| NTEGRATED SYSTEM AND PROCESS FOR Bl OPRODUCT PRODUCTI ON CROSS- REFERENCE TO
RELATED APPLI CATIONS [1] This application clains the benefit of U S

provi si ormb 2appisimat i on nos. 61/221,007, filed June 26, peOAS201608921, 474,
filed June 29, 2009, and 61/278,932, filed Cctober 13, 2009, all of which
are incorporated herein by reference in their entireties. FIELD OF THE

| NVENTION [2] The invention relates to production of a bioproduct, such as
bi obutanol, in a continuous mcrobial fernmentation process. BACKGROUND [ 3]
Butanol is a high quality fuel and fuel additive. Butanol can be m xed,
stored and transported together with gasoline. It has nore energy per
gal l on than ethanol, which translates into better fuel econony for
consuners using butanol blends, and has | ower vapor pressure than ethanol,
which translates into | ess ground | evel pollution. Butanol's | ow vapor
pressure nmakes INTEQRATEDSYSTEMEANIOMROCESSINOR BIOPRODYQEPRODUICTIORN conponent
for refiners to use in conplying with stringent vapor pressure

speci fications. Butanol cao&gmmvmmemﬂb@mnxymemmuekheN%fits of et hanol but
wi t hout undue evaporative em ssions, mhlc are a ézﬁ&q%dsource of air
pol I ution, and WY dMpmetigfiemcaime §e hemsfiar s %?meﬁﬁFﬁﬁgP oYy

hydr ophobi ¢ thah“é?ﬁﬁh@ﬁ2“€4ﬁbW@“Hh@“h“ﬁﬂ@ﬁ@ﬁz@@HH%%%§2W%3¥§peI wat er, and
IS nore suit abl @ich 8¢ indob@dnd horetp byvettrinegagdlkitings. As such, butanol shoul d be a
hi ghly desired conponent of Refornulated Gasoline Bl endst ock for Oxygenat e
Bl endi ng (RBOB) and California ¢ef\RBFREkveiTiét endst ock. Butanol is al so
expected to hav ife c CO2. . But anol bl ends
shoul d have no @%trF%ﬁﬁ?mP“hFF%%?%m%WﬁﬁgﬂéﬁﬁS¥m“Pdmmm %ﬁ?gnggtoners and
corrosion and etEetFeariedrdictivity are expected to be sinilar to
gasoline. [4] Butanol can also be blended in concentrations in excess of
20% w th diesel fuel. The benefits smkkeroinD on of oxygenates to di esel fuel
include the redggti IB%OML h @Lmyfﬁgfagmea fﬁﬂuve EQanoPAfhe Hﬂéatsrog@gd hydr ocar bon

em ssi ons. Inportant
concentrations Surti
flammability ra?@%@dﬁ?PﬂgﬁcﬁﬁﬁﬁffmﬂPmegmﬁF€§§PWFV WpﬁfT%%%?m%&ygenate.
This is a signi¥hickatlatehinn efs grpund lovelobejytionyivaret's lepnvdpor mesive mekertitar i on. [ 5]

But anol i s al soattabtigkadvwvokiBietbx@Satallblehd vokbisiefitifodtetinernie i Radmplyihdwih s used i n t he
pro duction of pﬁinéﬁi‘@aporlﬂle@éé sbe@lhc%ﬁ)'ﬁss Butabl Qan B@\&fe i:hgéxgg@:ﬁtﬁ beRdFits airéthzinﬂ Gkt € dient in

contact |ens cl e%ou§e5u%_ft_lv ep%reatglg chm 10ns gf(htaree)é %1&1ﬁcant’scburcgl (g m%ol%u?on%ﬁd ofa flavori ng in

candy and ice cream was aPErOX|nater 1
billion potentially lower cost Butanol is also more hydrophobic than ethanol i.e., 1t has a higher tendency

d tygéthe{ \m@ éasohne ft Qas moret eﬁ gg ger %ah Q udll e%anol whlckl ganslaltes 1ﬁto

to repel water, and is more suitable for blending with gasoline. As such, butanol should be a highly
desired component of Reformulated Gasoline Blendstock for Oxygenate Blending (RBOB) and
California (CARBOB) fuel blendstock. Butanol is also expected to have a reduced life cycle
emission of CO,. Butanol blends should have no detrimental effects on modern fuel system
elastomers, and corrosion and electrical conductivity are expected to be similar to gasoline.

[04] Butanol can also be blended in concentrations in excess of 20% with diesel fuel. The
benefits of addition of oxygenates to diesel fuel include the reduction in soot formation, CO, and
unburned hydrocarbon emissions. Importantly, addition of butanol to diesel fuel in concenfrations
sufficient to realize these benefits retains the flammability rating (flash point) of the diesel fuel
without oxygenate. This is a significant benefit to deployment and implementation.

[05] Butanol is also widely used as an industrial chemical. It is used in the production of paints,
plasticizers, and pesticides, as an ingredient in contact lens cleansers, cement, and textiles, and also

as a flavoring in candy and ice cream. The global market for n-butanol was approximately 1 billion

1



gallons in 2006; the U S. market was approximately 300 mllion gallons, and
is expected to grow approximately 2% per year. [6] Butanol is currently
made frorwpebroolsewan Production costs are high and nar giPa3/tse@o0l0se873 and
price trends generally track the price of oil and are heavily influenced by
gl obal economic growh. [7] There is a need for inproved nethods for
production of butanol. In particular, nmethods for environnentally

conpati ble, cost efficient, and energy efficient production of butanol
woul d be desirable. BRIEF SUVWARY OF THE | NVENTION [8] Processes and
systens for bioproduct production are provided. [9] In one aspect, a
process is provided for producing a bioproduct, including continuously
fermenting a mcroorganismin the presence of hydrolyzed feedstock of a

car bohydrate-containing material. The m croorganismis inmobilized on a
support in a big@lasdcp®rthe Udyrkriel wivaprbximgte 3P nilikn dapusppdiseesee tagovhy dr ol ysi s of
the feedstock, phixehepraguees carbohydrate nol ecules that serve as a carbon

source for the Opgm@slm;feﬁ]g RO ﬂaectm GLARGBAR! SEEANL, nUous| y

converts the h ice tren eneralFtrEc}(gcpKiceloPoﬂ dare eav(a nf%ence%%)yglol)alec norre enbodi nents,
t he feedstock |% R Ar o 8Yed Eont I Rdoudi’y ups eSS PrM The bi or eact or and

the resulting H?ﬂ@olyzed feedstock is fed continuously to the bioreactor
for the durati dffl offheteliva nfedforimmdvaitnietds foriprpdugiveofbyvined ol presiertlar, methpds 5§ opr oduct i s
a bi of uel (e. g.cnvirbHeiNPdompaftlebo®iient@hd e biicientRduaiohe buteirBadiverent s, t he

bi oproduct is g.hipchem cal or a biochem cal feedstock, i.e., a biochem cal
that nay be derivatized or converted to another product, e.g., via chemca

synthesis. In sonme enbodinents, the blogroduct is a solvent, a bi onol ecul e,
an organic acid, an aIcohoIB%FRﬁ@%HWﬁo EHFQPF§“8H|d an al dehyde, a Iipid.

al ong chain or gB?anracess S an %ygteq?s’forg] ogucﬁn%guatgo_ig oQQé%l [10] I'n sone

enbodi nents, the h contlnuously into multiple

bi oreactors arritthg ‘ﬁ?W%é?%??@ﬂmgﬁﬁwB?“PWa?@?ﬂgﬁdeﬁ@mV@PWgntat|on occurs
conti nuously i nfermiptingamicrogrgshien inhapreasnre pidydolyzed fedsteche 2 privPredgstcentdsingr eact or s
contai n the sanetetd. T hibr@Feeivh isihmbied @asubenis hioreabit. Inelyeiizddikient , t he
hydrol yzed f eed&Jdelesy hySrol <@ O 16 @eksthod b idkSrofucks Biany kil hdipheenddi-nE @ACt Or s arr anged

in parallel, th bon%&@a&&emc Hlr RS fflszmctoagggséoxmdo&yuﬁenm tiple
bi or eact ors, or different

m cr oor gani s s})yd“’l‘iz'ﬁl feg%tt‘.’)‘ikl‘?g"lﬁ%‘&%% %ﬁélﬁetemb"t”ﬁ%‘ts ﬂgfeﬁ%tﬁ“?ﬁﬁ YBR“dccur s

conti nuously |anHWPWpﬁembﬁﬁﬂ@é@¥%?@wﬁﬁé?m%#@“ﬁ%@éﬁﬁ@ﬂ“ﬁﬁ series, the
hydr ol yzed feed®ﬁm®hhhﬂmbedmoﬁnﬂwmwmmgMykmnmwmth@mﬁmﬁg@ﬂhmereactor in the
series, and ef fidgRMmtt sk biofel @8 Oftaddl, LRE EhafM). Inbifer énB6liinteRs, héwpl@¥ttsabi Or eact or

downstreamin t lho%het%lgaﬁ !)rg §ioahejm§:al %egt{sl{gck Q mggc!hgrﬁ&tﬂﬁt’ ma?ﬁégin\!a%gd 933ve1RYo be renoved
bet ween series nodes ur|n dem[a on 1] In one

of
enbodi ment, bi oy aex&ﬁrogl};c egevia vi SHnthes Cf In somFe) emq)oqmilentf l’hf blogrogxct isa solJean ﬁy bri d
seri es/ paral | el b“’a}"‘r‘“a‘ﬁ@'e‘ﬁ%‘ﬁ"c"md FW‘*’@‘X@’HTS‘]%"‘ facy i ity 6‘1‘?‘drf‘d8?g ﬁ‘f‘“bc eed in
mul ti pl e bi or eaeteny wletufyat 2 @gaenlcghok anged i n a conbi nation to optim ze
productivity, Spgh mSmempainbaR] e i3k BEdst@k k Angatulsh rSefuligs W th a train of

par al lel react Ol;w?eacto\M axtrziageblx gag'a(ﬁtl,l M/@rqn sfar@?gegtgrg&lﬁtlotl %&%ﬁubd&&'fﬂ% Jthlplent o the

first bioreactoy Iac‘cors atm? the u{tlrle bl%rﬁ;a]ctogs cc?n];;afnltéhg Sam I’lg or]:h e(?emmelc?oorgamsm(qr leact or fed to the

f
next bi oreact or doOWl

embodlment the hydrolyzed feedstock is fed continuously into multiple bioreactors arranged in

parallel, the fermentation occurs continuously in the multiple bioreactors, and the multiple
bioreactors contain the same or different microorganism(s). In another embodiment, the
fermentation occurs continuously in multiple bioreactors that are arranged in series, the hydrolyzed

feedstock is fed continuously into the first bioreactor in the series, and effluent from each bioreactor



[12] In one enbodinent, the duration of the fernentation is at |east about
300 hours. In another enbodinment, the duration of the fernentation is at

| east abow 2000G1tweurs. [13] I n sone enbodi nents, the Peedst@ok39833 a
cellulosic material, for exanple, a lignocellulosic material. In sone
enbodi nents, the feedstock contains cellul ose and hem cel |l ul ose, e.g.,

| i gnocel lulosic material or wood pulp. In sone enbodi nents, the feedstock
is wood sel ected from softwood, hardwood, or a conbination thereof. In some
enbodi ments, the feedstock is a lignocellulosic material in the form of
wood chi ps, sawdust, saw m || residue, or a conbination thereof. In sone
enbodi nents, the lignocellulosic material (e.g., wood chi ps sawdust, saw
mll residue, or a conbination thereof) is froma feedstock source that has
been subjected to sone formof disease or infestation in the growh and/or
har vest pr oductis fgino takxdt Pakactdr fowonem @i exdésnie wing enpiianciteedst eekaydour ce 1 s

mount ai n pl ne b%teh@etvieﬁfse%&tn@i&dﬂﬁ@@eraﬁln{bfﬁflﬁﬁreaﬁfs enbodi nent , t he feedst ock

source is suddep, oak | P . He1 08 Kin 2 BbSh-seried gglgtal l'i ve oak,
t anoak, etc. Iﬁﬁén%lg grﬁ%gﬁ%w{}grréﬁma{r%g §I§Ee)aglcl by %I S lDutch el m

di sease i nf est &P FPITBH ?“eréat‘%ff‘d'mpn%’e‘%mmuipﬁf%"’?eama%?t K€ ce is

| i gnocel | ul 0si cophipptisy fo atimizdpapuckvis e PR R A oBsFd BT YR "8 O f i re. [14] In
sone enbodi mentmralleliagmoeitihidwlyss feasticeedtstineilly rathe fitst dibredetsr ideeswipsst r uct ed pri or
to hydrol ysis. Reerastondst bidbtdBYo izt tistece Ren@tmiteripr ocess sel ected from

pr est eam ng, Pamoﬁeaelnbogmbnnﬁtk B8sion 3 rRGLEN £ Rlst 1£Bb0ASIO R anolh SOME
enbodi nent s, the feed§ht g)uralonnpmeg‘emFtanlomsatgﬁta aﬂtslBoroHCt ed prior to harvest by a

hadins
natural or non-Ratural efvironnen n, tor exanple, drought,

infestation, fill%, kdepsrsiodnapperdteck B bt *éatemrl fior R HeBBi¥eNt s, t he
f eedst ock nat ermagtial. fesymdzebodieetistiediotkeatacclglod pg bgpgrelulore.gani sm  for exanpl e,
nount ai n pi ne hgetdi@osid AaGIA St wobliGhlb. Qisod empiditients, thid@Bk isGak sgke@tamsyndr onme

deconstructi On sgftwosaaﬂgpdwéaﬁ or%&&tlglﬂxaeg}lﬁ%%bsh@&mﬁsm&wpan of elm In sone

enbodi ment S, gn ﬁqoswm terlsllmc\(he fo?megw ogchh(ps rs];.gv ust sa 111 re?ldup %% gd to renove
extractives. lf % F eat nent I n(?] e conpr essi on,

wat er extracti d re"fs B Is‘\?’é Fi‘fb"‘lé‘?("‘f‘tf g‘ﬁlfgi“‘lﬁﬂl“k’s%i I‘“Rt%[‘la'l e Vet f}?péif‘t"‘f“ﬁ ﬁaw Whzymat i c
treat ment, fungesidue or eampigaipn therepRysdiema feadsoglt spisqq that hay Peewlvec@rt%ﬁf’mfom I n sone
enbodi ne nt S, t hdipsied heati@ite godth ir@Aiurest @xduttiacidiod s onaanpodd@aUlle pPri or to or

in conjunction mm&o&sgﬁcegia%&lumelb%mfes&m Imoﬂ&mdﬁmwremms hydrol ysis
of a feedstock, sousréé%fs‘ud%%a?demh %&%&91%5%8&2' ct,a@tsﬂﬁto&%paé . ﬂ?%ﬁ prmed by

treatment with ‘%f des nitric aci d,
formic acid, acBPIEndr FospshSeidr "lbeh‘él‘?ﬁeade infgly r“’b&%ﬂthgremb"d‘%‘fsdlf or sulfuric
acid, or a combbererhserre is frpeallglosi n}aﬁ“atfh?éhﬂféﬁﬁéﬁia%‘ﬁtdmugtﬁﬁéﬁr%ydr olysis is
performed w th [t I seneagtiodiments, Hignasaiblbdidiedsedibadhial iabnstrutiiieridnig tdolyspsi S i S
performed with Be 1'01“@&9 inQLﬁe & or bt 15rj>c€ss @Q&eﬁ]ﬁmm@ﬁﬁé InGhagial Qndmh n sone

enbodi ment s, t ha%d r&gﬁgg{e%?qs P&n@ Ietga%dnﬁe% tt}¥ l‘eedg(l;cQsze%al % Iagongtl%lteg %ﬁé acetic aci d

resulting in aut SIS O pemce udlct)ls C r&g ft release nor e
acetic acid. Tht esa?ﬂ?‘%ﬁéd’?%? R v TSI ) orex ﬁfeﬁ“ %‘““a‘a“ on of a
m neral acid, oY heickpenire BEomsephe ’éﬁ“‘sé’éfeﬂ‘“‘f“Eﬂ‘ﬁ‘iﬂ?lé‘éY bt GronfiyF BPysi s of the
feedst ock may béscasederadoreypmpld, eeaminmgre bagte déchrarupiant afirig] sudd@etkyfzthcont ent i n t he
f eedst ock. . 116skndofe GORBuRABREK IBRAhSIM dsyid AeadnytSdtigh o0dim. an bhegnocel | ul osi ¢

feedstock is peJn&éa&mqlgéMetlm51pfeJd§acﬁnam giprétr&team %gfeg@amemﬁe%m a first
stage and a second sta second dr ol lygkag perfornmed at a

hi 9 her te mper at rﬁnI}Oéal {)rﬁ:reaQnePt may 1?£1de cfmprefsmng water xgant% solv eﬁ%actlal 2 n s, per fornmn 9
hydrol ysi s at a“ﬁWQ%@Fmﬁﬁﬁﬁﬁpﬁﬁﬁﬁﬁmﬁﬁ“%ﬁ%ﬁﬁﬁﬁ%ﬁﬂ“§Tﬁﬁ%Iﬂﬁﬁ?eases or
prevent s degr adebidgnntpthe petrgensit fo esghovie prire el epeverrioriou tetivfctongith  npnoneri c
sugar nol ecul esdeconstridticone enbodi nents, the conditions in the first stage
are chosen to achieve hydrolysis of at |east about 70% of the hem cell ul ose
in the feedstock, and the conditions im the second stage are chosen to

achi eve hydrolysis of at |east about 40% of the cellulose in the feedstock.
In sonme enbodi nents, the feedstock is a hardwood, the first stage
hydr ol ysate conprises at |east about 60% 5-carbon sugar and at | east about
25% 6- car bon sugar, and the second stage hydrol ysate conpri ses at | east
about 80% 6-carbon sugar. In sone enbodi nents, the feedstock is a softwood,
the first stage hydrol ysate conprises at | east about 20% 5-carbon sugar and
at | east about 70% 6-carbon sugar, and the second stage hydrol ysate
conprises at |east about 90% 6-carbon sugar. [17] In some enbodi nents,
lignin is recovered in the residue of the termnal stage, e.g., second
stage, of hydrolysis of lignocellulosic feedstock. In one enbodi nent, the
lignin-containing residue is dried to a liquid content of about 15% or

| ess. I n sone enbodi nents, the |ignin- contalnlng re5|due is dried to a
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[19] In sonme enbodi nents, hydrolysis of a feedstock, e.g., lignocellulosic
feedstock is performed with an acid, e.g., nitric acid, in nultiple stages
i ncl udi ngwva 2hiwst70st age and a second stage, the first sragashydosdsysi s
occurs in a first hydrolysis nodul e and the second stage hydrol ysis occurs
in a second hydrolysis nodule, the resulting second stage hydrol ysate is
re-introduced into the first hydrolysis nodule to produce a third
hydr ol ysate, and the anount of sol uble sugar nolecules in the third

hydrol ysate is greater than the anount of sol uble sugar nolecules in the
second stage hydrolysate. [20] In sone enbodi nents, hydrolysis of a
feedstock, e.g., lignocellulosic feedstock, is perforned with an acid,
e.g., nitric acid, in multiple stages including a first stage and a second
stage, flash steamis generated in the first stage hydrolysis, and the
flash steam i s [5f eth sin® ele S hydwiyiis of dfeddfockeddaadiknophivloge fedigpchy dr ol ysi s. I n
some enbodi MentiSmerfofrhc@§ifkeatilcR A d &idJ AR kt6iinchit) tht NR iniREONL 54 ag@ hydr ol ysi s,
and the flash 5519 %nac ac%d ;!Flll§sﬁ1§rlc axgd %&QQ§ 1&18’Eulf§ﬁ%la<§li gr@&)ﬂﬁfia@&llﬁlergff Ipr to

hydrol ysi s and/or 10 v (drolysis. In some
enbodi nent s, fI%FW#gT‘ ﬁﬁ#’mlgﬁé? %%dM&mmfﬁmIan&”ﬁ&%%mtthydrolyS|s t he

flash stean1|shﬁé@@ﬁbﬁ@@@@&“”ﬁﬁ@mﬁﬁ@fP@&%ﬁﬁwé@?éﬁi§F%ﬁﬁ?°§mﬂ§ed to provide
energy for the theifedtbcksinaigeceylmmbue bnd sieasesagqigt/acid: repltibpar autalppélysieeft i ons such as,
for exanple, a H@wWhsdsd @@ melitst kibabeaio i pdid0 TieSStollddlysiph BlsGiplefoted f 1 cat i on,

such as steam S&,Edm@&?ﬂo&gmgsaﬁ&a er@mognofmknam%&qau@mgﬁoﬁmw{ie edikdsh steamis
generated in the steamis used to

pr ovi de ener gy r?aasl?ere%uc%dﬁb?f ﬁeder%in% ﬁ%}ccﬁtenglntﬁeifﬁdsgqc mper at ur e of the third
st age hydrolysﬂ?ll§“Pﬁﬁ%@mPﬁﬁﬁ“?ﬁ%“f@ﬁﬁ@?ﬁ?ﬁF@“ﬁ¥”Fﬁ§m§€FHWH”§?age

hydr ol ysi s, andn4mmeesy iminding atistvae pa e erroad spesy with ths setyyddegshydmlyss performe@atrai ni ng

ol i goneri ¢ sugamighPkdettireBan Wk tirtkt sthee SSsolEGbdthats) etrdikzasirolyyd Gligyesi s per f or ned
at a hi gher tenpgtatul & second[stzgl]iecrka&s§91@£mse1@gpa@4abnm@sﬁed e yaed feedst ock

I s conditioned (%O nror%mencs arm(t] ctlﬂ s)t 915 meembogﬂ‘I en&%@co%ilhogs nqgvtﬁrstsar%qx[eor bi opr OdUCt
e.g., biofuel, Broex butanol i or nt r oducti on of

t he hydrolyzed *ﬁﬁﬂﬁﬁﬁﬁﬂmrﬁﬁﬁﬁfﬁ@“ﬁ?ﬁB@Q@FB?WdWF?WﬂFﬁgmgﬁﬁﬁﬁflon|ng process
occurring cont i grdiieps inyhe feeopd stagrare ehaserip fckiere kyfirolysh ef afleeyt phev 04t of Batellilesyy sone

enbodi nent s, r efbyRekistoad InispRieliotindms, the Rekiiklie Shadn@d,OF firsrehpripgess sel ect ed
fromoverlimn %mﬁl@@@fe@@ab&ﬁﬂ% ﬂEaf%&J s@axtaﬁtai 198 abodd B¥ek; 6lc@Fbn s, Iaﬁlﬁ@ &cond N ONE

enbodi ment, re ngﬁe ?rdror??rsate LN %hsps a% 18k §Dodt S0o% gog Eug; qn ;81}{@ Cﬁl@J&ﬂ‘ﬂ%S themc hydrol yzed

feedstock with er conditions such that the
inhibitors are ?@?ﬁ?ﬁ@ﬂ“@ﬁtF%ng%§Wﬁwm CFPBTE “eHDB PERT P HE" T"dn exchange
resin is an anl%Hmewwﬁﬁﬁgﬁw@@§WﬁW“Fﬁ“%ﬁﬁ%@ﬁﬁﬁﬁﬁﬁﬁﬁﬁms?%ﬂﬁvﬁpmbf i nhi bitors
is perfornmed bys-dg@becigpi tation with a nmetal salt, such as an al um num or
iron salt, f or [@f A b emSbbikAERLs 1R iSrbbofedd thOEsidhF thd t1Gmifldta@d, d {Scond N SONE

enmbodi ment S, %. J (Q Wdllafyslis%f l@nolceﬂ\ﬁ(lmgg%st&fé g@(ﬂé e%b(ﬁﬁierg%me 115[111”0&&%1@ rgn%n()l S, sol ubl e

A gnocel | ul OSI CF%ECL!;? %tqiu cr%nten%o)étbﬁtgﬁ)orl BIII[ some elaéoglmen¥%e(?16mn contalﬁ’llLl%ZZ] In some

enbodi nent s, e’ o s conduct ed
under anaer ob| crestdpsrithirieditayriiguid CP’?‘F“*GFF@"“@I%E?G?"%M &R HEY P hantsmis a

Cl ostri di um st raterpr 15porpr ot Yerbacio vt 0% o khout % esbtut 35Witashauf%.ai n i s deri ved
froma speci es s&l2eiRcbuf1500Mm &t @bbdnictl i MnEaGGRRE ©liukiyikdd sWignerg] oSt ri di um
sacchar oper but yJo@&%mfaWJ@ In&?e%l;cmeﬂltﬁemg@&amg&sydu wsuths 2@lddoufet OSt ri di um

bei J erinckii. ltr;)lreec r(r:gygeneratmn In ome emb énn];ns tl%I 110311t c[)r{tagngnuml e 1£ medmac§em aﬁl
environnental 1so ? 1S derive roman environnental 1solate. In sone

embodi nent s, h%“%?ﬂ????ﬁPﬁﬁ?%@Pﬁ?ﬁs§ﬂ§§@§@§§“ﬁn5“8?“Wﬂwgmbﬁénotyp|c
characteri sti csllmtmv@@SIﬂWGmemt%ﬁtﬁl@lan%“@fow%ﬁq%fmpf"é#c@ﬂafn@@‘%‘S&’“i nhi bitors of
fermentation, | SwucBGhdasaeBiddadbyshd (OM+ Ci5f 1 kpimk énibydiniets, Golpbib-ooidne f er nent at i on
hi gh but anol ti t&keis 3HadUGlin@id: 0Of bi of uel with high butanol to acetone
ratio, increased yield of butanol per unit of feedstock, increased yield of
but anol per unit of cellular biomss, increased oxygen tol erance, increased
ability to adhere to a solid support, and decreased ability to sporul ate,
relative to a wild-type or parent strain fromwhich the dostridiumstrain
is derived, or dostridiumsaccharobutylicum B643, C ostridium
saccharobutyli cum P262, C ostri di um sacchroperbutyl acet oni cum N1- 4,
Clostridium acetobutylicum 824, or Cl ostridiumbeijerinckii 8524, grown
under identical conditions. [23] In sone enbodi nents, the support materi al
on which the mcroorganismis imobilized is selected from bone char,

pol ypropyl ene, steel, diatomaceous earth, zeolite, ceram c, engineered
thermal plastic, clay brick, concrete, |ava rock, wood chips, polyester

fi ber, glass beads, Teflon, polyetheretherketone, and pol yethylene. [24]
In sone enbodlnents t he |nnDb|I|zed nlcroorganlsn1|ncludes a b|of|Im

r ~r~1 _,J__.,;__,_‘._ e



[27] In some enbodi nents, the process further includes recovery of the

bi oproduct, e.g., biofuel, fromthe fernentation nedium In sone

enbodi nerwe,20tliks1T0eécovery process operates conti nuousl yPComseoie/ossrat i on of
the fernmentation. In sone enbodi nents, the recovery process includes
concentration of the bioproduct. In one enbodi nent, concentration of the

bi oproduct includes nechani cal vapor reconpression. [28] In sone

enbodi ments, the process further includes distillation to separate the

bi oproduct, e.g., a biofuel, such as butanol, from other conponents of the
fernmentati on medium |In one enbodi nent, flash steam generated during

hydrol ysis of the feedstock provides energy for the distillation. In one
enbodi ment, butyric acid is recovered in the distillation, the butyric acid
is added to the fermentation nmediumin the bioreactor, and the

m croor gani sns (i8N inh@nelhoiieas haiflygonafetidock fe ligportliphsigeedsoikds t 0 but anol . I n
O_ne eI'TbOdI ment 1p6r¥0%d\bihl@%1@dgc}ﬁtncja§d kﬂ%lﬁﬁm{agemmwlygaifﬁtaﬁ&d.saoﬂd&agE &ﬁOVer ed i n t he

in the bloreactor ! CFOO{ s d e drhmt%%%& gonvert the
but yI’I c aci d tobloB:EﬁOérIfbolt ere jnts mﬁltl e rs sapon 8 %e ydro as SIVEIS of a

f eedst ock, e. g.assepafaig hygrekeed ritoek Séealflsé’é?ﬁ%‘&kmaft%s pe F"F‘Pﬁlerfé%f“svﬁtaﬁ% an aci d,
e.g., nitric adiydﬂqusateﬂs imadutei! jplo efirg bigrepeter anditf begnrld sgp hgdrdlysatedstintraugdyeto and  a second
stage, the secaphisba@e:, MOy Sii ScohdbioRRfofs oniie e ate obdifttegther t enper at ur e

than the first rﬁ&&gsusme‘sﬂ ASK Sl.BAM, m&@%&mtﬁg‘mss@ﬁtgmm&gaglgmd & age
hydrol ysis, the f 5% « reconpressed steamis

used to prOV|de“gﬁ§?wwmfm?m?ﬁwm° mc? a% ron. ?ﬂwmmhmmmﬁ%% ‘ments, flash
steamis generéW@ﬁmﬂﬁ Wﬁ@“@@%ﬁﬁﬂm§?ﬁﬁ§“%V%ﬁ%ﬁ%@%@mmﬁﬁW98ﬁ§ﬁF?ﬁreconpressed
and used t o pr owedpirobmeragithefemd picredgardn ivpgtingzed feratvy pdlerdioprederct t he
distillation. |pisaRe: @R EERIysad aeR «Sto@adis. it poenaaatediipn t he second

stage hydrol ysi gy nb&GamERSSd mumdecuﬁ asleams iPlyi de energy for drying
and/or de hyd rat [Il in In soTetembo 1pnen8 qludg;o dfs1s o% eiQe%sto e g 11%1.oce1§ub)§<a;g:ds§o£k! 15! pler%;meg) n. [ 30] I'n

anot her aspect, uc I Opr.o I'S rOV|ded The
syst em i ncl udes "5a"faé%6%1“6‘8@%5‘)B‘Plﬁlvgﬁe%‘“cﬁﬁi‘gta ﬁﬁﬁﬁg"&“dﬂfeﬁ‘)f“‘é?f&et% furst

car bon- cont ai ni stegp hfdedyelsdeeyes ke a gt hifiofipighogyesp thepecenfgeetydeiei gﬁglfsglaunl t. The

hydr ol yzed f eedsb@@idrolySs i thettsdiing beyond segh hid@lysute iircifitodnbed Intogie Btk h medi um i n

t he bi oreactor ,hy&msﬁmodgeﬂgx@duagm@d}gmmaM@&f@@&@%@@&&m@i lized on a
SUPPOTL. 1N SO GIHROC NES pun 0ol G UR lgéagshm@lﬁ Oh¥eLandiplt and the

bi oreactor are onmuni cat | on, y3|s unit is upstream from
t he bioreact or,™4™% he feedstock is contlnuously hydr ol yzed and

conti nuously f el t dn serhrambsiliopenis dhedradypis f pfecdtiddle e ehinarefuigtic fstisoelrie. f er ment at i on.
Hydrol ysi s of thkerfeeethst 8dle gpritodid @snuttiplt daekipdrdat cirmmkoeldsesd tiigat serve as a
carbon source f@hskdd8s bhEBNhats D hydNels, Enh@eﬂiﬂh@%ﬁﬂd’t&amd&%tﬁla&%i nuously

converts the hyigeﬁs(?oclyp?l&% hifugo%'g§ tlrpsgxlﬁs elnﬂ)thgxena ﬂQJh QB %@éﬁ&&ed in tl@ seQJﬂ@stagpe nbodi nent ,
t he bi oproduct I n ot her

enbodi nent s, tﬂgiﬂ$ﬁﬁwgﬁﬁﬁ%w%%“%etTg% 5ﬁ$%%f£§§immrﬁh 3%?%5? f eedst ock, L
e., a biochenldﬁvmiﬁﬁwﬁﬁﬁ?m%ﬁmﬂ§??V%ﬂT?@ﬁmﬁﬁmﬁﬁﬁV@ﬁﬁﬁﬁgﬁﬁ“ﬁﬂ&?her product ,
e.g., Via chem saidseg hidioleds the flash pleag @ meeompredsd.ddnite rebampressed geap isgpd toduct i1s a

sol vent, a biOmﬂkﬁaﬁ&gﬂnﬁﬂh@ﬁ@aﬂ&@w@ﬁﬂdpmﬁﬂwﬁhﬁﬁhﬂhgﬁﬁmwbkaﬁin a fatty
acid, an al dehy&i@mam hlgu%sippméssIf&f;}glu&ﬁﬁﬁcamp smpgtéan ml)@gcdu&]euoncﬂ{ a sugar

al cohol . [ 31] RS, Jul L]

I
some emcgfqgen%rg)as% stralm 1sI gener%ltﬁd 1rbt1?e s?c¥n§ st1ge hy%Qyms h stedm i usgl e

bi oreactors arrange tors are in fluid
connunlcatlon\MWTW%H@EHVGPBPW559Wﬁﬁ?mwﬁﬁﬁmﬁyﬁ?ﬁﬂﬁ¥%ﬂmﬁﬁﬁﬁ§vﬁck is fed
cont i nuousl y i nthay the fyepeigiieeftha eetopytsge hydiplysis af hlprreatniverpurofermitthedraiisieef oor gani sm
occurs cont i nuOksdnig bligonteltBughinOkEBBCHDES degradaiidn hin@ydvlytidperPpined 404 ogh@act or s
contain the samgmtwsi fferent mcroorganisn(s). [32] In sone enbodi nents,
the system contains nultiple bioreactorss arranged in series, the first

bi oreactor in the series is in fluid communication wth the hydrolysis unit
and with a downstream bi oreactor, each subsequent bioreactor in the series
downstream fromthe first bioreactor is in fluid conmunication with the
previ ous upstream bioreactor in the series, the hydrolyzed feedstock is fed
continuously into the first bioreactor in the series, and effluent from
each bioreactor is fed to the next bioreactor downstreamin the series. In
sone enbodi nents, evolved gas may be renoved between series nodes during
operation of the bioreactors. [33] In one enbodi nent, bioreactors are
arranged in parallel trains in a hybrid series/parallel arrangenent. For
exanple, fernentation may proceed in nultiple bioreactors that are arranged
in a conbination to optim ze productivity, such as a primary reactor
arranged in series mnth a traln of parall el reactors mnth hydrolyzed
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[35] In some enbodi ments, the feedstock is a cellulosic material, for
exanple, a lignocellulosic material. In sonme enbodi nents, the feedstock is
wood sel ewDedidrsorwssof t wood, hardwood, or a conbi nat i onPChASe@/0348m3 sonme
enbodi ments, the feedstock is a lignocellulosic material in the form of
wood chi ps, sawdust, saw m || residue, or a conbination thereof. In sone
enbodi nents, the lignocellulosic material (e.g., wood chi ps sawdust, saw
mll residue, or a conmbination thereof) is froma feedstock source that has
been subjected to sone formof disease in the growth and/ or harvest
production period. In one enbodinent, the feedstock source is nountain pine
beetl e infested pine. In another enbodi nent, the feedstock source is sudden
oak death syndrone infested oak, e.g., coastal |ive oak, tanoak, etc. In
anot her enbodi ment, the feedstock source is Dutch elm disease infested
el m 1n other qgabodisierhBdimdtdydfonedsiiockis Salitogeto egovk inghtored| | ul osi ¢ materi al

that has been %nglﬁ‘f(iwﬁ? Xnd)@r bgblrgﬁ]gt e rbloﬁ’u‘&lrf& exmnlla-leg@l}anol ﬁocﬁ@lﬂiﬁm&lﬂb odi ment s,
lignocellulosic f f?nchkdrcmzazed%eeésgck 1n|to§heg1§rga9tglrsx£n£1 Hggowlorﬁ)rrg 'prQJess BMX drol ysis.

igrodiSiion
Deconstruction nay | one or nore process. sel ec I;n prest eam ng,

nechani cal grldﬂWﬁﬁmwﬁﬁﬁdﬁﬂﬁﬁﬁﬁf@Hﬂm@? &8F Bt 0dmfemsrm““'gi(’fmhb(?ds'rr1=3nts t he
f eedst ock mat eriichies gngorghere piprest Flereet Bup °{:)‘?fliﬂtb“|g afispyptiqu prr@éationpd ign xitngfr al  or
non- nat ur al envinb® affedhal reged oiidhibien js péromeddy eongt € hyddiyaadfepitock Withfrest at | on,
fire, and/or h Q&Qim%éi@es@%@e@&hlﬁtﬁns suck th=50d RNibRIAR et MRIE @ resihhB oe e dst ock

material may bemg'o%gnm oGl . 13 gm&%ge R IR e mduﬁewremgfpl e, mountain
pi ne beetle deconstr.uction ts

i gnocel | ul osi thf gcgsd%p[er&owd% eci) 1tat101i1w1tha[neta?la¥c suD:h ats ang}E umorlron\sr;gqext ractives. The
extractive renUWﬁPkﬁ@@@P@é@%@ﬁFwﬂﬁV“IHéﬁﬁH@“@ﬁﬁb?é@@Wﬁﬂmmﬂﬁﬁ%W°extractlon
sol vent ext r actacidmnfprag lpkeadlsi splebledixrogeibniobic matrialsempaptiveit dndorketanat ment , f unga
treatment, oxygeR U s@alARiihentsWrmedthatlon &EhY imAghilizdd ﬂucﬁ)&%srﬁﬂhﬁﬂ&dﬂ’ﬁfd& s, the

pretreatment tq Jer%lgpcgl%m% 151 ﬁggnlbyd%nt %chggrgaﬂgm iPd d'ltgzl;'zdzxnpstrﬂ Irl sbheC O n] unction
W th deconstruct |s of a feedstock,

such as a |i g nock d1merlt stfzdzu Cfsatm 1S dﬁnvglr%rom a Sé)ec]tes se éctepgog C?ots' at ment with an
acid. In some e‘ﬁ%ﬂ’?%‘f‘f’(’ §"’S”f"f‘f€’ s%f&’i“’d”efbﬁl‘,"f”ﬁ‘(%’é’” ﬁlf’sfr i ”"’éfﬁbi”’a'““”f Bfnic acid,
acetic acid, phdspliorieiErimtidsomhsdpdoeshi. b Ceride Hain ipp enyiginpepielicltaci d, or a
conbi nati on t hes 8edived frdin 4 BRiroRAEBEIGkbINE IM spmeteli@diynd 118 Y Sridmis@inpdsedsar med W t h

nitric acid. | non@({x]Qgrbﬁngnot%mm&%fastselec{ect@mlﬂmglcﬂllé[aﬁéeStoléra'ﬁce R%fbi@bfs@d wth a
conbi nati on of p acl

t he
hy dr ol ySI S is p& nta 10n lcav amgI %c?_lum atlon g tbjlltéln c%rll muous %ﬂnenﬁa{}& h%%;loll

Eh

SIS react or

cont ai ns stalnI%@gmﬁfﬁ@ﬁdwﬂH“%Bﬁﬂﬂ@ﬁﬁﬂﬁ?ﬂbﬁ?@“dY%@ﬂﬂVBFEPV§Fs react or
cont ai ns hast el fadyeclpincreaied icksiref ol rennitoheriivlaprdyed invesrrd sveehigdped ysi s i s
performed i n muhdehspd aBilitg b ay@So 4 Nlidtsippprisaiiecreaed apliitf H epoeint, rehyrdwoviidsi s react or
modul e( S_) . [39&4)6L@m&%ﬁﬂ%@tﬁ%ﬂ%&&um@&lﬂlsh%d%kM&inﬁmddni t cont ai ns_ a fi !’St
hydrolysi's modul, S z,9m§94§%MM%%%%&”M@J&@M%' d, e.g., nitric acid,

hydrol ysis of a noce I 1s perforned in
nul tiple stages”“'ﬂ%%ﬁ%?%’”@ i dygge OﬁWT%h‘?Hm"% g'F% Ysis nodul e and

a second stage Vﬁ‘?ﬂ@m§§€6ﬁﬁ“HVﬁW%lyS|s modul e, and the tenperature of the
nitric acid in phe Hsommboiiyetisghey @b mamraivh ehidh ghe injergrnesuisntifimmobliilye ist enper at ur e
of the nitric agikdbd fidh thildGhaSRGRGEIend EH, GiltyhSiteSus LRI LEbiRk, cerahiél Obindeddd SOME

embodi nents, thg, hy tglcmn& Jaﬁcggq&;rocitvxogdqmsfpglgemrtfaﬁg@@&aamleﬂtwdr ol ysis
nodule is re- |ntE$%mt§&mmaF%dFQ§ irst hydrolysis nmodule to produce a third

hydrol ysate, and ofubl e sugar nol ecul es produced in the
third hydrol ysaP8 isopsembpdigpnts; eapmopiiad migrepfgaism grliegibighife sugar nol ecul es in
t he second st agieslhywemed eypbediments, the[bigrbdctor imwhisl treimasbilied miveergagism it gem y dr ol ysi s
product st r eansinfé O ofdhdkddBddein exBandhd bed, bi amisitizeatdl second, hydrol ysi s nodul es
are conbined prior to introduction into the bioreactor. [42] In other
enbodi nents, the hydrolysis product streans fromnultiple, e.g., first and
second, hydrolysis nodul es are introduced as separate hydrol yzed feedst ock
streans into separate



bi oreactors. For exanple, the first stage hydrolysate is introduced into a
first bioreactor and the second stage hydrolysate is introduced into a
second biwoeamysi7o6and the first and second bi oreact or s PconiSad0/089823 sanme or
di fferent mcroorganisn(s). In one enbodi nent, the first bioreactor
contains a first mcroorgani smand the second bioreactor contains a second
m croorgani sm the first and second m croorgani sns are different, and the
first mcroorganismis optimzed for gromh on the first stage hydrol ysate
and the second mcroorganismis optimzed for growh on the second stage
hydrol ysate. [43] In sonme enbodi nents, the systemcontains nultiple first
bi oreactors in series and/or nmultiple second bioreactors in series. [44]
In some enbodi ments, hydrolysis of a feedstock, e.g., lignocellulosic
feedstock, is performed with an acid, e.g., nitric acid, in multiple stages
including a firs Ssiagenadidnd i Booiag: ppkage thehblo@s nclgksadiniilswcgener ated i n t he
first stage hy%ﬁ‘]o]}’a%ét(ﬁe etﬁﬁb‘lj oltab(%‘lbi‘ultlaﬁﬁhe&t B Mo ¥chiClebiotud intilies f eedst ock for

deconstruction of Qe Jeegglmenp in Pl bk 8 BYALAL ks |0 some embodi ment s,
flash steami s enera ed | e second % b>/S| S Q)d the flash
a EE e

steamis provi d&d 5o ‘éb"‘i’“éeé‘ﬁ’éltebr&‘fissf“ﬁ}l‘r Pigt “t nefeedst ock
prior to hydroﬂvgﬁs&awﬂW@wm@ﬁl#HGM$PW§PWHWHFﬁWV@*%“%%ﬁﬁP@mwﬂ“BrOV|de ener gy
for the first Sbratgerdignef o fRysdustion. [sogcnerdigmpodiraent socesfihciddy st eam i s
generated in thgwcseaantntlonsf ty sk AlbySics, cokdi@tidnlobBMbiogdiabianids r econpr essed,
and the reconpn&&&&%va&ggghkémprOV|ded to the first hydrolysis nodule to
provi de energy St sta ﬁxh 1¥ +tm? qmg%tg&n%rmpgpllcatlons
such as, for e%ﬁ%pﬁﬁm“§?%$ﬁ?§ﬁfﬁg““ st At on 1 n enbodi nent s,
flash steamis @@ﬂ@@%&%ﬂaﬂﬁ®?h%“§@%8ﬁ@”§¥é@@ﬁﬁ?ﬂﬁﬁ??@?@I“Fﬁe flash steamis
provi ded to a tdmbadithernigh @dary schegateirinelnglhgirotyss opthafieiisthek reorides gyresffmte g t hi rd st age
hydrol ysis, thesdiRiaeh &k thibuirhert, tulh@ adid1d récthelyilihOisyIBiics, Bt €idiss | ower than
the tenperatureg,jp, thbérm&%ﬁm@mnyﬂﬁe%&éﬁoﬁanm&hﬂlr&rgm@mn m;fmeLcQ)wer tenperature

permts hydronS|s ic.sugar mplecyl es wi.th |ess
coNv tléi:butg{rlcgéﬁto%uwngl Boneglabrrg?l F thsb rﬁc{ tmg tanCll’E) tg Vgl

degradati on t han tare. [45] In
some enbodlnentr%“’"e’teﬁéth %@ﬁf*ﬂ??%@#““ﬁ%@ﬂﬂ%? &@EﬁﬁWPW$WVh8 unit that is
in fluid conmunficador e thainithordgasmiy inthi Borfagral paptey ¢ ttyenatid to eyl t he bi or eact or,
downst r eam f r onpdy hen shiyelmmhiignts Sydddysit of afaddstddip 84 Nigadahfosiopaidgoieis bi or eactor. I n

some enbodi ment rfonﬂ:)f%%%ﬁ'e%r ki ANishil LR AR OELRIER QL6 Lagls O i nuously
for the durati Otge Cfecfmd star%e }ardrqﬁls Es'plerfa edch d'a. hfgnepten(ljpgrgmg 1 %dhrgeta ’ﬂasp;(egrﬁ 9' yzed

feedstock is con con I oni ng renove I nhibitors of
mi crobi al gr owt KERHP BF P SEE BB “Effﬂasbf‘ed‘bisff&?ﬁl&‘fs“d él?déh.e reogPEttiel , such as
but anol , pri or deemis predriomiuyidt sy Pothe distillationlpitont yrpaihefeleiseadiesientd t he

bi or eact or, andin thhiCcoRiGEd hidioHdM] dAEHnlly SOBBSsed) ®E UbEdSo GBI dndigy CuiBdhyatifz@r t he
duration of theedaliBihatsifib. h BnS@RRiIRADAH IBNE SnerakEBMEb@ge | Nhi bi tors
| nel udes one or, BBLE RLBEEANAT . simﬁfg&m%df (ab QL Bhbfth ik ALY PLT O,

preci pitation, jon exchang n one enbodi ment, the conditioning unit
i ncl udes an |on“%?%H&ﬁE¥“P%§|n and renoval of inhibitors is performed by
cont act of hydr@Myi@ﬁm$@@ﬂ§ﬁU@W“MPPﬁmPh@aW@W¢€%@W§ﬁﬂém?%%Pﬁ“ ter

condi tions in whkegdvckhiimolysisniait il § iteact@arecab@ic@izinediecdmck i tedioheglimbe | N one
enbodi ment,  t hepyl@pis BXCHRRGB AL RN iScofiRio@h EOD 2 BXCIRANGE nle@S Rthe | N ONE

enbodi ment, 1 enpyal.; Qhicl P érggn&gunﬁmagamngmﬁnmn REEG Ip;oal@tl on with a
nmetal salt, suc nmﬁmem al um num sul fate

or ferric chlor Sreemdtude organic

aci ds, furans, IHeisp s uesErn BIEhgbogHEe Bl B FEYrds "ﬁ‘ﬁﬁ‘@‘l‘s’iyéyld@yze‘é%‘%‘i ractives,

and/ or ket ones. contfnub@]y feid fy the biprencterridp heljurtrn pfdhe fefmetation Haltolyerpt hsfeedsoriduct ed under
anaer obi ¢ condi grédeBSarbohydrat® AQecRA MO EABA tarbod diece Mk B fORMGRA GBI S a C ostri di um
strain.  [47] | BiS@iRnSHRRNLIRALR the bRGy SHRBRLn Blofbddlm @0 Whi ch the

m croorganismis immobilized is selected frombone char, polypropyl ene,
steel, diatomaceous earth, zeolite, ceram c, engineered thermal plastic,

cl ay brick, concrete, | ava rock, wood chips, pol yester fiber, glass beads,
Tefl on, pol yet heret herketone, and pol yethylene. [48] In sone enbodi nents,
the i mobilized m croorgani smincludes a biofilm [49] In sone

enbodi nents, the bioreactor in which the immobilized m croorganismis grown
is in the formof a packed bed, an expanded bed, or a fl uidized bed.

emaoad.lmelrtsnﬂ-xe eelcfstock%@éyals unit an? the bxq{reﬁc!;(or are lﬁﬁubd c?



