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BACKGROUND
Cellulosic and lignocellulosic materials, e.g., in fibrous form, are produced,
processed, and used in large quantities in a number of applications. Often such materials
are used once, and then discarded as waste, or are simply considered to be waste

materials, e.g., sewage, bagasse, sawdust, and stover.
Various cellulosic and lignocellulosic materials, their uses, and applications have

been described in U.S. Patent Nos. 7,074,918, 6,448,307, 6,258,876, 6,207,729, 5,973,035
and 5,952,105; and in various patent applications, including "FIBROUS MATERIALS
AND COMPOSITES," PCT/US2006/010648, filed on March 23, 2006, AND "FIBROUS
MATERIALS AND COMPOSITES," U.S. Patent Application Publication No.

2007/0045456.

SUMMARY
In a first aspect, the invention provides a method of increasing the molecular
weight of a wood product, the method comprising
irradiating a wood product comprising a first carbohydrate-containing material
having a first molecular weight to provide an irradiated wood product comprising a

second carbohydrate-containing material having a second molecular weight higher than

the first molecular weight.
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the invention provides a nmethod of increasing the ’

nmol ecul ar wei ght of a wood product, the nethod

conprising 30irradiating a wood product conprising a

first carbohydrate-containing material having a first

mol ecul ar wei ght to provide ania rradi ated wood product
conprising a second carbohydrate-containing materi al

havi ng a second nol ecul ar wei ght higher than the fir b .
nol ecul afn wesegend aspecly the ipved e‘brﬂﬂo‘g&eﬁe%t",vo h@ro‘é‘uct priduced. in

| IMERLAN RN fiEflofotRORPEAYCt produced i n

accordance wt e nmethod of the first , ,
t hi rd aspecthirdaspsct, thearianen Br,o&i@p%@e O(ilrgfts rﬁ%%g%?r! itradiated wood

rra#rlo(ri]&t ﬁﬂ/u{g lﬁé}gals@& ﬁlglewgrdweight, the method comprising

providing a wood product comprising a first carbohydrate-containing material
having a first molecular weight; and

irradiating the wood product to provide an irradiated wood product comprising
a second carbohydrate-containing material having a second molecular weight higher than
the first molecular weight,

wherein the wood product is selected from lumber, a laminate or plywood, and
wherein the wood product is irradiated with x rays, electron beam or gamma radiation,
wherein the wood product receives a dose of gamma radiation of from about 0.2 Mrad to
about 10 Mrad or a dose of electron beam radiation of from about 0.1 Mrad to about 5
Mrad.

In a fourth aspect, the invention provides an irradiated wood product produced -
in accordance with the method of the third aspect.

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



product having increased nol ecul ar wei ght, the nethod
conprising 5providing a wood product conprising a

first carbohydrate-containing nmaterial having a first

nol ecul ar weight; and irradi ati ng the wood product to
provi de an irradi ated wood product conprising a second
car bohydrat e-contai ning materi al having a second

nol ecul ar wei ght hi gher than the first nol ecul ar

wei ght, iowherein the wood product is selected from

| unber, a lam nate or plywod, and wherein the wood

p mixtaseganiisigs forprogddeasefid pwidtdts, such agiyydrogéngaltaholy (dsaesthaent or A
g radi ati. wher ej nt g Vs ;
BRSO Rl (PRMES ofmicurs
abGuy ofitheshr ad or a dose of el ectron beam radi ation of

from ahtn)Qﬁétas&pt}tthg&tiBQfeﬁmyﬁletﬁomf @i%gi - | hbl@uibOdtdttte of a

aspect, the i1 nvention provides an irradiated wood
phiowess feepsiashy thedgclude preparing the biomass feedstock by reducing one or more

dimensions of individual pieces of biomass; pretreating the biomass feedstock using two or
more different pretreatment methods that each change the molecular structure, in which the
different pretreatment methods are selected from radiation, sonication, pyrolysis, and oxidation;
and processing the prepared and pretreated biomass feedstock to produce a product.

In some embodiments, the biomass feedstock is prepared and then pretreated. The
biomass feedstock can also be pretreated and then prepared.

Reducing one or more dimensions of individual pieces of biomass can include, e.g.,
shearing, cutting, or grinding.

In some embodiments, the two or more pretreatment methods are applied to the biomass
feedstock at or about the same time.

For example, the two or more pretreatment methods can include radiation and

- sonication. For example, the radiation can be in the form of an electron beam. In specific
embodiments, the electron beam radiation is applied at a total dosage of about 10 MRad and the
sonication is applied at a total energy of more than 5 MJ/m®. Radiation can precede sonication,
or sonication can precede radiation, or radiation and sonication can performed at or about the
same time.

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

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

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

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



in accordance with the nethod of the third aspect.
Cenerally, this invention relates to

car bohydrate-containing materials (e.g., bionass
materials or biomass-derived materials), methods of
maki ng and processing such materials to change their
structure, and products made fromthe structurally
changed 20 materials. For exanple, many of the nethods
descri bed herein can provide cellul osic and/or
l'ignocellulosic materials that have a | ower nol ecul ar
Vveér@dahoraﬁbdélsms aridyexidatidni anid icyntacehgrthe materfabwah mmicropeganism having

ggﬁ Egtyﬁ%?oénvei;y égeaﬁttaggxfur)rrle L hogﬁ aBran}{ﬁ g?er%?{/b%\jfe?éhﬁ of l&faterial

Mcthopvdpan suehras ztczompusmdquﬁel usef uI products, such as
hy dr og{e QOmeaelm%gagllerﬁs R t\g%g n?c{[lgﬂﬂﬁlsnt trpa%émx%gt)wds HcR@diagiation

, acet1¢ acl roca ons CO- pr oducts
( endgsomcqgnpmtr@xqtpgr) a:@roxnlpt)@pm@glogﬂndegygpllgqnop,ﬁ@g@tnon and oxidgtiqn,
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c biafmgs withen foid @awhar structure, in which the different
pretraat nentmﬁ)”?ltgpés at lgarsteabSQS(evc ag?erceglgm v& ?A attfle%mass 1s un-

soni ¢ processi ng
t hﬁir@mﬂlarge dt leastht B5 Bttmeedwercelgbt afthedionfassdris pad benthydrolyzed. In

p%gilflg S'n}?)dﬂ{ ad l’kﬁ{;s’tantlall nond d? tﬁ%ﬁ%a&@@&hmﬁﬂ i.he
eedst o

I"oness repared and then pretreated._ Th
b| onader ¢Xe@m1§¢1@eqm€@aw0<am§'65 pideashane pretagaspenbmehqd jepprformed on

PhBRESs Gfwhich less thalRGSHEI T}BrcBil 8y FEightRE the dxbﬂi@s@Sd vedied @fth a liquid,

i ndi vi dual pieces of bio s can inclu

Sﬂ@glaﬁ \ﬁaéer éwltﬁf:ﬂld in §om r@%fnﬁr&s at least one ertrgagrﬂ%mt method is

e phehdnbHmatdie whishsubstartiailyenopé efttliecidnmBis watkddvotis lignid, such
a%%!%i ed to the bi omass feedstock at or about the sane

For exanple, the two or nore pretreatnent
met hod¥e biamass gl hade e. gaussahan@houaﬁtb pstspit Ga wveight. retpiged water,

e gee(?at %Ja,eanﬁ%f@;pegght vpﬁnﬂuﬂtyt he form of an

ectron eam peci I ¢ enbodi nent s, t he el ectr on
beam Amghimgtembpdinents pileastee artetr%etweetra?thq%é'a@f-’epebff’m%ammmass
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ener

s L ek e | o S B0 £hPL R SHE s
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Sare tPJorng(b.mple, 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, €.g., radiation, is

performed on the biomass feedstock while the biomass feedstock is exposed to air.
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For exanple, the change in nol ecular structure of the
bi omass feedstock can include a change i'n any one or
nore of an average nol ecul ar wei ght, average
crystallinity, surface area, polynerization, porosity,
branchi ng, grafting, and domain size of the biomass.

I n sonme enbodi nents, the change in nolecular structure
of the biomass feedstock includes a decrease in either
one or both of an average nol ecul ar wei ght and average
crystallinity of the biomass or an increase in either
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In sonme enbodi nents, one of the pretreatnent nethods
is or includes radiation. In sone enbodi nents, at
| east one of the pretreatnent nethods, e.g.,
radiation, is perforned on the biomass feedstock while
the bi omass feedstock is exposed to air.
Pressure can be utilized. For exanple, at |east one of
the pretreatnment nethods, e.g., radiation, can be
performed on the bionmass under a pressure of greater
t han about 2.5 atnospheres, such as greater than 5 or
1 Qirsgtdmﬁsﬂmf aeﬁtst cT)hallinftyJ ambiie @amd kellutobetias & second deystallinity lower
i di,zi in steam ' i
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cotton, y hetlc cel l ul oses, seaweed
mfaqreiides fiprous patedal Hosexamplsaihe shearing cwbbe@r:rf%'aﬁ* yillkn ey Kgife
N 3kitkéF. afhe Bberflo I MbASH indteAB AT Hadd, e.g., an dukdgengH-tOHiaibied ratio of

i ncl ude ane or re of, hydrogen, ohal s, and

P G e B PUSGUSRTS 0 Vo e G e A et than 025
ebfignol , n propanol i soproanol, n-butanol, or
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per f orme 11Zing an 1onizing radiation, such as
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I 6t dhRRidO AL WA FRtONRUE 28 BtiNardfor & bREDaAGMALas /A6, BRarfattant, a
about 280 nm, The ionizing radiation can include

e MéErd- SR HEiaiE28d-at i on. For exanple, the
r adi atIh wme(bﬁibod?ﬁexﬁd;)ﬂlle bﬁdlaﬁtfee&sttto@ﬁsairetﬂﬂ&ﬁlsinﬁ alygbree@mmore of

r 53?1@ ‘%ﬂ’ so%atlotn ;tayp ys?sboHt xxéﬁxoxi dn ?ﬂy d‘%u 8pat Qbsouﬁ& %an g?xg to

about Id GhoMeoadpest, the invention features methods of makmg a product, such as a

combustible fuel that includes providing a material that includes a carbohydrate produced by

pretreating a biomass feedstock with any one or more of radiation, sonication, oxidation,
pyrolysis, and steam explosion, 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 a nominal, unswollen state; and contacting the material with a
microorganism having the ability to convert at least a portion, e.g., at least about 1 percent by
weight, of the material to the product, such as the combustible fuel.

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

hydrolyzed subsequent to pretreatment; and contacting the material with a microorganism
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In some enbodi nents, irradiating includes applying two
or nore radiation sources, such as ganma rays and a
beam of el ectrons. For exanpl e, sonication can

be perforned at a frequency of between about 15 kHz

and about 25 kHz, such as between about 18 kHz and 22
kHz. In some enbodi nents, the biomass includes a
first cellulose having a first nunber average

nol ecul ar wei ght and the carbohydrate materi al

conprises a second cellul ose having a second nunber .
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having the ability to convertg at | east a portion,
e.g., at least about 1 percent by weight, of the
material to the product, such as the conbustible fuel.
I n anot her aspect, the invention features nethods of
maki ng a product, such as a conbustible fuel that
i nclude providing a material that includes a
car bohydrate produced by pretreating a bi omass
feedstock with any one or nore of radiation,
soni cation, oxidation, pyrolysis, and steam expl osion,
wherein | ess than about 25 percent by wei ght of the
bi omass is hydrol yzed subsequent to pretreatnent; and
contacting the material wth a m croorgani sm



having the ability to convert at |east a portion of
the material, e.g., at |east about 1 percent by

wei ght, to the product, such as the conbustible fuel.

I n anot her aspect, the invention features nethods of
maki ng a product, such as a conbustible fuel, that

i ncl udes providing a material includes a carbohydrate
produced by pretreating a biomass feedstock with any
one or nore of radiation, sonication, oxidation,

pyrol ysis, and steam expl osion, in which |ess than
aRfnih the 5r0|3@§lﬁg3§}'§tellﬂy THéewg bt mat pteh@trhdnomses h® ajramged in series

C ARt afnar Gueh Lot iR AR R0 BF b

tfysemmvemhheainclueaSVesal portion, e.g., at |east about 1
perce f

such I’i ?frg %egljghlfg tuRl rrt;on?eaﬁﬁts ?}”s{eﬁlg thtdtqnéhtshg ra}gga&QH Glssel
emamlmwsreawmorn@s mafgial thatdhaliesles ascarbebydratyy Thapresatedpiomass
dinEtfel‘?aﬁ %ryrod% by 6RL HBMa BRfiRASeinThe exanpl e, the two

erent” pretreatnment nethods can inclu % i,
¢ adi aFPoTpE LR ##p, coptaiaT HMICHATEANYD ByPrta rvalp,t e materia

I & hidrdoPganAR dxa\ﬁryg R4 A71RY 10@Bnves @NbasE oRidn 3Ne Mutbrihdtol apnduct,
soni cati on and rollzatlon or ox+dat|on

b c2aE PRble SL (ol WPkt PG+ L BB g
| §obiucido &1 @Ms@@{eosxmonooo L. I n anot her aspect, the

f eat
Iagv Zn IB‘%;%E@IE%? l#)résy]stuxglcan 1Pr.huc](e 2. r%drg?ion mgdu?e a%ﬁ ggéﬁ?cgnon%ﬁnle
mat er iladnothemepect the dpventioa flaitotey ghrlmhgd:pgz g@t@@@.ﬁ)rﬁgﬂced by a process
p{hgt 15&1%% O[Fgregt d&'%%ﬁ‘éa?eq bgm&q&ﬁstgc@%t‘aﬁ)f&eﬂ fhbre BAMAIRNE,

I on, sonicatlon, oxidation,

pWGN}DSJ oxidationgpyselasisang ﬁ@%@ﬁpbﬁon diveexapnlearreteaipecHebe
nPJrﬁHcﬁlmWaB)htv@ oF 6l @PFagiRfinS Bhid M h elidb iR, FyRd1Ysist 3hd ts@am
convert at least a portion, e.g., at | east about |
pBPSAL by wei ght, of the material to the product,
such asarbiher a@ﬁbﬁbﬂﬁﬁﬂvbﬂtﬁn fodtates carbohydratmeeealamniueqd bly la@rocess

ear bi omass d scr er
I %‘ﬁtd’ﬁi %Fsdﬁ?t?ﬁ’é“tgé e Sntged%t 7?([5’5‘ Y9 roé) Zﬂ"er tfﬁ aﬁ%b&gm%on’
5éxldatibg pyrelydisahdsteategplbsionass can have i nternal
fiber I, a
hat i, AR, RARcLE s?ﬂﬁ?.‘*%"m?@de%zl?&@ &
Flagnoeskalnti¢ @ateqahbavmg@ma#anm@mb@@lﬁpu@hw@sféa fets than absut 2300,

t Qﬁtﬁéﬂ')’stal‘ﬂﬁf?}' o Ilégyihﬁ S8k hircdl. HoP&@mbleAhe ciflvdic (Q aﬁ@nocellu]osnc

n anot her a . the in ?? g? ? out
b'F‘Efﬁ%?é eanhave ROREIRY ¢ rgrfe'ég‘éﬂ?gmgy%t’f‘é‘ﬁgt 34 UIEA ah'3
b 2838 of LRMSdASH Jf lefythBdnaboud 0.5 R | For Exumpicptielcimpgsitinzen

p{”&?l ec 2%{mbl W@é{,a%\%bgr nore of the foll ow ng

radi ati on nodul e arranged to
appl y Ir adlhatalsm the irtvérgioh feats sompasiGam thotinéluds aseittipsis or 2
:grngc ?ﬁgmé rgat%p#) hXt 1§c?lﬂi|e§ﬁ ge Fl‘gé/ cehlgO;l(h& It &gmrc n?aﬂ:nal has a

e arrange oxl di ze t bi omass;
paerlomypgingm mothghler \mghmfg@el ﬂrﬂrbabawﬁwo% angta ‘t“<9< depsaty of less than
thﬁ%% ngnd a bi omass transportation subsysten1to
nmove the biomass to and between npdules wthin

pr oc e &sinperaspeeiethe inveision fgfurs mahods "E)ﬁ“%‘%‘?ge“&{“ﬁ‘éqﬁfs £udFasa iber-
NREMLRD oS habinbidmORidting 8 Bbo@SmaARl 1Qit itludesy firftiag Btbsic and/or
treat a portion of the %IOHH&B at about the sane tine.
For exanpl e, any systemcan further include a vessel.

