PROCESSING BIOMASS RELATED APPLICATIONS This application claims priority to U.S.
Provisional Application Serial No. 61/139,473 filed December 19, 2008. The complete disclosure of
this provisional application is hereby incorporated by reference herein. 5BACKGROUND Various
carbohydrates, such as 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. 1Q¥/griqus, celdasic and ignocellulgsic materials, their uses, and
applications have been described,Jorasakuted kY fa BHIVIASS 307 108, 7,074,918, 6,448,307,
6,258,876, 6,207,729, 5,973,035 and 5,952,105. SUMMARY Generally, this invention relates to
carbohydrate-containing materials (e.g., REIGHESS ARREIGIS THONSNass-derived materials, such as
starchy materials aﬁg/o |lulosic.or lignocellulosi terials),. met o%s of aﬁi and processing
such materials to ¢ alﬁg{g%t%celérl%%ﬁt}%ﬁlép and rt(fr?é%q}e%%’ii&l rré)dr%gqep EVER %nnggﬁlla %Cts made from the
changed matéfidis4Ebfikeddaspbe ety 2¥dhe Thettwods desixisdrbefehis gaovimiouide cellulosic and/or
lignocellulosicmatgrials Hakhayeanesn:tich fungtionglity, a lower 20molecular weight and/or
crystallinity relative to a nativé material. Many of the methods, such as Fenton oxidation methods,
provide materials that can be more readily utilized by a variety of microorganisms (with or without
enzymmtic hydrolysis) to produce useful praglauctE,.GRCUaDhydrogen, alcohols (e.g., ethanol or
butanol), organic agids (e.g..acetic acid (F drocarbons, co-prodycts (e.g., proteins) or mixtures of any
of these. Many of tﬁ% %r% Ucts 6%%51%6 Xssucc% 3%% aafllgt? P ﬁqﬂﬂﬁ%ﬁ%@%téjﬁ%se UHliZ8d as fuel, e.g.,
as an internibeoun ferstionefpaidnced privelsed] dedusid ok drzagditivtistireaprogibetoflescribed herein
can be utlizefor IECUiSALPQPLARNRIEUAN.E 0onll A, SONVEIONA le2W Jeneraling plant or in a
fuel cell plant. In one aspect, the invention features methods of changing mdleécular structures
and/or reduciiip e caneifesddahaeriaatcsylh Qe Matrersalarssontaiding mdtseieds and/or biomass
materigls, e.g., celllppissaklignarelionisinateraisnshelRSANY QS ALIMBEaLRBIRGEssed (e.g., cut

grass), semi-processed B%e. ., comminuted grass) or processed materials (€.g., comminuted and
irradiated graed) {RSER d%ﬁé’?’é‘i‘ﬁ?h T nfHisBHY @ -#841l08: SdatNE. e tiotl of reducing
recalcitrance,isegiglos o o7 ignoeeluisisamiedalgshat employ Fenton-type chemistry. Fenton-type
chemistry is 10 discussed in Pestovsky et al., Angew. Chem., Int. Ed. 2005, 44, 6871-6874, the entire
disclosure of which is hereby incorporated by reference herein. The methods can also feature
combinations of Fenton oxidation and any oty ¥RAd&kment method described herein in any order.

Without wishing to gnBaupdy aovpariculas lhearoityshelisyed gt pridation. 15 increases the

number of hgdrogen-bon,ding roups on the cellulose and/or the lignin, such as hydroxyl groups,
aldeh{fde grOl SR MBI YF I PLBAB AL B GFIR SI6R A HYERRIEGHIiRS 20HREh can increase its

dispersabilitycHomiar iis selubilivloli anecAsRschdhedRveriemicalumps-metnodsthatinglude

contacting, in a.mixture,. a first cellulosic or, lignocellulosic materjal having a first level of recalcitrance
: 9. change e sguctrure angor their 1gecalc1trance tevel, anc{ pmductsgmade from the

changed materials. For example, many of the methods described herein can provide
cellulosic and/or lignoceliulosic materials. that have an oxygen-rich functionality, a lower
20 molecular weight and/or crystallinity relative to a native material. Many of the methods,
such as Fenton oxidation methods, provide materials that can be more readily utilized by
a varlety of microorganisms (with or without enzymatic hydrolysis) to produce useful
products, such as hydrogen, alcohols (e.g., ethanol or butanol), organic acids (e.g., acetic
acid), hydrocarbons, co-products (¢.g., proteins) or mixtures of any of these. Many of the
25 products obtained, such as ethanol or n-butanol, can be utilized as fuel, e.g., as an internal

combustion fuel or as a fuel cell feedstock. In addition, the products described herein can



20with one or more compounds comprising one or more naturally-occurring, non- radioactive metallic
elements, e.g., non-radioactive group 5, 6, 7, 8, 9, 10 or 11 elements, and, optionally, one or more
oxidants capable of increasing an oxidation state of at least some of said elements, to produce a
second cellulosic or lignocellulosic material having a second level of recalcitrance lower than the first
level of recalcitrance. 250ther methods include combining a hydrocarbon-containing material with one
or more compounds including one or more naturally-occurring, non-radioactive metallic elements, e.g.,
non-radioaciiye, Gioupss: fedkif JolUALABMENS 10 AOMAR AMPIULE NDIGA Mg,ane or more
compounds contact the hydrocarbon-containing material; and maintaining the conta ?or a period of
time and un@éitdfietieHspstificient to change the 30structure of the hydrocarbon-containing material.
In some embodimeptsnihg,nethrdfurther Haﬁiufé%%ﬁ%@é@ﬁ%Qﬁ%iﬁ?&@?é&l%ﬁ%&ﬁ%ge"U'OSiQ or

hydrocarbon-containing material with one or more oxidants capable of increasing an oxidation state of
at least som@ G BIERENE T ERAHTIBETIAS, $HE 8hBVHFIRBReRRIGHIEIRER T te material with

the one or meERGPRRAYNES NS MiXuHRMibseMecanodinenit rille ong af Mmoro¥idants include
ozone and/or ggdrogen peg)xide. In some embodimd?%ts the one or more elements are in a 1+, 2+,

n )
3+, 4+ or 5+ OXIAHDT Stite %%éﬂfﬁ?&éﬁ&f&ﬁ@é@eﬁ% & of THETEBIRhTEHY GHERFEHE, 3+ or 4+
oxidation statextdrail sgxamptepirontcdandea indiaestoptlsotirenBty iranftll) or iron(1V). In particular
instances, the one Jnore %Secgge@ég i@gl(qu M, FethC(%, I}“f gu or Zn, pr ferabl Fﬁ or Co. For
example, the Fe or Co canbe in the form o?a sullfréefe,oe.g(?, w%r‘fﬁ oriron(it %euﬁ% &. " some
embodiments, igacsnubrsimoreoiid ditsearplep phedtchedietisttiulGsiccortiignobetiitogic material and
the ong Of MAIECAMAPHINR S 2,ARSAMER Asih I feTAl NG Ancoly BB Y fadigina the frst

cellulosic or lignocellulosic material and I5the one or more compounds through air with a beam of

particles, suéHdesere ot sMscBiphatgnsncorpRyaedhy sefierimesied - tHdymeadrdfyrmasncludes one or

more hydroquingResniishisss>OraibathauhyRaURCbe AN AL AR A HRAS RRHZAiINoNes, such
as 2,5- dimethoxy-1,4-benzoquinone. Such compounds, which have similar molecular entities as

20lignin, car&itf i eteE s transfer. In some desirable embodiments, the one or more oxidants
are electrochemicailyitaselecimipagpeticatly g ey ptet dilsitdedrol iexrBpiechydiegenpgroxide and/or
ozoneﬁg:an be electro%hemi ally Pr e ectronya}%uetical%grod%%?dgwfthin a éioné&?ct or.reactjon vessel or
outsidé the vESSEF andtraRster e-&sfn{ggﬁ]né VESEH BB Mo %5)9]? ith %H&Rjaes‘é tacting the
second cellulesipiordid noneliu kddibniateviaiswitticn enzynedndior rmict gesgayusamiRodacts produced
by such contagt can include any of those pr described herein, such as food or fuel, e.g., ethanol,
or any other%rogl%}c?s gesé%bé%%nfbﬁ% ﬁ‘%@%ﬁl A%%ﬁcgtfgk%%ﬁlal No. 61/139,453, which is hereby
incorporated by refbreneesheseihdmnitsréintrEntugimethoth draaspdede trnisgmgionafeatures systems
that include & Streture,of CANIRc ®:ioRJeAGHAR Yessah GRRIAINING A IXtHEe dogltding.1) any material

described herein, such as a cellulosic or lignocellulosic material and 2) one or more compounds
compfising SHENGIH BT BB PRIRP S A THETHBE BRI AR Rr el o3R8t 08 g., non-radioactive

group 5, 6, ra8icci OhctdiRlemanis, Opliasaldha Mt raninciide B) one eldmens oxidants
capable of increasing an oxidation state of at least some of the elements. 5In another aspect, the .
invention fedPeRPLOMDBORIGHS BREF PRI £ By AatErIEH HESERBB A A E AL S S cellulosic or
lignocellulosiomade Haitianan2hone protiose: cotopo vallis ainpriging engosicmaterankitaly-occurring,
non-radioacye gigup. 3. &Ly B 4901 4t lements: Qetignaly, fe composition can include one or
more oxidants ca‘pa% e Of InCreasing an oxidation's dite of af feast Some of the elements. toln another
aspect the inventiditieansibe dnattiodscobdhamgingyiclechtar-stntciing srandigrvwat voingr recalcitrance
in blomass mglgrialiisandriiioste ot ignogaiasicmpletiai. e mEtAdadogide combining a

first lignocellulosic material having a first level of recalCitrance one or more ligninases and/or one
or more bioriESacHBs ey MRY-BGoRGHI SR finG Srdatisths | iplensthiarthaldesndkarer more

in which the one or more compounds contact the hydrocarbon-containing material; and
maintaining the contact for a period of time and under conditions sufficient to change the

30 structure of the hydrocarbon-containing material.



15ligninases and/or organisms contact the first cellulosic or lignocellulosic material; and maintaining
the contact for a period of time and under conditions sufficient to produce a second lignocellulosic
material having a second level of recalcitrance lower than the first level of recalcitrance. The method
can further include contacting the second cellulosic or lignocellulosic material with an enzyme and/or
microorganism, e.g., to make any product 20described herein, e.g., food or fuel, e.g., ethanol or
butanol (e.g., n-butanol) or any product described in U.S. Provisional Application Serial No.
61/139,453. The, lgg&i@ 8&AN b(; .one re.of manganese peroxidase, lignin peroxidase
or laccases. The bioma_ss-%%s?régllﬁ% Sé?é%mg%ogaﬁﬁrniﬁee,rgf uc@ﬁg‘?ﬁl & BrWRte6tiasiewn 25 rot or
soft rot. For gapplielatie bidmidsadbetroyitgringamismat anthers Basigiooyeatesdpiiguss In particular
embodiments,theRiomassdast oxing LraRis 0 is. Phanerachaete.chrysaparium or Gleophyllum
trabeum. In certain embodiments, the first materif?i% in the - o?rr%i%OfI %%%?Lolggdmn‘é?%ﬁ%ff &t includes
fibers provid®dR sPadiiie @B o maerigheshifg arore tancredupentivs B0beysiatlinityinf a fibrous
material andsean WakkSYREIg lﬁi&&llé’dm%é%ﬁ&@@ﬁﬁﬁ%&%&%ﬁ%ﬁ%&@%‘c% Cr%@ta”'”'ty andjor

. A AACC,
molecular weight. Eor example, the shearing can be performed wi rotary Knité Qutter. In some

embodiments, the HbieTS FRRAHHIFLS B RePageIeslers i telratio df greatérithan 5/1.  The

first and/or seddmibmaseridhganthake ifs@ndsBiEd slrhaenrreastareaterthan Q.25 m2/g and/or a
porosity of g(r)t}a{fa&%row%gtgblggrt e25 elﬁcent. 5To further aid in the reduction of the molecular weight of
the cellulose, an enzyme, e 5. & cRitlSRiEB S hie P el den(dbdre sy Bochlorite, an acid,
a base or a swelling pepsiot waindten il Zedonitbranyrandthed: dessied-harein  Whenamicroorganism
is utilized, it ) t icrgorganism or. an.engineered microorganism. For example, the
microgfganigr%%%ﬁe%gg Eéaél%ggﬁrg% égegffl%p fElcﬁe1 uI%Pylc-z|!E(r“;]0bca‘1i gﬁﬁﬁﬁh%frfﬁﬂ‘g‘ifs“ G §8ast, an enzyme,
aplantor a H%Hﬁ,%.ﬁ?,nﬁﬁlhﬁg‘gétﬁa protozoa or a fungus-like protist, e.g., a slime mold. When the

organisms are comaUAlHsHEES RIALBRHiZRs, GRIRTRIN, Yarius micraoraarisms can produce a

number of useful products, such as a fuel, by operating on, e.g., fermenting hdlfs. For

example, alOBHEIOSIYLE BEGEhiRAdbarpe A Meye wgmeuprstainsgas, mickusds of 15any of these
materials cagche-piadieed bysiermeniaten AR HGeESSES: Hgngegﬁmei%%g;fgr lgts that may be

produ%ed inglude mono- and polyfunctional C1-C6alkyl alcohols, mono- and poly-functional carboxylic
acids, C1-Cb hyrSEABEHE M %ﬂ%bﬁ%%ﬁ@%@?%@ﬁﬁ%@%%ﬁ@ﬁab@alcohols include
methanol, _ethlatonk, propanol, isopropanol, butanol, ethylene glycol, propylene glycol, 1,4-butane 20
diol, glycerin, and fg@%@gtl%gg.therteo{g%ac c?%@gglgc f suitable carboxylic acids include formic

ifi
acid, acetic acid, propionic acid. butyric acid V& FRR R pamitieaianstearic acid,

oxalic acid, Fiefcie- et ghesiticdamidinghitarid/acide oleimacishnliogigicas|Guglycotis-acid, lactic acid,
y-hydroxyb%&mg' L1and.59 mﬂgﬁi@n%%e et EX ples of suitable hydrocarbons include methane,
ethane, propane, pent{in.e,e 25?181-hexarie, andir cﬁ%%u%%;%grﬁ?%e‘%%?ﬁ%%?%ﬁ‘é@é%ﬁﬁﬁ&% may be
useds fueldgnin, cppaiteimplsnsrengandtarial " as used herein, is a material that includes numerous

loose, discrete andssenarablefhers-FRrxamBle . A/liaURDARIIA A RsRrepared from & bleached

Kraft paper fiber source by §hearing, e.g., with a rotary knife cutter. The term "screen,"as used herein,
means a mém %W%l%&‘flgi JARA a3 0% S 1 slmecE varopiiseofocreens include a

perforated plateeayticictemonnibaiike, «dctromagnetically produced within a contact or reaction
vessel or outside the vessel and transferred into the vessel,
25 The methods may further include contacting the second cellulosic or
- lignoceliulosic material with an enzyme and/or microorganism. Products produced by
such contact can include any of those products described herein, such as food or fuel,
e.g., ethanol, or any other products described in U.S. Provisional Application Serial No.
61/139,453, which is hereby incorporated by reference herein in its entirety.
30 In another aspect, the invention features systems that include a structure or carrier,
¢.g., a reaction vessel, containing 4 mixture including 1) any material described herein,

3



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. 50xygen content is measured by elemental analysis by pyrotyzing a
sample in a furnace operating at 1300 C or above. Examples of biomass feedstock include paper,
paper products, paper waste, wood, wood wastes and residues, particle board, sawdust, agricultural
waste and ctr, | ; ilage, grasses, rice hulls, bagasse, cotton, jute, hemp, flax,
bamboo, sisg%? gg?:gjf %%lé%?g\\:v%%%@%ggg%o?ﬁ g{foa\ilgﬁds R STASSTRRRROWHY SPRPHSIE coconut
hair, cotton, Syhthéti¥Taitiedeso semveetoaigdioaehivnicipallwastecotsrixtunes-ofdibessvsThe biomass
can be or cagringlyde a Radura) oF A YBIRALC BAISHAly, me TNSIEITS, R @%&9@%%%&%8%
lignocellulosic biomass" refer to virtually any plant-derived organic matter (woody or non-woody) .
15For the pUfigaRs Sk aiseosara s poryiratsaians et ststhef threcbormssed entirely of one

or more saccharideritsher tipédnehedeene 9 TaNaresSReGRANIR UM 1 CRY ﬂﬁ%‘? be
polymeric (e&gh,ceg&uc@%o or greater theEHl].O_-mer, 100-mer, 1,000- mer, | O,((%E)I})r/ner, o%[e%gag,ooo-mer),
i) u

oligomeric (86 BGIAFTE Brigraate? tRHUR% S Sharrscsiiost: materiaiaad 3 ereeravater or 10-mer),
trimeric, dimeniopemiionomesieg\Whesr ther-28aariohydratescarpfommrd.at matehar & single repeat

unit, each repeat unit can be the,same, or different. Examples of polymeric carbohydrates include
cellulose, xy%?? Bl%erciztgl n ,t% AN tssfai)c%sovt\}/ﬁll%’ E?'éel I%(btflgggﬂé%cl%bi%@@‘%r@”@%rﬁ’ﬁf§§%@€ﬁﬁ*ﬁeric

carbohydrateapdbkeef plesasirpenomidaitooatoldr dtes toalede glickseand xylose. Carbohydrates
can bg,part of a su&rgg;gg{gzc&ggg }'EHQEH@%nt?o%'fe%%?slgenrﬁélc)??t;@%n?% into the structure. 25Examples of

such materials includengfnocellu_losm materials, such as that found i1 wood.-"“A starchy material is
one that is ofiRciIEeansiGhifeapna TS alsts b s iarohmra sirchidenivhtisesHukhiasgreater than about

5 percent Dyweisht: N3 A siaCTHEAVAINE  FARUISERAN R iSslosHIS, 2 Starch o @ material
that is or includes an amylose, an amylopectin, or a physical and/or chiemica mlxture?ﬁereof; e.g., a

20:80 or 3030%18:5 ﬁ?@%é@ﬁ?mﬂ&iﬁé’% SPRIDEE D [ Hrpitse €Tl oF onesammpte, rice, corn, and
mixtures theseniasaistatshysmaie lisin Ay Heiyaives InGlude. s 8 tRaliedextin, g acid-modified

starcqsbaseﬁ odified sé?rch, bleached starch, oxidized starch, acetylated starch, acetyefated and

m : ] .
oxidized staréh, phosphate WGBS QAR HyeraticaliN/afio anikeneesthrosisanatarial anst is resistant to

digestion. Swettinipagehtastasddr-hareindse inaterins ot aasend discarmallesweling, 5e.9., a 2.5
percent incregse jn. 'Hgﬂﬁl ver an unswollen state of cellulosic and/or lignocellulosic materials, when
applied to such matérials asggisso ﬁ"ﬁ‘&ﬁf%?‘&.‘? av?%t%nrgs%fﬁ iSh T ERSHTBNSS IRRIRIdEaR i substances,

such as sodi¢il B sreptidfeansstassiumetipd xidetithiuchiy dooxicdingnbkanmenisinibydiexides,
acidifying aggRiReBHRRiBSMIRTRL ACKS:(6- . SUHWHG aGId, Rydrochioric acid and phosphoric acid),
salts, such as 10zinc cﬁll_oride, calcium c%rbonea%%%lcl) %&r?%rgﬁ%qr%tee'fgbé%%%(ﬁrﬁtg&wgﬁ oniurn
sulfat®, and BFASH S dhein S0 S dseethgibrro teamirmol (e.2A dhaareld matsrial,” as used
herein, is a ma&a&&lmmiﬂdﬁs.@W@E@nﬂbﬁgﬁafﬂé@éﬁi?@eﬁ%l@@&%ﬂ?%,%% of the discrete fibers,

have a length/diameter. (L/D) ratio of at least about 5, and that has an uncompressed bulk density of
less than about 0.6 §/AIHENAY SUhRE G8- PR SR A1 P RIS VBRI Sasadienial that has been cut,
chopped or grouitdse or laccases.