[50] In some enbodi ments, the bioproduct is a biofuel which includes

but anol , acetone, ethanol, or a conbination thereof. In one enbodi nent, the
bi of uel iwolzoatesitoat anol. [ 51] In sone enbodi nents, theCTysteniodasrs her

i ncludes a recovery unit for recovery of the bioproduct fromthe
fermentati on medium |In sone enbodi nents, the recovery unit is in fluid
communi cation with and downstream fromthe bioreactor, and the recovery
process operates continuously for the duration of the fernmentation. [52]
In sone enbodi nents, the recovery unit includes a concentration nodule for
concentration of the bioproduct. In one enbodi nent, concentration of the
bi oproduct includes nechani cal vapor reconpression. [53] In sone

enbodi ments, the recovery unit includes a distillation nodule to separate
t he bi oproduct from ot her conponents of the fermentation nmedium in fluid
conmmuni cat i on  winbokimenn the d@whsttivag@inl feg.omatohect@o pedit ngthd grpodreiuthe. 1 n sone
enbodi nments, flvaghius fs @ B¥heg R4 Bifa BibBEhiEIUedsid, i B Yook Rt i beldiiRatibe@ edSt oCk

prov i des ener 9or Jogrr:neﬁ tb gmtdﬁ!r ﬁgduét | gtvlia%mlceh HniRBE In%&ﬂl%oﬂﬁéﬂ{s rthe tnt)}?odlm opro duct is

butanol, and the s m CcO talns a ry.unit r of butano
fromthe fernen?ast(’lxmtamﬂlecunl g%@ﬁégvg%qE%mwgﬁgywﬁgvmgﬁg déddlstlllatlon

to separate but?&nehaF el tBHiEHent s of the fermentation nedium In
one enbodi ment ,[31buinpenicemtadingts.iths systenponais wedtiplehiotdqers gimstdiid perllel ten, but yric acid
is recycl ed backiibievididagordaie @ifRia oinbinicaifwiih Se BACRE uiitOhdhi® b reamak at i on nmedi um

in the bioreact,0fycofehsit ia@thm&eraez@srtg@mn&moh 5t itk ReroRiaQiRRGE QhintoRver t s butyric

acid to butanol bloLeaSc{Io'ls anthe ul?pl Oreacgj TS con n the ;[ere()r cg rSe1t1t|n1l1c|rOQ‘Eam9ngs) nodul e i ncl udes
F1U ‘downst ream from

a first dlstllla.tPe colu comruni cat
the concentr at ii%h HﬁHﬁF%@mPﬂ@ﬂHﬂ§?ﬁ?W%?@mﬁ%PPF%@E tREdBE e fhe first
distillation cdiowseteriebreerixs ing fadeehmymicatignth bt Hdglyyh unit gpd githteldevneeagt j | | ate from
the bottom of tueackot, tagsuteigsit bibrkagbriirOiR sie|doifreantianh at fr8 bilrestt@mad fuidt he
distillation m@%ﬁcatwv&tm;prebmLﬂdﬁﬁ&lﬁm@eﬁaxm‘eﬁs b WyarbilAH iase@@raNni cation with

and dovvnst ream f tmuousltém% thhhrgt%loreagtor ! elstlen%t I e%lu&lgéro%mh bl('f:r c@org%géﬁg er COITpI’ I Ses a

top phase and a ase ut ano wat er rom e top phase in
t he decanter ar& FEgr ﬁ"t“Bs“ﬁmé“éllf’é"t’fff BPE FTOPURPR O PR OF rﬁm“fvT ui d
conmuni cat i on vietsn srrelvodks frastopeetirhof edierece decanter, and the distillate
fromthe bottonspf tohembeigen tiorchitst drd arageil © paradl@ lrdingin a ot saieyparailiut anol . | n one
embodi ment, t heughbeb: | Fo@kan@E) reAREHAbENa] Hbctc B G HoRIRS tha ab Marrggl il stillation

colum in f | ui d I(ri:blnatlon{azl!o& %t %}190'3%&’1& L]wf?ap rlggwlétgr agaﬁé% 1.;1 Eeﬁ I’ st

distillation co i eX|tung e plne |rd dlstlllatlon
col um cont ai nspa‘él}f]é?aﬁ?’isW‘%W&"’Hﬁe‘%ffedslmfkaff STERTTY RY f Bt ‘frﬁl °57%t he col um
conpri ses ethamﬁfm%ﬂﬁW%W%@¥%%%@?%@ﬁ@éb%ﬁ“@ﬁ@“@ﬁ??ﬂ“ﬁ?@%|IIatlon colum is
| ower than the [B4npenahbidigenn fontnaes Hydrelwi and iegientadi¢ngand @ipnatipdonditioning| N one

enbodi nent, t h Gandlir Srbdudt be@t e, dpbra todiiftBusih it §MRnOEr aftidaLabSL DO RGs b Hbdket | At i ON

col um cont ai ns, Dot Q&ﬁﬁrﬁ@?ﬂymﬁﬂgmﬁﬂhﬁéﬁdu& Gk oni ARy h RSy inS: kihehsat i on nodul e
further |nclude§ qoglstl l'at1on columm for separation of butanol and
butyric acid in P8 Comuni cation with and downstream from the second
distillation chﬁmﬁ‘S"”E‘fle@‘t"F“F‘T“éftﬂé feedgtpok is A g e G 1B P arner lerrtifiic f or

separati on of buosedah b somgrdibddimensy thedeedsoekds voointlatrdfom kpfivah bdrdvardcrdi sti | | at e
exiting the botd@Rdh ke EahuRRROR IR RS U Ydhdcaluaintriaithyfinc acid is

recovered in th&w&!,h Stol, LalV@Jst sswmm Lh&e, bfutomha@on%;eg th @@&@A&h@ﬁ% o the

fermentation r‘n'::h oceEpulosm [natengl b O(';o ¢ %E s(e)w(/dust, Saw, nnl%eseduengr g gm?l?na&)a ereo. Hl converts said
butyric acid to'b 55 SONe nin s recovered in

the residue of fHé fefdét?"f‘rf"i‘f&eltha‘sl’f‘sa%"éS“"J?tet}f“ S°“‘§@‘8’d’ﬁ?fea§et’%‘§eegmw8fmdﬁﬁldr ol ysis of

| i gnocel | ul osi chafesierpductive keriod] T ogs mrebodimdnio®h fersipek sourchiemeupigimiing bestisnt ai ni ng r esi due
is dried to a lihfetd gheClo mbBnémbaimeahi@tids3b dmibds saddawik ddbndrenedpfestedany of about
35% 30% 25% R0%., c8akta I %k, 1Rk, 30 QbnotBRIHD a0 Hbdstd0Wrcc IV ein30% t 0 about
25% about 25%to about 20% or about 20%to about 15%or less. In one
enbodi nent, the lignin-containing residue is used as an energy source for
said process. In one enbodinent, the lignin-containing residue is used as a
fuel source for electricity generation. In some enbodi nents, the

l'i gnin-containing residue is used as a chem cal precursor for production of
useful products, such as phenolic resins. In sonme enbodi nents, the

|l ignin-containing residue is used as a feed to an anaerobi c digestor for
production of useful gaseous products, such as nethane or syngas. In sone
enbodi nents, the lignin-containing residue is used as a soil enhancer. 1561
In sonme enbodi nents, hydrolysis of a feedstock, e.g., lignocellulosic
feedstock, is performed with an acid, e.g., nitric acid, in multiple stages
including a first stage and a second stage, the hydrolysis unit includes a
flrst hydroly5|s nDduIe and a second hydroly5|s nDduIe n|tr|c acid

[T D 1 o o . T o, [T D I T N 1 o




[57] In some enbodi ments, an extractives streamrenoved before or during
feedst ock hydrolysis and/or flash steam generated during feedstock

hydr ol ysiwoi2e10/ms1fobui d comruni cati on with the product r@CONUSRYI09¥WIEM i N
order to recover additional products of value, such as terpenes, sterols,
sterol esters, resin acids, fatty acids, wax esters, diglycerides,
tiglycerides, and/or nethanol. In sonme enbodi nents, flash steam generated
during feedstock hydrolysis is in fluid communication with the product
recovery systemfor use as a distillation aid, for preheating the feed

m xture and/or for use in steamstripping distillation. [58] In sone
enbodi nents, material recovered froma primry product recovery col umm,
fromwhich a bioproduct, e.g., a solvent, has been renoved, is reintroduced
into the bioproduct production system For exanple, the material may used
as primary dil uista@mfest@itelBl In@ther Erhbodmentyveit Redst(ck urce SXignngallulsic rhagrigt hatlpe sugars from
bionass) or on@g&mmggﬁam@gdﬁyion stream In so doing, fernentation

nutrients nmy q%; & spn;[e rc;n(l)nd(}Juneg‘[g llgtncpcelltﬂlc;gg s tgcg fatenial i 1s ﬁéﬁ&&!&été& &oﬁ@%ol%ﬁd/ or

i ncreasi ng performnce, oduced e pr.ocess,

i npr ovin g pro Cel%egoni}ximé?ndnay ﬁ%@oa?or § Bgees s ectez%)lgom Iprs:steamu&]g mec}[a%rg_llgp di I’lilg’SOITE

enbodi ment s of atl%@“‘ﬁ?“dmpbﬂﬁc@”ﬁ?ww%ﬁe%ﬁd%‘é‘% s FFAPSURYPAPTBHE  herein, the

bi oreact or (s) Opestat adusl nchernpriesgumetatcondtaniresse, dashtivhstithe b or eact or (s) ,
for exanple, CRuGRARIAKREeDM sduld Enbbiirkent) OF GaiciShmridlkidybhgeofseicu®nt at i on. BRI EF
DESCRI PTI ON OF JTHE Mfd}'%nple[rﬁogllml:ﬂmgbé&@delon&hémmﬁeschemit' c diagram of an

enbodi nent of an 1nte roducti on
processes and syst 8%’§?| gﬁ“%%?%%ﬂ%m&mmﬁﬂwﬁﬁmfw(”ﬁm%eq%?g Elgure 2
shows a schenaf@%“ﬁﬁﬁ@@&ﬁ?Bﬁmﬁﬁm@ﬁﬁﬁﬂvﬂﬁﬁF”BFWﬁﬁ“?ﬁ?@dﬂ&? eH%f uel pl ant

i n whi ch bi obutakmioé exiprtod eretrie@rreaprodestegnaneysyisipaser delksie | bede herein [ 62]
Fi gure 3 shows eabquimeffSreldutini i@t atacvermapicutitrachs iefRinch wign 1 nt egr at ed
bi of uel plant ip Wi.&h bi of uel production processes and systens described
herein may be 1 zed ure i agram of an
ermbodi nent of ; Bh In sonfe embodlL\ents é%dlfz d'gT(Of ﬁfeegstoc su\clxlsas a% oceh&osw chc 4] 9 Ei gur e 5
shows the resulit 1§rf‘t‘3‘?"d PPE@’%W&‘I‘ P ajids h‘d‘l‘m‘*é"f‘hf"f“ﬂféﬁfhe ’I‘°Pddﬂ‘i’1“1‘ﬁ "WHeGHE B er nent at i on
on condi ti oned ifdeetisndbrigitoricrie tydhshidrickiy sredfufcedd g eppkinatigpdherdtsler | bed i n

Ex arrpl e 4. one embodiment, the hydrolysis is performed with nitric acid. In another embodiment, the

hydrolysis is performed with a combination of nitric acid and acetic acid. In one embodiment, the
hydrolysis is performed with nitric acid, and the hydrolysis reactor contains stainless steel. In some
embodiments, the hydrolysis reactor contains hastelloy or zirconium. In some embodiments,
hydrolysis is performed in multiple stages in the same or different hydrolysis reactor module(s).
[39] Insome embodiments, the hydrolysis unit contains a first hydrolysis module and a second
hydrolysis module, acid, e.g., nitric acid, hydrolysis of a feedstock, e.g., lignocellulosic feedstock, is
performed in multiple stages, including a first stage in the first hydrolysis module and a second
stage in the second hydrolysis module, and the temperature of the nitric acid in the first hydrolysis
module is higher than the temperature of the nitric acid in the second hydrolysis module.

[40] In some embodiments, the hydrolysis product stream from the second hydrolysis module is
re-introduced into the first hydrolysis module to produce a third hydrolysate, and the amount of
soluble sugar molecules produced in the third hydrolysate is greater than the amount of soluble
sugar molecules in the second stage hydrolysate.

[41] In some embodiments, the hydrolysis product streams from multiple, e.g., first and second,
hydrolysis modules are combined prior to introduction into the bioreactor.

[42] In other embodiments, the hydrolysis product streams from multiple, e.g., first and second,

hydrolysis modules are introduced as separate hydrolyzed feedstock streams into separate
9



[65] Figure 6 shows the results of continuous culture of immbilized
Costridium in run no. 2008065 (strain Co-7449 on 4% gl ucose) as descri bed
i n Exanplwo2o1o/{56®p Figure 7 shows the results of conti racdas2elosesre of

i mmobi lized dostridium in run no. 2009012 (strain Co-5673 on 5% sucrose)
as described in Exanple 1. [67] Figure 8 shows the results of continuous
culture of immbilized Costridium in run no. 2009021 (strain Co-7449 on
4% xyl ose) as described in Exanple 1. [68] Figure 9 shows the results of
continuous culture of immbilized dostridium in run no. 2009023 (strain
Co-5673 on 4% xyl ose) as described in Exanple 1. [69] Figure 10 shows the
results of continuous culture of immobilized Costridium in run no.
2009057 (strain Co-5673 on 4% m xed sugar sinul ated hydrol ysate) as
described in Exanple 1. [70] Figure 11 shows the results of continuous
cul ture of i nMbiehcioR ok efahflG the firg btagelydrolyatd igimrodneed inR@ G bBFactorztdtigi N Co- 5673 on
4% m xed sugar s&LrﬁHLg@ﬁy@gysmlglﬁtthﬂeﬁ@Eo@}ec@&bldj&&ﬁ lardd 2R Grstladd sdoh@bIPdaorsl . [ 71]

Fi gure 12 ShOWSon eg enTMmicr S u erﬁﬂd!lﬁléﬂ{ﬁefgst lérmah!uﬁs%ed
Clostridium in Em&ﬁn a§,§é4%g% g &%s}“?@l fr%gl%:o on 4%/0 5911 ro;se) as descri bed

in Exanple 1. f'[“"?‘?‘f“"’ﬁf‘tfﬁ‘?‘ém’f?c°§%b IR ‘f%mrsé%mﬁdunﬁ?moﬁ%‘fs Fenmi ning after
performng the SWWG@PY%%F@Sfem@@t’traa‘bﬂt‘elf’&ﬁ“‘ﬁ?"@@’éﬂﬁt"’élm&‘é‘éo‘& FPEE n Example 7
Wi th acid (ri glfist degrshirqhsanedd)he eprondvaitr@rgarfshdsfobtimiived et sppetinethe secodERA LED
DESCRI PTI ON [ %ddoiy¥dre i nventi on provi des processes and systens for

continuous bi OH£3?dH1%Eme elgbogments,la‘le%tgr?Jonwrp&Q%ﬂ%si bQ)Rac}é}sﬂi s&ks%d%pl al
fermentation. In tle ecoﬁ{b pcesses and systens descri bed herein, mcrobial

reactors m series.

fermentation i SUPFIFPYEEtE EsWVert sugars extracted froma

car bohydr at e- cd#f afriprgriedeaetyorsite Frvduce "EBERTBHttt S such as a

bi of uel , for exefplewithis oidyk anitdd acid mchultpit siagrmiadddiype adirsheee apig-spmothact s.
flash steam is generated in the first stage hydrolysis, and the flash steam provided to the feedstock
for deconstruction of the feedstock prior to hydrolysis. In some embodiments, flash steam is
generated in the second stage hydrolysis, and the flash steam is provided to the feedstock for
deconstruction of the feedstock prior to hydrolysis and/or to the first hydrolysis module to provide
energy for the first stage hydrolysis. In some embodiments, flash steam is generated in the second
stage hydrolysis, the flash steam is recompressed, and the recompressed steam is provided to the
first hydrolysis module to provide energy for the first stage hydrolysis and/or other applications such
as, for example, steam stripping distillation. In some embodiments, flash steam is generated in the
second stage hydrolysis, the flash steam is provided to a third hydrolysis module to provide energy
for a third stage hydrolysis, the temperature in the third hydrolysis module is lower than the
temperature in the second hydrolysis module, and the lower temperature permits hydrolysis of
remaining oligomeric sugar molecules with less degradation than hydrolysis performed at a higher
temperature.
[45] Insome embodiments, the system further includes a conditioning unit that is in fluid
communication with both the hydrolysis unit and the bioreactor, downstream from the hydrolysis
unit and upstream from the bioreactor. In some embodiments, hydrolysis and conditioning
processes occur continuously for the duration of the fermentation. In one embodiment, hydrolyzed
feedstock is conditioned in the conditioning unit to remove inhibitors of microbial growth and/or
production of bioproduct,, e.g., biofuel, such as butanol, prior to introduction of the hydrolyzed
feedstock into the bioreactor, and the conditioning process occurs continuously for the duration of
the fermentation. In some embodiments, removal of inhibitors includes one or more process(as)
selected from overliming, adsorption, precipitation, and ion exchange. In one embodiment, the

conditioning unit includes an ion exchange resin, and removal of inhibitors is performed by contact
10



[ 74] Unl ess defined otherwi se herein, all technical and scientific terns
used herein have the sanme neaning as commonly understood by one of ordinary
skill in wbeoawts1106 whi ch this i nvention bel ongs. Singl @ConS2@/034873
Dictionary of M crobiology and Mol ecul ar Bi ol ogy, second ed., John WIley
and Sons, New York (1994), and Hal e & Markham The Harper Collins
Dictionary of Biology, Harper Perennial, NY (1991) provide one of skil

with a general dictionary of many of the terns used in this invention. Any
met hods and materials simlar or equivalent to those described herein can
be used in the practice or testing of the present invention. [75] Nuneric
ranges provided herein are inclusive of the nunbers defining the range.
Definitions [761"A, " "an" and "the" include plural references unless the
context clearly dictates otherwise. [77] "Bioproduct” refers to any

subst ance of i ntgiresid (pdsoat vk iddiedham reg@inieycondition in whivi tg indibipetrabol i ¢ pat hway,
by a m croor gani S on e Gsin. miokk e@boiinl, @BibrPtkchin B B trahibriRehAEREiR ISone Bi Opr oduct s

i nclude, but ar ebo&m nt, lre}nmaltop&m&% 1ppe19ot'n![«l,§lLy re((lp@tatlgn Wlthp}d;tdagp vach a@&let one, ethanol )
sol vent's, bi onol ecul & ? ollk/steccharl des),

organi c aci ds @E‘.“’Q“m"“lmdi Frelt ?m‘g "Z‘f“é{‘f“és“lf e"ffgmcc e e%‘?s%ei)dél?fglfne Succi nat e,
| act at e, adi pi cohiggrdneluds st a%?‘ﬂ%‘)Phenalf - Bl gg"“’(“é‘“tj materigle, PYTEHET pr opanol ,

i sopropanol , pentearotes. hexanol, 2-butanol, isobutanol, gl ycerol ), fatty
acids, al dEhde&] (ﬁsgneem@@ﬁ&lﬁlfegﬂh&fﬂﬂs coﬂlﬂeﬁ&ﬁflrﬁi&%}fﬂ&ﬁ@ho&ﬁh&ﬁes (e.qg.,

but anone) l'i pi Q§oaan9ngmgrbo@gmﬁsm%a%ﬁ}h&um@%ecU' es (for exanple, for use in
sur f act ant procfuctl on vitam ns, Ig“%bh | cohol s gem%bl cwl itol). [78]
"Bi of uel " refer&lt % é‘Pm%iméfé}Uf“Epm ate.“ T Bur Aol acet one, and/ or et hanol)
produced bi ol ogf'ead oy beyg chap. mYREPEHT- @?&h‘?‘%ﬂ‘f‘?‘e‘é‘s“@m zeqlifs, ceganig, ‘ii‘?l?ffj’fdal fernentation
process. [79] teBiaohuit.almokick, corefte faga roch whnd thips @dlyeftdr fiter, glasypeadyTefirol ) pr oduced

bi ol ogical | y bypo@etha%tﬁéfka&ég@mlﬁmlene g., in a mcrobial fernentation process.
[80] "Byproducty ,r%fsgﬁe%mﬁosam&ts%%ﬁlﬁgﬁn.&éa@&ns&M&gsq%ﬁlﬁd and/or purified

and/ or isolate ur| n rocess bed herein,. which may
have economi ¢ di]9 eﬁl \;? 8rﬁ ﬁém?n Ithe 1orFaQtor n Vbld% tﬁetuﬁm(g'ﬁzeg mlcrOO{gaI%lSﬁl is grol\_zvil fary process

obj ective. Nonlif i fernags pesked priemerapsied i e Beidked ted of t he processes descri bed
her ei n i ncl ude ol giispmecoRfiounds biemductes biofg tvhivhes ludegtatatyb dystebe. stheed, and
car bohydr at e degi Ag@Edaiico Rerfdf. AbdCinSodiment, he biofeLificiuits Bkanol. Ny dr oxymet hyl furfural,

formc acid), gy %Lrﬁe@ﬁﬁohlmgﬁ &%&&m@%ﬁudemrmlrym EBddvery GRSt OCK" refers

to a substance [ r{x}uct ?ro the fermen}anofl medlum SI0 ls'!)'r’ngembodmieéts e recovrglg lrL‘Lr%%gJ fﬁnn_é n: g S ,l['l Ego rt

m crobial gr owt TP 5% & HER
f eedst ock nust Gb%mwa*aé?nr%%ﬂ’w'e%w? 8frnélaeé>€fe*t°ﬁfean%%&°f’ve%f’°é%W@? In one
enbodi ment, t heofieeds foobddurativhefhfemerttiai ns car bohydrate pol yners, is
hydrol yzed to rg easaneem@idént the Gecday Waiifclad Atokdihiidgmdaad rodhyaehe nol ecul es

in nonomeric a rlﬁl(h%opx%&l:tulg LI@ enpcjociim{ciznGaﬁf)rQ? tqaﬁoproduct includes mechanical vapor

recompression.

[53] Insome embodiments, the recovery unit includes a distillation module to separate the
bioproduct from other components of the fermentation medium, in fluid communication with and
downstream from the concentration module. In some embodiments, flash steam generated during
hydrolysis of the feedstock provides energy for the distillation. In one embodiment, the bioproduct
is butanol, and the system contains a recovery unit for recovery of butanol from the fermentation
medium. Recovery of butanol may include distillation to separate butanol from other components
of the fermentation medium. In one embodiment, butyric acid is recovered in the distillation,
butyric acid is recycled back to the bioreactor and is added to the fermentation medium in the

bioreactor, and the microorganism in the bioreactor converts butyric acid to butanol.
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[82] "Deconstruction"” refers to nmechanical, chem cal, and/or biol ogica
degradation of biomass into to render individual conponents (e.g.,

cel | ul osewohemviseiobul ose) nore accessible to further preCrastomo9873
processes, for exanple, a process to release nononeric and ol i goneric sugar
nol ecul es, such as acid hydrolysis. [83] "Conditioning" refers to renoval
of inhibitors of mcrobial growh and/or bioproduct, e.g., biofuel,
production froma feedstock or pretreated feedstock (e.g., a hydrolysate
produced by hydrolysis of a feedstock) and/or adjustnents to physical
properties of the feedstock or pretreated feedstock to inprove conditions

t hat support m crobial growh and product production. [84] "Titer" refers
to anount of a substance produced by a m croorgani smper unit volunme in a
m crobial fernentation process. For exanple, biobutanol titer may be
expressed as Qrnss nGke Bistian0ihe JBHIGGH Gadtlc Ppaudesl: fifst@istillgfon @bt fisn. [ 85] "Yi el d”
refers to amunt,Qficfon Mﬂpﬂ&&&nsﬁﬁmﬁ onfehtith Aodlue @6 difdicRkiding the tof Or exanpl e,

sugar ) relati Vef tge(}lrsi {g's?llakon ] &R qgetoﬁe%teth'ﬂgl aIlchl% déthlgéioﬁ% @ott&nh@'ghe woul d be
produced if all ict . For

exanpl e, b|obuﬁﬁﬂ%?m?P€WHmﬁﬁ?mﬁﬁmgiﬁfggggﬁmé ¢ Pﬁ%%%%ﬁ §H% “r oduced
relative to a tobreeypiestiqnevig anddopsisgpar ?fomI'B@%dtﬁ‘f“att"ﬁ@h‘F”éé‘ﬂdeéaﬁfﬁé‘t"ﬁ‘i‘f&sé (for exanpl e,
sugar) were COnyp@labeadl ab@omphak didanobl and whd G4m teRyp@iherdrt theoipcpme! arerfedfintr s t 0 t he
amount of a SulRSLaNERIREQEHHEECHR YorBhudbatGh HORGARNSLAIOH heldtaber\s®] UME per  uni t
time in a mecr QJQI ?tlllatlf%h%gc;ttgnrl &f%@se&ﬁ&%ﬁﬁ&n comﬁcoﬁmm@’lngk obut anol

producti vity OeéPodlme eglg 1st1ﬁwlmat?uf ﬁg{le.u con athlrdl'gl{shq{;tloll (F?]fl)lrnn mHCc? d per liter of

sol uti on per ype croorganismas it occurs
in nature. [88TmmW%%ﬂﬁW§§md®€¥@?§‘FﬁméﬁFFUW8§@“m&W6WﬁP“§F§F8hdcontalnlng
raw material s, thethd digiilatigp céurin conins abefopd apdaliitillatoexitjioasieh bethn pfghe covmn n st over, ri ce,
grasses, fOragQﬁmm&ﬁﬂhbﬁm.ha&@ﬂmﬂﬂﬂQM&QSmmhﬁhﬁm&nM&&0$ﬁﬂwwﬂﬁkﬁwgrOund corn,
grape pomace, o(Pthgﬁrst Qluﬂl&%olmwﬁ%emdga.iaént%dlsﬁm@ﬁomelbamm BaRsne Cereal s,

sugar-contai nin paterla é ﬁm asses fruit %ﬁllals sugar
umn h b db em il JR
cane, or sugar t11[a 0181 0 contans oth bytaro utyrlc a01 aCril st at[\o§ e ch" refers to

any starch- cont%*ﬂ? “Wﬁ?é?@%ﬁ%“mFﬁmﬁ???ﬂ@ﬂPﬁW‘“FW@“?@PW?W@P%rs to various

pl ant - based natveth g Hagvnstream drbrydld sprgndidistilatiqorplwhu, fitilagegxitfng theippeoathe coliyely | ey, pot at o,

sweet potato, tfapdp@gioy of Gilfolnd HicAE] cofAs Bfdignd dHitillag,exitny @¢ bogmadfter ans. | n

ge :1 eral, ht he dt Eoilihd cgrftaglg l§1ty£1(gm@- %l%ﬁ 8 'Eel:(ﬁéred ngtﬂlﬁlgdth?;utyrtclaﬁd ieonp | E)C(I

pol ysaccharide carhohydrates of. nt.s r Of AN 988 @N
e

anyl opecti n, wi ¥R ormu wherein " e any nunber.
[ 90] " ABE fernéﬁ?ﬁ??%ﬂ" refers to production of acetone but anol , and/ or
et hanol by a f dfsre ﬂr{spmfgmmmdlggaﬁpcg\med in the residue of the terminal stage e.g., second

stage, of hydrolysis of lignocellulosic feedstock. In one embodiment, the lignin-containing residue
is dried to a liquid content of about 35% to about 15%, e.g., any of about 35%, 30%, 25%, 20%, or
15%, or about 35% to about 30%, about 30% to about 25%, about 25% to about 20%, or about 20%

to about 15% or less. In one embodiment, the lignin-containing residue is used as an energy source
for said process. In one embodiment, the lignin-containing residue is used as a fuel source for
electricity generation. In some embodiments, the lignin-containing residue is used as a chemical
precursor for production of useful products, such as phenolic resins. In some embodiments, the
lignin-containing residue is used as a feed to an anaerobic digestor for production of useful gaseous
products, such as methane or syngas. In some embodiments, the lignin-containing residue is used as
a soil enhancer.

[56] In some embodiments, hydrolysis of a feedstock, e.g., lignocellulosic feedstock, is
performed with an acid, e.g., nitric acid, in multiple stages including a first stage and a second stage,

the hydrolysis unit includes a first hydrolysis module and a second hydrolysis module, nitric acid
12



[ 91] "Advanced biofuel s" are high-energy liquid transportation fuels
derived fromlow nutrient input/high per acre yield crops, agricultural or

f orest ry wa0w/1501060t her sust ai nabl e bi omass f eedst ocks PCmaisaaiongesas gae.
[92] "Lignocellulosic" biomass refers to plant bionmass that contains

cel lul ose, hem cellul oses, and lignin. The carbohydrate polyners (cellul ose
and hem cel lul oses) are tightly bound to lignin. [93] "Lignins" are

macr onol ecul ar conponents of wood that contain phenolic propyl benzene
skeletal units linked at various sites. [94] n-Butanol (1-butanol) is also
referred to as "butanol"™ herein. [95] "ATCC' refers to the American Type
Culture Collection, P.O Box 1549, Mnassas, VA 20108. Feedstock [96] A
feedstock is a substance that provides the base material from which sugar
nol ecul es are generated for inclusion in a mcrobial growth nmedium to
support the gr ewkdysiobmiibeea fidt Cgaohfanivgriysis hprus orrescenpedinterrad t he feedst ock
is cellulosic %&U@Q&ﬁmlé Be 1SQIRrENROGHTTROH Se firkt Rerof B A&l aGigheoRANAI NS

cel | ulose and NG Gelot .88 Geg if AL bl 3Rl Gmolih SAAGER|ULOSLG A OMasS or wood

pulp. In some enb f eedst ock .Rol ysa SeMz;llrsldofromwhlch
sol ubl e sugar ﬁﬁ?“éff?ff'€1§‘°l¥?ﬁ33h eghsﬁ)e%‘awc"mﬁes?e%”id% B %C g? rdgwth of a

m croor gani sm pfopife e@%&fﬁfﬁ%“”“%“‘p‘o?%‘a@’é’?f’a’i‘eP‘HgaSIW%‘E ‘ég"'f.‘ffaﬁ‘ﬂi‘ﬁ@f se"é”tiich as crab,
shrinp, or | obstghyd®lyed dptopallgfadoinpreysed, aid bedss@gvide agytiar prehesine 2 efeireese. [ 97] In
sone enbodi Ment Swid bifkRatiéne BUSTe fkdithdSis, MBDEYm 19 bAiRS & the dednddag h@iwhedi ment , t he

feedstock is sqftnpod, lste&&pr@sg%@%hh@remabr&?ed 1B B sed  REGEHOL or @ingLODI 01 1y pi ne.
I n one enbodi nent st ock cont atheglstllla unt al n pine beetle infested

pi ne, for exanﬁf‘dérde%’gmm‘?f PEESPEYE™) OF dead re st a % I n anot her
embodi nent, thd5} eé’d@&eé’é‘w iegts, H‘afi’“éh?\tﬁﬁam‘f’&‘?°“’é>‘2“é‘1‘fﬁ’f gﬁ"ﬁdﬁ‘f"’éh%‘lﬂ Ych, or ash.
| n anot her enboeﬁlqn%ttstemndqreraﬁ@e@sfemwkilyslfolmS)ée'dlmm)mdmwn‘aﬁ@eEWF‘GE wood. In

anot her embodi MRBky sybein dr@Aeisloaedddiiosal fidueds g divaOapenct, Rergs®! embodi nent s,

the woody bi omags; l ahill, fanps‘mdﬁ ngrzltépsf dlgiy@eq@s ymdes SOMEUSEo. 1Sam i |1 residue,
wood fi nes, or abo glgsl fﬂsqisl an Q% durm%feedstoquiy olys1s is 1n9nycomnmgzgtonr\rx§tp&1es the

f eedst ock i s obfalne :}ﬁ?ﬂer | OnBSS processi ng
facility, for 'ﬁﬁfcé",efy LV aa R e R pfebeﬁ%‘g t@“‘rﬁ?&ﬂ‘i’“ﬁ‘éﬁ‘f’@ BFpul p mill
process streansstapgirprgisdionst r eam may i ncl ude reject pul p, wood knots or
shives, pulp sgssgemissg ch@aitotejeol&oed igm a pre8s emduit gbovyy cg@inl fithose in water),
pr ehydr ol ySI S evbﬂcﬁ ﬁﬁ&)ﬂo&g e%t ars@lae[‘n ha;ﬂg&i&ﬁlsvecbis @ﬁllfodllcédwﬁe blollr(ﬂucot her enbodi nent S,
the feedstock %ﬁ!loq(s:ylstym %ore %e Iha]terl % %L? alg Eﬂmaxpg’ﬁlaon (I'er a§1§s§§fater Boltll p and/ or

paper, sweet SOpI' um-'syrup Xx
examp e, to rmse sugars ﬁom biomass), or ofher water addmon stream. In so doing, fermentation

nutrients may be reintroduced to the process, reducing cost and/or increasing performance, sugars
may be reintroduced to the process, improving process yield, and/or water may be reused.

[59] In some embodiments of the bioproduct production processes and systems herein, the
bioreactor(s) operated under pressure to compress gas in the bioreactor(s), for example, CO,

generated by the microorganisms during fermentation.
BRIEF DESCRIPTION OF THE DRAWINGS

[60] TFigure 1 shows a schematic diagram of an embodiment of an integrated biofuel plant in which
biobutanol production processes and systems described herein may be utilized.

[61] TFigure 2 shows a schematic diagram of an embodiment of an integrated biofuel plant in which
biobutanol production processes and systems described herein

[62] Figure 3 shows a process flow diagram for an embodiment of an integrated biofuel plant in

which biofuel production processes and systems described herein may be utilized.
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[ 99] Lignocellul ose contains a m xture of carbohydrate pol yners and

non- car bohydr at e conpounds. The carbohydrate pol yners contain cellul ose and
hem cel | Wwo=e10/an6t he non-car bohydrate portion cont ai n®CIiusné10/03987%

non- car bohydrate portion may al so contain ash, extractives, and/or other
conponents. The specific amounts of cellul ose, hem cellul oses, and lignin
depends on the source of the biomass. For exanple, nunicipal solid waste
may contain primarily cellul ose, and extract streans froma paper and pulp
pl ant may contain primarily hem cellul oses. The renai ni ng conposition of

| i gnocel | ul ose may al so contain other conpounds such as proteins. [100]
Cellul ose, which is a p-glucan built up of D glucose units |inked by
]3(1,4)-glycosidic bonds, is the main structural conmponent of plant cel
wal I s and typically constitutes about 35-60% by wei ght (%W w) of

| i gnocel | ul osi ge3raFiedrs exhsys a scfetiddd Jiagiale pacaibddinlen sfe moetize feglsiqolohydyansis cel | ul osi ¢
polysaccharide§m§§sociated with cellulose in plant tissues. Hem cel |l ul ose

frequently con %&4!{[ Jqu§ﬁ FOQJF g rest%tgof %&@Myﬂ op&ﬂuin! 3 Qlﬁx%llull féxlm%h(ﬁ ofTat er ials, and

K
the majority of n'.c 0Ses con ased on pentose
(five-carbon) §ﬂﬁﬂ?“ﬁﬁﬁ?§mm°ﬁiwmw ié m&; %%Emézngﬂarablnose units, hexose
(si x- car bon) sdﬁ%rFﬁ%ﬁF§WN§U§H“ﬁngWﬁVHEE@@m@ﬁﬁﬂﬁﬁﬁﬁﬁﬁﬁ%mﬁﬁlts and uroni c
aci ds such as DoagstiGtinOnT4eo oad% glucose) psiB@ped miBgaplnl. whi ch is a conpl ex,
cross-1inked pQksy MekurbBERc LY @Edn@lbs] s bshobitit @G-y oy pheny| pr opane

units, typlca|Lﬁ@ﬁ@@@&b&Hﬁﬁﬁyﬁgg£5%%gmﬁg%&%%¥kpf IlgnoceIIuI05|c mat eri al s.

[103] Any mater]a con% nin | ul ose._and/ o Q} % | ul ose or cellul ose
and/ or heni cel | fﬂ Og‘gula hovg)s I;Th,é gsul(t:s oé:ﬁn&l}uous culture glmmoblhzeg ostrt zum éun %e 9. sugar

mononers, di merX09Z&gin Co- @FP&@E@§B§““F¥Vﬁ%@§“G g., cellotrlose)) may be
used as the fedest @'@lkre 9 shideetharestle of catinuqyepyitue efmm@blhze(t@dﬂrim”@is eo@nd/ or
hem cel | ul ose viodobb®tdtainlch-g1 0 4% xRl deschilegiBamdel1Ul 0Si ¢ bi omass may be derived

froma fibrous Ey] OlF%g}eQ@sl]ov‘gﬁg r@sﬂllsgﬂconﬁﬂﬁmcuﬁ&e omgoﬂgéd Cfoktrbc[ ngl*h?rmgloant S. Exarrpl €s
of suitable typ pruce, pine,

hem ock, fir @%ﬁ (str% 6%673 on4A>n11xed su%r sm1ulatedq1y£(1% Cfte}’as descnlr 9 mKExafn%t{ f onwood, rubber
tree, narantll["EUEEPVHﬁ@§“m§ﬁ@?““%Wﬁmaﬁﬁ§@“mE%$ﬁﬁp@§mﬁf‘@HV?able fi br ous
pl ants i ncl ude,2003137 (seaineCo11€YB onl 4Ponmiiedesdeat sapulateddwdrplysateryy descrigtid Efenpdel | f | ax, henp,
cannabi s, si sal7ipengure RAYESEResulS brk@iduouEQIRal imBébliddBlpsride@ah nddanboo,

m schant us, ke%égoso@m@CrOM@zé;ﬁ%suanﬁJs@cgchb%dﬁﬁmge1nacea and grasses. QO her

A gnocel | U| oS! C,anHtFe re?!»sl?owp@eyres ma?ena?renslayn%lg aftet perp)r?n';ng Ceel(ljnléle m&?t er| al, .
agricul tural cro resi due or , municip solid

waste, pulp or eﬁi’ﬁ‘ﬁ’é‘?l’r‘tﬁdlnf deferiied ip FramPple fevdth aid f5igh apnd Pal?e%&fyvetffﬂﬁ'dmﬁaaﬁ@r or
construction debris. Exanples of suitable plant residues include, but are
not limted to, stens, |eaves, herAsep besskeriozobs, branches, bagasse, wood

chi ps, wood pul py \eopeqlqenmalp]rame@mess%@mms for@salmL ﬁocpm@;‘ct esguslsfaebl e waste paper

i ncl Ude but arp?oducp ion v1a crobla?td nne ation. iﬂ%e g‘gcessees anps% eg%rlbec?hn¥m anpoglal( €.g.,
phOt OCOopy pape {m printer paper é not epad paper,

a
typewriter papé@?wmﬁﬁﬁﬁﬁﬁﬁ&meﬂﬁﬁﬁ¥Wﬁ@§ﬁm&%@ﬁﬁ@ﬁ?dgmg RECHREE? - based
packagi ng naterm%wwammmémﬁahgahw@%ﬁhﬂ@ﬁ“ﬁwﬁ@w&@dﬁﬁﬁﬂ@ﬁF“Wﬂv&ﬁbtent|aIIy
require additiomal uplkds @jcdidteiBEHereif, @l ErhnicalatiCiidnifo Rals valmatintg: tefame heni cal s f or

pH adj ust ment) &&Lng@sfc&%m WiBersREDG 69 StlofdBary skill @Bt «d Whice BB AR 1 N Whi ch
wood is used asgthe fe Q%&ﬁw%wwgmw%ﬁwgm producti on

pl ant can |ncluﬁg a screen. | ncom ng wood chi ps
to renove any dﬁwﬂkgﬁﬂkﬂgﬁ%%%Hﬂﬁﬁ%@%ﬂ1B%*%%ﬁ—gngﬁﬁﬂﬁg—?ﬁﬂ%%@ opti mum si ze
for hydrol ysi s HmehisghyEPenvidegrerbill fihegentis figierr pigtaofity'Feriet i"on i nto t he
hydr ol ysi s uni t this iDaftian. 8@ metyds girhategdtsigtlr freqiviat f tedstidekepr@vieder and used
to size and spegiditnebpi@csnathe bamgdkemgvea@ui pmrent for a given plant. [106]

O her feedstocks that nmay be used in the bioproduct (e.g.,biofuel, for
exanpl e, biobutanol) production processes described herein include

hem cel | ul ose extract from wood, beet extract, beet nolasses, sorghum
syrup, barley hulls, potato processing waste, and brewers nash.



[ 107] In sonme enbodi nents, a feedstock m x containing about 40% | oggi ng
resi dues, about 20% sust ai nabl e roundwood, about 20% woody energy crops,
and aboutw@dsdsitwaceous energy crops nmay be used. Thi sPbirarsdoiomsosascount
for regional variation and provide significant flexibility in selecting

| ocations for facilities and in procuring feedstock supply contracts.

[ 108] Feedstock flexibility may permt utilization of conbinations of

f eedst ocks in geographic | ocations where the avail able supply of feedstocks
taken individually are not sufficient to justify a comrercial scale

bi oproduct, e.g., biobutanol, production plant, or where synergistic val ue
can be realized from conbining feedstocks that allow for better practices
to be inplemented with regard to the underlying |land (e.g, inproved crop
rotations) or in terns of nore econom c harvest, handling and storage

| ogi stics. Feedst otkmefid s provided byreiitddincai® Of R monbérghefinpppondzeini t i es to | ocat e
plants in niche sites where end use markets are in close proximty to

ot herwi se non- q%*llzable feedstocks. [109] In sone enbodi nents, diverse

f eedst ocks may be “GFi1i zed by versatile strajns which are ca able of
converting bot H®- c&r BEA™aft e AP H S trgas PrePed GPEs i@ HEeT ng nul ti neri ¢
forms) to a bi Pt otftietoductgrefys to ary pubdiapre pf intefegs prodused pighteieally. fe. e BawdAc | n sone
enbodi nent s, a phipedsi0ckopAymn, be, inydlédlalfaedtaionprprse Biogedubwidiugl tpsat es t hat are
rich in 5-carbqoR Qimifa 6 SEARR Q¢S bEaY], Soetor@RBantl), Lfv@RIbBhoIG 1 @lgNSodtli Ch have been

Optl m zed for qg egr}gys &9@&9%%&0%1(@((39 fberé Q:EtﬂeelLutyraQ Qﬂ&hﬁﬂ' on on 5-carbon
or 6-carbon sugars dare use or in separate

t elt
or conbi ned feﬁﬁ@ﬁ?&??%ﬁ@m“yﬁm?%ﬁﬁggﬁﬁmg%ﬁégImwygqmmpmﬁ F strain that has
been opti m zed peugrolgrenak Hhuel seopmslielves) &1ty Fidedishiees greeshieol ysat e
gener at ed f r om tatyrgdehyidd),Geidngsre.f, Beoksd).digilts, lorig shait s@dic hakculds {fo pramrdiufetuse e. g.
bi of uel , produGs ju@Bant fR8iekidnE AlaiBdnd Rfaf R6HAS @ diitol] 110] Feedst ocks such as

those descri bed,fer.gimn, %ﬁgm%nme&,}eg@gtbﬁglm@gm m@or¥m41>%£oxucéaf met hods and
systens prior to bioconversion. feedst ock can i ncl ude

Bre
chemical or p hfé"f"%’%ﬁ?y FDBTPTEL T "6 lcf‘%ﬁ hong taol"ntpmc“’ﬁs For exanple, the
f eedst ock can H@lsH@@Hﬁ@Mm&%PP%%ﬂ@e@WW&@@H““&HHBE@H*Yh%%?%%@mburned dried,
separ at ed, ext reachedicrotiy thmedticmedsessand/ or degraded. These nodifications can
be perforned bysdpi esypgdueatiers hDBbsttcOhaOigbradatky andidd Riftiea @li/or idlhtedA@Rg G EeM cal

processes. [ 1 ]D}Le ]Jrcjgess%pdg@nbgilmgxg Lvﬂg I}11tay'sha\le QCOMC ijgnvﬂonglgltal \Hll_leolﬁll thatis fot 9-
i gnoc el lul osic feed OC C’!IVC Iynnl ing Q(amd)gs 0?%{Brrdugao?[mesproceﬁsesedescntb% br eak down

cel | ul ose and/oP‘””maFﬁproc nt 0 be nore easily
processed by a hFieingyr 1@%7ogl?PPndmn%léVé‘g@scafPﬂH&{atemvafWéyd@@ éeafaqa??&l ude acid
hydrol ysi s, enzyswdetsiece.. fafucht, bldysyimghy! fgrfusl, oimgadid.oml extpyireolspsibed infrand cel | ul ose
degradati on by [ MetekLGan SIbstheaRNsd st d s@ite drhl? holdctlesoRimpore Mbodi ment s,

the feedstock, Sugh Asmbd %&%&M&%&&%ﬁaﬁ%mfemsck%a@pl e, wood chi ps,
sawdust , and/or tQ a downst r eam

pre%reate to re}easehﬂ? sgar molécules[ In one em o&en%J % fgegstogcr whlc contain:

pretreatnent process Y % const truction y i nclude, but is
not linited to,  Birestadm g tEeher eas&ﬁﬂ‘d/"r“arb"“ containing carbohydrat

molecules in monomeric and/or soluble oligomeric forms.