I n anot her aspect, the invention features systens that

i nclude a reaction vessel containing a pretreated

bi omass material that includes a carbohydrate. The
pretreated biomass material is produced by any nethod
descri bed herein. For exanple, the vessel can

al so contains a mcroorganismin contact with the
material, the mcroorgani smhaving the ability to
convert at |least a portion of the material to a

product, such as a conbustible fuel. For exanple, the
vessel can have a total volune of greater t han about

. Y~~~ 1 N . — o~~~ 3



I n anot her aspect, the invention features carbohydrate
materi al s produced by a process that includes
pretreating a sheared bi omass 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,

soni cation, oxidation, pyrolysis, and steam expl osion.
I n anot her aspect, the invention features carbohydrate
mat eri al s produced by a process that includes
piigtaceaddsiegnaeribli hovias s fifserdetibrieisit topravifp aseendellyenicand/or
th é{o%giu@ots{c%enﬁ%{uﬁﬁ ée&{hﬁ %td/e%t hléﬁé{ tﬂlxrytﬁé fRrst Mu]ar

am expl osi on er aspect,
i rweht prsrrombiaing ﬁ@§ecet!ﬂm6§i>ﬁvq a@ﬁ/@r Hgmageliplor raa@labwﬂh a material,
celdnul oRLig. or a lignocel lulosic material having a peak
maxi mum nol ecul ar wei ght of |ess than about 25, 000

and a Brgshes P%PF%ﬂieyn\@flﬂcrnefgaéuf?SH%ﬁtM% feking comppgiish, such g fiber-
eX@MbRposité) %aﬁiﬁ&lbd&' c@ﬁbnﬁm@ b matelidl NECE b kdsinOitiCa fitdue Flagkial that

can ave oro reater. t han a out .72
SarePull G mlmreen st ot Py el P T rpovide
deﬁtﬁ;bdsiye thdt uic&nﬁ& thelfibifoua hatetial @odba igdtdxyBod For exanpl e, the
0 n _can further incl n.en
u% a% tlhe composxtle to mcr ats?] m rlecauéay gvgllgﬁ o{ En ﬁ%%gﬁ?&é a?lﬁ/op
f é;a!tqqd@bsm onpos\l“tlﬂlmnlse rhda, SuCh e$ uden matgel | ul osic or a
i gnoGg L&Jldﬁlepﬁbfct %tu?\reiu@n féah@és rﬁeﬁﬁhé@ ﬂéklfxé Wp%sntesg E&h as a fiber-

cellul osic or nocellulosic materi al has a pe
minmarmqms&amndﬁdwm%mg afibusgraterighihat ishydes 2Amst erbiglosic and/or

afghoRelRIdsiK nd@AR ihkdingdd firkt@sotechiBralei PR provide 2 s@leElﬁ:ellulosxc and/or
I n anot her aspect, the invention fe at§res t hods, of

nﬁ&wﬁal%ﬁﬁﬂamlé§V1ngsalfewngg1°§°‘fIW§+gh P gimofgcular

t %Igh’d; «f&lbﬂﬁ% thd seasld aftlllul’d)gc andfdr i prdQiuleEit Raterd] with aaterial, such as
ncl udes a. qﬂd/or &lgnoceIIuI05|c

At pronids  hraSiE i Rl st BTG oroos de

s econdn e@kHetdspsi, treamveiton fdatugs wéwbdlsu:lf w@kmg imadiated wdod products

19& Iplso%ﬁl q »JS‘BJ; ﬁrﬁhﬂg@%"’ﬁcﬁ&@éa fﬂktgs}%hy& (AN t{lﬁf\é llnﬁtérﬁal

I’TD ecu e secon oSl C
ahatingr first e 4-r|“(9| et prd iprediating &16 wapd mochwtrfap@wrimn irradigted wood

Aproduct @§t||ﬁlﬂudes a seconh E‘ar&ﬁ?&r&%orﬁﬁtﬂ%aterfah&ving\d %Bﬁcﬂﬁblecular
features neth k composi tes, suc

f VR hf%%‘"”l‘?“é‘&?rfﬁ%&"ieé“mt"ﬁa&ht Fﬁ&?’iﬁﬂé‘%’é}iﬁ?ﬂi‘ﬂdﬁ&m&“ﬂhe‘ include
nﬁin&ﬁtin@] e. g.peicHto Adftef off Bdulrentiyd viith tide 1frddﬂihﬂgls mat eri al

t hat des a.c qu i.c _and/ or
ot o MOHETE A5 R G pERInE SRR e iRl ogliase
chnvpxgmﬁtsemtdﬂmt avieragd moleslar veiglit] iondatmg fmifiest maﬂenasl toprevide a
LEr h
F&ld aée;%nl&%at 1 @Qes?&l Eog,eé |V%§§9é§gﬁ?q§r{+1§g agerbé%gryo?e@ﬁ'l% weight
| loyerbas thqﬁragumbmtequp aiolepilarhweght; prsl combiping theseserd majerigl with

r §1§1icﬁ>o@ﬁ1 kth XThe mxcroor&iﬁ ANRER&! e ASBGfehts ol RIS fhe second
features nethods of “maki ng conposites, such as a

f et padingoreoinieses teasfinstyanteriph ki prrgece ausefplimatariahye g, 2

f éogi/bﬁéﬂiﬁlleﬂm & or layllarrlpl%aﬁle bd’ﬂxﬂitubimﬁsfuél cdnl ifichide 61@4 dr llﬂo@esdf Gydrogen, an
or |ignoce sic materia Vi n

oLl e a@}ﬂ’taLi‘IY O St al i Berared St igpol or

| bugpnoiceg.| v BSioet-badner i al havi ng a second nol ecul ar

wei ght higher than the first gl ecul ar wei ght;

combi ning the second cel lul osic and/or |ignocellul osic

material with a material, such as a resin, to provide

a conposite; and irradiating the conposite. In

anot her aspect, the invention features nethods of

maki ng i rradi ated wood products that include providing

a wood product that includes a first

car bohydrate-containing material having a first

nmol ecul ar weight; and irradiating the wood product to

provi de an irradi ated wood product that includes a

second car bohydrate-containing material having a

second nol ecul ar wei ght higher than the first



In sone enbodi nents, the first material includes a
cellulosic or a lignocellulosic material. For exanpl e,
the first material can be or can include paper, paper
products, wood, wood-related nmaterials, particle
board, grasses, rice hulls, bagasse, cotton, jute,
henp, fl ax, banboo, sisal, abaca, straw, corn cobs,
rice hulls, algae, seaweed, coconut hair, cotton,
synthetic cellul oses or m xtures of any of these

mat eri al s. In preferred enbodi ments, the first
mat er iTakonermibadimbwgs, theimst okteral fichdesaseliniasisror alignopeiiulosic

. ﬁaleugeﬁore RESIS HRIAY gt B b%faﬁ@al;ﬂ,md@pipexb&;pe@%ngs wood,

earin one can reduce the crysta |n|
f WBP‘bU@‘eﬁﬁta@Fl?‘aIPafaﬁ‘ﬂ beagth SREsFY HieSAEY: Q?%TSF’Ga'Fqny!“W hemp iy

P bR SsishC ALY, SIS, éd&aéobalns@hmxsqlga@&a%aa%oa&dut Kairf dbtton,
and/ or mol ecul ar. wei ght. For exanpl e, the shearlng can

b&MHEHE SHWes ofimiktuses ?fd‘f‘éi’ﬁ}h?@ﬁ PrEidtter. I1n some
eﬁbOdlIﬁBI@fe&ed iR difriehts, Aheirfita®Fiklad in iR Forbf @ ViBlo@GRaterial that

I en odi a at.i o f reatgr thap 5/1. The. .

¢ FP0es e P e s s fouth SHrarg aoue g redyegyepryshifinicy

suof £ fedus anaedalahd @h @aikesynerdiaicaly. vith ahﬁ]%b@ssamﬂﬁlqm that also reduces

POLQ rt t,2 crformed Pith s
cr%eécﬂ %r%’ éxaftlorqm% eculgr %eléif’f‘ PI;OES %? Ilehfge I&E&f“ng I‘?B éorm ci ﬂ th

i ooteiry knifg cutted| Iatscpmmembsdnmhntashegféommmataw h@ran avetﬁeahnzslﬁ-m-

emgg&% QQOfbgmgqﬁgghred enbodi nent s, the nicroorganism
is a bacterium or g such as a yeast.
¢

some dhb Bt mder @conti ﬁ@te§ ah@vwr&béBEaﬁ‘gfaafgﬁearﬂﬂg@etEﬂt%an025

R/ g Bld/dr & pérbsity@@grbatéBaM bbotb2REce@Nt | ower than the
first nung averag&enolecular

perc ent SW\R@P“““"“‘S’ Wredintngds &‘?’@E"B‘i% dthse é’g‘zlnﬁ Iadiation, such as
[ guh{nw}eyssaheaa"ammgelacnfoh&)er source to pr ovi de a f irst
fibrouys i ncl udes. cel | se hav

first n%rg% et ‘é‘e“gs shs O 2 ﬁ"tcgn s Juch, Y

t yeastf i r st flbrous naterlal to prov1de a second flbrous

mat er igdlonk Iaﬁl{:oduﬁé}ﬂ uﬁi@?ec@nd%ﬁhhﬁ'a?{n‘fge %Yel:lﬂ& v@igﬁﬁg st about 25

nunber avera ar wel ower e first
nisFasatrlovesy éham fe fipphusebay aazﬁraﬁeen@}mtﬂar ®pighir S0 REFES VR

syner gietHolicad &x%xa&dtdaht i&ﬁaeﬂ;ﬂeﬂmgta @bér@@lu@eeo Broyiad afirkt fibkduy
and/ or nnlecular wei

FRIFETHbhat R dees! %mﬁmwgﬁrftwam%exﬁwe RGPl ) gdining

nﬂleﬁl@tﬂb@ﬂlﬁ imaRtial to providddxbdvad SbatuemdérbCthasethdesuatlilulose having a
ﬁ%cotng num e{' zrwaer%lgea ﬁli)l?«.gzllag w];ilg,ﬁﬁgwesf L?Il{ t?x?e {irrstg r{uglr't%éar ﬁg%;?g%grx\?ﬁee}ngare

BRI 0sé®havi hg a
pdight UStearingsamindrk symengisticaily with radiationetd reduae drystialbaity adiar ce
t hat..lpskiudes cel lul ose having a second nunber average
? uaFaFgﬂE| ght less than the first nunber average

mol ec 8tk rmf%@flsg‘my furispinelpdecompiging s speopdianteriabyith 3 ber
SRikfoS@ariéh. Pr ovi de a fi brous

Methods are disclosed that include irradiating a fiber source, e.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



material. Relative to the pre-irradiated material, the
irradiated material can be brittle and nore

susceptible to "opening up" during the shearing. Such

nmet hods can further include conmbining the fibrous
material with a m croorgani sm Met hods are

di scl osed that include providing a first

| ignocel lulosic material that includes cellul ose

having a first nunber average nol ecul ar wei ght; and
irradiating the first lignocellulosic material to
pmecridie Relagedothd piciigaintaniateriels the irminted imaferi4! loan be brittle and more

[ 2 cond nunber average
Qﬁk%ﬂﬁ% aélﬂk%ﬁ mﬂﬂgi g%ﬁnﬁie first nunber average
nol ecufughk rnw@(pcg lgan further mcludeglggthﬁgtttwé‘@gougglﬁteqlqy with amicroorganism.

' Ncl udGer QTR RishBseli Bt iRQERPFVIdZAEE hédé'cé?ﬁloﬁc el thad
th a mcroorganismor renoving lignin fr

t he
s é‘t?b’ﬁ%f cPlivise ame Y pw%w&ws%m%% g fnd gradiating th first
d@ibadg8liufosie ehal®R4184 probide Pdacbnli NEdcARIBEIL Matefal tHakincludes cellulose

de-l.ignifi terial Groorga i th
RS o Qo reregs i S G e o P g sverege
proEedsiweighcan be utilized as a processing aid for
E/L?ﬁgl Su‘g’ha x(rﬁreth%i[s c afgrstheegm?lﬁ € C%%bltl‘l(l)lé g%gcrldgc\?/h%g&h%m% matenal with a
f mirougnisatoereinaying hgoin frone the sheenddighdcgliudesés magsriakig p@vxde a de-
f hgrﬁﬁed af arﬁ\fﬁeﬁﬁeeﬁbm% feHL- ﬂgmmﬁln&%an v@lm%&rxb@&nsm
st rous material to provide a densified first
f miprennganisnt Eoriexample the ligrip fem sheiprrgessing candis §fikized b Fprqcessing aid

f tdpbRMRs St &h béburied tPprBdlkslgerydensi fi ed second
mat eri,al that jncludes cellulose

b o i S5 Sl Dl o e B Pe R L O PP s

NedRREe HAVIag AFRt MEibeCavtrage ivddcgiai weidherisisiflying the éirst filweus material

\ng pé%vu%/ cade rﬁ%gs él ﬁfs?é?{éus atteng éngia}rqelhdg trtiigo{cl}g tdt?nﬁljﬁgcY\Frﬁt ﬁb{ous material

amprpidedssifieg se;bxepnzde'sbmat lrethdésaceldilose having a se@g@; txpmber average
Sfefhication,

S S5, 8 S D8R,

f WB"(‘;‘ISWF&*FQCQI Iy a1t argagistionie fpayer malegulas waight %F@rafsﬂ fncgegse

PIeYkIgRt laawsue@kufglskeﬁeeésnmh&&hal and then combi ni ng
the second fibrous materjal wth asg%%f or

R sm . .
To fu @Wet%dﬂcqnﬁ“’f}ﬁ’éln?lwﬁem?181ﬁg e qlg%[ﬁbmus material with
V\Eingui’dorgaﬁxsrh bﬁﬁ&ﬁkxh@lh@%end&lﬁmﬁ'&ims n€ateffial to provide a second fibrous

[ | ul ol d/ t b
crPTa g Rt e oA BT e Ha C g eoraaidn
Met hod® fither ill i cleosduckidnlofithe mttbuldeveghmfGqulhgosa ah pzgine, €.g.,
n?éeﬁulo@‘llc é g—ﬁ n%r ygv?eﬁw% g}f,enp cahte. gﬁwch Q%h ar rggtﬁ'otd dQst%%g r
aver a cu ar wei rovi de a sec mat er al
th%mnlncludes ceIIquse haV|ng a second nunber average

ol ecuplodiel &MOSL@M‘Q Enclud@bnfchihglal first naRHARIGE inBM&E 8d8lose
nol ecul ar wei ght; and conbi ning the second materi a

whaviRe & fiFst RUmst 3y aBSAR P HE W Figh! ORIP Ydia PR fajerialdhet includes

eecgulosefhﬁ\ﬁﬁ@d'ge&n@ furfbdh @JeYHg§ Roledulat Wetgﬁt loW&r€hat @R number
mat eri al 1IN s I.nst ances, t e{ rst materi

t ayefasedaﬂ&céga‘vﬁrg%f B SyrpkieiPy Uf secqnd garia R The
f rietoorghfism etdaept.g, feinttts@OoIe st bdneerisi it sec@d nipeeriol; and dmsome
i ncl ude hydrogen, an al cohol joan organic acid, a
hydrocarbon or m xtures of these. A preferred nmateri al
is ethanol or butanol, e.g., n-, sec- to tbutanol.

In sone enbodi nents, the first material includes a
cellulosic or a lignocellulosic material. For exanple,
the first material can be or can include paper, paper
products, wood, wood-related nmaterials, particle
board, grasses, rice hulls, bagasse, cotton, jute,
henmp, flax, banboo, sisal, abaca, straw, corn cobs,
rice hulls, algae, seaweed, coconut hair, cotton,
synthetic cellul oses or m xtures of any of these

mat eri al s. In preferred enbodi nents, the first



The first and/or second material can have, e.g., a BET
surface area of greater than 0.25 nR/g and/or a
porosity of greater than about 25 percent. In
some enbodi nents, the sonicating is performed with
sound having a frequency of from about 16 kHz to about
100 IcHz and/or an intensity of fromabout 30 Wcn2 to
about 600 WcnR. In preferred enbodi nents, the

m croorganismis a bacteriumor a fungus, such as a
yeast . In sonme enbodi nents, the second nunber
averpgethabiscoattrt, towpdyict a psefubmateresh §12., & beythustiize fyelr Eerrgrample,
| %%sm%me hili@af bd & Larl IHETRR y 220 30 G1c RN, 3 bgific 0k, D1

ercent | ower hods are di scl osed
t hmroqamm ferdr@xtsweafrtmsg A prefeged maerin i 6thane! prrvyiane]es g n- sec- to t-
fbhigdo T 1 brous material that includes cellul ose having
a first nunber average nol ecul ar wei

soni cde pImy ehedimpy s el %Péﬁsuaéglwwﬁf Bliggestiylosic
serens. Fd)rQR@Mﬁe fra tfiest indteridl Batbe oNh UdREe paperepdpe p@cSiGcts, wood,

e e R AR LR el e,

Sblahliboﬁastsblpﬂﬁcanamwf umt dobs, nbd’imllls;d%ac(; saatybad] cogortuhi@irs@tiam d
Met hods are

df@@ (5° cgg‘\’lﬂi’sﬁ r ”?'ﬁtufes %toa“g gﬂilleg% aterla]sa fi ber source,

e. g., lapp&pelsmbotiatents, g first e@teoélld ip theS@mind ¢ ifi h@uam#t?li’déﬁat

NLIRESS rB%ELB4E dg,?'sﬁe%}i{.ﬁ %PéoGJE% thgarﬂ&%ﬂ Wik éym%@l}h&ﬁ} &fth

fi ber source t I nc es cel ose havi p? second
neprisation e /istusg soleplercieish angier gyratallinity sFr gxample, the pheadng can be

NEEHREHedIM B G Sy KRIFESHEA N 6Bk eibodin®ne, BEES6isEhtdrBEas an
soni cated fiber sourc oy de a fibrous materia
REferes \sth-i9- d(“i‘f‘éeteﬁf"é‘°§gﬂf’aé°é?*@ﬂ faterial, the sonicated
mat er iTAb ﬁﬁmd/bﬁsebcrnutxﬁateealamdhm k., 8 Bszremfaicbm df@reater than 0.25
openi n the sh Such net hods can
Qe ﬁ’éj{"gi“ﬁ%f’ﬁ ¥€r8"%%r ﬂ?ﬁ“ﬁgw?ﬁ{ C’g%tr ous material with a
ni cr odw gawiemhodiments, the mdaﬁxmsis gerforngbid svith osrmd hevirgta frequency of

ekt Blabout 600

Y, 5 P il 06 B ! Bl

n’tﬂ/@tul ar weight to provide a second |ignocellulosic

mat er ifdrefolf@lenibD@nAE the@ftrbith MR iNAVAcREuA 0P LRARAM, such as a

nunber average nol ecul ar wei ght | ower than the first

nfitler average nol ecul ar wei ght. Such net hods can

f ur t hed son embelemetine Bicor mheer&emge eholccgosight isldsdstabout 25
cr.oorgani s V|n Ii ni.n from

et et et e Rt R SRS b By LR g el ot

delig Mefhowrmmmsmmt lr&hlde ﬂhamg@cﬁhfblsmrwqo promide a first fibrous

dlﬁatLlJiagaht 1ﬁc%emh\ﬁg§e%Lv1X! J lﬂstqlum& E%PJgg %leﬁmrtvaa?ght and sonicating

m Cr oor gani s
the first fibrous matenal to provide a second fibrous material that includes a cellulose having a

" second number average molecular weight lower that the first number.average molecular
weight.
Such methods may further include combining the second material with a

microorganism.
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Met hods are disclosed that include sonicating a first
fibrous material that includes cellulose having a

first nunber average nol ecul ar weight to provide a
second fibrous 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; and

densi fying the second fibrous material to provide a
densified fibrous material . Such met hods can
further include conmbining the densified fibrous .
mat er i Methodstare disclyped thsbinginde sepisabing ¢ fitse souEEE. fef -2 [paper, that includes
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ceIIquse an enzyne, ul o
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rice hulls, asse cot
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Cross-sect| can o ryzed with greater
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S ater than

R R
S befage molacuda Srei@higldrdrcoppining ihe seendopaterishvhigreomicroergenismo nlhe
rates, making processes nore efficient. In preferred
enbodi ments, the mcroorganismis a bacteriumor a
fungus, such as a yeast. In some enbodi nents,
the second nunber average nol ecul ar weight is at |east
about 25 percent |ower than the first nunber average
nol ecul ar weight, e.g., 50 percent |ower.



