyrolyzing

can include heating the material with a convective heat. The convective

heat can be geperated a flow ng stream heat e gas can
be mai nt ai pRoLsu aﬁér’rﬁ%‘fr g% tchutangp), qnoLganicipglg, aal?ygﬂ‘fca%ﬁ’gﬁr@x@%c %ys&(ljess t han
1000C, | esgedehan 750 C, less than 600 C, |ess than 400C or even |ess than

300 C. The heated gas can be naintained at .a tenperat gﬁ of gﬁ ter than -
about 250 C. T&“@@M@ﬂnﬁwt%Qh%&ﬂl%eéé‘ﬁ’& efh rolecwa WHEH IS ANF fSundi ng

the first gREAE G alseh‘ﬁr?n &ind iflstahcbd) b AiGGed crystallmﬁt? aS WO tRyEeesad Ii’fﬁt&h&l, is
pyrol yzing can i nclutle heating the material with steam at a tenperature

above” abougen@3lly @ore dispersibie, smdllablic andior solublg img sadntionicentalningaRicioIBAHFHN i n
FIG 15. anber 6 n Gakthtidahdlord Vent
6600 for g}hgeu%rf) pergs enédk ?ﬂe‘é "S’?‘g ehQ%%?%g?@%%%héﬁ%ﬁl egenerlat e heat for

t he pyrol ytﬁols,glpalaaaﬁcaelam/etw &mfpsjmtatmhabz whisB©arf mattwlammethelpr@U§tm rgtgedst ock

t hrough cha a 0 _f.or. novi duct
6530 |gn a? BTO H"E mf\ Il?y\g}go%éfﬁlaslﬁgaf?gﬁgh‘? %geﬂéa%g %d’ég%g&%l%& sﬁreﬁ{l: es an
auger 6610mhterialétovi ng the pyrolysis products, water jets 6550 for sprayi ng
t he rol ysis product thcolln wat er anda

sepalrogtl né gasgﬁﬁgm"p‘?"btﬁ’ga pedtsg &%‘?‘H’%Peéf’vﬁfalg?/mé’ arc%ﬂgrgﬂ?][;“ﬁés lgglrld and
liquid pr Oﬂm%é first numbef\aeh{g%rm&ém;aﬂw&gﬁttcmx) %ﬁwmhaaﬁabsutdlomhem ¢.8, Bhown in
FIG 16. Chanber 6700 includes an insul ated chanber wall 6710, a feedstock
suppl y duci0, 8%30, 3548158 persertfiknercentapfsyen mare tha28eut 78 BFHies 6740 t hat
generate heat fiptodiiuh¥ho LiSboonl nAffihas BoIlRRL (A0 of QuuamigSey easks, and -

a gas separator or separating gaseous products 6770 from,liquid and
solid pr ddwexttharﬁtﬁBCIySt@halmJ(ECx)@fd@ celinlesonf thy firse mategaly cfpra%wl? (Ga @ rect i on
shown by arr T n ad {8 U et I‘,,gﬁ/y,,é;)r@3 t he
feedstockal?/ﬁlf"?ﬁ3r B é@ﬁg %i"etﬁ ‘8&“1"{‘) tﬁlg Sgng’zgl ffrd\;gé o’forac pyrol ysis
chanber i Sths’mmﬁtﬂorpeﬁzleﬁ 17 Fil arrent pyroI yzer 1712 includes a sanple

hol der 1713 wi h res i,ve e ng. el ene h ] '

wi ndi ng t hr oug ﬂ‘“%eﬂgc té?i“ﬁéﬁs%(}l‘“‘[%‘é‘%‘”‘ <$‘p {0 rr{(%gtlmlﬂ% ?gm%&ﬁ

Opti onal | y40 tb la@oda 8Rb petcalt, er@r&oncmllbm t8 pbout abpmemm frord Fchit 6@ abowd7@at ed by
arrow 1716) to tun%l e th 8. |ncb gﬁ tg@ C@)o Se'c%n %erl al in f
sanpl e hol Reggent; andzthe qryal ’b‘é)b‘é it Qytd (g oPIPEFE &Nt ai ned
at a tenpegash Wdut ﬁb@‘éﬁoﬁtqg B'éx‘i:&mé?fr&hldb&ht Z@t@bouthOQ)efc@anw@ler,l in samd ypi cal
usage, a carrier gas, e.g., an inert gas, or_an oxidizi nq]il ngét" i ng gas,

traverses thodlﬁlgiﬁtst 18 Wt@SWGll’a@at‘P%ﬂB‘S\Rﬁﬁsl"? tpfhave Ly ng

el ement ig ﬁﬁrﬁﬂ% t ﬁﬁ@&rﬁgeﬁlﬁbdﬁngﬁss tHe Sthtdri@DATRE Alddfaflon B sebstan@ally C. After
an approprlate t m nutes, the pyrolyzed material is
enpti ed franmrpﬂmessarrpl e hoI der The system shown in FI G 17 can be scal ed
and made. Cont | MuSutRe crin iR BE S hiiTher WA ket Afar ARigh{ BBt | g Terber,
t he heating ne er can e an’ auger Screw erla can i nuously fall
into the sl&amhte)nmmlfdmaboauoomoag» abohie35208¢008,cer g viranin aioup3H04100 teabonthe

mat eri al t e s out
of the sanfg}oé? Oﬂﬁ PH&?mtaEm{Snlz?%whf% P&E“ﬁb&@r %’lég? ?umebeﬁwe?aﬁxﬁ'n%?%cuZedﬁ%{:t erial .
]Ic\/bt her errtm;l«gcilrJ iliﬁfaa{(atlxa&i_‘ls ﬂombetht)sswso momaezoho,neo a}glqw(;mm ztboEtIdG,OOQ& ahr:vhi ch Lan1
eatures a Curi e- Poi nt t i ncludes a chanper

housi ng a ﬁ@ﬁ%ﬁh@?@?‘?%‘%‘bﬁ)q @8 §é§19qﬂog$? dierd ‘f‘ﬁg’“gﬁrﬂﬁcﬁdé’r;gi‘ﬁsaﬁﬁé?’ T821 is
an RF coi | gxfefdde irrhbiBticiD # GEpobsiBie t6lfodve A QmBY a0dt IRl SRk of lesaitiahai ned at
a tenperature above roomtenperature, e.g., 200 to 250 C. In a typical
usage, a cﬁéwtﬂ&oo@afsevﬁé?&%mge%bomi%h the sanpl e chanber 1821 while the
foil 1822 is inductively heated by an applied RF field to pyrolize the
material at a desired tenperature. Yet anot her enbodi ment of a

pyrol ysis chanber is shown in FIG 19. ur nace pyrol yzer 130 includes a
novabl e sanpl e holder 131 and a furnace 132. In atypical usage, the sanple
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 sanple
hol der 131. The sanple is heated to the desired tenperature for a desired
time to provide a pyrolyzed product. The pyrolyzed product is renoved from
the pyrolyzer by raising the sanple holder (as indicated by arrow 134).

In certain enbodi nents, as shown in FIG 20, a cellulosic target 140 can be
pyrolyzed by treating the target, which is housed in a vacuum chanber 141,
with laser light, e.g., light




havi ng a wavel ength of from about 225 rimto about 1500 rim For exanple,
the target can be ablated at 266 rim using the fourth harnonic of a Nd- YAG
| aser (Spectra Physics, GCR170, San Jose, Calif.). The optical

configuration shown allows the nearly nonochromatic |ight 143 generated by
the laser 142 to be directed using mnors 144 and 145 onto the target after
passi ng though a lens 146 in the vacuun1chanber 141. Typically, the

pressure in the vacuum chanbe ai.ned. at nm Hg.
In some enbodi ﬁ@ﬁ?@e e‘f‘?ﬂdluﬁ"r"ésd éﬁ‘ioﬁ {‘?“ 1£30, g alevefofo?%%%%éﬁga@%

radi ation figRértiniek 1¥AFof @édtion ("0, sefalie f&ahmmmmgha levef ofaxaldtioneefdhe i ve
dye can be conbined wth the cellul eri odu I | ul osi c
target. Thwatenzlcar ad pyedigpsirabibipy a‘f‘ﬁ'é{aﬂ gt §°ﬁ’§‘ll§¥ f\P %"gllmfcﬂﬂgbm c

material . Jnaéﬁéls ?J%Eeghbﬂify tb%héi'ﬁiézﬁ I nbfatidYor Bﬂoﬁi@ﬁbﬁiﬁ_&m(m%m@émlﬁ)ﬁlmdn& 0. S.
Pat ent No. 5, Referring to FIG, 21, in sone enbadi nents, a

cel | ul osi cmmmﬁheallevqtaﬁthgexmat@gwfﬂryrs@ﬁoyé@atew relafisteit fhe irst Hﬁﬁg? et i | amgnt
150, such RSER t &t or el of Sy, 0Si C
mat eri al mﬁ%pﬁt@%fsg ?ﬁmrg{lg P oﬁgiggb+n a %rgc%rr‘?lg%%%gf 151. oTo )Jgffect
pyrol ysi s, pmdumrgusecmldpmmtjtham wogtoxidiesd fthan shreefirst masgriab HFoz gxasmple, her api d

heati ng of the filament for si.r I e&tdr Bbubs
conti nued TCS?nd%%tmgW%?’gre&y O ln% l{pl!irrg?dfeh{%%&% tkémg(%) u&i n s%g) ub
enbodi ment g, caftdyllteid gigups,SwHieh daainvedseitshydiophilicify. t i mes to ef fect the
desired amount of pyrolysis. In certain enbodi nents,

car bohydr aj e ing bionmass material can be heat ed in an absence of
oxygen in {31 fﬁﬁ%’?’ﬁ%d bed. reactor desi r.ed,

ohydrate containin
bi omass can havéach fraof fadiajion WWC%WSL‘:?“?%SC‘P? B"r‘i%"“ﬁ’é rﬁc RS At ‘?t‘ed@‘“e% Yof t %e

fibrous negeeidbsodfshabinitd Halitargel phrtieed prah@ iohRamattératsCailomtlhe
mat eri al can be heated by thermal transfer froma hot ég%t al .or, ceram c,

such as gl avg%ermeaﬁgh@mog*awemetaﬁ@nﬁ arpduesrenergefie elegirons st may firthst 108126 o o
liquid or et 62 helitth a8l dhdfal pro@iced sy the
combust i bl lglh i gth?a&IE %98%&(?611 {oq}rl%(l]luct S. O?lldatal on o w‘%’ nor e

oxi dati ve qdpkmhsay of yas@uasheaciveonn beuohgwotoeesmfb@@sl@ P‘&W‘F‘éeﬁ?f‘%%k froma
w de vari el 458 C e Uhstidh GRetuhibn t he

f eedst ock, " frtaglélu r or\rz}(s}?iﬁ'l 9 %Hagﬁ?lg&d%frladednégﬁlgglg#%‘ﬁrrat eri al 5Whl ch
functions aﬁlunnpaltfommnf umtxﬁmum,pndph&snung steps and/ or seqguences.

Referring agal to FI 8, .afir e
having a first EWE?‘%&WF‘QQSOW %é‘rﬁrﬁ% l!;%/\el b%rﬁs?%uﬂglgﬂ g\ﬁ/?ﬁ:%hﬁc'é{iﬁf
oxygen congfinges(n@é velogitydfielttz@s., Eikcgons niiy bbpmﬂmg by hmhcfapm@tnunlattbatu al in a
tube furnace in _streamof air or o%g%gen enr i cth a ﬁﬂ’i} Rl OVAlQ'e‘?na% gecond
mat eri al 3undeEEe betadeeayewich a3 1QipRss oF REDP G EPTR? Tl AT e cul ar
wei ght (T'\Q@leﬁﬁggﬁi%%u@ed%@ﬁ@@l@ctﬂ?ﬁ)éﬂﬂ@eﬁ@ﬂieﬁﬂibm(:kﬂ&)nohl gher than the
first oxygen content (1.01). The second naterial S?ﬁr the. first.and second

material in cerﬁlmtrnn@quéﬁﬁ?%)m%ﬁﬁs W three processes; hgtorlertiG FOrRIMesi n, such

as a nolte Fga rﬁ%t a ik :ﬂﬂﬁtﬂ%ﬁht&%ncm Béinda b teonposi t e
4 havi ng dgs'%‘gf) R h%’ﬁﬁ’%g?wg?%{"é’ru eg(; fuel 5, ’ Provi di ng % hi gher
r

| evel of osriedgytof the incdent rapiathuneandit Islablllnb@fwf tre matgsiab hhgisymmation oy i al in a
resin and ¢ | sO | D l: gkpgqh
material a ratcﬁ%nscgn utmlg(?O r“%%ﬁﬁg%@@gﬁﬁ@?@“ﬁﬁﬁ gﬂ?&]?i?fam al boendi ng
(in sone imsgsabsmﬁxonmoﬁfﬁﬂ‘mtmaptmdbalowmarﬁmntumofmvgiemﬁnekgw ar weight) can
provi de conposites with exceptional nechanical properties, such as inproved
abrasi on resistance, conpression strength, fracture resistance, inpact
strength, bending strength, tensile nodulus, flexural nodulus and

el ongati on at break. Such materials can also be conbined with a solid
and/or a liquid. For exanple, the liquid can be in the formof a solution
and the solid can be particulate in form The liquid and/or solid can
include a mcroorganism e.g.', a bacterium and/or an enzyne. For exanpl e,
the bacterium and/or enzyme can work ongthe cellulosic or lignocellulosic
material to produce a fuel, such as ethanol, or a coproduct, such as a
protein. Fuels and coproducts are described in FI BROUS MATERI ALS AND
COMPCSI TES, " USSN 111453, 951, filed June 15, 2006.. The entire contents of
each of the foregoing applications are incorporated herein by reference.