~O_

[82] “Deconstruction” refers to mechanical, chemical, and/or biological degradation of biomass
into to render individual components (e.g., cellulose, hemicellulose) more accessible to further
pretreatment processes, for example, a process to release monomeric and oligomeric sugar
molecules, such as acid hydrolysis.

[83] “Conditioning” refers to removal of inhibitors of microbial growth and/or bioproduct, e.g.,
biofuel, production from a feedstock or pretreated feedstock (e.g., a hydrolysate produced by
hydrolysis of a feedstock) and/or adjustments to physical properties of the feedstock or pretreated

feedstock to improve conditions that support microbial growth and product production.
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| oosen material, mechanical grinding, nechanical explosion (e.g., steamor
ot her chem cal treatnent foll owed by rapid deconpression), vacuum

t r eat mentwoaeiodisimedst ock contact (diffusion of acid i nPoTfUSedsssk), or a
conmbi nation thereof. In some enbodi ments, deconstruction renders cellul ose
and/ or hem cellulose in the feedstock nore accessible for hydrolysis.
Renoval of extractives [113] In sonme enbodi nents, the feedstock, such as
| i gnocel | ul osi c feedstock, for exanple, wood chips, sawdust, and/or sawdust
residue, is pretreated to renove extractives. Extractives are material that
is extracted fromthe feedstock by a process such as conpression, water or
sol vent extraction, or air drying. Non-limting exanples of extractives

i nclude terpenes, resin acids, fatty acids, sterols, phenolic conpounds,
and triglycerides. Extractives may include, but are not limted to,

p- coumari c aci qs4) f ettt ks @ @ioGht of 4 subsyache Podydedtn 2 Okcgor@gsmber unitgrplimbeliiac aci d,
syringal dehyde,u,¥@Rirdhehthion frddésd. wér @)lmpl@ﬁf&ﬂﬁtﬂ&)ﬁﬁiﬁﬁah&é lefptdssdatdd edtbns orand gl ucuroni c
acid. Extractiyes nmay he renpyed for other uses, such as production of
sterols, or burn 84 "o F e ener fgr blopro t, e I bi of uel ,
product i on prod%bsigﬁi3@?@FPB@&“H@%%PH““d?TTﬁT ‘mgg S ment s,
extractives are%WQWUVewﬂ@PW@W“@@G%WmWﬂm%WWFHﬁ%ﬁW@ﬂhﬁﬁ?ﬁﬁﬂééﬁﬁ§tructlon of

t he feedstock. welychiehey®ip®duct. Fol dkple, Bispitaga}idldmay & efpeadst ‘odkiomert ai Ns sugar

mol ecul es in ari)roﬁllcé.d%ﬁ% Eoiaﬁle&eﬂcfaﬁleldﬂ'-l @96,0f tiak fepmubéﬁﬁé’ (FoCexdn@leFygarpttel MUSt be

hydrol yzed to eﬁL&@ﬁgmﬁggdrelease soluble nDnoneric and/or multimeric sugar
nol ecul es, which are converted 0 Ié%mmiﬁan u%I |n a m crobi al
fermentati on aémﬁeégFFﬁ@H’ﬁ?F”Fﬁ“wwnE?%ﬁ%“@ﬁ%w TSP RE Cligar ol ecul es
are present |nVﬁﬁepﬂe@ﬂewEERNW%N%%WW%@@@%“d%ﬂ?ﬁ?“ﬁ@%*%%ﬁﬂqﬁpﬁée. In one
embodi nent,  t henaf @edsisaekernsof bitgn powled wi losi elinories and t he sugar

nol ecul es are pgPsenia- q;pn rdiek@ AR RLEI 6 K itbBurGRlalud] OS€ and hemi cel | ul ose.

[116] In sone modél eers t{,]lafanoteeﬁg}égtge&omnp&@&;teeﬁg £6had hfho@n acid
hydrol ysis process ude, but are

no t | | m t e d t O H?d to Wo%dl C}é%s Cal'l’l stgfver I‘lcé/ %:rasses }'(Inages gﬂl’l’le lgl:{:lSS %(g:!artoes Mbers I‘OOIS r\]'\%or | c aCI d
hydr ochl ori ¢ aciHRd cogh e pmfce 3be Erajps] et Pffleydyec“&}]ﬁ’t?faﬁaffrFaBﬁ“gf“ﬁe“fa!i‘B? In one
enbodi nment, acirev dwedklsd-gy siplssses, Suitpeterfalyswpe dand. pr sgger qetmgiroed. i gagtresidien sone

enbodinents aqsl MEEKIO ke oSyl sGrciRitfindie AREhalt. M fdlaOthe 110 Felrs BvaAIES, under

different condi liaht%@d Iﬂa@m@%nduﬁgmgmﬁ@d Haviels @W@tagls&éeesﬁmap&gEmpnent s of the
feedstock in each stage. l.e stages may

er
serve to limt n%af_zle cassa % ry(cj _Fm l‘(mial}éncej[%l 51? rhe tergl refe) trs?ooa]n}i ma'grlarpcom];b eﬁ r at e
degr adat i on nedﬁﬁﬁ?gﬁ%““%@%%ﬁ%ﬁﬁf$%ﬂﬂ?éﬂ?@ﬁ*ﬁ?wﬁﬁa@ﬁﬁ%ﬂ?ﬁbﬁ?“ﬁf a two- stage
aci d hydrol ysi sorpulo€élegsi Werdepi @t ey pymdbsi qgur e 4. [117] An acid hydrolysis
system may be demi gre fém@n@ih R @ eroddich of do@Rdbitbe afi@edsd Bekmwithh t he aci d
solution in themg%g&g$y3|s reactor, e.g., in a vertical section of the

hy drol ys i's reac b e 1£dbatncecl;l bscg%u:ﬁle glpengérlh%ldl tr%}s)pégaggr]g&ells S)enved E (pw nuhqg

di stribution na ean1|nject|on and a

j acket ed vesseP“Wﬁghﬁﬁfﬁﬁﬂ1?%%“ﬂ??ﬁ“ﬁmﬁﬂEWﬁﬁF€§F“@@W@ﬁpﬁﬁﬁer Vari abl e
speed drives nH§dtvespddgeadiet h t enperature sensing instrunentation to
control react orp esrdgsarRlodic Benag Rrs todR Bibreetsutaon@int @WoRGeti@ltdar severity to
be adj usted on-hiign 1 bRl poh@er (eeﬁms%d lﬁQ@Jiljlhg&!faﬁttlLlﬂﬁﬁothJl@mJ unctionall'y
simlar propert 53? S %n.msa l §191 crlggol ulElal,r coI Zo%glts otEv%(')’d th%t)s:(?h% phého (,aprolp)%elllzgngnt al di gestor
configuration d. fnthis § e of reactor, he naterral is only
partially submeF 8Hm“§ﬁM%%ﬁ%vm“un sone enbodi ments, in order to reach

hi gher sol ubl e Bigar-Bewelciereiebis plyreeredtidna bitgelgherine k material is not

conpl et el y subnes gedatcn” reto heigbi@oNbelivineetgllegiod. B10iBon,549% MiessehyA pr oduci ng a
hydr ol ysat e t hafpiegont ai ns an i ncreased sugar concentration (L e., |ess
dilution water added at the outset). In some enbodi nents, a nultiple-stage
dilute nitric acid hydrolysis process i used. In one enbodi nent, a
two-stage dilute nitric acid process is used. In one enbodi nent, conditions
in the first stage are chosen to achi eve hydrolysis of about 70%to about
90% of the hemicellulose in the feedstock and conditions in the second
stage are chosen to achi eve hydrolysis of about 40%to about 70% of the
cellulose in the feedstock. The first stage mainly targets the hydrolysis
of the hem cellul ose, yielding a mannose and/ or xyl ose rich hydrol ysate,
whereas the second stage uses the solids remaining fromthe first stage and
targets the cellulose, yielding a glucose rich hydrol ysate. Typically,
first stage hydrolysate liquors contain a mx of 5-carbon and 6-carbon
sugars, e.g., extracted primarily from hem cel | ul ose and non-recal citrant
cel l ul ose bi omass conmponents, and second stage hydrol ysate contains
prlnarlly 6- carbon sugars, e.g., extracted fron1ce||u|ose fibers, in both

_____ I 1 T o I I TR - rr ~ I




6- carbon sugar by weight, wherein the second stage is perforned at a higher
tenperature than the first stage. [119] A first stage hydrolysis nodul e
may be cowpl2ed)/t5070a second stage hydrol ysis nodul e, w t RCIaiSzeionasirziue
separated fromliquid hydrolysate generated in the first stage hydrolysis
serving as substrate for the second hydrol ysis process. The residual solids
may be rinsed/ washed in order to increase the separation and recovery yield
of sol ubl e sugars separated fromthe biomass. [120] In sone enbodi nents,

t he second stage hydrolysis is performed at a higher tenperature than the
first stage hydrolysis. [121] In some enbodi nents, hydrolysis is perforned
at a nitric acid concentration of about 0.05 to about 0.1% about 0.1%to
about 0.5% about 0.5%to about 1% about 1% to about 4% about 1.3%to
about 3.5% or about 1.3% (w w of dry feedstock) for both hydrol ysis
stages, at a teupeeature of about 1700 to about 175C in the first stage and
a tenperature Qg amw‘smcz;Lqut,sancalawad&?aQGasa dhclid@mSAL0NE wleagene and at the

saturation pressgure for steam c o OQJ{h%thnﬁcho Lis§ach
hydrol ysis sta i t%[fﬂlﬂ']‘ n gb‘ialé'u'[hn{(glﬁl&)%p Rﬁg@ goc'kd) to solid

(f eedst ock) rat’f ?S’mffiffib"dﬁ‘i?’ﬂﬁ’t&‘if§f§5f°§kli°g}1“%0blﬂnasi Simeemb(’dlﬁ’g’g theds (% or about 7.5:1
to about 5:1. Icppas ceiulorsaideniiajloreerexample lisngselhulpsiopipmasst aod 4RI 8PS sol i d may be
about 5:1 to abkowwim3islhe@Grdsadd BldbolySicdbaride fop whithauble idt moldeies maybont | NnUOUS
extrusion r eactpgamedthmean@@ﬁoh@m@ﬁ oth Infdddr@nidmOfoSe@inblel a poBYacRBdcala@ptodds 1 t 0 about

0.5:1. [123] s&hgw?,&ﬁgomsmﬂ&@chlutinﬁmsap{)eu#aloﬁsumgar extraction yield from

the feedstock in the rst st 1S a east about 6,
10, 15, 20, 30,P7545%5 embﬁ?j“""“%?“ggﬁ‘ﬁ}/ Elrs a%xyibefnm 0% °“‘H°dﬂ‘e“‘ 56 E‘Ed fFa at | east
about 1, 3. 6, issoftwogigfor cxpple, gy, e.7 Bpdgers or Igjolly pire. Ingpy Gm@?"m’oﬁh" 95 r om

heni cel | ul ose. chuminggqBairein teekle eridd ipe, fotpeamglo kxitsl‘evd stagejor degd teredcttdelon yiel d from
solid residue rgmBhdimgimh]RifeedsoR ishirdwdid, Sl-agfe, AypdIoinys at. en mhd he second
stage hydr ol ySIeEdelﬁqen@RQE;dst&lg is &&edhxa@c@v%&d mﬁ@&ugod 2I§anotl3k5embéliﬁ1ent§5 65, 75, 85, or

0, 0,
95% from cel | ul O steockallsnmlxe %wo d. Qn some emLo%lmentési t?e.woc% bloniass% t}g’fo f woog Yo from
hem cel | ul ose. ﬁhr’i{) arment are chosen such that short

resi dence ti rresch‘hia‘f/“’dbséSat’(t“iﬂ’lf?sf@d”""ddli“?i\?fﬂ‘f"l"]"d“‘ﬁ?'@‘ﬁe%r oductivity (smaller
reactors) and nishi mebmesuigdimentdhy feaisierk is chtpinpraphrretsssirgyh fiimrAbeingy degr adat i on
products nakes pdsingfabitty, ReckaPRkE pBii 2P MG cRBipetsiofphie millipbdss teensdownst r eam

I ﬁrerfﬁ%?gi ggl grtﬁé%r%&s% mﬁ%ay ﬁ%ﬁ@me]l:&pmpl vn,ooﬁm;% 5@10999@115 s@;eeﬂ&gsmomlrrgealb gg \r/]m tht i Kel In 2 ]
ef)sentleﬁcheﬁlilosegn water) gﬁ%gslysg g(?racp ion tst:ream and/or bﬂckP%mr 91 ot){e

wood chi ps nmay residence tinme of
about 3 to aboufrbofEentsghe f‘t‘iﬁt"‘tkcﬂm%}?fb’ﬁetbagggﬁ? ‘i‘?‘i“ﬁ(i.‘ii @%t mplges. P ‘?é"r’ PPEed material,

and resi dence tsweresorthgm syru of badehhilood chi ps for second stage nitric acid
hydrol ysi s nmay (¢ ahetdiuiGe didbeiktire @ catblidiitaslymesrndaipautondrat 0 about 20
mnutes, wth | QRA&ks. MRSIWERS ory&émmiiamceuhl&s S€knk@86l., BIeRhal . The residence

times may be affgu%tdmﬁm%mqu G0 8 RladIBLEL LRk, ACAORALE HEL | On and/ or the

applied acid con ment has
several advant SEEVEETor YreHarPorlh & sﬁf‘ﬁcé‘ﬁl?“ﬂts‘ﬁf"g‘fl‘?‘s léfngr%lﬁlfses a'i‘#]lgmn assi vation
charact eri sti csdersfds pnitiepquree ofthd tpmer- Frergrrele @prcippl i vesippareBaPHeHt condi ti ons
permt the use @©fuosiasd eitta@ SBan® fr@ed ppperaad vl plant dpa penthilneimprihrhemiedudysss.c and
expensi ve Nat eringdesaidin® ChhbdsiBal of 1RKoceMilid¥etiay o Bntail SiicNBiRfoun 06 B$HEiSs, SUCh as

dilute sulfuric (ﬁf: ICgl !e lﬂ?m glucg;mlﬁlpg%tu%‘ﬁmlgll&%@?ﬁ(mtglgfﬂldlcqaéﬁé tal cost
advant age. Furt ne gss is richin

nitr ogen t hat %‘lﬁ Iﬁlglsﬂlft mé%le 0 pl tc%l walls[an gc ycorls?tutes apoufqg r&% HI ment s,
hydrol ysate st r‘é’&h‘é%‘ﬁw)é’“%’ﬁ‘i“\‘l‘él“fn%@dsw th ammnl a to produce anmoni um
nitrate. Ammoni @Y rethiretitioge réfgs t@nomeptidsiepptysafclyridepgsoriayd igasilsws P t he
downst r eam f er nRftsabidRALPE OGRS constifuteLdbdut BASveTR btiEmcefiubEic mitctidld /d aci d

hydl‘ ol ySI s of ftﬁe@xﬁ@&t?@fken@c&ﬁlo@ééx@mtdﬂﬁl el"slgﬁgoﬁﬁntésl’, (§ve cﬁﬁﬁ)@t@&uﬂ}p%ch 4 384 897
4,706, 903, 5, 221,3 366, 558 , 536,825, 5,628,830, and 6, 019, 900.




[126] In a nultiple-stage hydrol ysis process as descri bed herein,

hydrol ysis reactors for each stage may be the sane or different. For

exanpl e, wWOewosw70st age reactor nay have a hi gher or | orer/usapao®sdsy3 t han a
first stage reactor. In sone enbodinents, a hydrolysis reactor nay have an
i nternal volune of about or at |east about 1, 2, 5, 10, 20, 50, 100, 200,
500, 1000, 2500, 5000, 10,000, 50,000, 100,000, 150,000, or 200,000
gallons. In sone enbodi nents, a nitric acid hydrolysis reactor may be
smal l er than a conparabl e capacity sulfuric acid hydrolysis reactor. [127]
In a nmultiple-stage hydrolysis process as descri bed herein, such as a
two-stage nitric acid hydrolysis process, one or nore processing operations
can be used between stages, such as between first and second nitric acid
hydr ol ysi s stages, including nechanical degradation, drying, shaking,

m Xi ng, chi ppi Ag-xy®ie e padktiigse wste hax@e Gik-ghonglsugal unigpusnat] ad tebyepsednd vor  gas- | i qui d
separation pha%ﬁm&ewﬁﬁhr&ﬁaCIQ@eﬁmglﬂgomcacnﬂ shearing. Such operations nay
be used for SegﬁE]ahl & ro?sr]mke% érg‘gegghvar%[lsly§ﬂﬁxﬁl{e&pg of an InpUt

Q.&Q.

material. [12 gmnWMCIS S5 System ( i ncl ude a

st eam conpr essé‘?‘dmf‘%heﬁ‘/&?ﬁ?ﬁar“%“é"és tth?Wy °I“S€{§t§slﬂ’°§ ! Oés‘%w" ?%‘0 Y S6he enbodi ment s,
| ow pressure f|H¥hAeymaeis priaine teﬁt*?sefapdl‘%lte““éﬁlﬁd‘}'sb‘?* s AP rsgEoHf a nitric
aci d hydrol ysi sliongic @¢/s mamiperb @mponipe.e SsweahondByrs, fimirsE ngelivtivee). pimes sur e, the | ow
pressure flash &d, efamicsd haide usbd@s tks@akobk THd MBIt EaMiRERLW elvoconcent r at i on
and/ or product Q&%&m,k&&hQEHOPEVat'O”S and S|gn|f|cantly reduce the energy
requi renents o# roc$ JQ per enb dkne Sa f%ash st eam may
be used productli®elgrorllogs i ?P’f%ﬂw §marg PEE B pE M Tt ¥ ng recovery
of useful prodd@@@P@ﬁn?@@ﬁeﬁmﬂﬁbﬁﬁe“WP§§Wm§PWe§H¥mm?%?%T”%@%ydroIyS|s
system f or use hemlock, liebipl sore seEsrople s sifiedotthrerd) rbbe e ryentipptaypfiszed t o
produce the great ef teay mindleOf suftdbio fhiad fhntPigdlud QWA bt litked fopaasiaatd, ener gy

required, greenouse, 9SG ;lsmgnp s MY, segmamsaxfeadqmnb&hﬁgc@ms Optim zation
par anet er s |nclud the [ ype

n %aarﬁdata;sgn thcrl noce% 0sic en%l tgae fOI‘ med outsi de
of the hydrol ysf & #8Y OrsarlsaI 8Ef& &onai iﬁe 781VSis reactors.
In sone enbodﬁWéﬁﬁgm“ﬂ§§WﬁﬂéFW&ﬁﬂﬁﬁﬁfHF“WVH%%WV%Tﬁm%T“Fﬁﬁmk edst ock
mat eri al may bevaredircedenrl kyves esisEel derding Bre: prpagiuctiorichsn Ekggylesebnsunpt i on or
product vyiel d. shid@Ohntkdidey i@pdeOiat byt liGiteQro, sterld] 1@Fet) @15, hyks @bl Gvici@) pr ocesses and
systems descri h)egdsséwo@ahas w@d ;uﬁ,eae&pqlg Isndnwsp Ez)é&f;lé o@@mp@@r descri bed

conti nuous manne ous era Red such t hat
accunul ati on ofpa%‘t"@?"i”ka‘?@ ‘B@‘f%&eﬁ tyf’%terﬁﬁi’fﬂ’ ?ffvif’%pfrsmaéﬁﬁlf‘ef caé %8t mentor is
avoi ded. | n sorrereeabbaiksinshaterial Matejdiyvirh Jighimiperg] ggnient ppepypotpgallypireat ed

conti nuousl y f caditabOitadi@imedite.gl @ddhal SloGt bf cheBjcalsti®) OH adp@knt) 8005400, 600, 800,
1000, 1350, 16Qfhess@00, 2500, 3000, 4000, 5000, 6000, or 8500 hours. [131]
Li gni n- cont ai niyfig) §SalahELSAR MhA0ALhRhoAALYRlS, Of, okl gnocel | ul osi ¢

f eedst ock may be use an gr y gh e.g.

bi of uel , produdY?%ﬁmBF%%%ﬁﬁmﬂﬁﬁ% oHa 3P@fﬁmﬁﬁﬁwgﬁwﬁ °§S?Jgrwsource for
el ectricity germerdtapdsipbrs. |The chigpies begitypiad tasprimgm sifeifeybyirplyss i eReHE B@er esi due i s
dried to a | i queedhopmitorenabdudén i@dyBlipdoB59wmit. @atakovkolldbdfoma fgdsteckany of about
35% 30% 25% R an@lisedk®W an@¥pecBRBHoodd@Méing Quiha itk « SAYManabout 30% t 0 about

25 % about 25 % 09] %leijet:dstgcg @at rQagf be%ggmhle ’atg)léQiJcth ga'lt?&&éi foxjegaxéblg E)loljutgl'ﬁ)ﬁ and the
dried residue na be burn

| ectricity
gener at i on, ga Spr uctloa prf)cesses ?escﬁt?? herein mlf{ude he ”B:é'flult)se ex[ract flipm &v%oiglf\%ye} extlragc,ﬁ) t?O ot her
cheni cal produdF?”“dW$86WVéPW@’mFd“ﬁT%%W“%H@ﬁf%%ﬁm?ﬁ%HMCts [1321 In one
enbodi nent, a nhddonesmipiinsnris,déeistbey mixd@rioinsbaui oY lopips lssidysrabegt 20%at  cont ai ns
cel | ul ose and hewinbe kduhil6d3,@b0ftQ0% o e@¥} dr@E fnkl BBut b, hebberals eddidd BBl €S from t he
bi omass. The method includes: (a) nmechanically disintegrating the biomass
in the presence of water and under pressure, thereby producing liquid
and/ or vapor and solid disintegrated biomass; (b) separating |iquid and/or
vapor from the bi omass, wherein step (b) nay be perforned after or in
conjunction with step (a); (c) contacting the disintegrated biomass with
acid in an anount sufficient to depolynerize a polyneric carbohydrate
conponent of the bionmass, thereby producing acid inpregnated disintegrated
bi omass; (d) feeding the acid inpregnated disintegrated bionass into a
di gestor through a pressure changi ng device, wherein the acid inpregnated
di sintegrated biomass is heated in the digestor at a tenperature and for an
anmount of tinme sufficient to permt the depol ynerization reaction to occur;
and



(e) separating solids fromliquids to produce a liquid hydrol ysate and

resi dual solids, wherein the hydrol ysate contai ns sol ubl e hem cel | ul ose
sugar nolwoubssisamed t he residual solids contain cell ul opCE/US20OM03987Dr
exanple, fiber that is at |east about 0.35 or 0.37 mmin length. In sone
enbodi nents, the acid is nitric acid at a concentration of about 0.1% (w w)
to about 0.5% (W w). In sone enbodinents, the digestor is operated at a
pressure of about 90 to about 110 psig, a tenperature of about 167C to
about 176C and a residence tinme of about 3 to about 20, about 8 to about
20, or about 5 to about 10 m nutes. In sone enbodi nents, the bionmass is
contacted with steamprior to acid inpregnation, which may aid with

di sintegration of the bionass and extractives renoval. |In sonme enbodi nents,
the residual solids are further hydrolyzed, for exanple, by acid

hydrol ysi s, t 0 ragle@as Ghistilnd ] secogitfgadzioniDh@ton kngd srofide ognifitdpdlexitdinliul ose fi ber,

t hereby pr Oduc|s%ﬂn§lo£&%§fn%lhtn%ﬁi&@bryoﬁrﬁlkﬁedit&ﬂlailppmtrm used to Support

MRS Eg{aslagfba%ack'ﬂ&balt;%ayq)grgmﬁa@ﬁ o@mmmm@stc&@ﬁ ghihed herein.

[133] In anot deconstructing
bi ommss that coWtEr HEedsFRET Y gy Sﬁg‘ o ’Pdl’“df‘ao?re nfa”‘ S%feﬁ{”umf’f raction of
sugar ol ecul e§°“F“ret§1%3*tahé‘OPmd‘fﬁh'a%éwl?u’gmb@?de@?%’ﬂ fWHETRSYRFFSECIY “B8hcent rati on in
step (c), a resttietTos cdrbinee feefstosks &y allod Jor betgprmheiiestodrimelrraehiedvath fegyrdét ep (d)
sufficient to prQgbgRy @d Ry dhmvyiedh Satofpd in@eRbAiRSoRahee! hullpse sugars and

residual solids,fpal lo%gfgst ﬁekd;\o&ﬁéxim% Bavaf;o Jw@&,f,po&miaés wiRad iSSn filan about 0. 35,
0.30, or 0.28 mmin le solids do not

th i dual
contain visibl élteéglreie fﬂd 6 Im%rke iaIBm close ?IOleltBtO otg?w rﬁ) hoa utnlzab{ %edst? Hs aci d
concentration iH9lsfnepmeembpdinats, 4 feedyiofspsy ‘%R/)‘“h{‘e&byd’ffﬁ‘&‘f SrnSEYEhatRy ) |t he
resi dence tine chpablest @perfid potli searbdn @nd b-cdpomsugaurtobrgilet @clefyoueitinkdr fornigt es, and t he
tenperat ure in S, dy, bioficl Ak eddhple] BEiandl. O saRiitodih 86 G feedstack @R enbodi ment s,

the acid is ni thgfclrcﬁ:yze@%lpgv@ethyd?olygagﬂga@m&ﬁ5 %onQ£6 @b&%mpm@él%bl(lay\// VV) to about 4%

(Ww. In some enbodiments )| oper.at.ed A4, pLessure of about
90 to about 1109tra1 hg]h %Qlie%xﬁ%lémzedfo F%I?:*n?blcﬁro?uct 2%6%%;69 (())Ut T80C, and a

residence time % ca’élﬁ’d%%f“saﬂle“feéf°&'ﬁ’6‘iﬂ’f“°‘li’3d“ﬁ’f"he‘thﬂr SEBHFET CHESHFRERIE: t he bi omass
is contacted w hnkpmstnévedimeps. i wicrotfiabstraiwthatihap heyyorsigpivedtior erpivth qpa pastiglaray ai d wi t h

di si nt egr ati on rafstotdvenyldbi@RBSGraed Tehm @ pettic @t fddy@s is bed o biaproduc, Az SO, enbodi nent s,
the residual sqldsflgnare further hydrolyzed, for exanple by acid or

enzymati c hydrol ysis, thereby producing a further hydrol ysate that nay be
used to support m crobial fernentation in the processes and systens

descri bed her eifiereampersiffed¥f anot her enbodi nent, a nethod i s provided for
deconstructing [0 rFaedstocks bualt 25 espdesinadheia tap bripisiesacdaring « Mo G etliofitlse for t he
extraction of ssgaspricidd @ehitetSn. Pre@ridh bighe el &8 inclidadénidiongyysicdl @) cont act i ng

the bi omass W thha@Glid ofdld fe@eﬁo&m%pls%f‘eédgj)cﬁ@ﬁbetslged&i@ﬂﬁédycmﬁkd ze a polyneric

car bOhydr ate Cogpgeg%ea&d ? P‘gd %La%@%}&r&cte& Qy%ro@}gy anGJBr(a%Hig’éd nﬁes@‘c' di nmpr egnat ed
di sintegrated bi O si nt egr at ed

r
bi omass into a W‘B%‘%‘f’?ﬁmbﬁ Ff%fﬂed ybé"g" lfaé§°§ Tl célhcggr%n 1c|§1?]or ?:fg‘\e/ml?:a1 herein the

aci d i npr egnat eldtfinsprpembpfinenes é WW@@SWI - 'r"ﬁ‘é‘éf“élﬁlcl fFFd%"éﬁ it gestor at a

t enper at ur e andprdc®ses rnbeaRY irtak drfwn teilyipe agd/k fieimcill@pt intb ezapeiqulds thit ey

depol yneri zat i 0R mbe@gil pr6tbksell 6 a@fcfobtbanismil Pebeckses)haS@ i hdd ihdivge Sdhyislsisf rom | i qui ds
to produce a |igulgd, ﬁ}xrg;sglgys&@am ,@mlsragdscgqyéhegé&m%mmﬁ;& n the ,
hydrol ysate conpri ses hem cel | ul'ose sugar molecul es and the residual solids
contain fiber that is |ess than about 0.35, 0.30, or 0.28 min length. In
one enbodi nent , 2EPFEEAS| dual solids do not contain visible cellulosic
fiber. In some ik¥bddbmeenbodimentstis fgdsiod, spch astignpaeljulpsicleeiistpckafor egpmeloerdnt rat i on i n
step (a) is abodips, QwdiSafdnt shdud Bsid@d)B bonlel Miobt) 5 do@rstremd@dtambAproars W) t 0 about
3% (W/ W) t he rﬁ&'aﬂ?@% t]je%trdctﬂ)n &Ly%uz{et%)lt islnst llﬁlQ@Htpregeaﬁlgg t@m%d 20 m nut €s,

and the tenperature in step (b) is abous 160C to about 180C. In sone
enbodi nents, the bionmass is contacted with steamprior to acid
inpregnation, which may aid with disintegration of the biomss and
extractives renmoval. In sone enbodi ments, the residual solids are further
hydrol yzed, for exanple by acid or enzymatic hydrolysis, thereby producing
a further hydrolysate that may be used to support mcrobial fernmentation in
t he processes and systens described herein. Conditioning of hydrolyzed
feedstock [135] In sone enbodi nents, hydrolyzed feedstock is "conditioned"
to renmove inhibitors of mcrobial growth and/or bioproduct, e.g, biofuel,
production, prior to addition of the hydrol yzed feedstock to m crobi al
growt h medi um Such inhibitors may include, but are not limted to, organic
acids, furans, phenols, soluble lignocellulosic materials, extractives, and
ketones I nhi bitors present in wood hydrol ysates may include, but are not

T T



[137] In one enbodi ment, hydrolysate is conditioned on ion exchange resin,
such as an anion exchange resin, e.g., Duolite A7, at acidic pH, for
exanpl e, wH20lyan51708. 5 t o about 5.5, about 3.5 to about 2#2CHUSeri0abisas 2.5,

3, 3.5, 4, 4.5, 5, or 55. [138] In one enbodi nent, hydrolysate is
conditioned with a netal salt, for exanple, a trivalent netal salt, such as
an alum numor iron salt, e.g., alumnumsulfate or ferric chloride. In
sonme enbodi nents, the nmetal salt is added at a concentration of about 1 g/L
to about 6 g/L, or about 3 g/L to about 5 g/L. In sone enbodi nents, the pH
is adjusted with a base to a basic pH, such as about 9.5 to about 11, or
about 9.5, 10, 10.5, or 11, for exanple, w th anmmoni um hydr oxi de or amoni a
gas. In sone enbodi nents, mcrobial growth and/or bioproduct, e.g.,

bi ofuel, titer, yield, and/or productivity is increased when conditioned
hydrol yzed f eedsteoederiil.snedimizd grinflipg, mechapalekebeien (49 stagierpthprehgicdhiegtmest yzed

f eedst ock whi chonbas byl add@eRssisl) Ricaattetnehtcil-hesteondid [@ifmbmgaecess. [ 139]
I'n some enbodi q@&&)& X orgcmi%i&%elgﬁnil@me Exhi@(rimeh@, dJo&Lﬁ%&i@ﬂgndetsQellm&bi bitors in

hydr ol yzed 1 eecet oo ediSostiS 8ol A GLORLARA sm used for bi oproduct
production devél'opS I ncrease Tol'erance to 1 nhibitors over tine, e.g., by

repeat ed passagi ng, rendering the conditioning step unnecessary or
uneconomn cal . Refdudf)dfedactizne enbodi ment, an extractive renoval process, as
descri bed supr gis) s sdis esbodirish, @a Bedadck, AuciC:OMictlinlRifad o @ ©@sige, ¥@d | mpr oved

ni crobi al  gr oW o AR bkl sRREQEMELis préirealld to relbvOExki@hves. BrtrhcBes arhlabad, and/ or

pr Odu.Ct vity. lﬂ'{'c]lt isO th?acte I'EOOglé fgé%srt]t b g‘r}ocgsés:[u{h%sc cB&pYe?ioﬁ,ﬁr%}ﬁ%&veﬁ%&ﬁc‘ﬁ(ﬁl,s1 as.
described supra, 1S used In Addi T T on to.a conditioning process to inprove
ni crobi al gromfﬁ“éﬁﬁ?G?WTW%%?ﬁHﬁﬁf?“@@6*?“%?8?5%??”?#tg&?“?ﬁ%ﬁ%, and/ or
productivity. Abenaix¢omppetds. god righerriyesaFxipsiveTess gelyde hut 3¢ neidimid toysiagraicn sone

enbodi nent s t 0 g€ Raniati€ 4-Bdrodbhekdol: kediNalillisitid, eyeinglicbydra@iin, defurgr oducts wit h
comer ci al  val YGirdefneBylfurfusil, S QhoSrbnicARE EQFactil B mbyBPEANA QRN s js@fal par aneters
(e' g_‘ ! | ess r esIroguct%ngvstrrglggr@%e@g&)m\;i&g eJer%;gtg'qgiE}ﬁ;d&t, L.Q,%ioﬁ&%fo&ct&)@pﬂggss _CaUSt I C)
required for r anaF oF_ ernmentation and/ or bioproduct, e.g., biofuel,
product i on i nhi®BFtBFE ™ Fer nent ati on [141] The bi oproduct production process
her ei n i ncl uded!fle fresemiefiomts GfragvehirarRstsE BierP € mctietionpibduces a bi oproduct,
e.g., a bi of ueldeconstctimmorief@ipick.i zed cel | bioreactor (i.e., a bioreactor
containing cells that are i nmobilized on a support, e.g., a solid support).
I'n some embodi ngALS, an immobilized cell bioreactor provides higher
productivity due 9 thp ccu | ati on qf i ncreased productive cell nass

wi thin the bi orB3ct Bl ESrpar e M Lost I e ek "SGsPended cel 1)

bi oreactor. | n f&wfed PhEgd tosxtragt pd relsps oI meromeris PIY8T REIRPHC &€ of i | m on t he
support and/ or dpetuike @kichsi ppend toparrddicg k.o diofus), it dyecrajipldayvhefatiopad fespibed [ 142] The
bi oproduct, €. Gherein. b b dbBbodimPHisQEHYGbrimBou B aR 61055 in i fe@lidk in Blldsct@Sor cONt | NUOUS

fernmentation thex@ice[ﬂloger. %Q)Leg@lﬂlldﬁg?t, &99&3&&@9@%&1@@9 'bitjﬂla%ra‘ndme stIg§ ed Sj[ ock ( €.9.,
hydr ol yz ed f EEdSOE Ou? k;)r aénedt invyﬁetfegﬁtgc%mllhﬂgst anQ{leO(ii:e glgse str ean) . Conti nuous
fermentation mflm zes the unproductive portions of the fernentation cycle,
such as |ag, grlbfk i soussabotiaivae Geffer tPrisaed P HiEr e R UETHy *t4pi t al  cost,
and reduces t hehafyerrbrased Hf hydrelie ndlut. budrre redfigitd &, nittideeid formiqprigrpeeticngd. oper at i ona
costs and ri sk psmeeiaad Btodbrichcidisii@mianid, ops @ siBn BdtdO I one

embodiment, acid hydrolysis is performed in a single stage. In some embodiments, acid hydrolysis

is performed in two or more stages, under different conditions in each stage to hydrolyze different
components of the feedstock in each stage. Acid hydrolysis performed in multiple stages may serve
to limit the impact of kinetically controlled carbohydrate degradation mechanisms. A schematic

diagram of an embodiment of a two-stage acid hydrolysis process is depicted in Figure 4.

20



[ 143] Fernentation nmay be aerobic or anaerobic, depending on the

requi renments of the bioproduct produci ng m croorganism [144] In sone
enbodi merwe,20emisiTeaobi | | zed but anol - produci ng C ostri di BETASRE@EI0039833
fermented anaerobically in a continuous process as described herein. In one
enbodi nent, the support is bone char. In another enbodi nent, the support is
| ava rock. I n another enbodi nent, the support is a ceram c/steel support
material. In some enbodi ments, the Costridiumstrain has an increased

tol erance to butanol and/or an increased ability to grow on the support, in
conparison to a corresponding parent or wild-type strain, and/or in
conparison to C ostridium saccharobutylicum B643, C ostridium

saccharobutyl i cum P262, C ostridi um sacchar operbutyl acet oni cum N1-4,

Cl ostridium acetobutylicum 824, and/or C ostridium beijerinckii 8524 when
grown under i dentli sseid Gyowighisbyistenngay be desied8 jo sbmers @idood rbaditariewitidhe r eact or
support mat eri adidsoldishn ihbREENB LAY b OM avieE &ofon @thehyslaigis gaeE wsBras to nmaxin ze
reactor productleyidimpreditoR BBl dﬁ&{,uug%ay%asd&mtﬁ@asmg o afkst B N zi ng

fermentation gan?ect{ot? an '(y %Letegrlezsel in conun 16n Wl'[fl cljarllsc(%{ (%leélg @arllllab% spegd%g‘;eg(:t ti e,
m ni mi zati on of*Pressu ro za I on I eaning 1 n place.

[146] In sone é‘ﬁiﬂﬁmedrfﬁtht"gpefaﬁ’ﬁé?f‘sé‘ﬁ i“%&fP‘negtf‘tP’é“P fpatrol réaff&‘ﬁ“‘éeéce EPG&t ri di um strai ns,
are substit ut edempraturegioaingdactoeevirtsds s adistyd op-tire phliematiyptreagiyr copfgedetions “ithe occurrence
of phage i nf ectsin@iosily simjilak frdpertiéIRey aBd be BDiLR. Hoi sRrinPla @ hadikobtal dlBdftode used i n the

bi oproduct, e. gomgﬂhoqtn%Lusedsm%ﬁsmf@ﬁgr R REESSaS peasibed herein. Wen

mul ti pl € bl or e%Ct Sm sg'rl’leeem o?lrengntstlhor e tc(): r%‘ nh h?&er soqu{:)le sugr gncéngatén?rl es and/or in
parallel. The AOVANTRGES t of eact Qrs e lar e bi or eact or

i ncl ude | ower ff‘iﬁ‘ﬁ?‘)?ke’étf‘l""dsrfl°‘zfﬁ’d’lefelﬁ §’B&°Irgfddf P e 501“8‘5‘5%6": ProdEf s up

producti on, gr dedolypateghyiciniainyan ineseagedhpygar eocenfrien (feg lie dlifuin watepidedgithsat er producti on
flexibility. FofisegXabhanembotinehis\intiind-stalpi ddneadit ot igdrassiyrrises it @ddem oof f - | i ne f or
mai nt enance, Cleﬁ@@iinglgatwggtﬁg ditlal A@d eicl@ﬂmces@-l@@edt R&ndchibc@mM, toh@idts maRpr eci abl y

I pact I ng t he (} ?SIEaFe are ClBSGl?tngchl%r Qerléllgsgs opagoutslg"pg%llt@o% olf{ﬂe l‘glqpeg\gésgﬂ?ﬁg s in which

mul tiple bioreactofs are |orheac orshn%)éis ??b in,un eg t he sane or
di f ferent condifBed confiforgy thg Sﬁ"”'g“f)g&?:%ﬁ P& BT RELE DY “RF P RN RNt

hydrol yzed feed& ef¢k cofluosfine fegstoek. Higifits s @aiply Hpas s bgekssis ofhid ef fluent from

t he bi or eact or Senig@liulognieldingls mafido agifof yloe ridh hydwlysalo evhaayipised stfy watherul ti pl e

bi oreact ors f OrsQGAMEE Hom@fe filtiGze Bd OREORNGILIose, Gieling,a clMoRith@)arolyatle. t he ef f | uent

from each bi Orel%i fj@g @soly@&e11hsgtcntqn§rgp@%@at,b%ud@monﬁsgegor recovery of
afll

t he bi oproduct pioreact or enent drolyzed
feedstock is f e ;é]oqu-)erlmce lul e ngn recf'ilcm‘ant.cellul{mﬁglongg comgonen’ts cy effluent from

the first biorgerspee pdolpsaeroring 8“3“‘%%%‘6?‘?%%%&“#@%‘1%%?%ﬁ‘t?f*d‘f and the

ef fl uent from eatsbsehis phdlaooreri axd hetingertires crabof majosiptrdestmgncydxt s Ubs equent
bi oreactor in ture 8@ hihiRSto, gilddR, nRfinbde, Uhiachde. OdBarbdi Qiseb chdfids mBint@AQWOr i Nn the
series is colleghigtldandihRy mQﬁong%%ﬁcotn%osJ g6 gma&aémgsfe dikendpingRr oduct, e.g.,

bi of uel . The effluent 8 L8 9 0rlrnatryto
secondary bi or eac[f’ail)m?l%?){mmn(’tl“ﬁ&tto ‘ielhglose /e OtgjI i aﬁqq%ﬂ% f\%l éIl;yﬂiof the system

Nonl i miting exdifprEdags mpritugdeas g b"f’“e%t&’@’f‘fset"‘fdéré‘t“}‘?ﬁni R EIE S enoval ~ of
non- condensabl endpthsasitingidfope myansiade itz et froted to. ldebiserrdedphe. ¢ sol vent s.

arabinoxylose.