Met hods are disclosed that include shearing a fiber
source to provide a first fibrous material that

i ncl udes cel lul ose having a first nunber average

nol ecul ar wei ght; and pyrolyzing the first fibrous
material to provide a second fibrous material that

i ncl udes a cel lul ose having a second nunber average

nol ecul ar wei ght | ower that the first nunber average

nol ecul ar wei ght. Such nethods may further include
conbining the second material with a mcroorgani sm
Mestidreriganismailizen, el sy dumpnys a5 {honwisg cenverisBe sesejidraisrialgary in some
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a m croorgani sm Met hods are
di scl d8 e@ferrpfmmhoﬁ'memaéhepw Blatgpplgin ghefforpeof a fibrous material that
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I ith W eldsy kiftfelcutteR SIR séhdenibgdimens Gierfihronsinttetal Basan agege length-to-
28?%%%h%%”$§F% tmm%wer than the first nunber average

Such met hods can further
incIudaeﬁammqungxﬁhmms@&anhwéwgna@éﬁbmﬁ@@ﬂﬁuﬁamﬁmnhm025
o8 BB 3857 iR SRR Bk AL WRorporsies
dednieginé reajtiorerates; making prpedssediapre G@ﬁmtm ng t he
de- | | gRplelereh SMbbGiet, tﬁ@ﬁx&&o@giﬁsﬁﬂ@@ﬁﬁ@ﬂhlﬁmiﬁl@gus suchas a
M croorgani sm hods are di scl osed that

i W@#tude pyrolyzing a flrst fibrous material that
i ncl Udﬁ&)r&%lnlbbﬂuﬁ&ﬁ hhék!éc&@l rﬁmﬁérras&agauﬁbetﬂara%@lﬁga least about 25
nol ec I ar %Elt to Provi % secon tf I br rcé}rx?fo%ri al
t REen ﬂ‘EfTrlﬁtlfgéh 5 PR g%veﬁéw gUI YR U REET SVET age
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rous materi
sme Firshitrusarstegiio proriddesecand Sbrguemateritbthfiinedesqeellulose having a

d&DSHd iRk E%@fg@ﬁ%lem Qoo 1oWr i3t @e HisCIuRBEIRGhR RoRcular
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t WEE- fi br ous naterlal and then conbining the third
fi br oggcH RdiRE by Mhl‘iehm@luﬂg SMmBRNG AR s8J¥hd material with a

microorganism.
Methods that include pyrolyzing a fiber source, e.g., a paper, that includes cellulose
having a first number average molecular weight to provide a pyrolyzed fiber source that

includes cellulose having a second number average molecular weight less than the first number
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To further aid in the reduction of the nol ecul ar

wei ght of the cellul ose, an enzyne, e.g., a
cellulolytic enzyme, or a chemical, e.g., sodium
hypochl orite or an acid or base, can be utilized with
any net hod described herein. The enzyne and/ or

chem cal treatnent can occur before, during or after

pyr ol yzi ng. In any aspect or enbodi nment
descri bed herein, pyrolyzing may include any one or
nore of the follomnng features. The pyrolyzing can
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herein uid déescrib
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h%ntﬁ& fb&fv@éﬁ@% B0 l'ibatmg memberldd fHe /it &ﬁtehd‘fp‘l‘lﬁb@rolyzmg can
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of these groups. In sone preferred enbodi nments, the
conmponent includes a pol yner copolynerized with and/or
grafted with mal eic anhydride. Such nmaterials are
avai | abl e from Dupont under the tradenanme FUSABOND(r).
The first material can be or can include, e.g., paper,
paper products, wood, wood-related nmaterials, particle
board, grasses, rice hulls, bagasse, cotton, jute,
henmp, flax, banboo, sisal, abaca, straw, corn cobs,
rice hulls, coconut hair, cotton, synthetic cellul oses
or m xtures of any of these materials. OQther materials
that include cellul ose are described herein. Still



Oxidation of the materials can be perfornmed by stil

ot her techni ques, including ionizing and/or
non-ioni zi ng radi ati on. For exanple, the oxidizing can
include irradiating the first material with ganmm rays
in an oxidizing environnment and/or irradiating the

first material with a beamof electrons in an
oxi di zi ng envi ronmnent . In sonme desirable

enbodi ments for providing conposites, the second
nunber average nol ecul ar weight is not nore than
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he oxidized fibrous material can be utilized
to nakibe Gomposia e bepr dan inshide, be. pAPPY PapeiCPredypts.gtopd pood-related
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second material that includes cellul ose having a
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second oxygen content higher than the first oxygen
content. The second fibrous material is densified to
provide a densified fibrous material. I f desired,
t hese nmet hods can further include conbining the
densified fibrous material with a resin. In sone
preferred enbodi nent, the methods further include
fiberization of the densified fibrous material to
provide a third fibrous material, and then conbining
the third fibrous material with a resin, such as a



first oxygen content; and conbi ning the second

material with a solid and/or a liquid, such as a

liquid that includes a mcroorganism and/or an

enzyne. In sone instances, the first material is
conbined as well. In sonme instances, the m croorgani sm
utilizes the second material to produce a fuel, such

as hydrogen, al cohols, organic acids and hydrocarbons
or m xtures of any of these fuels In sone enbodinents,
the first material can also be utilized by the
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expl odi ng the sheared, steam expl oded fiber source.

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

met hod may i nclude passing sheared material through
one or nore screens, e.g., a screen having an average
openi ng size of 1.59 mmor |ess (0.0625 inch).
Screeni ng separates the material according to size.

For exanple, in one enbodi nent, the nethod i ncl udes:
shearing the fiber source to produce a sheared fi ber
source; passing the sheared fiber source through a
first screen to produce a screened fiber source;
shearing the screened fiber source to produce a second




The nmethods may al so further include encapsul ating the
fibrous material in a substantially gas inperneable
material to renove entrapped gas and densify the
fibrous material. The substantially gas inperneable
material nmay be soluble in water, and may be provi ded
in the formof a bag. Exanpl es of m croorgani sns
that may be used to produce the useful product include
bacteria, yeasts, enzynes, or combinations thereof.
For exanple, the m croorgani smcan be a bacterium
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mat eri al that includes nunerauws | oose, discrete and
separabl e fibers. For exanple, a fibrous material can
be prepared froma bl eached Kraft paper fiber source
by shearing, e.g., wth a rotary knife cutter

The term "screen," as used herein, neans a nenber
capabl e of sieving material according to size Exanples
of screens include a perforated plate, cylinder or the
like, or a wwre nesh or cloth fabric. The term
"pyrolysis," as used herein, neans to break bonds in a
mat erial by the application of heat energy. Pyrolysis
can occur while the subject material is under vacuum
or imersed in a gaseous material, such as an



by- product, aninmal waste, etc.) and mnunicipal waste

bi omass (residential and |ight commercial refuse with
recycl abl es such as netal and gl ass renoved).

The term "plant biomass™ and "lingocel |l ul osic bi omass”
refer to virtually any plant-derived organic matter
(woody or non-woody) avail able for energy on a
sust ai nabl e basis. Plant biomass can include, but is

not limted to, agricultural crop wastes and residues
such as corn stover, wheat straw, rice straw, sugar
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same or different. Exanpl es of polyneric
car bohydrates include cellul ose, xylan, pectin, and
starch, while cellobiose and | actose are exanpl es of
di meri c carbohydrates. Exanples of nononeric
car bohydrates include glucose and xyl ose.
Car bohydrates can be part of a supranol ecul ar
structure, e.g., covalently bonded into the structure.
Exanpl es of such materials include Iignocellulosic
materials, such as that found in wood. A
conbustible fuel is a material capable of burning in
the presence of oxygen. Exanples of conbustible fuels



Changi ng a nol ecul ar structure of a biomass feedstock,

as used herein, neans to change the chem cal bondi ng

arrangenent or conformation of the structure. For

exanpl e, the change in the nolecular structure can

i ncl ude changi ng the supranol ecul ar structure of the

material, oxidation of the material, changing an

aver age nol ecul ar wei ght, changi ng an aver age

crystallinity, changing a surface area, changing a

degree of polynerization, changing a por03|dy
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NBd REbMed ilbnfp 8dk:S IShéinEnay 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
19



FIG 73 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 hollow pellet in which a center of
the hollowis out of Iine 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 treatnent sequence for processing
feedstock. FIG 9 is a perspective, cut-away view of a
ganateriali kiscedbio grossible t¢praiucd Bbrpus r@amnekﬂyad@malbeqt@péérlpdr@g the
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C R Soun® Srd 2R @ becSiddEred] BV in Aela dpBiifpiZdiesPWbrthy B8l screen to
provide a second screened fiber source; and steam exploding the second screened fiber source
to produce the fibrous material. The method may further include shearing the second screened
fiber source to produce a third sheared fiber source, and then steam exploding the third sheared
fibers source to produce the fibrous material.

It is also possible to shear the fiber source and concurrently pass it through a screen.

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

Examples of microorganisms that may be used to produce the useful product include
bacteria, yeasts, enzymes, or combinations thereof. For example, the microorganism can be a
bacterium, e.g., a cellulolytic bacterium, a fungus, e.g., a yeast, a plant or a protist, e.g., an
algae, a protozoa or a fungus-like protist, e.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,
20



FIG 19 is a schematic cross-sectional side view of a
furnace pyrolyzer. FIG 20 is a schematic
cross-sectional top view of a |aser pyrolysis
apparatus. FIG 21 is a schematic cross-sectional top
view of a tungsten filament flash pyrolyzer. FIG 22
is a block diagramillustrating an oxidative feedstock
pretreatment system FIG 23 is block diagram
illustrating a general overview of the process of
converting a fiber source into a product, e.qg.
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hydrocarbons include methane, ethane, propane, pentane, n-hexane, and combinations thereof.

Many of these products may be used as fuels.

The term “fibrous material,” as used herein, is a material that includes numerous loose,
discrete and separable fibers. For example, a fibrous material can be prepared from a bleached
Kraft paper fiber source by shearing, e.g., with a rotary knife cutter.

The term “screen,” as used herein, means a member capable of sieving material
according to size. Examples of screens include a perforated plate, cylinder or the like, or a wire
mesh or cloth fabric.

The term “pyrolysis,” as used herein, means to break bonds in a material by the
application of heat energy. Pyrolysis can occur while the subject material is under vacuum, or
immersed in a gaseous material, such as an oxidizing gas, e.g., air or oxygen, or a reducing gas,
such as hydrogen.

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

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

various types of biomass include plant biomass (defined below), animal biomass (any animal
21



knife cutter. During the first shearing, a 1/8 inch

screen was used; during the second shearing, a 1116

inch screen was used, and during the third shearing a

1132 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

FI G 30. FIG 32 is a scanning el ectron

m crograph at 1000 X magnification of a fibrous

materi al produced from shearing switchgrass on a
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lignocellulosic feedstocks. Furthermore, the lignocellulosic feedstock may comprise fresh
lignocellulosic feedstock, partially dried lignocellulosic feedstock, fully dried lignocellulosic
feedstock or a combination thereof.

For the purposes of this disclosure, carbohydrates are materials that are composed
entirely of one or more saccharide units or that include one or more saccharide units. .
Carbohydrates can be polymeric (e.g., equal to or greater than 10-mer, 100-mer, 1,000-mer,

10,000-mer, or 100,000-mer), oligomeric (e.g., equal to or greater than a 4-mer, 5-mer, 6-mer,
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In some cases, to provide materials that include a
carbohydrate, such as cellul ose, that can be convened
by a m croorganismto a nunber of desirable 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. O her products and co-
products that can be produced include, for exanple,
human food, animal feed, pharnmaceuticals, and
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itself with that for 0(1-> 4)- glycosidic bonds
present in starch and other carbohydrates.




Bl ends of any of the above materials may al so be used.
SYSTEMS FOR TREATI NG BI QVASS FIG 1 shows a
system 100 for converting biomass, particularly

bi omass with significant cellul osic and

i gnocel | ul osi c conponents, into useful products and

co- products. System 100 includes a feed preparation
subsystem 110, a pretreatnent subsystem 114, a prinmary
process subsystem 118, and a post-processing subsystem
122. Feed preparation subsystem 110 receives bjonmass
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appropriate size I omass conversion plants can
range from 2000 to 10,000 dried tons of feedstock per
day depending at |least in part on the type of
feedst ock used. The type of feedstock can al so i npact
pl ant storage requirenents with plants desi gned
primarily for processing feedstock whose availability
varies seasonally (e.g., corn stower) requiring nore
on- or of-site feedstock storage than plants designed
to process feedstock whose availability is relatively
steady (e.g., waste paper). FEED PREPARATI ON In
sone cases, nethods of processing begin with a
physi cal preparation of the feedstock, e.g., size
reduction of raw feedstock materials, such as by
cutting, grinding, shearing or chopping. In sone



Feed preparation systens can be configured to produce

feed streans with specific characteristics such as,

for exanple, specific maxi mum sizes, specific

| ength-to-wi dth, or specific surface areas ratios. As

a part of feed preparation, the bulk density of

feedst ocks can be controlled (e.g., increased). Size

Reducti on In sone enbodi nents, the material to

be processed is in the formof a fibrous material that

i ncludes fibers provided by shearing a fiber source.
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sci ssion and/or reduction of crystallinity. The open
materials can al so be nore susceptible to oxidation
when irradiated. The fiber source can be sheared
in adry state, a hydrated state (e.g., having up to
ten percent by wei ght absorbed water), or in a wet
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75 percent by weight water. The fiber source can even

be sheared while partially or fully submerged under a
liquid, such as water, ethanol, isopropanol. The
fi ber source can also be sheared in under a gas (such



If desired, the fibrous materials can be separated,
e.g., continuously or in batches, into fractions
according to their length, width, density, materi al
type, or sone conbination of these attributes. For
exanpl e, for form ng conposites, it is often desirable
to have a relatively narrow distribution of fiber
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some enbodi nents, the second fibrous is sheared and
passed through the first screen, or a different sized
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material is passed through a second screen having an
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first screen. Referring to FIG 4, a third
fibrous material 220 can be prepared fromthe second
fibrous material 216 by shearing the second fibrous
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size less than the first screen 214. General ly,




wei ghted | engths. BET (Brunauer, Emmet and Tell er)
surface areas are multi-point surface areas, and
porosities are those determ ned by nercury

por osi metry. The average |l ength-to-diameter ratio
of the second fibrous material 14 can be, e.g. greater
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e?gﬁgzhg di aneter ratio of the second fibrous
to the average |l ength-to-dianeter ratio of

the third fibrous material can be, e.g., less than
1.5, e.g., less than 1.4, less than 1.25, or even |ess
than 1.1. In sone enbodi nents, the third fibrous

material is passed through a third screen to produce a
fourth fibrous material. The fourth fibrous nmateri al
can be, e.g., passed through a fourth screen to
produce a fifth material. Simlar screening processes
can be repeated as many tinmes as desired to produce
the desired fibrous material having the desired
properties.