The biomass-destroying organism can be, e.g., one or more of white rot, brown
25 tot or soft rot. For example, the biomass-destroying organism can be a Bagsidiomycetes
fungus. In particular embodiments, the biomass-destroying organism is Phanerochaete
chrysoporium or Gleophyllum trabeum.
In certain embodiments, the first material is in the form of a fibrous material that
includes fibers provided by shearing a fiber source. Shearing alone can reduce the
30 crystallinity of a fibrous material and can work synergistically with any process technique
that also reduces crystallinity and/or molecular weight. For example, the shearing can be

4



Changing a molecular structure of a biomass feedstock, as used herein, means to change the
chemical bonding arrangement or conformation of the structure. For example, the change in the
molecular structure can include changing the supramolecular structure of the material, oxidation of the
material, changing an average molecular weight, 20changing an average crystallinity, changing a
surface area, changing a degree of polymerization, changing a porosity, changing a degree of
branching, grafting on other materials, changing a crystalline domain size, or an changing an overall

oM SIZ€ e eSS OGNS EAETRS: b ESHRIEAb e SHEIGFIMS sgl el have the

same meaning as commonly understood by one of ordinary skill'in the art to w Is 25invention
belongs. All piibiEaEAS-BatémbppIReIrE cHatéhes Sahd other references mentioned herein or

attached hereto argiagriparaiadsbsraferenss indhairenireiierallhat IReY-eoRIAR than  ANY
biomass material, f:.gaégc/arbohydrate-containing material, e.g., cellulosic and/or Tignocellulosic material

described here™E4h Eﬁi‘ﬁfgﬁoﬁﬂt%ﬂgl%ﬁaﬁﬁﬁgl?&r?}&“ééSﬁ?ééeégdescribed in any patent or patent
application incorpoTatediyt eeferemheeddateain of the dendentursasdadvaniages:of the invention will

be apparent from the foIIome (Iietailed description, an?:from t?ig cl%ims. ESCRIPTION OF
DRAWINGS™ ™ g 2158 otk didgram Mg e s el SarbrPapePLtupée ittota first and
5second fibroass emateriellifel Gedtisa trosstged tdtahvienc dbod detariphiferantter. FIG. 3 is block
diagram iIIustratingvg;Q&vgﬁf’&laq ang%? %{g&i@ggaa igst SE,%QP&%%%J@{%&%P“S material. FIG. 4 is
a schematic cross-sectional sideview of a reactor. 10 IGa.l%as OWS a sequence of chemical reactions
illustrating FeREBGEPRmigRYT2anisFIGE & showda e quercesshibentonreadtionsiiust@ating conversion

of bengene to.phenakandiiAluRNEAR D;@%@%@égﬁ, apdenzybaleangl-, pgo@@e.g.?ﬁws a reaction

scheme for the preparation of a reacfive iron (IV) compound from an iron (Il) compound. 15FIG. 8.

shows a propi§éed: BEISRRA/ for TeREetids STILat(RIx-andlimre Mo VOrR YRR SEERisBroRIe in the

presence of 2hydimeshaxhydraaynongized. ﬁ&e%ﬂ%,&%@ﬁﬂﬂﬁr@!ﬁgéﬁﬁwgﬁﬁmﬁ'&@i a fibrous
material produc%%fr?llrpﬁg%o ycogted paper at 25 X magnification. The_fibrous material was produced on
ratifizit

5
a rotary knif&'€l 0 BF&%H%HSI’*/@%%&%@% OBottG B Tetpe BnmHE BlEctron

micrograph Gbacibrais mesksial prediceddomdateativad KyafbbanipansbaddXemagnification. The
fibrou%matergal v¥%§eprod ced on rotargulégg%c tter utilizing aﬂtst}creen with 1/8 inch openings. FIG. Il
G ORI BES8hed Kraft board paper at

isa scanninéL glgctroherﬁ%:%léirgﬁ i 'of & fibrous afg?gpgﬁéodluce
25 X magnificationE¥drepfitsrofisrodateridibwasytivigeoduced include mono- and polyfunctional
C1-C6 alkyl alcohols, mono- and poly-functional carboxylic acids, C1-C6 hydrocarbons,
and combinations thereof. Specific exampies of suitable alcohols include methanol,
ethanol, propanol, isopropanol, butanol, ethylene glycol, propylene glycol, 1,4-butane
20 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, lactic acid, y-hydroxybutyric acid, and combinations
thereof. Examples of suitable hydrocarbons include methane, ethane, propane, pentane,
25 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

30 according to size. Examples of screens include a perforated plate, cylinder or the like, or

a wire mesh or cloth fabric,



25sheared on a rotary knife cutter utilizing a screen with 1/16 inch openings during each shearing.
FIG. 12 is a scanning electron micrograph of a fibrous material produced from bleached Kraft board
paper at 25 X magnification. The fibrous material was thrice sheared on a rotary knife cutter During the
first shearing, a 1/8 inch screen was used; during the second shearing, a 1/16 inch screen was used,
and during the third shearing a 1/32 inch screen was used. DETAILED DESCRIPTION Using the
methods described herein, biomass can be processed to a lower level of 5recalcitrance and converted
into useful products.such as fuels. Systems and processes are described below that can use as
feedstocks materiasirsﬁgg%lﬁnag ngﬁ(ﬁloséi(? At fgir;I ‘ﬁéﬁ%@éﬁﬁﬂ%@%ﬁ%ﬁtgﬂgﬁ tharaEreblithavailable, but
can be diffic@itnboproseddicio cesgmplerdysaconhacificatior dnd/adjfy felirantalionidn some
implementati e jals are fir % sically prepared for processing, for example by
size 10reducﬁi&2§%ﬁg€p§r{?§iﬁ%ﬁ? :%gggérgltzigfrglé{ ﬁ%&)é Xl%htﬁse%l%l 8?%%5%’1%%& Usirity 8%85%@%?%&9., using
Fenton-type %%Fﬁ‘i’é‘ﬁ% Efdsitafridineseases be further treated with one or more of radiation,
sonicagion, pyrolysi@@(?ﬁl1 vl eal W%&@d'@%ﬁ@ﬁgﬂ&%ﬂﬂﬁ?{% %%%szi}%(;afg%gsfg{%k&is first treated
with one or more of radiation, sonication, pyrolysis, and steam expglosi n, and then treated using
oxidation, e.G" EERRKIRTHE EneNstnorEidisterred oxidative methods for reducing recalcitrance in

cellulosic or lignocalhdeglesvatesialssnalidadkantardyRschamisinsdiscussed phove, igqvhich one or
more group 5,6,.7, 8,9, 1 0%%1 elemer]ésrﬁga%gonall along with one or more oxidants capable of

increasing an SSdHoR ’%?gtiée ArdRere (e QishshY ireal i tuenataemresidaissment, the
pretreated natesisl sdapbefurttieripedodBsbak By, cuBingRRPHMMIRKOBASHBS SHEN As.saccharification
and/oyfermeptation, to_prod roduct, TYPES OF BIOMAS Generally, any biomass material
that is or inchides Qaéb%%gd?%%ggﬁé%?ﬁSg]slé:g%ﬁ??fedllyggdb %’s&‘}%ﬁ?@%g%ﬁ%‘ﬁ TiEBk that include
one or mores3atitiarigBulsits. seanbedpatwes sadimpanyastte methods Oieseribes: hereins For example,

the biomass patgrial .2o6an he acgélgdl,%gcrgrsm%gl%%ic materials, or starchy materials, such as
her food '

kernels of corn, grains of rice or other foods” ~Fiber sources include cellulosic fiber sources,
including paper and i5asBrpradachiomags, sor Chereerbalpsir hankssifrefaperyamdifignecellulosic fiber

sources, inchigingsoed oaRginmagdsrelatedyaaigiials, &g, particle board. Other suitable fiber sources
30include natural fiper sources, e.%, grasses, rice hulls; bagasse, cotton, jute, hemp, flax, bamboo,

sisal, Abaca, straw! 8l SHOSHR AL R e s FahehisEtaviecas piighsihat-welopesedntent, e.g.,

cotton; and syrithistisf bhevsadresscaghdextiitdedvam (HeBird Y am-OL 14k gntedyarn). Natural or

nthetic fi r n ined from virgi r xtile material .g., remnan r th n
synthetic b@aga%li!l Co%g’tgsacarP eog%nggc (g.g., equa ‘L%Cm(jjl grégteg‘ t%an %t()e-maeg’lt(e}oqr:’nere, 1,081(%t s orthey ca

be post consumer waste, e.g., rag
mer, 10,000-mer, or 100,000-mer), oligomeric (e.g., equal to or greater than a 4-mer, 3-
mer, 6-mer, 7-mer, 8-mer, 9-mer or 10-mer), trimeric, dimeric, or monomeric. When the
20 carbohydrates are formed of more than a single repeat unit, each repeat unit can be the
same or different. Examples of polymeric carbohydrates include cellulose, xylan, pectin,
and starch, while cellobiose and lactose are examples of dimeric carbohydrates.
Examples of monomeric carbohydrates include glucose and xylose. Carbohydrates can
be part of a supramolecular structure, e.g., covalently bonded into the structure.
25 Examples of such materials include lignocellulosic materials, such as that found in wood,
A starchy material is one that is or includes significant amounts of starch or a
starch deriiiative, such as greater than about 5 percent by weight starch or starch
derivative. For purposes of this disclosure, a starch is a material that is or includes an
amylose, an amylopectin, or a physical and/or chemical mixture thereof, e.g., a20:80 or
30 30:70 percent by weight mixture of amylose to amylopectin. For exarmple, rice, corn, and

mixtures thereof are starchy materials. Starch derivatives include, e.g., maltodextrin,

6



5 When paper products are used as fiber sources, they can be virgin materials, e.g., scrap virgin
materials, or they can be post-consumer waste. Aside from virgin raw materials, post-consumetr,
industrial (e.g., offal), and processing waste (e.g., effluent from paper processing) can also be used as
fiber sources. Also, the fiber source can be obtained or derived from human (e.g., sewage), animal or
plant wastes. Additional fiber sources have 10been described in U.S. Patent Nos. 6,448,307,
6,258,876, 6,207,729, 5,973,035 and 5,952,105, the full disclosures of which are incorporated by
reference heyein, . . h terials.include starch itself. e.g., corn starch, wheat starch, potato
starch or ricegcz&[{;%ﬁﬂa%éaérﬁ%%&e%gf%?aﬁc e, Sragciﬁa{ﬁéaf%lc ﬁ% %%Iaéleézgf{asrtgﬁ?hsﬁg %E;l.%t%%n edible food

product or asétsh. Fekéxadmpié otézsthsthyhnrienhhcandieitd atadh gl bidkwhedifiddanana, barley,
cassava, kudzu,06a, §§Iggﬂ§£gqg%a;ggy@§|&%§ehold potatoes, sweet potato, taro, yams, or one or

more beans, such as favas, lentils or peas. Blends of any one or more starchy material is also a
starchy material. IPPafieRREEBoHHASRTSIAE Salems)siaterabisdbvatttonvedine. Various corn

starchgs and dervasiyes aremdesctedinnie ok Staishw SarnRelirers Assosiatign (11th Edition,
202006), Wii],ch is ﬂﬁ{eby incorporated by reference herein. Blends of any biomass materials

described hEIRCEAN L MmAiSHa b AR Ship SPEhaBotie & asekRIs®d Teréifaiich as ethanol. For
example, blenhisief. ceHaigsic Mdiekalkdngd siarehysnaiesials eanbenyilizadlalomakiag any product
described herein. E PREPARATION 25In some cases, methods of processing begin with a
physical pre%%%:ﬁféfr{?’gf%ﬁ%n?eggg%ﬁa aé% R E&%%Xg%t\%ﬂ‘g BEHRHGEIE such as by
cutting, grindimegr sheatin(g or chbppingdlmsbnrélodsesideod pliegtstackdd)gsatecyaledspaper, starchy
matetjals, o, switeharass),is; Rrenats S i (. shredding, Screens and/or magnets can be used
to remove 0\?7ersized or’urpié%}ag% g%%é’é@%@%%g? 8?6%(%%&%??8%@&%%%%% “’?r%ar%‘the feed
stream.  JEERpEPEREONIES s teisas afipensohfigired to produce feed streams with specific

characteristics such ag ot Exampier SRaCiG BRI MUMSizas: &B?ﬁlﬁﬁ;rbe%e@%?e}%"ﬁgéﬁﬂs g specific

surface areas ratios. As a part of feed preparation, the bulk density of tocks can be controlled

(e.g., increal&enl it deshaRpuighiis ebhbditerio fbars vy anormshdisersiih{ihcrived Bnin. Size
Reduction Ingemeembediments iherbatgrialia bepwasssed isiniheaiRnmef g figroys material that

includes fibers provided by.shearing a fiber source. For example, the shearing can be perfoimed with a
rotary knife é%ﬁ?%?fiW%%‘%‘ﬁlé&%ﬁﬂlb%@féF@ﬁ@@‘%tﬁ@.aiPﬁeﬁﬁé*?’§88P38‘%T(¥T§‘§ﬁgared, eg.,ina
rotary knife cutter, @hpravidemadisst fibsoustmateriat ahassThedfiksifiasaldsanatsriahd il s passed

§ize of 1 SEg%ngm or less (1/16 inch, 0.0625 inch)

broush o T SHERD A4 SHOR A YT R B SR e 10 00028 o

to provide a'secon brous materia s.re"é,“. er source
with a shreddierchss soimeneritoodirsents)rthemshehrirgroiihey $euwpeanddhdapassingof the resulting

first fibrous @iy iakiaUaR sk SCHEN AR RAGHRES LNGUUEN e sNeafing and the passing

can also be perfoimed in' a batch-ty&;grocess._ For ple, a rotary knife CUtter can be used to |
concéfrentlyCBRRERERE HERETIIEE BiRe B s Rze fstapes pharsing «Otmenéthods of making the

fibrous polymerization, changing a porosity, changing a degree of branching, grafting on other
materials, changing a crystalline domain size, or an changing an overall domain size.
Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
25 invention belongs. All publications, patent applications, patents, and other references
mentioned herein or attached hereto are incorporated by reference in their entirety for all
that they contain.
Any biomass material, e.g., carbohydrate-containing material, e.g., cellulosic
and/or lignocellulosic material described herein can be utilized in any application or

30 process described in any patent or patent application incorporated by reference herein.



20materials include, e.g., stone grinding, mechanical ripping or tearing, pin grinding or air attrition
milling. Referring to FIG. 2, a rotary knife cutter 220 includes a hopper 222 that can be loaded with a
shredded fiber source 224. The shredded fiber source is sheared between stationary blades 230 and
rotating blades 232 to provide a first fibrous material 240. First fibrous material 240 passes through
screen 242, and the resulting second 25fibrous material 244 is captured in bin 250. To aid in the
collection of the second fibrous material, a vacuum source 252 can be utilized to maintain the bin at a
pressure below nognal aMeSPGIic pIsssure, 6:9:, aL18as10:25,50.01 £2 petent below nominal
atmospheric pressure. Shearing can be advantageous for openlngpﬁp and™stressing” the fibrous
30materials fotigRimg tlrtaded dirsemiothenm diterighs: wlemasusceptible to chain scission and/or reduction
of crystallinity. The open materials can also be more susceptible to oxidation. The fiber source can
be sheared in a dry state, a hydrateg A %é? »-Raving up to ten percent by weight absorbed water),
or in a wet state, e.g., having betwe f‘% f&%%r‘é&??%ﬁﬁ‘%l 75 percent by weight water. The
fiber source can e beisheatediayhite ifiastiatiyocdtilyrsubmer god upgder afigulicksstielh as water,
ethaanJ, iso%oggg% ggsheﬂggglsource can also be sheared under a gas (such as a stream or
atmosphere‘ofgas other than air), e.g., oxygen or nitrogen, or steam. In some embodiments, the
average opening siZ&0? the fistsomena Yiis déssdatian 07 aumar(0.031 inch), e.g., less than 0.51 mm
(0.020 inch), 0.40 iy (9 O4HMCINAZI MR 0930E02Y B (QOOBRENN L8 mm (0 007
inch), 0.13 mm (0.005 inch), or toeven less thaness than 0.10 mm 004 mcﬁ). e characteristics of
suitable scrégp et iBatPUomaREple, in US 2008-0206541. In some embodiments, the open

area of the mesh ix1es% RANH R SrodeSSiAAIAIIERSINAR R0, 1ess than 31%, or less than
30%. In some embodiments, the second fibrous is sheared and passed throgh the first 15 screen, or

a difféfent sized sciéen® MSHISEBEaMh chtginrbreadinn Hivsusnafeaen fealssed through a

second screen haung. AsRvesA0R ARENING Szt eaurkishoniessthan thateffirst sskesn Referring to
FIG. 3, a third fibrous mﬁ'fterial 20c be{iigreﬁz)red HOW he second fibrous material 216 by shearing
hadgt 1A

the second FBFBE5FHALRHERS sO5HF Tl terial through a second screen 222

having an averageRifiefiisipsize lessithanh2fihéfitst perpantidtbrlnsueh-#issantes, a ratio of the
average len ggﬁto-ddgr@eter ratio zﬁshe second fibrous material to the average length-to-diameter ratio.