In sonme enbodi nents, the second nunber average nol ecul ar weight is not nore
97 percent | ower than the first nunber average nol ecul ar wei ght, e.g., not
nore 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 nore than 1.0 percent | ower
than the first nunber average nol ecul ar wei ght. The anount of reduction of
nol ecul ar weight will depend upon the application. For exanple, in sone




In particular enbodinments, ligninis utilized, e.g., any lignin that is
generated in any process described herein. In sone enbodi nents, the
thernoplastic resin has a nelt flowrate of between 10 g/10 mnutes to 60
WLO m nutes, e.g., between 20 g/10 mnutes to 50 g/10 m nutes, or between
30 g/10 mnutes to 45 g/ 10 m nutes, as neasured using ASTM 1238. In certain
enbodi ments, conpatible blends of any of the above thernoplastic resins can
be used. In some enbodi ments, the thernoplastic resin has a

pol ydi spersity index (PDl) ,gl.€e., F)Mafs???"'f’“ﬂmfﬁw"‘l”ﬁ?ﬂ""’?ﬁpl ghtgver age nol ecul ar
wei ght to the nunber average mol ecul ar wei ght, of greater than 1.5, e.g.,
greater than 2.0, greater t@an 2.5, greater than 5.0, grgater than 7.5, or
even greater than 10.0. n specific enbodi ments, poljyol efins or bl ends
of polyolefins are utilized jas\the thernoplastic resin. Exanpl es of

t hernosetting resins i ncl ud®f nakur al rubber, but adi ene-rdbber and

pol yur et hanes. - In soree enbodi nents in which the matgrials are used to
make a fuel or a coproductw° he s\ arting nunber average nol ecul ar wei ght
(prior to oxidation) is from about\ 200,000 to about 3,204, 000, e.g., from
about 250,000 to about 1, 068 000 or from about 250,000 tq about 700, 000,
and the nunber average nol ec t after oxidation ijs from about

50, 000 to about 200,000, e.g., 000 to about] 150, 000 or from
about 70,000 to about 125,000. However, in soO nbodi mgnts, e.g., after
extensive oxidation, it is ssible to have a_nunber—averlage nol ecul ar

wei ght of |ess than about {@7000 ot eves' Iessothantabouth 000. I n
sone enbodi nents, the second oxygen cont erthciddat alergyeast about five percent
hi gher than the first oxygen content, e\g 7.5 percent higher, 10.0
percent higher, 12.5 percent higher, percent higher or 17.5 percent

hi gher. I n sone preferred'enbodinents t he second oxygen content is at

| east about 20 Hkchémsegsilic RURHG is bibahssified 20 )xygma raye reyy, uithvidleerafs, r st
material. Oxygen content is neasured b flenental % gg ysis by pyrolyzing a
sanpl e i n i 4’84 FRXD EUGPWRYES; 9 FRdioTtsyes: S?P%ﬂ 1% 1S VAVEGNERD) e el enent al

anal yzer is theol EGRpfeHbimmBradaineH daa 8k eMblofeddo WddiadOfle Ma@hals. cCREfOMAL t €

pyrol ysis furnace. In some enbodi nents, oxjdation of first materi al
200 does rfdﬁsr%gmm(mnex&arg@bs%ﬂﬁrpapn RhaggemairadigtordOjngludes gamms, of t he
cell ul ose., 6 meswa °¢0§{]@@C glable £ fofhol @i iR MRePsis @b On, the
second naterla as ce at as a crystallini (1C2 that is | owner

than the drrydisted tndrstqra}ge(l'SQ 8., midetofie pbiealityirersiplated, al néWhlPh e howsediia| . For
exanple, (JIC2 e.g.,
10. 15, 2 d;on%'%te é@rgzﬁgg%nt %gﬁrébe} ?@Ml%l)xdeg % n'g:% %e%a?%gvb?éﬁ’ V\he ﬁd gge?{f gﬂézdl hg the
fl exural fdabi :gi.IStm@pmlmlms aplurdlity oﬂﬁqmnelsﬂ@ 6.5, sixtepmanr moFoghamnelsipl e,

reduci ng the cr aII|n| can i Mprove can
enhance t He°VIHg 8%% é &2088%85%‘?8318 ?’élﬂ%ar}n é'lp%&g “desirable to .
enhance sqhyghghmw_of t he naterlals |n a I|qU|d such as a liquid that
i ncl udes a bacterium and/ or an g @ g% 3 t he
starting cryst & PREFALLY thesampletp pe E?dd&?lﬁ‘ﬁlf’ﬂﬁ)w ngtp fh 39T 10 about
87.5 per cephfiguPeddo delf\fepﬁﬂb@&‘ﬂ’é& 4o rﬁt@axﬁﬁﬁb&htoﬁﬁg aﬂipsmt 1sQ6mfeétedﬂo%OUt 60 to

about 70 percent, and the crystallinity index er oxjdatign s n1about
30 to abomcpeml@tabblp@lem The operatof &weam the contaimment chargbar, PAEFIRG ¢

f rom abouty37 emrenBeri Al 1fotell (RIRAMHed dSBNTHELperdidh of n%ﬁﬁ%ﬂ&oﬁﬁﬂﬂ@lcbznent s
e.g., after extensive oxl It 1s possible to have a crystalflnlty

i ndex of |nmtmctntgraamm§uqse33:tedxtﬁ the radigtieresourebo th interwarking pesitiparusing gylinder er

oxi dation j.s..S ti hous Wt hout wishing to be bound by
any partléglg?%Fié hydshn #gwgﬁié'ieved that oxidation increases the nunber
of hydr ogen- boGdinng rgi’iampshaslhe tdvantagd dfial signéﬁcasupehetaﬁomwﬂumpla vgriefy o€ ,

| dehyd boxyl j ,
i ch can WARRLJE TR e, SeREPalBArra A NP o) R W Ebishs o 0P

liquid). To further inprove dispersabilj.ty in a resin, the resin can
i ncl ude a conponent that includes hydrogen-bondi ng groups, such as one or
nore anhydri de groups, carboxylic acid groups, hydroxyl groups, am de




groups, amne groups or mxtures of any of these groups. In sonme preferred
enbodi nents, the conponent includes a polyner copol ynerized with and/ or
grafted with mal eic anhydride. Such naterials are avail able from Dupont
under the tradenanme FUSABOND(r). General |l y, oxidation of first

material 200 occurs in an oxidizing environment. For exanple, the oxidation
can be effected or aided by pyrolysis in an oxidizing environment, such as

agent s, suchtatecdinhERichll, Ao B, B et ook e 2 7 o

to or duri rsgemummmuﬂnthaﬁmﬁ adaempine, a peroxide (e.g., benzoyl peroxide)
can be added prgor t 0,.0xi dat |

process flow di 5B ERYS {nglyde Flﬁﬁlf‘lﬁ‘g?gé‘}‘ g&@é‘lj‘?@f"éﬁyaﬁ;aﬁ%%ﬁﬁs&}é’r

f eedst ock phgybdeRINGIHIloSsY 6 @fipadtiight soiicess SRR aShd Orradxxawﬁynsa&glw
feedstock is received froma feed source. The feed source can include, for

exanpl e, Ié’P‘Eﬁa&ge bed or container that is connected to an in-line
oxi dation react 96uré’és?or%lt?&fb‘(§¥£l’iatx@§ @8 aanehhesr heprlmlnks. t ranspor t

devi ce. As descri bed above, the dry feedstock fromthe feed source may
be pre- processedoyseds &r lmﬁﬂrd@aﬂl@@wnﬂél@dqsh@hémm proslepidawingdew cEgmicex anpl e,
if the fee ck is derived fromplant sources, certain portions of the

pl ant materlaﬁ may be renoved prior to.collectlon of the plant materi al
and/ or bef ore t Baurges fmtmicmivevdsalchids kt}etlrdme&le\dn type REsotdresspertapmkbeamans por t
device. Ater naii gelgl pr in addition bi omass feedstock can be

subj ect ed o }Hl e 8¥ %df‘gﬁ?gg%,)'ﬁ‘al ?%mté(’genlgbse?'educe the average | ength of
fibers in the feedstock) prior to delivery to the oxidation reactor.

Fol | owi ng KecttenBeama| processi ng 5020, feedstock 5030 is transported to a
m xi ng syst em wiiseme embedinienis @ ef el@i@@smm@asﬂ@m@wgts@w iAnbegm of
mechani cal e ock in
m Xi ng step%gdfgg%sﬁfelgt es %egggﬁg}gg%gf%@ség%o ET%‘{&?;@&@gﬁﬁ%&ﬁ t hen be
treated w tlhomwtdcsswpntemmntdm lcsg confmainent equipmeifty Blectorisgan dsnebeimarer  of
water is a the xt re.fo edst ock.
The ratio g?% gtea §H'8CR am o SE)P in ‘%d%gx’rﬁqxg é?sléy% “‘g efoe g‘ e%&oﬁ{%lﬁ%‘yg%ﬁrce of
t he feedstbs}eameﬁbtxtahmd;qp&mffsnﬁmmndorzmwrg,sagmmsmmed further downstreamin
t he overal |l praogess. For ex nty i ndustri essi

sequences for | PEHSREPITS ??E%ggﬁ}em &8~ g’ﬁé%%’i?gat“f %388@?’6% Easga} lgFVr%?fg’O

i ncl udes ffrmﬁ@:laetgen&atérskmwt@e@b@weleilat&s iith @scaalhing eyt 36 pREgyl 1 t er of

wat er . I n sone enbodi nents, one or nore fiber-protecti %gaddl tives

5170 can aPSgleorsyleylngr satode dingariaseqieratpisy ang pulsed ?eceelsr?@ex PRfS R ep

5040. Fi befonﬁfx%trﬁ‘(ﬁitloﬂgoﬁgéjéah'b\é'ﬁs':eﬁﬁleé , foP rel VG Phifl psF RateRiRls, g A8 g
types of biomass fibers (e. ‘ose fi beré})@@durl ng oxi d’atl on of the

f eedst ock. 0|$|lr!§ére~$ar1m8éhqm0rfbln'al7u@»3tm%9 2dngh, ordesgdlean 0.Fipeh. dRaome e, if a
desired pr ?]g%&, 0

cellul ose Ti by {Hg%%%gf ?/iséfapgeel?m%bo? glgt% i|elr:1tg(lna tl‘f’ @g’gﬁf’ﬁgbﬁg@n@gﬁ%ﬂ um
conpounds 20 Mﬁ\/b(mhmg alestranmolty)le.g.x from abald ASavieY m abonisl. pMeV orfronpatiputct i ng
additives } S y 5050 can be fromO0.1%to 0.4% of the dry
wei ght of {)ﬁﬁeb r?é%“?ifzéé‘@%‘{ ock, for exanple. In certain enbodi nents,
aqueous feedst di6. Bll shbwya pfabéds Claw dimgramibjodatiar thcludesvariop steps &l anseldctrantt i on

5180 with an ar S nt to renove waterzin s .fr mthe
Surry.  FobeRmiBiion el atRretit SRarce. Bt NPl b AGTERY HTGrBeYeh

sol vents yis eécéﬁedifr&ld hifédd@6ursé. UAY discaikkdd aibve) tHediy FesRdlerérh iR FBBASUde t hat

i ncludes water-insoluble materials such as fats, ojls, .and other non pol ar,

hydr ocar boRebResuePEaGessedion to delivery snihe cleiropcsar inrastiation devicesi Fef &% Plsct i on

of slurry SRk SWSp b
hal o- hydr O%g?g?ggﬁ&#&%&dggg#gﬁ@h@ Soertgl%{fgserrbo di ner}%@mggalelgﬁys ef eedst ock

sl urry 5058meyad per oupflestioref theplant mi@nabmi/ortbh&rwhp Plantanateriahis dslivaed by
furth i
{reatment {REPOUCE TRERPT g thd REaf BRI OP Y. SRR RoelahlsgfSine

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
processi ng steps.




In certain enbodi nents, aqueous feedstock slurry 5050 can be subjected to
an optional treatnent with basic agents 5200. Treatnent with one or nore
basi c agents can help to separate lignin fromcellulose in |Iignocellulosic
bi omass feedstock, thereby inproving subsequent oxidation of the feedstock.
Exenpl ary basic agents include alkali and al kaline earth hydroxides such as
sodi um hydr oxi de, potassi um hydr oxi de, and cal ci um hydroxide. In general, a

vari ety of _basic e can_be .u typically in concent i,0 om about
00100 o B8 ARG ESEBTE Fl AR A feshha ke © bt A TrahC

f eeﬂs Lgc K Ei\;\%}iﬁ bﬁﬁ&@ﬁe tIieSfeéd’sﬁBl_S)g@fb_f wdelieergto, thdxglechon ben?]ﬂ inrn;eia@émdmip,es yjséI em to
a chanber, ich can be_ an oxi datjon preprocessi.ng. chanber, ar an oxi dation

reactor. In oxilB&EP %P p?‘égfyoé@jé@?fﬁ{f B‘Q@G%B,eeﬁﬂ‘gpk&anwpéle‘ﬂﬁ‘f@igziang agent s
5160 are agges ot Belf) aRFiS REHbuRM B EthdRER-sb@iohA iwidtR Bf B¥ iféihétédk@raﬁ?dhum I'n

sone enbodi nents, for exanple, oxidizing agents 5160 can i ncl ude hydrogen
peroxi de: d9yiseeprpxipatelsunifermaly by selumegd Eets £49 bslagiomplishpdpfopgxagpleatiamisliy
solut i on. - Gy ihdhofls QMafidelVordRAGHINEN bt Bf: Bafn 1t tRALURRRK FDAHIGLyiEa% DY
wei ght of slarry 5050. Hydrogen peroxi de has a nunber of advantages as an
oxi di zi ng pripetet the Floetrombaam kreadiatiqupiogessing.dr ogen per oxi de sol ution is
relatively ine I i el atJ. ] I ahl I

particularly hgggér’1ll§ 0%12009 len?eggsf J\ilgﬁ’{%ge%ﬁ%@?%gaﬁ %é‘%lﬁ";“t“g%é‘ﬁ?“é B?Ij'asrrllgt%tﬂheer efore
does not rfeglsiock incnropeormbpecdsa BeHO thay pprdocs dsiuey. Ennbmingeyasar wathdlsf et y

equi pnent ). Moreqver, . hydr.age xi de deconposes .tq for ter _during
oxi dati on %?Ceﬁfg g@?ﬁ%ﬁylx %x'?%g?ﬁ)%@tcéeagf f”é%%ggc) SZ%?ﬁffﬁaﬁ S%urfyg}‘%l}??a\yé’ Py