Densification Densified materials can be processed by
any of the nethods described herein. A material,
e.g., a fibrous material, having a | ow bul k density

can be densified to a product having a higher bul k
density. For exanple, a material conposition having a
bul k density of 0.05 g/ cnB can be densified by

sealing the fibrous material in a relatively gas

i nper neabl e structure, e.g., a bag nade of

pol yet hyl ene or a bag nmade of  alternatin Iayers of

pol yetihiAmsrabadigenis, Hy Fuhehydip is R Bilde aakriphhgy e or more f-
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r sification, the
BliioR o i e T ek SR et mocte descr i bed
hereln e.g., irradiated, e.g., wth gammua radiation.
Thi s can be advantageopﬁjmhen it is desirable to
transport the material t0 ther location, e.g., a
renot e manuf acturing pl ant, he fibrous nmateri al
conposition can be a t ion, g4 9., to
produce et hanol. After HD stantially gas
i nper neabl e structure, the densifi fibrous materi al
can revert to nearly its initial b denslity, e.g.,
greater than 60 percent of its initial bulk density,
e.g., 70 percent, 80 percent, 85 percent or nore,
e.g., 95 percent of Qs initial bulk density. To
reduce st/atic electricity in the fibrous material, an

ere

anti-stafic agen can be added tﬁd he material .

I n some fenbodi nents, the ét ructu .
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cont act wat er - bas®d system Such enbodt
al | ow densified structure®Ho be added directly to
solutions that include a mcroorganism wthout first
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involves filling a neasuring cyllnder of known vol une
with a sanple and obtaining a weight of the sanple.
The bul k density is calculat#gd by dividing the weight
of the sanple in grans by the known vol une of the
cylinder in cubic centineters. The preferred

bi nders i nclude binders that are soluble in water,
swol l en by water, or that has a glass transition
tenperature of less 25 C, as determ ned by
differential scanning calorinmetry. By water-soluble
bi nders, we nean bi nders having a solubility of at

| east about 0.05 weight percent in water. By water
swel | abl e bi nders, we nean binders that increase in
vol une by nore than 0.5 percent upon exposure to

wat er . In sone enbodi nents, the binders that are




In a particul ar enbodi nent, the binder is a lignin,
e.g., a natural or synthetically nodified Iignin.

A sui tabl e anpbunt of binder added to the material,

cal cul ated on a dry weight basis, is, e.g., from about
0.01 percent to about 50 percent, e.g., 0.03 percent,

0. 05 percent, 0.1 percent, 0.25 percent, 0.5 percent,
1.0 percent, 5 percent, 10 percent or nore, e.g., 25
percent, based on a total weight of the densified
material. The binder can be added to the material as a
neamnponpry aan heve g high avarsgeandldcufer vepighiani prgstallinity Biatrgemake processing
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7A-7D, pellets can be made so t hat t hey have a hol | ow
i nside. As shown, the hollow can be generally in-line
with the center of the pellet (FIG 7B), or out of |ine
wth the center of the pellet (FIG 7C). Mking the
pell et hollow inside can increase the rate of
dissolution in a liquid after irradiation.

Referring nowto FIG 7D, the pellet can have, e.g., a
transverse shape that is nultilobal, e.g., tri-I|oba

as shown, or tetra-lobal, penta-lobal, hexa-I|obal or
deca-| obal. Making the pellets in such transverse
shapes can also increase the rate of dissolution in a



In some cases, nultiple shredder-shearer trains can be
arranged in series with output. In one enbodi nent, two
shredder-shearer trains can be arranged in series with
output fromthe first shearer fed as input to the
second shredder. In another enbodi nent, three
shredder-shearer trains can be 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. Miltiple passes
t by shegingshsteddiap.- Sdneasraarl/ot m@gncts cantbe uged to remengtoretsized or
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processes can provide materials that can be nore
readily utilized by a varietygof m croorgani sns
because of their | ower nolecular weight, |ower
crystallinity, and/or enhanced solubility. Miltiple
processes can provi de synergi es and can reduce overal
energy input required in conparison to any single
process. For exanple, in sone enbodi nments,
feedstocks are provided that include a carbohydrate
that is produced by a process that includes
irradiating and sonicating (in either order or
concurrently) a cellulosic and/or a |ignocellulosic
material, a process that includes irradiating and
oxidizing (in either order or concurrently) a



If desired, some or none of the feedstock can include
a hydrolyzed material. For exanple, in sone

enbodi ments, at | east about seventy percent by wei ght

of the feedstock is an unhydrolyzed material, e.g., at
| east at 95 percent by weight of the feedstock is an

unhydrol yzed material. In sone enbodi nents,
substantially all of the feedstock is an unhydrol yzed
mat eri al . Any feedstock or any reactor or

fermentor charged with a feedstock can include a
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a dose of |ess than about 10 M ad. When radi ation
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hel i um Wen maxi mum oxi dation is desired, an

oxidi zing environnent is utilized, such as air or
oxygen. When radiation is utilized, it may be
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When the process includes radiation, the irradiating
can be perforned utilizing an ionizing radiation, such
as ganma rays, X-rays, energetic ultraviol et

radi ation, such as ultraviolet C radiation having a
wavel ength of from about 100 rimto about 280 rim a
beam of particles, such as a beam of el ectrons, slow
neutrons or al pha particles. In sone enbodi nments,
irradiating includes two or nore radiation sources,

such as ganma rays and a beam of el ectrons, which can
be appk dedrled Hgnii dah B¢ reMbeba fromrang efibd fibrems trlagrials that includelignin.
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the second material relative to the first material,

the irradiation is performed under an oxidi zi ng
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produci ng a second material that is nore oxidized than

the first material. For exanple, the second materi al

can have nore hydroxyl groups, aldehyde groups, ketone
groups, ester groups or carboxylic acid groups, which
can increase its hydrophilicity. lonizing Radiation

Each form of radiation ionizes the biomass via
particular interactions, as determ ned by the energy

of the radiation. Heavy charged particles primrily




Mass absorbtlon coefficient for cellulose 10"it?
I'nci dent energy (MeV) El ectromagnetic radi ation
is subcl assified as ganma rays, x rays, ultraviolet
rays, infrared rays, mcrowaves, or radi onwaves,
dependi ng on its wavel engt h. For exanpl e, ganma
radi ati on can be enployed to irradiate the materi al s.
Referring to FIGS. 9 and 10 (an enl arged vi ew of
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S g'gldlgtg}i etgh %Jltlh %arlpnm? rrltglatlon q"pus can be advantageous when it is desirable to
transport the material to another location, e.g., a remote manufacturing plant, where the fibrous
material composition can be added to a solution, e.g., to produce ethanol. After piercing the
substantially gas impermeable structure, the densified fibrous material can revert to nearly its
initial bulk density, e.g., greater than 60 percent of its initial bulk density, e.g., 70 percent, 80
percent, 85 percent or more, €.g., 95 percent of its initial bulk density. To reduce static
electricity in the fibrous material, an anti-static agent can be added to the material.

In some embodiments, the structure, e.g., bag, is formed of a material that dissolves in a
liquid, such as water. For example, the structure can be formed from a polyvinyl alcohol so
that it dissolves when in contact with a water-based system. Such embodiments allow
densified structures to be added directly to solutions that include a microorganism, without first
releasing the contents of the structure, e.g., by cutting. -

Referring to FIG. 5, a biomass material can be combined with any desired additives and

a binder, and subsequently densified by application of pressure, €.g., by passing the material
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Sources of x rays include electron beamcollision wth
nmetal targets, such as tungsten or nol ybdenum or
al | oys, or conpact |ight sources, such as those

produced conmercially by Lyncean. Sources for
ultraviolet radiation include deuteriumor cadm um

| anps. Sources for infrared radiation include
sapphire, zinc, or selenide wi ndow ceram c | anps.
Sources for m crowaves include klystrons, Slevin type

RF sources, or atom beam sources that enpl oy hydrogen,
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polysulfonic acids polysulfonates. Specific polymeric examples include polypropylene glycol
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the bi omass feedstock can be subjected to nechanica
processing (e.g., to reduce the average |ength of
fibers in the feedstock) prior to delivery to the

el ectron beamirradi ati on devi ces. In step 3030,
the dry feedstock is transferred to a feedstock
transport device (e.g., a conveyor belt) and is

di stri buted over the cross-sectional width of the
feedstock transport device approximately uniformy by
volune. This can be acconplished, for exanple,
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irradiation in order to provide a nore effective

depol yneri zati on process. For exanple, the feedstock
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slurry form underneath and in a reverse direction to
its initial transport direction. Doubl e-pass systens
can allow thicker feedstock slurries to be processed
and can provide a nore uniform depol yneri zati on

t hrough the thickness of the feedstock slurry.

The el ectron beamirradiation device can produce

either a fixed beam or a scanning beam A scanning

beam may be advant ageous with | arge scan sweep | ength



El ect romagneti ¢ Radi ati on In enbodi nents in which

the irradiating is performed with el ectromagnetic

radi ati on, the el ectronagnetic radiation can have,

e.g., energy per photon (in electron volts) of greater

than 102 eV, e.g., greater than 103, 104, 105, 106, or
even greater than 107 eV. In sone enbodi nents, the

el ectromagneti c radi ati on has energy per photon of

bet ween 104 and 107, e.g., between 105 and 106 eV. The
el ectromagneti c radi ati on can have a frequency of,
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of fromabout 1 Mad to aboug; 10 Mad, e.g., from

about 1.5 Mad to about 7.5 Mad or from about 2.0

Mad to about 5.0 Mad, can be applied. After the | ow

dose of radiation, the second cellulosic and/or

Iignocellulosic miterial can be conbined with a resin

and forned into a conposite, e.g., by conpression
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Al ternatively, in another exanple, a fibrous materi al
that includes a cellulosic and/or lignocellulosic
material is irradiated and, optionally, treated with
acoustic energy, e.g., ultrasound. In one exanpl e
of the use of radiation as a pretreatnent, half-gallon
juice cartons made of un-printed polycoated white
Kraft board having a bul k density of 20 Ib/ft3 are
used as a feedstock. Cartons are folded flat and then
fed into a sequence of three shredder-shearer trains
aﬁrsashgarek fedas $pnd te thewtebind shietigent Infanapiver ¢rtedinients threg slgreddenrshearer
as t.0 t C
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operatin roomtenperature. The densified pellets
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under eV a&HMNE) RS h&ml PRgleed frdrh ﬁﬁ'edmnF Bndsh@aing ;gas :
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p an be used to process raw
é9§§§§t %F$§%$FH§ﬁ§%ﬁvarlety of different sources to
extract useful substances fromthe feedstock, and to
pPRETREAIMENT,| |y degraded organic material which
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haV|ng a second nunber average nol ecul ar wei ght (TVM\2)
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neral l'y nmore” di spersi bl e, swel , or solu
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ailks bavtdfia,lyehsq ot MBtiked of Weastfahd Wattendm tocd iumber 2f dastrabdd pradatts, as
greatly inprove the productiegn rate and/ or production
| evel of a desired product, e.g., ethanol. Sonication
can also sterilize the materials, but should not be
used while the m croorgani sns are supposed to be
alive. In sonme enbodi nents, the second nunber
average nol ecul ar weight (TMN2) is |ower than the
first nunber average nol ecul ar weight (TMNI) by nore

t han about 10 percent, e.g., 15, 20, 25, 30, 35, 40,
50 percent, 60 percent, or even nore than about 75

per cent. In sonme instances, the second nateri al
has cellul ose that has as crystallinity (1C2) that is
| ower than the crystallini ty (1CO of the cellul ose of



In sone enbodi nents, the starting crystallinity index
(prior to sonication) is fromabout 40 to about 87.5
percent, e.g., fromabout 50 to about 75 percent or

from about 60 to about 70 percent, and the

crystallinity index after sonication is from about 10

to about 50 percent, e.g., fromabout 15 to about 45
percent or from about 20 to about 40 percent. However,

in certain enbodi nents, e.g., after extensive

sonication, it is p033|ble to have a crystallinit
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CBmplBGE QAR Rmbbdiménysd i1kt iabdie keﬁvb’nty percent by RvefpRI0BF the feedstock is an

i ments, .the sonication nmedi um.is_an
ERTEH2eT el et E8 O BUFT AR Hah HISE B dant
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rﬁ rekggmpgﬁnt and/or a buffer. Exanples of
g |ng agents i ncl ude ionic dispersing agents,
e g. Asxoistﬁdmplt eranyteaceriof fetrasnton pldrasd with ofeedstodk eapdnchiday
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nmbodi nent the sonication nmedi umis non- agueous. For
ea@aﬁsmnechlqrﬁe sadivim efteridsypr e2l¢ium ehlpridies e facior, guch as biotin and/or

My SRR ERA Bs urkildr an dqRIvHIER EheRbf; B SREBMAER, sud s AWREI® or folthylene
di et hyl ether or tetrahydrofuran or even in a

I%bﬁale? migraly sich a3 fuph agsa &P@o‘iﬁ’mn%lé‘ﬁc?ﬁpp% podifie+iFo8gglgnium, or zinc;
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[fs bel i eved t hat %ﬁiﬁ% ép br eaks bonds in the
ééf f-Sde SW”?:?ré’gfafsW ESTPAPRe medi um cont ai ni ng
the cellul ose, which grow and then violently coll apse.
During the collapse of the bisbbl e, which can take
place in | ess than a nanosecond, the inplosive force
rai ses the local tenperature within the bubble to
about 5100 K (even higher in some instance; see, e.g.,
Suslick et al., Nature 434, 52-55) and generates
pressures of froma few hundred at nospheres to over
1000 atnospheres or nore. It is these high
tenperatures and pressures that break the bonds. In
addi tion, without w shing to be bound by any
particular theory, it is believed that reduced
crystallinity arises, at least in part, fromthe
extrenely high cooling rates during collapse of the



flows through flow cell 1224. A second punp 1230 draws
process stream 1216 fromflow cell 1224 and toward
subsequent processi ng. Reservoir 1214 includes a
first intake 1232 and a second intake 1234 in fluid
conmuni cation with a volune 1236. A conveyor (not
shown) delivers cellulosic material stream 1210 to
reservoir 1214 through first intake 1232. Water stream
1212 enters reservoir 1214 through second intake 1234.
In sone enbodinents, water stream 1212 enters vol une
1236 aWa&gadatioaihgeilitedgisdan bé ippliedrgargy sample thatrigdrly bowet, or even
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further includes an exit 1242 in fluid conmunication
wehless 3 ehewt 1PM8d-and process stream 1216. The nixture
of celWhehesiatidfbis afilizad inanyppbro@tit canrbeu@hmmnez&ﬁceﬂﬁlmd/or
out of reserv 12 4 via_ ex
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process stream 1 toward flow cell 122 In sone
e‘i’?ﬂ)‘b—’al Préﬁat@OfF‘fePg’teatﬁfdh‘}ﬂ ahory B0 %{@‘P%PQT’%SS the contents of
process stream 1216 such that the m xture of
cellulosic material and watenpyis substantially uniform
at inlet 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 cel |l 1224 includes a reactor volune
1244 in fluid communication with inlet 1220 and outl et
1222. I n sone enbodi nents, reactor volunme 1244 is a
stai nl ess steel tube capable of w thstandi ng el evated
pressures (e.g., 10 bars). In addition or in the
alternative, reactor volune 1244 includes a
rectangul ar cross section. Fl ow cel | 1224
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An adapter section 1226 creates fluid comrunication

bet ween reactor volune 1244 and a booster 1250 coupl ed
(e.g., nechanically coupled using a flange) to
ultrasoni ¢ transducer 1226. For exanpl e, adapter

section 1226 can include a.flange and O-ring assenbly
arranged to create a |l eak tight connection between
reactor volunme 1244 and booster 1250, In sone

enbodi nents, ultrasonic transducer 1226 is a
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possi bl e. I'n sone enbodi mentg; a plurality of
ultrasoni c transducers 1226 are arranged in flow cell
1224 (e.g., ten ultrasonic transducers can be arranged
ina flowcell 1224). In sonme enbodi nents, the sound
waves generated by each of the plurality of ultrasonic
transducers 1226 are tinmed (e.g., synchroni zed 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




As still another exanple, while reactor volune 1244

has been described as a cl osed vol une, reactor vol une
1244 is open to anbient conditions in certain

enbodi nents. In such enbodi nents, sonication

pretreatnment can be perfornmed substantially

simul taneously with other pretreatnent techni ques. For
exanpl e, ultrasonic energy can be applied to process
stream 1216 in reactor volume 1244 while el ectron

beans are sinmultaneously introduced into process
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transducers. The bal ancing transforner is known al so

as "balun" standing for "balancing unit." The

bal anci ng transforner includgs a nagnetic core 92 and

a pair of identical w ndings 94 and 96, also terned

the primary w ndi ng and secondary w ndi ng,

respectively. In sonme enbodi nents, the

transducers include commercially avail able

pi ezoel ectric transducers, such as Branson U trasonics

Cor poration nodels 105 or 502, each designed for

operation at 20 I cHz and a maxi mum power rating of 3

kW The energi zi ng voltage for providi ng maxi num

noti onal excursion at the output surface of the

transducer is 930 volt rns. The current flow through a

transducer may vary betmeen zero and 3.5 anper e

~ o~ ~




possi ble. In sonme enbodi ments, 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 thetnohydraulic system

For exanpl e, acoustic waves of high energy density can
be produced by applyi ng power across an encl osed
volune of electrolyte, thereby heating the enclosed
vol une and producing a pressure rise that is

s bivgedysadhtas y-, secaors-tritatodidant dugapiggtid.a hydmasrdbop poPRtEasiobany of
madidm (e. g., process stream 1216). Design and

operation of such a thernmohydraulic transducer is
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P‘&‘jﬂi’?o ‘Hregeé’\)?—?ﬁg'ﬂ%gb@“'ti@ﬁ‘ about 75 percent. I'n
sonme instances, the second material has cellul ose that
has as crystallinity (1C2) that is |ower than the
crystallinity (1Cl) of the cellulose of the first
material. For exanple, (1C2) can be lower than (Cl) by
nore than about 10 percent, e.g., 15, 20, 25, 30, 35,
40, or even nore than about 50 percent. In sone
enbodi ments, the starting crystallinity (prior to
pyrolysis) is fromabout 40 to about 87.5 percent,
e.g., fromabout 50 to about 75 percent or from about
60 to about 70 percent, and the crystallinity index
after pyrolysis 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 certain



In some enbodi nents, the pyrolysis of the materials is
conti nuous. In other enbodi nents, the material is
pyrolyzed for a pre-determned tine, and then all owed

to cool for a second pre-determned tinme before

pyrol yzi ng again. Pyrolysis Systens FIG 14

shows a process fl ow di agram 6000 that includes

various steps in a pyrolytic feedstock pretreatrnent
system.. In first step 6010, a supply of dry

feedstock is received froma feed source. As
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wetter feedstock material 6230 with a hi gher noisture
content, such as sewage sludge. Alternatively, or in
addi tion, water 6240 can be added to the dry feedstock
fromstep 6020 to increase its noisture content

In step 6040, the feedstock - nowwth its noisture
content adjusted to fall within suitable limts - can
be preheated in an optional pseheating step 6040.
Preheating step 6040 can be used to increase the
tenperature of the feedstock to between 75 C and 150 C
in preparation for subsequent pyrolysis of the

f eedst ock. Dependi ng upon the nature of the feedstock
and the particular design of the pyrolysis chanber,
preheating the feedstock can ensure that heat
distribution within the feedstock remains nore uniform
during pyrolysis, and can reduce the thermal | oad on

t he pyrol ysis chanber.