[
of the third fibrotis matenal can b , e?a?}?gisﬁsl han 1.5, e.g., less than 1.4, less than 1.25, or even less

than 151.  Generdfly Sthiwfisersropabes fibfoveyrfratmdalsicaniiaveih rlbtivelycirgefaverage
length-to-di &@e@ﬁ@dﬁ-& d:%ﬁ@#@és@ﬁ@ gfoz,tg;_@%%%g}ﬁ Lng&%lbeen sheared more 25than

once. In addition, the fibers of the fibrous materials described herein may have a relatively narrow
length and/or lengtiltb-diameteriags arsiemmisnereiuses Hersmmatrsin geoibesd rams (i.e.,

diameters) a6t baasidrissminedx watisatydoy randorphyaeiesting ARppRsimately 2.000-fibers. Average

fiber lengths argﬁcorrecﬁteld length-weighted lengths. BET (Brunauer, Emmet and Teller) surface areas
are 30multi-SBHH LHIFEERIEIBES SSHREHBIsl e BERORBYEetermined by mercury porosimetry. The
averagie length-to-@limetes wasiarnitbelsaennchitbsoupimatefiatold eanha eodugieaienthan 8/1, e.g.,

average londIFLaT L SR PR B £ BN e, L. BEAEE B ORHSPARR 2.5 ram,
e.g., betweenrabouk@fEswtion amdzbOraemcandBditaverageniridth (i.e., diameter) of the second
fibrous material 14ggan Pleis%' gca&ﬁﬁ@%?e@tmn micrograph of a fibrous material produced from
bleached Kraft board paper at 25 X magnification. The fibrous material was twice
25 sheared on a rotary knife cutter utilizing a screen with 1/16 inch openings during each
shearing.
FIG. 12 is a scanming electron micrograph of a fibrous material produced from
bleached Kraft board paper at 25 X magnification, The fibrous material was thrice

sheared on a rotary knife cutter. During the first shearing, & 1/8 inch screen was used;



about 5 gm and 50 pm, e.g., between about 10 pm and 30 pm. In some embodiments, a standard
deviation of the length of the second Fibrous material 14 is less than 60 percent of an average length
of the second fibrous material 14, e.g., less than 50 percent of the average length, less than 40
percent of the average length, 10less than 25 percent of the average length, less than 10 percent of
the average length, less than 5 percent of the average length, or even less than | percent of the
average length. In some embodiments, a BET surface area of the second fibrous material is
greater than 0.1 m2/g, e.q., greater th .25, m2/q, greater than 0.5 m2/g, greater than 1.0 M2/g,
greater than%?%%?%r%&t%@eﬁ%n&’fgg }Igl,gkéﬁggt%é}g\'ﬁéﬁ%e. ?ﬂé@f@]’%g}@%ﬂﬁgﬁhﬁr P8rh2/g, greater
than 25 m2/d/Grewtesdtran 88sm2ty, greater than 50m2/g, greater than 60 m2/g, greater than 75 m2/g,
greater than 100 m2/g, greater than 150 m2/g, greater than 200 m2/g, or even greater than 250 m2/g.
A porosity of the second fibrous material 14 can be, e.g., greater than 20, 25, 35, 50, 60, 70, 80, 85,
90, 92, 94, 95, 97.5 or 99 percent, or M%%%P%&%&@%%em. 20In some embodiments, a ratio

of the average lendtbitg-tiameteidsaliecgbinaditsh fbrausmateriapiothe auerage dength-tp-diameter

T s thaft DT Tt 105 AR TEBE PO SibutaTaTy SR o Some.

em bodiment@;smé)ftﬂibdlﬁb’rdws wmatecial isqdswskd thtorigh sihisd atreesic2bi@@roduce a fourth fibrous

i ey
p@}ﬁm‘gf' itton. In s S (1

r:dSlIJrg[iorI‘ éoﬂé&@@@:ﬁ MAY%RE BRIER %h?sﬁasggp%eﬁ;ﬁ? g% ng?ﬁf?&g%g%%{girfﬁo nsc’]ltji;sgnet

described in U.S. Provisional Patent” ApplicationSerial 60/832,735, now shed Tternational

Applidation KgUGieRodH8 R EeHy prreTsd Foednmeki thimpieatyiotopageakidsiteook. can be
pretreated fokigerinpHmaey ReadusioBarieses semsush a5 sarsbaificationRRdSerpepation by, for

example, redycig the average molecular weight and crystallinity of the feedstock and/or increasing
the surface StEXEHGI P BErESL-GPTRYE TS ASERPrEREs et Srapdedasiinsgcializihy Fenton-type
chemistry, dississsadiafiovescand eith futtbemineludeonerar oraSHrRLMIn sanication, oxidation,
pyrolysis, and steam explosion. 10.Fenton Chemistr some embodiments, the one or more
elements u;}éxﬁl%sﬁ% egt)nii(?(})erﬁ1 r%ea%](t: R Ofﬁcééﬁi%l,’ f%":ﬂ’flﬁ}fﬂ@ﬁ%%ﬁf{’bn state. In particular
instariées, the onelseivneed elehentsioids dMnadien CocdltitGneiZ o peferably Fe or Co. For
example, thg &6 Qi 1hGe sanbadn.thefarm.of a sulfate. .e.q., iron(ll) or.iron(lll) sulfate. In particular
instances, theg%)ne or more elements are in a? Jﬁ;?%’%??f%?%i Xié‘gﬁlégrslgg?%}fg.vfzé? évilé‘f‘%&%‘? ffon can be in

the form of FSTABIIFENIR) brir8ntRor 11 clensniplopyitmsty 14 ccempbumdinctudefemons sulfate
heptahydrateapser(H} Mertiagelanalga AR WP 4 185G RS FiNGL Rromide,irong!l) chloride, iron(ll)

After pretreatment, the pretreated material can be further processed, e.g., using

20 primary processes such as saccharification and/or fermentation, to produce a product.

TYPES OF BIOMASS

Generally, any biomass material that is or includes carbohydrates composed
entirely of one or more saccharide units or that inciude one or more saccharide units can
be processed by any of the methods described herein. For example, the biomass material

25 can be cellulosic or lignocellulosic materials, or starchy materials, such as kernels 0%
corn, grains of rice or other foods.

Fiber sources include cellulosic fiber sources, including paper and paper products
(e.g., polycoated paper and Kraft paper), and lignocellulosic fiber sources, including
wood, and wood-related materials, ¢.g., particle board. Other suitable fiber sources

30 include natural fiber sources, e.g., grasses, rice hulis, bagasse, cotton, jute, hemp, flax,
g



20chloride hydrate, iron(Il) chloride tetrahydrate, iron(ll) ethylenediammonium sulfate retrahydrate,
iron(ll) fluoride, iron(ll) gluconate hydrate, iron(ll) D-gluconate dehydrate, iron(ll) iodide, iron(ll) lactate
hydrate, iron(ll) molybdate, iron(Il) oxalate dehydrate, iron(ll) oxide, iron(11,111) oxide, iron(ll)
perchlorate hydrate, iron(ll) phthalocyanine, iron(ll) phthalocyanine bis(pyridine) complex, iron(Il)
sulfate heptahydrate, iron(E) 25 sulfate hydrate, iron(ll) sulfide, iron(ll) tetrafluoroborate hexahydrate,
iron(ll) titanate, ammonium iron(ll) sulfate hexahydrate, ammonium iron(ll) sulfate, cyclopentadienyl
iron(Il) dicartagltﬂ | dimer, ethylepnediaminetetraacetic,acid hydrate.iron(lll) sodium salt and ferric citrate.
Exemplary iron %?ﬁ@%lm%gﬁ%g%w&ﬁég ?P?)br% ( 366%1(% Siilg%ce%l%%é}%lﬁ%%ﬁé I‘%S)I%%Srgj}ﬁ?‘dg,offon(l II) chloride,
iron(111) chlodddulrsxabydnate. siron(ioh; chidsidetstitufiber, sinonédl } ehloxidelehaiticagel:dion(lll) citrate,
tribasic mon g%d&aaﬁ,_dm_g@m ferrogyanide, iranid. ride, iron(1 1)§ oride.trihydrate, iron(11I)
nitrate nonar?ydrate, _iron(’lll)_nitra?é on silicggég?f g‘rgot%rrf)(liil %é(galllgggbﬁe%;bﬁf ?3%%%%%% rg%de, iron(l11)
perchlorate R iloma) pRosphateIiRDi (1 shicsp harodetyydraer wositl B gphegphate hydrate,
iron(l1} phos@*ﬂ@ﬁ%&%&'@?bﬁ&!&@@?aﬂé%éuQ%Qﬁé@ﬁ%@gﬂ e FRIRNGey iroin materials, e.g., SCTa

phthalocyaninc-4,4',4",4"-tetrasulfonic acid, compound with oxygen hydrate monosodlgm salt, iron(111)

pyrophosphd e SHEATIZE ALBEAFaRS BpSnt AT BhsTUB ARG U HeTRRE praaraja FaTe MpAsHiaiR

tris(2,2,6,6-tgbameifles dieptanedionais), and RRmeniw.ienill) citrate: A0 maplary cobalt (I1)
compounds include c balt%gg) %cetatg, cg@alt(ll) acetate tetrag%drate, cobalt(ll) acetylacetonate
hydrate, cob%ﬁ?ﬁ?flﬁgﬁ%& CetOHATE A8 SBSRRT TS mitES BB ARET P OTEh R RS APHESIRT cobalt(l)

carbonate hyldratel Exerhptasy cobate¢tygomperindsing udeteobalifith acatylacetenatesgobalt(lll)
fluoride, cobali(lll) oxide, cobalt(1y). sepulchrate, trichloyi i bali(Ill).15chloride,
df, conplUlNexide, sopli) sepularele igploride, bexamipe saball 42

bis(cyclopentadienyl)co 11) hexafluorophosphate ‘and bi ﬁi}ﬂcobalt(lll)
hexafluoroplhésphidka. the fulxbsnistangoxicdnts arclnderperoxidesicfachasdyiirogen peroxide and
benzoyl peroxide, Bersalgs-aihdsaumaniLetsulate Actvaled foims, of guyaen, such as

Q .
ozone, pelmanganates, such as potassium permanganate, perchlorates, suc 88'€0dium

~20perchloraféaraharHiASSERRri fedoriiehy vl searinohy prsctiiofithal ialwdtroltible act) 2s an Generally,
Fenton oxidaliamae6uisdiuenoeXigiziNgrenviranme it Ear&ample.theaxidation.gan be effected or

aided by pyrolysis in an oxidizing environment, such as in air or argon enriched in air. To aid in the

oxidafion, vaSEERERIRAIG JERR: ShitH As'Oemhte: St9asSorabaEbd Ealboaiiel to the material

prior to or dyingoexidatamokas, 2hexaumpleraResoxide: (4hs REREQYIRRIOXIHEk RN added prior to
oxidation. ome cases, pH is maintained at or below about 5.5 during contact, such as between

In t o]
1 and 5, betv%leeéjﬁsf and g?%%’tv%}é’é%sfjg%ﬂ%e&a SESh 60 B LS. PHUSHICt period may be,
for example chétwieeen@, andsk2chpursiea iskietived frahandrl O\hoidis oolpetaerss 2rand 8 hours. In
some instanges, the reaction sonditiops are.controlled 30so thaf the temperagure.does not exceed 300
C, e.g., the temgera%rg%%%ﬁg%iﬁﬁgﬁn%%&z 8%%8%%% é“?sé’\?leaﬁl 5@%@ igﬁnc. In some cases,
the tethiperaffie reriéthdsdupdaimpaityantisidotraferenet yralbout 20-25 C. Referring to FIG. 4,

reactive mixiures 23081INR AYGSSRL2 LA CARDR DIGRALECLUS VAU PRRIGRENGS: For

example, in instances in which the mixture includes one or 5Smore compounds and one or more

oxidants, th@ it RERURSEACHTRGA SeEInIserRe #tbanpdiphexaraplgidpeadeelieeliesicor an aqueous
medium, anchthenihamese-ermeie carRawRdsRA e addad: ialowed hyadditiongtihe one or more

oxidants. Alternatively, the one or more oxidants can added, followed by the one or more compounds,
or the one O ﬁﬁf:ﬁn qone or more compounds can be 10concurrently added separately
to the dispe 0., dependently through a
25 In some cases, methods of processing begin with a physical preparation of the

feedstock, e.g., size reduction of raw feedstock materials, such as by cutting, grinding,

shearing or chopping. In some cases, loose feedstock (e.g., recycled paper, starchy

materials, or switchgrass) is prepared by shearing or shredding. Screens and/or magnets

can be used to remove oversized or undesirable objects such as, for example, rocks or

a0 nails from the feed stream.



separate addition device 2120, 2122 to the dispersion). In some embodiments, a total maximum
concentration of the elements in the one or more compounds measured in the dispersion is from about
10 uM to about 500 mM, e.g., between about 25 uM and about 250 mM or between about 100 JIM and
about 100 15mM, andJor a total maximum concentration of the one or more oxidants is from about
100 uM to about 1 M, e.g., between about 250 uM and about 500 mM, or between about 500 um and
250 mM. In some embodiments, the mole ratio of the elements in the one or more compounds to the
one or more oxidarlltge&s flreon} J%out %één‘%QQa%%%%O# 01:2 ,.such as on about 1:500 to about 1:25 or
from about 1:100 to abOUET 95 201n Somé caseS HFE ShE SFHHEPE Sty Hhinfstito the first
cellulosic or figjAesdetishiosicivhatefial erahnttie areitc morecompeungedsclgash-suehdds by generating
ozone in-Sit%&XiﬁE%%@&%{Q& I%ﬁ&ge[@%%&?&k%@&’rg A Lél‘%%lit():ﬁa&% gt]z QG TS ?r&gounds
through air with a beam of particles, such as electroris or protons.”In"other cases, ¥t cellulosic or
lignocellulosfehP4tetraialenisy shspereasgdh 2higainer.dicain agudousmedifrrthatificiideskthe one or
more eompayndsdigpersad and/or dissolved therein, and then water is removed after a soak time
(e.g., loose and free water is removed by filtration), and then the one or more oxidants are applied to
the combinagigp @s;a.88s, such as by generating ozone in-situ by irradiating the first cellulosic or
lignocellulosic and the one or more compounds through air with a beam of 30particles, such as

electrons (e.g., eadh H8IH GARUBAE LI Brsal ikF amessirdd opBbtdeandd Mavoand 10 MeV).
Referring nawateril Gabinthserrbpariauae mbadinenish s iond!) eampannd igdtilized for the
Fenton-type Qergplisé%hguck}?s irqﬂ (ljjlgosulfate, and hydrogen peroxide is utilized as the oxidant. FIG.
5 illustrates that Incsuch 2 ST STERT Y B MpErBlu@ ikidizes the iron (Il) to generate iron (I11),
hydroyl radicals afvet Eanpkideniobs fefersation FYGT heafishioxwdrtadicals gaa-taen geact with the first
cellulosic or Jj Hulosic material,.thereby.oxidizing it to t cond cellulosic or ligmocellulosic
material. Thég)?l%gr?] ﬁ%ﬂ“ﬁ%ﬁ%@ffc"é ec%%% %ﬁ%@ idé %?glgpé?ifﬁﬁe(ﬁswwsd@ﬁfﬁ? Hydrogen
peroxide ang mwndﬁbmgh rddtigaie togdations R and B equration 4illustaiosihatrldg also possible
for an orgarye/iadie) (13 (RaHGE Haniilh bAGHIaiRN L ORIG, & Hstiates fhaf fon (11) suliate
pH be ou

and hydrogen peroxide in aqueous solutions and at ow a 6 can oxidize aromatic rings to

give phenol§2aRfehy#E& A dhgIsbtisR\FEe i Bbplibttdaellulosic or lignocellulosic material, these
Fentap-type reactigne,canslRsnhanes e salubilinel Wedoneslulesis maerial iy,
uction in I5m

functionaliza%tion %the lignin and/or cellulose or hemicellulose, and by re ofecular weight

of the lignocSTtufo¥RHARATHY SHa ARzt ettt fe reskmindion rezmtbhsTon theatigaensiiulosic

material caniepasdhangesisabelpaiamst UClbe@neRy gdgdsiction in its recalcitrance. FIG. 7
shows that hydrat%%gré%nrl(lll? com ouq%s such as hydrated iron (ll) sulfate, can react with ozone in
re e

aqueous solutions t0 Generate extrem %8%?\/‘@% arstdarer ool shipolinddthat can react with
and oxidize wwitciasit sndigrodet fibsicsmaterials Ol sonsethobsipble ambedimgnts, the mixture

furthey, inclu . re hy uj es. such as 2,5-dimethoxyhydroguinone (DMHQ) and/or one
or m%?e ben%%%gfgr}l%ﬁlgls@%ﬂ%}gé%@%%ﬂ%n%?ﬁb%ﬁ%ggnnz%ﬁrﬁ%n(gn%g%gﬁﬂ @t%)%‘?ﬂﬂ}ﬁﬁ Y aid in electron

transfer reaétfHHen pIdng. i Refvaias teokiGrch {IvjacainbE rttaca2byddiiid @Happagize iken (11) and
DMHO sermiiioanecaclisl, AN 8GRI 10 e ETILUNRE INGn alves aphg Mycoxyperory

radical that eliminates HOO to give DMBQ. Finally, HOO' oxidizes iron S(?Brorlcﬁ?ismuta cs to generate

hydrogen p&foXREa Statiopidistiesifaid wintraiadnid st oride mbret Ghidantsasroal

electrochemicallyion eleciiomaenatizally aenariaghncsil. 20T SXPMPIe. FIQgeR peroxide and/or
ozong SOcaﬁ be electro%qﬁagicall or %Lectrom%inetically produced within a contact or reaction vessel.