straig h%zggdh@ﬂdﬂte@ﬂﬂ?dgg,%p@dﬁﬁipléﬁ(ﬁping rather kﬁhn@l@ihﬁ,éﬂ')x’;bxﬁ_l’(ﬁﬁﬁﬁ d‘ﬁﬁlﬁéﬁr bedexi di zi ng
agents can, i nclude_oxygen (e.g., oxygen gas) ei r al.one, or in
conbi nati on wi tihe RS SR, é??o)é%i“ lpep 3@?3‘82?‘3 es§X s@&ﬁhao%edgf?ﬁlbf‘ﬁgryl "Fits'(rﬂ‘@l urry
5050 i n prgRIth eRAFonHRAE riilatioh 918 dle 8P bR (369N WlecBh BéHm PradialisH deyic&D50.
Alternatively, or in addition, oxygen gas Can al so be introduced into a

gaseous pHehsdeqdstogeilirry ib rovied throuah each of the dislowess”f elegirapdisams Hatea 30ove
slurry 505191)6'mo-(/@ﬁﬁgg)ﬁ¥a9%ﬂh&%§ apf‘&nﬁﬁuogg Eﬂegéiﬁkfd%gh hﬁ%{@é&lw shafer®tk ifd ON
preprocessi ng chanber "or 1 nto an oxi dation redctor (or into both),

dependi ng mgydrs atpausedmfighrackastionnr, ddllomied by & suliden mevenrent wdhs eyt shpwere iy
Typical ly,_far,. I rii r ' bove
slurry 5050" alﬁ gll(%)g)?éﬁé% rt%dﬁtéggﬁlﬁ@ %ﬁgllk 03%{ t%;eri&ehssga‘?% fgﬁ‘%gl% & 6‘4&%‘6@&?’%2%%62 from
0.5 bar t aingatbtep 3053ependi ng upon the nature of the feedstock. The
oxygen gas canbe introduced.in pure fqr or .can be.m xed w. th one or nore
carrier gases. 8?‘"@333%%‘?3?% d§§ﬁ$§ %ﬁ&%%%&?mﬁﬁeﬁrﬁwﬁ‘é’&f@??e% provi des
t he _OXygerplqipﬂcdtiaﬁsﬁ‘lﬁmin—laleﬁvﬁlﬂeﬁgl"lﬂn e%ethrporaxmwsanD@%_@anT?ﬁcﬂuppl i ed
continuously to the vapor ase re that _a ¢ trati of oxygen in -
the vapor StSHel STEraigscat bf b _ af P(%%r’ Zgj\h‘%‘(’rﬁ{:@ﬂvi q&}ﬁ?"i&gu Wﬁji) ?Wegs_si ng of
the feedstyesk irrddihtis R B8iR PN} GRBE T kVDXSUAR N 03FF, 20KW 30 Kwitioodwceso kwi tial |y
in sufficient concentration to oxidize the feedstock, and then the

f eedst ock & a9 IbW. Effseiiyeenss efflepelymerdjagierof thefeadstogk sy doregdeon theelgetrong

oxi dati on i i j oxi di zi ng
agent's S1EDTRLERhnd B ARCARIS, Vil oxposure il &BEIEION BIRCL ARG L Ll )
nascent oxXiypieal dosespraydake adluessofiideiie 8 kiGy, HrkGyx 2Qikby.$0 kGyatQidGyeer 209 a
chanber i | uid communi cation with an oxidation reactor by one or nore
deconposit1oh reactions. For exanple, in sonme enbodi ments, nascent oxygen
can be producetraflecdfimcansiderdingoaiechren heranira@ationdiedRe power sgesficatiortsumcduder i n

solution. In certain enbod nents. .nascent. o en n.b roduced from
deconposi £PH B¥T ital pog B’Ir%l”ie‘é‘ht.‘o ev’r’f‘ﬁf%g’dg‘t'gﬁagﬁ?% E" PREEEME oxygen

C aln be pr e;]gbb@@d dbmllaume,fviear@: wRah ﬁ@&diz&ilmh G@uIdIRRAEIEY b6xEs dnd e@dimfm?x; yte
solution, for e e, n general, nascent_ oxygen is.an efficient

oxi di 21 ng SHeeAN HEAINESH eorpems, TodRol il oRS HEiRE ElogRom ensreiss e GResky

radi cal . However, nascent oxygen can also be a relatively selective
oxi di zi ng agent. For exanple, when ligngcellulosic feedstock is treated

wi th nascent oxygen, selective oxidation of lignin occurs in preference to
t he ot her conponents of the feedstock such as cellulose. As a result,

oxi dation of feedstock with nascent oxygen provides a nethod for selective
renoval 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. W thout wishing to
be bound by theory, it is believed that nascent oxygen reacts with

| i gnocel | ul osic feedstock according to at |east two different nechanisns.
In a first nmechani sm nascent oxygen undergoes an addition reaction with
the lignin, resulting in partial oxidation of the lignin, which solubilizes




preferentially oxidizes the lignin fraction in lignocellulosic materi als,

| eaving the cellul ose fraction rel atively undi sturbed. Condi tions for
ozone-based oxi dati on of biomss feedstock generally depend upon the nature
of the biomass. For exanple, for cellulosic and/or lignocellulosic

f eedst ocks, ozone concentrations of from0.1 g/nm8 to 20 gJnB of dry
feedstock provide for efficient feedstock oxidation. Typically, the water

content in_slu 0 i e 0 i 0 i . - g. ,
bet ween 40%Sk)sy£f’r\/r\%iag?o1‘§eradn “%b%%\é%gq“m%%) ﬁ?{@%&?h’g&gzo eq@o%éggﬁg%ag%é (?fon, t he
t enper at ur eertafn fo¢dstocly siadpGee; fur ehanpieiBuuechand dt dlaCelislose Q0®)dAH01IFA0C t 0 avoi d

vi ol ent deconpasitipon of the ozone. In_s enbodi nent f eedst ock
slurry 5050 ca?ﬁﬂ‘éy g‘? ?&P‘éﬁﬁ%‘%tﬂ pé"r’(‘dﬁ&&é’g?}g'?asélogggﬁtﬁ?gggﬁ ma?xgﬁbr{ 3l éje|r¥1°cl udes
one or mor ogihkamgr%&ctgxlekﬁil)dlyqﬁer&aﬁ%dbrbgﬁimdrd?pﬁd,lﬂie feﬁstscldrand' Epolﬂtyd][ oxi de,
pot assi um hydr oxi de, and cal ci.um hydroxi de, and then treated thereafter
with an oz%&?@Bﬂf‘Slr?ﬁtﬁlﬁfiﬁy?‘ﬂ‘ &Y 9% slumy F%‘H%‘@ﬁ@?ﬁﬂ an iageVﬁFSSBlé'gcé‘°ﬂéPs been
observed t g §it@MrdnssRditeltidn) DoRBR HastQyRAEROG i1 tiidket fRBIsRIcR BRARS tobes| Ur Iy
5050. Typically, for exaag_ | e, a concentration of hydroxide ions in the

al kal i ne sproesssedrand gantpse oregoiformudraolyowsizaiondiepgh therthigkngssof theos0.  Af t er
t he feedstfég&t&%lug en wetted via contact wwth the al kaline solution, the
ozone-contarning gas is introduced into the oxidation reactor, where it
contacts and oxFhdieketsort teemfimgitiaioodkvice can prod@e aitheri afixed Yeam or Ht8Bingan al so
i ncl ude other substances. 1n.sq I f e n- based
oxi di zi ng tz’ﬁ@h Seaep mam crﬁﬁyobreiagzangﬁgoq%% E%Igéf ?"ﬁ‘gg"‘é%ﬁ%{*‘(%‘f’ g&kg&g

hypochl or i $§peydscanhibeould effedivelg deplaet @ labe) fixgd e@mGvidthn Fomther aavailabletsedement s,
ni trogen-corgi ai ?hgg? 3xi i Zi Rg substagﬁ‘es can be introduced into slurry
5050. ExenPlCdFY! iP P oben Y ITUP ARG ERi zi ng subst ances incl ude NO and
NC2, for exanplGhce Mpértiog6NfeeRiveibltirBastBentrssoted &lrauphiiee N elttionddami t h
oxygen in slurry 5050 to create additional oxidizi nlg agg&ﬂs. For exalgpl e,
NO and NOATBHREAIASKIGES E Mgy OF nesesgemnn F?F‘%‘F‘G‘P"rd?“%’éﬁsés ste b 1i? Mechagica
conmpounds, sephthte healqBid@hd Salidi RpOnendiof tHRTecASBEK shurfy? 'n BeS@dtodinfnsi oCk.

Hal ogen- and ni trogen-based oxi di zing agents can, in sonme enbodi nents,
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Cto 240 C. For nmany types of bionass feedstock, oxidation is particularly
efficient if the tenperature of slurry 5050 is nmintained between 150 C and
220 C. Slurry 5050 can be heating using a variety of thermal transfer

devi ces. For exanple, in sone enbodi nents, the oxidation reactor contacts a
heating bath that includes oil or noltegg salts. In certain enbodi nents, 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 elenments, induction heaters, and m crowave sources, for
exanpl e. The residence tinme of feedstock slurry 5050 in the oxidation
reactor can be varied as desired to process the feedstock. Typically,
slurry 5050 spends from1l mnute to 60 m nutes undergoi ng oxidation in the
reactor. For relatively soft biomass material such as lignocellulosic
matter, the residence tinme in the oxidation reactor can be from5 m nutes
to 30 mnutes, for exanple, at an oxygen pressure of between 3 and 12 bars
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After oxidation of the feedstock is conplete, the slurry is transported to
a separation apparatus where a nechani cal separation step 5080 occurs.

Typi cal |y, mechani cal separation step 5080 includes one or nore stages of
increasingly-fine filtering of the slurry to nmechanically separate the
solid and liquid constituents. Li qui d phase 5090 is separated from
solid phase 5100, and the two phases are processed i ndependently

thereafter, Solid phase 5100 can optionally undergo a drying step 5120 in a
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of furnace 132, while an oxidizing carrier gas fills the housing 136 and
traverses through the sanple holder 131. The sanple is heated to the
desired tenperature for a desired tine to provide an oxidi zed product. The
oxi di zed product is renmoved fromthe pyrolyzer by raising the sanpl e hol der
(as indicated by arrow 134). Referring again to FIG 20, feedstock .
materials can be oxidized by formng a cellulosic target 140, along with an -
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room temperature. The densified pellets can be placed in a glass ampoule which is evacuated

50




optional screening step(s). I n anot her nethod, the fibrous materia
401 is first steam expl oded to produce a steam expl oded fiber source 410.
The resulting steam expl oded fiber source is then subjected to an optional
fi ber recovery process to renove liquids, or the liquor. The resulting

st eam expl oded fiber source can then be sheared to produce the fibrous
material . The steam expl oded fi ber source can al so be subject to one or

nore option in e o~ i i1l I
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travel through steaminlet 466. Once the reaction chanber reaches target
tenperature, which can take about 20 - 60 seconds, the holding tine begins.
The reaction tenperature is held at the target tenperature for the desired
hol ding time, which typically lasts from about 10 seconds to 5 m nutes. At
the end of the holding time period, outlet valve is open to allow for

expl osi ve depressurization to occur. The process of expl osive
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great er t haaenal cypaid indtsglisperspbility cswellppifity Ggthe 150 MPa,
200 MPa, 2pQeMidsuscephibiliffao ciritficdVRazynfane oMaorobtal QRAkMiBsonRlentbbgiaiets, fohan

1,500 M5'a. Conbinations of Irradiating, Sonicatina, and Oxidizina Devices
I n some enibergssathetlevel pftheexidation gfithe secanmatsrial selativere the firshmatsrialfice separat e
| rradi ati ofyy; SO0N;C Al i i Atig i BYdREin % sE8hd MRtelf HaE RndrB O @
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Each separiaéreaspitohpiasphiliitef f ective in | owering the nean nol ecul ar wei ght of

cellulosic material b n order of magnit.ude or nore, and several orders
of magnitude W%ﬁ%ﬁ%&%@? F%ﬂ‘qa?‘.”?m ‘“m%wqﬁ?quémeg‘ﬂnoﬁy%eﬁﬁ“ggﬁi cation
processes mfurk SarfARElhdes datﬁiaﬁtgsu;%h by bpdreki@d @El, h9ro@diertiide))a@aptwiagdevi ce as
isillustrated in FIG 25. rid electron beanisonigation device 2500 is
pi ctured aAgetandfostbyfiepE es ofjdispersing agenfs inejudg fonge dispgrsing agents; 8481 ul osi ¢

mat eri al i i ); : i ¢ 1S hydrogen

per oxi de %?ﬁggﬁﬁggﬁﬁgﬁgé?gQ@g%aﬁﬁsﬁg?ﬁg3%3@%3%2 nggggmgﬁggﬁgrgy sour ce
2510, which powers both el ectron beamemtter 2540 and sonication horns
2530. . El ectron beamemtter 2540 generates el ectron beans whi ch pass
t hough an el ectron beam ai m ng device 2545 to inpact the slurry 2550
containing cellulosic material. The el eCtron beam ai m ng 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 beamenmtter 2540 are sonication horns 2530,

whi ch deliver ultrasonic wave energy to the slurry 2550. The sonication
horns 2530 end in a detachabl e endpi ece 2535 that is in contact with the
slurry 2550. The sonication horns 2530 are at risk of damage from

| ong-term resi dual exposure to the el ectron beamradiation. Thus, the horns
can be protected with a standard shield 2520, e.g., nade of lead or a
heavy-netal -containing alloy such as Lipowtz netal, which is inpervious to