The feedstock is then transported to a pyrolysis
chanber to undergo pyrolysis in step 6050. In sone
enbodi nents, transport of the feedstock is assisted by
addi ng one or nore pressurized gases 6210 to the
feedstock stream The gases create a pressure gradi ent
in a feedstock transport conduit, propelling the
feedstock into the pyrolysis chanber (and even through
the pyrolysis chanber). In certain enbodi nents,
transport of the feedstock occurs mechanically; that
is, a transport systen1th&&n@ﬁ@hﬂd@@m@wconveyor such
as an auger transpdrts the feedstock to the pyrolysis
chanber. O hgy gases 6210 can al so be added to
the feedstock prlbf o the pyrolysis chanber. il n sone
enbodi ments, for exanple, one or nore catal yst gases
can be added to tHKd faedstock to assi st deconposi ti on
of the feedstockgdyring pyrolysis. In certain
enbodi nent s, one~8r nor & scavengi ng agents can be
added to the feedstock tg trap volatile materijal s
rel eased during p¥tol ysi s\ For exanple, variods
sul fur-based conpounds suc sul fides can bé
| i berated during Pyrolysis, and a ent suchias
hydr ogen gas can be¢ added to the feeds tojcause
desul furi zati on of the-fyrotyss phooucns Hyfr ogen
conbines with sulfides to form hy %:ﬁulflde gas,
whi ch can be renoved fron1the‘8yrolyze f eedst ock.
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enmbodi nents, feedstock materials are pyrolyzed at a
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ove the onposition tenperature for the materia

|n an inert atnosphere, e.g. 4sfromabout 75 C above to

about 175 C above the deconposition tenperature or

from about 85C above to about 150C above the

deconposition tenperature. In such enbodinents, the

material is generally kept at this tenperature for

| ess than 0.5 hour, e.g., less 20 minutes, |less than
10 mnutes, less than 5 mnutes or less than 2
mnutes. In still other enbodi nents, the materials are

pyrol yzed at an extrene tenperature, e.g., from about
200 C above to about 500C above the deconposition
tenperature of the material in an inert environnment or
from about 250 C above to about 400 C above the



In some enbodi nents, pyrolysis occurs in an inert

envi ronnment, such as while feedstock nmaterials are

bat hed in argon or nitrogen gas. In certain

enbodi nents, pyrolysis can occur in an oxidizing

environment, such as in air or argon enriched in air.

I n sonme enbodi nents, pyrolysis can take place in a

reduci ng environnent, such as while feedstock

materials are bathed in hydrogen gas. To aid

pyrolysis, various chem cal agents, such as oxidants,

r esbalt, tcalnitus, techoictis, drontars asilismnindiem dddiesgirerp kitypfen, samarium,
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conpressed and stored for zﬁudher use. Alternatively,
thc filtered gas can be subjected to further
processi ng steps 6160. For exanple, in sone
enbodi nents, the filtered gas can be condensed to
separate different gaseous conpounds within the gas
m xture. The different conpounds can include, for
exanpl e, various hydrocarbon products (e.g., alcohols,
al kanes, al kenes, al kynes, ethers) produced during
pyrolysis. In certain enbodinents, the filtered gas
contai ning a m xture of hydrocarbon conponents can be
conmbined with steam gas 6170 (e.g., a mxture of water
vapor and oxygen) and subjected to a cracking process




products. Moreover, a wde variety of different

pyrol ysis techni ques, including using heat sources

such as hydrocarbon flanes and/or furnaces, infrared

| asers, mcrowave heaters, induction heaters,

resi stive heaters, and other heating devices and

configurations can be used A w de variety of

di fferent pyrolysis chanbers can be used to deconpose

t he feedstock. In sonme enbodi nents, for exanple,

pyrol yzi ng feedstock can include heating the materi al
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hol der 1713 with resistive heating element 1714 in the
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arrow 1716) to tunble the material that includes the
cellulosic material in sanple holder 1713. The space
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t enperature above roomtenperature, e.g., 200 to 250
C. In a typical usage, a carrier gas, e.g., an inert




Yet anot her enbodi nent of a pyrolysis chanber is shown
in FIG 19. Furnace pyrolyzer 130 includes a novable
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usage, the sanple is lowered (as indicated by arrow
137) into a hot zone 135 of furnace 132, while a
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t hrough the sanple holder 131. The sanple is heated to
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beads or sand in the reactor, and the resulting
pyrolysis liquid or oil can be transported to a
central refinery for maki ng conbustible fuels or other
useful products. Oxidation 48 One or nore
oxi dative processi ng sequences can be used to process
raw feedstock froma w de variety of different sources
to extract useful substances fromthe feedstock, and
to provide partially degraded organic material which
functions as input to further processing steps and/or
sequences. Referring again to FIG 8, a first
material 2 that includes cellulose having a first
nunber average nol ecul ar weight (TWMNI) and having a
first oxygen content (TOl) 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
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wei ght will depend upon the application. For exanple,
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substantially the same as the first nunber average
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250, 000 to about 1,000, 000 or fr om about 250,000 to

about 700, 000, and the nunber average nol ecul ar wei ght
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 125, 000. However, in sone

enbodi nents, e.g., after extensive oxidation, it is
possi bl e to have a nunber average nol ecul ar wei ght of

| ess than about 10,000 or even | ess than about 5, 000.
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In some enbodi nents, the second oxygen content is at

| east about five percent higher than the first oxygen

content, e.g., 7.5 percent higher, 10.0 percent

hi gher, 12.5 percent higher, 15.0 percent higher or

17.5 percent higher. In sone preferred enbodi nents,

t he second oxygen content is at |east about 20.0

percent hi gher than the oxygen content of the first

mat eri al. Oxygen content is nmeasured by el enenta
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Generally, oxidation of first material 200 occurs in
an oxidi zing environnent. For exanple, the oxidation
can be effected or aided by pyrolysis in an oxidizing
environnent, such as in air or argon enriched in air.
To aid in the oxidation, various chem cal agents, such
as oxidants, acids or bases can be added to the
material prior to or during oxidation. For exanple, a
peroxi de (e.g., benzoyl peroxide) can be added prior
to oxidation. Oxidation Systens FIG 22 shows a
process flow di agram 5000 that includes various steps
|n an OX|dat|ve feedstock pretreatment system In
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feedstock slurry 5050 includes fromabout 0.5 kg to
about 1.0 kg of dry biomass per liter of water.

In some enbodi ments, one or nore fiber-protecting

addi tives 5170 can al so be added to the feedstock
slurry in feedstock m xing step 5040. Fi ber-protecting
additives help to reduce degradation of certain types
of biomass fibers (e.g., cellulose fibers) during

oxi dation of the feedstock. Fiber-protecting additives
can be used, for exanple, if a desired product from
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slurry 5050 to form an oxidi zing nmedium In sone
enbodi nents, for exanple, oxidizing agents 5160 can
i ncl ude hydrogen peroxi de. Hydrogen peroxi de can be
added to slurry 5050 as an aqueous solution, and in
proportions ranging from 3%to between 30% and 35% by
wei ght of slurry 5050. Hydrogen peroxi de has a nunber
of advantages as an oxidi zi ng agent. For exanpl e,
aqueous hydrogen peroxide solution is relatively
i nexpensive, is relatively chemcally stable, is not
particul arly hazardous relative to other oxidizing
agents (and therefore does not require burdensone
handl i ng procedures and expensive safety equi pnent).



reacti ons. For exanple, in sone enbodi nents, nascent
oxygen can be produced froma reaction between NO and

02 in a gas mxture or in solution. In certain

enbodi nents, nascent oxygen can be produced from
deconposition of HOCL in solution. Oher nethods by

whi ch nascent oxygen can be produced include via

el ectrochem cal generation in electrolyte solution,

for exanple. In general, nascent oxygen is an
efficient oxidizing agent due to the relatively high
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di scussed above. Ozone typically preferentially

oxi dizes the lignin fraction in |ignocellulosic
materials, leaving the cellulose fraction relatively
undi st ur bed. Condi ti ons; for ozone-based

oxi dation of bionass feedstock generally depend upon
the nature of the biomass. For exanple, for cellulosic
and/ or lignocellulosic feedstocks, ozone
concentrations of fromO.1 g/nB to 20 g/nB8 of dry
feedstock provide for efficient feedstock oxidation.
Typically, the water content in slurry 5050 is between
10% by wei ght and 80% by wei ght (e.g., between 40% by
wei ght and 60% by wei ght). During ozone-based

oxi dation, the tenperature of slurry 5050 can be

mai nt ai ned between 0C and 100 C to avoi d viol ent
deconp03|t|on of the ozone. In some enbodi nents,
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Fol | owi ng oxi dati on preprocessing step 5060, feedstock
slurry 5050 is oxidized in step 5070. If oxidizing
agents 5160 were added to slurry 5050 in an oxidation
reactor, then oxidation proceeds in the sane reactor.
Alternatively, if oxidizing agents 5160 were added to
slurry 5050 in a preprocessing chanber, then slurry
5050 is transported to an oxidation reactor via an
in-l1ine piping system Once inside the oxidation
reactor, oxidation of the bionmass feedstock proceeds
under Ia oﬁﬁll’ﬁh‘lb()ﬁlhleﬁs, getsorddatienmedimmisport-aguecne Nichir exaompie, the

T oxi .
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agpro rlate reS|dence times for slurry 5050 in the
1 n Systems
oX1"dat] di*Teact or aliquots of the slurry can be

extr a@i%dZ showrr goneral system it Whigh aqslelosq rpatqrit Wictra | &l O raixed
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products of interest such as conple
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can be used to determ ne residence tines for

particul ar classes of feedsteck material. I n
some enbodi ni ents, during oxidation of feedstock
slurry 5050, adjustnent of the slurry pH may be
performed by introducing one or nore chem cal agents
into the oxidation reactor. For exanple, in certain
enbodi ments, oxidation occurs nost efficiently in a pH
range of about 9-11. To maintain a pHin this range,
agents such as al kali and al kal i ne earth hydroxi des,
carbonates, ammoni a, and al kaline buffer solutions can
be i ntroduced into the oxidation reactor.

Crculation of slurry 5050 during oxidation can be
|nportant to ensure suff|C|ent _contact betmeen
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Typically, for lignocellulosic biomss feedstocks
foll ow ng separation step 5070, |iquid phase 5090
includes a variety of soluble poly- and

ol i gosacchari des, which can then be separated and/or
reduced to smaller-chain saccharides via further
processi ng steps. Solid phase 5100 typically includes
primarily cellul ose, for exanple, with smaller anmounts
of hemicellul ose- and Iignin-derived products.

In sone enbodi nents, oxidation can be carried out at
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cellulosic target 140, along with an oxi dant, such as

ATk Eghod ¥4#%ating the target, which is housed

in a ReewsimNdaHbe inclids anwkit 124238 Biid l:dngﬂiltmcatﬁmguit,h vblugb 1236
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b¢$%8ﬂypmdéuiy, the pressure in the vacuum chanber is
mai nt ai ned at | ess than abou# 10-6 nun Hg. In sone
enbodi nents, infrared radiation is used, e.g., 1.06
m cron radiation froma Nd- YAG | aser. In such
enbodi nents, a infrared sensitive dye can be conbi ned
with the cellulosic material to produce a cellulosic
target. The infrared dye can enhance the heating of
the cellulosic material. Laser treatnment of polyners
I's 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 filanment 150, together with an oxidant,
such as a peroxide, wth the desired cellulosic




O her Processes St eam expl osi on can be used

al one wi thout any of the processes described herein,

or in conbination with any of the processes described
her ei n. FI G 23 shows an overview of the entire
process of converting a fiber source 400 into a

product 450, such as ethanol, by a process that

i ncl udes shearing and steam expl osion to produce a
fibrous material 401, which is then hydrol yzed and
converted, e.g., fermented, to produce the product.
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i gnocel | ul osic structures).ssThe steamthen condenses
under hi gh pressure thereby "wetting" the fiber

source. The noisture in the fiber source can hydrolyze
any acetyl groups in the fiber source (e.g., the

acetyl groups in the hemcellul ose fractions), formng
organi ¢ acids such as acetic and uronic acids. The
acids, in turn, can catalyze the depol ynerizati on of
hem cel | ul ose, releasing xylan and |imted anounts of

gl ucan. The "wet" fiber source (or sheared fiber

source, etc.) is then "expl oded" when the pressure is
rel eased. The condensed npi sture instantaneously
evaporates due to the sudden decrease in pressure and



According to current understandi ng, the conponents of
cel l ul ase i nclude endogl ucanases, exogl ucanases
(cel | obi ohydrol ases), and b-gl ucosi dases
(cel | obi ases). Synergi sm between the cellul ase
conmponents exi sts when hydrolysis by a conbinati on of
two or nore conponents exceeds the sum of the
activities expressed by the individual conponents.
The general ly accepted nmechani smof a cellul ase system
(particularly of T. |ongibrachiatum on crystalline
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For exanpl e, consider the electron beamirradi ation
and soni cation processes. Each separate process is
effective in | owering the mean nol ecul ar wei ght of
cellulosic material by an order of magnitude or nore,
and by several orders of nmagnitude when perforned

serially. Both irradiati on and soni cation
processes can be applied using a hybrid el ectron
beant soni cation device as is illustrated in FIG 25.
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Furt her conbinations of devices are al so possible. For
exanpl e, an ionizing radiation device that produces
gamma radi ation emtted from e.g., 60Co pellets, can
be conmbined with an el ectron beam source and/or an

ul trasoni ¢ wave source. Shielding requirenments may be
nore stringent in this case. The radi ation

devi ces for pretreating biomass di scussed above can

al so be conbined with one or nore devices that perform
one or nore pyrolysis processing sequences. Such a
conbi nati on may agai n have the advantage of higher



The m croorgani smcan be a natural m croorgani smor an
engi neered m croorgani sm For exanple, the
m croorgani smcan be a bacterium e.g., a cellulolytic
bacterium a fungus, e.g., a yeast, a plant or a
protist, e.g., an algae, a protozoa or a fungus-Iike
protist, e.g., a slinme nold. When the organi sns are
conpati ble, m xtures of organisns can be utilized. To
aid in the breakdown of the materials that include the
cel lul ose, one or nore enzynes, e.g., a cellulolytic
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Bacteria that can fernent binoss to ethanol and other
products include, e.g., Zynononas nobilis and
Clostridiumthernocellum (Philippidis, 1996, supra).
Leschine et al. (International Journal of Systematic
and Evol utionary M crobiol ogy 2002, 52, 1155-1160)

i sol ated an anaerobic, nmesophilic, cellulolytic

bacteriumfrom forest soil, dostridium
phyt of erment ans sp. nov., which converts cellulose to
et hanol . Fer nentati on of bi omass to et hanol and
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The cellul olytic enzynes used can be produced by
fermentation of the above-noted m crobial strains on a
nutrient nedi um containing suitable carbon and

nitrogen sources and inorganic salts, using procedures
known in the art (see, e.g., Bennett, J.W and LaSure,

L. (eds.), More Gene Manipul ations in Fungi, Academc
Press, CA 1991). Suitable nedia are avail able from
commercial suppliers or may be prepared according to
publ i shed conpositions (e.g., in catal ogues of the
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reaction, heating the feedstock material produces a
char that can include a wide variety of different
hydr ocar bon- based species. Certain volatile materials
can be produced (e.g., certagn gaseous hydrocarbon
materials), resulting in a reduction of the overal
wei ght of the feedstock material. Then, in a second
step of the reaction, sone of the volatile materia
that is produced in the first step reacts with oxygen
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remains follow ng gasification in a fluidized bed
system (or in other pyrolysis chanbers) can be burned
to generate additional process heat to pronote
subsequent gasification reactions. POST- PROCESSI NG
Distillation After fernmentation, the resulting
fluids can be distilled using, for exanple, a "beer
colum" to separate ethanol and other al cohols from
the majority of water and residual solids. The vapor
exiting the beer colum can be 35% by wei ght et hano
and f eld soroe enbodioenth,itheatyiodysis obtheimnaterialy isgontinpous. df othezar | y
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A nutrient solution containing nitrogen and phosphorus
is nmetered into each anaerobic reactor containing
wast ewater. The nutrient solution reacts with the

sl udge in the anaerobic reactor to produce biogas
whi ch can contain 50% net hane and have a heating val ue
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burnlng by- product streans can be used in the
distillation process. As another exanple, electricity
generated from burning by-product streanms can be used
to power el ectron beam generators and ultrasonic
transducers used in pretreatnent. The
by-products used to generate steam and el ectricity are
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the pretreatnment and primary processes) can be used as