In sofe impleMerats o EEBIC A8 b sLR PR Ay Be (dleetineg oé e speemd fibrous

material, a vacuum source 252 can be utilized to maintain the bin at & pressure below
nominal atmospheric pressure, e.g., at least 10, 25, 50 or 75 percent below nominal
atmospheric pressure.
Shearing can be advantageous for “opening up” and “stressing” the fibrous
30 materials, making the cellulose of the materials more susceptible to chain scission and/or

reduction of crystallinity. The open materials can also be more susceptible to oxidation.
11



manner of the mobile processing equipment described in U.S. Provisional Patent Application Serial
60/832,735, now Published International Application No. WO 2008/011598. 5 Radiation Treatment
Before, during or after the Fenton oxidation discussed above, one or more irradiation processing
sequences can be used to pretreat the feedstock. Irradiation can reduce the molecular weight and/or
crystallinity of feedstock. In some embodiments, 10energy deposited in a material that releases an
electron from its atomic orbital is used to irradiate the materials. The radiation may be provided by 1)

heavy charged partles, sucties Alpbe Reitilss PERIOIRNS R)EIRLIANS RIodet: [rgxample, In

beta decay or electron beam accelerators, or 3) electromagnétic radiation, for example, gamma rays, x

rays, or ultrdGToRStEy S/ ek APTHESE M At oh PISHHEED b rAaTTHERVE SebsbaHCES 15can be used

to irradiate thedaadsipsholn7sameLmRodinanisaanyresemhinatiandrAany e derspecancurrently of (1)
through (3) may be utilized. In angther approach, electromagnetic radiation (e.g., produced using

electron beaff SRty S Seuats st apfate {Hed SHEGB AR tibaad 4iireRPaRhend on the

desired effegtharfbéherpaticialsierdstioalkdmad @xagaplendigh dasesodradiatipieast bieak chemical

bonds within %qugdsto k comp{onents agd low dofc,es of radiation can increase chemical bonding (e.g.,
s dE ALY 1, €.2.,,0 cn Or Nroeenl, or StCam. . .. . .
cross-lmkmg% Within feedsteek ponentsg i some instances when chain scission is desirable and/or

polymer chain fundticoalizatibodisdesirtble;pagticlesiheaide oftthn fele cireas 2ddch lass pratons, helium

nuclei, argon i 1) ions, neon | ' | [ itrogen ions
Can be iz R e ks oan be

utilized for thieip (G002 iaeld. Hrop aried Banefantdd rimytopeRingohBilb sersdibAFackkample, when
maxinyim oxiglation s desiret Ry aeRions @anRe utlized 20dwheh maximueaitation.is desired,

nitrogen ions can be utilized. Doses 30In some embodiments, the irradiating (with any radiation source

or a combin&fitfiibiddeesdy e BRI AP eRs m M ermereabriig e ot 6P8R 1880015 Mrad, e.g.,
at 18 least 1:QsMiads2uMiad, 8.0, VrachH010obrad, iR Nied 18Q Miad; af, everakigast 100 Mrad. In

some embo%%nts, the irradiating is performed until the material receives a dose of between 1.0
Mrad and 6. ad, e.g., between 1.5 Mrad and 4.0 Mrad. In some embodiments, the irradiating is
performed at a dode sate:ehliedieen S O oaoohl TR Mlotadsib and, . gsdadtaeernhkGisand 750.0

kilorads/hour or betwe%rh50. and.350.0 kilorads/hours,. n some ergl%%diment% tV\fO or more
. A5 SCreen, or a di 82‘6]?1 Slﬁed SCrogn. I S0me em odlmen 3 ¢ SeCOn 101018 Ina éria 1%
radiation sources ‘are used, such as two or more 1onizing radiations. For example, samples can be

treated, in apgserdmongth esbmarsofestelctroms piolioved dpggapa cquidtioor dewd U fight having
wavelengths, gt about 1R300ATN% AU R0 imus SIS HUORIENS. flyely low doses of

radiation can crosslink, graft, or otherwise increase the molecular weight of a carbohydrate-containing

material, suchcasbitenieacspligHob RltesRethateacarddigrose matsia) 1o asamprs Bifibrous
material thatinglHgles adist edulasicRpadaLlignocel M@ﬁé@iﬂ%?%&@éé@éﬂﬁ%s@@lé;IEQ%U'ar 15weight

can be irradiated in such a manner as to provide a second cellulosic and/or lignoceLlulosic material
having’a sedBREM SREENar Welg it Fighrfnareia: raseties Wginodimsisie of gamma
radiation is utilizeehas fivertadiatienisoureavardasrmfiramiabow:-kdMsad te-abegtidhMrad, about 1
Mrad to about 75.|\{Irad, or abo&Jt I raq [ about 100 I\/Erad can.be ?Bg_lied. In som imﬁ)l?mentations,
from about lﬂgﬁ}%d"% ‘%ﬁj&ﬁ ess than 1.5, €.g., less than |. , less than 125, or even less than 1.1,

Generally, the fibers of the fibrous materials can have a relatively large average
length-to-diameter ratio {e.g., greater than 20-to-1), even if they have been sheared more
25 than once. In addition, the fibers of the fibrous materials described herein may have a
relatively narrow length and/or length-te-diameter ratio distribution.
As used herein, average fiber widths (i.e., diameters) are those determined
optically by randomly selecting approximatety 5,000 fibers. Average fiber lengths are
corrected length-weighted lengths. BET (Brunauer, Emmet and Teller) surface areas are

30 multi-point surface areas, and porosities are those determined by mercury porosimetry.
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207.5 Mrad or from about 2.0 Mrad to about 5.0 Mrad, can be applied. Sonieation, Pyrolysis,
Oxidation, and Steam Explosion One or more sonication, pyrolysis, oxidative processing, and/or
steam explosion can be used to further pretreat the feedstock. Such processing can reduce the
molecular 25 weight and/or crystallinity of feedstock and biomass, e.g., one or more carbohydrate
sources, such as cellulosic or lignocellulosic materials, or starchy materials. These processes are
described in detail in U.S. Serial No. 12/429,045. In some embodiments. biomass can be
processed by applying (io.of moe. oL AN ofhe Areeasses dascrbed ereln, suoh Fenton oxidation
combined with any one, twd or %[more of radiation, sonication, oxidation, pyrolysis, and Steam
explosion eitrertwvitheorBiithautgpeiter thterbfédiatestor habdeduertaphysical f8e dstacktpreparation. The
processes 185 gap, he.applisdl spAMAQrEesgr-oeRgunsentivio hedhiomans:Miliple,piacesses can in

some cases provide materials that can be more réadily utilized by a variety of microorganisms

because of théir IHEFRIERE N Arre it Ao WErR-chyistafiMityn shavd P daramcad s ammigndultiple

processes can kQNide;sHR]IYIes anc GaBraduce v eTRbaeRargv.inRuLeguired ncamparison to any
single process. PRIMARY PROCESSING Primary processing of the pretreated feedstock may

include biopfEEBs SO 48 8at rtHIRE 40016 FeMERArnY & feedstock, e.g., by contacting the

pretreated materiafyitinarebzyimenandaimigionrdainisnf Reodhiets grbdusashbyistel contact can
include 10art1xa(t)f tt(}oIs

.products described herein, such as food or fuel, e.g., ethanol, ny other
products deSeHbed iﬁF ﬁJg.) S rc%ig}ie %I..F%\]EJB ié%t%ﬁ%%er% ﬁ%.c%i §?f,9f§j3%%8ﬁ%ﬂﬁ¥gﬁ%%ﬁ£ Generally,
various micregrgasishas tanopradudeha mumbelioftisdést rodétisrsuchabafueigbyeopirating on,
e.g., fermenting th rea Te] aterials. For 15exampl hols, organic. acids,
myeiroarbore T e LT
fermentatiortlsngtipercoivpichessersge lenive anivrobleraniemlcemidoet aifheradragicioegdanism or an

engineered microofgapiamfERLIEHIPITE 116 THSIROIARBISTL GO RE MRASIRHHINIG,0, a cellulolytc

bacterium, a fungus, e.g., a yeast, a plant or a§)rot|stz e.g., an algae, a protozoa or a 20fungus-like

protist, e.g., & &HAIdHTO Wite§-ErAGRIHIEH S drent din BaatTeth i res sf Brgih s din be utilized.
To aid in thefreakdawnpithe materiaisthatdnaludadhe cRIHIESR0NE A /NOFe.RZYINES, €.0., @

celluloblhytic enzyme can be utilized. In some empodiments, the materigls that include the cellulose are

first tréated Wt R ERLR Y S F EBFBIM G e B reist fimy ThE eI i aqueous

solution. ThimMaterakeanttsmbe camibinedwitothe migtaasganisiso koiherembadipents, the
materials that include the ceIIuI&sérel,z%a One or more enzymes and the microorganism are combined

concurrentlyfne%.%?/Vggl%rgﬁrﬁ?ﬁg IN an amqu%'ous solution.
A porosity of the second fibrous material 14 can be, e.g., greater than 20, 25, 35,
50, 60, 70, 80, 83, 90, 92, 94, 05, 97.5 or 99 percent, or even greater than 99.5 percent.
20 In some embodiments, a ratio of the average length-to-diameter ratio of the first
fibrous material to the average length-to-diameter ratio of the second fibrous material is,
¢.g., less than 1.5, e.g., less than 1.4, less than 1.25, less than 1.1, less than 1.0735, less
than 1.05, less than 1.025, or even substantially equal to 1.
In some embodiments, the third fibrous material is passed through a third screen
25 to produce a fourth fibrous material. The fourth fibrous material can be, e.g., passed
through a fourth screen to produce a fifth material. Similar screening processes can be
repeated as many times as desired to produce the desired fibrous material having the
desired properties.
In some implementations, the size reduction equipment may be portable, e.g., in

30 the manner of the mobile processing equipment described in U.S. Provisional Patent
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The pretreated material can be treated with heat and/or a chemical (e.g., mineral acid, base or a
strong oxidizer such as sodium hypochlorite) to further facilitate breakdown. During fermentation,
sugars released from cellulolytic hydrolysis or 5saccharification are fermented to, e.g., ethanol, by a
fermenting microorganism such as yeast. Suitable fermenting microorganisms have the ability to
convert carbohydrates, such as glucose, xylose, arabinose, mannose, galactose, oligosaccharides or
polysaccharides into fermentation products. Fermenting microorganisms include strains of the genus
Sacchiomyces, 3R BRSHIRIMECE SPIRMARR(RRKRLRYRRNpAORRRORa gy cos distaticus,
Saccharomyc 5 uvarum; the genus Kluyveromyces, e.g., species Kluyveromyces marxianus,
Kluyveromy@88%aifi88the genus Candida, e.g., Candida pseudotropicalis, and Candida brassicae,
the genus Clavispora, e.g., species Cla"ispora lusitaniae and Clavispora opuntiae the genus
Pachysolen PRE TREATMETSolen tannophilus, the genus Bretannomyces, e.g., species
Bretannomyces claysenii. 15(Philippidis, G. P., 1996, Cellulose bioconversion technology, in Handbook
on Bioethanol: Pro%ﬁ%ﬂ%%%%é&%ﬁ%%%ﬁ?@\i\gﬁ%%? &ﬁ%ﬁ?%ﬁ&??%‘gﬁ%}%?&%%igf 8ffhgton, DC,
179-2%2). pr&eosensiciadlysavditatilesyioasislificiuciesfion xafopteaRpd, StanCGfcasafire Ethanol Red
(available from_Red Star/L.esaffre, U FALKT). (avajilable from Fleischmann's 20Yeast, a division of
Bums Philip F6od | r%O%ﬁ'é )W%@Bé‘%g%%ﬁwt‘(gé’vm gg‘fédﬁ%’r%‘ Kﬂ%@éﬁf‘,‘%&“ﬁi‘? ﬁéﬁ%fﬁ(r) (available
from Gert StrzaachiBr Seredienyiihe FERINBGL Mcfnaitabloivorrs B SMISIsatibities FentorBacteria that
can feiment bimass o.ethanal. and Alher RIAUAtIAEIGE A8on 2 ¥PIRERORAS MeRIlls and Clostridium
thermocellum (Philippidis, 1996, supra). Leschine 25 et al. (International Journal of Systematic and
Evolutionarys iAo B¢ 80020 8215504 $BEM$SHAsPan anaerobic, mesophilic, cellulolytic
bactergum from forest soil, Clostridium phytofermentans sp. nov., which converts cellulose to ethanol.
Felmentation of biomass to ethanol and other products may be can-led out using certain types of
thermophilic@ﬁé@h@ﬂé&%gineered microorganisms, such 30Thermoanaerobacter species,
including 7: mathrapiscanceyeasispeaciessehhambichisspeciesd Aresmpleeidistrain of T.

mathranii is A3 scribed in Sonne-Hansen ef al. (Applied Microbjology and Biotechnology 1993,
55, 55754111k Kiviio ot o CAIGHONREIBDE G B F LR P ASF e QR HHEE 7y momonas
bacteria cancbengstedifdndemefation dii.donveBiopreTdne hpferurigHr éoeyeast:istfedra @bout pH 4 to
5, while the gpti RH 9 is 5fr out.-pH 5+t0 6..Typical feimentation times are
about 24 to gg r{%ir% Witﬂéigor;ﬁ%rgra%%ﬁ%ﬁ%ﬂ?é’- %Jr%lgek]) 00? é%xtd;t[g) i%f&t,xhg)% e%%?‘%%éonophilic '
microorganishigprsichhiglear rompelamenss are NERZyMesraitobiditias stekestroyrrgonganisms that
break down Higrass. sHelk 356 SRS & SN EH@RM portions of the biomass, to lower

molecular weight of the loca_rboh%{’jrate-contamln& materials contain or make various cellulolytic

enzymes (cellulasdSjShEHRAERS O varpeersinhirkindemepiskskeaesidisgivrtibolites. These
enzymes maydigaeomplex-pienaymesbalactmnadeiaaly edegaaiary sialing cellulose or the

lignin portions of hiomass. Examples of cellulglytic enzymes include; endoglucanases,
collotbhycroPGEES BT L P57 SR S CRTL Gl Epedrammomisn sulfite

tetrahydrate, iron(H) fluoride, iron(IT) gluconate hydrate, iron(1l) D-gluconate dehydrate,

iron(1l) iodide, iron(ll} lactate hydrate, iron(Il) molybdate, iron(II) oxalate dehydrate,
iron{ll} oxide, iron(1L 1) oxide, iron{}l) perchlorate hydrate, iron(If) phthaiocyanine,
iron(Il} phthalocyanine bis(pyridine) complex, iron(1l) sulfate heptahydrate, iron(1I)

25 sulfate hydrate, iron{Il) sulfide, iron(II) tetrafluoroborate hexahydrate, iron(ll) titanate,
ammonium iron(H) sulfate hexahydrate, ammonium iron(Il) sulfate, cyclopentadienyl
iron(II) dicarbonyl dimer, ethy1enediaminetetraacet'ic acid hydrate i.ron(IHj sodium salt
and ferric citrate.

Exemplary iron (JH) compounds include 1ron(1I1) acetylacetonate, iron(1II}

30 bromide, iron(IlT) chloride, iron(}1}) chloride hexahydrate, iron(III) chloride solution,
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15substrate 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 1,4-linked dimer of glucose. Finally cellobiasc cleaves cellobiose to yield glucose. 20A
cellulose is capable of degrading biomass and may be of fungal or bacterial origin. Suitable enzymes
include celluloses from the genera Bacillus, Pseudomonas, Humicol a, Fusarium, Thielavia,
Acremonium orium and Trichod .and inglude species, of Humicgla, Coprinus, Thielavia,
Fusarium, I\/f)r/(_()fﬁe |og%&8&§1§]%c%g}%%ﬁ?%r%?rgg%%ﬁ)%%o%%ﬁc%?ghg%%ﬁf’ gﬁ@hum or Aspergillus (see,

e.g., EP 25488vemnidspeaidil]) fhoselproon@dd hprdsttahy delscieah(fiimitiespesiksdHtmmicola insol

ens (reclassifi yialidivue i 4 , Coprinus
ip&{illﬁ%ﬁ‘ﬁ i m%%@m%?gﬁﬁe%;% ila,t ﬁ%&?&)ﬁ%@%ﬁ?gnﬁlﬁ% thelavia terrestris,

cinereus, Fusarium oxysporum, ﬁ . ] |
AcremoniunPish i ReiehvsritiniTpardic iPkaphaGdipriAlth asrbrofrhrdraersprGAiLm brachypeniunz,

Acremonium, RiGHIOBRRAIL HoACNS PRI 30ahsiavalutRACTEsReRIUERINKeRRRIAE, Acremonium
roseogriseunt, Acremaoniwn incoloratum, and Acremonium furatum;CPreferany from the species

Humicola inSRMY) ARy P8Rt Fudafiirs L FOHGH B SR AR LBt fennophila CBS
117.65, Cepinalespdititingasp irB NE20Zo/horghats) kion SH) GBSt #3d94e Aegmomium sp. CBS 265.95,

Acremonium persicinum CBS 169.65, Acremoni -emonium A)—# %9, %@ halosporium sp. CBS
skl s e nt ek e R S e
Acremoniumeabtiavaturmn(B 5c8idte74, Acremonium pinkertoniae CBS 157.70, Acrononium

roseo%riseum CBSﬁ%gﬁﬁggEggg@g%ggé&)g%gm}ggo% é@%%b%ged é%%a?@?gium furatum CBS

tat .
299.70H. Cellulolytic e tained from Chrysosporium, p er%l%ilyea strain of

CMysosporititatickpeweshst IR dgiivaetiynate bhdues nsabgdd Hickdary Eriekodlernthalitile, Trichoderma

10reesei, an@k&ﬁkﬁ@p&%%@kgmﬁg&é,@&%@@ng@ﬁa S 43R0 10K xample, U.S. Patent No. 3,844,890
and EP 458162), and Streptomyces (see, e.g., EP 458162) may bé used. Anaerobic cellulolytic

bacteria have also'P&E 8014088 O sempaydsiniduds camiftit asspdarsotic etaiéiim, Clostridium
phytoLerrlnenﬁ@eﬁﬁpcmmﬁ?@M@%M@H)@%ﬁﬁ%{ﬁ@ém&%&%ﬁ&ﬁeﬂaﬂmﬁndhEvcilutionaly
Microbiolop (2002), 52, 151155-1160 Cellulolytic enzymes using recombinant technology can
also bd useéﬁg’é-é)eeg&(,C\Sf\%’?@ﬁtﬁéﬂ?éﬁbﬁﬁgwgﬁ%@mmm 20 he cellulolytic enzymes used
can be prodbegeliiyycieiopentatiomnybtshel@iDir-ndied ophewiat strains on a nutrient medium containing

suitable carbon and nitrogen 20sources and inorganic salts, u irg%e%rogeg regrﬁ%qwn irl1 the art (see,
e.g.. Bennett, J.W. and La ure, e s.‘)l, ore Gene anlpLPfafl S nli‘?ulnﬁi, cademic Press, CA
1991). Suitabteomédiperndiateailabie fsomroommeroial Supplisietdfambel proganesteicesrding to
published compRsKions (€:ga:d0 Q@éﬁg%%g%ﬁﬁﬁbagemﬁameTga%M&&g?s&%!'g {9, emperature

ranges and other conditions suitable for growth and celfulose production are 25known in the art (see,

e.g., Bailey, Dbl ot 8y prrhloBiseriaski ea s ek sEpridictiodeisakals, tlsedaw-Hill Book
Company, NY, 198dneraliyestmebirbseldiese Withcesluiose isvshalikcaried,outat temperatures

between 30C and 65, C. Celluloses are active over a range of pH of about 3 to 7. A saccharification

step may ladttipX9e198 PrORS SRR Cemaiisd BREFRE H6 & gk SABDE A ORISRt #igh level of
cellulose convefsi@ardoareaxanapls, @ dpprapfiate Calse various chemical agents, such as

oxidants, acids or bases can be added to the material prior to or during oxidation. -For