A further benefit of such a sinultaneous el ectron beam and ul trasound
process is that the two processes have conplenentary results. Wth el ectron
beamirradiati on alone, an insufficient dose may result in cross-1linking of
sonme of the polymers in the cellulosic material, which |lowers the
efficiency of the overall depolynerization process. Lower doses of electron
beamirradi ati on and/or ultrasound radiation may al so be used to achi eve a
simlar degree of depolynerization as that achi eved usjng el ectron beam
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per f or ns  aetlsr ot tetrahydrofiran, oneven in a ligugfiedhgas sealeh pIgam,iX6pa, OFLIEREF.ces are al so
possi bl e. For e,.an 1,0n zi iat ] ;G gama
radi ati on em tﬁ?@@# vé’ir§1h'n% .togl?e,rboglﬂ{%' {)ngﬁ,@{c@gﬂggog%5@?3%%3%%25&9%&1%&6%n‘

el ectron hgedks bonds Grethanellutse Bycredting dslshiésdin theveedsioucoptainigtheteliloge, which
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Never t hel ebgut Q%Ki (Byen higher ‘Bé?rﬂbg’étﬁ%‘@dﬁee’éFsg"tiﬁ'él?‘%‘geﬁay I‘{?E“%‘E’%f 0
requi r enenfede et Yekilires 8MForh @ MvihirRdRERSEREAT0 8V 1000 dnYsphéres dramorexmnpl e,
ultrasoni c radi ati on devices may require the feedstock be, @rr‘r’rew?b%g‘d in a
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li qui d oxiisheseiyentsniperaturepand pressuries tiat hregkdhe bondy; I additieny W &f° it may
be advant f: SO BHirRyaRbed Sit TeabtGn P&t Of @
parti cul afb%ﬁt%#@t}fieny ?’S%t%{émﬁlttﬁeﬁq% 1{1%3%&2%@&?&{5%5 new&‘glg/s ens atSt or?at ??al |y
neasur e anfibnrrickmemdlphigh conding ratesldaringesillapsa othe buhdest whiskicandg gregteethahe sane
Further, sone .an.all o he. above i I ks, devi ce,
can be. corPidy ol TR el R SR b e LORIRY A T
PROCESSES dnéikcfyentiat,ireslting in matesaietha Haye redacei orystaliinity. ddtrgsenicssirsterasandpr oduce

a nunber of usefuyl products,. such as’ | .. by..oper at.d y

f er ment i ngFORPFACBISEY gféélisé‘&fss?ﬂ ‘Bnea%’soﬁrff ér’i a -s?a‘ﬁ%}"%e%"%p*g%gﬂg%so?o?s, organi ¢
acit ds, lhycba%algb,msgbyﬁg@%gr(%heaﬁshty?@ﬂtfhgﬂ&asomm; Elsedisr, Ok foad)¥1990); Shdsk "
materi al s can be produced by fernmentatiaqn or, r Qe ses.. . e

mi cr oor gar(Pdiiprk Biraseing: itsfehemigal, By Plgﬁ‘\"g:é}éﬁts’g%@iﬁ\&@‘@%‘_‘” (1988);

m cr oor garg R CHREnt IR S onblRmIBHGY REY2UBEUidibLOkentiSryRChAbridge(1982). 9., a

cellulolytic bacterium a fungus, e.9., a yeast, a plant qr a protist,
e.g., an alughek et al.pgnpt szal\@tef-agcﬂ-u%ﬂgggil(lﬂ?éﬁ grgick stal, Natyre 353, @ﬁi(’(r)?glfml d.
When t he qg.gand 0 t kbl ¢ ONGRFY, 355 4 obB: Sisli¢k zed.
To aid inﬁlﬂ%?g‘g}@gﬁé%&bp@hg@%&% |ga2lt);;ﬁt é?tai‘lr’]cl ude thep’égl?)lg osel, one or
nore enzynatsl, Je Agn., Cleent ok 18, 6411286 Fang etaah, Gkenyt Comme 4119 (A000y\Wang

TR e R, AR G S A0

with the € mat eri a
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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enzynme in an aqueous solution. This material can then be conbined wth the
m croorganism I n other enbodinents, the materials that include the

cellul ose, the one or nore enzynmes and the m croorgani smare conbi ned at
the concurrently, e.g., by conbining in an aqueous sol ution. Al so, to
aid in the breakdown of the materials that include the cellulose, the
materials can be treated post irradiation with heat, a chemcal (e.g.,

AR TR, (R e L

cel lul ol yt q@z4wg{0way@gugséaﬁengp,%c&gﬁghar| fication step, are fernented to,
e.g., ethanol, by a fernenting m croor?anl sm such_as yeast. Suitable
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C.E, ed.,yl@htor & Francis, Washi ngton DC, 179-212). Commer ci aI I y
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Evol uti onar |0 2002, . 5 1155-1 n a robic,
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1997, 168, 114- 3%&9?214%1 ég;m%%}i%@r}%%ﬁgg acltcgthna tg}lan gcla used for
fernentati Mmmtzwagualtsshmonteﬁh@f wpuinenlP3G3bidisperse/ashilosic materialrapghont thed 4 to
5, while the a mu Hfo [romna 0. i cal

f er ment atl‘ﬁﬁe \Q}R? ?‘gebgz@oﬁéﬁse wo?agggbm%ﬁlsg?gﬁgle@elsn t he range
of 26 C toA4. ﬁ,sohﬁ\bﬁibedlmbﬁtermmlzm) disparses ﬂmmgathmatmaiﬁmstam@llyer

t enper at ur es s which break down bionmass, such as cellulose, to

| ower nol éﬁl@ﬁ’i‘ly\%ﬁ’wutgg G W¥fydr at e- contai ning materials, such as gl ucose,

during sacchar iRek&®dit 214 Frthef i‘ﬁf:lﬁ&és%ﬂ ekmm ifs BhidWoMbthicaticarietunes 1236
cel lul ase. These enzynes may be a conpl ex of enzyrres t hat _act

syner gi st i aadIpragess stresiy F21§e The fsttue of erllulosic matepakand pater i) volumg 1238 floys o) vt j ¢
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((1- gluc05|dases A cel osic substrate is initially hydrolyzed by

endogl ucarmlewsravity utcamum méxsere obeedlulosie enatsrinkpng WaRS m&ﬁqf eesprr‘w’éul ét"at%
These |nterﬁgggﬂ% then substrates for exo-splitting glucanases such
as cel | obifd ro ase o pr oduce ceIIob|§§e fromthe ends of the cellul ose
pol yner. CE||ObIOS€ is a water-soluble 13-1,4-1inked di mer of glucose.
Finally cell obi ase cl eaves cell obiose to yleld gl ucose. A cellulase is
capabl e of degradi ng bi omass and may be of fingal or bacterial origin.
Sui t abl e enzynmes i nclude cellulases fromthe genera Bacillus, Pseudononas,
Hum col a, Fusarium Thielavia, Acrenonium Chrysosporium and Trichoderna
and include species of Hum cola, Coprinus, Thielavia, Fusarium
Mycel i opht hora, Acrenoni um Cephal osporium Scytalidium Penicillium or
Aspergillus (see, e.g., EP 458162), especially those produced by a strain
selected fromthe species Hum col a insolens (reclassified as Scytalidium
t her nophilum see, e.g., U S. Patent No. 4,435,6307), Coprinus cinereus,




Mycel i opht hora thernophila, Meripilus giganteus, Thielavia terrestris,
Acrenoni um sp., Acretnoni um persici num Acrenpni um acrenoni um Acrenoni um
brachypeni um Acrenoni um di chronosporum Acrenoni um obcl avat um Acrenoni um
pi nkertoni ae, Acrenoni um roseogri seum Acrenoni umincol oratum and

Acrenoni um furatum preferably fromthe species Hum col a i nsol ens DSM 1800,
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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 al so added to the pyrolysis chanber to ‘
facilitate gasification. These conpounds react w th carbon-containing
feedstock material in a nmultiple-step reaction to generate a gas m xture
call ed synthesis gas (or "syngas"). Essentially, during gasification, a
limted anobunt of oxygen is introduced into the pyrolysis chanber to allow
some feedstock material to conbust to form carbon noxi de and rate

or ocess hethout Tz SeBsboHRRie natoned) HE- (s¢n PP IRERBE GoRoRtal
reaction tfaf,a@Ryeyts additional feedstock material to hydrogen and carbon
nonoxi de. In a first step of the overall reaction, heating the
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ermentation and the rest
sent to tlaeewed o celhwherhasetord bgpstenandrultdspric transdngss furlber sonieate prRPess at or
condensatgu%%puﬁg returned to the process as fairly clean condensate with
a snall porﬁlon split off to waste water treatnent to prevent buil d-up of

| ow boi | i ng conpounds. WAste water treafment Wast ewater treatnment is
used to mnimze nmakeup water requirenments of the plant by treating process
water for reuse within the plant. Wastewater treatnent can al so produce
fuel (e.g., sludge and biogas) that can be used to i nprove the overal
efficiency of the ethanol production process. For exanple, 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 punped through a screen (e.g., a bar screen) to
renove | arge particles, which are collected in a hopper. In sone

enbodi ments, 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

spaci ng) . he. wast ewat er. then flows to ualization tan ere the
or gani ¢ concent‘g%‘ftiuoaﬂo%?r ?‘ﬁ‘é’l’\ﬁa‘@e‘@?\x&*’f Vf’lé‘mgagﬁeli‘qdfgﬁe“d@f‘?'ﬁﬁdaéarciqsg‘m]i on

time. |n geslema)reactdd @olufile @ D44 i@ Bpéni tBmbRNITBhAIRGS ilB cdiQiil énbadiched. hoduel (e. 9.,
24 hours). A mixer is disposed within the tank to stir,t‘ge contents of the

tank. |n sERROMREEYSRsHION Pratreatmens can e rorformed splstaghallysimultanequsy gttt he
tank are ugfer gréreafntent k&ﬁnic&@ﬂt}%?%%ﬁcle,hhﬁséﬂ%erg&'&m?ﬁ‘éatpﬁli&l t6 pRRES IR&LS, the
m xer substantially m xes the contents of the equalization tank such that
condi t i-ons 1316 igreactppealum@t 244 whiln elesfrandicronarg sisnultanponsly intreduced MiaRfetesut t he
tank are u%}}efagrlgm A first punp noves water fromthe equalization tank
through a Tiquid-to-1iquid heat exchanger. The heat exchanger is controlled
(e.g., by cont rad dnothgr éxample] whileraflev thfough prodess hashegin d¢sbrbed grberexchanger)

such that wastewater exitjng the heat. exchangetr is at a.desjre nper at ure
For "anaer oBTEEERaL et siblendh tob e uinis S GRERon s B @bt RS PabR anaer obi ¢
treat ment pratesheFddekangde) adOlinie@a®beTilled with a K% @veight by volgme)rixtveadf

exchanger, the wastewater enters one or re.anaergbic r rs,, In sone
ehbodi ment SNPRE RRsHELA T pos Papsed fo thyad Pith Wiaion o by S0 MEert: 9abed ' he
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anaer obi ¢ reactor containing wastewater. The nutrient solution reacts with

t he sl udgehaurs te gous i boussi Io certainerobpodinents, theumaterial is gericajidi ferrp prerdetemrined n 50%
met hane a ' X I 13 .Sh. t her mal
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bor e or Retaietly el omG ARFRES ref o Berarlirh SRR RIS some
enbodi nmentis coupled te o sipitaitabhoral68 by PPtV erAedige couplifighommsof0 dat dgake t hr ough
a desul phyrization catalyst. Additionally_ or. alternativel t he conpressor
can rove. 1 ish Bfes BicPtis bars e it isbgriod VB RSy B P
second pUNFanEGRYEs, respamivelb GighlehueAdy elbdt@eal tleeyydppRIdahrsio] REEARMTtdddo ONE O
nore aerobic reactors (e activated sl udge reactors). An aerator is

di sposed Whe fesRecbcruRimedBme. Vidgemay be eonpiructed fie prowide p gisphaniepk gaife fich 38| udge,
oxygen (€.a%atio SPDAEE. GNEhemS & phdvideli With 2€dpBitive SRMmBLIMMARS 74 4RATGUEY

oxi dation of cellular material "in the anaerobic effluent produces carbon

di oxi de, \sHPROFtingdheitransdrsar and horn assembdy iglgi statienary beusingnoves (e.g., via
gravity) to a or ., nglﬁ i r r. Some
of the sludge ?‘E@?ié?a&%setr toﬁt?%g&gne odrn§%§§rga{5§&rg§gll‘%&rgg%%tog?é&% 5%2& e an
el evat ed sracdgpled tribemputsuiface 78 0f thedomend iedrangmitted thsqugh Hherhetytoftleeci | i t at i ng

t he aerobi ¢ breakdown.of cel | ul terial in the.wastewater. A conveyor
Femoves. o PROLER RN BhrgliRuribe 3 AL ohfine otk OF 1 b Bhepleaf ORLRL

bel ow, t hevoekpies $nos hotg® td Wwhitls the vibsatiotiehre bpplied.eat e st eam and/ or
electricity. .The treated er is pu d fromthe separ r to
Settling t ank. TeshighEeqneaiiccatral sy pKHC) oK Doy BaPNRL e L B ar8of o ¢ ne
bot t om of HeNfansdicérh,ieRBtricaMKcornébtcdlif pSalk OG £ BAlAntingRmyGither 84 if¥a @ settling
period, treated water is punped fromthe settling tank thrqugh a fine
filter toT9SBeRHVRSCHRS connented Inapitonisl and S0, anesanacitey connectsd ingsrieswith thesome
embodi MeNtetridlcideBifon' 5 e theludnddberd. "ARRANMAL Binslim it kndia 1R0RNI ©
bacteria. In some enbodi nents, one or nore physica -chem cal separation
techni ques are used to further purify t'he treated water. For exanpl e,
treated water can be punped through a carbon adsorption reactor. As another
exanpl e, treated water can punped through a reverse osnosis reactor. Waste
conbusti on The production of al cohol from biomass can result in the
production of various byproduct streams useful for generating steam and
electricity to be used in other parts of the plant. For exanple, steam
generated from burni ng by-product streans can be used in the distillation
process. As another exanple, electricity generated from burning by-product
streans can be used to power electron beam generators and ultrasonic
transducers used in pretreatnent. The by-products used to generate