Wi |l e certain enbodi mrents have been descri bed, other
enbodi nents are possible. As an exanple, while
the biogas is described as being diverted to a
conbusti on engi ne connected to an el ectric generator,
in certain enbodi nents, the biogas can be passed
through a fuel refornmer to produce hydrogen. The
hydrogen is then converted to electricity through a
fuel cell. As anot her exanple, while the biogas
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gases are relatively inert towards the feedstock material, even at the high temperatures in the
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sources (e.g., transportation sources). As another

exanpl e, ethanol produced by this plant and used as an

engi ne 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

engi nes. For exanple, small anpunts (e.g., 10% by

vol une) of ethanol can be bl ended with gasoline to act
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process. After the distillation-dehydration process,
distillers grains and sol ubl g can be dried to inprove
the ability to store and handle the material. The
resulting dried distillers grains and sol ubl es ( DDGS)
is lowin starch, high in fat, high in protein, high
in fiber, and high in phosphorous. Thus, for exanple,
DDGS can be val uable as a source of aninal feed (e.g.,
as a feed source for dairy cattle). DDGS can be
subsequently conbined with nutritional additives to
neet specific dietary requirenments of specific
categories of animals (e.g., balancing digestible
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Phar maceuti cal s The pretreatnent processes

di scussed above can be applied to plants with

nmedi ci nal properties. In sone enbodi nents, sonication
can stimulate bioactivity and/ or bioavailabilty of the
medi ci nal conponents of plants wth nedicinal
properties. Additionally or alternatively, irradiation
stinmul ates bioactivity and/or bioavailabilty of the
medi ci nal conponents of plants wth nedicinal
properties. For exanple, sonication and irradiation
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dérandrefiltsie(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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Exanple 1 - Preparation O Fibrous Material From

Pol ycoat ed Paper A 1500 pound skid of virgin,

hal f-gal l on juice cartons nade of un-printed

pol ycoated white Kraft board having a bul k density of

20 I b/ft3 was obtained fromlInternational Paper. Each

carton was folded flat, and then fed into a 3 hp

Fl i nch 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 blades and a 0. 30
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Fi brous material is prepared according to Exanple 4.

The fibrous Kraft paper is densified according to
Exanpl e 5. The densifted pellets are placed in

a gl ass anpoul e having a maxi num capacity of 250 ni.

The gl ass anpoul e i s evacuat ed under hi gh vacuum (10-5
torr) for 30 mnutes, and then back-filled wth argon
gas. The anpoul e is seal ed under argon. The pellets in
the anpoule are irradiated with ganma radiation for
about 3 hours at a dose rate of about 1 Mad per hour
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DUt l’Yat angmer 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
68 ‘
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doses of radiation appear to increase the nol ecul ar
wei ght of some materials 'Dosage Rate = | MRacl / hour
2Treatnment for 30 mnutes with 20kl-{z ul trasound
usi ng a 1000W horn under re-circulating conditions
with the material dispersed in water. Table 2. Peak

Aver age Mol ecul ar Weight of Irradiated Materials
Sampbg WaDelRgtblof 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 afier 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,
¢.g., 1.06 micron radiation from a Nd-YAG laser. In such embodiments, a infrared sensitive
dye can be combined with the cellulosic material to produce a cellulosic target. The infrared
dye can enhance the heating of the cellulosic material. Laser ablation is described by Blanchet-
Fincher et al. in U.S. Patent No. 5,942,649.

Referring to FIG. 21, in some embodiments, a cellulosic material can be flash pyrolyzed
by coating a tungsten filamént 150, such as a 5 to 25 mil tungsten filament, with the desired '
cellulosic material while the material is housed in a vacuum chamber 151. To affect pyrolysis,
current is passed through the filament, which causes a rapid heating of the filament for a
desired time. Typically, the heating is continued for seconds before allowing the filament to
cool. In some embodiments, the heating is performed a number of times to effect the desired
amount of pyrolysis.

. In certain embodiments, carbohydrate-containing biomass material can be heated in an
absence of oxygen in a fluidized bed reactor. If desired, the carbohydrate containing biomass
can have relatively thin cross-sections, and can include any of the fibrous materials described
herein, for efficient heat transfer. The material can be heated by thermal transfer from a hot
metal or ceramic, such as glass beads or sand in the reactor, and the resulting pyrolysis liquid or

oil can be transported to a central refinery for making combustible fuels or other useful

products.

Oxidation
One or more oxidative processing sequences can be used to process raw feedstock from

a wide variety of different sources to extract useful substances from the feedstock, and to
provide partially degraded organic material which functions as input to further processing steps

and/or sequences.
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Referring again to FIG. 8, a first material 2 that includes cellulose having a first number
average molecular weight (™M) and having a first oxygen content ("0y) 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
("My2) and having a second oxygen content ("0,) 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
pércent 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.

In 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, 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 50,000 to

about 200,000, e.g., from about 60,000 to about 150,000 or from about 70,000 to about
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125,000. However, in some embodiments, e.g., after extensive oxidation, it is possible to have
a number average molecular weight of less than about 10,000 or even less than about 5,000.

In some embodiments, the second oxygen content is at least about five percent higher
than the first oxygen content, e.g., 7.5 percent higher, 10.0 percent higher, 12.5 percent higher,
15.0 percent higher or 17.5 percent higher. In some preferred embodiments, the second oxygen
content is at least about 20.0 percent higher than the oxygen content of the first material.
Oxygen content is measured by elemental analysis by pyrolyzing a sample in a furnace
operating 1300 °C or higher. A suitable elemental analyzer is the LECO CHNS-932 analyzer
with a VTF-900 high temperature pyrolysis furmace.

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 ("Cy) of the cellulose of the first material. For example, ("C,) can be lower than
(TCI) by more than about S 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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groups, amine groups or mixtures of any of these groups. In some preferred embodiments, the
component includes a polymer copolymerized with and/or grafted with maleic anhydride. Such
materials are available from Dupont under the tradename FUSABOND®.

Generally, oxidation of first material 200 occurs in an oxidizing environment. For
example, the oxidation can be effected or aided by pyrolysis in an oxidizing environment, such
as in air or argon enriched in air. To aid in the oxidation, various chemical agents, such as
oxidants, acids or bases can be added to the material prior to or during oxidation. For example,

a peroxide (e.g., benzoyl peroxide) can be added prior to oxidation.

Oxidation Systems
FIG. 22 shows a process flow diagram 5000 that includes various steps in an oxidative

feedstock pretreatment system. In first step 5010, a supply of dry feedstock is received from a
feed source. The feed source canAinclude, for example, a storage bed or container that is
connected to an in-line oxidation reactor via a conveyor belt or another feedstock transport
device.

As described above, the dry feedstock from the feed source may be pre-processed prior
to delivery to the oxidation reactor. For example, if the feedstock is derived from plant
sources, certain portions of the plant material may be removed prior to collection of the plant
material and/or before the plant material is delivered by the feedstock transport device.
Alternatively, or in addition, the biomass feedstock can be subjected to mechanical processing
(e.g., to reduce the average length of fibers in the feedstock) prior to delivery to the oxidation
reactor.

Following mechanical processing 5020, feedstock 5030 is transported to a mixing
system which introduces water 5150 into the feedstock in a mechanical mixing process.
Combining water with the processed feedstock in mixing step 5040 creates an aqueous
feedstock slurry 5050 which can then be treated with one or more oxidizing agents.

Typically, one liter of water is added to the mixture for every 0.02 kg to 1.0 kg of dry
feedstock. The ratio of feedstock to water in the mixture depends upon the source of the
feedstock and the specific oxidizing agents used further downstream in the overall procesé. For

example, in typical industrial processing sequences for lignocellulosic biomass, aqueous
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feedstock slurry 5050 includes from about 0.5 kg to about 1.0 kg of dry biomass per liter of

water.
In some embodiments, one or more fiber-protecting additives 5170 can also be added to

the feedstock slurry in feedstock mixing step 5040. Fiber-protecting additives help to reduce
degradation of certain types of biomass fibers (e.g., cellulose fibers) during oxidation of the
feedstock. Fiber-protecting additives can be used, for example, if a desired product from
processing a lignocellulosic feedstock includes cellulose fibers. Exemplary fiber-protecting
additives include magnesium compounds such as magnesium hydroxide. Concentrations of
fiber-protecting additives in feedstock slurry 5050 can be from 0.1% to 0.4% of the dry weight
of the biomass feedstock, for example.

In certain embodiments, aqueous feedstock slurry 5050 can be subjected to an optional
extraction 5180 with an organic solvent to remove water-insoluble substances from the slurry.
For example, extraction of slurry 5050 with one or more organic solvents yields a purified
slurry and an organic waste stream 5210 that includes water-insoluble materials such as fats,
oils, and other non-polar, hydrocarbon-based substances. Suitable solvents for performing
extraction of slurry 5050 include various alcohols, hydrocarbons, and halo-hydrocarbons, for
example.

In some embodiments, aqueous feedstock slurry 5050 can be subjected to an optional
thermal treatment 5190 to further prepare the feedstock for oxidation. An example of a thermal
treatment includes heating the feedstock slurry in the presence of pressurized steam. In fibrous
biomass feedstock, the pressurized steam swells the fibers, exposing a larger fraction of fiber
surfaces to the aqueous solvent and to oxidizing agents that are introduced in subsequent
processing steps.

In certain embodiments, aqueoué feedstock slurry 5050 can be subjected to an optional
treatment with basic agents 5200. Treatment with one or more basic agents can help to
separate lignin from cellulose in lignocellulosic biomass feedstock, thereby improving
subsequent oxidation of the feedstock. Exemplary basic agents include alkali and alkaline earth
hydroxides such as sodium hydroxide, potassium hydroxide, and calcium hydroxide. In
general, a variety of basic agents can be used, typically in concentrations from about 0.01% to

about 0.5% of the dry weight of the feedstock.

74



2487 15 5G132 | 0 " 1557360 83693 2 a 'l

Aqueous feedstock slurry 5050 is transported (e.g., by an in-line piping system) to a
chamber, which can be an oxidation preprocessing chamber or an oxidation reactor. In
oxidation preprocessing step 5060, one or more oxidizing agents 5160 are added to feedstock
slurry 5050 to form an oxidizing medium. In some embodiments, for example, oxidizing
agents 5160 can include hydrogen peroxide. Hydrogen peroxide can be added to slurry 5050 as
an aqueous solution, and in proportions ranging from 3% to between 30% and 35% by weight
of slurry 5050. Hydrogen peroxide has a number of advantages as an oxidizing agent. For
example, aqueous hydrogen peroxide solution is relatively inexpensive, is relatively chemically
stable, is not particularly hazardous relative to other oxidizing agents (and therefore does not
require burdensome handling procedures and expensive safety equipment). Moreover,
hydrogen peroxide decomposes to form water during oxidation of feedstock, so that waste
stream cleanup is relatively straightforward and inexpensive.

In certain embodiments, oxidizing agents 5160 can include oxygen (e.g., oxygen gas)
either alone, or in combination with hydrogen peroxide. Oxygen gas can be bubbled into slurry
5050 in proportions ranging from 0.5% to 10% by weight of slurry 5050. Alternatively, or in
addition, oxygen gas can also be introduced into a gaseous phase in equilibrium with slurry
5050 (e.g., a vapor head above slurry 5050). The oxygen gas can be introduced into either an
oxidation preprocessing chamber or into an oxidation reactor (or into both}), depending upon the
configuration of the oxidative processing system. Typically, for example, the partial pressure
of oxygen in the vapor above slurry 5050 is larger than the ambient pressure of oxygen, and
ranges from 0.5 bar to 35 bar, depending upon the nature of the feedstock.

The oxygen gas can be introduced in pure form, or can be mixed with one or more
carrier gases. For example, in some embodiments, high-pressure air provides the dxygen 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 (e.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 remainder 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 shirry 5050. In certain embodiments, nitrogen-containing
oxidizing substances can be introduced into slurry 5050. Exemplary nitrogen-containing
oxidizing substances include NO and NO;, for example. Nitrogen-containing agents can also
be combined with oxygen in slurry 5050 to create additional oxidizing agents. For example,
NO and NO; both combine with oxygen in slurry 5050 to form nitrate compounds, which are
effective oxidizing agents for biomass feedstock. Halogen- and nitrogen-based oxidizing
agents can, in some embodiments, cause bleaching of the biomass feedstock, depending upon
the nature of the feedstock. The bleaching may be desirable for certain biomass-derived
products that are extracted in subsequent processing steps.

Other oxidizing agents can include, for example, various peroxyacids, peroxyacetic

acids, persulfates, percarbonates, permanganates, osmium tetroxide, and chromium oxides.
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5070. If oxidizing agents 5160 were added to slurry 5050 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
matt.er, 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, €.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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r Iquuld phase 5090 is separated from solid phase 5100, and the two phases are processed
independently thereafter. Solid phase 5100 can optionally undergo a drying step 5120 in a
drying apparatus, for example. Drying step 5120 can include, for example, mechanically
dispersing the solid 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

altematively, without undergoing drying step 5110), liquid phase 5090 is transported for further
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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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a vacuum chamber 141, with laser light, e.g., light having a wavelength of from about 225 nm

to about 1600 nm. The optical configuration shown allows the 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 radiétion from a Nd-YAG laser. In such embodiments, a infrared sensitive
dye can be combined with the cellulosic material to produce a cellulosic target. The infrared
dye can enhance the heating of the cellulosic material. Laser treatment of polymers is
described by Blanchet-Fincher et al. in U.S. Patent No. 5,942,649.

Referring again to FIG. 21, feedstock materials can be rapidly oxidized by coating a
tungsten filament 150, together with an oxidant, such as a peroxide, with the desired cellulosic
material while the material is housed in a vacuum chamber 151. To affect oxidation, current is
passed through the filament, which causes a rapid heating of the filament for a desired time.
Typically, the heating is continued for seconds before allowing the filament to cool. In some
embodiments, the heating is performed a number of fimes to effect the desired amount of
oxidation.

Referring again to FIG. 12, in some embodiments, feedstock materials can be oxidized
with the aid of sound and/or cavitation. Generally, to effect oxidation, the materials are
sonicated in an oxidizing environment, such as water saturated with oxygen or another
chemical oxidant, such as hydrogen peroxide.

Referring again to FIGS. 9 and 10, in certain embodiments, ionizing radiation is used to
aid in the oxidation of feedstock materials. Generally, to effect oxidation, the materials are
irradiated in an oxidizing environment, such as air or oxygen. For example, gamma radiation

and/or electron beam radiation can be employed to irradiate the materials.
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Other Processes

Steam explosion can be used alone without any of the processes described herein, or in
combination with any of the processes described herein.

FIG. 23 shows an overview of the entire process of converting a fiber source 400 into a
product 450, such as ethanol, by a process that includes shearing and steam explosion to
produce a fibrous material 401, which is then hydrolyzed and converted, e.g., fermented, to
produce the product. The fiber source can be transformed into the fibrous material 401 through
a number of possible methods, including at least one shearing process and at least one steam
explosion process.

For example, one option includes shearing the fiber source, followed by optional
screening step(s) and optional additional shearing step(s) to produce a sheared fiber source 402,
which can then be steam exploded to produce the fibrous material 401. The steam explosion
process is optionally followed by a fiber recovery process to remove liquids or the “liquor”
404, resulting from the steam exploding process. The material resulting from steam exploding
the sheared fiber source may be further sheared by optional additional shearing step(s) and/or
optional screening step(s). .

In another method, the fibrous material 401 is first steam exploded to produce a steam
exploded fiber source 410. The resulting steam exploded fiber source is then subjected to an
optional fiber recovery process to remove liquids, or the liquor. The resulting steam exploded
fiber source can then be sheared to produce the fibrous material. The steam exploded fiber
source can also be subject to one or more optional screening steps and/or one or more optional
additional shearing steps. The process of shearing and steam exploding the fiber source to
produce the sheared and steam exploded fibrous material will be further discussed below.

The fiber source can be cut into pieces or strips of confetti matenal prior to shearing or
steam éxplosion. 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.

82



W5 1323036 W132-102737

WSl 32- 1003041 SO 1322940 SO
132-102838 SO 132-1002837

56132- 10- US2542 SO 132-100- US2134

106 Each sanpl e was placed on a zero background

hol der and placed in a Phillips PW800 diffractoneter
using Cu radiation. Scans were then run over the range
of 5to 50 with a step size of 0.05 and a counting

time of 2 hours each. Once the diffraction

p atter s smm eqﬂcﬁsainmeudess ttlmet‘xbptms:eesor\mrsbeamdéilberi sburexds eointatted

thh ste ?m undef %r?&gre rafxg){he %trezﬁ? B&Fﬁ%sr 15 ((:) tll?e OS%H r&as:?’cl'fr % ﬁgé{’ s?urce

the I'nt er na
sdepl s hgnlqeellchoys staicluiesle Thhuiesm m@@mdelﬁSﬁ%@dvsé%h@eﬁlS#um ﬂﬁ%@y

} “lv@t'tiné(\"u\é:&eps%ﬁrc@ ﬂ{eingisjnﬁ]é & it GbiEean 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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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 S 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 a 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, ¢.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.. : N

Electroﬁ béam 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 homns 2530 end in a
detachable endpiece 2535 that is in contact with the slurry 2550.