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

In some cases, pH is maintained at or below about 5.5 during contact, such as
between 1 and 5, between 2 and 3, between 2.5 and 5 or between about 3 and 5. The
contact period may be, for example, between 2 and 12 hours, e.g., between 4 and 10
hours or between 5 and R hours. In some instances, the reaction conditions are controlled

30 so that the temperature does not exceed 300 °C, e.g., the temperature remains less than
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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). Mobile feimentors can be utilized, as described in U.S. Provisional Patent
Application Serial 60/832,735, now Published International Application No, WO 52008/011598.
PRODUCTS / CO-PRODUCTS Using such primary processes and/or post-processing, the treated
biomass can be converted to one or more products, for example alcohols, e.g., methanol, ethanol,

propanol, is%‘?%}%@%&%ﬁ@%’& "%ené’t ggségﬁg#&agg{isg%%ﬁ%g% col, propylene 10glycol, 1,

4-butane diodl; glycetrin or mixtures of these a S o1y ¢ BR 4N Acid, acetic acid,
propionic acidbssanyrityacitimaleric aci; daprdie;2pdititic acid, stearic acid, oxalic acid, malonic acid,

succinic acid, glutayic. acid, oleic acid, linoleic acid. glyeolic acid, lactic acid, y-hydroxybutyric acid or
mixtures of these 2%& SRS %J;‘g}d gtig?%lﬁf ima %Iéea;%gl ﬁgﬁﬂ&g ﬁt?’@ﬁ?g? %’ ﬁﬁﬁb@%ﬁg‘é’l@?e&o-prod ucts
that may be Uy oauoeckprchadbelig fior esidple, EXAMREES whicT he followingdxaeplesare intended
to illusgrate, and do.not limit.the teachi this disclosure,. 20Example 1 - Preparation Of Fibrous
Material From Polvc at_egg Paapé)r A 1%%%?&1%%%%&%@% -{:g;%ﬁl% ﬁﬁ%teﬁi %:Oé% omn%ter:ﬁ%?je of
un-printed peApdsatEd dismessed aftvier ariadgigenb nikdensitydoheoths/iiBewasiaistained from

International Ranei Eesh saseRvas RISed iatoand then.Terkinio a3 hadlinch Baugh shredder at a

rate of approximately 15 to 20 pounds per hour. The shredder was equipped 25 with two 12 inch

rotary blade8 &R B dBs Shaoostimisrensridsry foleansehbithe gagpobatreen the rotary and

fixed bladescaasoadiisstedodid Orinehe Theaattant fremnthe: shsrddaitssermblggconfetti having a
width of between 0.1 inch and 0.5 inglga length of befween 0.25 inch and 1 inch and a thickness

equivalent tﬁ?ﬁ%f‘yeagfiﬁr%ﬁ%’?ﬁaﬁ? i SRS Srichach addpd indeppredtofivd omehial was fed to
a Munson rotaryrdtafedtisted - Maok] BC302 MatelkiSeatidaequipped with four rotary blades, four fixed

blades, and a discharge screen, having_1/8 inch openings. The gap petween the.rotary and fixed
blades was set to g%spgrrgfir%@féé}%% qo#]% l.rFﬁ}én%]t%lrf/%?ﬁl SRR P ﬁgaeﬁéﬁl?ﬂg torifetiiike pieces

across 5the &riferedyupotedsingtheqdiects dipactamdisdleasibgua fibrddsanbserish@iaviate of about

one pound et N Ihe:dhious, AR aldied 4 BT SHlRce! %1%@03@%%{%-1800167 m2/g, a

porosity of 89.0437 percent and a bulk density ( psia n average length of the
fibersvas 1MM1 aRHmiP@havErage KitrensRtiee aHdesonao0102T axidantivinpanehwerage L/D of 42:1.

A scanning elgciandnisseorarhqf. thend Sibrous mataakiz ShoWwRdD K- & glieR. magnification.
Example 2- Preparation Of Fibrous Material From Bleached Kraft Board A 1500 pound skid of

virgin bleachdd WhiBAGE YL P HATIA GRPBER Gt ity B ST S hrael opeainidtieorha Aternational
Paper. The mateciahpasdoidetdiat: anehthenxiashivte aoshpslinchoBaugihshreddes ahagate of

approximately 15 to 20 pounds, per 15hour. The shredder was equipped with two 12 inch rotary
blades, two fixed" B?é%z'sgg% %g@ﬁﬁgﬁfaﬁrggﬂgpgg cﬁ%ﬁ? b%é)%etween the rotary and fixed
bladezwas adjustéd son@:. tsincthcbine autput trdduiteashipplider tesefiblegicdniatihaving a width of

between 0.1 c’ilﬂgo 2 'q - Ae th of between 0.25 inch and 1 inch and a thickness equivalent to
that of the st1 rtinge mat%rig gﬁ%%t“(? inc r)’?"?ﬁecgglﬁpe‘fﬂ-?l?é friitena Wagg) Yerigraine

ozone in-situ by irradiating the first cellulosic or lignocellulosic and the one or more
compounds through air with a beam of particies, such as electrons or protons.
In other cases, the first cellulosic or lignocellulosic material s first dispersed in
25 water or an aqueous medium that includes the one or more compounds dispersed and/or
dissolved therein, and then water is removed afier a soak time (e.g., loose and free water
is removed by filtration), and then the one or more oxidants arc applied to the
combination as a gas, such as by generating ozone in-situ by irradiaﬁﬁg the first
cellulosic or lignocellulosic and the one or more compounds through air with a beam of
30 particles, such as electrons (¢.g., each being accelerated by a potential difference of
between 3 MeV and 10 MeV),
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20Munson 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 m2/g +/- 0.0103 m2/g, a porosity of 88.3285 .
percent and a bulk density (@0.53 psia) of 0.1497 25 g/m1., An average length of the fibers was 1.063
mm and an average width of the fibers was 0.0245 ram, giving an average L/D of 43:1. A scanning

electron micrographsygt e fitraypitaserialin sham B G 40:AhR5 X mAdnificaligh.fxample 3 -
Preparation Of Twice Sheared Fibrous Material From Bleached Kraft Board A 1500 pound

skid of virginiEiesbhrETEPEMHBE SATRETHG U hatdga Bty Biao 30dbrdscess rsbeaided from

International Rapeed thenairrial was; feldedifiats and thanrnfedyateand v finsh-Bawgh shredder at a
rate of approxi_m,ateEg%S to 20 pounds per hour, The shredder was equipped with two 12 inch rotary

blades, two AXEFHIARERAY Lo SBSHR TREN Y Sered raditrisgag Bedinaids tABSrotary and fixed
bladeswas adjugied 1p TidhnehbxFheditipukfdienthaghredder fiesemblediconfetti (as above). The
confetti-like pmaterial was fed g a Munson rotary. knife cutter, Model SC30. The discharge screen had
1/16 inch opeRings. The gap between the o %Pwén fixed Bladss was et tEapproximately 0.020 inch.

The rotary knif¢egatteritheaoiibitiikerpikres crelbasidgcadfidus matdfabattheratecnfdbout one pound

per hour. T i It e fi ] into t p, described
Bove and S D RS o g +1-
0.0156 m2/ghat paradieyreta0l8Gogpeneant miibal Bilkawdsiy t@dl5h buikfofron98 g/mL An
average length of thesfipefsiyas OB hmmandan %@Fﬁ%ﬁ%ﬂﬂ%ﬁ&ih@ HRRIRWRS HRRsmm, giving

|

an average LID of 34:1. A scanning electron micrograp rous material is shown in FIG. 11 at

25 X magniffEStm I BEH NN 4 cap @ dIR-TRTHT HREs (b abrrtbotidrades #drrom Bleached

Kraft Board a]coh®idSAGaomiskid efinrein blaagiaesiwbite Kraftiboarsihavinhadlk density of 30
Ib/ft3 was obtained from Ir]ét)ernation | Paier. The maﬁgéi?al ng‘#j folded flat, and then fed into a 3 hp
B

Flinch BaugFe &R SRR 165 R Brap it gL 1o (3eBorpouRtS F@Feﬁ]&lj YThe shredder was
equipped withrivtiod incnrotéry biatdesdvodileth ladeadosdialo2f) Budbineddiseharge screen. The
gap between the rotary and fixed blades, was adjuste 0.10 inch, T tput from the shredder
resembBled con %?H? as & %%%gﬁfﬁ" c%cne?h\#oﬁ‘l%emrj#g Erial Was ggﬁfgig uens%grﬁorndfgi;f/ knife cutter, Model
SC30. The dischargestrebaroad ! i8sincmpehiag e Ehbagap bhetwkenlthetmetary antlofixed blades was
set to approxipaiely 9,829.ineh, Ihe rotary knife cutter sheared the confetti-like pieces across the
knife- 25 edges. The material resulting from the first shearing was fed back into the same setup and

the screen was repidced St eiiBtie fhslsstracAl) TRTBPRIRGT arhas Brdared ron 8 haréual resulting

from the secopd-sheasngwas ifI?QqQ@&E iﬁ&ﬁ@ﬁsﬁ@%&%ﬁ@ %@Mgﬁ@%@@h\y@%@%ﬁed with a 1/32
inch screen. This material was sheared. The resulting fibrous material had a BET surface area of

1.689% m2/g 4y EPERsETRt S4H5raSiY G Sehoeeririasift AR EBK BN S e §!83 psia) of
0.1448 WmL. An auesage irsigiblot e fibessyvas hl24nimiardmanavesagerwieth of the fibers was

0.0262 mm, giving an average LID. of 32:1. A scanning electr icrograph of the fibrous material is
shown in FICH 95 g tcatah A S UG BF SeES A G BEular weight of
Cellulosic aretizgmonetdiedosich MatérittsdySel RédrmeatidroZhiidMBIOgrahly S@elldliasic and
tignocellulosj¢. materi or lysis were, t ordi xample 4. S rials
presented in%ﬁ%%%%%%%ﬂ%%@é%bl%%é?&?@%ﬁgﬁgﬁwﬁgg s%%%vle/% (Vféﬁc,egl Ifa ,:t%d
SWitchg-rasse{SGIOT e autibEHQ 3pmbfitieosSarapiali Dryddivientof ey gerrticld sizanpfitineneaterial after

shearing throuo.A 435 indh sss e Aumber.ALL e dashsels i dhepspgrie radiation

(MRad) and "US" refers to 10ultrasonic treatment. For example, a sample 1D refers to Kraft
paper that hAX s eridiraaien (S Hopdineaesdoot TSP riBEHoLsa PrsBen irradiated with 10 MRad.

Table 1. Peak Averggedaleatisl \Weigbieddisadintad dial-PapainRamRIB trochemically

or electromagnetically generated in-sifu. For exampie, hydrogen peroxide and/or ozone

30 can be electrochemically or electromagnetically produced within a contact or reaction

vessel.
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Source Sample ID Dbsage' (MRad) Ultrasound2 Average MW th Sid Dev. Kraft Paper P132 0 No
3285310006 P132-10 10 61398+ 2468** P132-100 100 8444 580 P132-181 181 6668+ 77

10

16

20

25

30

In some implementations, the Fenton reaction vessel may be portable, e.g., in the
manner of the mobile processing equipment described in U.S. Provisional Patent
Application Serial 60/832,735, now Published International Application No. WO
2008/011598,

Radiation Treatment

Before, during or after the Fenton oxidation discussed above, one or more
irradiation processing sequences can be used to pretreat the feedstock. lrradiation can
reduce the molecular weight and/or crystallinity of feedstock. In some embodiments,
energy depostted in a material that releases an electron from its atomic orbital is used to
irradiate the materials. The radiation may be provided by 1) heavy charged particles,
such as alpha particles or protons, 2) electrons, produced, for example, in beta decay or
clectron beam accelerators, or 3) electromagnetic radiation, for example, gamma rays, x
rays, or ultravioiet rays. In one approach, radiation produced by radioactive substances
can be used to irradiate the feedstock. In some embodiments, any combination in any
order or concurrently of (1) through (3) may be utilized. In another approach,
electromagnetic radiation {(e.g., produced using electron beam emitiers) can be used to
irradiate the feedstock. The doses applied depend on the desired effect and the particular
feedstock. For example, high doses of radiation can break chemical bonds within
feedstock components and low doses of radiation can increase chemical bonding (e.g.,
cross-linking) within feedstock components. In some instances when chain scission is
desirable and/or polymer chain functionalization is desirable, particles heavier than
electrons, such as protons, helium nuclei, argon jons, silicon ions, neon ions carbon ions,ﬂ
phoshorus ions, oxygen ions or nitrogen ions can be utilized. When ring-opening chain
scisston is desired, positively charged particles can be utilized for their Lewis acid
properties for enhanced ring-opening chain scission. For example, when maximum
oxidation is desired, oxygen ions can be utilized, and when maximum nitration is desired

2

nitrogen ions can be utilized.

Doses
In some embodiments, the irradiating (with any radiation source or a combination
of sources) is performed until the material receives a dose of at least 0.25 Mrad, e.g., at
18



P132-US 0 Yes 3095 1013 "Low doses of radiation appear to increase the molecular weight
of some materials 15'Dosage Rate = 1MRad/hour 2Treatmenl for 30 minutes with 20kliz ultrasound
using a 1000W horn under re-circulat conditions with the material dispersed in water. 20Table 2. Peak
Average Molecular Weight of Irradiated Materials Sample ID Peak ft Dosager (mRad) Ultrasoundi
Average MW th Sid Dev. WS 132 WS132-10* WS132-100* 2 3 0 44. 10 100

least 1.0 Mrad, 2.5 Mrad, 5.0 Mrad, 10.0 Mrad, 25 Mrad, 50 Mrad, or even at least 100
Mrad. In some embodiments, the irradiating is performed until the material receives a
dose of between 1.0 Mrad and 6.0 Mrad, e.g., between 1.5 Mrad and 4.0 Mrad.

In some embodiments, the irradiating is performed at a dose rate of between 5.0

5 and 1500.0 kilorads/hour, e.g., between 10.0 and 750.0 kilorads/hour or between 50.0 and
350.0 kilorads/hours.

In some embodiments, two or more radiation sources are used, such as two or
more ionizing radiations. For example, samples can be treated, in any order, with a beam
of electrons, followed by gamma radiation and UV light having wavelengths from about

10 100 nm to about 280 nm.

In some embodiments, relatively low doses of radiation can crosslink, graft, or

otherwise merease the molecular weight of a carbohydrate-containing material, such as a

celluiosic or lignocellulosic material (e.g., cellulose). For example, a fibrous material
that includes a first cellulosic and/or lignocellulosic material having a first molecular

15 weight can be irradiated in such a manner as to provide a second cellulosic and/or

lignoceliulosic 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 I Mrad to about 10 Mrad, about 1 Mrad to about 75 Mrad, or about 1 Mrad to
about 100 Mrad can be applied. In some implementations, from about 1.5 Mrad to about

20 7.5 Mrad or from about 2.0 Mrad to about 5.0 Mrad, can be applied.

Senication. Pvrolvsis, Oxidation, and Steam Explosion

One or more sonication, pyrolysis, oxidative processing, and/or steam explosion
can be used to further pretreat the feedstock. Such processing can reduce the molecular
25 welight and/or crystallinity of feedstock and biomass, e.g., one or more carbohydrate
sources, such as cellulosic or lignocellulosic materials, or starchy materials. These
processes are described in detail in U.S. Serial No. 12/429,045.
In some embodiments, biomass can be processed by applying two or more of any
of the processes described herein, such Fenton oxidation combined with any one, two or
30 more of radiation, sonication, oxidation, pyrotysis, and steam explosion either with or
without prior, intermediate, or subsequent physical feedstock preparation. The processes
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No 4( 44 1407411 175191 39145 3425 2886 177 26040 3240 23620 453 A132 A132-10* A132-100*
12312010100 ((4(1604886 151701 37525 3751 2853 490 50853 1665 2461 - 17 38291 2235

can be applied in any order or concurrently to the biomass. Multiple processes can in
some cases provide materials that can be more readily utilized by a variety of
microorganisms because of their lower molecular weight, lower crystallinity, and/or
enhanced solubtlity. Multiple processes can provide synergies and can reduce overall

5 energy input required in comparison to any single process.

PRIMARY PROCESSING

Primary processing of the pretreated feedstock may include bioprocesses such as

saccharifying and/or fermenting the feedstock, e.g., by contacting the pretreated material
with an enzyme and/or microorganism. Products produced by such contact can include
10 any of those products described herein, such as food or fuel, e.g., ethanol, or any other

products described in U.S. Provisional Application Serial No. 61/139,453.

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
15 exampie, alcohols, organic acids, hydrocarbons, hydrogen, proteins or mixtures of any of
these materials can be produced by fermentation or other bioprocesses.

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

20 fungus-like protist, e.g., a slime moid. 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

25 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 celiulose,
the one or more enzymes and the microorganism are combined concurrently, e.g., by

combining in an aqueous sofution.
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2487 15SG132 12 46 1557360 83693 42594 4414 3 3268 249 SG132-10* 1 10 60888 L.L_
9131 SG132-100 1 100 22345 3797 SG132-10-US 1 10

The pretreated material can be treated with heat and/or a chemical (e.g., mineral
acid, base or a strong oxidizer such as sodium hypochlorite) to further facilitate
breakdown.

During fermentation, sugars released from cellulolytic hydrolysis or

5 saccharification are fermented to, e.g., ethanol, by a fermenting microorganism such as
yeast. Suitable fermenting microorganisms have the ability to convert carbohydrates,
such as glucose, xylose, arabinose, mannose, galactose, oligosaccharides or
polysaccharides into fermentation products. Fermenting microorganisms include strains
of the genus Sacchromyces spp. e.g., Sacchromyces cerevisiae (baker’s yeast}),

10 Saccharomyces distaticus, Saccharomyces uvarum, the genus Kluyveromyces, e.g.b.
species Kluyveromyces marxianus, Kluyveromyces fragilis; the genus Candida, ¢.g.,

- Candida pseudotropicalis, and Candida brassicae, the genus Clavispora, e.g., specics
Clavispora lusitaniae and Clavispora opuntiae the genus Pachysolen, e.g., spacies
Pachysolen tannophilus, the genus Bretannomyces, ¢.g., species Bretannomyces clausenii

15 (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 yeasts include, for example, Red Star®/Lesaffre Ethanol

Red (available from Red Star/Lesaffre, USA) FALI® (available from Fleischmann’s

20 Yeast, a division of Bumns Philip Food Inc., USA), SUPERSTART® (avatlablie from
Alltech), GERT STRAND® (available from Gert Strand AB, Sweden) and FERMOL®
(available from DSM Specialties).

Bacteria that can ferment bimoss to ethanol and other products include, e.g.,

Zymomonas mobilis and Clostridium thermocelfum (Philippidis, 1996, supra). Leschine

25 et al. (fnternarz'énal 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 celiulose to ethanol.