The biogas is diverted to a conbustion engine connected to an electric
generator to produce electricity. For exanple, the biogas can be used as a .
fuel source for a spark-ignited natural gas engi ne. As another exanple, the .
bi ogas can be used as a fuel source for a direct-injection natural gas
engi ne. As anot her exanple, the biogas can be used as a fuel source for a
conbustion turbine. Additionally or alternatively, the conbustion engine
can be confi ured |n a co eneration configuration. exa heat
fromthe c¢ %@‘C‘B&H‘“be The Ega‘t"glgﬁa!ﬁff’%’ H’G{“dWaat ?@8 ¢ %“f%

t hroughout 54 rll%af?|of‘i?lterxtxcal windihB€944nd 98 SalsoRBieh e Usd priviaby Windig @nd@koriiaryar e
burned to %eat water flow ng through a heat exchanger. In sone enbodi nents,
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e
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anot her e i r shagaeers, and
brake fl ui s.a%nopﬁéﬁgg{lﬁan&&%?ggucegag gﬁllhgf&ﬂiﬁﬁs@\% tt?gbbl e as an
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prinmary i r%‘?zgaf% a“‘ﬁe?ﬂge'gf 'i%’ﬁe(? jUlCTg5aniG eneteY, ¢ othef arFan%J’ "ge%F r‘;l’g}?)llréoﬁced by
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Bi oet hanol ™~ produced by this plant can be used as an engine fuel to inprove
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sources (e.g., transportation sources). As another exanple, ethanol
produced by this plant and used as an engine fuel can al so displace
consunption of gasoline refined fromoil. Bi oet hanol has a greater

oct ane nunber than conventional gasoline and, thus, can be used to inprove
the performance (e.g., allow for higher conpression ratios) of spark
ignition engines. For exanple, small anmounts (e.g., 10% by volune) of

et hanol can ghended wnthﬂgaso ine to a F ane, e hancer or fuels
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alternatively, the intermediate fermentation products can be ground to a

fine part melegilar weisht.n The sepond matesiel Gr the| firgt apdhsesensyateial b ¢eB2iBr oduce a

flour-1i kensgaRadna) fsfare AMUIREd v&lﬁneﬂmcroorgags@(é k' §B§ctéﬁuﬂ=i dt% y3&td) thalclbl es can
be converted into a_val uabl e byproduct™ of distillati on ehydration

process. Wi tzéﬁhetsPFé’nélﬁ’%fWﬂﬁrﬁthlj@Waﬁfb‘ﬁl %ﬂ’é@é@%‘ml&?@t}’b’qlm%a‘gr ai ns and
sol ubl es P e 'efngifb1 € 58l tinlndif) af bi¥afic Jwagd Srbi 6
mat eri al . %ﬂlg Gégu %Jo BPt&x#tIEHebg% ?‘sétslrﬁl gér)sr é’r?P&nZ and sol ubles (B Ts I ow
in star chl,nudmrgﬁmﬁanyéfathqsehl gh in protein, high in fiber, and high in
phosphor ous. J Qgﬁ? ani mal
feed (e.qg., a-sgq%%i‘thes oggér%g% F%ars alorsgé\/ﬁ%éx?gtea}y C%Mcgﬁr‘gl %1 tgveeg{jently
conbi ned the fitst muueml_l andrimbonaeidstérico® 8 rédnceteystalliratyiab mll,dhe&eamxyi matqw_l isement s
O SPeC o SO oo, SR 2nd S Frubte 2R NGkl © 1Yo ne and
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.
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Phar maceuti cal s The pretreatnent processes di scussed above can be
applied to plants with nedicinal properties. In sone enbodi nents,

soni cation can stinulate bioactivity and/or bioavailabilty of the medicinal
conponents of plants with nmedicinal properties. Additionally or
alternatively, irradiation stinulates bioactivity and/or bioavailabilty of
t he nmedi ci nal conponents of plants with nedicinal properties. For exanple,
soni cation and _irradiation can be %Pnbined in thf retr, % ns. f wllow
bark to stiml 48 SRR, e secard ML pysraselee Mty rig () isTowsr | o O

enbodi ment gan the ik MRseRhRrdge mokhRs waghtgfmgy 6} fnofethah abolit 10GPektR, &.515,
I ncl ude hi gh concentrations of sugar and carbohydrates) can be suppl enented

to create AP Yelh S0 aprcent0 Rercamiptreven Mo thasabentdS PEEFRENt at i on product s
can be suppl emgaL et iliddded HeGbibll faRRbISadcdlididsé MEtHal Esaé%sttm{ityw@z tes

energy and hel ps inprove or Lmaintain bone strength. Co-Product i gnin
Resi due lowerghandbeerystilbinityAbOof the cejhilase obthe firshmatgrizle Fpurxempler Ckn)sar mar y

and pr etr et pehty, r("(%i\?\zﬁxﬁéeﬁfé%ﬁégg‘%%ipg?e& J?é.gfr?’, g@%%‘ §5190. ¥ eTzéﬁei-b%x%“d can

be used to generate use™i ant” prdce’sses. wever ,
such | i gnitharrabsutdh@gercente a new type of solids fuel and there is little

demand for it qutside.of. the plant. bou ries.. and the. costs of Ing it
for "t anapor t adt siresTAgtinien, e ine GTARL Y BraflpPulolfisf BHom foutito 02 oo
gasi fi cat i #6ut@7.Stpereht] g florh @béutl B@ abaut 76 PBi¢extior figmiabout 60 & dbogd®er - val ue
product with | ower cost. Qher - Proquct.s SSH matter, furfural, and
acetic aciRFEvadbeTyIEmY! ‘i‘eé(ci‘?‘afé’ it frgm abeut RARRSS picent, €.

bi omass- t GrdnkfouP1 X6 @66t BS péragik bit frdnPSbout 26 Brabbiit 40 péreéife] Howdek, ¢ ck@ifl d be

val uabl e, but mght require significant, purification. Markets for_ furfural

and acet i crefieatseg-rafler exéansiva PYmbysigHt is possible fahaved opystallinityindey obloaver ar ge
1 anocel | T asafant IF s ebiiogion, b pkrRPIRFRROSAS BRaaniily amoptous ) o
are intended t & jomegmbpdiments.gheistaftingywmber average molecwlacweighf<pridr ta hi s
g;; g'r OSUr & AR fontabout 0B8R0 & 4638 3900/006) e Srd¥Phrohi 20,006 2o ¥ coat ed
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 nmade of un-printed
pol ycoated white Kraft board having a bul k density of 20 | b/fewas obtained
fromlnternational 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 equi pped with two 12 inch rotary bl ades, two fixed
bl ades and a 0.30 inch discharge screen. The gap between the rotary and

fi xed bl ades was adjusted to 0.10 jnch, The qutput fromthe, shredder
resenbl ed conf & famefaRhoduents, g pyolyFis B@P&B‘éﬁ“&sgcﬂﬁt&‘ﬁw% BhE i nch, a
l'ength of HfoWREMAOhe maleRfINs fROlyded i pré-aetemnihddi tikd) @aEthaiiowad Rrtboltfor t hat
of the starting materi al (about 0. 075 i nch). The confetti-Ilike

mat eri al  viesscdnddre-determivied Siole beorenyyolkang a8aBut t er, Mbdel SC30. Model SC30 is
equi pped with four- rotary bl ades, four fixed blades, and a di scharge screen
havi ng 1/ &yidieid spemizi Nngs. The gap between the rotary and fixed bl ades was
set to approxi Ly, Q. 020 |n 3 he
confetti-like pi '?égh%%sr%%rgéefﬁgovﬁg?gr éa{n cez;ggéeésﬁaﬁp ggﬁsggﬁéuﬁéte%hggggﬂ%g” and
r el easi ng faedsiobk preseatradnt sysedm. aln farstrstepe0td, aaiyplyt ofaine fepdstael igreseived fiom arhe
fibrous rrgle%rgsigal had a BET surface area of 0.9748 n2/g +/- 0.0167 nR/g, a
porosity dFUS9UE437 percent and a bul k density (@53 psia) of 0.1260 g/nL.
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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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°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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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.

69



| f 42594 *4414 3 Il 3268 249 SGE 32-10* 1 10 If 60888 9131

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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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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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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Al'li ance GRGingdd0thcludes 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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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.
71



W5132 30 36 WB132-10 27 37 W5132-100 30 41 SG132 29 40 50132-10

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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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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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 intoa
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.

86



2.0037 11.759 64.6308 0.0113 0.6816 0.3683 1.4058 73. 7990 A132-10 1.9514
10. 326 53. 2706 0. 0105 ' '

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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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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The by-products gsed to generate steam and electnmty are «Senved 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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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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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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P/ Po= 0.239166091 0.5102 0.6448 P132-US P/ Po= 0.217359072 1.0983 1.6793
4132 P/ Po= 0.240040610 0.5400 0.7614 A132-10 (r)13/P0= 0.211218936

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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0.5383 0.7212 A132-100 P/ Po= 0.238791097 0.4258 0.5538 SA 32 P/ Po=
0. 237989353 0. 6359 0.8350 SG132-10 P/ Po= 0.238576905 0.6794

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 0. 7510 SA 32-100-US P/ Po= 0. 225935246 1.0983 1.4963

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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WE132 P/ Po= 0.237823664 0.6582 0.8663 W5132-10 P/ Po= 0.238612476 0.6191
03912 WSl 32-100 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 nodel for isothernms is a widely used theory for cal cul ating the
specific surface area. The anal ysis involves determ ning the nonol ayer
capacity of the sanple surface by cal culating the amount required to cover
the entire surface with a single densely packed | ayer of krypton. The
nmonol ayer capacity is multiplied by the cross sectional area of a nolecule
of probe gas to determne the total surface area. Specific surface area is

the surface area of the sanple aljquot divided by the nass o he .sanpl e.
Exanpl e 1420d Bj15ayere usediqeepericasp plgtiomupte f?fﬁﬁ%l&%&flﬂ%r W\%ﬁ?‘é?ﬁagﬂ m about
Fi ber | engkéy @i7siobjobwaite’. testing was performed in triplicate on the

sanpl es submtted using the Techpap MorFi LBO1 system The average |ength
and width are reported in Table 9. Table 9. Summary of Lignocellulosic

Fi ber Lengtihied GPY MHalysiDebadifsiypl € | D Arithmetic Average (mm Average

Lengt h Wi ght ed—i-A—Length—{—St-atisiically
, 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

Sample ID D"“’a‘; Size o 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
S$G132-10-US 25 42
SG132-100-US 21 34
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Corrected Average Length Weighted in Length (mm) Wdth (mcronmeters) (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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2.34%3 0.' 496 23.8 P132481 »O. 312 0.342 0.392 24.4 A132-10 0.382 0.423 0.650

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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Al132-100 0.362 0.435 0.592 29.9 SG132-10 0.328 0.363 0.521 -
0.325-0. 351 . . 521 44.0 SG132-100

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

109



0.466 43.8 W5132-10 0.353 0.381 0.565 44.7 W5132-100 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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Exanpl e 15- U trasonic Treatnent of Irradiated and Un-irradiated

Swi t chgrass Swi t chgrass was sheared according to Exanple 4. The
switchgrass was treated by ultrasound alone or irradiation with 10 Mad or
100 Mad of gamma rays, and then sonicated. The resulting materials
correspond to 0132-BR (un-irradi ated), G132-10-BR (10 Mad and soni cati on)
and 0132-100-BR (100 Mad and sonication), as presented in Table 1.

Soni cati on, was. rmed o le f 30 mn i Hz
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Scanni ng El ectron M crographs of Un-irradiated Switchorass in Conparison to
Irradiated and Irra i t chgrass
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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.
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FIG 37 is an infrared spectrum of Kraft board paper sheared according to
Exanple 4, while FIG 38 is an infrared spectrum of the Kraft paper of FIG

38 after irradiation with 100 Mad of gamm radiation.
peak in region A (centered about 1730 crn-1)
Exanpl e 18- Conbi nati on of
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process cap be repeated a number of -?&#@tgﬁr(g@?l}:oﬁkbﬁﬁ@ggnqn t he

ne
pr ocessi ngthedesyiting satarials comespapd tﬁ&ﬂpil '

SWi t chgr asgnicAfA) fhd GBFE Obfl'ﬂaﬂbﬁi\/ﬁgd SRABhiESIoRY, As prefhtetd iiRiblet 1N Sofiidion
conditions as the remai ning sanpl es, but are not sonicated, tqQ serve as

control s. Was pstfeimedeon ea@@ﬁ@Pbi@FﬁOé@mﬂPﬁaﬂsmﬂé’r@EHﬁ Bitrasoupd frpad QOOW Bomy ni cat ed,
again to éﬁr %( % -%ﬁmﬁ% e Bhditions NEsch gi@ wab st@&‘&eﬁ n‘%v?tepzﬁra cBiREESRRdf Some are
only irradiafed, an soni cat e

goneareo Exanple 19 - M crobi al
Testi ng ofabPutéX egdinkd Bi omess Specific lignocellulosic materials

q .

b “yeast “ana bAtzer0an Lo RetuRB R onfhicy Aoiskty o R ° [0S

st eﬁ i nI letdloavwder mmmﬁﬁctedmo boda@i 504momhiuyucat$ng}mh a:hmhé@ﬁfabxmted(ﬁwp‘atl bility
th cellulase en exa ern

\tMr eat ment * %‘8‘&9@@@%9? {itgnigp- tqlﬁ% ?ﬂ"e"t’ gh‘%aéd Sﬁ?gs b‘? 5“3‘?3 Vt%éﬁ?% " & in

t wo phaseﬁ)eﬂﬁletfeﬁbﬂ ¥ rocesding sido forink ¥ liguid tightgedl v@hmtp@dt)‘essmg cell 308« i Thiet y of t he
pretreated gasses and paper, feedstocks is measured in st i%g char%[enyces

cer evi si adQaRpse sjdepf f‘)e h&ﬁds prmersed 18 ajligpid; such aspvgtergigat frereag t
bact eri a %XxW?l@‘?@@ésoﬂRQt’eJi ' ﬁreésﬁ%%té %&%knaﬁtére@mmtargrdkwgadgesrmqﬂl I um (ATCC

31924). A gro study is perfornmed with each of the organisns tQ determ ne
t he opti mgper@mm eaph spmpla isamovsd by nemp & hpfrpm gank 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, wth S. cerevisiae,
P. stipitis, Z nmobilis, and C. thernocellumin a standard m crobi ol ogi cal
medi um for each organism YMbroth is used for the two yeast strains, S
cerevisiae and P. stipitis. RMnmediumis used for Z nobilis and CV4 nedi um
for C. thernocellum A positive control, with pure sugar added, but no
feedstock, is used for conparison. During the incubation, a total of five

sanples is taken over a 12 hour period at time 0, 3 {?P % urs and
anal yzed fBHs piogass pantby repsatad & nepkes oS timesuntil ¢dssired levelp rogessing s SOAES f of
cerevisi ag),¢ fzhanol concentrati on. Sugar content of the feedstocks
i's measured usl ng Hi gh Performance Liquid Chromat ography (HPLC) equi pped '
with either a ShodeX| m sugar SP0810 or Bi H 87P cpl um.