The sonication horns 2530 are at risk of damage from long-term residual exposure to
the electron beam radiation. Thus, the horns can be protected with a standard shield 2520, e.g.,
made of lead or a heavy-metal-containing alloy such as Lipowitz metal, which is impervious to
electron beam radiation. Precautions must be taken, however, to ensure that the ultrasonic
energy is not affected by the presence of the shield. The detachable endpieces 2535, are
constructed of the same material and attached to the horns 2530, are used to be in contact with
the cellulosic material 2550 and are expected to be damaged. Accordingly, the detachable

endpieces 2535 are constructed to be easily replaceable.
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A further benefit of such a simultaneous electron beam and ultrasound process is that
the two processes have complementary results. With electron beam irradiation alone, an
insufficient dose may result in cross-linking of some of the polymers in the cellulosic material,
which lowers the efficiency of the overall depolymerization process. Lower doses of electron
beam irradiation and/or ultrasound radiation may also be used to achieve a similar degree of
depolymerization as that achieved using electron beam irradiation and sonication separately.

An electron beam device can also be combined with one or more of high-frequency,
rotor-stator devices, which can be used as an alternative to ultrasonic energy devices, and
performs a similar function.

Further combinations of devices are also possible. For example, an ionizing radiation
device that produces gamma radiation emitted from, e.g., €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 automatically 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 protozoa or a 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, e.g., a cellulolytic enzyme can be utilized. In some embodiments, the materials that
include the cellulose are first treated with the enzyme, e.g., by combining the material and the
enzyme in an aqueous solution. This material can then be combined with 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
glucoée, xylose, arabinose, mannose, galactose, oligosaccharides or polysaccharides into
fermentation products. Fermenting microorganisms include strains of the genus Sacchromyces
spp. €.g., Sacchromyces cerevisiae (baker’s yeast), Saccharomyces distaticus, Saccharomjzces
uvarum;, the genus Kluyveromyces, €.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 Buns Philip Food Inc., USA), SUPERSTART® (available from Alltech), GERT
STRAND® (available from Gert Strand AB, Sweden) and FERMOLP® (available from DSM

Specialties).
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Bacteria that can ferment bimoss to ethanol and other products include, e.g.,
Zymomonas mobilis and Clo‘st_ridt: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. (Applied Microbiology and
Biotechnology 1993, 38, 537-541) or Ahring et al. (Arch. 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, Chr)'/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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Mpyceliophthora 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 311.74, 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, Trichoderma 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, 1155-1160).

Cellulolytic enzymes using recombinant technology can also be used (see, e.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, e.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 2 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

Distiliation
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 proﬁde 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

4 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 §
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 anaerbbic reactor

has a higher concentration of sludge than the overall concentration of sludge in the wastewater.
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A nutrient solution containing nitrogen and phosphorus is metered into each anaerobic
reactor containing wastewater. The nutrient solution reacts with the sludge in the anaerobic
reactor to produce biogas which can contain 50% methane and have a heating value of
approximately 12,000 British thermal units, or Btu, per pound). The biogas exits each
anaerobic reactor through a vent and flows into a manifold, where a plurality of biogas streams
are combined into a single stream. A compressor moves the stream of biogas to a boiler or a
combustion engine as described in further detail below. In some embodiments, the compressor
also moves the single stream of biogas through a desulphurization catalyst. Additionally or
alternatively, the compressor can move the single stream of biogas through a sediment trap.

A second pump moves anaerobic effluent from the anaerobic reactors to one or more
aerobic reactors (e.g., activated sludge reactors). An aerator is disposed within each aerobic
reactor to mix the anaerobic effluent, sludge, oxygen (e.g., oxygen contained in air). Within
each aerobic reactor, oxidation of cellular material in the anaerobic effluent produces carbon
dioxide, water, and ammonia.

Aerobic effluent moves (e.g., via gravity) to a separator, where sludge is separated from
treated water. Some of the sludge is returned to the one or more aerobic reactors to create an
elevated sludge concentration in the aerobic reactors, thereby facilitating the aerobic
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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Waste combustion
The production of alcohol from biomass can result in the production of various by-

product streams useful for generating steam and electricity to be used in other parts of the plant.
For example, steam generated from burning by-product streams can be used in the distillation
process. As another example, electricity generated from burning by-product streams can be
used to power electron beam generators and ultrasonic transducers used in pretreatment.

The by-products used to generate steam and electricity are derived from a number of
sources throughout the process. For example, anaerobic digestion of wastewater produces a
biogas high in methane and a small amount of waste biomass (sludge). As another example,

-post-distillate solids (e.g., unconverted lignin, cellulose, and hemicellulose remaining from the
pretreatment and primary processes) can be used as a fuel.

The biogas is diverted to a combustion engine connected to an electric generator to
produce electricity. For example, the biogas can be used as a fuel source for a spark-ignited
natural gas engine. As another example, the biogas can be used as a fuel source for a direct-
injection natural gas engine. As another example, the biogas can be used as a fuel source fora '
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-dehydration 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 altemativély,
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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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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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. The discharge screen had 1/8 inch openings. The gap between the rotary and fixed
blades was set to approximately 0.020 inch. The rotary knife cutter sheared the confetti-like
pieces, releasing a fibrous material at a rate of about one pound per hour. The fibrous material
had a BET surface area of 1.1316 m%g +/- 0.0103 m?g, a porosity of 88.3285 percent and a
bulk density (@0.53 psia) of 0.1497 g/mL. An average length of the fibers was 1.063 mm and
an average width of the fibers was 0.0245 mm, giving an average L/D of 43:1. A scanning

electron micrographs of the fibrous material is shown in FIG 27 at 25 X magnification.

Example 3 — Preparation Of Twice Sheared Fibrous Material From Bleached Kraft Board
A 1500 pound skid of virgin bleached white Kraft board having a bulk density of 30

1b/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 1/16 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 Bieached 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 § —~ Preparation Of Densified Fibrous Material From Bleached Kraft Board Without

Added Binder
Fibrous material was prepared according to Example 2. Approximately 1 Ib of water

was sprayed onto each 10 b 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/f’to about 15 Ib/fi>.

Exampie 6 - Preparation Of Densified Fibrous Material From Bleached Kraft Board With Binder

Fibrous material was prepared according to Example 2.
A 2 weight percent stock solution of POLYOX™ WSR N10 (polyethylene oxide) was

prepared in water.
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Approximately 1 1b 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 1b/ft’.

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 5.

The densified pellets are placed in a glass ampoule having a maximum capacity of 250
mL. The glass ampoule is sealed under an atmosphere of air. The pellets in the ampoule are
irradiated with gamma radiation for about 3 hours at a dose rate of about 1 Mrad per hour to
provide an irradiated material in which the cellulose has a lower molecular weight than the

fibrous Kraft starting material.

Example 9 - Methods of Determining Molecular Weight of Cellulosic and Lignocellulosic

Materials by Gel Permeation Chromatography
Cellulosic and lignocellulosic materials for analysis were treated according to Example

4. Sample materials presented in the following tables include Kraft paper (P), wheat straw
(WS), alfalfa (A), and switchgrass (SG). The number “132” of the Sample ID refers to the
particle size of the material after shearing through a 1/32 inch screen. The number after the

dash refers to the dosage of radiation (MRad) and “US” refers to ultrasonic treatment. For
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example, a sample ID “P132-10" refers to Kraft paper that has been sheared to a particle size of
132 mesh and has been urradiated with 10 MRad.

Table 1. Peak Average Molecular Weight of Irradiated Kraft Paper

]
gzl:fc] : Sample ID Do;afs Ultrasound’ A“g: dg:):t?v *
Kraft Paper P132 0 No 32853410006
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 = 1MRad/hour

*Treatment 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

Peak  Dosage' 2 Average MW %
Sample ID 4 Rf d Ultrasound Std Dev.
WwS132 1 0 No 1407411 £ 175191
2 “ “ 39145 + 3425
3 “ “ 2886+ 177
WS132-10* 1 10 * 26040 + 3240
WS132-100* 1 100 + 23620+ 453
Al32 1 0 “ 1604886 + 151701
2 “ “ 37525 £ 3751
3 “ “ 2853 £ 490
A132-10* 1 10 “ 50853 £ 1665
2 “ « 2461 £ 17
A132-100* 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. Duning GPC analysis, a solution of the polymer sample is passed
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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.

> NM;

=SV,
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Sanpl e 1 DSi ngl e point surface area (n2/g) BET Surface
Area (nR/g) P132 P132-10 P132-100 P132-181 P132-US
A132 A132-10 A132-100 SGl32 SGL32-10 SGL32-100

SGL32- 10- US SG132-100- US W5132 W5132- 10 W5132-100

The polydispersity index or P1 is defined as the ratio of Mw/M;. 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 polymér 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 results 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 freshiy prepared saturated LiCI/DMACc 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 um 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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and PS1B were used to generate a calibration curve for the molecular weight scale from about

580 to 7,500,00 Daltons.

Table 3. GPC Analysis Conditions

Instrument: Waters Alliance GPC 2000
Pigel 10y Mixed-B

Columns (3): S/N*s: 10M-MB-148-83; 10M-MB-148-84; 10M-MB-
174-129 )

Maobile Phase (solvent): 0.5% LiCl in DMAc (1.0 mL/min.)

Column/Detector Temperature: 70 °C

Injector Temperature: 70°C

Sample Loop Size: 323.5uL

Example 10- Determining Cyrstallinity of Irradiated Material by X-Ray Diffraction
X-ray diffraction (XRD) is a method by which a crystalline sample is irradiated with

monoenergetic x-rays. The interaction of the lattice structure of the sample with these x-rays is
recorded and provides information about the crystalline structure being irradiated. The
resulting characteristic “fingerprint” allows for the identification of the crystalline compounds
present in the sample. Using a whole-pattern fitting analysis (the Rietvelt Refinement), it is
possible to perform quantitative analyses on samples containing more than one crystalline

compound.
Table 4. XRD Data Including Domain Size and % Crystallinity

Domain Size

Sample ID ( A) % Crystallinity
P132 55 55
P132-10 46 58
P132-100 50 55
P132-181 48 52
P132-US 26 40
Al32 28 42
Al132-10 26 40
A132-100 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$G132-10-US 25 42
S$G132-100-US 21 34
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0.61910. 7912 0. 62550. 8143 The BET nodel for
isotherns is a widely used theory for cal culating the
specific surface area. The anal ysis invol ves

determ ning the nonol ayer capacity of the sanple

surface by calculating the anount required to cover

the entire surface with a single densely packed I ayer

of krypton. The nonol ayer capacity is nultiplied by

t he cribshsmpitvwaopktcdane aermbacsgrnmdélglmren@laom ml@é’h{ylaﬁ Pig 800

d %¥§5%&? LQ:%J({‘ b AkioR U§d ert hE&frun §&? il trdnge 5146 {03BCwith a step

area I's tace-ar ea e sanpl e alrquot divided
byize pied- (ﬁﬁg@ Wurttxhg;tlrgaﬁfpﬂ t@urs 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%=7Lx100%
+

where,

A. = Area of crystalline phase
A, = Area of amorphous phase

X. = Percent 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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Arithmetic Average (mr) Average Length Weighted in
Length (mm) Statistically

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 dividing 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 Irradiated 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 Buik
I Total Total Pore Pore Poreg Density Apparent .
ntrusion  Pore . . . (skeletal) Porosity
Sample ID Diameter Diameter Diameter @ 0.50 . o
Volume — Area  y,iumey  (Area)  (4V/A) sia  Demsity (%)
(mLig)  (m'g) Py (eml)
P132 6.0594 1.228 36.2250 13.7278 19.7415 0.1448 1.1785 87.7163
P132-10 5.5436 1.211  46.3463 4.5646 18.3106 0.1614 1.5355 89.4875
P132-100 5.3985 0998  34.5235 18.2005  21.6422  0.1612 1.2413 87.0151
P132-181 3.2866 0.868  25.3448 12.2410 15.1509  0.2497 13916  82.0577
P132-US 6.0005 14.787  98.3459 0.0055 1.6231 0.1404 0.8894 84.2199
Al132 20037 11759 64.6308 0.0113 0.6816 0.3683 1.4058 73.7990
A132-10 1.9514 10326 53.2706 0.0105 0.7560 0.3768 1.4231 73.5241
A132-100 1.9394  10.205 43.8966 0.0118 0.7602 0.3760 1.3889 72.9264
SG132 2.5267 8.265 57.6958 0.0141 1.2229 0.3119 1.4708 78.7961
SG132-10 2.1414 8.643  26.4666 0.0103 0.9910 0.3457 1.3315 74.0340
SG132-160 25142 10.766  32.7118 0.0098 0.9342 0.3077 1.3590 77.3593
S$G132-10-US 4.4043 1.722  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
WwS132 2.9920 5.447 763675  0.0516 2.1971 0.2773 1.6279 82.9664
WS132-10 3.1138 2901 574727 0.3630 4.2940 0.2763 1.9808 86.0484
WS132-100 3.2077 3.114  52.3284 0.2876 4.1199 0.2599 1.5611 §3.3538
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Corrected Average Length Weighted in Length (mm Wdth
(mcroneters) (' P132-10 0.484 0.615 0.773 24.7

P132-100 0. 369

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 calcutated for each sample.

Table 6. Definition of Parameters

Parameter Description

The total volume of mercury intruded during an experiment. This
Total Intrusion Velume: can include interstitial filling between small particles, porosity of
sample, and compression volume of sample.

The total intrusion volume converted to an area assuming

Total Pore Area: 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.

o The mass of sample divided by the volume of sample measured at
Apparent Density: highest pressure, typically 60,000 psia.
Porosity: (Bulk Density/ Apparent Density) x 100%

Example 12 - Particle Size Analysis of Irradiated Materials
The technique of particle sizing by static light scattering is based on Mie theory (which

also encompasses Fraunhofer theory). Mie theory predicts the intensity vs. angle relationship
as a function of the size for spherical scattering particles provided that other system variables

are known and held constant. These variables are the wavelength of incident light and the
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0.423 0.496 23.8 P132-181 0.312 0,342 0.392 24.4
Al132-1D 0. 382 0.423 0. 650

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
(tm) (im) (um)

Al32 380.695 418.778 442.258
Al132-10 321.742 366.231 410.156
Al132-100 301.786 348.633 444,169
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 Irradiated 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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43.2 A132-100 0.362 0.435 0.592 29.9 SG132-10 0. 328
0.363 0.521 44.0 5G132-100

degassing for 16 hours at 40 °C. Next, free space (both warm and cold) with helium is
calculated and then the sample tube is evacuated again to remove the helium. Data collection
begins after this second evacuation and consists of defining target pressures which controls how
much gas is dosed onto the sample. At each target pressure, the quantity of gas adsorbed and
the actual pressure are determined and recorded. The pressure inside the sample tube is
measured with a pressure transducer. Additional doses of gas will continue until the target
pressure is achieved and allowed to equilibrate. The quantity of gas adsorbed is determined by
summing multiple doses onto the sample. The pressure and quantity define a gas adsorption

isotherm and are used to calculate a number of parameters, including BET surface area (Table

8).

Sample ID Single point surface area (m%/g) lﬁ‘:as(t:;%c)e
P132 @ P/Po=0.250387771  1.5253 1.6897
P132-10 @ P/Po= 0239496722 1.0212 1.2782
P132-100 @ P/Po=0.240538100  1.0338 1.2622
P132-181 @ P/Po=0.239166091 0.5102 0.6448
P132-US @ P/Po=0.217359072 1.0983 1.6793
Al32 @ P/Po=0.240040610  0.5400 0.7614
Al132-10 @P/Po=0.211218936 0.5383 0.7212
A132-100 @ P/Po=0.238791097 0.4258 0.5538
SG132 @ P/Po=0.237989353  0.6359 0.8350
SG132-10 @ P/Po=0.238576905  0.6794 0.8689
SG132-100 @ P/Po=0.241960361 0.5518 0.7034
SG132-10-US @ P/Po=0.225692889  0.5693 - 0.7510
SG132-100-US @ P/Po=0.225935246  1.0983 - 1.4963
WwS132 @ P/Po=0.237823664 0.6582 0.8663
WS132-10 @ P/Po=10.238612476 0.6191 0.7912
WS132-100 @ P/Po=0.238398832  0.6255 0.8143

The BET model for isotherms is a widely used theory for calculating the specific
surface area. The analysis involves determining the monolayer capacity of the sample surface
by calculating the amount required to cover the entire surface with a single densely packed
layer of krypton. The monolayer capacity is multiplied by the cross sectional area of a
molecule of probe gas to determine the total surface area. Specific surface area is the surface:

area of the sample aliquot divided by the mass of the sample.

111



0.325 0.351 0.466 43.8 W5132-10 0.353 0.381 0.565 44.7
WB132- 100 0.354 0.371

Example 14 - Fiber Length Determination of Irradiated Materials
Fiber length distribution testing was performed in triplicate on the samples submitted

using the Techpap MorFi LBO1 system. The average length and width are reported in Table 9.