Fermentation of biomass to ethanol and other products may be carried out using
certain types of thermophilic or genetically engineered microorganisms, such

30 Thermoanaerobacter species, including 7. mathranii, and yeast species such as Pichia
species. An example of & strain of 7. mathranii is A3M4 described in Sonne-Hansen et
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Yes 86086 43518 2247 468 56132-100-US 1 100 44 4696 1465 *Peaks coalesce after treatment
**Low doses of radiation appear to increase the molecular weight of some materials 'Dosage Rate ----
1M-Rad/hour 2Treatment for 30 minutes with 20kHz ultrasound using a 1000W
horn under re-circulating 5conditions with the material dispersed in water. Gel Peiteation
Chromatography (GPC) is used to determine the molecular weight distribution of polymers. During
GPC analysis, a solution of the polymer sample is passed through a column packed with a porous gel

apping small mplegiss, T, 105AMR'e s separalerhBasad onymaleqyiarsige ih larger molecles

eluting sooner smaller moletules. The retention time of each component is mo ten detected
by refractiveMiidieXi¢R I} I8Valfdtakhse light scattering (ELS), or ultraviolet (LW) and compared to a

calibration curve. The desilsng slatads thenised 1 calewiatethemalsraianweigidigyibution for the

sample. 15A distribution of molecular weights rather than a unique molecular weight is used to

characterizePB{rtHatR-IFIReYss Fowmbot R Zdmsvdide e heRsanBHdRr Asgeeare utilized. The

most gommep,afihgseravardesaednerumibes aneEage anelecular ywaight (Mil) and the "weight
average molecular weight" (Mw). Mn is similar to the standard ariég}lgetic mean associated with a

group of nuifBEE BEAAAARES 8 0 hdyels M FERXFS TBCIRORYEFAgE SRS weight of the

molecules intbnodmesnidrimeslculated affording the same amount of significance to each molecule

regardless of its individual malecular weight. The average Mn is calculated by the following formula
Whore N, 5 the nuEST BF S EE  FR ST L C GO™ CRAghe S0 ey Seatstca
descriptor of:thielmeleditathwdight distriutioitithhioptase sodgreaterlernphasigiomiahger molecules than

smallgy mO'%%@JM_@?%%%&EMQ BT TR PRIV SEQNR A SEisLicRL Galgulation of the weight

average molecular weight. _ , ' '
(cellulases), ligninases or various small molecule biomass-destroying metabolites. These

enzymes may be a complex of enzymes that act synergistically to degrade crystalline
cellulose or the lignin portions of biomass. Examples of cellulolytic enzymes include:
endoglucanases, cellobiohydrolases, and cellobiases (B-glucosidases). A cellulosic

15 substrate is initially hydrolyzed by endoglucanases at random locations producing
oligomeric intermediates. These intermediates are then substrates for exo-splitting
ghucanases such as cellobiohydrolase to produce cellobiose from the ends of the cellulose
polymer. Cellobiose is a water-soluble 1,4-linked dimer of glucose. Finally cellobiase
cleaves celiobiose to yield glucose.

20 A cellulase 15 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, Chrysosporium and Trichoderma, and
include species of Humicola, Coprinus, Thielavia, Fusarium, Myceliophthora,
Acremonium, Cephalosporium, Scvtalidium, Penicillium or Aspergillus (see, ¢.g., EP

25 458162), especially those produced by a strain selected from the species Humicola
insolens (reclassified as Scyralidium thermophilum, see, e.g., U.S. Patent No. 4,435,307),
Coprinus cinereus, Fusarium oxysporum, Myceliophthora thermophila, Meripilus
giganteus, Thielavia terrestris, Acremonium sp., Acremonium persicinum, Acremonium
acremoniun, Acremoniwm brachypenium, Acremonium dichromosporum, Acremonium

30 obclavatuin, Acremonium pinkertoniae, Acremonium roseogriseum, Acremonium
incoloratum, and Acremonium furatum; preferably from the species Humicola insolens
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51ATIM? M - EN M. The polydispersity index or Pl is defined as the ratio of Main. The larger the
P1, the broader or more disperse the distribution. The lowest value that a Pl 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. 15Most GPC

measuremes\arg gage elative 10,8 different Mynﬁ%rcéfﬁgﬁ%% THEAGOHAYR 179 fesults depends

on how closely the characteristics of the polymer béing analyzed match those o he staridard used.
The expecte@eé%‘?fﬁpféﬂ?éﬂu&Bﬁﬁﬁy%@t\ﬁéfe?ﬁﬁ’iﬁéﬁem ééﬁ@§?}$ Aetdieramanéns sealiBtated separately,

is ca. 5-10%8Rd3s Lharsignsticiethelnmtedprecisionpb SR dalainipations Jherefore. GPC
results are most useful 20when a comparison between the molecular welght distribution of different

samples is n%a@m&‘fﬁépsaﬁééﬁgslﬁfﬂé’f@’ﬁffﬁh@fé’ﬁ@i”embﬁﬁéz TR dsiesamiptes required
sample preparaioncRsoiHo(GRGEnaly sis-dritstua satiraiad-SoRRIaN1(84 % Rymgight) of lithium

chloride (L|CI th I acetamlde MAC) [(0)¢ ly 100 mg of the sample was |
added to 255pprOX|nz1aét%?ré Psidbué %&#ﬂg S Bresared” ?ﬁﬁﬂa@ﬁg i gf\/]‘i&é@%ﬁ'ﬁ% and the mixture
was heated fecapproxam&e i4850Ca 4T AC-anthestrimg don TRE QI eCulting wolutionaavere generally

light- to dark- Ilqgg Rlor g?? }gr@ erature of the oI tons Werefctefcreased 1o approxmately 100C
tr.
and heated r%an a |§onae ours. %SO%%%Q aPturgr?L){f the SolLitions were theh decreased to

approximatelycs@@ e thdditionplly sbhithordanas (nedtedafy iﬂpf@ﬂm@eW‘Id& torisodenws. Of note,
samplgs irradigted,ag %QQM%%%GQ%&%B)@Q'59&5%99 &% RNba Fﬁﬁé%@e'@%ﬁgated

counterpart. 5Additionally, the sheared’samples (denoted by he ‘number 132) had slightly lower

average mofSeuidheRgradaErchiA petb it Eiﬁétﬁ?ﬁ’%hﬁ‘fﬂ‘ése g EP et bt Sassste solutions were
diluted 1:1 using DMAG &S SQIMeRIaRdwessdiltared dhughsa Q45im Eo-fi':gé'“@ﬁo%le filtered sample

solutions were then analyzed hy % GPC. The(%eak average molecular weight (Mp) of the samples as

determined 658816 P& ShoeRigiaL A T RF A28 i SPabRSI8Nd 2. Each

sample was @repared-in:duplicaie-andrsashnpispanation ktthe.sampleaasanatyzed i duplicate (two
|nject|ons) folr gat? gf four injections per sample. The EasiCale polystyrene standards PS IA and
P518 Were uséd to generate a calibration curve for the molecular weight scale from about 580 to
7,500,00 Daltons. TaléBrnecitesitire GRCramahysiswonditiohgy KanTdble8uGRP GeAnadysis Conditions

Instrument: WW@%BM%&%\%‘%@&%@”? Column/Detector Temperature: Injector

Temperature: Sample Loop Size:
The celluiolytic enzymes used can be produced by fermemah on of the above-

noted microbial strains on a nutrient medium containing suitable carbon and nitrogen
20 sources and inorganic salts, using procedures known in the art (see, e.g., Bennett, ] 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 celiulase production are
25 known in the art (see, e.g., Bailey, L.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 3to 7. A
saccharification step may last up to 120 hours. The cellulase enzyme dosage achieves a
30 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
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Waters Alliance GPC 2000 PlgellOn Mixed-B S/N's: 10M-MB-148-83; 10M-MB-148-84;
10M-MB174-129 0.5% LiC1 in DMAc (1.0 mumin.) 70C 70C 323.5 nL Example 6 - Porosimetry
Analysis of Irradiated Materials Mercury pore size and pore volume analysis (Table 4) is based on
forcing 20 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 filltheyoidsisripvetselurioradianakindhemize ofihe pRiss. QYA Al Lapount of force

or pressure is required to fill large voids, 25whereas much greater pressure Is required to fill voids of
very small p&1se GaBle 4“?’6?5@% £rerworine bifbution by Mercury Porosimetry Sample ID

Total Intrusion Volumei(@tkigkiotakBose ARz (mn2/ssMedion Parepliametsl f¥elyme) (Pm) Median
Pore Dlameg%éﬁcrgtg?n(genaz 60/832,735, now Published International Application No. WO
5 2008/011598.

PRODUCTS / CO-PRODUCTS
Using such primary processes and/or post-processing, the treated biomass can be

converted to one or more products, for example alcohols, e.g., methanol, ethanol,
propanol, 1sopropanol, butanol, e.g., n-, sec- or t-butanol, ethylene glycol, propylene

10 glycol, 1, 4-butane diol, glycerin or mixtures of these alcohols; organic acids, such as
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; food
products; animal feed; pharmaceuticals; or nutriceuticals. Co-products that may be

15 produced-include lignin residue.

EXAMPLES

The following Examples are intended to illustrate, and do not limit the teachings of

this disclosure.

20 Example 1 — Preparation Of Fibrous Material From Polvcoated Paper

A 1500 pound skid of virgin, half-galion juice cartons made of un-printed
polycoated white Kraft board having a bulk density of 20 Ib/ft° was obtained from
International Paper. Each carton was folded flat, and then fed into a 3 hp Flinch Baugh
shredder at a rate of approximately 15 to 20 pounds per hour. The shredder was equipped

25 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 cutput from the
shredder resembled confetti having 2 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).
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A\(erage Pore Diameter (4V/A) (Pm) Bulk Density g 0.50 psia (g/mL) Apparent (skeletal) Density
(g/mL) Porosity (%) 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

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 (.020 inch. The rotary knife cutter sheared the confetti-like pieces across
5 the knife-edges, tearing the pieces apart and releasing a fibrous matetial 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, & 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 1/D of 42:1. A scanning electron micrograph of the

10 fibrous material 18 shown in FIG. 9 at 25 X magnification.

Example 2 — Preparafion Of 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

15 - hour. The shredder was equipped with two 12 inch rotary blades, two fixed blades and a
0.30 inch discharge screen. The gap between the rotary and fixed blades was adjusted to
0.10 inch. The output from the shredder resembled confetti having a width of between
0.1 inch and 0.5 mch, 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

20 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 approximatety 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, 2 porosity of 88.3285 percent and a bulk density (@0.53 psia) of 0.1497

25 g/ml. An average length of the fibers was 1.063 mhm and an average width of the fibers
was 0.0245 mm, giving an average L/D of 43:1. A scanning clectron micrographs of the

fibrous material is shown in FIG. 10 at 25 X magnification,

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

30 30 Ib/ft’ was obtained from International Paper. The material was folded flat, and then
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P132-100 5.3985 0.998 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 1.3916 82.0577 P132-US 6.0005 14.787 98.3459 0.0055 1.6231
0.1404 0.8894 84.2199

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 mch 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
5 ‘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
10 resulting fibrous material had a BET surface arca 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 mm,
giving an average L/D of 34:1. A scanning electron micrograph of the fibrous material is

shown in FIG. 11 at 25 X magnification.

15 Example 4 - Preparation Of Thrice Sheared Fibrous Material From Bleached Kraft Board

A 1500 pound skid of virgin bleached white Kraft board having a bulk density of

30 Ib/ft’ was obtained from International Paper. The material was folded flat, and then
fed into a 3 hp Flinch Baugh shredder at a rate of approximately 15 to 20 pounds per
hour. The shredder was equipped with two 12 inch rotary blades, two fixed blades and a

20 0.30 mch 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
niaterial 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-

25 edges. The material resulting from the first shearing was fed back into the same setup
and the screen was replaced with a i/ 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 2 BET surface area of 1.6897 m¥/g +/- 0.0155 m?% g, a porosity of

30 87.7163 percent and a bulk density (@0.53 psia) of 0.1448 ¢/mL. An average length of

the fibers was 0.824 mm and an average width of the fibers was 0.0262 mm, giving an
' ‘ 26



A132 2.0037 11.759 64.6308 0.0113 0.6816 0.3683 1.4058 73.7990 A132;1O 1.9514 10.326 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

average L/D of 32:1. A scanning electron micrograph of the fibrous material is shown in
FIG. 12 at 25 X magnification.

Example 5 - Metheds of Determining Molecular Weight of Cellulosic and Lignocellulosic
Materials by Gel Permeation Chromatography

5 - 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

10 ultrasonic treatment. For example, a sample ID “P132-10” refers to Kraft paper that has
been sheared to a particle size of 132 mesh and has been rradiated with 10 MRad.

Tabié 1. Peak Average Molecular Weight of irradiated Kraft Paper

Sample Daosage 2 Average MW %
Kraft Paper P132 0 No 32833+10006
P132-10 10 “ 61398 = 2468%+
P132-160 160 “ 8444 £ 580
P132-181 181 “ 6668 =77
P132-US 0 Yes 3005 £ 1013
**Low doses of radiation appear to increase the molecular weight of some materials
.15 . 'Dosage Rate = 1MRad/hour .

“Treatment for 30 minutes with 20kHz ultrasound using 2 1000W horn under re-cirentating
conditions with the material dispersed in water. -

20 Table 2. Peak Average Molecular Weight of irradiated Materials

L
. Peak = Dosage' . 2 Average MW
owmplelD ¢ MRag  UNewnd caper.
WS132 i 0 No 1407411 £ 175191
2 “ « 301453425
3 “ “ 2886+ 177
WS132-10%* I 10 “* 26040 + 3240
WS132-100% 1 100 “ 23620 = 453
Al132 1 ¢ * 1604886 + 151701
2 £ . 37525+ 375]
3 * * 2853 + 490
Al32-10°% 1 10 “ 30853 + 1665
2 “ e 2461 £ 17
Al132-100%* i 160 e 38281 =2235
2 “ “ 2487+ 15
3G132 i 0 “ 1557360 + 83693
2 “ “* 42594 £ 4414
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SG132 2.5267 8.265 57.6958 0.0141 1 2229 0.3119 1.4708 78.7961  0.9910 SG132-10 2.1414
8.643 26.4666 0.0103 0.3457 1.3315 74.0340

10

15

20

25

' 3 “ * 3268 £ 249
5G132-10% 1 10 “ 60888 = 9131
SG132-100* 1 100 “ 22345+ 3797

SG132-10-US ! 10 Yes B6086 £ 43518
2 « “ 2247 + 468
S3G132-100-US 1 100 “ 4696 = 1465

*Peaks coalesce afier treatinent

**1Low doses of radiation appesr o increase the molecular weight of some materials
'Dosage Rate = IMRad/hour

*Treatment for 30 minutes with 20kHz ultrasound using a 1000W hom under re-circulating
conditions with the material dispersed in water.

Gel Permeation Chromatography (GPC) 1s used to determine the molecular
weight distribution of polymers. During GPC analysis, a solution of the polymer sample
is passed through a column packed with a porous gel trapping small molecules. The
sample 1§ separated based on molecular size with larger molecules eluting sooner than
smaller molecules. The retention time of each component is most often detected by
refractive index (RI), evaporative light scattering (ELS), or ultraviolet (UV) and
compared to a calibration curve. The resulting data is then used to calculate the
molecular weight distribution for the sample.

A distribution of molecular weights rather than a unique molecular weight is used
to characterize synthetic polymers. To characterize this distribution, statistical averages
arg utilized. The most common of these averages are the “number average molecular
weight” (M) and the “weight average molecular weight” (My,).

M, is similar to the standard arithmetic mean associated with 2 group of numbers.
When applied to polymers, M, refers to the average molecular weight of the molecules in
the polymer. M, 1s calculated affording the same amount of significance to each
molecule regardless of its individual molecular weight. The average M, 1s calculated by

the following formula where N; is the number of molecules with a molar mass equal to

M.
_ INM,
M, = z N
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SG132-100 2.5142 10.766 32.7118 0.0098 0.9342 0.3077 1.3590 77.3593 SG132-10-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

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.

oy

: M= IENI.M,.

The polydispersity index or P1 is defined as the ratio of My/M,. The larger the PI,
the broader or more disperse the distribution. The lowest value that a Pl can beis 1. This
represents a monodisperse sample; that is, a polymer with all of the molecules in the

10 distribution being the same molecular weight, o

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,

15 Most GPC measurements are made relative fo a different polymer standard. The
accuracy of the results depends on how closely the characteristics of the polymer being
analyzed match those of the standard used. The expected error in reproducibility between
different series of determinations, calibrated separately, is ca. 5-10% and is characteristic
to the limited precision of GPC determinations. Th.erefore; GPC results are most useful

20 when a comparison between the molecular weight distribution of different samples is
made duoring the same series of determinations.

- The lignoceilulosic samples required sample preparation prior to GPC analysis.
First, a saturated solution (8.4% by weight) of lithium chioride (LiCl) was prepared in
dimethyl acetamide (DMAc). Approximately 100 mg of the sample was added to

25 approximately 10 g of a freshly prepared saturated LiCl/DMAc solution, and the mixture
was heated to approximately 150°C-170°C with stirring for | hour. The resulting

solutions were generally light- to dark-yellow in color. The temperature of the solutions
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WS132 2.9920 5.447 76.3675 0.0516 2.1971 0.2773 1.6279 82.9664 WS132-10 3.1138 2.901
57.4727 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 83.3538

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.
5 Additionally, the sheared samples (denoted by the number 132) had slightly lower
average molecular weights as compared with uncut samples,
 Theresulting 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
10 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® polystyrenc standards
PSIA and PS1B were used to generate a calibration curve for the molecular weight scale

from about 580 to 7,500,00 Daltons. Table 3 recites the GPC analysis conditions.