[118] In some embodiments in which hardwood is used as the feedstock, the first stage hydrolysate

contains about 60% to about 75% 5-carbon sugar by weight and about 25% to about 40% 6-carbon
sugar by weight, and the second stage hydrolysate contains about 80% to about 95% 6-carbon sugar
by weight. In some embodiments in which softwood is used as the feedstock, the first stage
hydrolysate contains about 20% to about 30% 5-carbon sugar by weight and about 70% to about

80% 6-carbon sugar by weight, and the second stage hydrolysate contains about 90% to about 100%
21



[ 150] Each bioreactor in a multiple bioreactor arrangenent can have the
sane species, strain, or mx of species or strains of mcroorganisns or a
di f f er entwopenvss706strai n, or m x of species or strainsPofi/us2e00898gRni sNe
conpared to other bioreactors in the series. The fernentation effluent is
then renoved and sent to separation and recovery. [151] In sone

enbodi nents, feedstock is hydrolyzed in a nulti-stage process as descri bed
herei n, and hydrol ysate fromeach stage is fed to a separate bioreactor

The bioreactors to which the different hydrolysates are fed may contain the
sanme or different mcrobial species or strains. In one enbodinent, the

bi oreactors to which the different hydrol ysates are fed contain different

m crobi al species or strains that have each been optim zed for growth on
the particular hydrolysate being fed to that bioreactor. In sone

enbodi ment s, diskdien @t by Saihs wifein flietonqslag isperiomedecd hiphs emprrage things are f ed

hydrol ysate fromggifferent stages of hydrolysis of the feedstock. [152] In

some enbodi men L U% to s mh gé{) e@gaéet:o;l@s{ d @rﬁo\{lﬁeg&rﬁhng of
bi opr oduct, gﬁ" EIStfw‘lg yr IY%Q] GIJI T hl}lﬁnyl;l ermentation nedia

se
or a feed str eé?lﬁi Fape Sf"ﬁrla‘fﬁf@mf“é‘l'dﬁﬁif? i F"'Serate mthﬁ BF Stfﬁe/l’ytarfﬂf/m W NG maxi mum
utilization of S@W&%@!%S@@t‘@/d“’la*ﬁ@m‘ie%c“&?/’éﬁ‘déaéls°¥‘ﬂﬁt‘1?yb'é‘i‘1‘fe§/wﬁ]i’fﬂm “8rals. In sone
enbodi nent s, prieekikalc sipSatibrsed ractvedl yifld & sivbldresae febdratseindm tigiyidmshe product reduced
effluent is t hqﬂﬂ]uﬁlg&jfleaﬁao@meir@31@§$0Qﬁ{§gefhﬁl‘oly§1ﬂﬁyerﬂﬂﬁéﬁ at Dhighér@agdaar il t he seri es.
[153] The order, tsQ'e%l%@?st ors in a series can be adj usted to prevent or

renmove bl ockage 0 exgessive m.c when t he
first fernent or[ 2?] Inéorrg 8?1)0%%&“? gygré)ﬁsm is perg)ﬁneg aha %nc a\é\l'% conc_Fntrq_loxr ﬂ?&ouw&%ﬁ t can be

pl aced second i®PpPuitOf%. skasyojl 'éé‘)at"’ﬁ‘°|5%§P‘€*é’é%ﬁdwu‘rlé’ca€‘?“§ﬂe’°t‘éﬁb‘f“f"u’?e?]ft’“tb\;/'t h hi gh
product concenttyaadui 3k, @ Ebowt EULIGETHT drufbedstogion for Hob ineiolgsiststhrat at piargpetprhéfbi t f urt her
cell growth. ThewutiboTBlpsut$Trd ih hd¥gst Rbe shd1@enpdril@rof Bhut fi@ foBnt200°Gin @Y pr event
cel | overgrowt Qecﬂﬁgagbm&@&&a%péstl& DO SRR teRor eihGheRY nirhGi ease over al |
productivity of e system and/ or reduce operational costs and burdens.
[154] In a contPuous process, it is possible to obtain a hi

productivity tHEA Protsariefinesy “Fé‘ﬂ‘dﬁ?&f)é"ﬁd‘ﬁ@?ﬁ?f@@%ré@ fog pofrplesiss @“tg%ll I
concentration asdout fler @b 1.uigedbouf 1:1o acistlgingrepefortike rafieet i i srid@péndent | y of
each other. | n aBouS0Rdabdidsa WS FTBIHb@L % 10M A cohdiERtusibnGear@dotaf Vi ty i S

cal cul ated by qmlgtbgil%ap\gagomlgragg,gudgﬁ concentration (herein,
i nt er changeabl yu(;almSmneen[l rate (i.

er') ti nut r
the rate of Ché o B\ ti_og%ieﬁts thesq'iubl sugarefxtractﬁnmegdfromlih %ee%stockmhllf'i%}t%_tla%pl nverse Of
the bi oreact or WS AEw o oo A% 5ralePrif AS Dok FR/BBPAN PIPTER rate i s
det ermi ned by tdestgmdSrt 1020146160, B 75c%18P, S s Y tfmm hapvrdluiessn ¢abl y mai nt ai n
in the bi or eactedbadimétis, B sQdRSdza Brractlinlyitlf fro@i3olid Btide ferhainig pftcenieliisisegat consunpti on
rate), as one iPEHEAIER b8 sl ElyIBRE AtioR B alilal &bu bNBL456885, BEssiaRi Nt ai ned, the

pr oduct i vi ty I 895'9%‘ ]Eu}osean aalgogtl leant%boﬁq‘%e(yddr 1#@%\{&{&1&,@% %mgay be times when
it is desirable to rars 3af

ution tat btex hg %hshorttlrre
relative to t he™PuEgs °d‘E?F‘8T Fr‘b‘ilPS‘B‘fS“c’f"Ibr"’és}‘f"br?sﬁ‘ﬁlﬁet“&fslnﬁ’h < uliE PRABE!
bl ockage, or " urrdetyefatr rriciary andagfihagsugar degragaipn prodss DYlipimigiagieggaditipn b| or eact or s
al | ow hi gher caomneen nikadtiicprsatodt spp ek rotnaibe wigheldosissn fingen@e pievesh- at € and
therefore, the fhj M@%s&ﬁ&m&&ﬂen@@esﬁdﬂﬁ tlﬁélndﬂélgchol}dlis Jeddiod (@ RrstsBde @iGic resul ti ng in
a significant {rpﬁy%gm%m wyoqlcmymsyrbz, HouP 1AL rhidike, Mﬁge@;regldv,@e to cultures
e

of suspended c re can be
utaIS Qr u g lalgotﬁt?(? rmmyeh foxﬁ%rﬁrafd eﬁma%erl% and r%illden%elfg

nai nt ai ned thro ﬂfaE"Btﬁ“’aﬁ"uouS renoval of
product cont ai nfPrrignch BeofEsiRe arsioe stse wiEiRoid bypplysis @y b dpra P fbﬁ)“t prigtesct ors can be
used. Bi or eact opsit Ftosbout Weningterntith urousiddne timeprtlagen fghmagfial Ghe gsedeeobut yl | cum ar e
known in the artmesdalbeDtfectRal the MRS of bhiedbPadcodthdtion @k 1 afp B8 acd@difions. [ 156]

Bi oreactors for use in the bioproduct, e.g., biofuel, production processes
and systens herein are designed for coniinuous operation for at |east about
100, 250, 300, 500, 750, 1,000, 1250, 1,500, 2,000, 2,250, 2,500, 3,000,
4,000, 5,000 6,000, or 8,500 hours. [157] Bioreactor capacities

contenpl ated for use in the bioproduct, e.g., biofuel, production systens
herein have a capacity (total nom nal volune) of about or at |east about
100L, 1o0o00L, 6,000 L, 10,000L, 46,000 L, 50,000L, 100,000L, 250, 000L,
270,000 L, 500, 000L, or 1,000, 000L.



[ 158] Numerous net hods of fermentor inoculation are possible including
addition of a liquid seed culture to the bottomor the top of the

bi or eact owoanty/1sewsr cul ati on of the nedia to encourage @CORSRomWBBaAZhout
the bed. O her ways include the addition of a liquid seed culture or

i npregnated solid support through a port |ocated along the reactor's wall
or integrated and |l oaded with the solid support material. Bioreactor

ef fluent may al so be used to inoculate an additional bioreactor and in this
case any residual fernentable materials nmay be converted in the secondary
reactor, increasing yield/recovery. [159] In a simlar manner, support

mat eri al nay be added to the reactor through bottom top, or side |oading
to replenish support nmaterial that becones degraded or lost fromthe

bi oreactor. [160] M xing of the bioreactor contents can be achi eved

t hrough t he spargi Digteaifric Sid@fetcht@engBSpver®l adyantagec@tr bty @xcidgetregmenN2, whi ch may
al so serve to nﬁe%ysﬁmonaala&eamsraa&quad @ ondedlBosC Pldebih B bldfiQu@itkBe nmai nt enance

of pOSI tive pr essy{aigless teel Wy tganh%e gge%@&l@éxp nsmgat&}ﬁg'leq\{l gfogﬁ‘ér (CO2 H2) from
the fernentation al s e reco de

resse o utilization in a
gas lift or ot K& %‘H’é"“’lssé S(‘:“fhdsrdﬂ‘ft%s‘ﬂﬁ‘ﬁ‘iaﬁftaeiatﬁe“aﬁgg‘i‘”gﬁ o St%r‘ae?ps"’a' T2ed, wel |
m xed conditi ondyantesd Tughe. thehvprelysis prd aqyirliegipa Broces is ﬁ‘ih%‘l“ﬁfggeltthff erieatiliggnt ent s
i ncl ude the usénfghenaiph.tintons ebd@imedtdtedrsleed sirgud aghéuatizedfithbemarent at i on br ot h,
particul arly brRiubk sh@intifR@de. ARAmbE nfdhtOE SBEIObr nitfobr@histhshaneiemmal of a
fermentation prfegg%;mpnjcgssorre enbodi nents, the contents of the bioreactor

are not mxed, é125] P aTéci forv%%?fldﬁédfoﬁ%ﬁotf stoclEalreO soc? q)edme{gggg‘:[N of evolved gases

to m x content T ohCondi‘tronsare Vi gorous, the gas
produced may bé3§‘t§?7f‘l7@?5@1”1?2%165710%3@5\%%53?%515Wé1’*°e"§%606?9°?)xygen to the reactor.
For exanpl e, am2énagmtigieaaseheiytis@rocefs@s dgscribed bSO hydplpsgadaayrs)ior eaghi staggo Ut

tenperat ure COmRdaykhe Aichr GRRLAFIRExEIGhIef REctTB RigBibcBnay i Bighttdeloeer Ment i ng

m cr oor g ani sne ’cachQ;QhaL Dﬁ‘zt stdg(?reagtprefd SJ‘H‘Q erﬁbbcﬁnegtpghyﬁtgl Mor &a@ hdde a:n 1n§m;l ot e) may

continue to consune n I t bi of uel
[1635 :Jn sone e‘z%“ldodfa;r‘i‘a‘“’fatg%fa PHe® %%O%rggdgo %68?00 o3 @%@) 1%P pr OdUCItI oﬁ .

processes and SYUP-aoPL00nP-P.4r 206, W‘B’Pﬂ fnreng e‘ﬁ‘i"i‘l‘i““d%r“@‘a‘h?"?lbﬁé”"a?‘ cul tured in
packed bed bi oneacthobssmalat topa dempnkie @pcitpiulfge foid xdrolyiiscradamrct ors. 1 n ot her
enbodi nent s,  t hR7NinG MAEHIGRRhEIREsiPFotssGitedribedetcih, RucieX pandachitdadd bi or eact or s.

'bn ot he[ enbodlhm@!;@pmésme ahgrg Qngslgw,eaams R b sk bbefvddt Sigks, sl Js Leeuedl zed b|e? .
I oreactors. [00 are culture
r}fsﬁami second nfflra amd.%édrogf ) sg%es %udmg?ecﬁamcal JT'I %a%an]on élr:g

in bioreactors .e., the

bi or eactors ar é‘“’%"aﬁa@r"é stEring prid-ligtis figyidi hﬂi“de‘ir pEqud beéaé‘aﬁ‘eldhaffé"dar"d‘f’“

expanded/ f | ui didgeentinglpadkheating eSuch@pegtions mhy bejuppgjiot spparation Aegradoiten.iaiiitiongf  oper ati ons to
i ncrease over alshearpg @ehigpliimutbday (€. g., removal of detritus, renoval of

"“under per f or m ngg ﬁ%éde»%&bom&lm%ﬂy;se&e&ah e QEBAGHRES tnaepragsedwatl vely small

si zed solid or %essur ﬂas%x ste Inslilrpgrgbc)dﬁentts lo%tpred;s)lrr QTéghgt%m%‘mL fﬁ! fggan@H- Jcc%ﬁ;e area
relative to thé v é‘/s‘iig ticles, ai m Cr oor gani snms

i mobi | i zed on SF?‘iéfadgFf“i‘dd‘Vdg PSS ST RTY %yrﬁ%’gﬁﬁ%esfm&ft “fuid. [164] In
"packed bed" birsreaistheran candelefusd ipfogmsirppprpriugt popesiiratigpanger peyet ditifigien ur ed packi ng

(e.g., Rashi g ropsuss msi@idlaity @fedtheeneypeduyemeits orwvesall prbokssl Toathesol i d parti cl es

that because Ofenf@ibhsGla® sty be FBGHHAREVOR stéa Shifpid dMillaBAPerifiting OW Tl ui d fl ow

rates do not cayse. 9t 1[ ‘é{sioﬁl&ne@ﬁ%l%%s@e%e axi al m)vement of the
supporting materlia ﬁ In contrast, fluj |mzcecL and panded bed

reactors use sdMfl- &8N G 8 & 1y SRS BIF TP RE " S hs P L] éotp RRES al |y

restrai ned mecHdrRayElofgnduptrpgtamptirtoric{prs EpaiTtied Fﬁi‘hd“sﬁ”d’wnedu% ual ly an
upwar d- f | ow ng asteprehinarion thdmef. Petimizhtiod esmdre droinde the urs plasretaidns pmieattibre St r eam or
"fluidized," i .eforme@&idsid@Sthd HydrdlysiCiack, @ndpa bohditdis of t@ydfolyld ehetad taa® The initia
seed support particles nmay become covered by a biofilmover tine and can
beconme fully encapsul ated by the biofibm In sone cases, aggloneration of
cellular mass may | ead to suspended biofilmparticles in which there is no
"seed" purposefully introduced. Fluid drag on the particles is the primry
suspensi on mechani sm but buoyancy forces can also contribute to the
suspensi on of the particles. Typically, the bioreactors use vertical fluid
notion to suspend the particles, but other fluid notion is possible
including fluid flow at a direction perpendicular to the vertical axis of
the bioreactor. The fluid velocity should be sufficient to suspend the
particles, but not |arge enough to carry themout of the vessel. The
fluidization of the bed allows the solid particles to nove around the

bi oreactor, causing the fluid within the bioreactor to thoroughly m x. The
magni tude of m xing depends on the extent of particle fluidization achieved
|n the bloreactor FIU|d|zed and expanded bed bioreactors require

o, . o, .




conpared to packed beds because of the volune of fluid that nust be
circulated to keep the particles suspended. [166] A "fluidized bed"

bi or eact owOcorw@iTes support particles with imobilized RCTMAUSIIQABISIIE
fluidized throughout the full volunme of the bioreactor. Particles exit the
bi oreactor through the outflow and have to be separated fromthe effl uent
liquid and returned to the bioreactor. Support material can be renoved,
optionally cl eaned, and recovered fromthe effluent streamthrough the use
of settling tanks, dissolved air flotation (DAF) systens, centrifuges,
hydrocycl ones, filters (e.g., rotary drum, filter aids, dryers, or
distillation apparatus. [167] An "expanded bed" bioreactor contains
support particles with i mobilized m croorganisns fluidized in the

bi oreactor, but the bioreactor is designed such that the particles are
retained in thentbii6edhe agta@tionatddr koolyRiodf thefddfiock hreoaigdy b tigcebuinfréagdy. An expanded
bed b|oreactord&gﬂ&@&Q@mﬁwQﬁ@&ﬁ@ﬂ&&ﬁ%@ﬁmgagenent zone for separating the

fluidized partigle 1omucehl Luid. . thers i A atiherRalticles within
t he bi or eact or [194 hslbopg %ag:rlrg e ;!?@J%J%Xdﬁe&@d JE'ﬁbQﬂl LD e rRA

, aration %t Eegducles fromthe
fluid includes h’?f°l¥§)\ﬁpﬁ’§f“la’rf1§s°‘i‘}’é‘1h88?3t“§/afﬁffw Wép’?"f’sﬁf“b“’“ple ° RERE“EHB0di nent's, this
i s acconpl i shedhalssptifuevemanees i Theportifyens eretgiipg may bedesieptd gich thyt .samgfionof e bi or eact or .

As the fluid veketlbeyvesouysrplydshgt apiditbdntod iegoidsd. &rspmetegbodimdntsabydobitis of t he
fluid. The t op ulﬁteﬁ;ﬂe%raﬁfcorttﬂﬁusgﬁf?ij)uﬁdrﬁleﬁgl HQHY.A SIS R0, 40 e, gsos free of

particles. An aihSh 680D 6RUGH s clobloshoRpOr Lion O remove effl uent.
I n some enbodi nents, particles are reter %mMQX%Mﬁ&gmlﬁggci ers or screens

W thin the bloﬂﬁﬂc%@?n“meﬁ§f¢%F ? > di'zed or expanded
bed bi or eact or usfdsg\geerey chtfﬁéwB??EOF‘B‘FF%P‘Of@bﬁeﬁﬂ%‘?ﬁpﬁﬁssfd@f%ﬁ?e&t| ons in either
node for the ceudrosa@addi sogrcef bcaicity emamiont Autsdng pmbodiments, Agnfnagynfringresidue it he
fermentati on camdalii@uRale RRLWELSH 1M thes. 4wy bnpulshe 3eorsenat a single

fermentation. Q&lﬁma Q%B%@&W&Mﬁ%Q@aﬂou%xaboﬁt@ﬂm%tme&%mbbwge conpar ed
to conventi onal %agm%g&gog§ bec Usg fluidization

ed
wWithits r E,‘C]UI é(i a{)%t 1I ﬁerﬁe saatédet dne%[%sul?lemarybetbumederren e(l_}m)re cb per for ITEd for
exanpl e, at r elegerptigm paificd fogpbseapan co éﬁ§WF?%§“mﬁl@ﬁIﬁPﬁﬂﬁﬁFsébncentratlons or
when pH or nut reenedntd té atiroiroge refudts es devel op that can be corrected through
i ncreased m Xi G210t okeRBLl O, £RGHOE pr& AR BebBstructifgbBdss thatvonsans seditse enbodi ment s,

a bi oreact or nqyd hgﬁceﬁ&geffér gxygxﬁgnoh 5} sx@ar\ﬁggctﬂ!zs% the mlésls Zl(ﬁmcall;d incffics: '(a')q clined

configuration, mec n?[’?(dlsmte atmg?eblom 1nthe%r§seen e%i:wahl' OJ‘un«?erpressure thtcrgb | nprove el ution
of evol ved fermenfml P gr ation and netrics for

ope
t he producti on PpfiRedigEd andior yapor andsofi ?Smteﬁi‘“ﬂa‘a*&aﬁ O Wﬂ“ﬂ%ﬁﬁ‘d? a&?”‘“y"ip‘é | d of
bi opr oduct, e. dwonthbbiafyelhereiprpuet teomompdiaprén cenprten Wkt @) &) bi or eact or may
be configured astadting thddisEikdrad BBass vEREI@Tan dmoimsufiblinhideboly@erirtipelyriead t 0 be

reacted is fed jftQnt tbﬁlp&&ﬁofmym&lm% lthQrWyI)rLtﬁMylg acidirhpfatcd SinSQ0R vEARPdiI NENt'S, the

anount of a Di O e aci & 1a' % yo%lasm% otan‘q Y r@sgxgelh oduced per
amount of sugarBF 9 e %mgm ?3§sm%¥id Be about 6}£a% ['east gbout 0.1,

0.15, 0.2 0.25,%i9 W?rem(‘)"e%d impipeagisd dlsﬁ‘te%a‘ 5“"2?58 s hfi“l’ed 8 SEFYAE per gram sugar
converted, subjtewtratnraung fpran anaynt of drglsffciept gerpi W"@W‘@Fﬂ“é‘fﬁ%‘t“ﬁvm‘l n some
enbodinents thed fermentation may utilize about or at |east about 40, 50,
60, 65, 70, 75, )8Baratity0lidHm iR to Hiuce Difguid BBrolysR adBupioidhe avail abl e sugar.

I n some enbodi n%@rgm tF h%cpo? Ee c Ql[amsasglublle%giﬁgelluﬁggﬁézr mglgculesgxgi ithe %Qdual §ogds 60, 70, 80,

90, or 95 gallons 0 er tonne of

f eedst OCk or aﬁnta%lﬂlﬁstc? eﬁgfexanﬁleg% (t%:ﬁls at fiasna%otfc(#]% or0337 Qmmq (ljn dependl ng on
the feedstock tomERdimprs. thraeds mtm[afmr°°P°ﬁm§%%abé%k{dﬁ‘%ﬁﬁb§“‘ 0. é/° W(VBp‘P oduct such
as a biofuel, eomgembollimeplyicdiootris opaateprt optespedf abpt oo didetd i t y of about or
at | east abOUt tdmperaure 0Baboud167°G to atfout 186°C Bd a rdslencelize of oyt 3 B@hout2é sbod®t0 35, 40, 45,

or 50 OA  [172],)4 -S85Es SRRPHILABAL fsor LRLBAGE, AL vidhRs WeRhdd GiePr oduct i vi ty
and bioproduct,. e.g., biofuel, for exaqple, butanol, titer nay be inproved
by reducing the particle size of the inmmobilized support, whi ch can

i ncrease avail able surface area for cell growh, resulting in higher

bi oreactor productivity. By fluidizing the solid support in fluidized or
expanded bed node, and by using smaller particles with greater size
uniformty, mxing can be greatly inproved, permtting optimzation of
nutrients and pH, further inproving fernentation perfornmance.



[173] Some Clostridiumstrains convert sugars into butanol, acetone, and
ethanol in a 6:3:1 mass ratio. In sone enbodi nents, strains used in the
systens awo 2proosesses descri bed herein produce a | ar ger PRTaSeei0s9s7df

but anol relative to acetone - for exanple, approximtely 75% 25%- with
very little ethanol (about 2% . In other enbodinents, the ratio of butanol
to acetone to ethanol can be about or at |east about 58:12:1. In sone
enbodi ments, the ratio of butanol to acetone to ethanol is greater than
about 58:12:1. In some enbodi ments, the distribution of products produced
by the Costridiumstrain can be such that the amount of butanol is at

| east about 70% the anount of acetone is at |east about 25% and the
anount of ethanol is |ess than about 5% This higher butanol selectivity
results in a higher yield of butanol per unit weight of feedstock.

Furt hernore, seta@@iiorfgridSibpte@iais. whiahmangd with Hisigdseton bfite birmobs atdottagtighce and hi gher
but anol sel ect Lemhkamisdﬁle@sﬁbodlmbkJejldz‘ﬂdﬂue&v}uﬁmmtedcﬁaa(arﬁ;ﬁsughcﬁd in a higher

concentration 9 p%‘llst t@QQJse sl)l&le%@g le@cBlQé%@& f’l’xz Jelglﬁseblr)epthgebkf E‘r@d\{dlr@gfu&ﬂaﬁ reactor,
t hereby requiri i Fara | Of, Phase, and redum ng

eshst & %iosu ort rmcrobgl 3 ent t10n m TOCE
operating cost &EBEPHRY V\E Hse, ané“l1 fetycle GRS em ssi ons.
Ferment ati on néfd‘fnbﬁdhﬁﬁePM] Fernmentati on nedi a for t he production of
bi oproduct, e. @331 biohyelbpdinpnotbucta dogibd aiors i deedypckiomss gt | g hydr ol yzed
feedstock, as dessshiRBA «dem@itiRiose BBthdexEaik  Ggdifoldds M@ntalhasicar bohydr at e
nol ecul es. 111%%&%%oﬁc&ﬁélgﬁn s@c[) Ec) aksﬁen@gﬁ'e In'stgbr@d)taﬁh a@khperRR IO P iate carbon

source, ferne nt at % fc1ent 1o pro%cefa?wdrogs%{g E)%Iaoqlta.l?sﬁxlentlugpulloge stpglarg al;lc(i) 193%@31 s%ﬁ)(fsl rce(s),

m neral salts, S@dP & onents suitable for the
growth of the (E‘WI"'E“&F‘@%‘“‘%%HH"CHP%%SElhﬁ‘ﬁb"btl" 3% & %ﬁ?}ﬂ‘ﬂi‘f}? p[&'f“ﬁway necessary for
t he product i on eotfeditdyetheresslinf widis doapt gumtain figblapellulogiyi figdr- pjome eppedipentssthdyut anol ). In
sorme enbodi MeNnt&d cofatrdticn bl (caf abdni @RI BoP1.527 (WiHY, @Cididemod thue tnlyer@of ar e

'nC| uded in th%Jﬁs%ﬂ&@&&&ﬂoﬂiﬁmga&nﬂﬂk&mﬁmuga%ﬁsabdaméd@loy@ﬁd feedst ock may

ObVI ating the need hfs‘)r cfgmtn?onﬁlpsgt%?ﬁ ‘ement th X er (W/‘Wt76 The

]
ni trogen sour c&°HdY CBW Brkre et B &e sty § é’ﬁwd abalffeésére Ofabﬁ%t J(;:I"lgs‘h“t but not
limted to, anriirkisaesmtrs ofa'véé@fc teabeuf HEE:, and@éqmﬁfmg tne@f)abwf HedrtPcsL), and
ot her protein SOUIGES ehtddihaiaita Gpmalkikconnoéd wiithmxtedrttte@d inghegnaibniviédd pr ot ei ns
recovered fr Omn{j§, &dith JhﬁIte'grgmn e HiGLABAL@LARN kb D Tl ko emBinEn@CGheS deri ved from

the restdual S eRALAL STl Bk, AELLn B3 £ BSANELGHALLED fer mentat fon

(A ostridiumextr i ? T reseplf tauh ! |um|ntheform
of phosphate sdf°f€s ag‘ﬁt&%hyﬁrgl Sgtﬁta“lt ?’h e%egf"éé’ TR B SmonT U phosphat es.

Sul fur may be m"é@@mde*ﬂ*?edthﬁ@n medi umin the form of sulfate sal ts, such as
sodi um or amMmoni3gmneaihérattedmentiicabihbd iomaided Sadetogstricing biorokes thatyprtaingr e not | imted
to, magnesi um Sbikiba i@ hemiFRINGR REER xS B mdlbRfrilebdbas, indgN@sI um chl ori de,

cal ci um chl ori qgﬁactmegm %thcanmm agamt smregtkoqepgmeg{e;pL@,meJc@d;bg@me chl ori de,
zinc chloride, cupric cgll ride m ol ybdate. The

ba
growt h medi um YOSt &8 RBATA ‘°rr1cb lrlﬁac‘dlmgre 'ﬁtedql htfgf?paﬁ%masé’(ﬁ s&Bchl ori de,
bi otin, and parts Wﬂ%@ﬁ%ﬁeéfa“&éimam(‘%}&?m HrprEh aFeEsE ‘ﬁa"ﬁ‘%gd‘Fthh may al so
contai n one or wineiehdyeid ifnpreghated digdipamttd bdinas ipheged | in {EGestor g mpsrtugere r educi ng
agent (s) (e.g. ,forGyamRi d@nekliBikent top&iil O derBiPrbhiikatian keatGdndd oluur; MNic)GEpariiBy Serve as a

carbon source a.sglgs fglﬁ' llQ.lng it) grr)d'uce g‘i'clu;-d Hyrdglyﬁtg ngl }e;uiuﬁ E!Jﬁds thr&nll?e]hyd@%ale mal culture

COﬂdI tl ons fOI’ c\o/n%)rt.'lées lélr%l e?}lﬂosé’lsﬁt mo?ec e}/ané ?SMuaﬂsaldscmltcr 1a§Ii]e|ss anaboa[e knovvn I n
the art. As re t urture con e anaero

nicroaerotolergﬁf°3%W°§§WbBF¥m ﬂ@FSHPQmeWHFFWBW§S@P%“Pﬁbgﬂmihat cont ai n
oxygen di 550 vesellulosie fibddn sepekimbodimgrshibeabis nisiprcid ot e epbiertrationn stem@is ool d not  be
abl e t o di scer n.i& (divftf DEueIra@/w), br 2@y g ewiwtid abdasSshgw/winihd risidénbraimaid elépt | onal

di ssol ved 0Xygep).s 804 ool 208 Rl leaftaue Qe ¢)isQms: 18P S0 Ihesecwher e sonme
di ssol ved oxygen is present at a |evel 2elow that found in air or air
saturated solutions and frequently below the detection Iimt of standard
di ssol ved oxygen probes, e.g., less than 1 ppm The cultures can be
agitated or |eft undisturbed. Typically, the pH of the media changes over
time as the mcroorganisns grow i n nunber, consune feedstock and excrete
organi c acids. The solubility of CO2, produced during fernmentation or
present in the nmedia, can also affect pH The pH of the nedia can be
nodul ated by the addition of buffering conmpounds to the initial
fermentation nedia in the bioreactor or by the active addition of acid or
base to the growing culture to keep the pHin a desired range. G owh of
the culture may be nonitored by nmeasuring the optical density, typically
at a wavel ength of 600 am or by other nethods known in the art.



[178] For converting sugars to ethanol using S. cerevisiae, generally, the
tenperature is about 25 C to about 35 C. Useful pH ranges for the

conver si omormeavsmosbncl ude about 4.0 to about 6.0, about P¢TAISC@oAabasas 6. O,
and about 5.5 to about 5.8. The culture is grown under anaerobic conditions
w thout agitation. [179] Costridiumfernmentati ons are generally conducted
under anaerobic conditions. For exanple, ABE fernentations by C

acet obutylicumare typically conducted under anaerobic conditions at a
tenperature in the range of about 25 C to about 40 C. Historically,
suspension cultures did not use agitators, but relied on evolved or sparged
gas to mx the contents of the bioreactors. Cultures, however, can be
agitated to ensure nore uniformm xing of the contents of the bioreactor.
For inmobilized cultures, a bioreactor may be run without agitation in a
fixed bed (pl ug sérle@wbpdiadntsfitle bibrahis saehtaeiod péintbapribrdaicif iwetednation. Wil Panpde.

Ther nophi | i ¢ baghi@lisaberafioMRBlakd ONSwaiRR eh@EACH simempetngtiumessida t he range of
about 50 C to ghe %mﬁgﬁymdtﬂedsfs}@;amﬁm&ﬁl TERhSe hyl:higis BB goAtighe range is
about 55 to about 719_01¥satethat%ﬁeusedtejsu8po r&g?lglf%ﬁnennapo% tl%nggsﬁtangygtexﬁsange i's about

60C to about 6 um speci es such as C. thernocel | um
or C thernnhyd%ﬁ%ﬁ?#ﬁrlcuntnay be grown at about 60C to about 65C. The pH
of the Clostridiumgrowh nmedium can be nodul ated by the addition of
buf f eri ng conpeouriEsing dntirhecdiisbikal fermentation nmedia in the bioreactor or
by the active %@ﬂ'ﬂlm@m@ﬁm&m a0 zeBEB i O cdniiRndd OMh NGt dir € t0 keep the

pHin a desired.r I of i d t 3.5 to about
7.5 or about gm:{ gggtﬁwth%ngofbmpro%npgg bi tf’lil ﬁ!)j (!tgll %Jt;ﬁ dﬂtmgc%thgﬁ Idrgi%gcfrjor gr owt h of

e,

C ostridi um Iﬁﬁﬁﬁ#PW%EPWG%W%FMﬁPc?ﬂﬁ@ﬁﬁﬁﬂ?ﬁﬁeﬁz@%Fmﬁhmm BoFE™ [ 180]

| mobi | i zat i on e, firdnerheriols sdvdie trmevkliglpyc ﬂtﬂ?f@tﬁteﬁfpweesnd&‘°“t?e‘g*é’tt%ttﬁfe§eé‘ cells, can
be by any knowmwmﬂwﬁmhmﬂﬁwmﬂme@nhaﬁuﬁmﬂW>5@@@@ﬁ@ﬂﬂmmmaﬂﬂﬂhclu5|on in the

support is ac hlﬁﬁf\ﬁﬁdh;lﬂ%c Q:Q }éﬂﬁhd a@lh Bekic @did, ﬁﬁt&c'anﬁu Eh}ﬂolﬂ@on@ouﬁc@@ﬁrﬁlmpr veget at ive
cel I containi n%lhstix%Lo%¥eTyglgqhollg§%frH leeRIQJ Vaﬁﬁg zlcé %ogumgxl;e c§t&11c}l Q:Iettéugab(lng sol utions

i ncl ude, but are eena hi t osan,

pol yacryl ani de " sriatetyTixryEhy ﬁngtﬁ“?&““atﬁg%mgh Tyg% %ylene

pol yet hyl ene gFWeEWNWﬁFﬁﬁﬁ%VF”ééﬁ?%ﬁ@@mmﬂﬂtV%@W?@ﬁ@m%FVW%ﬁw'benzene

pol yvi nyl benzenegmigokyvi nyl al cohol, epoxy carrier, cellulose, cellulose
acetate, photo G136) Sﬁ&nhrﬂkr@ Q«Jal@plelé @'idnm‘momﬂé’ ;ﬂﬂ@JesMﬁﬁdfeSaculﬂtroﬂﬁehﬂnﬁaporﬂl&d ge | atin.

[181] In anot h%teﬂﬁtt@g@tprtﬁ adsolpli, et;gy,ﬁatlstsatde@tmg@gspe@tese, Reubakad in growth
medi um wi th a Sueep tillati f LL OI’It > elmpo(tilme(tjcondntl%mn nc{u(?scor(l%actol imted tO
bone char, cor R™VEIGYSTHREFR" SERES "PoTBus al’um na ea por ous bri ck,
porous si lica, bty edft?ﬂ‘%tfhd‘i*r‘ﬁftfé‘iﬁﬁ%“%‘érs‘tchz)smaﬁﬁt%?"&ﬁi‘ﬁ“&ﬁ’ém pol yest er fiber,
ceram c, (e.(g. nhporsoush caingm tsresyulg bre gpgpodirnighesonsichapee wfitgh apiina conposi t e)

| ava rock Ver Mkchdddelrekif? , lonleRfhnge X by RecheRifl With caHK Gme BBt patbntiflOr OUS St ONe,
macr opor ous si REGLEG.G teaéated in$e ea,toduczgegﬁtltft& rodkBH ptteestsegtcabtte&gﬁatr pl asti c,

concrete, glass b ads. ntl rket one. .Do th ene, mood
chi DS, sawdust orvn:fmdu;!;tafnfa%ba’ls n tLeY dlme%s l{ltﬁrsmaygeap‘rec ttle en a|hneer ed, or

manuf act ur ed pﬁﬁﬂ%ﬁ*@mbTﬁemﬁﬁﬁﬂ fﬁ&ﬁ@@ﬁﬁ“ﬁﬁ?“@&ﬁé?%S?%”Fﬂﬂmﬁupport and

f orm an aggr egatlitg orderrig chloride). pyid/erfaiflpepnlant syc 8 piyethytpnezprigstohather ledosidti ¥ebnt , t he

m Cr oor gani sm indle@Rivaizge pllymyrs.coupl ed to a support using chem cal agents |ike
gl utaral dehyde,psﬂ EhioR A bilinh) BrarbibdatSs codBoned MGbn ex3haSkS RsiDRh)as an R Y MET i C

I socyanat es ( U %?Igeéu)l(;gqﬁlolfe’Ag ag'a!cﬁp fore§am51§9]§§bm{t%t§abofﬁ§ abOLN??tb 3,519, 538

and 3, 652, 761) acryla nsition neta actlvated supports,
cyanuric chlorﬁﬂe45§6ﬁﬁh%ﬁ &ri*ddat 8>t ol uene, or the like. See also U.S.
Pat. Nos. 3, 930”95@°&ﬁ@m9m933@§%@°wWP@B@TMWHmSﬁ@&éﬁﬁﬁﬁwﬁéﬁﬂ?ﬁinnnbilized
spores, such asnetih@sechefan Binawin prigi sl .. @urgoum s@ate @@ek cipddeyhkooum ar e
activated by thesdBbnsShoek s@ndatdieitodckidbiat 88 Aot Spbitage conditions
in a growh nedi um whereby vegetative growm h ensues. These cells remain
enclosed in or on the solid support. After the m croorgani sns reach a
suitabl e density and physiol ogical state, culture conditions can be changed
for bioproduct, e.g., biofuel, production. If the imobilized cells |ose

bi oproduct, e.g., biofuel, production, they can be reactivated by first
allowing the cells to sporul ate before repeating the thermal shock and
culture sequence. [184] Vegetative cells can be immbilized in different
phases of their growth. For mcroorganisns that display a biphasic culture,
such as C. acetobutylicumw th its acidogenic and sol vent ogeni ¢ phases,
cells can be imobilized after they enter the desired culture phase in
order to maxi m ze production of the desired products, where in the case of
C. acetobutylicumit is the organic acids acetic acid and butyric acid in
the aC|dogen|c phase and the solvents acetone but anol and et hanol in the

I 1 . . Al 2  a I 1 [T I B o ' I T I 1




[ 185] In sonme enbodi nents, mcroorgani sns to be immobilized in a bioreactor
are introduced by way of a cell suspension. Generally, these m croorgani sns
are di speweedio/rs1tohe nedia as single cells or snmall aggPregatsesonsscel | s. I n
ot her enbodi nents, the microorgani sns are introduced into the bioreactor

t hrough the use of suspended particles that are colonized by the

m cr oor gani sns. These suspended particles can be absorbed onto the solid
support and frequently are of sufficiently small size that they can enter
and becone imobilized in the pore structures of the solid support.
Typical ly, regardl ess of the suspended particle size, mcroorgani sns can be
transferred by contact with the solid support. A biofilmon the introduced
particles can transfer to and col oni ze these new surfaces. |In sone

enbodi ments, the desired characteristics of the mcroorgani sns can only be
mai nt ai ned by eubotdginigsoenentodgphts, tle Bilipphiored withk brertedbpiomBoebspirgt i ng t he use
of small col onbzeahoRar, briieht@.5,36) (XA $1, BNSembl@ FritiS@@etiumgydoxi8ak inthosIppOrt in a

bi oreactor. 36 _Support for inmobilized mcrobial growth [186] In some

?gbggl rﬁ%;l | ?Zg:jnoe g?gﬁgg}s mlcroblglgr.’mgpangorlémprdducpr O% Elfl:l rt]igr yrlglcpe[ng}cgr gam smis grown

<ofid @port material in a
bi or eact or as ﬂ@@ﬁ@@ﬁ@ﬂmﬁ@ﬂgPWmmPWd§GW¥“%%ﬁ%ﬁVﬂﬁﬂt ompapien BWr t  conpri ses
a porous nat er ihgholyzeiNodstdek which hapgyt tesnauiolted o the fondiftighiteatotess- support materi al s
include bone chyag), m B énbRinkets, Poibrydgaiis, thatiadldthad inti@bryimBrslyzed fRGOGANT C

nateri al S, an d 1sqgea @rrMe gucgagaﬁgnl L@Jd%‘t blop[ogtgl%]odmg &Ce@bs quQAsé& fiRFaikce io ncl ude or gan ic

materials such, ocel | ul,ose hem cel H.ggegg,. and starch.
h
Organic nateria sltofsﬁ‘g nﬁn gﬁge ?’ CRE e A Pl ant. geelél jue and paper .

Conposi tes of F%@mﬁwﬂnnre mat eri al s may also be used such as m xtures of
synthetic pol ymie#l et mbadimeny @ kextprtivrrmovplpfogespess descrifed 387, isEedipgstd@t? of semi - sol i d
medi a i ncl ude adn@iidaiad @oceso BRbRATESRBFOWA A/ v S8.a8, bighel tyagicly| am de,

pol yacryl am de Qg m @%&mt axp&llrammmydl £08s, :abpal-By iesa gl ycol ,

di methyl -acryl MBSl L YSEUEE Doy DENAROR B YRR REDZENE,
pol yvi nyl al coh oxXy carrie 0s€ | ose acet at e,

photocrossllnkéﬁﬂ%*¥@¥?ﬁm“ﬁwgp81,WﬁW%wmﬁ¥%Wﬁﬁﬁ¥ : hEgePBt i n. Exanpl es of
solid support iemiefings to@enprie an pddifigpal streptp provide pipfrts Wﬁ‘bﬁ“’é‘ﬁ%“‘ahﬂalﬂerﬁ fra beads, porous
brick, porous stkibleslor t€ibrbv enerativmbEragdurs . Bys resicitnd materd toch@areol . [189]

Sui tabl e i nor 08d%h €. S@lst el ROE L ovd B k@kchtbSand A ibpbe R, 4 4)BI6GE Rbdicis@t eri al s with
avail abl e surface hydroxy or oxide groups. Such materials can be classified
in ternms of chemcal conposition as siliceous or nonsiliceous nmetal oxides.
Siliceous supports include, inter alia, glass, colloidal silica,

wol | astonite, derdiateite, dried silica gel, bentonite, and the like.

Repr esent at i ve (30N Slicbibg@@usodwedh groced Kerethégludes fernentd@on fla mivioprgenisnieir oxy apati te,
and ni ckel OXi QRduces b hiPRhuct 4., SR, 18 FHIREILMRNES biordadi® (1.6 Lapid@dctr comBInRE | @l 1S

sel ected f1 oM RONGy GOkl bYRLARY L0Gia s3hEEIn oflAlaRIBGEOUS ear Lh,
zeolite, ceram S|Iéca/alun1na

Conmpos it e) en dxfnrﬂoglé?e %H lfl(hepacto nﬁ?wdeﬁquégef }I;roduchwt?f éﬁl.le Q gle accuzlaatlgn o? 1ncrea§[ & lava rock,
wood chi ps, poﬂvﬁgT%W“Pﬁﬁ@*mmbW%%ﬁ“H@ﬁﬁ%WﬂTgFFBﬁ*“ﬁWFV%?ﬂEW@Fﬂerketone

pol yet hyl ene, Vieroni eipbdintewss, the ripobiabeethy frppeiofileoi the surpertakd/or pegiginppprog and, por ous

al um na beads, pafeinhbadwinabivpor ous stone, macroporous sintered glass, or a
combi nation t h q{4910 fFhe bllo&]od&p @g %milé? CEIOE(EJ&L procgsbkﬁrelg I ENRIG e dntirf VB RimbdbkionloS bone char.