Table 9. Summary of Lignocellulosic Fiber Length and Width Data

Arithmetic Averafge Lelfgth Corf::lesélf:::e{age ) Width
Sample ID Average Weighted in Le (micrometers)
ngth Weighted in

(mm) Length (mm) Length (mm (um)
P132-10 0.484 0.615 0.773 24.7
P132-100 0.369 0.423 0.496 23.8
P132-181 0.312 0.342 0.392 24.4
Al132-10 0.382 0.423 0.650 43.2
Al132-100 0.362 0.435 0.592 29.9
$G132-10 0.328 0.363 0.521 44.0
SG132-100 0.325 0.351 0.466 43.8
WS132-10 0.353 0.381 0.565 44.7
WS132-100 0.354 0.371 0.536 45.4

Example 15 - Ultrasonic Treatment of Irradiated and Un-irradlated Switchgrass
Switchgrass was sheared according to Example 4. The switchgrass was treated by

ultrasound alone or irradiation with 10 Mrad or 100 Mrad of gamma rays, and then sonicated.
The resulting materials correspond to G132-BR (un-irradiated), G132-10-BR (10 Mrad and
sonication) and G132-100-BR (100 Mrad and sonication), as presented in Table 1. Sonication
was performed on each sample for 30 minutes using 20kHz ultrasound from a 1000W horn
under re-circulating conditions. Each sample was dispersed in water at a concentration of
about 0.10 g/mL.

FIGS. 30 and 31 show the apparatus used for sonication. Apparatus 500 includes a
converter 502 connected to booster 504 communicating with a horn 506 fabricated from
titanium or an alloy of titanium. The horn, which has a seal 510 made from VITON® about its
perimeter on its processing side, foﬁs a liquid tight seal with a processing cell 508. The
processing side of the horn is immersed in a liquid, such as water, that has dispersed therein the
sample to be sonicated. Pressure in the cell is monitored with a pressure gauge 512. In
operation, each sample is moved by pump 517 from tank 516 through the processing cell and is
sonicated. After, sonication, the sample is captured in tank 520. The process can be reversed in
that the contents of tank 520 can be sent through the processing cell and captured in tank 516.
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(centered about 1730 cm™) that is not found in the un-irradiated material.

Example 18 - Combination of Electron Beam and Sonication Pretreatment

Switchgrass is used as the feedstock and is sheared with a Munson rotary knife cutter
into a fibrous material. The fibrous material is then evenly distributed onto an open tray
composed of tin with an area of greater than about 500 in2. The fibrous material is distributed

so that it has a depth of about 1 — 2 inches in the open tray. The fibrous material may be
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The optinmum size for biomass conversion plants is
af fected by factors including economes of scale and
the type and availability of bionmass used as
feedstock. Increasing plant size tends to increase
econom es of scale associated with plant processes.
However, increasing plant size also tends to increase
the costs (e.g., transportation costs) per unit of
bi omass feedstock. Studies analyzing these factors
suggest t hat the approprlate S|ze for bi omass
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Pr et r eat ment A conveyor belt carries the biomass
feedstock fromthe feed preparation subsystem 110 to

the pretreatnment subsystem 114. As shown in FIG 40,

in the pretreatnment subsystem 114, the bionass
feedstock is irradiated using electron beamenmtters,
mxed wiwth water to forma slurry, and subjected to

the application of ultrasonic energy. As discussed

above, irradiation of the bionmass .feedstock changes

the nol ecul ar structure (e.g., reduces the average
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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
with each el ectron beam feed stream or severa

el ectron beam streans can be aggregated as feed for a
single sonicati on system I n each sonication
system the irradi ated bi omass feedstock is fed into a
reservoir 1214 through a first intake 1232 and water

is fed into the reservoir 1214 through second intake
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bi omass feedstocks After exposure to ultrasonic energy
in reactor volunme 1244, process stream 1216 exits flow
cell 24 through outlet 1222. Fl ow cel | 1224 al so

i ncl udes a heat exchanger 1246 in thernal

conmuni cation with at |east a portion of reactor

vol une 1244. Cooling fluid 1248 (e.g., water) flows

i nto heat exchanger 1246 and absorbs heat generated

when process stream 1216 (e.g., slurry) is sonicated

in reactor volume 1244. In sone enbodi nents, the flow

of cooling fluid 1248 into heat exchanger 1246 is
controlled to maintain an approxi mately const ant
tenperature in reactor volunme 1244. In addition or in
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The fernmentation tanks are | arge, |ow pressure,

stainless steel vessels with conical bottons and sl ow
speed agitators. Miultiple first stage fernentation

tanks can be arranged in series. The tenperature in

the first stage fernentation tanks is controlled to 30
degrees centigrade using external heat exchangers.

Yeast is added to the first stage fernentation tank at
the head of each series of tanks and carries through

to the other tanks in the series. Second st age
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conponents not utilized by the organism or inorganic
conpounds in the biomass end up in this stream
Recycling too rmuch of this material can result in

| evel s of ionic strength and osnotic pressures that

can be detrinmental to the fernenting organisms
efficiency. For the water that is not recycled, the
evaporat or concentrates the dissolved solids into a
syrup that can be sent to the conbustor, m nim zing

the load to wastewater treatnent. \\astewater Treatnment
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A nunber of enbodi nents of the inventi on have been

descri bed. Nevertheless, it wll be understood that
various nodifications my be made w thout departing
fromthe spirit and scope of the invention. In

sonme enbodi nents, relatively | ow doses of radiation,
optionally, conbined with acoustic energy, e.g.,
ultrasound, are utilized to crosslink, graft, or
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ot herwi se increasing the nol ecular weight of a natura
or - synthetic carbohydrate-containing materia
utilizing radiation can provide useful materials in
many fornms and for many applications. For exanple, the
car bohydrat e-contai ning material can be in the form of
a paper product, such as paper, paper pulp, or paper
effluent, particle board, glued | unber |am nates,




about 2.0 Mad to about 5.0 Mad, can be applied. If
e-beamradiation is utilized, a smaller dose can be
utilized (relative to gamma radi ation), 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 Mad. After the relatively |ow dose

of radiation, the second cellul osic and/or
lignocellul osic material can be conbined with a

material, such as a resin, and fornmed into a

c epppieatenct atiliged byfhe reamismeerdnasgaisSTRONRAS i th Bigmass pnd up in this

R dibsr 4,,@3
P b R SR g

f GraseiEEs thahay bedayimpeta] o hefFraicaitps Ot igH's Fféf"efr% F%é&?éva{eﬁ fat is

”Q[)ﬁ@é&lcl@& tﬂ%@b@hxtato?Eonﬁé’hﬁat@ﬁﬁ@&;})ﬂdéﬁb&k@lﬂ@5 &jrkp tAg can be sent to
mat eri al whi he co Al ternatively,

a e BRBYsor ﬁ‘H’l“E‘H“ﬁI‘hetlﬂagtm U"E%ﬁ“@ffégeaﬁnef‘ Frst cellulosic
and/ or lignocellulosic material having a first

nﬁk@@mﬁ&lﬁﬂeﬁggt can be conmbined with a materi al sucg(
as a r BSiWIsewHRr FERMETH secHOIEAD BOPsEWater el ruiei redyes plant makeup
c m@ shliRmeR) Waktdwaleld it sodehdd t@refrﬁb@ﬁﬂg& &hﬂclés OMhihQse

radi ation so as to e a se e | ul
ol g A s R e rsehng eSS fasion and
I’Tﬁérelﬁblhlgfsudlﬁb digést btlgghﬁhattehﬁlﬁletshﬁmf i Ansérotiodi gsstidngiroduces a biogas
e P e R e L BB AR M Botfig gty 3°
abs(bautvel& Cledviveatkr stesamifer reyspinitiechrocess iangelt dsia sludgsishad ispmarily
: @&rﬁ&)@éﬁﬁ %éllhﬁ:asm He glUlig% Mé%'b%lzd gfthe BEod¥Rt. elesa.JcreMgl /@naerobic

trix, suc as a resin matri x. In sone
e ﬁt&e‘dlpwéﬁ@t@c dighion aabprme is stangard i the Gy Fhanobiafsry A,
A%aciiied In tHe ti-5GHi N8 bAidKSpeR8aylriiRe 6ALE GhYiAdAL CofEMBEIRIM i from
mat eri al increases in nolecular weight, which can
p’P¥PPe a synergistic effect to provide maxi num
nechanlcal propertles to a conposite. For exanple
: = 9 excellent lowte raIu

perf o%ﬁ%ose o te combuery fgoﬂaf 1 DB RV o pparious
aayibtaaucegna&ks fo stda@Vindl 18RRI igbieRSon. &"ogexamf)le,rﬁpﬁé agmrr edlulose,

esllxcelgl{}ogﬁ egléinawco&v(iaecégro% CWe d)retrehtgleexiﬁla.ré n?nmary prodesses The
p ewrjodtytinestevater forg the penpe iszbnsesicd & apyrup bigh dbioliblgfsolids.

'T?nper J&% Sioh Gﬁehg eﬁlq\l‘ﬁn%mga% p,rxﬁwa@m&% nil ARSHiHfah& A erobic
a atl 1 h erature . nperatures
abigestonigolugss aémgl s bafevestoomsss (GhOE). Dupingihethy-prduct
3QQ3& 10480 rate ste‘a& aff Q&txﬁ#&?\ﬂ%v@% plant tb Be aftdifikion in SR, reduces

mposi tes can have excell ent chem cal resi st
esoéad wagtedisnosal ppsis, and sengEfes lachigtlopﬂ reyenug |ﬁv@1${l sa]g OgeXCCSé electricity.
hydr ocrareb pfim& 9 kdéeg&teamg@ssk-argcan&eonde Uid'g@ﬂThr&EHvapafatcileﬂrfup) are fed

ST TR W M T

awhsten@terdadent iS bledseAiSo fvdombmstan A fantrass airirto the combustion
d&grgb%g‘?regem arlfr ehﬁsrsghe he excﬁ]xanrg {fllrgl% hig Eher{&&igds%r %tlsegvhﬁ)lrated
emideuperteatedsto 5SHUEI(2508M) ahd 8‘66R§n 6426 ppid) steanp Flicegds fipr Fhe corplstor
car bohydrate- containing material is wthin the

matrix to further increase t nol ecul ar wei ght of the

car bohydrate-containing material. In sonme enbodi nments,
the radi ati on causes bonds to form between the matrix
and the carbohydrate-contai ning materi al . In

sone enbodi nents, the carbohydrate-containing nateri al
isin the formof fibers. In such enbodi nents, when
the fibers are utilized in a conposite, the fibers can
be randomy oriented within the matrix. In other

enbodi nents, 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 follow ng additives can added to the



The fibrous materials, densified fibrous materials,
resins or additives may be dyed. For exanple, the
fibrous nmaterial can be dyed before conmbining with the
resin and conpounding to form conposite& In sone

enbodi nents, this dyeing can be hel pful in masking or
hiding the fibrous material, especially |arge

aggl ot herations of the fibrous nmaterial, in nolded or
extruded parts, when this is desired. Such |arge
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fibrous material. For exanple, the clay can be surface

is treated so that its surface is ionic in nature,

e.g., cationic or anionic. Aggr egat ed or

aggl oner at ed nanoneter scale fillers, or nanoneter

scale fillers that are assenbled into supranol ecul ar
structures, e.g., self-assenbl ed supranol ecul ar

structures can al so be used. The aggregated or

supranol ecular fillers can be open or closed in

structure, and can have a variety of shapes, e.g.,
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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 matenal 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 a manner to provide a second
cellulosic and/or lignocellulosic material having a second molecular weight higher than the first
molecular weight. For example, if gamma radiation is utilized as the radiation source, a dose of

from about 0.2 Mrad to about 10 Mrad, e.g., from about 0.5 Mrad to about 7.5 Mrad, or from
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2. The nmethod of claim1 wherein the irradiated wood
product conprises lunber. 3. The nethod of claim?2
wherein the lunber is selected fromthe group

consi sting toof pine, poplar, and oak |unber. 4. The
met hod of claim1 wherein the irradi ated wood product
conprises a wood | am nate or plywod. 5. The nethod of
any one of claims 1 to 4 wherein the wood product
receives a dose of radiation of fromabout 0.2 Mad to
about 10 Mad. 156. The nethod of any one of clains 1
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1Er €1 N elrradlatlng conpri ses . .
lignocellulosic material can be combined with a material, such as a resin, and formed into a

composite, €.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 carbohydrafe—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, €.g., capable of maintaining their advantageous mechanical
properties at relatively high temperature, e.g., at temperatures above 100 °C, e.g., above 125 °C,
150 °C, 200 °C, 250 °C, 300 °C, 400 °C, or even above 500 °C. In addition, such composites
can have excellent chemical resistance, e.g., resistance to swelling in a solvent, e.g.,a
hydrocarbon solvent, resistance to chemical attack, e.g., by strong acids, strong bases, strong
oxidants (e.g., chlorine or bleach) or reducing agents (e.g., active metals such as sodium and
potassium).

In some embodiments, the resin, or other matrix material, does not crosslink during

irradiation. In some embodiments, additional radiation is applied while the carbohydrate-
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20 utilizing electron beamradiation at a dose of from
about 0.1 Mad to about 5 Mad. 9. The nethod of any
one of clainms 1 to 5 wherein said irradiating
conprises utilizing electron beamradiation. 10. A

nmet hod of increasing the nol ecular wei ght of a wood
product according to claim1l, substantially as

her ei nbef ore described with reference to any one of

t he 25exanples. 11. A wood product produced in
accordance with the nethod of claim1 or claim10. 12.
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ol ec ulln ggme\/\@rixbgcli}%entsa, ﬂl% 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
oriented 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, €.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, e.g., N-(3-chloro-2-hydroxypropyl)-
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, e.g., 40 percent.
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Utforini compapites. drasome embatiiragnisothissigeingaan 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 hlgh
concentrations, can show up as speckles in the surfaces of the molded or extruded parts

For example, the desired fibrous material can be dyed using an acid dye, direct dye or a
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, e.g., natural wood
fragrance, can be compounded into the resin used to make the composite. In some
implementations, the fragrance 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 Wemer & Pfleiderer.
After compounding, the scented resin can be added to the fibrous material and extruded or
molded. Altematively, master batches of fragrance-filled resins are available commercially

from International Flavors and Fragrances, under the tradename PolyIff™ or from the RTP
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i 015. The method of claim12 wherein irradiating
conprises utilizing electron beamradiation at a dose
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18. An irradiated wood product produced in accordance
WCbhpan{i einR&hd@bogimenth, aliermbint 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, xﬁyrhh, 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 S % 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 Southern Clay products, and have been described in U.S. Patent Nos.

6,849,680 and 6,737,464. The clays can be surface treated before mixing into, e.g., a resin or a
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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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The claims defining the invention are as follows:

1. A method of increasing the molecular weight of a2 wood product, the method

comprising
irradiating a wood product comprising a first carbohydrate-containing material

having a first molecular weight to provide an irradiated wood product comprising a
second carbohydrate-containing material having a second molecular weight higher than
the first molecular weight.

5. The method of claim 1 wherein the irradiated wood product comprises lumber.

3. The method of claim 2 wherein the lumber is selected from the group consisting

of pine, poplar, and oak lumber.

4. The method of claim 1 wherein the irradiated wood product comprises a wood
laminate or plywood.

5.  The method of any one of claims 1 to 4 wherein the wood product receives a
dose of radiation of from about 0.2 Mrad to about 10 Mrad.

6. The method of any one of claims 1 to 4 wherein the wood product receives a
dose of gamma radiation of from about 0.5 Mrad to about 7.5 Mrad.

7.  The method of any ;me of claims 1 to 5 wherein said irradiating comprises
utilizing a gamma radiation source.

8.  The method of any one of claims 1 to 4 wherein the irradiating comprises
utilizing electron beam radiation at a dose of from about 0.1 Mrad to about 5 Mrad.

O.  The method of any one of claims 1 to 5 wherein said irradiating comprises
utilizing electron beam radiation.

10. A method of increasing the molecular weight of a wood product according to

claim 1, substantially as hereinbefore described with reference to any one of the

examples.
11. A wood product produced in accordance with the method of claim 1 or claim

10.
12. A method of making an irradiated wood product having increased molecular

weight, the method comprising
providing a wood product comprising a first carbohydrate-containing material

having a first molecular weight; and
irradiating the wood product to provide an irradiated wood product comprising

a second carbohydrate-containing material having a second mol ecular weight higher than

the first molecular weight,
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wherein the wood product is selected from lumber, a laminate or plywood, and

wherein the wood product is irradiated with x rays, electron beam or gamma radiation,
wherein the wood product receives a dose of gamma radiation of from about 0.2 Mrad to
about 10 Mrad or a dose of electron beam radiation of from about 0.1 Mrad to about 5
Mrad.

13. The method of claim 12 wherein the wood product receives a dose of gamma
radiation of from about 0.5 Mrad to about 7.5 Mrad.

14. The method of claim 12 or claim 13 wherein irradiating comprises utilizing a
gamma radiation source.

15. The method of claim 12 wherein irradiating comprises utilizing electron beam
radiation at a dose of from about 0.1 Mrad to about 5 Mrad.

16. The method of any one of claims 12 to 15, wherein the lumber is selected from

pine, poplar or oak lumber.
17. The method of any one of claims 12 to 16, wherein the carbohydrate-containing

material is a cellulosic and/or lignocellulosic material, such as cellulose.
18. An irradiated wood product produced in accordance with the method of claim

12.