15
Table 3. GPC Analysis Conditions
Instrument: Waters Alliance GPC 2000
Pigel 10 Mixed-B
Colummns (3): S/N’s: 10M-MB-148-83; 10M-MRB-148-84; 10M-MB-
174-129
Mobile Phase (solvent): 0.5% LiCl in DMAc (1.0 mL/min.)
Column/Detector Temperature: 70 °C
Injector Temperature: 70 °C
Sammie Loop Size; 323.5 uL
Example 6 - Porosimetry Analysis of liradiated Materials
Mercury pore size and pore volume analysis (Table 4) is based on forcing
20 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,
25 whereas much greater pressure is required to fill voids of very small pores.
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The AutoPore(r) 9520 can attain a maximum pressure of 414 MPa or 60,000 psta. There are four low
pressure stations for sample preparation and collection of macropore 5data from 0.2 psia to 50 psia.
There arc 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
10change m@gp:&p@)rcglguarhn gguem%@e{lmetnt IS, c%}/&rte to volume of mercury by knowing the
stem volume.of.ihe peneirometer In Use arlety-of pen o?ﬁ %Wlfferent bowl (sample) sizes
and capillaries are avallab{%tgp acmmod@t@ﬂmosﬂvsample simeszand mﬂmflgwatlon§ “Table 5 below
defines some of the key parametetsealc 15153999 !forma y] sam €15 Ouape 5 f;ﬂe&mitl%ggigarameters
ParameterDescrp iption ThH@ltetal veﬂgrme gfa gu y( Ar} (ﬁgﬁr‘j"g ah %?(%ermenty Thigwan include
interstitial filling between ? particle's, poias e, corq [Rssio g@eﬁ)me of sample The
total intrusion QRsMe Conyes .W TOTIGa] = O RoTe T e sreeanme 50th
percentile on t&dimulativetsolume grapks.ibe smesaiethe 5@®roperqenille on1t£Q§urmglaﬁye area
graph. The to‘féﬁzp’@Pe voluri&dividetby thesidtal pdtétarea il g@ Thésiass iofhe samphe divided by

the bulk volué‘;é ‘@glk Vo|gl’g’b§5|$ dé{%@mé@%ﬁhe fd} press tygg ?:%gﬂy 0. gﬁ%é‘% (‘)rg?é;-‘rgﬁass of

sample dividedilps the volbipag;of sample measuredyat ghe%tdgggssq%gtyplc (Bulk
Density/ AppaseatiDensity)9%1200% 3Examphec? - Pamolie Sizerpmalysisat Irradiated M@t@rdals SThe
technique of ﬁ%t’r’(ré?é sizi }%@?Staﬁ%qg?m §¢8%€ringY8Ibhised GIHW e thessry (wWhiekpalsoxmneompasses

Fraunhofer th&Giy} Mie t énsn}{gl}%‘g angl%ﬁ% atloﬂ%ﬁ as 1a4ﬁ9ﬁlctloﬁ dFthe size for

spherical scg@gmgpartlcigs@rovldegigth@tqqgjgr system varighles arg elcgpggggtant These
variables artsthie-waigelengthof incident lightyand tha selativecrefractivedndex pidhe sample material.

Appllcatlor19§fIM1§"i§?r1eoﬁ)? vidé&’the aetafied pafisie sizefiformanen. Table® suswmarizes particle

size using m ame ea me d diameétét as Fémeté?%wl'ab% BéParticle
Size by Laseﬁ;%%@ﬁcattgzm% (Dr@égémpj% %peﬁ%% Samﬂq%I)g 763 Dlpﬁgt g3 g;s

The AuioPore® 9520 can attain a mammu:m pressure of 414 MPa or 60,000 psia.
There are four Eow pressure stations for sample preparation and collection of macropore
5 data from (.2 psia to 50 psia. There arc 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 & change in the electrical capacitance. | The
10 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 5 below defines some of the key parameters calculated

for each sample.
18
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(Pmi} Mean Diameter Modal Diameter (1m) A132 380.695 418.778 442.258 A132-10 321.742 366.231
410.156 A132-100 301.786 348.633 444.169 SC 132 369.400 411.790 455.508 5G132-10 278.793
325.497 426.717 SC 132-100 242.757 298.686

Tabie 5. Definition of Parameters

Paramater Description

The total volume of mercury intruded during an experiment. This
Total Intrusion Velume: can include mterstitial 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 . ot . .
edian e 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

is determined at the filling pressure, typically 0.5 psia.

The mass of sample divided by the volume of sample measured at
highest pressure, typically 60,000 psia.

Porosity: (Bulk Density/ Apparent Density) x 100%

Apparent Density:

Example 7 - Particle Size Analysis of lrradiated Materiais
5 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 relative refractive index of the sample material. Application of Mie
10 theory provides the detailed particle size information. Table 6 summarizes particle size

using median diameter, mean diameter, and modal diameter as parameters.

Table 6. Particie Size by Laser Light Scattering (Dry Sample Dispersion)

Median Diameter Mean Diameter Modal Biameter
Sample ID
(nm) {pm) (pam)

Al32 380.695 418.778 442,258
A132-18 321.742 366,231 410.156
Al132-100 301.786 348.633 444 169
SG132 369,400 411.790 455,508
8G132-10 278.793 325.497 426717
SG132-164 242757 ' 298.686 390.097
WE132 407.335 445618 467978
WS132-10 194,237 226.604 207.941
- WS8132-16¢ 201.975 - 236.037 307.304
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390.097 WS132 407.335 445.618 467.978 WS132-10 194.237 226.604 297.941 WS 132-100 201.975
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:(2610, 1 0001), 1.000 5 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 10depending on
the size of the particles. In general, samples with fine particles require less material than samples with
coarse particles. ERanigies&e SurthrerAied Bnalysis ofitsdintsd Mptorilsple pdacsprea of each
sample was ap Iyz}@p using @ Micrometi 'cssg 420 Accelerated Surface Area and Porosimetry
System. The%rl]a ?)egl\‘f\%lrle parset%lg}zeecli ybt‘bi}ls %%ﬁg%i?gﬁ%w%‘gfg 36% &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 aftegthiszsgcond evaguation and consists of defining target pressures
which controls how much gas is doan;de ggtpﬂtapsgrganl e. At each target pressure, the quantity of gas
adsorbed and the actual pressure aréf determined and Tecorded. The 20 pressure inside the sample
tube is measured with a pressure tFREYIEEEEAdditiBrAR dSEBE bPas will continue until the target
pressuie is achieved and allowed to equilibrate. The quantity of gas adsorbed is determined by
summing multiple h Jhe pressure and guantity define a gas.adsorption isothei in
and are used to cagli?:qasl e@ﬁﬁ%%%@@%ﬁ%i?gﬁ%ﬁgsih%&ﬁg?ﬁaa%)éo Sur érggeogrgg%('lﬁa%ee?;

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
10 depending on the size of the particles. In general, samples with fine particles require less

material than samples with coarse particles.

Example B - Surface Area Analysis of itadiated Materials
Surface area of each sample was analyzed using a Micromeritics® ASAP 2420

Accelerated Surface Area and Porosimetry System. The samples were prepared by first

15 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 1s dosed onto the sample. At cach target pressure, the
quantity of gas adsorbed and the actual pressure are determined and recorded. The

20 pressure inside the sample tube is measured with a pressure transducer. Additional doses
of gas will continue untit 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 7).

25
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25 Table 7. Summary of Surface Area by Gas Adsorption Sample ID Single point surface area
(rn2/g) BET Surface Area (m2/g) P132 @ P/Po= 0.250387771 1.5253 1.6897 P132-10 (a) P/Po=
0.239496722 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

Table 7. Summary of Surface Area by Gas Adsorption

Sample ID  Single point surface arca (m?/g) iﬁ:ﬂi‘:nrfj‘gc)e
P132 @ P/Po=0250387771 15253 1.6897
PI3210 @ P/Po=0239496722 10212 1.2782
P132-100 (@ P/Po=0240538100 10338 1.2622
P132-181 @ P/Po=0.239166091 0.5102 0.6448
PI32-US @ P/Po=0217359072  1.0983 1.6793
A132 @ P/Po=0240040610  0.5400 0.7614
A132-10  @P/Po=0211218936  0.5383 0.7212
A132100 @ P/Po=0238791097 04258 0.5538
SGI132 (@ P/Po=0.237989353  0.6359 0.8350
SG132-10 @ P/Po=0238576905  0.6794 0.8689
SG132-100 @ P/Po=0241960361  0.5518 07034
SG132-10-US @ P/Po=0.225692889  0.5693 07510
SG132-100-US @ P/Po=0225935246 10983 1.4963
WS132 @ P/Po=0.237823664  0.6582 0.8663
WSI32-10 @ P/Po=0238612476  0.6191 0.7912
WS132-100 @ P/Po=0.238398832 06255 0.8143

The BET model for isotherms is a widely used theory for calculating the specific
5 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 sampic aliquot divided by the mass of the sample.

10 Example 9 - Fiber Lenath Determinaiion of Irradiated Materials

Fiber length distribution testing was performed in triplicate on the samples
submitted using the Techpap MorFi LBOI system. The average length and width are
reported in Table 8.

15 Table 8. Summary of Lignoceliulosic Fiber Length and Width Data

Statistically

Arithmetic Average Length Correcied Average Widih
Sample ID Average Weighted in Length Weishted in {nticrometers)
(mmna) Length (mm} £ s {pm)

1 P132-10 0.484 0.615 0.773 247
Pi32-100 0.369 0.423 0.496 23.8
Pi32-181 0312 0.342 0.392 24.4
Al132-10 0.382 0.423 0.630 43.2

A132-100 0.362 0.435 0.592 299




1.0983 1.6793 A132 @ P/Po= 0.240040610 0.5400 0.7614 A132-10 @ P/Po=0.211218936 0.5383
0.7212 4132-100 @ 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
SC 132-10-US

10

15

- 20

25

SG132-14 0.328 0.363 0.521 44.0
SG132-100 0.325 0.351 0.466 43.8
W8132-10 0.353 0.381 0.565 44.7
WS132-100 0.354 0.371 0.536 45.4

OTHER EMBODIMENTS

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

spirit and scope of the invention.

Lignases and Biomass Destrovinge Enzvmes

For example, some methods utilize one or more ligninases and/or biomass-
destroying enzymes, instead of or in addition to Fenton chemistry, to reduce recalcitrance
in cellulosic or lignoceliulosic materials, In such methods, a first cellulosic or
lignoceliulosic material having .a first level of recalcttrance is provided and combined
with one or more ligninases and/or one or more biomass-destroying, e.g., lignin-
destroying organisms, so as to contact the first cellulosic or lignoceltulosic material. The
contact is maintained for a period of time, such as between 2 and 24 hours, e.g., between
6 and 12 hours, and under conditions sufficient, ¢.g., below a pH of about 6, such as
between pH 3 and 5.5, to produce a second lignocellulosic material having a second level
of recalcitrance lower than the first level of recalcitrance. After reduction of the
recalcitrance, the second cellulosic or lignocellulosic material can be contacted with one
or more enzymes and/or microorganisms, ¢.g., to make any product described herein,
¢.g., food or fuel, e.g., ethanol or butanol (e.g., n-butanol) or any product described in any
application incorporated by reference heremn.

The ligninase can be, e.g., one or more of manganese peroxidase, lignin
peroxidase or laccases. |

In particular implementations, the biomass-destroying organism can be, e.g., one
or more of white rot, brown rot or soft rot. For example, the biomass-destroying
organism can be a Basidiomycetes fungus. In particular embodiments, the biomass-

destroying organism Phanerochaete chrysoporium or Gleophyllum trabeum.
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@ P/Po=0.225692889 0.5693 0.7510 5G132-100-US @ P/Po= 0.225935246 1.0983 1.4963 WS132
@ P/Po=0.237823664 0.6582 0.8663 WS132-10 @ P/Po=0.238612476 0.6191 0.7912 WS132-100
(et', P/Po=0.238398832 0.6255 0.8143 The BET model for isotherms is a widely used theory for
calculating the specific 5surface 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 divi%el&al%?/ %f?e% ﬁ?&%ﬁﬁ?@%‘bﬁ%ﬁ%@%ﬁé e%e?]lg}%%}llsiglﬁéafsﬁo %f’e‘?r%ination of

Irradiated Mage¢idied in KEjpetrderirydistvbutbn tedhed WS parictradd Kriplieate,on the samples
submitted uging the, T&%&Mp&g&}ﬁ&gmg Bnhe AYRIAGECAGH AR widih.arerppgried in Table
0

8. 15Table 8. Summary of Lignocellulosic Fiber Length and Width Data Samplé 1D
and Paper Processing and Kirk et al., The Chemistry of Solid Wood, Chapier 12

5 (Biological Decomposition of Solid Wood (pp. 455-487).

Hvdrecarbon-Containing Materials

In some embodiments, the methods and systems disclosed herein can be used to
process hydrocarbon-containing materials such as tar or oil sands, oil shale, crude oil

10 (e.g., heavy crude oil and/or light crude oil), bitumen, coal, petroleum gases (e.g.,
methane, ethane, propane, butane, isobutane), liquefied natural and/or synthetic gas,
asphalt, and other natural matertals that include various types of hydrocarbons. For
example, a processing facility for hydrocarbon-containing materials receives a supply of
raw material. The raw material can be delivered directly from a mine, ¢.g., by conveyor

15 belt and/or rail car system, and in certain embodiments, the processing facility can be
constructed in relatively close proximity to, or even atop, the mine. In some
embodiments, the raw material can be transported to the processing facility via railway
freight car or another motorized transport system, and/or pumped to the processing
facility via pipeline.

20 When the raw material enters the processing facility, the raw material can be
broken down mechanically and/or chemically to yield starting material. As an example,
the raw material can include material derived from o1l sands and containing crude
bitamen. Biturfien can then be processed into one or more hydrocarbon products using
the methods disclosed herein. In some embodiments, the o1l sands material can be

25 extracted from surface mines such as open pit mines, In certain embodiments, sub-
surface oil sands material can be extracted using a hot water flotation process that
removes oil from sand particles, and then adding naphtha to allow pumping of thé oil to
the processing facility.

Bitumen processing generally includes two stages. In a first stage, relatively large

30 bitumen hydrocarbons are cracked into smaller molecules using coking, hydrocracking,

or a combination of the two techniques. In the coking process, carbon is removed from
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Ar.ithmetic Average (mm) Average Length Weighted in Léﬁgth Om) Statistically Corrected Average
Length Weighted in Length (mm) (micWro'imdtehters) (1m) 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

bitumen hydrocarbon molecules at high temperatures (e.g., 400° C or more), leading to
cracking of the molecules. In hydrocracking, hydrogen is added to bitumen molecules,
which are then cracked over a catalyst system (e.g., platinum).
In a second stage, the cracked bitumen molecules are hydrotreated. In general,
5 hydrotreating includes heating the cracked bitumen molecules in a hydrogen atmosphere
to remove metals, nitrogen (e.g., as ammonia), and sulfur (e.g., as clemental sulfur).

- The overall bitumen processing procedure typically produces approximately one
barrel of synfhetic .cmde oil for every 2.5 tons of oi! sand material processed. Moreéver,
an energy equivalent of approximately one barrel of 0il is used to produce three barrels of

10 synthetic crude oil from oil sand-derived bitumen sources.
As another example, oil shale typically includes fine-grained sedimentary rock
that includes significant amounts of kerogen (a mixture of various organic compounds in
solid form). By heating oil shale, a vapor is liberated which can be purified to yield a
hydrocarbon-rich shale oil and a combustible hydrocarbon shale gas. Typically, the oil
15 shale is heated to between 250° C and 550° C in the absence of oxygen to liberate the
vapor.

| The efficiency and cost-cffectiveness with which usable hydrocarbon products
can be extracted from oil sands material, oil shale, crude oil, and other oil-based raw |
materials can be improved by applying the methods disclosed herein. In addition, a

20 variety of different hydrocarbon products (including various hydrocarbon fractions that
are present in the raw material, and other types of hydrocarbons that are formed during
processing) can be extracted from the raw materials.

In certain embodiments, in addition to Fenten oxidation, other methods can also
be used to process raw and/or intermediate hydrocarbon-containing materiais. For

25 example, electron beams or ion beams can be used to process the materials. For example,
ion beams that include one or more different types of ions (e.g., protons, carbon ions,
oxygen ions, hydride ions) can be used to process raw materials, The ion beams can
include positive ions and/or negative ions, in doses that vary from 1 Mrad to 2500 Mrad
or more, e.g., 50, 100, 250, 350, 500, 1000, 1500, 2000, or 2500 MRad, or even higher

30 levels.
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.Other additional processing methods can be used, including oxidation, pyrolysis,
and sonication. In general, process parameters for each of these techniques when treating
hydrocarbon-based raw and/or intermediate materials can be the same as those disclosed
above in connection with biomass materials. Various combinations of these techniques
can also be used to process raw or intermediate materials.

Generally, the various techniques can be used in any order, and any nurnber of
times, to treat raw and/or intermediate materials, For example, to process bitumen from

oil sands, one or more of the techniques disclosed herein can be used prior to any

‘mechanical breakdown steps, following one or more mechanical breakdown steps, prior

to cracking, after cracking and/or prior to hydrotreatment, and after hydrotreatment, As
another example, to process oil shale, one or more of the techniques disclosed herein can
be used prior to either or both of the vaporization and purification steps discussed above.
Products derived from the hydrocarbon-based raw materials can be treated again with any
combination of techniques prior to transporting the products out of the processing facility
(e.g., either via motorized transport, or via pipeline).

The techniques disclosed herein can be applied to process raw and/or intermediate
material i dry form, in a soluﬁon or slurry, or in gaseous form (e.g., to process
hydrocarbon vapors at elevated temperature). The solubility of raw or intermediate
products in solutions and shurries can be controlled through selective addition of one or
more agents such as acids, bases, oxidizing agents, reducing agents, and salts. In general,
the methods disclosed herein can be used to initiate and/or sustain the reaction of raw
and/or intermediate hydrocarbon-containing materials, exiraction of intermediate
materials from raw materials (e.g., extraction of hydrocarbon components from other
solid or hquid components), distribution of raw and/or intermediate materials, and
separation of intermediate materials from raw materials (e.g., separation of hydrocarbon-
containing components from other solid matrix components to increase the concentration
and/or purity and/or homogeneity of the hydrocarbon components).

In addition, microorganisms can be used for processing raw or intermediate
materials, either prior to or following the use of the methods described herein. Suitable
microorganisms include various types of bacteria, yeasts, and' mixtures thereof, as
disclosed previously. The processing facility can be equipped to remove harmful

38



WS132-100 0.354 0.371 0.536 45.4 OTHER EMBODIMENTS A number of embodiments of the
invention have been described. Nevertheless, it will be understood that various modifications may be
made without departing from the spirit and scope of the invention. Lignases and Biomass Destroying
Enzymes For example, some methods utilize one or more ligninases ancUor biomass- destroying
enzymes, instead of or in addition to Fenton chemistry, to reduce recalcitrance 10in cellulosic or
lignocellulosic materials. In such methods, a first cellulosic or lignocellulosic material having a first

level of recalci i i i i re;ligninases, and/or.one or more
biomass-deaé ro&qﬂlgﬁseﬁég{?%ﬁﬁ%%%?%% %%%#ﬁn@?ggqggﬁg%ﬁgﬁatﬁ%%?r’sltn é%l?lﬁgsic or

lignocellutosiespautavieduTis dhab ta beia fndinbaimed doeratpisriser ehemisa Suahodydietiaeers 2 and 24

hours, e.g., hatwaenr e andd2huruandynsderaenditions sufficient, e.g., below a pH of about 6,
such as between pH 3 and 5.5, to produce a second lignocellulosic material having a second level of

recalcitrance loweltHaMGFE RrsiRRRS bt S8 RGP ANCE MRFeP T IEABH BEREsFesIEEAfiBe, the second

cellulosic ordignegeliesicnmaterdalitanibeaicndgie dwit Opaomare Srymesandlor
microorganisms, e

., to make any.product (éjfs ribed herein, 20e.qg., food or fuel, e.g., ethanol or
‘butanol (e.g??tr?%ggﬁf)ﬁ“%?g?%%% Gt itfg%iaiﬁeé ; XEB%%TPOWMW&&P&?@BCB P&ference herein.
The ligninaseilszamizs cemghe pnedorad dremdmangancs perexidaseydigrirbperaksdasesoniaccases. In

particular implementations, the biomass-destroyin ?Eggglégmﬁc%gs%%c dgegg%e.@gsr [are of white rot,

& ﬁ:n CIYL 11T t? %?1 an
brown rot or soft rot. For exarﬁp e, the plomass-destroying organism can asidiomycetes fungus.