Useful su pport nnEE:EOfe)rigamsm (C(Bl? nuoys ad 1{10g of fe é‘l { Tk h %Ll?zgd fgegsto?ﬁginy Qlﬁdrgv%{]'f o such that a

| ar ge anount of’ Ive n accumu In the bioreactor.
Usef ul support§“Wﬁvm@@n9§WWWﬁW¥Wﬁ“’ eﬁﬁéﬁﬁ@??ﬁ%?ﬁ?éﬁ“éﬁﬁﬁﬂﬁénts
cont ai ni ng one cgre. spbpsdagpethuahd temaroprd ritge, treebyerpdiiie (agipl cpsh apd repies bt es  good
f I ui d- mechani c almyaropip@ildibregents, fhGrmirtiagPPe@tiondl covh andxismedpteg aithhanapacki ng
materi al used fQfddaddtional distillation tower packing.
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[191] In sone enbodi nents, the support material conprises a surface area of
at | east about 100 n2/nB. In sone enbodi nents, the support materi al

conpri seswa 2ouwisiwensity of at | east about 0.15 g/cnB. POTASE0A8I308 I nent s,
the support material conprises a ball-pan hardness nunber of at |east about
60. I n sone enbodi nents, the support material conprises a yield strength of
at | east about 20 MPa. [192] The particle size for the support naterial

wi || vary dependi ng upon bioreactor configuration and operation paraneters.
In sone enbodi nents, the support material is sized by sieving. In sone
enbodi nents, the particles are classified by the sieve nunber of the nesh
that they can pass through. In sone enbodi nents, the particles are sieved
with a nesh that has a U S. Sieve Nunber of 3 'A 4, 5, 6, 7, 8, 10, 12,

14, 16, 18, 20, 25, 30, 35, 40, 45, 50, 60, or 70. In sone enbodinments, the
particl es are §i®viethegdionn@als berdbippremsrobfe] depgidingimitha gauaiemmesithstiopdduitar ger

openi ngs fol | oyedciYicRoaish W th smaller openings to yield particles within

a defined part sJ] emé,rnzslbgrns&r Lt bR ruéragp@oducingaag% gabodi-Rrat s, the
particles are St

500 gm 600
gm 700 gm 805WEW1 §Bﬁmbﬁ¥m%ﬁﬁﬁagp&mTHTﬁgqamem%wggbﬂwmlmgngﬁﬁ pm 1,400
pm 1,500 pm 1hm6@@no&membfdu?@@thfgsﬁqportfs lgzagckpﬁ]anotj}er 1% e2upecﬁtos gm 3, 000 gm
4,000 gm 5, 00@:ragivisiccEsu@OOmaprial. LYsofOBbgmpntsSBOWsititigm sBindBEn igrepsed 0, 000 pm
12,500 gm 15, QRBnceHdbutadol sndOHan ighieasedBi1itd Growg i the 2idpob,Aotpagsordda 25, 000 gm i n
dianeter. |n SOERGRRQLIPN . k8 xRl kS AR SchARIaROUL 100 gm

200 300 1000
1, 108mpm 1, g 0 643, C%st%gngzdﬁcharogn}fwﬁ% glroT.;!‘rzdzztm %1880% er§ g/p ce é%{% %99 gm7 00 gm gT 800

gm 1,900 gm EhﬁﬂbmpﬁPWﬁmUPQﬁ@?@ﬂm”Wﬁwﬁ%??ﬁ@@ Wﬁﬁﬁ?ﬁﬁﬁ?é“mgﬂ | east about
80% 8596 90% c@&84ps. or 100% of the particle have dianeters that are in the
range of about [14£)Om 400 endtBimedt) BacBOGhpaiMaterlal Grd BHBmGHAton BOO BBz 200- 800 gm

200-1000 prm 4005 800;,00kax A0 A0 Gu Ty n A0k A0l oA dmd0n DM 800~ 1, 400,
gm 1, 000- 1,500 m. 1

-6,,000 pm

5,000- 12, 000 piS™ °V6‘6‘3°“’f%y lgggmlgﬁgr B %6‘6‘* ‘5@‘96%83“”“%% 'Some enbodi ment s,

t he partlcle dP%ﬁ%F@W%rﬁ?@gTﬂﬁeequlvalent dlaneters a paraneter that t akes
i nto account t li6li inpomgertbedimesti bapterig! stepfins, P%@SF’MWWE!@BPW%@FW%P@S. [ 193]

| deal |y, the sedied f6ddicdly © preve®d brirucsttiqapOehee Rbagriif@ions houl d have a hi gh

surface area. Em]somnmn@m@&tm £ 860lsds B U alch gy, UiSBel, Ot BRIplocesisZ €0
particles, par tdlsé:n (S%?réﬁ'li Wen gple oreacﬁ)rsslargysédth%y ar?be%-f?aﬂg@dlp eL aglmorgnher eof. In sone

enbodlnents t he Fes i's at | east ahout 0. 003
m2/g, 0.01 ne/ =iy, B‘2adrrﬁr@’@5 of p““@% b‘ﬁ‘@ﬁf‘as ovg onf lapgp higyeaciqy ingludployepiabriqatigo ) o 5 pp/ g,
10 n2/g, 25 nﬂhyHm@@mmﬂwgmﬁﬁﬁﬁﬁﬂwgmmﬂQﬂgﬁﬁﬁgmwﬁ?EWH@Wﬁwm&%B?%@ﬂg, 175 n2/ g,
200 nR/ g, 225 mRbdugtion REBRIRb G amAeindivirRel Gorea3ddOnafitd/ialen ofBRE forringpand50 N/ g, 375
2/ g, 400 n2/ gyclezﬂlgéstémz[aﬂm atﬁl%‘g hl@aflﬂgut a;él@&nbl?g{pagtmg @Q(Q'erﬁg){aﬂ prod?r@i&x ne/ g, 800 nR/ g,
900 ne/ g, 1000 crﬁ%/ulcg In Ipodungxgsom V%{l QTI pib‘qglleagtlorgﬂeat}seld){he b&r@ﬁo@ﬂiyke&%ﬁh%ﬂ ty shoul d be

sufficiently hi i est particles settle out of the fluid
streamin the Pﬁﬁﬁ @?ﬂﬁﬁghﬁﬁ zone and/or particle di sengagenment zone and
are thereby reﬂéﬂn@dmwﬁdP%@“%Pﬁ%%%ﬁ%%ﬁdﬂﬂﬁxgpﬁﬁﬁéﬁﬁéﬂﬂ#ﬁﬁ?§m“the bul k 38
density of t he asisfigotfiom fhsbi@adactdrsgagitoved Dihefiluéht day b combBied i@m ulgglec B, 0. 3g/ cnB,

0.4 g/cnB, 0.5 bQfeseldBqor EroRry o 16 BBuroddt, I g, Glofdl B theQeriGentGbre 66, biofdacBr @ &NB, 1. 0

g/cnB, 1.1 9/ CRfciedse aggggﬁmd5}m;mgﬁgéppgﬁmThe support mat eri al shoul d have

sufficient har C[I{}ﬁsﬁlaEZ'-les 1§r?alct§rtarraiaf%tgr';1i%ts llg/g-qggdr}tﬁdstoc 1s fe% 11¥a a\fllr(gt bg){e%P 1p qﬁl abl e dust

formati on when e supp each other. In
some enbodrnenﬁsws@%@msﬁppéfW“H§§“§H@§PPa§ﬁﬁdWﬁpﬁﬁésgwﬁﬁﬁﬁﬁW of at |east
about 20, 40, G6@uen@On eallPpPreachPi@the sgri¢flis fedliBOthypxt BGuenipeacwiipportdes mat eri a

shoul d al so hawee eftdnf fiofs ithe fital tloREtH1 ih Be sErled QUM abdGnay 1@ SdedSibr rsdrat df@é i Ng due to
internal stresygsoqudlGRulBihe Bk au%@gataxetwagm%s @M AR 10 RiREA | M8 i nsi de
support material pores. In some enbodi ggents e support has a yield
strength of at |east about 20 MPa, 40 MPa, 60 MPa, 80 M'a, 100 MPa, 120
MPa, 140 MPa, 160 MPa, 180 MPa, 200 MPa, 300 MPa, or 400 MPa. The support
material should also have the ability to resist being crushed by the
accunul ated wei ght of material above it. Crush strength is another

nmeasur enment of the nmechanical strength of the support and is typically a
function of the conposition, shape, size, and porosity of the materi al
(increase in port volume may negatively inpact particle strength). In sone
enbodi nents, the crush strength is at |east about 8 kg. [194] In sone
enbodi ments, the support naterial is chosen to support growh of the
fermenting bioproduct, e.g., biofuel, producing mcroorganismas a biofilm
The biofilmmay grow on exterior surfaces of support particles, in the
qurd ‘space betmeen support partrcles and/or on surfaces |n t he |nter|or

Y e r A ~r~1 —— e




[197] In sone enbodi nents of the processes and systens described herein,
different species or strains, or different conbinations of two or nore
speci es owobrodism®s are used in different bioreactors wPCH/US2610®8%8M3

hydrol yzed feedstocks as a carbohydrate source. [198] In sone enbodi nents,
a fungal mcroorganismis used, such as a yeast. Exanples of yeasts
include, but are not limted to, Saccharonyces cerevisiae, S. bayanus, S.
carl sbergensis, S. Monacensis, S. Pastorianus, S. uvarum and Kl uyveronyces
species. O her exanpl es of anaerobic or aerotolerant fungi include, but are
not limted to, the genera Neocal |l i masti x, Caecomyces, Piromyces and ot her
runmen derived anaerobic fungi. [199] In sone enbodi nents, a bacteri al

m croorgani smis used, including G amnegative and Gram positive bacteri a.
Non-limting exanples of Grampositive bacteria include bacteria found in

t he genera of Stegpirpltdssoctyr@podptioolecisy. Nsaimitihd egpleddgebact eri um

Ent er ococcus, LfaGicoamknk ihdiSe rento@ild Qia Q& tieaale ROThIQERESEHIS, for BEGmoval of

Pr opi oni bact er i g Non-1imting exanpl es of specific species include

Ent er ococcus f i nd Ent er ccu allinarium Non-liniting exanples of
Gram negati ve glgﬂ %?‘E:’_‘%“faﬁ%r“ﬁa?é‘ “fq)eaclf e%?’f%m?egﬁnﬁﬁn%‘aﬁeﬁeﬁaém §&ifef"8™Pseudononas,
Zynononas, Spi rotHAETac st Hiicneerivs or « geigeesies suiet siyateairs o @insconobact er
Escheri chi a andet Biespgrggiigps compaQ @ pothdr piorgpriers imthdrordi. iEridrmenttheefiack Beni a ar e

Cl ostri di um speehes andisditcd seidiatdganbiddovelot | i mted to, C ostridium

saccharobut yl i cydt) 1fbShbolibllol ReABELG Y InG hiM-sele RRLL s At REJj erinci cii,

A ostridium pune!n&h?f%ﬁ}sateq‘gg ea%hnSYaI eris%?ir{)%r;g 91';'1 blio§e9c|t01a ?e%io%fctogtooﬁithrtfl di um [ 201]
Further exanpl es_0Of sSpecl es 0 Ostrrdi um contenprar8d ol use in this

i nvention can bECERPECYBE o fCOMPYEo 2 i 3ht ¥ Hlrphycrhiphretes oy M Bum  C.

cel | ul ol yti cum emEdimes e bifresptereintiigh die direntd ol frayasifo tinein fiffere@ microbial

sacchar oper but ysb@ieset Diis btgve dach biedpari@ndT gt thGartidulaaydmdubigicgum C.
thernocel | um  Go hdbléHa68 Ui omCembbdMRETREAGCRAF AN biGrthMrs i1k fe redd@ST €1 i @anum

[202] O her bac}ghl.d sQnkennLatl ed.for 0, the processes and systens
herei n incl ude r}lsne act eﬂ%aig %uygrhlysésé’H%? (%ﬁtlo kht heri ae, Pneunpbcocci, such as

Di pl ococcus pnelifor *Fe EtPafBleaietbe g Aiedls beyesiBg b l@HEst #nd S. sal i var us,
St aphyl ococci, bfiermdpsed @ maks e witjal fepmiefatit: medip 45 ged sipghrplyr fitirgfermenta®psphovi r i dae,

Aer obi ¢ Spor e- ftgrebratinyinBaginiun tjlizaBaof undsiipilagligdiccasreBurian il haeiisin B. subtili s,
B. negater UM  sBue cBRDEiRENS, proaldttis}ﬁoiat‘e(ci Rt effived? ki &Qplréﬁﬁ‘cﬂ%ducem@% QRinC

Spore-form ng G kb deRNAGLELIAugUAR @ M tubercul osi s thorini s, M
bovis, M avium l\/!nt%aor at&gercu osis, Actinomycetes (fungus-like bacteria),

such as, A israa) i Ao 2 Kries n haflidil Pro RO EBPE PR aE P of des,

Nocar di a br asi | FE#&Erotpigevispregapie vissthe Ty gpeymeirasepratcichei kighievef eponema
pertenue, Treporiews icarbabieegeonBoiie glids & insted wvireedive bifyent iBPighB@indt

i ct er ohenor r hagb@@yatikepteeiution 6@0hE Aby@hibiSpnricdnlgldih. NSy suBidk &Pt obaci | | us

nmonocyt ogenes, .Erysipel ot hrix_rhusi opat hi ae, eptobaci [ 'us nonilform s,
Donvani a gr anul“cljcrr% ?Vgaﬁl?ﬁéﬂvgﬁéﬁsgteﬁggﬁr PF FFE° al,’°° &Y 3€Tssi ae, Rickettsia
prowazekii, Ri dko8t (PeretiniRypreesss it s pysyiblednoptaip apighqr prpdaqtiyis thapdn batghpgfeRi cket t si a
conori. O her <dihtrebshses sibratht el Goppentratign andly effichet B8 ol en beglriedindg@ddintly Zy nonmonas
mobi | i's, Erw niogeaghithy Sandhiemis fermemaliokl mbsdictoativiy iddatdle0byawiipfid@3] | n some
enbodi nents, t t}@)dlﬁ@c&ﬁé@@[iﬁ%iﬁ%m@a@é’m&kaﬁéﬂkh@er”ﬁ%ﬁﬁe@uﬂgmqakignirgé um

Ent er O coccus, lﬁ ef"@é%t? Jf Lh@ﬂgeoI\Te?‘(%EhQ\poﬁl%le (l)f the“lédreagoI;, oﬁﬁae(lzrlvirsle lélfstlie bilorgangro me enbodi ment s !
t he m croor gani sifs conpri se, .
residence time).” The maximum achievable dilution rate is determined by the concentration of cell

mass that one can stably maintain in the bioreactor. At a constant dilution rate (i.e., nutrient
consumption rate), as one increases the fermentation titer that can be maintained, the productivity is

proportionately increased. However, there may be times when it is desirable to raise the dilution
29



Clostridiumacetobutylicum dostridiumbeijerincldi, Costridium puniceum
Cl ostridi um saccharobutylicum Enterococcus faecium Enterococcus

gal | i nar iwe20@/18$1061 di um aur anti bui yri cum C ostri di um ararskéelownssrs cum

Cl ostridiumtetanonorphum or Costridiumthernosaccharolyticum [204] In
sonme enbodi nents, the m croorgani sns are obligate anaerobes. Non-limting
exanpl es of obligate anaerobes include Butyrivibrio fibrosolvens and
Clostridiumspecies. [205] In other enbodinents, the m croorgani sns are

m cr oaerotol erant and are capable of surviving in the presence of small
concentrations of oxygen. In some enbodi ments, m croaerobic conditions
include, but are not limted, to fernmentation conditions produced by
sparging a liquid nmedia with a gas of at |east about 0.01%to at |east 5%
or nore 02 (e.g., 0.01% O0.05% 0.10% 0.50% 0.60% 0.70% 0.80% 1.00%
1.20% 1.50% fote ®lBdraril?, @ 9/ghorG iy reldiidy to B&tp@rurpyipy i thQPnentaion, tgmtdeer aspect, the
m cr oaer obi ¢ cengigt, brOmSerpebadingtlays. but are not limted to, culture conditions
with at |east ﬁ?sgulkmg%ﬂi%@eﬁ‘JiI)rQL!ct&%ﬂLvVlﬁﬂerQ%ce&%ﬁoﬁEQép%d&ﬁm Ol masP 05, 0. 075, 0.1,
0.15, 0.2, 0.3 \ 41[%3 Séf eoth jo 0%08’can%e'r0’ath12gh 1uti0ni‘atoe§ I s41'tino" a55' ncl)ﬁ an?' 0, 10.0, pPpm
or more). [ 208 KFRFOBTATe SERTRS SRRV B B B RS e G R S ELE ™ or ot her wi se
sel ected for dESPrR!BvERgRprfeiigelpizdoe culigs of ggnapdpsicglls Sysfedigt strains of
bacteri a and f dmgfi. strriyystaty elturgrache fhrgrtaingdtmougergrtivoy peitwring, oith tivjatgiverr  pr oduct

t ol erant nut antemovalSE@yduct cOftaineX R aRon bRPG EhlS0R4ADRA0s S S of such parent
strains incl udgeshaR! heIheHok Mhddthi& o£OLLALH IS AR b gS@IGNers in

uni versities, 9%3’4@15@?%4% ?1;3. tutions, or conpanies. [207] Alternatively,
parent strains can Be’isolated fromenvironnental samples such as

wast evat er sl udg® Framrist alsbierodtct eaPREhPofdet Fereesd ¥ K Y8 ng nuni ci pal
facilities andat deeel fgtonghrardpedib foypt lgaetbrubOh 8191 36@POOFFaARI0E 125 e att er are
especi al | y att p.e002)2%0e2,586 3.000.@,000sbEd 0edlor PO h@BY gani sns can be expected to
have evol ved oyuel| #if&e& QPiBE cRbEmphiBl Qs IRRELAL L BRRel Ralfle Presence of

hi gh product C%ﬁgn%lﬂetreﬁn%vie 9&‘@@ (galﬁorr}lﬁggotl)%e)?)?%gn LI LAY, 13%1%609,%9003 | evel of

desired product tol erance ma u er | nprove on.”  [208] Parent
strains may al &3%H8&- 8] Iafoé)?JOLflpoooi‘## BER gﬁgoobfsoqvpg%ﬂ h‘foo’?fglgr adation of

nat ural | y occubf§ miymfres gshodseokigmentytinaedatipya pridble(naluding addigongfydidyid sked, a saw yard,
under fallen trgesy thi @mthfor thd t@)of theSladatod 28d0¢cBduBBN FTEY mEIR todGhuviagd sg@OUS Since t he
i sol ated M cr O@feadl tBtB. BBY whAMEENQhMEFhr PUEE sedalciiBre b BuplefiReREi@SENCE of the

feedstock and LGk &R (K2l hEAD-ALA AEHl AT, L8YShy B ONVer si on and

tolerance to these naterlals at ma ! ,r,rprmo,ve pon. [209]
| ndi vi dual spe@PBE™gFnYegd” %‘ﬁﬂl‘“&"tafs‘gtﬁgse%? nQelcap gditi@a Rorgseor ¥R ated from
envi ronment al & aavgesidual fompeytablq mptedalsppay he pBYSEFY Mhtha feeondags rrgefop, bttt al i sol at es
and/ or m crobi stldeonsorti uns are used to generate m crobial consortiuns
that have incr aageds ahindideb, &PbrlRMEEay bdadel @hESuctorkin bbby 4 Crobi al
CONSOrti Uns Cag Bkl R & ok LM MATRE QS R0V} L OMRRL LA ches incl uding
soil, rivers, @gﬁﬁdn St &'bﬁm”& S, test uFlr L es, mawxhes,, | N ulst rial facilities,
etc. In some efrbod| Q° PYHE” LT BB AT CORSEE Pf B 88 S¥t 14t anaer obes.
| n ot her embodF¥reHtogide of M By 3lFA seite \PEHFEISTMHiEn cAheruisitrygthe anaer obes. | n
sone enbodi menmgnteninbref puityr mdsiud Withdnols SoretiprUThe evalred g @OUHD &dni tiee anaer obes. I n
still other enkoedidBittapalso bdi@ovartdahddbihpaksedd® BSiRFidniid bFEs il @ o lypeG@d al N speci es
of Enterococc ug n&ﬁtmﬁ-&ﬁ&a{ogg ﬁfgsgul‘lie&,l §lcll mixed conditions.

[161] Other techniques of mixing culture contents include the use of agitators or the recirculation

of fermentation broth, particularly broth returned to the bioreactor after the removal of a

fermentation product. In some embodiments, the contents of the bioreactor are not mixed, but may

rely on the production and movement of evolved gases to mix contents.
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[211] When m xed popul ations of specific species or genera are used, a

sel ective growh inhibitor for undesired species or genera can be used to
prevent ovoopprse®s t he growth of these undesired m cr o®@CHAISRGU®39873 212] | n
some enbodi nents, cocultures are utilized. For exanple, one mcroorganism
may secrete enzynes into the nedia that break down a feedstock into
constituent conpounds that can be utilized by another m croorganism For
exanpl e, ethanol may be produced froma coculture of Costridium

t hernocel l um and C. thernohydrosul furicum (Eng et al. (1981) Applied and
Envi ronnmental M crobiol ogy 41(6): 1337-1343). [213] In sone enbodi nents,
the m croorgani sns conprise one or nore heterol ogous genes, the expression
of which increases the product tol erance of the mcroorganisns. In sone
enbodi ments, the one or nore heterol ogous genes are introduced into the

m cr oor gani sm befl ovien futhapsti@tcenditionore vigorge bh ghs sadpplorat beaufficBe bo@etenton f or product
tol erance, Whi kn@inrdds BEAB to BITRAEH FIR&REnSple, ah BiRLitaHA RacF (e DL RRLET Ol Ogous genes

are introduced,jnt Q. eﬂﬁre @&n?oﬁ &M&Qxﬂlg%mmﬁlﬁ}n%ﬁm ﬁgf@r%n%g'n&%or%usé@ ection for
product toler ance. . 1 |.n_sont enbo ?llm%tt . fmdcrtoqarganl sns are
engi neered to BVEFS8 eﬁr"ese’w’mmd e GESBIR R N S“Iflen%er%'%fgae he product
tol erance of t FHelPErgtik£nbi€¥R. I n sone enbodi ments, the microorganisns
conpri se addi t (163 akh sopogmpodimgrityéhebiopbdueird Oirénlomgiuci@nesssts r bysitnCc r ease

resi stance to poe@itibbSized midro6@hiind brflcu i AQickeR bl Gioreatihi€al o k@ ELS blugt Ol er ant
m cr oor gan i sns ﬂ@r b%regl:%;s ﬁothept%lb!)dmgggths Jﬂﬁoo@ﬁﬁsﬁ! aQtJ CQQQ(H§ expaglde&)%@ r-expresse d genes

ar e nOt yf dE ¥10reac 6rs X\{I()gllél/‘lembadgden% Sﬂ‘l’e lcro(l)l' anlg)n'ES I;Ie Cultllre ln%ul lrL-E%]CE Eloreactors
m croor gani sns_are no B Ran T e S PG AN S Fe A ave 1 ncreased

expression of HEArHEmELip %ﬁtf@ff%mswwﬂlw n itraers fersdaietet s, the
m cr oor gani sns crrieinfilydl mpdeCignibé tireeartorsite eapadle pigeriing frsitherinarked bedrpr i se a
het er ol ogous gepaddihatizzaaodess. aupphdspe phibdbeoptrhiats wexpasdsanbut anol out  of

the m croor ganblgmmyke?glélmvmfd&%er md%mg}mmgm@) mngmgfcgam smis a

d ostridium st E)oreac orsuseraatlpe? ﬁ %soh o@gemosolldsup 0! stl?atprovgdyg esur acDar acteristics
sel ected fromincrea uta tol erance, i ance to

i nhibitors of fBFREHE ?ﬂ“fnﬁ?fthe P"’ﬁ\?\'fstfﬂ‘tw f"{:th%‘i“lﬂrgﬁﬁ‘asl“dﬁ“’bﬁf?é?“iﬂl? paficey

accunmul ati on, femeresdsevatsatiividity in continuous fernentation, increased

but anol titer, [p4 06l tpekdd®ed” tdreadmirsOkils @b imindbtiilRedion@ memusieel pbuhgamtaashi@ acet one
ratio, increasggls WekdhiOfoolPd teaD@kd 0RBIka pume;m@ﬁeeaﬁs@&%mgis;meih%meas ed yield of

butanol per un }egtralgt and/oplgjhillu'fhl Ag rat@s dg)m %usé T llllr(}v(;f; fore e le ax goevre]metnt%¥ tg rance,
ad i'd sUpport,

increased abilit ecr eased ability to
sporul ate, rel é“f"?/%g“faiﬁmé Wi | d type or par ent ol ost r| di um strai n and/ or
relative to C 86 ripeptrfididiece v exeriodsd el ierstamysBeniSold Goelid spgpodsthat ot ( 1990)

Appl i ed Envi r osveatady residnginoihinirhiy 6p\thabbth 37iGiE: Hi)lpw, Guig dnfubvelidfibiing

sacchar obut yl i g, R2Gdcds &I&qu%dmem@. & Sulai-dP wmctamfthey are part of the

824 and/or dostri r | I n sone enbodi nents,
the microor gan?s%elid“gy S ﬁatédgy g bf°6?‘ Iéff’é{‘ﬁﬁe%aggl?ine@“’dgfic?”i“%‘lnﬁsrﬁ“?tkia%l n, e.g.

d ostridium acé’ﬁ‘dﬁﬂ*%“iﬂc‘fwﬁwl@%‘thﬂiﬁdls parreeda e itredpded: ClA dragiost r i di um
sacchar oper but yht sgiets@rtfic erirry suspensigh rosianismgliutbmeyipeyi fires bk éontribula@k ng t ol er ance
to at | east ab@btfensﬂr%ﬂf tthaﬁ&les ﬁ%allyl@é)/ﬁoregc%p{mse Qiftlcﬁpﬁ%nbildﬁiddﬂbend tjlen t he gr ow h

medi um by wei gmmdesf ﬁaroth%aﬁrmnﬁn is o Qe @R Lk Rovi: o Au@cﬂ&tpe RAUL (A0 2. 5% 5%

10% 12% or 5% .'Q al“)l(gs%‘ e bloreactor lPhe ﬂgg velo%ihcr)mi%e su.{tlllenyto suﬁxeng th?qpartlcl{s %1 7] In some

enbodi nent s, t he m croor ganismis a I‘east about
125% 150% 20804 BU8h° BHEwE bt s vogots M and debet dPV@fhaf?efé to a biofuel in
t he growt h medpatisps tf reve agoxrathp biercactertcavbimedls fluidnk i the i@Ba4r to 160y @EO0% 250%
500% or 1, 000%emagieas Biding dede@E @ME exichir ftidlaidikationAchiR@in Gt BOMadlor. TEDT UM
measured by gr ewkifa af exgah&dmﬁJréa@&sgalmesemlJe@lmngaﬁsloﬁeQﬂg v 1Qpete COT I €SpONdi Ng
non- mut ant m croorgani sm for exanple,ithe corresponding parent or

w | d-type m croorganism when grown under identical conditions. In sone
enbodi ments, the nmutant strain is a Costridiumstrain, e.g., Costridium
acetobutylicum d ostridium saccharobutylicum C ostridium

sacchar oper but yl acetoni cum or C ostridiumbeijerinckii, having at | east
about 125% 150% 200% 250% 500% or 1,000% i ncreased tolerance to a
bi of uel, e.g., butanol, in the growth nedium in conparison to Costridium

saccharobutyl i cum B643, C ostridi um saccharobutylicum P262, C ostridium
sacchar oper but yl acet oni cum N1-4 ATCC 27021, d ostridium acetobutylicum ATCC
824, and/or Costridiumbeijerinckil ATCC 51743, when grown under identical
conditions. [218] In sonme enbodi ments, a strain that produces a

bi oproduct, e.g., a biofuel, such as butanol, efficiently from pentoses,
such as xyl ose and ot her sugars found |n hem ceI I uI ose hydroI ysat es, may be

I T Y e I 1 T g - o, o,



Recovery processes [219] The fernentation effluent containing the

bi oproduct may be concentrated and/or purified. In some enbodi nents, the
product iwoconcemtosat ed prior to further purification ugCcmgsSang/039s73 abl e
concentration technique known in the art, including but not limted to
distillation, steamstripping distillation, mechanical vapor reconpression
(MVR) distillation, vacuumdistillation, pervaporation, and liquid-liquid
extraction. [220] In one enbodi nent, the bioproduct is a biofuel, for
exanpl e, butanol, ethanol, and/or acetone. In sonme enbodi nents, primary
conponents of the fernentation effluent are butanol, acetone, ethanol,
butyric acid, and acetic acid, all of which may be recovered and used as
starting materials for downstream chem cal syntheses to produce derivatives
and/ or further chem cal products. Secondary conponents of the fernentation
ef fl uent i ncl uckepardd tipacked Bedyberbusd of the volerak of fyid oyt by ciglatgdigkettha earticloy oduct s of
nmet abol i ¢ pat hwayed. whi ch may al so be used as starting materials for

production of ﬂﬁ‘sﬁ | Ve %hlyeﬁ&d %roreicwc%mg sugJa@gM@ Lm%%h&geﬁ Ricroonpg@Rdary
conpone nts inc flut éZﬁd thr(r),};g}w)lt?he 1?111 Yo?ume of thn%loreac&)r I}al’tlcles ex1t Mw I:I;]oreaétor Rr& qu?ll ecul es ( €.

proteins (e.qg., e.g., formate
acetate, butyr afféwa"ﬁf“f’d‘btf’ E?ﬁﬁf’%ed fr%‘bf‘(fﬁ]l‘\%il’é‘)‘ "‘“‘HF%HBF"%"‘T@“‘@ Suwrbt hanol |
propanol , i sopmapanebs reipesd pprohally cleyipd, mreqawred Sapglm effleght gt mothrguglf the vep, | xyI itol).
Further, chem emduig@me@isarka sigeaeh aiahydul, tnifuRciytlodiyotdsayssis of feedstock,

i ncl udi ng but F!,Q}ydxlmh)f’%l&r%ﬁs grg,gm Ofélglgﬂiawnagpamfsor mc acid, levulinic acid, and
HVF, may al so ﬁ ]s&?ara ent and used as

atign ef f
starti ng mater exPan&eg bed,” blo{eac or con%fns saqé)r r{/alguf' €s \v/\n(eal Slmnéorblh%ehl mlcrﬁor m[s_lem cal
products. [ 22fyidirHn @‘bﬁ‘?é"a"é’frB‘tﬁﬁ? SiREAtosis def‘%‘?%h?‘ﬁfhf BRSFOHERE "der eans from
mul ti pl e bi or ebigtagergndde noteaif threugh tifoutfiywo Aeaeandst bsd tagreactes evptigispendiclpr i or to furt her
purification. hiRngeiRe: ybod g thsfudepienrt minite ihedyetingtteans from
mul tiple bior ea&msrv@an%e bRRbckof $n Bifie emto%&aqspgstﬁn Rnbpafid slOnSBRAr at e

purification uplts.Gor ég%)f ML £ In%m%@%@ﬁterlnsolg\ s ®e oﬁ: %Fe e SR froma first

bi oreact or processin ars can r ent ati on product s
froma second Bf %?S%S&g‘fnﬁ}f‘“e"ﬁf FOREEh ¢ BE Y NEPoBE ST, a??'gdes Ef °sF15 8t vel y, the
product st r eansttelgimThdie sfcfiop afthe zaigle dissesepaernigiro s B ctrefiddes Hayutiempr ocessed
separately. [ Bd&edlanhiOdplpetion @adbicgififcait in eoms gmbbddwerre pitaltsia® Rtalddddt h may be

separ at ed fromupi@gbet s sdddns Sifiddneblorefdion  €Xtractive fernmentation) by any of a
variety of met BagS, bl puddbeallibili ol b o GALLAGL LAYt pC UL

distillation, stri operv or at 1ngrease & tot al productivity
of the overal | “CSRUEFLPEI™P ‘@ ?%def‘”lfl?ff 3<°§ﬁ’i5}1° & SIS ASAE 0t her product s
may be recover é‘ﬂfe‘?“F’lf?ﬁ?“tcﬁé“eb‘i‘tb‘F@%?BW’ﬁﬁPs dpripe BeSPHERE Pfe siRele Grpmepfiion. [Pl spar gi ng and
nat ur al | y occumpde bigreaggasa@shave refh2éd 3ergy Wagodoln@red tg ondentignal faidized psypardede or nor e
processi ng st epa vib@orReatividzR1h @ trs RELINRERs ] 86FRQlidthORd Siyages (e. J.,

bet ween pri mar y..and ﬁ%gag,mganemtlJega&tcglrda511le@ pRdcl c@@m;uals GhRanes the overal |
system from an frﬂ%l‘mmrd/ or water use

enance,
per specti ve. Lg'? i“gﬁmgeﬁemﬁsgevéb tha bgé fmte‘l “émasf'd“f“imﬁf’l on 1 $%sed for
concentration &% bi oproduct, such as a biofuel, fromthe m crobial
ferment at i on mE& unvaridupentbiiinsntgphinreactecnay borordipund ad vertgg dergonglemarladded as part of
the distillati efigkds @SHxinibeysHRL1epithididd/df 1o @GR LEG Syorad Temdni@n r esul ti ng
latent heat reggamvéonmge%n &%E!&Eh%ﬁﬁe p%ct&a&&@m s, pidRRld,ed to the

evapor ation pr O%r ylell'd oil bio rodo 1, €. q)g)g% T uctlon sIh one embodr meg a%loreactoreneial{ ation ener gy
requirenents by St abofi N 1’son hti onal

onpar
di stillation. °°[“ 5“]“1 ﬁ‘“‘g‘i)bﬁ‘br“éf?fblﬂ‘d”lh‘ﬁé'f’ff“étmaw‘E&Wé‘ﬁf"? Badredvatill ation
process is use@ofr t he remai ni ng product separation, optionally wth
thermal |y cascadledlnkoeaetmbbdmeegmmnbxmfbfaﬂamdﬂ&t@uﬁekybioﬁsle@asiaiuimam of bi obut anol
from f er ment at p@RcelRHmBun 12SePEAN THALEEE & SME: & Rastahl: 011 TRAGE 0 &f Secondary
conpounds on the separation process. Dpstillation avoids this issue since
surface chemstry is not the basis for the separation.




[ 226] I n sone enbodi nents, process equipnent is selected to optim ze
energy, water, and/or other netric of interest. In the case of energy use,
this may woebuwdesitohe additi on of heat exchangers to rec@oCenUsgtwpasrent hal py
for useful purposes, or to avoid conpl ete condensati on or evaporation of
feed and/or overhead streans. [227] In one enbodi nent of a butanol
recovery process, fernmentation broth (effluent) is passed froma
fermentation nmodule to a product recovery nodule in which solvents (e.g
but anol , acetone, ethanol) and other volatile conmpounds are separated from
wat er and | ess volatile conpounds such as bi omass residue, carbohydrates
and hydrol ysis generated sugars. Sone water acconpanies the solvents and
other volatiles in the overhead of the product recovery nodule. The

vol atil e-water streamnmay or may not be passed to a decanting operation to
i ncrease the ebf est 138838518, osriiradd el e:in @€ yonGted tsipiect fogmpartioilangacipmoduct
separation. Thﬁouﬁlfoﬁéﬂ‘!ﬂ@ﬁ somEnBOdBEYs, tﬁb\fﬁrflelﬁﬁﬁﬂlm@htfhﬂﬁmﬂ obat PaASQ&ado, 5@ a hi gh-1 ow

e oL L bk AT, € ufbslof B sk L Rl £09@Q;ﬁ<édﬁ,(e§sl generated - a
ig [ 0 0l v si W.
The ni xed sol vebﬁ‘tt°r§ﬁkﬁsé¥’8‘?%{)v3°rf4‘8§98%;r})t8a019§°r9r;f”a"°ns°f¥l° HEELS e et hanol , and
wat er. The | i gpfedufed Reriemnonhfeedsingt & aﬁ%“°‘ﬁftil"frﬁ?r?th§s t‘ﬁé’éﬁ‘eﬂ‘f‘i@m"é’fpﬁ‘ﬁﬁ%ﬂ“ and wat er .
Optional ly, theefddghtthdismelt i ons are sent to an acetone colum in which

acetone i s separatedn abiint-fea Wpbd&E: sGIRPBRNE S bibbtadohieprfseedt st r eam (e. g. ,
et hanol ~and \A/aLr@Ju)umym@ouJopmxstayoqt 134 §istys, $1d 83864, §d 3%0ub6: shi gh- | ow

vol atility spl g{ (heavy fraction) is passed to a decanter where a phase
separation occtrs. The upper phase is an organic rich phase which is passed
to a butanol cHPAinACmEEPod@mesmRitracto yqyetipdctBALRPRESH ot BT about 80%
but anol and aberatrl2@8olettr@py, be Mnevedipyesdaing thepaticderyiper it inneiligdetrptessur e af f ect
the partiti oni REchQLn ifcEURRQAIDE SurfhcBarda R cePRBFESultinkthighhRGacS gp@dtigtyl on unit may

be in fluid Coriafyﬁlg&zm\éwhz J.ahd@uppmmmzedmmm b@ra{;!deammt,se@ sn;a@eL 4f8.s The but anol

col utm separ at e§h eam primarily conprised of a
f {i f Aut
but anol - wat er aze%eflemze“mmft?mmﬁ% ih rea o“e‘““ Feam s Terurned to the

decant er (phas@’E%ﬁEV%TW%WQ8ﬁ§?§?ﬂﬁﬁ?m?6r further separation. The aqueous
phase of the d#@Antors Cosqidireitrairragpves enstrditrpunohcfiape. end etbahdine 6:90mdsut anol and
about 89% wat eFfafio. IiSonpasiBaitlents Gtrdink@edACLEEBEISs aRIPtottssr: déstlibatdreadiproader 1 S

separated fromMgefRskblor idhoRBRthve WRLGE - BZSabIE, a)glemalél}esmftmk what er
azeotrope is r ?&le e";hgnelqabou Z'J)hhqot d:r em%(Qi;[meer';ts &8’&310% tan!)]?or_?ceBBeQO C%l canQ)e [228] In

sonme enbodi ment product stream
fornmed in the dP@F“lﬁﬁﬂpﬁﬁ16?6&?@gmm@ﬁmﬁﬁg”@ﬁHBH?ﬂﬂﬁﬁwmﬁﬁﬁﬁPV% acid is
adsor bed from eratsr thneban 812 lpyuembalimegathg disppptioneindysls eroduggd bydhet | ary ami ne

i on- exchange r €®iriumanpinb® bdsgd dhat fhoimoads Bit4pdl is @Mrasodfboublteytifciagou@et d. | N anot her
enbodi ment, butRtels addadlabbidisyil dCneRfibuet oBnthoSARARA LR 590 Ynihhigbrididn@at | ON. 1N a
further e ITb odi %%ty rQ&ﬁE ﬁ’?pﬁéher?lgﬁjof D&tgnM [)ér &ut @géhgl)f égdgocé %%grﬁ(;ue glezpl

X,
pervaporation i's rempved and may be
sold as a chenﬁ%mvm“¥85%%8mm?ﬁQQWS?ﬁ%@“éﬁ%dﬂ%ﬁﬁﬁTnm??ﬁ?%ﬁﬁ ric acid is
returned to thé“%‘l‘“’\?@ﬁ‘t“éﬁ%‘rﬁ highenegpeprigion %?“tat‘%’éthbﬁe@ef@%@ bfméﬁﬂmﬁ‘ﬁ‘y be added to

t he fernent at i ortombel¢birquiring lesheerdyiingire @adntt epparagion pipsef ,prelbdirgokeratitoghh may be
converted to budomgaker by, atahecyhiesmratdidg MM croorganism [229] In sone

enbodi nents, furfural is renoved fromthe butanol product streamforned in
the distillati rocess. In one enbodinent furfural is adsorbed fromthe
but anol produc?‘ﬁ%reaﬁr— or exanp a tertiary amine ion- exchange resin or
activated carb&ﬁ”Hﬁ?wﬁ@“ﬁgﬁﬂ&$%Pm%ﬂ§%¥b@P@ﬁ o Pitfirh Profickicontainn  anot her

enbodi ment, bufeetverk egrechydialypd fepdsibek. ay describedderrim ps@ epulogof fomenablparetydagn. | n a
further enbodimﬂ&mw.butanol and furfural are separated from one anot her

t hrough the use of a solvent, such as triocyl-phosphine oxide (TOPO). In
one enbodi nent, the furfural is renoved and may be sold as a chem ca
product. [230] In sone enbodi nents, other products are renoved fromthe
but anol product streamto renove inpurities fromthe butanol product stream
and recovered as useful products, for exanple, acetic acid, butyric acid,
HWF, extractives. [231] Biobutanol produced according to the nethods
descri bed herein may al so serve as a platform nolecule for the production
of other compounds. For exanple, butanol may be converted into propyl ene,
fromwhich a wide variety of plastics and ot her conpounds may be produced.
A m xture of butanol, dibutyl ether (a derivative of butanol), and pl ant

oil in specified proportions may constitute a full performance diesel fuel.
In addition, through well-understood chem stry involving dehydration of

but anol foll owed by oligonerization through the use of a catal yst, butanol
may be converted |nto fuII perfornance jet fueI [232] Blobutanol pr oduced

o - M I Y Y I L T ' o o ' N 1



| ubricants, or al pha olefins. Butanol may al so be used directly to produce
but ene derivatives. Any of these derivatives of butanol may be produced
usi ng chewdcalo/pimeesses that are well known in the art PCTCarskomoses33 pr ocess
[ 233] A continuous process for bioproduct, e.g., biofuel, production is
provided. In a continuous production process herein, a

car bohydrat e-contai ning feedstock is continuously pretreated to produce

sol ubl e sugar nol ecul es, the pretreated feedstock containing sol uble sugar
nol ecul es is continuously fed to one or nore bioreactors for mcrobial
production of the bioproduct, e.g., biofuel, the bioproduct is continuously
produced by i nmobilized m croorganisnm(s) in the one or nore bioreactors,
and bi oproduct-containing effluent, i.e., fernentation broth, is
continuously withdrawmn fromthe one or nore reactors, for the duration of
fermentation. [1r] sem@wenbodi inglitia to at psorfiecdsh ooke. engdmimedpods| y hydr ol yzed
to rel ease sol wahi€suSbigdFosdh R @Sl saltdcoRids, REDOMAE ARNbmpotchenifredst ock i s

l'i gnocel | ul osi ﬁ)réleegﬁo@ﬁfo%lsm@s% plo§ot1byg&9$,;§a§iapa%4yfaecagmt,m;e PAelcfbat 0 rel ease

sol ubl e sugar cul es u 0se€, hem..c escri bed
supra. [234] gﬁmgﬁﬁ%mﬁﬁﬁé mmdSF as bpigre ) emﬁﬁ%ﬁ?kﬁ#““&mgnnay al so incl ude

downst r eam confiPRYEIShEYE Britdpdit ‘P“d?’im“éﬁ‘d’?’ ’B‘Td‘a poPrf eEabreredtesses for
recovery of theayemopsadorel of thenugients rdgpind foratowth,pintdains br, obwgkgithe paed feront | nuousl y
wi t hdrawn ef f | wiifdnalbubplidndd indi@US| y processed in one or nore concentration

and/ or purl fi Cﬁyd] Oﬁexﬁ&ogeggﬁé%yge%yg&tgﬂuﬁ e@so@e %ﬁ(ﬁ‘guﬁﬁotlm&aﬁé] I n sone
enbodi nent s, Lt onln%mp%mnqss to renove

on
inhibitors of & CE}?iurg{))sa]%1 yeastrg% Iglorn s%ept%lquor( gan% Ftﬁer perqem sourc,Bs inc Bro duction, as
descri bed her e?“ﬁ“ed"rﬁ‘é‘atk‘fﬁ‘ﬁme‘t‘ﬁ fiﬁﬁVFrFfH“"ﬁF‘é‘%‘%‘?fﬁ‘é‘ﬁ"‘a&‘ﬁéﬁ”‘éfréméﬁ%‘?ﬁvﬂuousI y
downst r eam f r ofemathfreidatraratkd nfippotiiplodllymsss seoprred efierdgmentative)(Cleprddunadadf r om t he
bi or eact or (s) , riagehns At fds@anedk leyds oy zeds hepastesich mayivde conti nuously fed
to the bior eaCF;@agsmmJ; m&dﬁﬁm@ﬂgsﬁagtksoﬁlﬂtnayfbeﬁrmmﬁérhe@imn n thL R3lfsult Sonme

EITbOdI ment s Bch(?lscsg umoranxmlg‘l Ssgfa n‘édd'l‘{? gl%?u@igut eno %Qed(?f t he fEEdSt OCk
and/ or renoval o? extractives tromt st oc escrlbed her ei n.

Deconst r uct i on™&ANPB M Bt Fsﬁﬁeéﬂfy%%waﬁﬁmﬁ@‘kﬁﬂmgﬁﬂﬁiﬁuous or may occur
prior to or peﬂ@@ﬁﬁt@bwvﬁ?hﬂ@ﬂ@ﬁ@ﬁPCF%@f@6ﬁ$ﬁ#dﬁﬂ%mhﬂbéé§§mmmf237] In sone
enbodi nent s, t he@ sqoind REB8atcOPe ok iesedit® fiylalLtoidlviamingmchad thidng@st  about 50, 100,

200, 300, 400, 1fioridWiin, hORRamidoBbic ackd1BhA). 280 Gbwiniebh mapBEbaeait 000, 5000,

6000, 7000, 8000, QL3490 LRYLS: Med 23 s CANLLDYOUS B AGPSS as descri bed

herein may inc (p P é conpl et e shut downs
of one or nnremﬂgff“m&meW%mBWHﬁfaﬂﬂ%Tm“%mﬁm BTB?llel producti on system
for processes such as mai ntenance, repair, regeneration of resin, etc.
[ 239] Cont i nuogsituk enditieist at i on, Wi th constant feed of hydrol yzed feedstock
and wi t hdr aval (6] iR bl SRBERINakdgs ifllsGE1Q Bpatant BIcRfnisns @BKknBl-HM M ze t he

unproducti ve p%lm' Qﬂéqm% t@cﬁtﬁgmﬁtg&&y@&n&xﬁl gmélutglaanaa A8, growth, and

turnaround ti n?\r ccondmonyar oscl (a:tlc&“mox enﬁsschetE themeglasub thatanae oaccuf educe the
number of i noc(F &t BR BVEN S, thus Al m Zi N opera I"ORal costs and ri sk

associ ated wit qulﬂjlﬁtﬁﬁab]aﬁdlscﬁrﬁ b(efggegce BPYEHR t_ransfer with the additional dissolved oxygen,

and microaerotolerant conditions are those where some dissolved oxygen is present at a level below
that found in air or air saturated solutions and frequently below the detection limit of standard
dissolved oxygen probes, e.g., less than 1 ppm. The cultures can be agitated or left undisturbed.
Typically, the pH of the media changes over time as the microorganisms grow in number, consume
feedstock and excrete organic acids. The solubility of CO,, produced during fermentation or present
in the media, can also affect pH. The pH of the media can be modulated by the addition of
buffering compounds to the initial fermentation media in the bioreactor or by the active addition of

acid or base to the growing culture to keep the pH in a desired range. Growth of the culture may be
34



[ 240] The continuous net hods and systens described herein can utilize one
or nore, e.g., one, two, or three or nore, bioreactors. Wen nultiple (two
or nore) WoaPBASI™FS are used, they nay be arranged in parTaisb@b/3®sesi es, or
a conbination thereof. The bioreactors can grow the sane or different
strains of mcroorganisn(s). The strains can be different based on the type
of sugar they netabolize to maxi m ze bi oproduct, e.g., biofuel, production.
For exanple, a first bioreactor or nultiple bioreactors arranged in
parallel, series, or a conbination thereof can grow a strain that has been
selected to netabolize C5 sugars and a second bioreactor or multiple
bi oreactors arranged in parallel, series, or a conbination thereof can grow
anot her strain that has been selected to netabolize C5 and C6 sugars. The
bi oreactors are coupled to an upstream feedstock hydrolysis unit, and may
al so be coupl eglorit@eday Giawing thé @ecandinge.ayviedly Sepdendsit of @Mnm pribj othel N SONME
enbodi nents, then&eesi 2N nay be interdigitated, such that sonme product
separation may, %Jco.ﬁ%hgﬁga@ b6 sADELAL ge§e¢aﬁ>0ﬁ1g%¥mﬁa94bmzsf ur t her

X

reactors in seki 250 | rst Dbioreactor or mull th ﬁloreactors
arranged in paf &°1°% L sy °r£eé°8ﬁﬁm‘h‘%9‘m6‘ﬁ°%ﬁ%?“eo WtH> a strain that
met abol i zes C5abS‘tH©§tPSb°‘éé?aa‘ﬁé’°EéﬁﬁﬁPt@H5§oThaﬂﬂ“E“pﬂ"rWéHﬁ‘iff“Fﬁ‘%‘t‘c°§‘lﬁa’§je hydr ol ysi s
nodul e of a ni tithoeaghgibd hydrol ysis unit for hydrolysis of |ignocellulosic
feedstock. A s@a@pNcossdln @henliial L6tk &mda&edm&rtaﬂa@&be chii@hLact ors arranged in
par allel, seri S leongEQenﬁegt%Jlsm% acgngu;y};}:% £ 1C¥I\I’y Eorlhuaed%grgda&]ob;:hat met abol i zes

C5 and CG sugar dltg:anttt) c%y Q. an tz? (}st b (t)nqms le hydrol ysi s
nodul e of a ni fFEC AT ARV A oq’eran%es" TNt fof dro Vsi's”oF @ 1ignocel | ul osic
f eedst ock. Al té‘l‘%‘iﬁf‘lf‘%‘rsvg“at"ﬁé’“té“éﬁén b iiRois ‘ééﬂ?’?“éﬁ“ Bfnlxrml"‘t“i“ﬁ% °é‘h‘b| oreactors
arranged i n pabigtbabted. Culgney, howeyer, agrbe agiteted istswarhqrapnifotntyaixieof thaveyenthe used f or

conversi on of betideadd BNEHMbEHizes thfhads,3 bibrexctinByHe Al WiGbut agBatigh.in 2 iRdd6dauel . For

Iex anpl eI | b;)t h [plu% ﬁofmﬁﬁgdlz%&&,%dd b%cl:(@gl%lﬁ:)tngde%@ﬁ&pﬁhéﬂ(ﬂ{u@k%ﬁ@ of a e

i gnocel I ul osi ¢ [ ratel y qr as a conbine
reach tem apertatureanq?%ange E % to about& C 2\309 ab gltnglt %fa

mxturetotheaﬁloe conti nuous

bi of uel pr oducfei“’&?ﬁt“‘ﬁf%géééhé“é§5°é‘fﬁ'ﬂf“‘s??/& B‘ﬁ“é“eﬁ’é”%‘?efﬁb&lﬁte%rf“é’m“g“but anol may be
produced by a nhiog plbi atout 8T £-alforgxampla.pstadymape@s epstt o - dienrpaelstnerli n, at a titer of
about or at | eastorabeutrichy md pe gloywn 8 aboul B°C td out d55C. TROH o2l Clo3jum4 0, 50, 60, 70,
80, or 90 g bUMedﬁﬁEm{)ér&)@ﬁawd@Ehe@i&%%fb’éffeﬁr%c@g&%togglmnﬁbOUt 5 to about 10,

about 8 to about ut.. 3a9 about g about 50, about 40
to about 80, O%mae‘%agla meg'bm Ehe bloreﬁcgtor ?r%)étge aCtivi dmono flc or base fo he gromng_i;ul‘gturer Ry be

affected by aniienteRRIGHEPTHGRE [oRe gple "‘]BIEI @é‘@fi?gé?fta‘@ﬁﬂéf"étl“ﬂ? &P 8HY conposition
(acet one, sal t §toalpptd, oty bempintaigsghip themddivd fonasvihof @dsrident | nuous bi of uel
producti on processes and systens descri bed herein, butanol may be produced

by a m crobi al pSichifhtds ofrléeblaRsn Asfd Qsbt | dium strain, with a yield of about
or at |east abg ]§1910b11%a$10n oé&dmléerganB% fr§|9 s{%r& tQtHg cel%o%?bte%aghgf?o% 60% about