Each of tHeamg pRing ph gl ras ° 5 (RO)

wat er for | Mwmmmwﬁe mxture is rermved and anal yzed
for gl ucose, g%l Ak 09:Tels} SEtagONt ent .
The analysis is pefrlgg%rgﬁ%@%ﬁgtpal ng ?%Qﬁatﬁﬁgﬂgﬁﬁﬁﬁoﬁfa@ﬁéﬁ?g? prgt ocol

Det er mi natdnd rgohifsvater uatedr(#0 seCands) Hindgastvessc takan WithoEOL 650 ifigldegaissiop)
Cel l ul ase Co Feedstocks are tested, in duplicate, with

conmer ci a|ﬁ°§‘“‘n§§ﬁeﬁ“’r°§8‘|‘%‘¥°/&58%‘ier erasend 1000, which contains a conpl ex of
enzynes t hat r@(&B(:Hsisu@ﬂﬁﬁgélbwonsmﬁommmaﬁm Xinmghificationtofiy Fibrosymaterial "t wo

ni dul ang. AFoE! PO SRRGRE T EAB AP AR SaECRhaun L PRSRERR AR | 2 oy e

fl ask. Thqnitémmo@hgwnqm%nwth noder at e shaki ng at around 200 rpm for
12 hours. Durln? that tine, npl es are taken every_three hour t,tinme O,

30 6, 9, and 1FTGDA3End 34 e sRHPR ElRB TERERRIS LI ProN MASTRLT IOy ar <
(Hope and a@%@i'i‘pad&l&{mhloﬂ{rad 2hd 160 Midtkatiddrayshrekftstivelyjef HOPX ti on of the
fl asks. anple - Al cohol Production Using Irradiation-Sonication
Pretreat nemgmﬁcatwﬂThe optimum si ze for biomass conversion plants is
affected by fagteor f 23A6:
availability O?&(&%&%&S%&%@%&g@&? g%grg%r{g °f§‘%éﬁrb§°é’gﬁﬁtg"hgle°af?twg ze tends to
i ncrease doadiativnedthof) Mrd ked smpoitorsdt 000K magpifieationpr ocesses. However ,

i ncreasing pla i.ze al so t S tQ | (§

transportati on%%?t(’éﬁ ?fé?mlﬂﬁﬁg?cqr(?fmb“g%aéh%%? ?iilgf ug%%& fll gll:% 320 ry2| ng

t hese f actigidiationedthsiioo Mrad andsenigiphapt(08temsgnification. bi onass conver si on
pl ants can range from 2000 to 10,000 dried tons of bionmass feedstock per

gggdsgggk%er o 1SRRI L DA oPWadidedHr A emcg.msss‘o%so %ﬂﬁ%satém@aﬁ@ﬁ oflr ?fm tsnls onass
conver si on sys?gmgﬁﬁa@ﬁﬁéﬁﬁsfﬁﬁw&@g%b&ﬁr g% Eﬁées\ﬂgséﬂ‘? & ation

subsyst emgp rs% ea\fﬁ ’de%m&% c&%ﬁcéﬁt Witka tdluloperbased fmafefiblgn obj 1 ect s and
provi de consi s ent si zed E rticles for further proces

pr et r eat ment sﬁK’s?%tS@m%f ctiugroffgpl beard panst ﬂ?&'ﬁﬁ?"é’%dé"&% E"?‘Bﬂﬁé’es t he
aver age MRk M@ Hs Wl ahfaralthel ifn Gf e kAl g,; oirlof FIOB8 b iR A00ST Ock by
irradiating t bi omass ? toc m XI n he irradi ated the bionass

f eedst ock Muiad hf gaatrmr radlatlﬁro r?heaﬁgilmdsﬁrnpbﬁhow agitignal peakdB 538i08 Aener gy t o

| gnocel 1 0 bl R hd T Rt ERRNRIRAGRLO%, 120 Sue

mat eri al s. The pr| mary process subsystemferrrents the gl ucose and ot her | ow
wei ght sudxample gmbinstionef Bleck i) S plegatieg Feed preparation

The sel ected d%@xﬁﬁkrﬁs@%s&@ﬁsethé &Edsrt&i%aﬁd ﬁ@ﬁeal’e‘él vﬁttpﬂquﬁﬁoﬁ rét@yknifedutteny of
sw tchgrass bi omass. The design feed i s chopped, and/ or sheared sw tchgrass.

Bi omass f éntela fibroks materigle The fiksous mptsrial ds hen exgnky disgibited ogloan et dYed by t he
pl ant on e d and
Gt oaded Eypsset P B8 e 8 dO0ealo o B0 b e B ot her s
are taken smtme&basw depthmﬁebq;lbhv@ymhss infthexypen Hay. eThetﬁb@usma&glagm@' Ronveyed to
an automati c unw appi ng systemthat cuts away the plastic wapping and/or
net surroundi ng the bal es. The bi omass_feedstock is then conveyed past a
magnetic separator to renove tranp metdl®, after which it is introduced to
shredder-shearer trains where the material is reduced in size. Finally, the
bi omass feedstock is conveyed to the pretreatnent subsystem In sone
cases, the switchgrass bales are wapped with plastic net to ensure they
don't break apart when handl ed, and may al so be wapped in plastic filmto
protect the bale from




weat her. The bales are either square or round. The bales are received at

the plant fromoff-site storage on large truck trailers. Si nce
switchgrass is only seasonally available, long-termstorage is required to
provide feed to the plant year-round. Long-termstorage will likely consist

of 400-500 acres of uncovered piled rows of bales at a |ocation (or
multiple | ocations) reasonably close to the ethanol plant. On-site

short-term storage i s provided equivalent to 7 f duction at an
UL S1 de st drEueh meiBhEs 4t aer Saraadraraigy wodedd Nitad snf s ol
transport GEMEEY fhpatighbr dd8esUF rlidtioRCr ete slab. A concrete slab is used
because of the volune of traffic required to deliver the |arge apount of

bi orass f eedst ctRapiequnRleshS e EupHsreataiakirg epFxROseH tﬂ?‘l‘ﬁcisé“’f’ﬂ esfount of
standi ng WRL&L, B PRiafb PR £Btal Bose Y1 MriS 2 Madd! GEMrAUC 5 MArS4TB6 Mrad,

f eedstock' s exposure to dirt. The stored material provides a short-term
suppl y f or SGeedde andis, 00 Mrkd.dSores samples wiedwrintainedeundeti thesemegenditiansgs ¢ mat eri al
into the process is jnterr 2d, - ar Jorklifts
and are pl SN S?'@Bfte ’jtl/)&:)aﬁ%g&gg?déat?dr’ g)ns:sgglgra?%él %ﬁ@é?@?’g&gw%’)ﬁgﬁ ﬂae&?%%or t-term
st or age ar fgousiahtersal &rsentah or fueledr provesding tloonghhcoicdtion dedteor age by forklifts

and | oaded ontq_the .bal e transport conveyors. Bal es travel to.one of
two bal e unw agﬁﬂeﬁ&“‘%“f‘a‘_ﬂ P?ﬁ’h@.'n‘ﬁh‘{ﬁ? ﬁﬁ%&g%a‘ff"&wﬁ?g’hé’f’%?{ecﬂmf}bunﬁxsulmﬁg‘%am S _
spreader b@gm abdcdbiEforsltiGRina GQf alEY oF titanfd) VEé MorMvhich hpasselanale fiagnet i ¢
separator to renove nmetal prior to shreddi r}g. At

[ : A ! ranp, iraon. net i.s
provi ded t¥IKAN®@ @b HeRerimets on 118 PIRETSENE sifey %‘“’é@é‘ﬂb‘sﬁ’éh%s@%é’@ﬁ;aa%g%%‘@ gr oss
oversize ang. T‘rﬁé BloBfsiiBLigs bitthe AR Admaferset i d IRfuft, SlthasiHeter, Fli@#hRh ther ai ns,
whi ch reduce the biomass feedstock to the proper size for pretreatnent. The
shr edder - sivedinted fibrous material 60 beisonisated isdmmsrsath P resstrginy the gelf is mqnitered With 0
shredders eS| - LAY DI g@ﬁg, dsGfslcdiNgd i
resul ting é{% gr(réiegg‘lgé} t (I)I§ {)x%gan?%’tetg%sazﬁ#flghgutt %ﬁ (E%Q@g? ﬁ?}gc ksni % cut ':sers
concur r entdoyicstedar the bi omass feedstock and screen the resulting nmaterial.
Three storage silos are provi to |int. over RO e to
required naint Z#‘fé’ﬁ%’éreéﬁe 1&%@?‘88%&0 A 6‘8‘{%5“05}4%? %’é’h’ tg%(g%g{rngtq ion gu tseggt em
equi prrent .is Eedves frbm afiypcontained (@@ pplastic bagspand iSSisio@d nwater 4t @ soncehitratipmnass

feedstock (-3 haurs, o | ant. operation). Pretrea t.. . A eyor belt
carries ttfgag?‘ﬁmgﬂ'ﬂreeg@f%&“ PG ‘Fﬁg Op &% Sw@ggﬁp i%ﬂutgsu‘ﬁgl§3t6 3%%110 to
the pretr qairssBiid $am 8 YS00eMhbAfunddsre ShoMtingRofditons 4 A fter sonicdtivnpthe irradiatedent
subsystem 114, the bionass feedstock is i rr%di at ed. usi r\% g% ect ron beam

emitters, fHreuednafriahisfartged e Rk ol bis PSRST §An D8 Fepealeih? RERUEg Of mestigtl &
appl i cat i qfusiadd [bel 5Bt00RESngH0 SeHed Bisedlbd mbfitilg @lRQUSoturl ¢hasliedtri @8 of the
bi omass feedstock changes the nolecular structure (e.g., reduces the
aver age nowiichgrass. fwetinisome ircrdiates semplss arielkeptiunder thersamp gonditions asthe eedst ock.

Mxing the LLradi QAR ! @%krvk B Qnftols! 1 daMitiBh SofR BAnEGhat

ul trasoni ?e%%lé?gf%@%f Eég%s urféﬁége?fﬁgrgwgﬁéangeg tﬁ'(ra rrlDlI e’cal ar s% ruc? ure of
t he bi onasweré eetdsidiated ardgpidateds dgain tofervdas contrils t Thus, somel cerdiolsat #n i n
sequence may have synerqjstic eff i A conbi nati on of techniques
appear s tcfrécc?f‘ﬁeé\f m lareeé)gl r'“%‘ﬁgﬁjgié‘g&%ognét#eegﬂg%%r%%ﬁg? structure (e.g.,
reduces the average nol ecul ar weight and the crystallinity) than either

t echni que Examplefld i Migsohrid] Jestinh obRretreated Blemassn. Wt hout wi shing to be bound
by theory, in adeiifd BRoldlulo§ie Wakdidlstph@relted ¥ REdrHBd h&binAfe dnbigzddi formass
feedstock by breaking intranolecul ar bonds between segnents of cellulosic
and | i gnodetitityl tospmmen pipainsafysasbindtbaeterin wned ythe bigfgls dudustry fogther r adi at i on
may nmake t R0 CtaaRioRi1ly. BB altoRiTRSHd ERFRIARKWIRT €
brittle. ﬁg&éﬁﬁ@&%’rlpgﬁg&ﬂoﬁn&?g f\ggglgto RR{I%S m xed | r?t 09§ sl %?{ry, t he
appl i cat i @allWiseghtyngs emiesarened wyydefeamink dre vidbility efthe reatmentpragessr Tegtingef ur e

. 0., t I | ] h tallinit d al
canr paucargmerelg s P AR bl MR B0 0 B L0 T Beam

I rradiation The conveyor belt 49% ﬁarrying t he bi omass feedstock into
the pretreatnent subsystem di stributes the biomass feedstock into mul tiple
feed streans (e.g., 50 feed streans) each |leading to separate el ectron beam
emtters 492. In this enbodinent, the biomss feedstock is irradiated while
it is dry. Each feed streamis carried on a separate conveyor belt to an
associ ated el ectron beamemtter. Each irradiation feed conveyor belt can
be approxi mately one neter wi de. Before reaching the electron beamemtter,
a localized vibration is induced in each conveyor belt to evenly distribute -
the dry bi omass feedstock over the cross-sectional w dth of the conveyor
bel t. El ectron beamenmtter 492 (e.g., electron beamirradiation
devices commercially available from Titan Corporation, San Diego, CA) are
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i ncludi ng belt/beam w dth, desired dose, bionass feedstock density, and
power applied govern the nunber of electron beamemtters required for the
plant to process 2,000 tons per day of dry feed. Sonication The irradi ated
bi omass feedstock is mxed with water to forma slurry before ultrasonic
energy is applied. There can be a separate sonication system associ at ed

w th each el ectron beam feed streamor several electron beam streans can be
aggregated as feed for a single sonication system I n each sonication
system the irAdalodeitRrndiSYEsSoedst ock is fed into a reservoir 1214
through a fir St’Ifokﬁhggﬁhé-%é@ea?éa%Més%d bépef Redstdekeis hid@suraseyeusi r 1214

t hrough second intake 1234. Appropriate valves (manual or automated)
control t hSsctHapwnyses derevisiae<wing yeast) 6ok Pighia stipies (AT 6927Rkaserelkas thsr oduce a
desired ratig. ' : : 9 jg24yed eri al ,
wer gnt by SR B el R A R e B A e the
contents ofrowthlstudy islBf6rmaadovithi eapleofske drgonassso deteniinestb optimad tigofit the -
wat er . . In each sqgnication system the slurry is punped (e.g., using a '
recessed i'%@?ﬁ‘oé‘ra"g(ﬁ?‘?‘gﬁ?gpurrp 1218) fromreservoir 1214 to and through a
flow cel | 1224 Rasiebfithé Redseoksiik then feobated; inaduplicate with I2BrevisteesBregpitis, Z.