In particularasrvisedivnents e biomahs desty oyimgrorgampemefth af trocivaeténchtysdiparium or
Gleonbyllniiaheni: kiguaser Plomasscatioung,coanibna andsmalmelegyle metabol ites

are described in Kirk et al. yme Microb. Technol. 1986, vol.'8,27-32, Kirk et al., Enzymes for Pulp

and Paper Prdegshong: fomegiter befrete snleivierobticEroponrsyin Prifnaiwtirslyantioeessing and
Kirk et al., The-Ghenaisiny of3aid Waokedfubapial 122 @iplkgisaRessmnesitiongf Solid Wood (pp.

455-487). Hydrocarbon-Containin2 Materials In some embodiments, the methods and systems

disclosed hé¥airean B&EEa T SRS bRAPRIHB OIS HERTG AR ek cEdoil sands, oil

shale, crudef@ih the raw materials, including nitrogen based compounds (e.g., ammonia), sulfur-

15 based compounds, and silicates and other silicon-based compounds. In certain
embodiments, one or more products extracted from the raw materials can be combusted
to generate process heat for heating water, raw or intermediate materials, gencrating
electrical power, or for other applications.

Processing oil sand materials (including bitumen) using one or more of the

20 techniques disclosed herein can lead to more efficient cracking and/or hydrotreatment of
the bitumen. As another extmple, ?mcessiﬁg o1l shale can lead to more efficient
extraction of various producfs, including shale oil and/or shale gas, from the oil shale. In
certain embodiments, steps such as cracking or vaporization may not even be necessary if
the techniques disclosed herein are first used to treat the raw material. Further, in some

25 embodiments, by treating raw and/or intermediate materials, the products can be made
more soluble in certain solvents, in preparation for subsequent processing steps in
solution (¢.g., steam blasting, sonication). Improving the solubility of the products can
improve the efficiency of subsequent sojution-based treatment steps. By improving the
efficiency of other processing steps (e.g., cracking and/or hydrotreatment of bitumen,

30 vaporization of oil shale), the overall energy consumed in processing the raw materials
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10(e.g., heavy crude oil and/or light crude oil), bitumen, coal, petroleum gases (e.g., methane, ethane,
propane, butane, isobutane), liquefied natural and/or synthetic gas, asphalt, and other natural
materials that include various types of hydrocarbons. For example, a processing facility for
hydrocarbon-containing materials receives a supply of raw material. The raw material can be delivered
directly from a mine, e.g., by conveyor 15belt and/or rail car system, and in certain embodiments, the
processing facility can be constructed in relatively close proximity to, or even atop, the mine. In some
embodiments, the raw material can be transported to the.processing facility via railway freight car or
other mota R B e SWhen the
raw materiaf@sters the processing facility, the raw material can be broken down mechanically and/or
c_hemlcally to yield &é%%ﬁg@aﬂ@'eﬁﬁoﬂ%ﬁ%@@%{m {Mmggq{@hgmlmggaém@gnal derived from
oil sands and containing crfude bitumen. Bitumen can then be processed into ohe or more hydrocarbon
products using the methods disclosed herein. In some embodiments, the oil sands material can be
25extracted from surface mines such as open pit mines. In certain embodiments, sub- surface oil
sands material can be extracted using a hot water flotation process that removes oil from sand
particles, and then adding naphtha to allow pumping of the oil to the processing facility. Bitumen
processing generally includes two stages. In a first stage, relatively large 30bitumen hydrocarbons are
cracked into smaller molecules using coking, hydrocracking, or a combination of the two techniques. In
the coking process, carbon-is removed from 36 bitumen hydrocarbon molecules at high temperatures
(e.g., 400 C or more), leading to cracking of the molecules. In hydrocracking, hydrogen is added to
bitumen molecules, which are then cracked over a catalyst system (e.g., platinum). In a second stage,
the cracked bitumen molecules are hydrotreated. In general, Shydrotreating includes heating the
cracked bitumen molecules in a hydrogen atmosphere to remove metals, nitrogen (e.g., as ammonia),
and sulfur (e.g., as elemental sulfur). The overall bitumen processing procedure typically produces
approximately one barrel of synthetic crude oil for every 2.5 tons of oil sand material processed.
Moreover, an energy equivalent of approximately one barrel of oil is used to produce three barrels of
10synthetic crude oil from oil sand-derived bitumen sources. As another example, oil shale
typically includes fine-grained sedimentary rock that includes significant amounts of kerogen (a mixture
of various organic compounds in solid form). By heating oil shale, a vapor is liberated which can be
purified to yield a hydrocarbon-rich shale oil and a combustible hydrocarbon shale gas. Typically, the
oil 15shale is heated to between 250 C and 550 C in the absence of oxygen to liberate the vapor.

The efficiency and cost-effectiveness with which usable hydrocarbon products can be extracted from
oil sands material, oil shale, crude oil, and other oil-based raw materials can be improved by applying
the methods disclosed herein. In addition, a 20 variety of different hydrocarbon products (including
various hydrocarbon fractions that are present in the raw material, and other types of hydrocarbons
that are formed during processing) can be extracted from the raw materials. In certain embodiments, in
addition to Fenten oxidation, other methods can also
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be used to process raw and/or intermediate hydrocarbon-containing materials. For 25example,
electron beams or ion beams can be used to process the materials. For example, ion beams that
include one or more different types of ions (e.g., protons, carbon ions, oxygen ions, hydride ions) can
be used to process raw materials. The ion beams can include positive ions and/or negative ions, in
doses that vary from 1 Mrad to 2500 Mrad or more, e.g., 50, 100, 250, 350, 500, 1000, 1500, 2000, or
2500 MRad, or even higher 30levels. Other additional processing methods can be used, including
oxidation, p if,lgr&%w%; In general, process parameters for each of these techniques when
treating hydrocarbon-based raw and/or intermediate materials can be the same as those disclosed
above in connection with biomass materials. Various combinations of these techniques 5can also be
used to process raw ot MA@ ARt drrasrances BrfsHlysimher ighecr iderAriaEs@an be used in
any order, ang aRy¥HIdRRRsaftimes, to treat raw and/or inteiniediate materials. For example, to
process bitumen from oil sands, one or mqre of the techniques disclosed herein can be used prior to
any mechanical bréﬁﬂ@BWﬁ?éi’e?)@%%ﬁr%%ﬁgﬂ&L%BPé HeoeralmioN HredkaRA S8 3 Btior to
cracking, aftesverackinganalies piiboie by diotreatmentdanshaitasilyerotseatoreninddianother example,
to process oil shale, one or more of the technigueg disclosed herein can bg use(rj%%prio{{ to either or both
of the vaporiza(flon §h3 puri iCation ﬁrepg iscusSed above: Broducts denved fronT the
hydrocarbonsblagesiaanligratetialsscamdderisbbtethmg ainonitheaslyoC omidmatior dfwectinigthes prior to
transporting H}& %peql ﬂ%c%ﬁt?ein%}f processing facility 15(e.g., either via motorized transport, or via
pipeline). The techniques disclosed herein can be applied to process raw and/or intermediate
material in dry form, in a solution or slurry, or in gaseous foto, (e.g., to process hydrocarbon vapors at
elevated temperature)sThe. s Biitnek W Rk ersdiae RIRAUGI nspluions.and slurries can be
controlled through selective addition of one or 20more agents such as acids, bases, oxidizing agents,
reducing agéfits” an@ 44N $18Eneral, the methods disclosed herein can be used to initiate and/or
sustain the reaction of raw and/or intermediate hydrocarbon-containing materials, extraction of
intermediate mater%alsrg%om raw material (e.?., e>,§tra tion of hydrocarbon components from other solid
or liquid components), iSRG SEFRW SharBF met R et B RAt AROra RSB SFRRIHGN of
intermediateNaterjdls, oG uawnaterials (e.g., separation of hydrocarbon-containing components
from other solid matrix components to increase the concentration and/or purity and/or homogeneity of
the hydrocarbon components). In addition, microorganisms can be used for processing raw or.
intermediate materiglS teithethptiof toyarotidtbingptive dsensf tHemietthods cesorbeddrerain. Suitable

30microorgaggﬁmﬁggggﬁggh\éajpgg bunes of bagteria, yeasts, and mixtures thereof, as disclosed

previously. The processing facility can be equipped to remove harmful byproducts that result from the
processing of raw or intermediate materials, including gaseous products that are harmful to human

operators, and chemigalhyptdustehahabe MRURiUL QRAMmansapdier Marigusimictoorganisms.
In some embodiments, the use of gane or more of the techniques. disclosed herein 5results in a

molecular w&JRPPEHUATAT BRSSO ERANSOMEATE BB PAifeom bR bR A A0l that is
processed. AS al@sidhovarious lower weight hydrocarbon substances can be produced from one or
more higher weight hydrocarbon substances. In certain embodiments, the use of one or more of the
techniques disclosed herein results in an increase in molecular weight of one or more components of
the raw or intermediatéht @madietial thabis pidbe sbed: Hamexamiblel the yvaidentsteahiigues disclosed

herein can irb%gg &%&‘&B@Eﬁ&%@% el%g%ggn molecules of the components, leading to the formation of

7. The method of any one of the above claims further comprising maintaining pH
at ot below about 5.5 during contact, such as between 1 and 5, between 2 and 5, between

2.5 and 5 or between about 3 and 5.
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increased quantities of certain products, and even to new, higher molecular weight products. In
addition to hydrocarbon products, various other compounds can be extracted from the raw materials,
including nitrogen based compounds (e.g., ammonia), sulfur- 15based compounds, and silicates and
other silicon-based compounds. In certain embodiments, one or more products extracted from the raw
materials can be combusted to generate process heat for hcating water, raw or intermediate materials,
generating electrical power, or for other applications. Processing oil sand materials (including bitumen)
using one or more of } 15 ein can lead.to more efficient cracking and/or
hydrotreatment of t%;%ﬁﬁ%%ﬁ#@p\@é% gllsrosct)ﬁér& é%%%ﬁ?:@&%%gggﬁasol Shate can fggtlt'}rf% more efficient
extraction ofo¢BHESS proguessietitamiesishia vittaneyen shatousassdiom thd bitshéaladn certain
embodiments,Steps USRS LGN AL ¥aPeHZ Ao IGYNAL SYaRe necessary if the techniques
disclosed herein are first used to treat the raw material. Further, in some 25embodiments, by treating
raw and/or intermediate materials, the products can be made more soluble in certain solvents, in
preparation for subsegnentMACessHItEEIIN S0 80N (80 o 3ipRIMRIaslipgnsomicatign). Improving
the solubility %@e. rogucts improve the efficiency of subsequent solution-based treatment steps.
By improving GBI CISHEY b1 BHKER SPA e 8D 84 ErAteHG MBI JER SGimont of bitarmen,
30vaporizatifirsicheibshalejothexodenalbehergyttonstneshis progeashg the raw materials can be
reduced, making extraction and process g of the raw materials economically feasible. Accordingly,
other embodiments arehin the scope of the following claims. WHAT IS CLAIMED IS: 1. A method
of reducing recalcitin€bsimetitdl oSinpolignd cidl abosicatasis| ials;rte aneth aducomgprising:

contacting, ig.a Mg, & firstraliulasic gt ignocgiosicmaleiialhaving 3 frst devel of recalcitrance

. S101
with one or more compounds comprising one or more natdrally-occurring; non-radicaciive group 5, 6,

7,8, 9, 10 oisTioBIshihtd wdlgroehied H8aebha eellosrnsbiighdtelivslebnatdfitkidwing a second

level of recaigitiangadowenthan the firsttensl giviecalcitrance. 2. The method of claim 1, wherein
the one or more elements are in a +, 2+, 3-, 4+ or 5+ oxidation state. 3. The method of claim 1 or

claim 2, wherein the one or more elements comprise Mn, Fe, Co, Ni, Cu or Zn. 4. The method of
any one of the above dlaimsthaesLiR e ORCRIMTS laments cAMplisa-fa ifothendhtdt or 4+
oxidation Statey . 2 The methg%dtqt attﬁg o%a] of gassr%ef;ve claims, wherein the mixture further
comprises ofie 5 RSP BUGSHE DRI B e 281G HIe BRIMAS M- Stlte sFiicia e ol of said
elements. pMaihebmetiiddfianytenecof thewabove:slaim< 0 wihich the oxidant comprises ozone
and/or hydrogen peroxide. 7. The method of any one of the above claims further comprising

maintaining pH at or below about 5.5 during contact, such as between 1 and 5, between 2 and 5,
between 2.5 and 518 Bésyeethogbdums emgiof claims B9 The idtHobof enyporexidins&e7 further

comprising dispersingnhe:frsticalbulosicionlennssdy ?ﬁi@ﬁﬁéﬁ&@lé%&%@%ﬁﬁé&%s medium,

and then adding first the one or more compounds and then the one or more oxida 9. The

method of af§ o SPlaTY SSPHIERE OgeRs Srsigbyispukeineihe first cdimsiionr lignocellulosic

material in WaigseNABRALRAHS SRS dimbraasiiemadding fistthaRae amete.eddanizand then the
one or more compounds. 0. The method of any one of the above claims, wherein a total maximum

concentratio? GFBSHERY Y the one or more compounds measured in the dispersion is from about
10 p.M to about 500 mM, e.g., between about 25 itM and about 250 mM or between about 100 MM
and about 100 mM13. The method of any one of the above claims wherein the mixture includes one

ot more compounds and one or more oxidants, and wherein a mole ratio of the element(s)

in the one or more compounds to the one or more oxidants is from about 1:1000 to about

1:25, such as from about 1:500 to about 1:25 or from about 1:100 to about 1:25.

14, The method of any one of the above claims, wherein the mixture further
includes one or more hydroquinones, such as 2,5-dimethoxyhydroquinone and/or one or
more benzoquinones, such as 2,5-dimethoxy-1,4-benzoquinone.
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11. The method of any one of claims 5-9, wherein a total maximum concentration of the one or more
oxidants is from about 100 !.LM to about 1 M, e.g., between about 250 MM and about 500 raM, or
between about 500 gm and 250 mM. 12. The method of any one of claims 5-9 in which the one or
more oxidants are applied to the first cellulosic or lignocellulosic material and the one or more
compounds as a gas, such as by generating ozone in-situ by irradiating the first cellulosic or
lignocellulosic and the one or more compounds through air with a beam of particles, such as electrons
or protons. 13. The method of any one of the above claims wherein the mixture includes one or
more compounds and one or more oxidants, and wherein a mole ratio of the element(s) in the one or
more compounds tbbthEhgmesthorholengxidantstie fhome abous vttt aboub @b e suctess from about
1:5_00 to abodlll_g él@c@r@éﬁéﬁﬁ'&aﬂ?%‘fteﬂé&%%&%}Eeﬁxeratecﬁz‘}f-;'fﬂ? method of any one of the above
claims, wherein the mixture further includes one or more hydroquinones, such as
2,5-dimethoxyhydroquinone and/or one or more benzoquinones, such as

2,5-dimethoxy-1,4-kenzQauipengon comptrinkNg MethasRfaneaneirilee ahaue.clajms, wherein the
one or more oxidants are electrochemically or electromagnetically generated in-situ. 16. A
composition ST RIA LY LIRS & PR ADENE RAER SR IR E oME GRHBFE Coipdunds
comprising @ne, g1 gnoreNatuadyrHaesr sy opaBnEAGITRGIEGHAME Sxiflarks BafdblOu@r 11 elements,
and, optionally, 3) one or more oxtidantgg patble of i%c_reéisli%%éan oxidation state of at least some of
said elementETeasg A0 QUGN 58 ﬁc??ﬁ rSERI S EREE W EB ulosic or lignocellulosic materials, the
method comprising: contacting a first lignocellulos ¢ material having a first level of recalcitrance
with one or more ligninases andlpr.ane,or,mere biemassestioving. & dlignin destioying organisme,
to produce a second lignocellulosic matetial having a seconad level of recalcitrance lower than the first
Level of rec#ligitratise! apriprisizgintacting the second lignocellulosic material with an enzyme and/or
microorganism. _ cotflcie AR OL AR faiher SV e Jiginasas ArecarigalRd (g he aroup
consisting of manganese peroxidases, lignin peroxidases, laccases and mixtures thereof. 19. The
method of cREAPLORMEEBIRASE 3510 R 25S-HeBeE sy difisis B et st deig-florctiagroup consisting
of white rot, oWl :Spfbsatandrbdures tRerenfic maed@l Thenmethedhafidlaimrl, wherein the
method further comprises contacting the second cellulosic or lignocellulosic material with an enzyme

and/or micrd&rgsHigRse lowes thapiCistHsrbeisrricir RSt the method further comprises

saccharifying the resiuaeshregalcivancesmateriad anchihenifelitenting-the sageharified material. 22.

A method of&gz&ggén&ga&alcitrance in cellulosic or lignocellulosic materials, the method comprising:
contacting, in‘a mixture, a first cellulosic or lignocellulosic material having a first level of recalcitrance

with one or more compounds comprising one or more naturally-occurring, non-radioactive metallic

elements, to produge argeconehadivanic of (ameselURBisaleHRl bR AeRR L GYe! of
recalcitrance lower than the first level of recalcitrance.
congsisting of manganese peroxidases, lignin peroxidases, laccases and mixtures thereof.

19. The method of claim 17, wherein the biomass-destroying organisms are

selected from the group consisting of white rot, brown rot, soft rot and mixtures thereof.

20. The method of claim 1, wherein the method further comprises contacting the

second cellulosic or lignocellulosic material with an enzyme and/or microorganism.

21. The method of claim 1, wherein the method further comprises saccharifying

the reduced recalcitrance material and then fermenting the saccharified material.
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22. A method of reducing recalcitrance in cellulosic or lignocellulosic materials,
the method comprising;

contacting, in a mixture, a first cellulosic or lignocellulosic material having a first
level of recalcitrance with one or more compounds comprising one or more naturally-
occurring, non-radioactive metallic elements, to produce a second cellulosic or
lignocellulosic material having a second level of recalcitrance lower than the first level of

recalcitrance.

44