40% to about 6 or a ments of

conti nuous bio °F &) 8‘?‘?63’rfm8¥m3§3§rs"§§§°né{’ﬁlﬁ g 5 E& ve‘?:lbég&’]erﬁ%“her ei n,

but anol may be syitibigAcoE oyeciativpgel foping soludeny Hiehl rolirppablepgsolidifighlyst ri di um
strain, wth asiiasdiudtd, b drepotdifnited ROiginatQr-cagdeecha dtbsaraipyutyladide, 3, 5, 10, 15, or
20 g, but anol B{%racr}lla-lnIdEHydr&QlE aéafaid rpolypﬁb{ayleﬂeb@b}&hy&ne@@coﬁh&d&l adidate, about 3 to about
10, about 5t Op(ﬁ}p&%ﬁ: de:ln@l berggne QQ}QH}I be;lerne pgly@qy&olgg)x}gcﬁytcgiﬁ&la per liter per

hour. [243] ersse‘l;ge gneatm ut anol may be ski mred
off the top of °etnﬂ°se‘1°etaatr}£ 80“08511“23%13&“ ’Ereé’éy equi’p a? ‘known in the art for

t he separati on!'8¥ ?ﬁBmTWﬁﬂ?ﬁmﬁﬁégﬁgg?ﬁmﬁﬁ@“%F%Péﬁﬂ*B?NmWHF”W?W%her

pr ocessi ng/ pr odisdi supretsdnglede)butar aat Entiedsn Sone By .gérle piyf rgim. spd.oprwodwrat pr oduct i on

[ 244] The inVGB&hQﬂmﬁﬁﬁvhdﬁﬁmﬁm&M&&aﬁh&aﬁwﬂO@MﬁﬁM@MﬁmﬁﬁeﬂB&tiOn of a

bi o pro duct, e. ge-ramwmz é) fpn'nl(%L aerallmc Guch as f)cg}hs sﬁ&jﬂ%ﬁ; orhdsit8, l&%&(l VEHRYR, 1@1' opro duct
production process as described hereims The system contai ns a feedstock
hydrol ysis unit upstreamfromand in fluid conmunication with one or nore
bi oreactor(s). A carbon-containing feedstock is continuously hydrolyzed in
the hydrolysis unit to produce sol uble sugar nol ecul es, and the hydrol ysate
is continuously fed to the bioreactor(s) as a carbon source to support

m crobial growh. One or nore i mobilized m croorganisn(s) in the

bi oreactor(s) continuously convert the hydrolysate into a bioproduct, e.g.,
bi of uel , and bi oproductcontaining effluent is continuously w thdrawn from
the system [245] In sone enbodi nents, the systemcontains nmultiple

bi oreactors arranged in parallel, series, or a conbination thereof. In one
enbodi ment, nultiple bioreactors in parallel are all in fluid comunication
with a single hydrolysis unit or nultiple bioreactors in parallel are each
in f|UId connunlcatlon mnth a dlfferent hydrol ysis unit wherein the

[T D e N 1 I 1 N 1 R Y Y 1 o N L Y



liquid volume in the bioreactor, thus decreasing the residence tinme of the
| i qui d hydrol yzed feedstock. Conpression of gas in the bioreactor has the
ef f ect ofwDnerogiasiong resi dence time of the hydrol yzed f eeuaiseei/o39873 he
reactor, which inproves utilization of the sugar nolecules in the feedstock
and conversion of the sugar to bioproduct, e.g., biofuel, for exanple,

but anol . Operation under pressure inpacts the solubility of gaseous species
(C®2 and H2) and may affect fernmentation paraneters of interest, such as
product yield, selectivity and/or productivity, for exanple, by affecting
the redox potential, pH, or other parameters. Hydrol yzed feedstock nay be
added to the bioreactor continuously under pressure. The pressure in the

bi oreactor may be about 1 to about 30 atm or about or at |east about 1, 2,
3, 5, 10, 15, 20, 25, or 30 atm Alternatively, CO2 nmay be renoved

periodi cal |y, xataget @sid doHatyl por@E st@QMictoppebGlibleryd dafsOmRLizbdbte, bigodeeact or, for
exanpl e, at poighs pl@{lcoc[agzre{e t!ﬁass Le%dggt:fnn chlyettlelﬁer@to@é’ &@&Ky@t{e; wobd®kipiENt at i on gases
my also be ! euRyad.REL WRA S SAGL Rd LRGSR (nlneud bhdIRL Ypeand/ of secondary

and/or further reactors In odi nent, residence tine
of the hydrol yﬂ‘ﬁ‘iﬂ"r?a@%‘iig’fyég’ﬁ'eﬁﬁysu 8”1"?1’5‘3‘?“@%@%’3?“B§1g lﬁg’l g a solid support with
hydr oscopi ¢ pr O rih inetber emyodimeetsths spisesorpapigiit Wvalsely epupied togsulPoft BiP6 | ncr ease

resi dence ti nechefBot dgenp rile gurariliewild ydidnigiditpi(OP P AA.G1983.060), golymedsiisodraneds, per hour
per liter) andd. b£Ko. 6071 B9 RERAUS Pat. MBs. §519,530 brld B b2 b61), BBExydilyta@iige, TRY beE

i ncreased as aﬁz[nﬁtgyyln&al gzwatreﬂgpp!)r{g%)[aﬁlﬁéschlgndg ?(ﬁilmgﬁeg&lge toluggg or(ﬂte hﬁyge'ém yzed

feedstock in t I or eac 99091 n some enbodi nents, the system may
al so include d8WIStPEEM Ot Alots concent rati on and/ or purification
modul es for reéléi}elﬁyneﬂ‘fbo"éw iy eyihieed eperest such as thgse of Gisigfitiat-2- Cpr oduct, for
processi ng of e®emiuy¥ue ursdcvatd by hamaswrk @fl hénireybitednglerpireotise em@lom‘sll@pr oduct. In
sone enbodi MentSwih hddm SheabyQBRbiICkMaRSuA ThEx I BmfihaSaBGEAtE atd on of the

]?' opr fﬁUCL contaipi ﬁgrﬂ%&lo&gmms rgaaﬂ Iultawe @n&pmmmoﬁ;%ms%@ WMt D ?ng downst r eam
rom € DI oreacC nc [ra n uaes
r:ongmons can) ben%xanaed ?or bn%produati e, §f H%]l %roduc(aon ?ir;;'he 1mmo{1110zed'\c&}gp

distillation. a further
embodi ment , t h&oRIPet efmbiofiPuton. SenrBdRFAEiHERY fi ?l’io‘F‘Pg(flﬁf‘illbtﬁSpt‘fT‘lat‘Iol opr oduct ,
e.g., biofuel, bdferagearatityehe thama dpek prd tuliede doduerppr oduct cont ai ning effluent, in
fluid conmuni cmi]ovegwn{eheuadada downSEd iearich bR & thér goencmnt rat i on modul e. I n

one enbodi ”E”t mmRb{Ealuﬁnks‘ﬁﬁdes&aQ Mh%lcuﬂ% sl SE lole) oﬂléyh&ri}‘mth itk zgéélmclam some
enbodi nent s, cI ude an% esu'edcull n ylglrr ertfoor renoval of

i nhibitors Of ﬁqlvent%%ncalrases cest\En,rllnelmmo Lzeda er%e[sfl Br oduction, as
descri bed her ei‘“ﬁf“““’l’ﬁ@d“&‘t%ﬁfhf ‘i‘eﬁrFﬂﬂ‘PQ“ﬁh" g l?fbﬁfas&ﬁ&“é"t"’é”’yé‘é‘ﬁf‘fsﬁ’ﬁousI y downstream
fromand in fl wiedicedimvrinictgatdibomc widithe pdfesefibesndibdeotigtthetsny sl pr ocess, and

upstream and i Bndkthdddl G 116 @IVEANHNE ptiade. QAitemdtitely, biphic BilsemdEiRh@iES Jntheand condi ti oned

hydr ol yzed feeqc%égﬁgphmdma&ggag&ggygm&mged to t he bioreactor for the

durati on of fer nt N ln o glb Lozt NeLco ntgilt‘3 nL.0g uni t i ncl udes
| on exchange r églﬁnnsomeean {)dhmens mhm(b%ams(snrsso Ca}nlélo rlée allanlecr T ar ﬁoeuclg ey I n

anot her embodi HBHfa el LB T HERY e ‘?’iecdllsﬂfff%déntgf“ﬁ?“é"éf"ﬁiefe tion unit and
t he inhi bit or s ommgl sparsenisy € celivint obereiiedimenis dhe micieeleapioe ef Bicfutdétoten a furt her
enbodi nent, i nibiokdctbGaghGIe N3e OlRsksdediaEclS &P ar @boedd fyre mcbheniimy.dihet ysate in a

st eam st ri ppi NGuRRES patided Bn be abs@tkDIntolHd scHOMBPorLADRELARHY Ssuritibey HySt em may al so
i nclude units for., ﬂﬁcon %lr chFb%ckIQJ]mIQJb é&egﬁtht %%g&%&gs‘éftf?eﬁ% Qfpofemoval —of

extractives frgmt st oc escr | hereln nstructlon and/ or
removal of extFE%?VV%?mﬁﬁym%ﬁ%?ﬁ?%m®6ﬁTP“ﬁgﬁmfm°ﬁ6% rea yconc|n f1 uid
communi cat i on Witk te selid @rieot BIpsIn e gFpdieed P?Sﬁ*deh“é%ff"‘ﬁf?ﬁﬁ%“d Blerghest t¥or
periodi cal | y t hwiaeaghoute ehthéma it feigddgacionsire €9s michm@rigny cap sptyégr at i on [ 250]
The bi opr oduct ;maietaifkd by cliu@i bt selid Ribof] therkty BtesPAANRSE BSmaANEnsy$iers descri bed
herein may i nClydle: ANE Qfing MBERuERS G¥rcleldt €9r ation systens, for capturing
and recycling energy generated in one part of the bioproduct production
process and using the captured energy to drive another part of the process.
The energy integration schenmes described herein include integration between
process areas and effect a global change to the overall plant energy use.

[ 251] Methods of energy exchange are well known in the art, for exanple,
feed bottons exchangers for distillation towers. Heat exchange net hods nmay
al so be used at various points in the system [252] In one enbodinment in
which a two stage nitric acid hydrolysis process is used for hydrol ysis of
a lignocellul osic feedstock, as described supra, flash steam generated in
the first stage and/or second stage hydrol ysis process(es) nay be captured
and used for deconstruction of the feedstock prior to hydrolysis.




[ 253] In one enbodinment in which a two stage nitric acid hydrol ysis process
is used for hydrolysis of a lignocellulosic feedstock, as described supra,
flash st esin2gevisiwbed in the second stage hydrol ysi s pr @Ceas20mai393a3
reconpressed and the reconpressed steam used to provide energy for the
first stage hydrolysis. In one enbodinment, the flash streamis not
conpressed. [254] In one enbodinent in which a two stage nitric acid
hydrol ysis process is used for hydrolysis of a lignocellul osic feedstock,
as described supra, flash steam generated as part of the hydrolysis process
may be used to provide lie steamfor steam stripping operations, to preheat
streans, renove inhibitory conpounds from hydrolysate, and/or to facilitate
product separation and recovery operations. [255] In one enbodinent in
which a two stage nitric acid hydrolysis process is initially used for
hydrol ysis of a lignocellulosic feedstock, as described supra, flash steam
i's generated i hnﬁngﬁﬁgﬂgm§kag§mnydrolyS|s process may be used to provide

energy for a tEkeﬁ dlhs%gé%,d ,Q; [oTAVETS ,etgvvaléﬁlal &Ja&mgﬁl@;p&gmﬂnu;ggwpm he third

stage lower th e h the

t enper at ur e anBPB?mﬁﬁg?ggﬁ%@mf?%§£ ?m?wymmﬁmQMﬁwm¥g%&m%Q%mm in conparison
to a process mﬂvﬁﬁﬁwmwﬂh@e%WWWHN§F&§€m“PWﬁ@-B@Wﬁﬁﬂﬁﬁﬁ@“ﬁ?ﬂ?ﬂ?y5|s of
remai ni ng ol i gepmn ingerigtigréude b klecyittets pylintels, nhted polyderg inereheit arielt ain hydr ol ysi s
performed at aophghfsad enperature than the tenmperature of the third stage.
This method coygd ﬂuappolgn%rs%hq% @rgaﬁdmst&ali QUG cgﬁﬂos@qgn@cemo@cg@ﬁcembsbydr ol ysis

W th decreaS|n t enpera iment with
three hydrolys “??a&%@wmffmsWmﬁfg§ﬁgjggﬁpm¥mﬁﬁemJ?ﬁ%%ggmgbapstage is used
to provide eneP@ﬁ“*ﬁPmﬁﬁémWPF§?“§F§b@m“&ﬁﬂ”ﬁWﬁ%ﬁ”@F@%ﬁP@%ﬂ@?ﬁted inthe
first stage isprdiwed to provide energy for the third stage. [256] In one
enbodi ment in Wm] Cilanblel SWRmBoRGRAid theluld ain@CA-Errddpithis @ YiBds, piy-00@88, | S used for

hydrol ysi s of gnlaa Molalalo hLQg%Joge ptlﬁ%gﬁ&pgo&ahy@& ggis&ﬁeﬂmayla%uma flash steam
gener at ed int Ey 3 ?b n ol mggen ene, rgrlirwrg:el c% 0 c%rlnesr CQLUJOCESS my be
stffrﬁne vmé/ enze e yv V] Zt é) C?p f( dS

reconpressed aft 0 prlovi de ener gy for a

distillation pfﬂﬂﬁgﬁwﬁﬁwmﬁﬁﬁ?*@EﬁFqHW”BF“ﬂ?ﬁﬁFSHﬁ%T“E@“@“°‘ﬂfofuel from
bi opr oduct con@awnﬂﬁgkew¢¢%eﬂt$@¢mwm%@m@quQmﬁmﬁm@ﬂﬂbﬁanF@Fnentat|on, as
descri bed supr aood tdbdhcilatd @r@1enbodi ment in which a two stage nitric acid

hydrol ysi s pro¢gs§ Ssulisbic WSS foff supddGhLta) Sl Q&gaac Alakegang%eivlmwleq&fa& f eedst ock,

as described sypra, fla S nera ellemmms flrs d/ or second stage
hydrol ySI s pr Ogessy’oroxglie%oups guc n}e&a?scan%ec&a&?(fl q o?c he 1ca com Ipsgconeaés‘tl ng a f eed

streamto a di SEFM %Pﬁ“ﬁﬁ“ﬁr”ﬁ‘&‘é’%ﬁs fSB‘FeOLbﬂ‘PIi"‘FS “E'é% ’g‘i’i "’iﬂfgla& gprdiiet, e. g.

bi of uel , from bplayenitsehandierite dried siFarsrlrbgptanifef ahd feerike. Reprsrasismeristraotresehi cr obi al
fernentation, asdedi&8:6e aluldi@dl hySoty brtite, MR gickblba®h st eam may optional ly be
reconpressed Piidof)l intomhe bhbSuirkeR, thpaqlﬁ,t;a@atemgseme rbrCR6k o, fBBRyIenc 28] 1 n one
embodi ment i n \gh%omeo%s egéﬁfzeﬁﬂe%ggnwg rgus@es:alng sm{g muy&dc;ammng)cess is used for

hydrol ysi s of noce f eedst oc scrih ra, flash steam
generated in tﬁ%mfg?gFmﬁﬁ mﬁwhéﬁﬁéﬁﬂm@%%ﬁgm%VHW W&?f@mﬁwgﬁ E@rnay be
reconpressed afes beprle Teflaw pnbpipeesdeketnesroattpierie srerpysitg, igngxchypgs (ki eotkep@r gy f or

dryi ng and/ or cehychusdunpnbegs, cqpe OBOLBUs SEP ahabeds sinrredgldi, ¢ki | | ati on process
as described sugbRatiofRfeofCX 3IPhHRdimdnt¥8e slipBE AP ASHRANS tUeAMuiFRY be used to

provi de ener gy .fQf yQ\: X@ﬂﬂﬁ&QQLQ%mﬂgg%gkﬂhhng%&mﬁkﬂﬂﬁ§ﬁmhk%Qhﬂhe
fernentati on process gnin is recovered in

odi nent s
the solids- conf%ﬁﬁ?ﬁhwwegéﬁ%gmggﬁq“ﬁOK“Mé??mmmﬁxﬁme VSIE™6t 11 gnocel I ul osi ¢
f eedst ock, forcﬁwﬁﬁﬁP%mmPﬁmfﬁﬁméﬁﬂmﬂ%W Bﬁ?ﬁ@WWW@mW@§Wﬂﬁ%“Fﬁﬁﬁ?n|ng after
t he second st agepetifs. for etape, & vigapeshieduiepacigngaraterid! uspy Gir toflijesal distiiodess, as
descri bed supr aackighe |i gni n-contai ning residue nay be used as an energy
source for the bioproduct, e.g., biofuel, production process, as a fuel
source for electricity generation, as g feedstock for chem cal production,
for exanple, production of phenolic resins, and/or as a soil enhancer.

| nt egrat ed bi oproduct production plant




[260] An integrated plant is provided that can produce a bioproduct, such
as a biofuel. For exanple, biobutanol nmay be produced froma w de variety
of feedstwoksisimecapital and energy efficient processpPCRUSR10©OI9873
greenhouse gas (GHG em ssions and the potential to make a significant
contribution to reducing oil inports, achieving advanced bi ofuel s targets,
devel opi ng a donestic bioindustry, creating jobs, and pronoting econom c
devel opnment. Enbodi nents of such an integrated biofuel, e.g., biobutanol,
plant, utilizing processes and systens for continuous biofuel production
descri bed herein, are schematically depicted in Figures 1-3. [261] A

bi orefmery as descri bed herein nmay provide an econom c benefit, the
production of bioproducts with a reduced carbon intensity (em ssion,
footprint) as conpared to petrochem cally derived counterparts. The primary
driver for thi g9 dawotdmbpwinients, bsrhp@imaicryt comgipet asufag afedydat fet bui Y&l y rapi d
utilization of mBr Ree bobodidiars, e QS Bkal ampReARAIEEy bt Ipetiob.sum based
chem cal feeds 8x9k1§ soméénb@dﬂneﬁ%mp& n%m; Jaﬁpnge@simf;ah%e@sfmwom@asa ntensity,

n-butanol is t Y PI % omeenLllbcéuflen (%Les portmat Bco ﬁrgesagel?%ﬁﬁn&g? attle st 4l ou?@l ace gaSOl i ne

use. The carboﬁ°|nt NSt Gasorihe depe stock source of
production, pr¥8uction energy, product transportation and product use and
i s approxi mat el1$2] OlhOBiclksye ©AR@upport hterplfwillyarg drpdndin upoShieriatte pdnfieuratiyyt anol
produced in Sugh o@raldh QL) Glsyne aBboRSE, it REdr R isHzchBSieangCakmON | Ntensity
of approxi mat eLrybOQmth;L%emclg%aésmd@fmew&m& of thd 16 E:AhEHOR Nt ensi ty of the
bi or efi ner y al ?19{1%_ ansome errtbodfments Seapmﬁc es §r:£, s?fgeiém%ao%es%%rt%as aﬁ%%%yeq\;uﬂﬁ% pr oduction

ener gy, produc S ere reduction
inintensity i §f3l/’a‘f’§él73/‘ Re'erf-putted 21860 & teBPOH WY TEop° TRYERE credit is
generated as trhe?ablplanlases'edlasieapF“@dtﬁefe‘dngprnFSlemtl%g_ﬁ‘r?eﬂﬂ%§’t1°“{ed‘{Y%"zl} The avoi dance
of carbon i nt eRsi styletdpSinds @@Eld ppaikltedhidlncammpt sikcisEdgentheShsweh as t he

Chi cago Board gﬁboimg%epaﬁdmaﬁeg&eastmugﬁspni £00 Skl Bho@& L 0d 1oh, MEnk@domdeﬁBnd and is
priced accordi %8¥| of lmTIt 100 1%%'}@5%%0;@ 5§(pmnol14 g CQ2e

avoi ded, a product ? iat gener ) 6m0 £€ whi ch was
used to displ at® ﬁ%§8ﬂ§ﬂ@mv5ﬂ H’%@gﬂTfo W“éﬂmévél%ﬁﬁte d?l e7 kg CCxe,
with a val ue ofm$e0gsRRAO L 1288 |, AH50P it BPPLmed-Wira -8 we£2-50gug or, blofue

pl ant can be bui.dot uot iDdidnetra mis@de ymbodimegid rausititleses less bum abrotte) pmR9¢ @nces, a pilot
pl ant has the GaRRAGLHE M, $00uREREEI60 w80 fnDooh LY, €006lEny 1,100 M1 €6 unafs00f €€dst ock per
day. The feedst ok, qr, 55(}1[% oM, 1,508 li)?ooﬁxﬁllt)déluﬁls:'o&)ug' RSS mfOr exanpl e,

l'i gnocel | ul osi ¢ eﬁﬁ“ﬁ&ﬁ? ?éﬁ %ﬁ“ﬁpg'yﬂz'%g%“ﬁU4° Fﬂdngx ggmggurced | ocal |y

and is avail ab treatment of the
bi omass can beﬂﬂéﬁﬁﬁﬁﬁmgﬁ@wméw4%&Wﬂmﬁ§HPbPV§W§mﬁ@%€%§§2“§ﬁ@ﬁ as a two stage
dilute acid pro®ess rihc00S8at uredHd- 108Dk $9D-2006&5urg 600-3,200 po. 1390t 11469, lveli€ el | ul ose and

cellulose. [ 264do, s 060200 p&Foedd00ERR £000-4HDEHE s, SOHPROG.EBI0-B@od @ Nent ed to
bi of uel , e.g., o,tuoabgbo%mﬁlmsouma&mgt 08 fuckil S Lol e DiivalchBiaiRNE €Nbodi ment s,

a Gostridiumstral rtlgtﬂ?sﬁsm%gccoungh arsgaaesoijtheifdwlc[lnalﬁ%mce mononeri ¢ and

mul tineric for&e 6f ion can occur in an

i mmobi | i zed bed”ﬂlB?@&EFS?“Wﬁﬁﬁ?ﬁﬁwﬁ“ﬁﬁﬁf*ﬂﬁ%ﬂ%aﬁ?ﬂﬁﬁﬁgw fhireh can del i ver
up to or nore wdhard theywh h yxessmalhizedpartaibe) edrticls Wity highforgrite @ arppabistiiny - si zed bat ch
fermentor. Prochded i @aoMBddyhed ek sGHa tikd of @ parGdles § it Gfist Bowepd g, ol gh- ef fi ci ency

nmechani cal vapq#/gGwrg%%ﬁy”olntz@fébm/guﬁ@g and 1@ﬁlvgmegsomge;%aglon of heat
ot pams 110m aglasgnls PLonGes Lt £alha 0t oL 89501 o0l Odle, kg puri Ly

bi of uel, e.g., % { nol~ W oW overall" &ner 2651 The i nt egrat ed
bi oproduct , , e g® 35051/%165&@ 4‘}9P‘d%lu’éﬁ’%f‘?°6l’gaﬂ’f’mé% B‘ég E?OF’Lﬁ 29 mint egr at ed

st andal one facﬁ%hﬁ@1mmﬂh%ﬂaW@PémA@@mPW@méB@F@mﬁbﬂﬁm@éﬁF&Wh§§°|n t he

i ntegrat ed pl amtatthetdmBesfpaarel settld @S f tEecfiid kR inltkeolfir@@glsisiorChne sfdorparge and

handl i ng, produgdgasta@k RE8nER Gerktd RGN trthe BHEhONM Sk Gnbbifickehd, thi K. The
integrated plant can have one or nore streans to recover heat and/or
materi als. For exanple, recycle streans can be used to inprove efficiency
of separation processes or bioconversion processes. O her streans can be
used for heat exchange from one process unit to another, or within a
process unit.




[ 266] I n sone enbodi nents, an integrated bioproduct, e.g., biofuel,
production plant may be co-located to utilize a waste stream such as

hem cel | Wwo=eldfrsoresa pulp mll, to achi eve econoni ¢ advaorasesogaisned

t hrough co-location and co-utilization of utilities, feed handling, feed
| ogi stics, off-take, chem cal production, etc. [267] In various

enbodi nents, the bioproduct, e.g., biofuel, production plant can utilize
one or nore hydrolysis stages for feedstock preparation, one or nore
conditioning processes to prepare hydrol ysates for bioconversion, one or
nore fernmentors for growi ng one or nore strains that are capabl e of
produci ng a bi oproduct such as butanol and optionally other products of
interest, and one or nore separation processes to isolate the desired
products. The various processing units can be deS|gned and coordi nated such
that the conpl ehsy@penpmbr ionleafaditte sioh’sipte/cin’s0-Jetm’a0 zomt - rereli86 nanner .
Accumul at i on oOf/enPloo e’ 63 g’ §.8R6°, MBy@r, it ab/én’ he ke sn! Pyt assup@er at i ons can
be avoi ded. RegidanG8a ﬁate@:@ﬁcgzt h%gggéésﬁﬂra&mM&a% SoiPhph @b A bei ng fed to a

downstream OpE% at !10 when% supp ax%glies %uc?or c<911de w18 ezgh ome%pblogmquglr adation or
nodi fication o al's roce ream roce55|ng

units can be CWFE?FT‘E'HP%‘&??&“W@HLFWPWH%@O %fgod%ﬁgtl?o lg?ﬁrf)lpocesm ng units
and Vi ce- ver saTheFuport gsteripyshogld aljo havesuifigaiietip grenst it rijt shettsing e Siierralby a i cr obi a
strain i s obsemned, whithiRy beatu@d §fthe Brywl & biyhsSnsiod suporfre@edisdoec ko s¢ggn be reduced

such that accugith@td® e AfpolfOOME LSSt AURIBRG0 MPa| 48 88, 6P 30KE, ENDOdI MENt S,
commercial pla NBUW% ?ﬁmps,%wd?so%t 200, ﬁa§1\4hh§4c{a"ﬂp£f§£;éu j-oduct,

acetone, a m xe vent cont aining acéet one, degradation
products, and PPERiHU PapT e B %cﬁ%?¥¥%Wﬁ5?“W8&ﬁ§F§‘%ma%ﬁe pl ant can
produce about @wevedt Crish gsreth flarstier mepsregenyef fop Begmiest strsgfh A fiptuppongandis g 5| | ons  of
acet one, 0. 039wbiamudsgctof of it cogdsi®alsha@nizs and prabsi@ oftedattrphinesseofrors, | 1 gni n. The
butanol and acelRRBayeaRiviEmsabeticl He@nf RBorfcdel8maR the e RGaks: Mar ket s,
respectively. Tﬁﬁmyh%;d sol vent s (mhlch may include acetone, ethano

but anol , degragatlon roducts wood SsS co fernentatlon
byproduct s, f ePHEnE 2P ShogEme ey eﬁﬁ% SN o “&é? Y 4H8 nost of the
lignin can be H@@Hmfﬁgéﬁm%ﬁ§ﬁﬁﬁﬂ%%m©@ﬁéﬁaﬁﬁ$ﬁTﬂﬁWFmVﬁWﬁﬁﬁ@P%W% all of the
st eam and el ecbutficesiof sypporepgptidles, dhe tlgd ppetrmtee subdoepapibleund/or epyafacetivthy emai ni ng
l'ignin can be dli@6kp& of iR m@kier , for exanple to about 15% noi sture
content, and sold as boiler fuel. The renoval of water fromthe lignin is
inmportant to increase the value of the lignin streamin that the energy
content per unit Wel'gMt is increased by renoving the water and the
commensur at e | #3ntbe ﬁ%‘%&’@ ang procespradeffiitedlerein Hpysp o7 o RITPHHEECHPES wel | known in
the art. [ 269]are/apablevf profud ebloryiwtag, bipfol. Ipmbadimentsdrhph welergere but anol at a
vari et Yy of scam@sorgaBiitsan@kd, lﬁﬁlﬂcr(b@anﬂrﬁﬁﬂﬂﬁéeﬂ saft or ﬂlﬁ'ﬁlrfﬁinn(ﬁdﬁﬁl'sﬁclﬁﬁnd&bout 13, 000
gal | ons per yeg&Mmg&wggﬁpg§$;gg;on scale at about 2 to 2.5 mllion gallons
per year (cons day) and at

conmrer ci al scall[m] glgsomﬁemlll)?dmgﬁs the rrufroo cfamsms ﬁoTlprlseQ)ac%rla or fmp lin [ 27 0] For every

gal | on of bi obGFQHBTSHF BEIEE™S CFESH S&HT PEEN I“ﬁ‘?“tﬁ&ﬁl’@%"’e&‘b&ﬁt or at |east
about 0. 08 gal misregreapifms gumptisorveixed Frfureds eveits fiom thesemd spegisst ngpo eptboduerikg of | i gni n.
The estinmated feedsinai GaASUHTPid OMrof diffeR@ sle@Teded eabodipkdtte can be about
2,700 dry t onnel&mpfgahsnd@mpﬂ@el&%mﬁmenmlyﬂatkg/smnherlvéaﬁ§§ﬁm0n a yield of 53

g al l ons of Di O@U'}J alg ol me pm%odlmergts org %e %Ioc?sses aazg sEe escnbeihBrem, lllgerebl spe@itI;TsQ)y nt of butanol

that can be pr onne can to about or at
| east about 10“m?@“d§%““ﬂﬁmmgﬁ°“€H”m?6”“8?”%B“gﬁWF%ﬁ?m*ﬂ”ﬁﬁﬁPﬁleun1ana|y5|s
i ndi cat es a di g dftcenbidrolyzsd fecdstogks priafdqtiolyfrateseudeval ent barrels of oil annually
for a 50 m || i o8] gakomeenbpirenty efngal inf®brgahitnyis usehfbech plagdas. Ra@aMledeyebsocat ed i n
NUIMEr OUS  ar €as inkife, bk &re KDIHAEI 1Y, SIMABEBrcel dhesiat BDBKBLs, Otarfibist s Wast e, with
sufficient surplus to avoid market pressure, is available locally. The

pl ant can include all of the unit operations of the feedstock

bi oconversion, plus feedstock handling and product distribution and | oad
out operations. In addition, the commercial facility can have its own

bi omass-fired power plant on site, which can use lignin in the

sol i ds-contai ning residue renmaining after feedstock hydrolysis, the snal
anount of ethanol and a portion of the acetone produced in the fernmentation
process recovered in the distillation system plus furfural and HM'
extracted fromthe feedstock to provide all of the steamand electricity
requi red by the process, with excess lignin sold to offsite power
facilities. The facility may require about or at |east about 20, 000,

30, 000, 40, 000, 50,000, 60,000, 70,000, 80,000, 90,000, 100,000, 150, 000,
200 000 250 000 300 000, 350 000, 400, 000, 450 000, or 500 000 BTUs of
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conditions at elevated tenperatures and pressures. In sone enbodi nents, the
equi pnent design does not require the use of exotic materials or

speci al i 2&0 2eguispTeent avai l able froma single or |imteadCnarsbew/osfs7y¥endors.
Not ably, in enbodinents in which a nitric acid hydrolysis process is used,
pretreatnment vessels can be nmade of stainless steel (e.g., Duplex 2205)
rather than the expensive alloys often required in other processes. Spare
parts can be kept at the plant to ensure continuous processing wthout a

| engthy interruption or turnaround. [273] Operating paraneters and
behavi or of fernentors including inoculation, |ongevity of growth, pH
control, and sterilization can be determ ned at |ab bench or pilot scale
prior to inplenentation at conmercial scale. In sonme enbodi nents,
variability can be addressed by segregating C5 and C6 fernentor vol unes
into nmultiple Messeks,PafiprmueX anmh end Ktomoemytehreies, Oby exapplceolyaa®dis| s per unit
operation. Thi & aGRsgfung AOE Bl arC@NinbdhdOme g estiTmbstigRdeboinkeist y as the vessel s

can be mani fol g%%chsQnd%’hirMen‘d%id%a!:r@oﬁﬁg% reci rCUl ation of media by

i ndi vi dual react or E > qﬂkoqal f&%&mu %dn nallowrun tines to be
extended by rot'Zf i'hY™t HEUPELT 1FEH BF °THeE haE Vi QUL Fermentors within the
train while op?ﬁa‘m"’z‘fl‘f?@“ﬁ‘?ac?“tﬁ‘tﬁ‘lnél?g exagpley °fGT"€31 RyEF liaﬁ‘i"ﬁllﬁ‘il‘ﬁ%li“?efﬁ ¥8hBe. | ndivi dual
reactors can bweiesolbitapdocogtsc¥risforapma Baciimddiobroeivndiverdeossti | e t he renai ni ng

vessel s are onlLdcoReind Dcodsod Raitd s, salErsdpgibaainin. 0P 1isitne o@ales gonf i gur at i ons,
which can i ncl H)gcﬁic EEUJieL 1'nJRJdé3En{er%§)%LsQJe§unJaﬁhﬁz%éa@ﬁwgal%rbmbﬁonm%e n to maximze

t he pr oducti on Of lesct}%r -ne Blvgbaclgenamcgld bac erlaefrugnﬁnfhe fe]%!aPsez)t(dangm a biofuel, e. g..
bi obut anol , t h&F&by“re i Cost's rOV|ngw%$erat|onal

| ogi sti cs. [227%]""%««% Sr'fff”é@ﬁ» fgft"@’d"'ﬁ*‘r }B’ﬁ’f’e&d’ff(f’f’“c’e'f %’?“"gg‘ i tuel, e.g.,

bi obut anol proé&ueéti on pl ant can include a high degree of |nstrunentat|on
and control uspmy 1RonS tidefinkhtSRIbYteMOR Clo@lidium Bekis aklaling gt Biittdt@n ( SCADA) system
and/ or di st ri bul,&gis YAk -huySHS EISMt A e buy b8 S 9YS b SRk Clodv@mls T eal time
data on a w de J.ange Opr mLBmpggggwg%%gneters and the data may be used to

miceu, and env:
araneters, @ and condi ti ons. For

optim ze proce§ contro

exanpl e, a cusf&%1%%@?ﬁﬁ@ﬁ §@%€%@@V@@@W? %ﬁm%%VF%BFMHhW?FﬁP? par anet er s

i ncl udi ng f er nesisticdifrom €. frgyergbuptime Enfdrictri. Grrelia e asfad 4y Can onl i ne MBS,

whi ch can be amc@irbigicin @ cdeabrbiiamnitundl eatoadrhet Cretrabotiiam and optional |y
sol vent productuQbke.i ERREH, BRIt Ssalchrodidus Boa@. aRd-MEAT such as biobutanol is

produced. [27 zrﬁ%tﬁfe% e%;éémgzipl %&qgé%tﬂ%p&%@es%sya nfgqe%gﬁ,gluagsi ng the systens

and net hods de ro uc%s i’'ncl ud ut anol , acetone,

et hanol , green @ﬂﬁ%V?ﬁgmhﬁﬁd@ﬂPQ@dM? TS ™ RSP BBt s i ncl ude lignin,
cel | ul ose, henﬁ%@W@%%%@@“?gwg&W@““ﬁ@Wﬂ§mW@Pmﬁh?dﬁﬁﬁ@fwﬁwﬁﬁﬂkﬁ descri bed
her ei n. Nat ur alMyqride JpkoSride 8drobR SpoyeyfdrnibeGacilli \Badilia pactres BlidhracaBduiglisher conpounds
may be separ at @Guekdridr B cdph Blidhitine 0 PoriihDE BSSrotliBpdrd QY Bucifd] ANt  economi cs.

O ganl C pr Oducg\& ogagg'};z s&)g‘gg Apigbeil&%(%zghagl%zs% LouI?M cg% Apganptlbgglgﬁsd with each ot her
or bl ended mntg addi t utangl can be bl ended

wi th gasoline o?mﬁ1“m% Phbgm §%|%F4”?£'f§”w0%w 6?” i aRkol produced by
the systems an d""f?édf’h’l[?%d"ﬂ’éﬂé’ﬁ‘i"i “Peedrirpere weroreridrigrrerretitat i on and
separati on, cafrekyeemataragunp BarickayecgtentaBenmpiroicrerglemdribaigt Laboiica8®a 40, 50, 60,
70, 75, 80, 85 ,Spngﬂm miD, Str&%bactﬁg mongﬁrnﬁs Trﬁgws%mas %coﬁasmﬁ,r My%lasgzg % Acetone

produced by t hsneé,y,,%Leeﬁ@n@Mocﬁ@znwgﬁwm;h»s%ﬂmb @tﬁe?'tbb@ozllu! AL Ng
fermentation and separa

at | east about
50, 40, 50, 60 oS Byt Bls dyBil, gl B0l o201
99. 99% EthanoW“SWdBﬁ@&HwﬁﬁmfW@R§V§Féﬁﬁ’éﬂﬁ‘W@#ﬁﬁH?“ﬁ%@%@?bed her ei n,
i ncl udi ng f er mérbedithicon. Zmehomepaation chestert end glebsiglapigrirdey of about, up to
about, or great®s kkancntbibuhts, BOmicrébbanismbeom ik, the gddsra ApiridiBk) EntdBlogecu®0, 95 , 97,
99, 99.5, 99.8 Kle&glla,gbact&brzcillggor 9&%% Inl-sc%‘lz Zrlbocﬁhglt@ ﬁ@hcr%é&d&h@&ﬂpr@ the s ystens an d
met hods descri bed herein, after fernenfati on or separation, can be a bl end
of butanol, acetone, and ethanol. In one enbodi nent, the blend can be 70
parts butanol to 30 parts acetone. This can be determ ned on an organic
sol vent basis, excluding water. In other enbodinents, the blend can include
but anol : acet one: et hanol at a ratio of 33:12:1, 58:12:1, or 90:9:1. [278]
But anol production for a conmmercial plant can be about 50 mllion gallons
of butanol per year. In sonme enbodinents, a plant may be designed to
produce |l ess than about 1 mllion gallons per year of butanol, or about 1
to about 2, about 2 to about 5, about 5 to about 10, about 10 to about 50,
about 20 to about 50, about 30 to about 50, about 40 to about 50, or about
45 to about 50 mllion gallons per year of butanol. [279] Lignin separated
in an integrated bioproduct production plant as described herein, in the
forn1of | i gni n-contai ning resi due renalnlng after hydronS|s of
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WO 2010/ 151706PCT/ US2010/ 039873 [281] The effluent streanms froma nitric
acid pretreatnent process can contain significant |evels of nitrogen.
Anmroni umwiDRoEVs16eat ed during neutralization of nitri @eCaaisdo10as9sHE
converted to nitrogen and water. Ammoniumnitrate containing solutions may
al so be used as feedstocks for subsequent mcrobial water treatnent ponds.

[ 282] The follow ng exanples are intended to illustrate, but not limt, the
i nvention. EXAMPLES Exanple 1. Butanol production in continuous packed bed
bi or eact ors. [283] Clostridiumstrains were grown in 100 nL or 1 L

conti nuous packed bed bioreactors for lengths of time as shown in Table 1.
Co-7449 is a strain of dostridiumsaccharobutylicumthat is very stable in
continuous culture, possesses increased acid recycle capabilities in
conparison to wild-type, and utilizes m xed sugars in a softwod

hydr ol ysat e welhstridwe sGbidicura flose idiun betiminggin Cladridiug plniadwe Ciybrridgmost ri di um is al so
stabl e i n cont jhuesssyic Enldkoedccuditelun DESRE&EGHIIhFIEF, CosREHmt Ol erance to aci ds.

The microbial gellis, Yol 8, AR, ARSI CEM ik RIS oL MianaHSi NG @ sugar
substrate. But g;er;,(gl yield, and performance are included in Table 1,

|

cal cul ated usifi ‘fs‘llfceha'tﬁlgt%%m' sust ai ned performance (100 hours or nore) for
each fernment at Phth. » Sgrabedigents BUHERHPET eS8 2 prerete Nerd BT iRe St el*ex pr essed as
wei ght of subsbfiobliger aperpbesisludpPeyrarid fitguivas andleseidifr omey epr esent at i ve
fermentati on rpms rSthRlk@H@AIE, the mBrofriafitis &Smifroatrdiolershtddd & cdpatiUnN NO. Bi or eact or

surviving in the presence of small concentrations of oxygen. In some embodiments, microaerobic

conditions include, but are not limited, to fermentation conditions produced by sparging a liquid

media with a gas of at least about 0.01% to at least 5% or more O, (e.g., 0.01%, 0.05%, 0.10%,

0.50%, 0.60%, 0.70%, 0.80%, 1.00%, 1.20%, 1.50%, 1.75%, 2.0%, 3%, 4%, 5% or more O,). In

another aspect, the microaerobic conditions include, but are not limited to, culture conditions with at

least about 0.05ppm dissolved O, or more (e.g., 0.05, 0.075, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8,

1.0, 2.0, 3.0, 4.0, 5.0, 8.0, 10.0, ppm or more).

[206] Microbial strains may be optimized, mutated, or otherwise selected for desirable

characteristics. For example, parent strains of bacteria and fungi may be used for the development

of higher product tolerant mutants. See, for example, PCT/US09/40050. Sources of such parent

strains include established culture collections, and researchers in universities, government

institutions, or companies.

[207] Alternatively, parent strains can be isolated from environmental samples such as wastewater

sludge from wastewater treatment facilities including municipat facilities and those at chemical or

petrochemical plants. The latter are especially attractive as the isolated microorganisms can be

expected to have evolved over the course of numerous generations in the presence of high product

concentrations and thereby have already attained a level of desired product tolerance that may be

further improved upon.

[208] Parent strains may also be isolated from locations of natural degradation of naturally

occurring feedstocks and compounds (e.g., a woodpile, a saw yard, under fallen trees, landfills).

Such isolates may be advantageous since the isolated microorganisms may have evolved over time

in the presence of the feedstock and thereby have already attained some level of conversion and

tolerance to these materials that may be further improved upon.

[209] Individual species or mixed populations of species can be isolated from environmental

samples.

[210] In some embodiments, environmental isolates and/or microbial consortiums are used to

generate microbial consortiums that have increased product tolerance. Isolates, including microbial
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consortiums can be collected from numerous environmental niches including soil, rivers, lakes,
sediments, estuaries, marshes, industrial facilities, etc. In some embodiments, the microbial
consortiums are strict anaerobes. In other embodiments, the microbial consortiums are obligate
anaerobes. In some embodiments, the microbial consortiums are facultative anaerobes. In still
other embodiments, the microbial consortiums do not contain species of Enterococcus or
Lactobacillus.

[211] When mixed populations of specific species or genera are used, a selective growth inhibitor
for undesired species or genera can be used to prevent or suppress the growth of these undesired
microorganisms.

[212] In some embodiments, cocultures are utilized. For example, one microorganism may secrete
enzymes into the media that break down a feedstock into constituent compounds that can be utilized
by another microorganism. For example, ethanol may be produced from a coculture of Clostridium
thermocellum and C. thermohydrosulfuricum (Eng et al. (1981) Applied and Environmental
Microbiology 41 (6): 1337-1343).

[213] In some embodiments, the microorganisms comprise one or more heterologous genes, the
expression of which increases the product tolerance of the microorganisms. In some embodiments,
the one or more heterologous genes are introduced into the microorganism before adaptation on a
solid support or selection for product tolerance, while in other embodiments, the one or more
heterologous genes are introduced into the microorganisms after adaptation or selection for product
tolerance.

[214] Insome embodiments, the microorganisms are engineered to over-express endogenous
genes that increase the product tolerance of the microorganisms. In some embodiments, the
microorganisms comprise additional copy numbers of endogenous genes that increase resistance to
products. In certain embodiments, the product tolerant microorganisms are not E. coli and the
heterologous or over-expressed genes are not yfdE, yhhL, yhhM, and csrC. In other embodiments,
the microorganisms are not recombinant microorganisms that have increased expression of heat
shock proteins. In still other embodiments, the microorganisms are not recombinant
microorganisms that comprise a heterologous gene that encodes a polypeptide that exports butanol
out of the microorganism.

[215] In some embodiments, the microorganism is a Clostridium strain that possesses one or more
phenotypic characteristics selected from increased butanol tolerance, increased tolerance to
inhibitors of fermentation, low butyric acid and/or acetic acid accumulation, increased stability in
continuous fermentation, increased butanol titer, production of biofuel with increased butanol to

acetone ratio, increased yield of butanol per unit of feedstock, increased yield of butanol per unit of
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cellular biomass, increased oxygen tolerance, increased ability to adhere to a solid support, and
decreased ability to sporulate, relative to a wild-type or parent Clostridium strain and/or relative to
Clostridium saccharobutylicum B643 (Contag et al. (1990) Applied Environmental Microbiology
56:3760-65), Clostridium saccharobutylicum P262 (ATCC BAA-11), Clostridium
saccharoperbutylacetonicum N1-4 ATCC 27021, Clostridium acetobutylicum ATCC 824 and/or
Clostridium beijerinckii ATCC 51743.

[216] In some embodiments, the microorganism is a strain, for example, a Clostridium strain, e.g.,
Clostridium acetobutylicum, Clostridium saccharobutylicum, Clostridium
saccharoperbutylacetonicum, or Clostridium beijerinckii, having tolerance to at least about 2%,
2.5%, 5%, 10%, 12%, or 15% biofuel, in the growth medium by weight, for example, tolerance to at
least about 2%, 2.5%, 5%, 10%, 12%, or 15% butanol in the growth medium by weight.

[217] In some embodiments, the microorganism is a2 mutant strain having at least about 125%,
150%, 200%, 250%, 500%, or 1,000% increased tolerance to a biofuel in the growth medium, for
example, at least about 125%, 150%, 200%, 250%, 500%, or 1,000% increased tolerance to butanol
in the growth medium, measured by growth of the microorganism in comparison to a corresponding
non-mutant microorganism, for example, the corresponding parent or wild-type microorganism,
when grown under identical conditions. In some embodiments, the mutant strain is a Clostridium
strain, e.g., Clostridium acetobutylicum, Clostridium saccharobutylicum, Clostridium
saccharoperbutylacetonicum, or Clostridium beijerinckii, having at least about 125%, 150%, 200%,
250%, 500%, or 1,000% increased tolerance to a biofuel, e.g., butanol, in the growth medium, in
comparison to Clostridium saccharobutylicum B643, Clostridium saccharobutylicum P262,
Clostridium saccharoperbutylacetonicum N1-4 ATCC 27021, Clostridium acetobutylicum ATCC
824, and/or Clostridium beijerinckii ATCC 51743, when grown under identical conditions.