enbodi ments, punp, 1218 is configured to itate the slurrny 1216 h t hat
the m xt ur'é”bbé)s' b‘?do&rdé@mf’@gﬁ'gl“b% a’éﬂar’ai%Togg’l?gécagﬁﬁgwﬁ?rieﬁ‘f‘?/cﬂlrg%'rlﬁ 'OSJFKr/In at

inlet 1220, i (xed for W tw6 héastletrdths, S-0dremsidd@deP. shipifs. Riviipedidr & wsad fadi t at e
the slurry 1216 to create a turbulent flow that gersi.ﬁ,tas thro%%gg&%utt he

pi pi ng betrbdés and €M4 medium dor - fretmegerlwr- A POIVGCORT W ure SIS, W t hi n
the flow %'fliezdji’léglé’is &éhé fo@i%&ﬂ;ia?is&lr.gfmlg&g@?erin&%&xﬁ § B3 BT five sdpleafsQilie ener gy

into slurry as the slurry f hrough flow cell 1224, U trasaonic

t r ansducerove2B kanpaiodst éhedid 6chrnd ey andeoalyved for viabtitetplate cRYBISAPH cal
energy (e.g, ogz:fz]s%g(?&gj@{ %u%@%r%‘%er%i%g ahPethdhBlcotlEdntr¥ned to the slurry

t hrough boos asoni ¢ transdacers are commercially avail able
(e.g., from H SugarlenteritBfthe Faedstoaks isRheagwedusing\digh Pefarmpycetliantid ar e capabl e

of deliverjin conti owe 16 Kid oyaht S. They: f

ener gy tra%ﬁg'?‘%&grf‘ﬂ‘ry ﬂai%ﬁ’ﬁpg‘i W%ﬁ%wf ﬁb*)%dggt Osﬁlg%roﬁPS%Lé) A}%Aéya{l: ?g‘g%‘sgp a
series of IW]EI]I?VEB&hxﬁmSEﬁﬂdfﬂﬁlf&ﬁﬁﬁdldsmpprdan pyis arss vathrednse beh6sin{RP) an
intensity sufficient to create. cayitation.in process Str 216,

Cavi tat | MRSl LG HOTREAY LheghnBtd® BriyaL et eg v Rl as

i ncl udi Ng, gafallose ¥ AR, Manrfosd, biabRies ardindlldbighe @6mertl Thsinalysia isgrerfatmeti sper sed
in process stream 1216 (Be. g., slurry). Cavitation ajlsso pr(?guc!eﬁ Zree

radi cal s iafcardiag {edvationg)Bignnergy Sentek pratorql Defagmingtion of Sapcfuray {-ar &ef 1 ee
radical s ?)%BLfgqtiJzH'Btiﬁ%s.br eak down the cellulosic material in process

stream 12 n general, about 250 MJ/n8 of ultrasonic energy is applied to
process stream 1216 containing fragnments of poplar chips. Qher |evels of

100, 250, 500, HESHRAERARINY > S000 Can b appl i ed to ot her biomass
f eedst ocks Af t Feedetopiase testedy induplicase miith cemmerpjaliyravailsble thseellpraseifel 00044,
Process s tvw.th(?c ncgor:ktza%lfs3 a%érin;glsex I)% e%\évyngngsl tLat %é‘fiu%e@rl%gciéll&ggié @ilbmgt&%gto 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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Fl ow cell 1224 al so includes a heat exchanger 1246 in thermal conmmunication
with at | east a portion of reactor volune 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 volune 1244. In
sonme enbodi nents, the flow of cooling fluid 1248 into heat exchanger 1246
Is controlled to maintain an approxi mately constant tenperature in reactor
volunme 1244. In additiopn or jn the alt tiv e tenperature of coolin
fluid 124cEXemBig;:2f Alcahol Production YRR IIagiatialad ﬁm.Q aal ed to _maintain an )
appr oxi mat el y Thasptmnim sisnfoctiahass eonversipmplentois affesftedrby facgvincluding  The out | et

1242 of flow cell 1224 | rranged. r Lhe ho 4 to

i nduce a JENATYISS of Saff ¢ ﬁ’ﬁ?’@’&é‘é vﬂﬁﬁ%’rﬁ@ﬂxgg ?%%?@gftﬁ%?%d’egﬁ?g o%&t
reservoir glaléhds @MRdréiSe dcbonied Fbcalfas@dciated oith plantmpoctRa0 Holwvevdn, ipaegsingpr ocess
stream 1216 (e.g., slurr

. , . t ds th ' . . t
Soni cat | orplary SEEiHs (i a raseibe G058, EAPR R P PR EL B VRS o) o
mul tiple pﬁﬁcﬁél:slaﬁay{n!.gmeseﬁcms sﬁggeknmtmb afiRoptRafeie Frdibniasborvetkicl plamstian at i on

units. Multiple sonication units can also be arranged to aer l.e§.t.o i.ncrease
T

the anpuntraege foari080 enldy0g) dagstiprsed bierass feedeipekrner daypl hegliy
vacuum rotary “ﬁfr%%”?@““ 66&}?1§rﬁ£§9¥e@§sto%ﬁ bid@yfromthe slurry before

ferment ation. romthe ter 1s punped cooled prior to entering the
fermentors. Fi Fi@r3¥choeamecessschepaticeld biamasseopiessiomsysta configured fQRIBss ng

subsystem for. further. processin mﬁg | L-ar ge,
| ow %r essﬁ"ét?h%?‘s&i ﬂ?eefg pé?ggﬁonvsggsgg rgpwcg%&é%ﬁpca sg%éfggc%@%vgfog%bgpged
agi t at or _SI_ hoby‘é![dis1;'¢\1'1cl);},re\{iﬂé dfo&_ﬁist&{.t]&giz?cf ;art:mfcmfmrﬂm frprawls?'n% dihe pretregtmentged | {1 ed
seri es. e tenperature i e first stage fernmentation | ntrolle
to 30 degr%B%’Stg'géﬁﬁnﬁﬁsrtgﬂB&ﬁ?FaﬁWﬁ‘feé?'ﬁafegﬂcéeﬁ e@%%ﬁ%og?cgl%ﬁ%ég tm? ¢ glgadded to
the first gjstmidporRvickidsoRedsRBkbyitradiftihghisettdomndss fadsrock enikiag thefirrddzateds and
carries through to the other tanks in the serjes. . Sec r{g%si{n%}ge
f er ment at i thabieBAs fesdsbock with\pgteg E?Hr?‘i"hﬁgﬂ@" F‘%fﬁ?@hl”@r“%“ aF‘H“cseé‘Frlg%& :
f er ment or SpiRli@adeRBh M%lemgdtmn aﬁive:ﬁaile leema‘ogaa afid BaoSdMaReL BREJdAGICH haT Xer S.

e

Tenperature is control with chilled water 1n external exchang}grs wth

cont i nuousbiereass feedstagk inmiemmatable suatesinks.o FheRIEY RIPEEsHYubsyRiem ferpgRis Mg ve cavity
type b eca.L% 0 fan{} Q@leﬂb\gple%m éugzﬁ“s @@ﬁﬁ%{g&&éﬁ&ent to form didoholglas from the
iOn t anks ermentor

f er ment at and I's conbi ned and. washed in a
counter-current water columm before being vented to the atnosphere. The off
gas i s wadRetP®8f¥cover .et hanol rather than for air emssions control.
Post - Pr ocessi n@h&kseddcidd|dasigrofeed 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 nol ecul ar sieve adsorption are used to recover ethanol
fromthe raw fernentati on beer and produce 99.5%ethanol. Distillation is
acconplished in two colums-the first, called the beer columm, renoves the
di ssol ved CO2 and nost of the water, and the second concentrates the

et hanol to a near azeotropic conposition. Al'l the water fromthe
nearly azeotropic mxture is renoved by vapor phase nol ecul ar sieve

adsorption. Regeneration of the adsorption col urms,r&q[utLreis that .an et hanol
wat er m xtweatehdhe belovare dithen sueprar Fquad.; T blss arcaecsived gt the plant fiemgikiier i o
vents (co [l , but also some ethanol) as well as the beer
col um ve%i&%rggﬂsc%légaﬁ%a wat er scrubber, recovering nearly all of the
et hanol . The sSinobbwtchghsslisienly sasonliyiavailable bongiteray sterpgetis reAwFadd@PE¥dE m

along with, the . fe ntatio eer,, ] | j Jest
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di still at igaRide Hofags 9o EPAlEng dursotinting bécom wdyeawelpatiad toanspest aohyeydrswiilh t he
solids being sent to the conbustor, %Eg t he gﬁgaepO{ at egﬁ%@ndensg‘ie is used
as rel at i \DEIoy aconsigie slah: A pncisin ab is psed Recapisepf theolume of trgflic xeuired 0o o oyt
of still ARV IR lar $dhounPsF DismhRGYRbBek tie?xixleh.nktc@ﬂcretaBlaEWﬂDmhﬁthiZé thies
included in the process. The total anmount of the water fr%ﬂ%ttgce pressure

filter thamolss ofitanding waterde heistogagearegers wall apmogycedhgpiamess & § ke ammoni um
acetate o rexﬂéo%ﬁxte% &irt, 3%9 ﬁgre? hﬂ%gﬁl rSQHmf}iéSH-&nﬂ Qhipply fok Wea@ndtyndliagysodr@ani sm

or inorganic conmpouhds In e bronmass end up inh this stream Recycling too
much of t Iwien netet disdct dedivery ©f mbterialrintb éhegirasessfis intpmuptedt r engt h and osnoti ¢

pressures that {Fﬁ%nalqggr eﬁo(if-foiflg%%ﬁjg %‘?iﬁﬁ %{‘g%{}’q&ﬁ%&ﬂg RoTACEIL sief ficiency.

For the water evapor at or “concentrates the
di ssol ved c&@lely6ls of ittige shosYermstdripetareaa Baloears elso rachimdidiawshordemr storageni ni zi ng
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wat er requi r enpaeSraviid of¥eL tho bafk unWiappiag btitiche Bawegpidbates are\beokenng e
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) , p o a landfill
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di gest or gapive Bl hﬁ{ir th BhrbdiBingS 1A BRI irdRARERDI protidea & daeh spapdagetic a bi ogas
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di gest i on mutabdutessalpingstrgen papyesaress averzizeand &orpign maegal abeadd mulinige hrocess
as well a ! | | e bYonfa SR er'¥BE Yor pldtRatilendge i s

al so burné%‘g‘l@]&?%ggégﬁg%ﬂhzc}l%dfg?{sﬂegﬁr eenlﬁgﬁ)/glfgi;]tggrﬁghirc di gsti on /

aer obi ¢ diThe stiredsier-shelrenteainsinsludensizaddersvartdirotary knéfe guttare nkhes redu¢gust ry

and facilities i.n the 1-5 mllion - : i.ned as
"of f-t he- §}Pfes|'zfe'°fﬁ‘ﬁir?v§b’f’mr?\9e ﬁ%@?%’ﬁ %rs?%{gtﬁngg%tﬁqag% gng Y 8’%@%&%@} at or
The pur pogge eitarly Reifecuitbis somurrelttyi shedr thediwndssifebdutrrk@ndsoogendhetrespliingm i s to
burn various by-product streans for steamand el ectricity generation. For
exanpl e, %‘Fé‘a{i gnin, cellulose, and hem cel | ul ose remai ns unconverted

through the prehesabaBidilosRd pRividva iy lidit 0¢@8bSStemIdodniime dud foytequiredast ewat er
fromthe process is concentrated to a syrup high in sol ub] eﬁﬁglg'lﬁ ds.

Anaer obi ¢ meinjesnsen and/or breakdavrps ofiferd PREPStRHORIULEYSib RPNt <“@Ri gh in
met hane, bhioxith] | (00 clbie BAE 65biGn R RlelistRIRUDhouRd of it BpekdtiofRS S

(sl udge). ﬁ@@%ﬁ?‘ﬁ’é‘ g?ej’(g,)z}- prlog%ct slt reans sto generate steam and _
electricity allows the plant to be self sufficient in energy, reduces solid
wast e di spBEE™Phsts, and generates additional revenue th.rou'g{; sal es of
excess el ect ri Aicbyveyor belt cainiestde piomess fyedstock fromtlessfived grprasation suhsysteny d H

solids, biogas, and evapor.at SY! . i i lyyypdi zed
bed combud? %F Pfe?ﬁ%"g‘ﬁéﬁ)syg%ﬁm' %? éh\%g"s]? r([flé}{ ggfe{}sl gle?)g%ue é@é&@?%&m‘a}g ?’ewat er
treatnment is also sent to the conbustor. A fan noves air into the
conbustion chamber. Treated water entel¥ the heat exchanger circuit in the
conbustor and is evaporated and superheated to 510C (950F) and 86 atm (1265
psia) steam Flue gas fromthe conbustor

)




preheats the entering conbustion air then enters a baghouse to renove
particul ates, which are landfilled. The gas is exhausted through a stack.
A multistage turbine and generator are used to generate electricity. Steam
is extracted fromthe turbine at three different conditions for injection
into the pretreatnment reactor and heat exchange in distillation and
evaporation. The remaining steamis condensed with cooling water and
returned to the boiler feedwater systemalong wth conde sate fépﬁ]the

vari ous hethe bmbﬂaﬁqutosk isnmadiatedyisingeelostrombeany eanticrn MIXeAY I Water to,

makeup to [ ; NAs GTER1 BRGNS of A
nunmber of %P{%’ééﬁ (?susbi H}ﬁﬁ%’éhg@g)hto?glﬁa%g{/cgﬁ&ggnA%(g%-cr| bed. Nevert h(:I ess,

it will bethebibatast atitothettangea theonniecntaritiuctor(¢.o eduess theyevergeimolgFlaso ut

departing fromt n i SPOBtock
enbodi ment ¥ gl?t@f‘gﬁﬁe\‘i&“@l 1?‘8&/ g%'g élopﬂ Soffe%dfﬁ |I€oﬂr§1&{%%ét)?rgglgﬁ §",°H§%nb| ned wi th
acoustic ey ;ggurr}earg applying Iuaﬁ@dﬁi‘djenetglyeo the sllurrx éoitherchengss the moleculgyrsragture or

ot herw se i ncrease of. a at LI Q

car bohydr a®fh “c‘b‘ﬁi"éﬁsrf?qqﬁn%a ;1 t‘ongt@ﬁmg atign,gnd; f’mf%lé)gé& ée?'trc?a%%ﬁz}vﬁ an
form (e. g. gynbig Rheuﬁecisqa fat B16 S6ihbiRATn B feCliniqueSarPears maewgrememhangevaar ed
cellulosic or I ignocellulosic materials, such as, cell yl ose.