[218] In some embodiments, a strain that produces a bioproduct, e.g., a biofuel, such as butanol,
efficiently from pentoses, such as xylose and other sugars found in hemicellulose hydrolysates, may
be obtained by environmental isolation or mutation of a parent strain. Some strains may metabolize
insoluble substrates, e.g., xylan, utilizing endogenous enzymatic activities, such as xylanase and/or
amylase. Other strains may degrade inulin and/or pectin without addition of exogenous enzymes.
Other strains may metabolize a variety of sugars and convert them to products. Such strains may be
used as a basis for strain engineering or mutagenesis. A diverse strain library can allow for the
rotation of strains in fermentation, preventing phage contamination and providing diversity for

metabolism of different feed hydrolysates.
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Recovery processes

[219] The fermentation effluent containing the bioproduct may be concentrated and/or purified. In
some embodiments, the product is concentrated prior to further purification using any suitable
concentration technique known in the art, including but not limited to distillation, steam stripping
distillation, mechanical vapor recompression (MVR) distillation, vacuum distillation, pervaporation,
and liquid-liquid extraction.

[220] In one embodiment, the bioproduct is a biofuel, for example, butanol, ethanol, and/or
acetone. In some embodiments, primary components of the fermentation effluent are butanol,
acetone, ethanol, butyric acid, and acetic acid, all of which may be recovered and used as starting
materials for downstream chemical syntheses to produce derivatives and/or further chemical
products. Secondary components of the fermentation effluent include, but are not limited to,
proteins and other products of metabolic pathways, which may also be used as starting materials for
production of derivatives or further chemical products. Secondary components include, but are not
limited to, solvents, biomolecules (e.g., proteins (e.g., enzymes), polysaccharides), organic acids
(e.g., formate, acetate, butyrate, propionate, succinate), alcohols (e.g., methanol, propanol,
isopropanol, hexanol), vitamins, sugar alcohols (e.g., xylitol). Further, chemical compounds
generated during acid hydrolysis of feedstock, including but not limited to, furfural, formic acid,
levulinic acid, and HMF, may also be separated from the fermentation effluent and used as starting
materials for production of derivatives or further chemical products.

[221] In some embodiments, fermentation product streams from multiple bioreactors or series of
bioreactors are combined prior to further purification. In some embodiments, fermentation product
streams from multiple bioreactors or series of bioreactors are fed to separate purification units. For
example, a fermentation product stream from a first bioreactor processing C5 sugars can be
combined with fermentation products from a second bioreactor processing C5 and C6 sugars.
Alternatively, the product streams from the first and second bioreactors may be processed
separately.

[222] In other configurations, fermentation broth may be separated from products in situ (i.e.,
extractive fermentation) by any of a variety of methods (e.g., LLE (liquid-liquid extraction), vacuum
distillation, stripping, pervaporation), to increase the total productivity of the overall conversion
process. For example, butanol and other products may be recovered from the bioreactor by
condensation of the sparging and naturally occurring gases.

[223] In other configurations, one or more processing steps may be carried out between
fermentation stages (e.g., between primary and secondary reactors in a series) to enhance the overall

system from an economic, operability, maintenance, energy, and/or water use perspective.
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[224] In some embodiments, MVR distillation is used for concentration of a bioproduct, such as a
biofuel, from the microbial fermentation medium. In this approach, overhead vapors generated as
part of the distillation process are mechanically compressed, and the resulting latent heat released
from the condensation process is supplied to the evaporation process. In some embodiments, MVR
reduces separation energy requirements by at least about 80% in comparison to conventional
distillation.

[225] In some embodiments, a conventional distillation process is used for the remaining product
separation, optionally with thermally cascaded heat integration. Previously, separation of
biobutanol from fermentation media has been hindered due to the impact of secondary compounds
on the separation process. Distillation avoids this issue since surface chemistry is not the basis for
the separation.

[226] In some embodiments, process equipment is selected to optimize energy, water, and/or other
metric of interest. In the case of energy use, this may include the addition of heat exchangers to
recover stream enthalpy for useful purposes, or to avoid complete condensation or evaporation of
feed and/or overhead streams.

[227] In one embodiment of a butanol recovery process, fermentation broth (effluent) is passed
from a fermentation module to a product recovery module in which solvents (e.g., butanol, acetone,
ethanol) and other volatile compounds are separated from water and less volatile compounds such
as biomass residue, carbohydrates and hydrolysis generated sugars. Some water accompanies the
solvents and other volatiles in the overhead of the product recovery module. The volatile-water
stream may or may not be passed to a decanting operation to increase the effectiveness and
efficiency of the remaining product separation. The product recovery overhead stream is passed to a
high-low volatile splitter module in which two (or more) streams are generated - a light fraction, a
heavy fraction and potentially a mixed solvent side draw. The mixed solvent side draw may contain
primarily acetone, ethanol, and water. The light fraction contains primarily acetone, ethanol and
water. Optionally, the light fractions are sent to an acetone column in which acetone is separated
from the other components in the feed stream (e.g., ethanol and water). The lower volatility stream
exiting the high-low volatility splitter (heavy fraction) is passed to a decanter where a phase
separation occurs. The upper phase is an organic rich phase which is passed to a butanol column.
For example, the upper phase may contain about 80% butanol and about 20% water. The operating
temperature and pressure affect the partitioning of compounds in the phases. The phase separation
unit may be in fluid contact with a butanol column and a water column. The butanol column
separates butanol from an overhead stream primarily comprised of a butanol-water azeotropic

stream. The azeotrope stream is returned to the decanter (phase separation operation) for further
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separation. The aqueous phase of the decanter, which may contain nearly or about 9% butanol and
about 89% water, is passed to the aqueous column in which water is separated from a mostly
butanol-water azeotrope. The butanol-water azeotrope is returned to the decanter for further
processing.

[228} In some embodiments, butyric acid is removed from the butanol product stream formed in
the distillation process. In one embodiment, butyric acid is adsorbed from the butanol product
stream. For example, a tertiary amine ion-exchange resin may be used for adsorption of butyric
acid. In another embodiment, butanol and butyric acid are separated by distillation. In a further
embodiment, butanol and butyric acid are separated by pervaporation. In one embodiment, the
butyric acid is removed and may be sold as a chemical product. In another embodiment, the butyric
acid is returned to the solventogenic portion of the process, and may be added to the fermentation
medium in the bioreactor as a feedstock which may be converted to butanol by the fermenting
microorganism.

[229] In some embodiments, furfural is removed from the butanol product stream formed in the
distillation process. In one embodiment, furfural is adsorbed from the butanol product stream. For
example, a tertiary amine ion-exchange resin or activated carbon may be used for adsorption of
furfural. In another embodiment, butanol and furfural are separated by pervaporation. In a further
embodiment, butanol and furfural are separated from one another through the use of a solvent, such
as triocyl-phosphine oxide (TOPO). In one embodiment, the furfural is removed and may be sold as
a chemical product.

[230] In some embodiments, other products are removed from the butanol product stream to
remove impurities from the butanol product stream and recovered as useful products, for example,
acetic acid, butyric acid, HMF, extractives.

[231] Biobutanol produced according to the methods described herein may also serve as a platform
molecule for the production of other compounds. For example, butanol may be converted into
propylene, from which a wide variety of plastics and other compounds may be produced. A mixture
of butanol, dibutyl ether (a derivative of butanol), and plant oil in specified proportions may
constitute a full performance diesel fuel. In addition, through well-understood chemistry involving
dehydration of butanol followed by oligomerization through the use of a catalyst, butanol may be
converted into full performance jet fuel.

[232] Biobutanol produced according to the methods described herein may also be used as an
intermediate chemical for producing other chemical products, including but not limited to, butyl
acrylate, n-butyl acetate, and glycol ethers. It may also be dehydrated to produce 1-butene, which

may be oligomerized to produce other products, including but not limited to, jet fuel, diesel fuel,
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lubricants, or alpha olefins. Butanol may also be used directly to produce butene derivatives. Any
of these derivatives of butanol may be produced using chemical processes that are well known in the

art.

Continuous process

[233] A continuous process for bioproduct, e.g., biofuel, production is provided. In a continuous
production process herein, a carbohydrate-containing feedstock is continuously pretreated to
produce soluble sugar molecules, the pretreated feedstock containing soluble sugar molecules is
continuously fed to one or more bioreactors for microbial production of the bioproduct, e.g., biofuel,
the bioproduct is continuously produced by immobilized microorganism(s) in the one or more
bioreactors, and bioproduct-containing effluent, i.e., fermentation broth, is continuously withdrawn
from the one or more reactors, for the duration of fermentation. In some embodiments, the
feedstock is continuously hydrolyzed to release soluble sugar molecules. In one embodiment, the
feedstock is lignocellulosic feedstock, and is hydrolyzed with nitric acid to release soluble sugar
molecules from cellulose and hemicellulose, as described supra.

[234] In some embodiments, the continuous process may also include downstream continuous
concentration and/or purification processes for recovery of the bioproduct, e.g., biofuel, product,
wherein continuously withdrawn effluent is continuously processed in one or more concentration
and/or purification processes to produce a bioproduct.

[235] In some embodiments, the process may also include a conditioning process to remove
inhibitors of microbial growth or bioproduct, e.g., biofuel, production, as described herein. The
conditioning process may operate continuously downstream from a feedstock hydrolysis process,
and upstream from the bioreactor(s), and conditioned hydrolyzed feedstock may be continuously fed
to the bioreactor for the duration of fermentation.

[236] In some embodiments, the process may also include deconstruction of the feedstock and/or
removal of extractives from the feedstock, as described herein. Deconstruction and/or removal of
extractives may be continuous or may occur prior to or periodically throughout the continuous
process.

[237] Insome embodiments, the process operates continuously for at least about 50, 100, 200, 300,
400, 600, 800, 1000, 1350, 1600, 2000, 2500, 3000, 4000, 5000, 6000, 7000, 8000, or 8400 hours.
[238] A “continuous” process as described herein may include periodic or intermittent partial or
complete shutdowns of one or more parts of the bioproduct, e.g., biofuel, production system for

processes such as maintenance, repair, regeneration of resin, etc.
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[239] Continuous fermentation, with constant feed of hydrolyzed feedstock and withdrawal of
product-containing microbial broth, can minimize the unproductive portions of a fermentation cycle,
such as lag, growth, and turnaround time, thereby reducing the capital cost, and can reduce the
number of inoculation events, thus minimizing operational costs and risk associated with human
and process error.

[240] The continuous methods and systems described herein can utilize one or more, e.g., one,
two, or three or more, bioreactors. When multiple (two or more) bioreactors are used, they may be
arranged in parallel, series, or a combination thereof. The bioreactors can grow the same or
different strains of microorganism(s). The strains can be different based on the type of sugar they
metabolize to maximize bioproduct, e.g., biofuel, production. For example, a first bioreactor or
multiple bioreactors arranged in parallel, series, or a combination thereof can grow a strain that has
been selected to metabolize C5 sugars and a second bioreactor or multiple bioreactors arranged in
parallel, series, or a combination thereof can grow another strain that has been selected to
metabolize C5 and C6 sugars. The bioreactors are coupled to an upstream feedstock hydrolysis
unit, and may also be coupled to a downstream recovery/separation unit. In some embodiments, the
connection may be interdigitated, such that some product separation may occur between primary
and/or secondary and/or further reactors in series.

[241] A first bioreactor or multiple bioreactors arranged in parallel, series, or a combination
thereof with a strain that metabolizes CS sugars can be coupled to an upstream first stage hydrolysis
module of a nitric acid hydrolysis unit for hydrolysis of lignocellulosic feedstock. A second set of
bioreactors or multiple bioreactors arranged in parallel, series, or a combination thereof with a strain
that metabolizes C5 and C6 sugars can be coupled to an upstream second stage hydrolysis module
of a nitric acid hydrolysis unit for hydrolysis of a lignocellulosic feedstock. Alternatively, the same
bioreactor or multiple bioreactors arranged in parallel, series, or 2 combination thereof may be used
for conversion of both C5 and C6 sugars to bioproduct, e.g., biofuel. For example, both first and
second stage nitric acid hydrolysates of a lignocellulosic feedstock may be added either separately or
as a combined mixture to the bioreactor(s).

[242] In some embodiments of continuous biofuel production processes and systems described
herein, butanol may be produced by a microbial strain, such as a Clostridium strain, at a titer of
about or at least about 5, 6, 7, 8, 10, 12, 15, 20, 25, 30, 40, 50, 60, 70, 80, or 90 g butanol per liter,
or about 5 to about 90, about 5 to about 10, about 8 to about 20, about 15 to about 30, about 25 to
about 50, about 40 to about 80, or about 60 to about 90 g butanol per liter. Titer may be affected by
ambient conditions (e.g., pressure/temperaturc) and composition (acetone, salts, etc.). In some

embodiments of continuous biofuel production processes and systems described herein, butanol may
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be produced by a microbial strain, such as a Clostridium strain, with a yield of about or at least
about 30, 35, 40, 50, or 60% or about 30% to about 60%, about 40% to about 60%, or about 50% to
about 60%. In some embodiments of continuous biofuel production processes and systems
described herein, butanol may be produced by a microbial strain, such as a Clostridium strain, with
a productivity of about or at least about 1, 3, 5, 10, 15, or 20 g, butanol per liter per hour, or about 1
to about 20, about 3 to about 10, about 5 to about 15, or about 10 to about 20 g butanol per liter per
hour.

[243] In some embodiments, water saturated butanol may be skimmed off the top of the liquid or
separated by equipment known in the art for the separation of two liquid phases in the bioreactor,

for further processing/product recovery operations.

System for bioproduct production

[244] The invention provides a system for continuous production of a bioproduct, e.g., biofuel,
i.e., for conducting a continuous bioproduct production process as described herein. The system
contains a feedstock hydrolysis unit upstream from and in fluid communication with one or more
bioreactor(s). A carbon-containing feedstock is continuously hydrolyzed in the hydrolysis unit to
produce soluble sugar molecules, and the hydrolysate is continuously fed to the bioreactor(s) as a
carbon source to support microbial growth. One or more immobilized microorganism(s) in the
bioreactor(s) continuously convert the hydrolysate into a bioproduct, e.g., biofuel, and bioproduct-
containing effluent is continuously withdrawn from the system.

[245] In some embodiments, the system contains multiple bioreactors arranged in parallel, series,
or a combination thereof. In one embodiment, multiple bioreactors in parallel are all in fluid
communication with a single hydrolysis unit or multiple bioreactors in parallel are each in fluid
communication with a different hydrolysis unit wherein the hydrolysis units are arranged in parallel
and each feed a different bioreactor, and hydrolyzed feedstock is fed continuously to each
bioreactor, with effluent continuously withdrawn from each bioreactor. In one embodiment, the
system contains multiple bioreactors arranged in series, the first bioreactor in the series is in fluid
communication with the hydrolysis unit, and hydrolyzed feedstock is fed continuously to the first
bioreactor in the series, with effluent continuously withdrawn from each bioreactor and fed to each
subsequent downstream bioreactor in the series, and effluent from the last bioreactor in the series
continuously withdrawn from the system.

[246] In some embodiments, the system for bioproduct, e.g., biofuel, production operates with the
bioreactor(s) under pressure to compress gas in the bioreactor(s), including CO, generated by the

microorganisms during fermentation. CO; generated during fermentation effectively reduces the
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liquid volume in the bioreactor, thus decreasing the residence time of the liquid hydrolyzed
feedstock. Compression of gas in the bioreactor has the effect of increasing residence time of the
hydrolyzed feedstock in the reactor, which improves utilization of the sugar molecules in the
feedstock and conversion of the sugar to bioproduct, e.g., biofuel, for example, butanol. Operation
under pressure impacts the solubility of gaseous species (CO, and Hy) and may affect fermentation
parameters of interest, such as product yield, selectivity and/or productivity, for example, by
affecting the redox potential, pH, or other parameters. Hydrolyzed feedstock may be added to the
bioreactor continuously under pressure. The pressure in the bioreactor may be about 1 to about 30
atm, or about or at least about 1, 2, 3, 5, 10, 15, 20, 25, or 30 atm. Alternatively, CO, may be
removed periodically, intermittently, or continuously from the bioreactor, for example, at points
along the length of the bioreactor. Fermentation gases may also be removed between reactor stages
(e.g., primary and/or secondary and/or further reactors in series). In a further embodiment,
residence time of the hydrolyzed feedstock may be increased by using a solid support with
hydroscopic properties to increase liquid holdup, and thus increase residence time. Both
productivity (g bioproduct, e.g., biofuel, per hour per liter) and titer (g bioproduct, e.g., biofuel, per
liter) may be increased as a result of the increased residence time of hydrolyzed feedstock in the
bioreactor.

[247] In some embodiments, the system may also include downstream continuous concentration
and/or purification modules for recovery of the bioproduct, e.g., biofuel, product, for processing of
continuously withdrawn effluent to produce a bioproduct. In some embodiments, the system
includes a module for concentration of the bioproduct-containing effluent, in fluid communication
with and downstream from the bioreactor(s). In one embodiment, concentration includes
distillation. In one embodiment, distillation comprises MVR. In a further embodiment, the system
includes a module for purification of bioproduct, e.g., biofuel, from the concentrated bioproduct-
containing effluent, in fluid communication with and downstream from the concentration module.
In one embodiment, purification includes distillation.

[248] In some embodiments, the system may also include a conditioning unit for removal of
inhibitors of microbial growth or bioproduct, e.g., biofuel, production, as described herein. The
conditioning unit may operate continuously downstream from and in fluid communication with the
feedstock hydrolysis process, and upstream and in fluid communication with the bioreactor(s), and
conditioned hydrolyzed feedstock may be continuously fed to the bioreactor for the duration of
fermentation. In one embodiment, the conditioning unit includes ion exchange resin, and the
inhibitors are retained on the resin. In another embodiment, the conditioning unit includes a

precipitation unit and the inhibitors are removed with the separated precipitate. In a further
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Exanpl e 2. Conti nuous bi obutanol production and recovery. [284] A

conti nuous bi obutanol production and recovery process is described bel ow,
with all of the described conponent processes (e.g., feedstock hydrolysis,
fermentation, recovery of product) operating sinultaneously and
continuously in an integrated biobutanol production plant. Hydrol ysis of

| i gnocel | ul osi c feedstock

embodiment, inhibitory compounds are separated from the hydrolysate in a steam stripping
operation.

[249] In some embodiments, the system may also include units for deconstruction of the feedstock
and/or removal of extractives from the feedstock, as described herein. Deconstruction and/or
removal of extractives may operate continuously upstream and in fluid communication with the

hydrolysis unit, or may oceur prior to or periodically throughout the continuous process.

Energy integration

[250] The bioproduct, e.g., biofuel, production processes and systems described herein may
include one or more energy integration systems, for capturing and recycling energy generated in one
part of the bioproduct production process and using the captured energy to drive another part of the
process. The energy integration schemes described herein include integration between process areas
and effect a global change to the overall plant energy use.

[251] Methods of energy exchange are well known in the art, for example, feed bottoms
exchangers for distillation towers. Heat exchange methods may also be used at various points in the
system.

[252] In one embodiment in which a two stage nitric acid hydrolysis process is used for hydrolysis
of a lignoceltulosic feedstock, as described supra, flash steam generated in the first stage and/or
second stage hydrolysis process(es) may be captured and used for deconstruction of the feedstock
prior to hydrolysis.

[253] In one embodiment in which a two stage nitric acid hydrolysis process is used for hydrolysis
of a lignocellulosic feedstock, as described supra, flash steam generated in the second stage
hydrolysis process may be recompressed and the recompressed steam used to provide energy for the
first stage hydrolysis. In one embodiment, the flash stream is not compressed.

[254] In one embodiment in which a two stage nitric acid hydrolysis process is used for hydrolysis
of a lignocellulosic feedstock , as described supra, flash steam generated as part of the hydrolysis
process may be used to provide lie steam for steam stripping operations, to preheat streams, remove
inhibitory compounds from hydrolysate, and/or to facilitate product separation and recovery
operations.

[255] In one embodiment in which a two stage nitric acid hydrolysis process is initially used for
hydrolysis of a lignocellulosic feedstock, as described supra, flash steam is generated in the second
stage hydrolysis process may be used to provide energy for a third stage hydrolysis, with the
temperature of the third stage lower than the temperature of the second stage, and with the

temperature and/or residence time of the second stage reduced in comparison to a process without
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hydrolysis of lignocellulosic feedstock, for example, in the solids-containing residue remaining after
the second stage of a two stage nitric acid hydrolysis process, as described supra. The lignin-
containing residue may be used as an energy source for the bioproduct, e.g., biofuel, production
process, as a fuel source for electricity generation, as a feedstock for chemical production, for

example, production of phenolic resins, and/or as a soil enhancer.

Integrated bioproduct production plant
[260] An integrated plant is provided that can produce a bioproduct, such as a biofuel. For
example, biobutanol may be produced from a wide variety of feedstocks in a capital and energy

efficient process, with low greenhouse gas (GHG) emissions and the potential to make a significant
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Pretreatment of the biomass can be accomplished an acid hydrolysis process, such as a two stage
dilute acid process to extract soluble sugars from the hemicellulose and cellulose.

[264] In some embodiments, these sugars can be fermented to biofuel, e.g., biobutanol, using
Clostridium strains. In some embodiments, a Clostridium strain can produce n-butanol from both
monomeric and multimeric forms of both C5 and C6 sugars. Fermentation can occur in an
immobilized bed bioreactor running a continuous process, which can deliver up to or more than ten
times the productivity of a comparably-sized batch fermentor. Product recovery and distillation (for

example, high-efficiency mechanical vapor compression) techniques and advanced integration of
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Product distillation [297] Oganic products are further purified fromthe
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may be prwouresdiswioch sonme et hanol renmpved via a side dr 26T/US2@0PBB73.
Two-stage nitric acid hydrolysis of lignocellulosic feedstock in a batch
reactor [298] Ntric acid hydrolysis of a lignocellul osic feedstock was
performed in two stages. The feedstock was beetle killed | odgepol e pine
obt ai ned t hrough Renewabl e Fiber in Fort Lupton, CO Three quarter inch
wood chips were mlled to pass through a 1/4 inch screen. [299]
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addi ti onal cool'§esitd torutizp %lvﬁftmrvmﬂfb?s hT“l*Fé““‘r‘?ﬁtfr@’P‘ip&leﬂalrfﬂ“@TVfﬁﬁ°“f‘ﬂ% hydr ol ysi s
reacti on. The pifamezestdined twokhrblogtonagiso-gifpton xiutititsctey haiiliny feefl lagjstitshe r eact i on.
[ 300] The r eactok@Re, Mtnkdalpfoucitascsepar at ed using a vacuumfiltration unit

into first Staqf‘mhwa%hyeﬁ@omem@bwm g%ﬁ,tuQ%uct];bﬁanfanuaﬂze&Lage hydrol ysat e
was anal yzed for GO ul ose and ose to sol uble sugar

n
o1 ecules usi nd TTGR TR R T A PG e DO PERS L LBIES  The yi el ds
of sol ubl e sugdy&bFs ’d’wﬁf’ﬁ"e@éﬁ ?“ﬁ?rﬁ’gréfe rst‘f‘(‘éﬁ‘l“%%ﬂ%ﬁﬂ%“?é“%ﬁ@é‘?m on were
cal cul at ed by rreatdasf ireigring uigrard ctprclod bresed anf préerple obepiratpcts ofigtaestoindagg s of

cel l ul ose and heRircelahish B&BscCiO R Aditell @RIScts The Vdi@:s Gécakidghigcatiet eri al .
Concentrat ed aCk&l.Aaa iRkt ttz.y&ercelllp)%@pemg Bk RSt i€ b dobthQ8Gnand

hem cel | ul ose fA[ %x(-f\l%\zlmgnn§ rc()jiuctsopfeeﬁ\r{l\gengsbe@een r(%(e)sg oetr.!a.ticoal g-aa%/(mchjﬁsggpunt of sugar
was then cal cul‘at e the conversi on Tul‘ose and hemi cel | ul ose

to sugars. The WF&PYCrEIATERRIOH poe &4 it dt"?"is‘t‘fa‘%l??F"ﬁ“’%‘S‘}‘H’F EIdi°difas t hen
conpar ed t o t hendefirehtprdesteilaianlor rpdifigatipn pfimatprials.t Ratas of precestingdar upeprsanjraeqsiing aci d

hydr ol ysi s r eachised pe ciifirolB886a0§ onlpytidiinarcdiz @ense@h brotessiteemivas vickatr@ctoed as sol ubl e
sugars (gl ucosexape i@ kel GRRRbiSbnvaH& by almickKQminthybHe 01 Yz & ofHeddnsiedeh Ul 0OSE was

detected as 50'f&ébsloﬁ(cﬁl%gﬂu&d&%ﬁb{da%&nmaq& H;Po&%ms@ﬂﬁ‘edm her oligoners) in the
first stage hydr 1d residue fromthe first

I's reaction
st age hydr ol ysﬂ% I\Aé‘s“"?“ﬂbé’ e“ﬁf\f‘fnﬁm\ﬂg]tplé‘il “fPBt°?“é’ﬁ16‘l73“‘af"5§slﬂﬁﬁ’é‘lm§r8‘i“ﬁbl e sugars
fromthe sol i dsceepee i iplvenf qritaiine poene.gianel Ad sugt degtedgtion Prefiacir aadiligtit-on in t he
second stage hyrdrtahepsd mertiquigei@dsiocnhe plnt prn brodue at@e biclt 160 phoe Pt Srealiosson  Of
approxi mat el y IougholM. OfuRhk ofucdibhd 0. BPoinckSf RS foffentd@S 0,419 @ehed Pa ifzA. Thy dr ol ysi s of

the solid residyg, Jﬂﬁetoﬁe%ﬁbgééﬁﬁmo%gkuklgﬁd éﬂ@:ﬁcﬁls rﬁa%& ?e(}pfeéum} Welhqacid in a
rolling bucket for_ %gi r oxi scrlg%d above. The solids

| oadi ng was approXi %ﬁ%ﬁ%ﬁﬁ%&em“JQMM& e@mm?mm‘msY“’ 5™ quid to solids.
The acid i npr edfErewd fFré‘g‘faEﬂ‘Ja’IPm?Pﬁf Ejengtiongeperaedfhionasey pprapiEt 1eHt% the 1.9 L
react or and i njtesdigningtanif tstil insh engifyro-ghiption prds oggtnprriepll pBimstesmatdgiearictyf t he second
st age hydr ol ysiGuife@@ Gileiat®he AMAISanBRHEAXKind TRk edat/be 2RDCremdv Qatet, BRExipleS | N t he
reactor were hegdeeh hQlsndient R sold RBLRElA B SdWvarbs uchRldl 8Sindnd then fl ashed
into a flash vessel to rapldfy cool the reactants and stop the reaction.
The pH of the solution was approximately 2 during the reaction. [302] The
reaction m xture was separated i nto second stage hydrol ysate and residual
bi omass using a vacuumfiltration process. The second stage hydrol ysate was
anal yzed for conversion of cellul ose and hem cellul ose to sol ubl e sugar

nol ecul es, as descri bed above. 23% of hydrol yzed cel |l ul ose was detected as
sol ubl e sugars (glucose and oligonmers) and 0% of hydrol yzed hem cel | ul ose
was detected as sol ubl e sugars (xylose, mannose, and other oligoners) in

t he second stage hydrol ysis reaction.



Exanpl e 4. Conditioning of hydrolyzed feedstock with ion exchange resin.
[303] First stage nitric acid hydrolysate frombeetle killed | odgepol e

pi ne, preapanrety/@s’odescri bed i n Exanpl e 3, was conditi on®dTIiUS2010/0898¢3

i nhibitors of mcrobial growth by passage through an ani on exchange col um.
Duolite A7 resin was used for conditioning of the first stage hydrol ysate.
The ani on exchange resin was prepared using a 1 Msolution of sodium

hydr oxi de and then rinsed with distilled water. [304] The first stage
hydrol ysate, with a sugar concentration of approximately 50 g/L, was
brought to roomtenperature and then to pH 5.5 using ammoni um hydr oxi de,
and was then applied to the prepared i on exchange col um. Hydrol ysate that
passed t hrough the colum was used as a feed for mcrobial fernentation,
and m crobial growth was assessed, in conparison with hydrol ysate that had
not passed t hr owghenttdiecreesoihenaine of 4 fgtiegeam in tal theleneterpqontént parorhif voigly iswer e el ut ed
fromthe ion exehaR@erehdhitidvaSiislh toedthes@dd Rathechf ihd el IDraE ediquesh wer e t hen
used as a fermgptation.figed to test for mcrobial grovvth The remaining 5
m in each fractl on was g %Nx‘f’l fitf or sugar concentr é)utano?c thr esence of
phenol i ¢ conpodffds A»™f F“’ PEERT EOREr e added™t o od hydrol ysate
fractions and fPFOF‘tc?Qra@d"tWT%abalt@O%’ g@‘ﬁﬂsf"i"(effé‘fdeltl‘tﬁ‘s“ét’t"é?‘“i‘lﬁaf"?‘é“ctﬁ%s nmedi a before

i nocul ati on. Thelidnigilibre peertar(redirgng WAy 110tvems df gk @t dedl andptedmo@rigsele | di um strai n
Co- 7449. The f erdsmbdoatiiod hlonyyRyyear.i Nspected for growth over a 72 hour tine

frame. There wWagoarg L@@gaumwmﬁ& prx\me@ fhe Mﬂﬁw%%%uam%mpﬁ&b ogr OWi ng and
t hat pOI nt repr %FO ["%O%‘ja aéagu orat[easta?outZgIc oi‘::l%}ug ees (ﬁeegsgm:oundts in the ion

exchange col umt W th conditioned
and unconditi or?é‘é]“ﬁ‘%Ff 8] npaisgnge %R%‘P@O%‘Vd‘rnﬁfi@bdab‘ylziéﬁglf’@kg@at@sé‘lfnéﬁe“i he HPLC
anal ysi s, an i nffedige ofbiebugarp! pertprdedifeidfteced peak correlates well with the

i nhi bi ted gr om it htami St votsEaMe@the prbdhdad defi@nd ot fedd Mo cgheba bbsuiup td bvett ef ore, thi s

peak may have pJangedsd:16,9h, 8, !tonsotsb% tnma@an; mpa;fole&lngalymymcgésxsate Based on

the residence t ol.um S be eved to contain a
phenol i c Corrpoucflsgaecfrﬁrr&oglhlmlln qbnva? tbarrelsi)fméanndlal??or 50m.1110 a.i}on Tfl‘il lite A7 is a

phenol i ¢ based f%fﬁ‘fyoTPeé‘%’b‘ﬁ‘abr"l{j’&‘tei"ég‘i"ﬁ“’“érf?s’i“fh""i"%n“’b‘é%réihﬁfné’mfﬁ % he postul at ed
phenol i ¢ i nhi bivags vigowirest sl gvord evprket miestire.drivagldhie lopalhs Thy plnd ean fngudhy dr ophobi ¢
interaction w tanoffiha @fit@betaGon gt BLEBstotl bictdi@rsibig Blisikedstbdk handiisg add igducnot ed t hat t he
i on exchange prgssich sh@sbldt &psianin@ 1Radhi@ She MmmSrblg Akiliey dn a3 @s MY Hlbksy Sat e.  The

amount of sugarg] ggg;]pﬂ%§ sﬂeo%c‘ﬂ Héhgﬁin%ﬂle%% cénﬂ%ﬂgrésqléréﬁl ﬁlB erl nitial

concentrati on. ite A7 resin

was used for evf?fisffé{‘thf’déws‘bfh“é‘ﬂaé‘&‘t“‘ N sl pf"i*“ﬁ’ﬁfetkf "‘??S?Efr‘”&?f"fgﬁ‘tﬂ’é on but anol
titer and yi el dermenaion proresarsesreret inthe distiiatien sysfera lplys feyfiratapld MEGHdted freonted  hydr ol ysat e
were 7.7 g/ L anfd@ekhdprgidgplstigats agigRurRitr@died iy @s peet, witekeyss ligh@ldm cr oor gani sm
did not grow ono e pdWGRMEks.tThoRed nayelfelahedt least T 26,06 8d,do 40pbo, HPLC anal ysi s
are shown in F'sg%kfo%o%o 70,665,308, 80,026, 1@%&1‘56‘6«!9%030%67866156%6&@0633 G ostridium

I mrobi [ized in 180 0%6" 950 060 o?gOO BJO%EJFL?S of t ermal energly gel; ge o(r:lto tant)l ali)out3 0?&9 lepst alﬁlout

1,1.5,2,25,3,3.5,4,5, or 10 kilowatt hours per gallon and about or at least about 1, 2, 3, 4, 5, 6,

7, 8,10, 20, or 30 gallons of water per gallon of biobutanol produced, depending on the process
configuration. These numbers can be reduced, including further reductions in the estimated water
usage. For example, air coolers can be used whenever possible to reduce cooling tower evaporative
losses and minimize the fresh water footprint.

[272] The equipment for an integrated bioproduct production plant as described herein can be
purchased from commercial manufacturers of industrial process equipment. The equipment
materials can be selected based on corrosion and erosion resistance. In particular, the equipment

materials can be evaluated for the hydrolysis processes, which may be performed under acidic
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[308] C ostridium saccharobutylicum Co-7449 (PCT/US09/40050) was grown
anaerobically in a packed bed bioreactor with 110 L nom nal volunme and 63.7
L wor ki ngwvoeabuvms1706he LI D ratio of the bioreactor was 8PCT[IBO@)/0I4se3

Cl ostridiumwas i mobilized on bonechar. The bonechar particles had a size
of 3000 to 5000 mcrons, with a bulk density of about 0.72 /m . About 100
pounds of bonechar was | oaded into the reactor. Inmmobilization was achi eved
by first filling the reactor with about 40 L of CP3 nmedia with 4% sucrose
and then adding to the reactor 20 L of Costridiumbroth that had an OD at
600nm of about 1, and recal culating the contents of the reactor for 24
hours. [310] The growth nedium was essentially identical to P2 nedium as
described in Jesse et al. (2002) Journal ofindustrial M crobiology and

Bi ot echnol ogy 29:117-123, with 4% sucrose as carbohydrate feed. [311]

Cont i nuous cul teondigonyva gevadittimeoraids ad tresuret Fraonis erghodimt:dr cdaipebntdesgm | nocul at ed by
punpi ng the gr awds kbt ARG 1R ua bf edotiCauREAsBpeciati@quiphéntaviilve il dngirerof t he

bi oreactor and I&QQEMHQMMS E\Iﬁm h%adﬂegglbwl‘flcﬁg%gelal@h}xhglpsxsglt)ce;s Re bi oreact or

in order to mai uget %repeatgen}cv%srs] ?sggxée Jde og st esslsS §e§{§ d.rﬂextngg) r%e% et% ctor. Continuous

fermentation continue ite for the run was
initially 800 ¢rasfe al‘%?i‘é"ef‘rf@&ﬁ%‘éﬁfh‘*ch?f% gj'fem“ﬁca&‘re kb btrae Adtir s, and was

i ncreased to S50Ontigpyrpmeesitg vatlyoulendhy Bitchgiipn . tirdflqeed.gaver age pH was about 4. 95
and the aver agg2PIr esstilgQaritiitrs @AlD@hilior3f fddenfds includNinw@Biorgichgedy dgrovah, r at e of 0.7
L/'mn for the q)urc@ulq&smhzatlaeanfb@&%mda{mb%ch ol A8 s@varmagﬁ,pmmm titer,

productivity, and I € v utangl/ L/ hr, and
0.172 g but anol f ‘ne¥01alescafj s m em%odlmeiltg an%ll)thf’i Le a!'i'drelssed bésegr%%tm (I:Sta aPom ng o f

hydrol yzed f eeof%rf“‘d&’k“"\‘iﬁ‘? ﬁt° Wé‘f“&’lveséeli’l fT’%"aml’le T"%f’f?]’ TR OIS L RRs pr epar ed
from beet!| e ki | Thsdesizougyerpot dovpayaunyBexipilfy $1ibe vepsels cance elengidded¢ thdlow at al yst for the
hydr ol ysi s r eaGiola®h or refit@atibdf hanibyigHiveiemekictn DS peredng adisid cdh @low Ry dr ol ysi s:
nitric acid conggy wea,gén&mby%taﬂng(am RYAOF 8 irldik YuaWXEKhord RihinShe wrfHHLAPPT OXi AL el y

1.9 - 2.2, tempgrature 1 e, L Ut X einsa30% solids in
the feed. [314 “%g ?a%vj Cl[“r%prfmmw lgd%idua%@a%g%tg%ﬁ%dytiééi mogl ass

bottles to vol wooysge glﬁle?ﬁlre“ﬁi’g’in%ﬁssﬂs {Tg bl%ﬁgr‘ﬁwgw’ﬁeﬁt&m ydrol ysate

sanpl es was theﬁnfam‘l%t”éﬁlchwﬂlm%ﬂklj@@"fﬁilweltehém?eé’f*f’gfém(ﬁ‘ﬁx@zeﬁwt 0 10 with a 15%
sol ution of anmmictnmibediv@adicodinterest, B &jmple] alrinfudh 4 n bth@ thereteredbciheer ri ¢ chl ori de
were added at CQE I r@dnbOVts ofeldichdiBeii@nge of 3 g/L to 5 g/L and the

sol uti ons | NCUlated, Qe RGHucdBe B 5R. 2L, S SIRFHAMHESG A i ubill T ange of

a high degree of instrumentation and control using a supervisory control and data acquisition
(SCADA) system and/or distributed control system (DCS). These systems collect real time data on
a wide range of performance parameters and the data may be used to optimize process control
parameters, setpoints, and conditions. For example, a custom designed SCADA system can collect
multiple parameters including fermentor offgas concentration data measured by an online MS,
which can be an effective real-time indicator of metabolism and optionally solvent production in
embodiments in which a solvent such as biobutano!l is produced.

[275] A variety of products can be produced using the systems and methods described herein.
These products include butanol, acetone, ethanol, green gasoline, and mixed alcohols. Other
products include lignin, cellulose, hemicellulose, sugars, acids, or any other product described
herein. Natural products such as xylitol, vitamin B12, and other compounds may be separated in the
production process to improve plant economics. Organic products that can be used as a fuel can be
blended with each other, or blended with additional materials. For example, butanol can be blended

with gasoline or any other combustible fuel.
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The solutions were m xed during the incubation using a magnetic stir plate.
The solutions were then filtered through a 0.2 mcron filter to separate
preci pi t ave 2broorsitohe |i quid hydrolysate. [316] The sol eCirarsgomess’s hen
cooled to roomtenperature if not already at roomtenperature. The pH of
the solutions was then adjusted to 7.2 with nitric acid or amoni um

hydr oxi de. After pH adjustnent, 10 ml of each solution was then filtered
through a Pall sterile syringe filter with a pore size of 0.2 mcrons into
a 15 m falcon tube. The solutions were then placed in an anaerobic hood
overni ght to de-oxygenate. [317] Media conponents were added to the

de- oxygenat ed hydrol ysate solution at the prescribed concentrations to
support mcrobial growh (i.e., growmh nedia conponents and trace

el ements). The tubes were then inoculated with a butanol - produci ng

Cl ostridi um st rzeIn Badnol grod@h tyata bysterisiad mettyfls dagorfpeddsrpimthalny feffenaticn@®@ CFU. The
condi ti ons usedepfion, f£5MRMRALK oLt RNt BSt T b, I5@6E70, 283D, 85780, BB7/9D, pH

appr oxi mat el y @9 9@86{]9 o§99|9§]’/0 Cwetgue grgdaeed ﬂyﬁmﬁé‘n@&}d&&m@&@mbw[ﬁéﬁ] Al um num

sulfate and ferrj [orjde were nsf g an

ot herwi se unfer’ ‘?ﬁ?ﬁ‘ﬂg By "Eﬁ‘ s(%‘fayté"ﬁ’tm ea“fpmmé‘gsb"“t i a”?aSt%’fm ?Of @e s@nﬂgk t hat
supported ni cr dBis&BS: Pr Buf: H9 e Bro8 A 1% FErMOBRESTISY e SHEEr? t he conditi ons
used for fer mentetbd Gribedlieinimiuding Seneftaiprandyerawetion cad bt Freedstbers ket hat resul t ed
i n hi gher but anedu, @ et ko 3edo0s0G0,v, thsol 898 opre®| Ppsbat ®isa the final
product than fegkdc chloride. The best results for treatment of raw

hydr ol ysat e vmt al. um nu fate and fe G, re at the follow ng
conditions: 977] IB ?lpc(gjpﬁe(ﬁ:bj tl%esyst msanr:li rfno7 escrl ecﬁiergm gt{er ermen tlonor erat ur e (about

20C). The but arfa*fatts'eaﬁeéwtb}ﬂ&tof Lo aa?%?nd ﬁ?ﬂ&ﬂ? d‘b‘?n%ﬁmb‘fd@}“ﬁ’é‘ﬁfﬂ%[‘f‘ fBif Por 72 hours
were 8.64 g/ L aadbian@® 3¢patts afeype. Fliggmibpdstamined of gptorganigndvet basip, pxeludislg| or i de,
respectively. a3l othdehtdShdie it bk cahydiaatus Bk ngdtadof Gaieofezal sal t

addi tion was fogm ;;rgogale i nportant For exanple, a solution adjusted to pH
9 before addit I[97'3] gutano tpro?ﬁction O, atccfsrﬁngrlms Sanuganyealgo{ltg@&nﬁLty al%llijsgpngr tol plc;p crobi al

growt h. However,, t1on resul in a
condi ti oned hchFabIIS‘/@’éTeélb‘idWeWﬁp@ﬁmf‘Wé e OB &lﬁ‘ipg‘?ﬁa Pté\ﬂ}‘“éi’ﬁﬁfl ‘ﬁ‘? oduced

but anol . [ 320]redyerwyd butaned ypbquiltie Ad@L?, %?P%EO?b@é%FbP'ééin‘ﬁ“tP(bW@F103‘1?@%%? | 0ss. At
room t enper at urs,abdit2@to Sid@ &1, abbud B30 MWESS0,@WL1t W0 16 Yput X @ o €5 17abouHi@milibe] | ul ose
extraction frorgalmggygm,if@gmw th deconstruction of residual cellul ose.

[ 322] GeY St age,LofarRale PR, Gl a@%dduc@%&tlﬁg&t SA0L AR APREOX] MBL el Y

24.9% were scree "|errmr'£§chan| cal

di si ntegrator if™sEer °°’Et‘6““@ ﬁ’%‘? ‘8’“3("15‘? fﬁd‘édﬁ"d'éff °éhg§%°gléil°?°r”ﬁ3‘i§t§°§ 14t on t hr oughout
the chip for t héref ¢riperesiadibxaiienyfhaidingpd eprageing sorexagplg disgnit opeFponcd) t o renpve
sonme wood ext r aededssti@dignin-containing residual material from the second stage acid hydrolysis of

lignocellulosic feedstock, as described supra, including unconverted cellulose and hemicellulose
material. The lignin product stream can be dried, for example, using hydrolysis flash steam. At
about 35 wt% moisture, the material will have a usable heating value. The material can be further
dried to improve the product value, for example, to about 15 wt% moisture, subsequently pelletized,
and stored for sale as fuel, for example, for electricity generation or burned as dried to provide
thermal energy. Dried, pelletized lignin may also be used to generate high pressure steam to provide
energy for use in first and second stage nitric acid hydrolysis processes for hydrolysis of
lignocellulosic feedstock, as described supra.

[280] In some embodiments, biomass can be removed from the fermentation broth during the
product separation and distillation phase. The recovered material can be dried and burned for
process heat or can be digested to generate methane and remove the cellular mass without release to

the environment.
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[322] The disintegrator was a Bauer/Andritz RT Inpressifiner, used under
the followi ng conditions. Sone dilution water was added to saturate the
wood chi pwo 28toeamosas added at a delivery pressure of 1P88/Usae10/089833 dence
time was 20 seconds, and the flow restriction at the exit of the RT

I mpressifiner was set to 1 inch. [323] A sanple of the prelimnary
pressate was collected. 1.42% (wWw nitric acid was added to the solid
material at the exit of the RT Inpressifiner and resulted in a 32-37% (W w)
solids stream The material was collected in druns, stored at about 10C for
processing 12-18 hours later. The tenperature of the material at the exit
of the disintegrator was 60C, and cool ed about 15-20C in 15 hours. [324]
The acid inpregnated naterial was then added to a feed hopper for a

di gestor feeding system The digestor was a continuous feed, pressure
rated, screw cqmvey T efies Seims G ritticadd foainaa brboyss @t coftai@nificart Bvear (90- 110
psi g), Which COoFfRsRARSifQindte SLEEHRS AtliAlh QBirt RRRALELHERI©f 167- 176C.