crossl i nki tag molgewlprsirueiure (. Jedvsesihewveragrnelgian yeighan eé@'ﬁ?‘éﬁ”“&é}faaht of the
nat ural Orelﬂpé% et at rﬂﬁﬁgﬁg’ra@ﬂlgvé:&ms%' WitHEBE WishiAg todRboldel Hahdody,ied in a

control |l ed”"and manner é sel ecting the t%‘gﬁw%a%/ es of

radi ati on midpiomyecbd(l@ng;thf; pelyieciaatiomef the bipmass fedstogkbydr Ef

and/ or dos qlqEﬂ% Hents3FakE HlomBE €r i al havi ng
i ncreased &%@%8{}}" e“sv\gg&hs[&%g@u]g&ec 2Bnge ée?‘ﬁ“?r‘g%’dﬁg 5‘ conposi te, such as a
fiber-resi feemmp,aae mdnahmmmnmmhomlmmmsmmrwfdb@mmw feedstegk a

abr asi on reS| ce, Lon s rrpact
strength, E‘@ ge s%ﬁeéﬁﬁngﬂﬁfé ERAE & éeﬁg gulglfxg(fﬁeo% 3&‘?{&2&%&

el longaltl Onul@ﬁsoﬁfc%ﬁf&gy Qrﬂ?xsdhm@es the mo@mﬁxtstrmgure (1:0:2 ,aedumﬂxwemm@%dang It he
nol ecul ar wei ght of a sel ect mat er i an i Qve stability
of the mat weightiand the srystgliinify Sa%fﬁal%capfﬂéﬁ?%@eﬂﬁ?@?’l‘oﬂassfe (gsrtoé;ggl NG the thernal
stability of the selected material can allowit to be processed at higher
t enper at ur giectioh Béaultradigion adati on. In addition, treating materials with
radi ati on can Srhercbhveyer &ehé9hearemngahsblomswﬁmk intodhamsetraqmnent SUbRECALyY t o
rot, e.g.
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car bohydr aoResddté abéttdﬁg)eamfexhﬁfersad%.c Hi‘thisengbedlmemtnﬂad blomass feesistoelois limadiated

pr edet er m ned manner_f or artJ cu application tq,

proper t i esWhidqig dy %ﬂchéﬁ?gﬁ C?EF%%? ‘?% goqvfﬁ%r aSl/npag’gmo&&ir aﬁgﬁatl on
enpl oyed apQhQimifas Eal m‘d&]ﬁﬁﬁl i@éd doavkyot Ibdllrbaﬁiﬁé)ippﬁiixmately ondthetar wisled, t he
conbi nati on of radiation, | ow dose rg‘g g %’l ‘ﬁ oustic Lhergy,
e.g., soniBefore rewmaélml@tr@h mifterna |ogalized @ ‘f‘h&?’éﬁsl uCEHP SHTBMY &N a/ or
monimze epgr Elévéh Siibute the dwmhs's%lf&daaa&ertaamst@amu widthiof thet her moset ,
el ast oner, J esl ve, m xt ures of these resins. Suitable resins include
any resi n,camweycirhtlwe of resins described herein. In addition to the
resin alone. L aedmh Biflmiieydoide bl Beldieas RRbbE GRS ciihabkiigan be

conbi ned, bl en materi als, such as netals, netal

al | oys, cenaititls fr(nﬁ Titan Compomtion, Sah Dgpgp,r(}A)eﬁlr%lmnﬁmP@ to applyrealiof @10‘@%}' S€ or

m xtures of t and/ or b
fiber-rei n‘Pfcﬁ(f"(‘,’\ér H'Qer‘?ts"ga 3%@%&3@)‘?‘3‘3’“@% avi ?i’ggll?rgr%rt%\rls(e%g@%e ing bear
propert lheSdear;iJé@h%tma sWED vadBPRE ! hiets tol@sesjohd th therreitmof the epnyeyoobgit: dn s¢r@<h
strength and/or fracture resistance, ss| i nkin ,

ot herwi se FmRRAIEBENS, glegtins bﬁﬁpé@mea‘rw’ﬁye]ia{fﬁ’tﬁ"&flg r}@} é%sg& aﬁas?{)?n hetl c

car bohydr aj,er,6ap bal/HdaROwiah @é’slr@d Aok, tidridsh Gedstotic density, amd powerapplitd goverti ul
materials 1n many forns and fo many applications. For exanple, the

car bohydr at e- cont ai ni ng naterlal can be in the formof a paper product,
such as paper, paper pul p, or paper ef f11fent , particle board, glued |unber
| am nates, e.g., veneer, or plywod, |[unber, e.g., pine, poplar, oak, or
even bal sa wood | unber. Treating paper, particle board, |am nates or

| unber, can increase their nmechanical properties, such as their strength.
For exanple, treating pine lunber with radiation can nake a high strength
structural material. When paper is made using radiation, radiation can
be utilized at any point in its manufacture. For exanple, the pulp can be
irradi ated, a pressed fiber preformcan be irradiated, or the finished
paper itself can be irradiated. In some enbodi nents, radiation is applied
at




nore than one point during the manufacturing process.. For exanple, a
fibrous material that includes a first cellulosic and/or |ignocellulosic
material having a first nolecular weight can be irradiated in a manner to
provi de a second cellulosic and/or lignocellulosic material having a second -
nmol ecul ar wei ght higher than the first nol ecular weight. For exanple, if y
gamma radiation is utilized as the radiation source, a dose of from about

0.2 Mad to about 10 Mad, e.g., fromapout 0.5 M ad 0 7 d, or
from aboute 2‘?@%&@3%“3%?'9‘5‘?’6 rqgugﬁ{?g&glﬁp tt&ﬁfﬂcfséé’go@l%n gi"%e‘%%o% i ation
is utilizeglga smaller dose can be utilized (relative to gamma radiation),
such as a dose of fromabout 0.1 Mad to about 5 Mad, e.g., between about
0.2 Mad to about 3 Mad, or between about 0.25 Mad and about 2.5 M ad.
After the relatively | ow dose of radiation, the second cellul osic and/or

| i gnocel lul osic material can be conbined wwth a material, such as a resin,
and formed into a conposite, e.g., by conpression nolding, injection

nol di ng orSagieaelsi on, Forming_ resip-fiber conposites is described in WO
2006/ 102543. Ofde iradirdduqneass %’P@“ﬂcg PSn‘B‘&?‘E WH‘%%E&W form 4 5?’5/3?32?‘88&3% Qrt her
increase the i SpHAITHARICEbe PlephrBR s6rEda0N YyileRi BsceRRidavithicach elatreni al whi | e
in the conposite. Alternatively, a fibrous rraterlﬁ%lea&ga cludes a
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conposi tefgogﬁ%fﬁﬁgérﬁaﬁhe conposite can be irradiated with a relatively |ow
dose of radi at ilmeach someatipwsysieny the érradiatesieraase &eflsiock ds fed iteyp gsservoir 1214
| i gnocel | ul osi.c ' j . < il B ' Bhdhekeidmn the
i rat ol deeare A Gk 1agRny Bahefls AR RNt B MR e BB LB e
radi ati on sspspeiate valveo@eanodl of suwematd) wontiol Medldwaf bivkrass feadstork and theiflowe

applied. Using this approach i.ncreases .t he | ecul ar b : mqaterial
while it 1% T P RIOGHEE gi"?&“"'@{fé‘ﬂ °§€‘°5‘a?5ef%"igﬁ‘°?rg‘?r“fa%‘ ?ﬁ'%’v@fn%h%‘%S s the
resin is aw&Ggs§vblumkpiHath fedivdis 1A dnchies Stbler 1240 te sgiatelthadonteats of he .
car bohydr at e-contai ning material incr egﬁes i n_nol ecul ar wei ght, which can

provi de a vojuwes 136 anddignersg blomags fedsterk Bropghe e WA hani cal properties to a

conposi te. For jexanRboation'§temOHR Akl BSpuaid (13 Qusii @ @édeetd intpeiledvarper at ur e
per formance, e havi ng a reduced tendency to break and/ 0{ crack at | ow
1

t enper at urrgp lé?éi from eepqreaint2]f dasanddhigyetne dow gelly 224 B\Qﬁ‘éwg-_a&&} tgsonicn ¢, - 40
C -50 G t;aﬁ%gé}rglz%glgsg@{a BibodthéhCpu 94 Bis SRl B aghBt RS IGL NI g

t enper at ures, e of malntalning their advant ageous mechani cal
propert i essuctt thatshemixiuat 9f tiorgass fesdsieakaand water is supstantiallyuaifpa: #ineteL288bve 100
C e.g., oye 1 50 C ’ above 500
C. In addiatFei %%w céﬁlcz%'c%%g%mﬁg’ghe n gl\}g bgg%gﬁgg}]e:g C (cai %lgg)l &%égegé} st ance,
e.g., resitsbaknlowothsiperlsistsithyoighoat thepipmgtbetweemthe figst byrop asldnlgbl?226 of flevit |

resi stance h chem cal attack, e.g., by strong acids, strong bases, strong
oxi dants (% 3?2;4‘chl orine or bleach) or reducing agents (e.g., active netals
such as sodi umvgtiin (e fia® kil 1224, ultrasonichirafisdireer € pIHiEkinsmitd wirasohie energy mfo or

th tri terial, d t | i [ [ diati |
embodi mon{sHTyIas 15 Gr Y AaPATTRRE VA4 URTPBeCAERaT LA BPEE.
cont ai ni ng:%%ﬁ'fcglré-n@g% o K‘l%ﬁ e duehd}emETRbAitat ehdigy ﬁéfgt,ﬁﬁfasddi&érﬁ@?whhﬁ istdérecul ar
e .

i ght of bohyd - t t I mbodi ts, th
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radi at i on dshiveseskto Kerstisrytthropgy heosfer 4% dAitrasapic fransdpsersatgicqnpraerci
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car bohydrg%'g'-’ gg‘ﬁtfg%lgélhgguﬁg‘tlgéi(?IRI?%M}O%’ Iﬁm e?o m of fi Ber s. | ri sugh

enbodi mentcentinshespoweeof iodalowatéx e utilized in a conposite, the fibers can be
randomy oriented Within the matrix. | ﬁﬂp | daRELS can
be substanti al ?l'se ‘&WPSé’Hicga?rg%E%‘iﬂ?hg%é‘fo# g@ﬁ&é&s&? \r}\% g%ggﬁléﬁ%ﬁirﬁg fections.
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foll owi ng additives can added t fibrous materials P Lorous
mat er i al s SEAGCAYRIOR IHEPCERHTEINR g?g]iﬂ“‘i@ﬁ%b%«%‘%%a{ea&%m qngrgtggﬁée’% gﬁﬁ‘fa‘w
Additives, e.g., in the formof a soli d, a liquid or a.gas, can be added,
e.g., to the conbination of a fibrous nmaterial and resin. Additives include
fillers such as cal cium carbonate, graphite, wollastonite, mca, glass,

fiber glass, silica, and talc; inorganic flame retardants such as al um na

tri hydrate or nmagnesi um hydroxi de; organic flame retardants such as

chl orinated or brom nated organi c conpounds; ground construction waste;
ground tire rubber; carbon fibers; or netal fibers or powders (e.g.,

al umi num stainless steel). These additives can reinforce, extend, or

change el ectrical, nmechanical or conpatibility properties. G her additives
include lignin, fragrances, coupling agents, conpatibilizers, e.g.,



m croencapsul ated, e.g., to protect the additives fromheat or noisture
duri ng handling. - The-fibrous materials; densified fibrous materials,
resins or additives may be dyed. For exanple, the fibrous material can be
dyed before conbining with the resin and conpounding to form conposites. In
sone enbodi nents, this dyeing can be hel pful in masking or hiding the
fibrous material, especially |arge agglonerations of the fibrous material,
in nol ded or extruded parts, when this is desired. Such .

aggl oner at feaisck ilokring; fesevamplenceilalosi Mﬂb‘ﬂ&@ﬂ“@]ﬁ’%@f?&%ﬁ”‘%ﬁg‘ﬁ’é’ PIC&A® show up
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fragrance inh:t dhesecandposipt1 @30 whxbbpmmrmmmreen(bw (%gbylumtawer %1 about 10%

by wei ght, %y bet ween about 0.1 % and about 5 %or 0.25 % and about 2.5
R R%?ffﬁsg‘f SRS fragrances include evergreen or redwod. O her

f ragr ances i nclgeiRammpysens cun inchiierrsinglestoveptietes gesciedebove) ?frfé‘ﬂtlﬁlﬁear m nt,
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Distillation
Distillation and molecular sieve adsorption are used to recover ethanol from the raw

4.

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 conposition of claim1l wherein the material has a crystallinity
i ndex of about 10 to 50 percent. 9. The conposition of claim1l wherein
the material has a BET surface area greater than about 0.75 nR/g. 10. The
conposi tion of any of the above clains wherein the naterial has a porosity
greater than 72% wherein the porosity is determ ned by mercury
]E)p[)om rrﬁt ry. 11|. The conposition of claim1l wherein the material conprises
i bers having a |l engthto-dianmeter ratio of greater s
con?ponents not utilized by the organism, or inorgamcq compoundstirrll ﬁ‘fe‘ b%tr)n%lsjst eng up in this
stream. Recycling too much of this material can result in levels of ionic strength and osmotic
pressures that can be detrimental to the fermenting organism’s efficiency. For the water that is
not recycled, the evaporator concentrates the dissolved solids into a syrup that can be sent to

the combustor, minimizing the load to wastewater treatment.

Wastewater Treatment
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
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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 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-
125



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
127



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 composition comprising:

a cellulosic or lignocellulosic material having a peak average molecular weight, as
determined by Gel Permeation Chromatography, of less than about 25,000, and a
crystallinity of less than about 55 percent as determined by X-ray diffraction, wherein
the material has a bulk density of less than about 0.5g/cm3, as determined according to
ASTM D1895B.

2. The composition of claim I wherein the material has a BET surface area greater than
about 0.25 m*/g.

3. The composition of claim 1 wherein the material has a BET surface area greater
than about 01 m*/g.

4. The composition of any of the above claims wherein the material has a length to

diameter ratio of at least 5, e.g., greater than 10 or greater than 15.

5. The composition of any of the above claims wherein the material has a porosity
greater than 70%, wherein the porosity is determined by mercury porosimetry.

6. The composition of any of the above claims further comprising an enzyme or

microorganism.
7. The composition of claim 1 wherein the material is sterile.

8. The composition of claim 1 wherein the material has a crystallinity index of about 10

to 50 percent.
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9. The composition of claim 1 wherein the material has a BET surface area greater than
about 0.75 m*/g.

10. The composition of any of the above claims wherein the material has a porosity
greater than 72%, wherein the porosity is determined by mercury porosimetry.

11. The composition of claim 1 wherein the material comprises fibers having a length-
to-diameter ratio of greater than about 5.
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