Material was fed at. ap av, o e ¢ L93YudaQs A8 s A000L di gest or
Gkt tﬁé\g%n PS?%@ngMutMlQ%é’ 14Qs el 000

t hrough a plug screw fee temw th a conpression ratio of

appr oxi mat el y 819G mErop iy PPt RS The 1iquids to solids ratio feeding

t he di gestor wd2$212 T foflowing pramplepaq kagse e ilpsiatpebiiptiin: fe ipvgiondi gest or was 300- 480
seconds. [325] The liquid pressate fromthe PSF was neasured at a rate of
approximately 2 gallons per mnute Egr#LEs7.6 liters/ mnute) and contai ned
free nitric acid (pH 1.3), as well as turpentine/tall oil type conponents
(by snell). In sone cases, %Itl of dtcpe_l i %ui d Pl &3S3Le, nas added back to the
di gestor. In other cas¥%™ S ot the trgul - pressat e was added back
to the di gest orl28fi Closridye stiyiag et 100 mHeor dL epainpeytreckiddid bitieastre @ suppl i ed by
city water. hi lottheftireasesyin Tl R8F44P e gsiat Clovedymdicdaemgeds tenil 2 gal | ons
per m nute of wal &bl Weshthuataaet, foQestediRrealbag@dt@dle. capatfilide G colpirR&SUr € Was

mai ntained in the. i 0estrmW L@ Qb e Rabidhd wdi YRS R! LW MaAhNQ- The

hydrol ysate and fesidual, sol ds, were, expanded Lo atmspher) ¢ pressure
through a cycl oRe 5 Teharat e PheE “Vapdt “FFom rhe T 1Gira and sol i ds. Some
vol ati | es wer e F&EnmBtratraPy cflherragmpt nepbiEalyR PopsaT 4 P “EOT TS wer e

appr oxi mat el y 328golyijer, welil, grid performpri@iz inclideG6 rbls & rabowlatqy s die gt sesteisdd t o at t enpt

t o separat e SoOlprEbEnahict QUMhbursGtihdtk$tor MR Feimedtdtibnt IS@bstele veade@btiofkgh t@ble &€ i eved.
Average feed sQlj &S MRSnTEARESE vaklne HRQHE DAOUM AREerhBR rffRkitiHaL sol i ds
exiting fromthsepre§e(1:1tléde11\1l\{7i L]Irese_% was neasured to be 36-37% due to the small
aver age fi ber difmensi on’ c[s 28] Surprisingly, the residual material had

very little fiber quality or structur®"M croscopic inaging of the residual

materi al shoved®iniet|fertost itiishavkie céi'treosPemfi ben.| Tiwe fiber had the
fol | owi ng charpact eri|stT"®&: | Lefyt h |wei ght ed averq@g Iéﬁ,gt h®Rm 0. 276
Arithnmetic averzessl en@hh (MR, 15To-BO | 4% Glucose | 4.2 49 3.1
2008137 | 1000mL 831 Co-7449 | 4% Sucrose | 7.5 61 5.1
2009012 | 1000mL 478 Co-5673 | 5% Sucrose | 84 63 6.1
2009021 | 1000mL 473 Co-7449 | 4% Xylose | 54 63 4.1
2009023 [ 1000mL 568 Co-5673 | 4% Xylose | 4.0 63 3.0
2009047 | 1000mL 1250 Co-7449 | 4% Xvlose 4.7 88 34
2009054 | 1000mL 352 Co-7449 4% 5.6 61 4.0
Mixed sugar
simulated
hydrolysate**
2009057 | 1000mL 628 Co-5673 4% 59 61 43
Mixed sugar
simulated
hydrolysate
2009060 | 1000mL 640 Co-7449 4% 50 56 3.6
Mixed sugar
simulated
hydrolysate
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*EFT = elapsed fermentation time
** Mixed sugar simulated hydrolysate = 5 parts mannose (31%), 4 parts xylose (27%), 3 parts
glucose (16.5%), 2 parts galactose (12%), 2 parts arabinose (11%)

Example 2. Continuous biobutanol production and recovery.
[284] A continuous biobutanol production and recovery process is described below, with all of the

described component processes (e.g., feedstock hydrolysis, fermentation, recovery of product)

operating simultaneously and continuously in an integrated biobutanol production plant.

Hydrolysis of lignocellulosic feedstock

[285] CS5 and C6 sugars are produced from hemicelluloses and cellulose components of wood
chips in a two-stage dilute nitric acid hydrolysis process. The two-stage approach includes two
reaction stages at two different temperatures, minimizes thermal degradation products and

maximizes sugar recovery from both the hemicelluloses and cellulose components of the feedstock.

First stage hydrolysis
[286] Wood chips are mixed with nitric acid and water and pressured into the first stage hydrolysis

reactor using a progressive reducing screw auger. The first stage hydrolysis reactor operates at or
around 175°C using 115 psig steam and is sized to provide a residence time of 5 to 9 minutes. A
discharge auger and blow valve deliver reactor effluent to a flash tank where low pressure steam is
recovered for re-use in the process. The steam may be augmented by recovered steam from other
operations.

[287] CS5 hydrolysate is separated from the unconverted biomass in a screw press, stripped with
nitrogen for oxygen removal, and pumped to the C5 fermentation section of the biobutanol
production plant. (Despite containing both C5 and C6 sugars, the stage 1 hydrolysate liquor
contains nearly all of the C5 sugars, and as a matter of nomenclature has been termed “C5
hdyrolysate” herein.) The C5 hydrolysate is brought to about pH 3.5 with ammonium hydroxide
and passed through an anion exchange resin bed upstream of fermentation. The screw press may

include a solids wash step to maximize recovery of fermentable sugars.

Second stage hydrolysis

[288] Residual uncoverted biomass from the first stage hydrolysis is mixed with nitric acid and
water and pressured into the second stage hydrolysis reactor using a progressive reducing screw
auger. The second stage hydrolysis utilizes a higher temperature than the first stage hydrolysis to

break down the recalcitrant cellulose component.
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xyl ose, glucose, arabinose, and gal act ose.

[289] The second stage reactor operates by injecting saturated live steam at 215°C (with the
relationship between temperature and pressure well known by those of skill in the art) and is sized
to provide a residence time of 3-8 minutes. A discharge auger is used to deliver reactor effluent to a
flash tank where additional low pressure steam is recovered.

[290] The C6 hydrolysate is separated from solids containing unconverted cellulose and lignin in a
screw press, stripped with nitrogen for oxygen removal, evaporated to remove water and some
acetic acid, brought to about pH 3.5 with ammonium hydroxide, passed through an anion exchange
resin bed (e.g., Duolite A7), and pumped to the C6 fermentation section of the biobutanol
production plant. The screw press separation also contains a solids wash step to maximize recovery
of fermentable sugars. Residual cellulose/lignin is either neutralized and disposed of or steam dried

and utilized as boiler fuel for process steam and/or electricity generation.

CS fermentation

[291] Neutralized C5 hydrolysate from the first stage hydrolysis unit operation is cooled to
fermentation temperature, treated to remove fermentation inhibitors via anion exchange as discussed
above, mixed with nutrients and charged to a bioreactor or the first bioreactor in a series of
bioreactors. The C5 hydrolysate is fermented into biobutanol in the bioreactor using an
immobilized Clostridium strain that has been selected to maximize titer, yield, and butanol
selectivity for C5 hydrolysate.

[292] The fermentation process also produces fermentation off gas, primarily carbon dioxide and
hydrogen, which strips some solvent from the bioreactor. All three reactors operate near
atmospheric pressure and include a heating/cooling jacket to maintain temperature at 32°C. Each of
the reactors includes a controlled nitrogen purge into the vapor space that is sampled and vented to a
vent gas treatment unit operation along with fermentation off gas.

[293] The fermentation is carried out in a temperature controlled bioreactor under anaerobic
conditions after supplementing the hydrolysate with nutrients for growth of the microorganism.
After colonization of the bioreactor by the microorganism is achieved, a continuous feed of
supplemented hydrolysate is started together with the simultaneous continuous withdrawal of the

same amount of fermentation broth,

C6 fermentation
[294] Neutralized C6 hydrolysate from the second stage hydrolysis unit operation is cooled to
fermentation temperature, treated to remove fermentation inhibitors via anion exchange as discussed

above, mixed with nutrients and charged to a separate bioreactor or a series of bioreactors. The C6
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di sintegrator under conditions of either no acid added or 1.42% (w w)
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addi tional water was added, in order to duplicate as closely as possible
the conditions in the digestor (5 mnutes, 166C). In this run, 750 g of the
noi st feed (36.8% solids by weight) were added. 450 g of water were al so
added to the reactor. Live steamwas added until the reactor reached the
setpoint tenperature at which point the blow valve was rel eased (5 m nutes)
and the material was blown into a bl ow tank where the pressure was
permtted to equilibrate with the environnent. [331] The results are shown
in Figure 13. The residual solids fromthe no acid condition are shown in

t he photograph on the left, and the residual solids produced with 1.42%
nitric acid ar gersd@tivnunit ppefatdveis platytidogirabpthe Erierhdntation. digpbsbed abofegyithihe cel | ul osi ¢
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Exarrpl e 8. HembGtﬁJol sHJcthﬁ)efor%L)rd&gs;tle %ﬂerﬁaﬂxglmtﬁé@cﬁdstrﬁﬂ's & for botl[C%%r%](% Gey stage
Lodgepol e pi ne g npisture content approxi mately 31.6% were passed

t hr ough a therr‘f‘d’r"’f’e tf?ﬁsr‘ﬁ* cafdi*Sht egrator, as described in Exanple 1 except
that the wood chi ps were not screened for debris and the flow restriction
at the exit of Rddetcdicairatitnegr at or was 0.5 inch. [333] 0.44% (W w nitric
aci d was added (8] RbQorSfilcht GorliBd latdak feMentdibn@is @abitied Bifo a brbtdet FbvekyTpd €ssi f i ner

and resul ted i Qanﬁ(otg‘ﬁangst/ QaI(kVy/wYM)'e férgénﬁtgn thﬁﬁ"eb@fog gemg EEE]@ th%d% I'ec@‘l'erywas fed to a

di gestor as des l;llla 0 column eedlt:?f}xka norefﬂuen is umpesioomqlg%ejtanggkhedlgnf?aulz hour s pl’l or
to prOCGSSI ng. gest or COI’] 1 ons as aescri Ie 1,

except the r eS|°d‘é‘??d’%‘e’?tfler?‘é“‘wé?§“°t%e®m§é°6‘6‘?’iﬁ§d fongympEEemshoads 38 as r et ained in
t he process, buteanginér fesldesbeich aith it the oydrhead igytd redpetprdior eheut { wiot@l gpm) par al | el
to the PSF, t hedatsoasoneadis indfe bRMéd fgpogidudi gest or, between the digestor and

the bl ow val ve)pds %Veqpmapor@m;mhﬂmﬁmg &@de&aa%lt@raeemeam&mml fne| OCat ed post

bl ow val ve. [334 1t|n qua Vas dreater than in
t he product des?:c?lrﬁdbét%msgﬁ? ol e gﬁahea eXChan er ?re ct lse’?{: SeWatered in the

SCrew press. Recgliﬂaﬁgfsﬁgagqtqrffg‘/e%efgé 13’70"?’5% %s\?ea%églp‘fj’f’?fd“’a “f?é“é PR fi ber had t he

foll owm n gc har satirmert for further purification of separate biofuel products, for example, acetone, butanol and
ethanol.

Product distillation
[297] Organic products are further purified from the concentrate by distillation. For example, high

purity butanol and acetone may be produced with some ethanol removed via a side draw.

Example 3. Two-stage nitric acid hydrolysis of lignocellulosic feedstock in a batch reactor

[298] Nitric acid hydrolysis of a lignocellulosic feedstock was performed in two stages. The
feedstock was beetle killed lodgepole pine obtained through Renewable Fiber in Fort Lupton, CO.
Three quarter inch wood chips were milled to pass through a ¥ inch screen.

[299] Approximately 1.3% nitric acid on a dry wood basis was reacted with feedstockina 1.9 L
reactor. The milled ¥ inch wood chips were loaded into a five gallon bucket and charged with
water and nitric acid. The nitric acid concentration was approximately 1.3% on a dry wood basis
and water was added to the bucket to completely submerge the wood chips. The total solids loading
of the mixture was approximately 12 wt%, which corresponded to a liquids to solids ratio of
approximately 7.5. The bucket was then sealed and placed on rollers where the contents of the
bucket mixed for approximately 30 minutes. This step was done to impregnate the acid into the

wood chips. The contents of the bucket were then transferred to the 1.9 L reactor, where the
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hydrolysis reaction took place. The reactor was sealed and charged with steam in order to reach a
reaction temperature of 175 °C. The time that the contents of the reactants were at this temperature
was approximately 7 minutes, after which the contents of the reactor were flashed into a vessel at
atmospheric pressure with additional cooling to rapidly cool the material and stop the hydrolysis
reaction. The pH of the solution was approximately 2 during the reaction.

[300] The reaction mixture was separated using a vacuum filtration unit into first stage hydrolysate
and solid residue. The first stage hydrolysate was analyzed for conversion of cellulose and
hemicellulose to soluble sugar molecules using high performance liquid chromatography (HPLC).
The yields of soluble sugars based on cellulose and hemicellulose conversion were calculated by
measuring sugars produced from complete hydrolysis of cellulose and hemicellulose concentrations
in the starting material. Concentrated acid was used to hydrolyze both the cellulose and
hemicellulose fractions of the wood. A theoretical maximum amount of sugar was then calculated
based on the conversion of cellulose and hemicellulose to sugars. The yield from the dilute nitric
acid hydrolysis was then compared to the theoretical maximum. In the first stage nitric acid
hydrolysis reaction, 15.8% of hydrolyzed cellulose was detected as soluble sugars (glucose and
oligomers) and 71.1% of hydrolyzed hemicellulose was detected as soluble sugars (xylose,
mannose, and other oligomers) in the first stage hydrolysis reaction.

[301] The solid residue from the first stage hydrolysis was rinsed with water to remove residual
soluble sugars from the solids and to minimize the amount of sugar degradation in the second stage
hydrolysis reaction. A nitric acid concentration of approximately 1.3 wt% on a dry solids basis was
used to for hydrolysis of the solid residue. The residual solids were contacting with acid in a rolling
bucket for approximately 30 minutes, as described above. The solids loading was approximately 14
wt%, or a ratio of about 6.5 liquid to solids. The acid impregnated residual material was then
transferred to the 1.9 L reactor and injected with steam. The operating temperature of the second
stage hydrolysis reaction was approximately 220°C. The contents in the reactor were heated to
220°C for approximately 4.5 minutes and then flashed into a flash vessel to rapidly cool the
reactants and stop the reaction. The pH of the solution was approximately 2 during the reaction. .
[302] The reaction mixture was separated into second stage hydrolysate and residual biomass
using a vacuum filtration process. The second stage hydrolysate was analyzed for conversion of
cellulose and hemicellulose to soluble sugar molecules, as described above. 23% of hydrolyzed
cellulose was detected as soluble sugars (glucose and oligomers) and 0% of hydrolyzed
hemicellulose was detected as soluble sugars (xylose, mannose, and other oligomers) in the second

stage hydrolysis reaction.
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Example 4. Conditioning of hydrolyzed feedstock with ion exchange resin.
[303] First stage nitric acid hydrolysate from beetle killed lodgepole pine, prepared as described in
Example 3, was conditioned to remove inhibitors of microbial growth by passage through an anion
exchange column. Duolite A7 resin was used for conditioning of the first stage hydrolysate. The
anion exchange resin was prepared using a 1 M solution of sodium hydroxide and then rinsed with
distilled water.
[304] The first stage hydrolysate, with a sugar concentration of approximately 50 g/L, was brought
to room temperature and then to pH 5.5 using ammonium hydroxide, and was then applied to the
prepared ion exchange column. Hydrolysate that passed through the column was used as a feed for
microbial fermentation, and microbial growth was assessed, in comparison with hydrolysate that
had not passed through the column. Fifteen milliliter fractions were eluted from the ion exchange
column and were collected, 10 ml of which were then used as a fermentation feed to test for
microbial growth. The remaining 5 ml in each fraction was analyzed for sugar concentration and
presence of phenolic compounds.
[305] Nutrients were added to the wood hydrolysate fractions and filtered with a 0.2 pm filter to
sterilize the media before inoculation. The filtered media was then inoculated with Clostridium
strain Co-7449. The fermentations were inspected for growth over a 72 hour time frame. There
was a clear point at which the bacteria stopped growing and that point represents a breakthrough of
unidentified compounds in the ion exchange column.
[306] Effluents from the fermentations with conditioned and unconditioned hydrolysate were
analyzed by HPLC. Based on the HPLC analysis, an increase in an unidentified peak correlates well
with the inhibited growth that was observed with the microorganism. Therefore, this peak may have
played a role in the toxicity of the hydrolysate. Based on the residence time in the HPLC column,
the peak is believed to contain a phenolic compound that is strongly related to toxicity. Duolite A7
is a phenolic based anion exchange resin, so it is possible that the postulated phenolic inhibitor
compound was retained on the resin due to hydrophobic interaction with phenolic groups on the
resin. It was also noted that the ion exchange process resulted in a loss of sugar in the hydrolysate.
The amount of sugar loss was approximately less than 10% of the initial concentration.
[307] A larger batch slurry process with Duolite A7 resin was used for evaluation of effect of
conditioned hydrolysate on butanol titer and yield. The butanol titer and yield on the conditioned
hydrolysate were 7.7 g/L and 0.17 g/g sugars converted, respectively. The microorganism did not

grow on the unconditioned hydrolysate. The results of HPLC analysis are shown in Figure 5.
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Exanmpl e 9. Continuous fernentation of C ostridium

packed bed bioreactor for 422 hours with

[ 337] A butanol - producing Clostridiumstrain was

grown anaerobically in a packed bed bioreactor with 1 L nom nal volune and
670 nL working volume. The L/D ratio of the bioreactor was 3.

Example 5. Continuous fermentation of Clostridium immobilized in_a 110 liter packed bed

bioreactor for 350 hours.

[308] Clostridium saccharobutylicum Co-7449 (PCT/US09/40050) was grown anaerobically in a

packed bed bioreactor with 110 L nominal volume and 63.7 L working volume. The L/D ratio of

the bioreactor was 8.

[309] The Clostridium was immobilized on bonechar. The bonechar particles had a size of 3000

to 5000 microns, with a bulk density of about 0.72 /ml. About 100 pounds of bonechar was loaded

into the reactor. Immobilization was achieved by first filling the reactor with about 40 L of CP3
media with 4% sucrose and then adding to the reactor 20 L of Clostridium broth that had an OD at

600nm of about 1, and recalculating the contents of the reactor for 24 hours.

[310] The growth medium was essentially identical to P2 medium, as described in Jesse ct al.
(2002) Journal of Industrial Microbiology and Biotechnology 29:117-123, with 4% sucrose as

carbohydrate feed.

[311] Continuous culture was achieved after the bioreactor had been inoculated by pumping the

growth media at a constant rate into the bottom of the bioreactor and continuously removing broth

from the top of the bioreactor in order to maintain a constant liquid level in the bioreactor.

Continuous fermentation continued for 350 hours.

[312] The feed rate for the run was initially 800 g/min, was reduced to 400 g/min at about 60

hours, and was increased to 500 g/min at about 143 hours. The average pH was about 4.95 and the

average pressure was about 3.24 psi. N, was added at a rate of 0.7 L/min for the duration of the

fermentation. The average butanol titer, productivity, and yield were 3.44 g butanol/L, 1.55 g

butanol/L/hr, and 0.172 g butanol/g sucrose, respectively.

Example 6. Conditioning of hydrolyzed feedstock with metal salts.
[313] A hydrolysate was prepared from beetle killed Lodgepole pine using nitric acid as the

catalyst for the hydrolysis reaction. The following conditions were used for hydrolysis: nitric acid

concentration 0.4-0.5% on a dry wood basis, pH approximately 1.9 — 2.2, temperature 170°C, time 7

minutes, approximately 25-30% solids in the feed.

[314] The raw hydrolysate was measured out into 100 ml glass bottles to volumes of 50 ml using a

pipette. The pH of the hydrolysate samples was then adjusted to pH values in the range of 5.5 to 10

with a 15% solution of ammonium hydroxide.

[315] Aluminum sulfate and ferric chloride were added at concentrations in the range of 3 g/L. to 5

g/L and the solutions incubated for about 30 minutes at temperatures in the range of 20°C to 40°C.
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[318] Aluminum sulfate and ferric chloride were both successful in transforming an otherwise un-

fermentable hydrolysate into a fermentable feedstock that supported microbial growth and

production of butanol. Under the conditions used for fermentation, aluminum sulfate produced a

feedstock that resulted in higher butanol production along with less precipitate in the final product

than ferric chloride. The best results for treatment of raw hydrolysate with aluminum sulfate and

ferric chloride were at the following conditions: metal salt concentration 3 g/L, pH 9.5, room

temperature (about 20°C). The butanol concentrations after microbial fermentation for 72 hours

were 8.64 g/L and 7.69 g/L for aluminum sulfate and ferric chloride, respectively.

[319] Adjustment of hydrolysate pH before metal salt addition was found to be important. For

example, a solution adjusted to pH 9 before addition of metal salts did not ultimately support

microbial growth. However, adjustment of the solution to pH 9.5 resulted in a conditioned

hydrolysate in which the microorganism grew and produced butanol.

[320] Lower temperatures also resulted in lower sugar loss. At room temperature, the sugar loss

was only 6%.

Example 7. Hemicellulose extraction from wood chips with deconstruction of residual

cellulose.

[321] Grey stage Lodgepole pine chips, moisture content approximately 24.9%, were screened for
debris and passed through a thermomechanical disintegrator in order to ensure (1) adequate acid
impregnation throughout the chip for the liberation of hemicellulosic sugars, and (2) to remove

some wood extractives.
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Recover y yi eld a\{l\@‘ésida' sc{ﬁds were expanded to atmospheric pressure through a cyclone to separate the vapor

from the liquid and solids. Some volatiles were removed in the vent stream. Residual solids were
approximately 32% by weight.

[327] A 560 screw press was used to attempt to separate solids from liquids. Very little
dewatering was achieved. Average feed solids was measured at about 36% and the residual solids
exiting from the screw press was measured to be 36-37%, due to the small average fiber dimension.
[328] Surprisingly, the residual material had very little fiber quality or structure. Microscopic
imaging of the residual material showed little distinguishable cellulosic fiber. The fiber had the
following characteristics:

Length weighted average length (mm) 0.276

Arithmetic average length (mm) 0.151
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[348] Prelimnary analytical results for biobutanol derived from sinple

sugars (5% hardwood synthetic mx (9.0 g/1 gl ucose,
g/ 1 ar abiwo=e10/3136g/ | mannose) + 1 g,lL yeast extract,
1 g/L K211PO4, 0.1 g/L K112PO4)),
are presented in Table 2. Table 2 Conposition of Purified Bi obutanol
(vivyg Water (W wey Acetic Acid

acet at e,

But anol

Weight weighted average length (mm) 0.544

Average width (um) 36.14
Surface area (m*/kg) 1441
Fiber Classifications

% on 14 mesh 0.5

% on 28 mesh 1.7

% on 48 mesh 3.7

% on 100 mesh 8.2

% on 200 mesh 9.6

% through 200 mesh 76.3

*% denotes weight fraction retained on the indicated mesh.

[329] The hydrolysate liquor contained significant concentrations of primarily hemicellulose
sugars (~75g/L) in the ratios typical of softwood dilute acid hydrolysis: mannose, xylose, glucose,
arabinose, and galactose.

[330] In afollow up experiment, material that had been passed through the disintegrator under
conditions of either no acid added or 1.42% (w/w) nitric acid was reacted in a 7.6 liter Parr bomb
type reactor. No additional water was added, in order to duplicate as closely as possible the
conditions in the digestor (5 minutes, 166°C). In this run, 750 g of the moist feed (36.8% solids by
weight) were added. 450 g of water were also added to the reactor. Live steam was added until the
reactor reached the setpoint temperature at which point the blow valve was released (5 minutes) and
the material was blown into a blow tank where the pressure was permitted to equilibrate with the
environment.

[331] The results are shown in Figure 13. The residual solids from the no acid condition are
shown in the photograph on the left, and the residual solids produced with 1.42% nitric acid are
shown in the photograph on the right. Visible cellulosic fiber was observed in the no acid sample

but not in the nitric acid sample.

Example 8. Hemicellulose extraction from wood chips.

[332] Grey stage Lodgepole pine chips, moisture content approximately 31.6%, were passed
through a thermomechanical disintegrator, as described in Example 1 except that the wood chips
were not screened for debris and the flow restriction at the exit of the disintegrator was 0.5 inch.
[333] 0.44% (w/w) nitric acid was added to the solid material at the exit of the RT Impressifiner

and resulted in a 33.0% (w/w) solid discharge. The material was fed to a digestor as described in
67
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(v/iveh) Butyric Acid (v/v% 98.2 0.67 0.03 0.03 13491 Although the
foregoing invention has been described in sone detail by way of
i 1l ustratwore10/151706 PCT/US2010/039873

Example 1, with storage from 1 to 12 hours prior to processing. The digestor conditions were as
described in Example 1, except the residence time was 360 seconds. No PSF pressate was retained
in the process, but water was added to the rotary feeder (~1.9 gpm) parallel to the PSF, the
mechanical refiner (post digestor, between the digestor and the blow valve) (~3 gpm), and the
discharge cyclone, which is located post blow valve.

[334] The resulting visible fiber quality was greater than in the product described in Example 1,
and was effectively dewatered in the screw press. Residual solids were 57.7% by weight.

[335] The fiber had the following characteristics:

Length weighted average length (mm) 0.379

Arithmetic average length (mm) 0.202
Weight weighted average length (mm) 0.862
Average width (um) 49.72
Surface area (m*/kg) 1105

Fiber Classifications

% on 14 mesh 11.6
% on 28 mesh 18.0
% on 48 mesh 19.7
% on 100 mesh 20.2
% on 200 mesh 74
% through 200 mesh 23.1

*% denotes weight fraction retained on the indicated mesh.
[336] The hydrolysate liquor contained significant concentrations of hemicellulose sugars
(~43.5g/L) in the ratios typical of softwood dilute acid hydrolysis: mannose, xylose, glucose,

arabinose, and galactose.

Example 9. Continuous fermentation of Clostridium immobilized in a 1 liter packed bed
bioreactor for 422 hours with conditioned hydrolysate.

[337] A butanol-producing Clostridium strain was grown anaerobically in a packed bed bioreactor
with 1 L nominal volume and 670 mL working volume. The L/D ratio of the bioreactor was 3.
[338] The Clostridium was immobilized on bonechar. The bonechar particles had a size of 3000
to 5000 microns, with a bulk density of about 0.72 /ml. About 1.5 pounds of bonechar was loaded

into the reactor. Immobilization was achieved by first filling the reactor with about 670 mL of CP3
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and exanpl es for purposes of clarity of understanding, it will be apparent
to those skilled in the art that certain changes and nodifications may be
practi cedwaizntvanst7odeparting fromthe spirit and scope ofPCrhis2010089873 on.
Therefore, the description and clains should not be construed as limting
the scope of the invention. [350] All publications, patents, and patent
applications cited herein are hereby incorporated by reference in their
entireties for all purposes and to the sanme extent as if each individual
publication, patent, or patent application were specifically and
individually indicated to be so incorporated by reference. WO

2010/ 151706PCT/ US2010/ 039873 CLAIMS W claim 1. A process for producing a
bi opr oduct conprising continuously fernenting a mcroorganismin the
presence of hydrolyzed feedstock, wherein said mcroorganismis immbilized
ONn a support i rmediaih6% @8 editadod supdrembitinmig &D.eh%véeltgiicoeR1.12% way D-xylose,

car bohydr at e- cQnksa whk NGabEt, 84768 hviw DMRRER) A Babadindty Gf @k z@el dreedst ock is

pr oduced by hy lo?any b§oth ath%thzt@(%%c;fgngkaS m%glg&lﬁngﬁﬁ:lcgtexnsy06§19| ySI S pr oduces
car bohydrat e nol ec serve as a carbon source for said fernentation,

wherein the hyd?ﬁ?jﬁ%%m?eedstock is fed to the bioreactor contlnuously for
the duration of33héhefrdiclgronth aedvads wel e RSP ETHIENE & PEFEERFYART sm

cont i nuousl y cdcavetdos, cinliged opditiondd yeddiliédddgtsicpokacid midolysge Wihaprtdtvict . 2. A
process accor distg, dule@dn@d ¥iih 22 medae EoRboAents @ rcealents @t ihd aniypelirdlvay z ed

cont i nuously U%&Jsmokmmfaﬁ%gd @a&m&%qxem@we B8y h&aUkddag hydrol yzed
feedstock is fed wn%&n%gg%m% into, a Xﬂwgqmwgrgmﬂh mediumin the

nditigned op Duolite

bi oreact or for FHEXAUFEP IR Ot He P &F 3. A process according to
claim2, wherei lﬁ“)lt [entipo Fu&iw?é%rﬂidéréﬂé%l&w afteg inqeelafionchy PHPPPRIFESTY into nultiple
bi or eact or s ar rrzfige geopspnt pig ingyl te edttom o Melfignactdr md gatimpaady, remafiegbeih fom the
ferment ati on 0Ge&WE ik bRRIoH NGRS miintdind ca@indiqnaibtlinle@iokicar eattuas S, and wherei n
the mul tiple bigreathHsSudRMMii.ee the same or different m croorganisn(s).

[341] The feed rate for the run was 8 g/min and N, was added at a rate of 0.1 L/min for the

duration of the fermentation. During the fermentation period between 164 and 422 hours the

average pH was about 5.1. The average butanol titer, productivity, and yield were 7.6 g butanol/L,

5.5 g butanol/L/hr, and 0.26 g butanol/g carbohydrate, respectively.

Example 10. Production of multiple bioproducts in a continuous immobilized microbial
fermentation

[342] Clostridium was grown anaerobically in a packed bed bioreactor with 111.3 L nominal
volume and 65.7 L working volume. The L/D ratio of the bioreactor was 5.7.

[343] The Clostridium was immobilized on bonechar initially screened with a 5x8 mesh, with a
bulk density of about 45 Ib/ft3 . About 100 pounds of bonechar was loaded into the reactor.
Immobilization was achieved by first filling the reactor with about 100 L of fermentation media
with 4% by weight softwood hydrolysate, prepared as described in Example 8 and conditioned on
Duolite A7 resin at acidic pH, draining approximately 15L of feed media and then adding to the
reactor about 15L of Clostridium broth that had A600 absorbance of about 1. The fermentation
broth was circulated for approximately 24h prior to setting the reactor into continuous operation.
[344] Continuous culture was achieved after the bioreactor had been inoculated by pumping the
growth media at a constant rate into the bottom of the bioreactor and continuously removing broth
from the top of the bioreactor in order to maintain a constant liquid level in the bioreactor. .

[345] The feed rate for the run was about 540 g/min. The average pH was about 5.5 and the

average pressute was about 3.4 psi. N, was added at a rate of 1.0 L/min for the duration of the
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4. A process according to claim1, wherein said feedstock is a cellulosic

material. 5. A process according to claim4, wherein said feedstock
conpri seswoeblwuiso®e and hem cel |l ul ose. 6. A process ac@®omrdaisegows9ses ai m 5,
wherein said feedstock is a lignocellulosic material. 7. A process

according to claim6, wherein said lignocellulosic material is wood
sel ected from softwod, hardwood, or a conbination thereof. 8. A process
according to claim7, wherein said lignocellulosic material conprises wood
chi ps, sawdust, saw m || residue, or a conbination thereof. WO
2010/ 151706PCT/ US2010/ 039873 9. A process according to claim8, wherein
said lignocelluosic material is froma feedstock source that has been
subjected to a disease or infestation. 10. A process according to claim 8,
wherein said |ignocellulosic material is deconstructed prior to hydrolysis,
wherei n sai d deeodasion Lgik: | G oCGRPEERSatiONEneGleld pidit@olpraeesgnos @ktiect ed from
presteam ng, NMRGHMLERL a8 WidEhhd) oso, 0, TRL s 12 u@XPaRBaon.  11. A process
accordin g toc Irea‘sI ebllvé Y. Sl\JIgh ClnSersldn B B gactlog vg're'%glg}l HH\Q% $hd %Lp%&)}!{irﬁételyké
deconstructed prfor fo harvest, wherern sald deconstruction occurs due to
one or nore natifal or intentional causes conprising drought, infestation,
fire, or herbicide.

Example 11. Purification of biobutanol from fermentation broth.

[346] Fermentation broth from a continuous culture of immobilized Clostridium, grown in a
packed bed bioreactor with 111.3 L nominal volume, 73.4 L working or packed bed volume, and
L/D ratio (packed section) 5.7, was collected from the bioreactor and pumped into a 500 gallon
harvest tank. The residence time in the harvest tank was about 60h, depending on the bioreactor
harvest rate. When sufficient material had been collected, a microfiltration step (2” x 3
microfiltration membrane unit, 0.1 um cutoff) was performed to remove cell mass and other debris.
[347] The material was then transferred to a 75 gallon steam heated batch distillation vessel with
an insulated, packed overhead 4” column to provide some reflux. The vessel was indirectly heated
with steam and the overheads were condensed and collected by a receiver. Vessel pressure was
maintained at ambient pressure. Upon discharge from the receiver, the material was decanted and
the butanol rich organic phase (60-80% BuOH by weight) was further distilled in a smaller,
electrically heated 5-stage Snyder distillation apparatus. The aqueous butanol phase (7-9% BuOH
by weight) was discarded rather than subsequently separated. Recovery yield was 12%.

[348] Preliminary analytical results for biobutanol derived from simple sugars (5% hardwood
synthetic mix (9.0 g/l glucose, 32.8 g/l xylose, 5.8 g/l arabinose, 3.3 g/l mannose) + 1 g/L yeast
extract, 2.2 g/l ammonium acetate, 1 g/ KoHPOq, 0.1 g/ KIH>POy)), as described in this example,

are presented in Table 2.

Table 2
Composition of Purified Biocbutanol

Butanol Water Acetic Butyric
(v/v%) (wiw%) Acid Acid
(v/iv%) (v/iv%)
98.2 0.67 0.03 0.03
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12. A process according to claim 10, wherein said lignocellulosic materi al
is pretreated to renpbve extractives, wherein said pretreatnent conprises
conpr essiw020waASET06ext ract i on, sol vent extraction, al kalPCmaSeonaasrs on,
enzymatic treatnent, fungal treatnent, oxygen treatnment, or air drying,
wherein said pretreatnment occurs prior to or in conjunction with
deconstruction. 13. A process according to claim®6, wherein said
hydrolysis is perforned by treatnment with one or nore acid . 14. A process
according to claim 13, wherein said acid conprises nitric acid, formc
acid, acetic acid, phosphoric acid, hydrochloric acid, or sulfuric acid.

15. A process according to claim 14, wherein said hydrolysis is perforned
with nitric acid. 16. A process according to claim 15, wherein said nitric
acid hydrolysis conprises a first stage and a second stage, and wherein the
second stage hyspjoAysigh thé feregoied ifivextionhak beet degerited ig ek detaidyperofillustagont han t he fir st
stage. 17. A Qﬁ&%@% f@w{emfaﬁtyroﬂm&ls@idﬂg A6 vorbRERI Mot ABGORQIt i ONS in the
first st age ar qhap %%l}aneg% d@h%ﬂ%(cg\él% WF{% 1c¥c§xlflt§ouﬁjepm%£g ﬁlmg §1§stpmf’aa9é)s%¥e 70% of the

hemicel lulose in t St e conditions 1 nthe second
stage are choséeh® Tﬂmﬁghpﬁv%mﬂﬁa?3FV%?§“%Vﬂﬁ?‘Pté?wmﬁﬁﬁﬂ?mﬁﬂﬁbof t he

cel lul ose in tHerfébdeedek. WO 2010/ 151706PCT/ US2010/ 039873 18. A process
accordi ng to clEeimAlBplicwlerpein, atdyaent dpplistiongdirell haeicorielebg nageatdiydr ol ysat es are
conbi ned prior dQenteM ke cheet 16111 bubpbsds ahd 1€t dinQ eRAGH 1Bdach indidifhial phbliRGACESS

according to claim 9. YRGS WA LG £&haAR, REGNG. $iRGRAYgr ol ysates are
i ntroduced as se arate hydrolyzed feedstock streans Iinto separate

bi or eact ors, EY8fn the first stage hydrolysate is introduced into a first
bi or eact or and t he second stage hydrolysate is introduced into a second

bi oreactor, wherein the first and second bioreactors conprise the same or
di fferent m croorgani sn(s).
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20. A process according to claim 19, wherein the first bioreactor conprises
a first mcroorgani smand the second bi oreactor conprises a second
m cr oor gamoxmo/smeei n the first and second mi croor gani eas/Be@o@Bdsier ent ,
and wherein the first mcroorganismis optimzed for growh and/or desired
product production on the first stagepRy | ysate and t he second
m croorganismis optim zed for growth and/or desired product production on
t he second stage hydrolysate. 21. A process according to claim 16, wherein
flash steamis generated in said first stage hydrol ysis, and wherein said
flash Weelni s used to deconstruct said feedstock prior to hydrolysis. 22.
A process . ifth Mo i iSRRI fefin@RIAE Fh R il d
Second ot agoIRarary Rditil RoirodEtEhit AR RLFRY o bRREhElod
decongh thicpreseatelof lodaslyadifegistioek, Wherbipndail iyereorgeninois itmonqgiilixedda esuppay irf or
said first stage hydrqlysis. = 23. A process according.to claim.6, erein
f1 ash &HEHATPS WEHdR é&léﬁeeﬂﬁoglaw& ;gfager%?géalma P&t%@ﬁsévhwg F%‘?i ?W‘QBTY&‘?&
flash steai proBERAR flysi SO RERK LS Rh& e EGRIMIRIS§pRiuaud | s used to
y sali

provi de energ ITst stage hydrolysis and/or a downstream

di st i |dagohgdrafermolesded that gere@disatcaphonisbircaforonid fefientation; whersin the bpdrdlymed t o
claim 16 erein flash steami.s generated in. sai.d second stage, hydrol ysis,
wher ei f%ec_ibsaq\@@ i feddn thgbigrggter w&au?qﬁpypﬁos%edﬂémgm% 31“? gncptatign %%Wﬁjasm the

hydr ol 3t oredieh EbiindubEsly EHRREE IS dRflyZel Feddiob R inib aBfoprydlice! ysis is | ower

1% :
than the tenperature o?s he second stage hydrolysis, and wherein said | ower
tenperature permts hydrolysis of remaining oligoneric sugar nolecules with

| ess degradation than hydrolysis perfo d.at a.higher tenperature. WO
2010/ a1 706 PERFEIDLOeREdn Sieims vty b S oef i hREYach SERGMRLYE Srsirei
LT gni nrdrd shi BRkeAcRSH anfl thd@s@fhg HyRbBE&d fe8dssikas &id @aﬁﬂu@@gqﬂd) SinAg6bial
hydrol ysis, wherein the lignin-containing residue is dried to a liquid
cont ergrowth mpdium 8386 bipreaetos fog itk dvratian of thhEermerfalion.cont ai ni ng residue is
used as an energy source for said process and/or for electricity
generation. 26. A process according to claim1, wherein the hydrolyzed

f eedstpck i peRRSY dceoragt tb @1aiRTD wetetMhl bl @loy-8d feBdsibaPIsEtd SbRMibusHNEM®

bi oproduct production prior to introduction of the hydrolyzed feedstock

i nt o ttheltipledriergaetors arrapged in pprablek gud/ativoedesn yhewit thgifernpestatigheeairs r enoval

of inhibi.tors. conpr.is e or nore process selected framoverl. m,n
adsor pc[OIn HI}OLB],yégis Hdtf%‘ﬁ?%f?%l%ﬁ%‘:t?fanangx‘%}ﬁgﬂg 1€ mul%pieebloreac ors comprlserQhe%ame
or different microorganism(s).
4. A process according to claim 1, wherein said feedstock is a cellulosic material.
5. A process according to claim 4, wherein said feedstock comprises cellulose and
hemicellulose.
6. A process according to claim 5, wherein said feedstock is a lignocellulosic material.
7. A process according to claim 6, wherein said lignocellulosic material is wood selected from
softwood, hardwood, or a combination thereof.
8. A process according to claim 7, wherein said lignocellulosic material comprises wood chips,

sawdust, saw mill residue, or a combination thereof.
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28. A process according to claim 27, wherein renoval of inhibitors is
performed by contact of hydrolyzed feedstock with an i on exchange resin
under comstozoomisikerein the inhibitors are retai ned onPChaSe@eiosns’3 29. A
process according to claim27, wherein renoval of inhibitors is perfornmed

by pregi pitat ! o bAfHh U ird i RUnalifliOFEDS REARMR Ng Lo
cl ai mQ)(1:, mﬁﬁ@?ﬁﬁﬁ%&e&%ﬂ%@gfég@ﬁ; g)rf11191irelsrk%1 %ti?![c %llluc?isﬁm ast r1 ailn. 31. A process
accor don@e titat bhbharn 30bjevthd toed dis¢dse ofdnfistatiodi um strain is derived froma
species selected from d ostridi um saccharobutylicum C ostridium

sacchar oper but yl acet oni cum C ostridi um acetobutylicum and C ostridium

bei j erjighcki 4 procg‘%'ac@brﬁfnggﬁ SRR RC Vheekal Ll o,@.él'fﬁég’ge mARe s et ARt OF fnfié)tdi um

strain’is an environnen I'sol’ate or Is derived froman environnenta
i sol atte hyddBsisAwhéeeimesail devonstdictign tamptisgs ond or mheereocess sedecdedofpant nat eri al

on which the mcroorganismis i iljzed |s.selected frombone char,
pol yprBpiFasHas. I’é?“@ lgﬁ(ﬁr %@Eﬂ‘gga’@ﬁ‘rcfﬂkﬁ’(p Whte, ceramc, engineered
thermal plastic, clay brick, concrete, |ava rock, wood chips, polyester

fiber, glass beads, Teflon, polyetheretherketone, and polyethylene. WO
2010/ 1591 706RGHckiS20¢01 31338 ¢Bim 34 wherepr sackkgnogclhdosic mgterial sidgtonstructedhpriesi n

0l PR ARG SR b o PRI S
expandehpRfhe dRbught,lihfdbidige $ir® A herbicide.

12. A process according to claim 10, wherein said lignocellulosic material is pretreated to
remove extractives, wherein said pretreatment comprises compression, water extraction, solvent
extraction, alkaline extraction, enzymatic treatment, fungal treatment, oxygen treatment, or air

drying, wherein said pretreatment occurs prior to or in conjunction with deconstruction.

13. A process according to claim 6, wherein said hydrolysis is performed by treatment with one

or more acid .

14. A process according to claim 13, wherein said acid comprises nitric acid, formic acid, acetic

acid, phosphoric acid, hydrochloric acid, or sulfuric acid.
15. A process according to claim 14, wherein said hydrolysis is performed with nitric acid.

16. A process according to claim 15, wherein said nitric acid hydrolysis comprises a first stage
and a second stage, and wherein the second stage hydrolysis is performed at a higher temperature

than the first stage.

17. A process according to claim 16, wherein the conditions in the first stage are chosen to
achieve hydrolysis of at least about 70% of the hemicellulose in the feedstock, and wherein the
conditions in the second stage are chosen to achieve hydrolysis of at least about 40% of the cellulose

in the feedstock.
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36. A process according to claim1, wherein the bioproduct conprises a

bi of uel sel ected from butanol, acetone, ethanol, or a conbination thereof.
37. A prowexsiwscemedi ng to claim 36, wherein the biof uelPCtarspoeivmss7but anol .
38. A process according to claim 37, wherein the mcroorganismis a

O ost ryigdi UM Bfdeddsthiccordihg t6\cRiRA8SwhaemAhel iR ahPseebid Sh@Shydrélodatdstard he
Clostridiumstrain posseésses one or nore phenotypic characteristics

sel ectoothbinedrprioutamirbdudiosriniodks biotdagtoance to i nhibitors of fernentation,
| ow acid accumnul ation, stability in continuous fermentation, high butanol
titer, production of biofuel with high butanol to acetone ratio, increased

yieldf by gf&less&%ﬁo@ﬂfgtto efaitha6dwh&eih the fitst eabadond ahgh Bidrélydatsialre per unit
of cellular biomass, increased oxygen tol erance, increased ability to

adher dntreduged a4 separateydralyzedfaedstock stieases iabs sepaspte; kjotspeiprs) whereinythe fistve to

a wldstype.o ar.en trai.n fr whi ¢ he tridi I S ved,
& ost F T SheBRas BlroBi Rt plabok et Mt SROB St bbb O Ms a5t
Cl oSt ri@ ANB SR BREABE MHetalh SfeairoiindWBtoNl-ore4dt&1S bmiisetha cahe budiyfeientim
824, or dostridiumbeijerinckii 8524 grown under identical conditions.

40. Ampiceeganis@Ebrding to claim 1, further conprising recovery of the
bi oproduct fromthe fernmentation medium 41. A process according to claim
40, wherein the recovery process operates continuously for the duration of

t he f @orent&pirdesss acdérding tpcdady, aheeindhe first bictéagtancdiprifasratfiver conpri si ng
recovery of butanol fromthe fernentatjon nedium wherein said, rec?very
conpr iBiEEocuganism prd the feqand DEIErciQreOBPIiSsic e pRE EA YRR RS he first pd

ferme |.Q0n: i 7 MY/ :
accor de i, OB Gl R TR o s ol OB Browt
di st i |dndtor desiredpdodvee peiductiomi ¢h the fiyst istagahydiolysate daiethetsecdnlienitmonganisat ison

medi um i n saj d bi oreactor rein sai 1 croor gani sm converts said butyric
aci d t¥tigredier growth and/or des#gg product proc?ucg]on on thegsecon({gtage y?irotlysate. y

21. A process according to claim 16, wherein flash steam is generated in said first stage

hydrolysis, and wherein said flash steam is used to deconstruct said feedstock prior to hydrolysis.

22. A process according to claim 16, wherein flash steam is generated in said second stage
hydrolysis, and wherein said flash steam is used to deconstruct said feedstock prior to hydrolysis

and/or to provide energy for said first stage hydrolysis.

23. A process according to claim 16, wherein flash steam is generated in said second stage
hydrolysis, wherein said flash steam is recompressed, and wherein said recompressed steam is used
to provide energy for said first stage hydrolysis and/or a downstream distillation process for product

purification.

24. A process according to claim 16, wherein flash steam is generated in said second stage
hydrolysis, wherein said flash steam is used to provide energy for a third stage hydrolysis, wherein
the temperature of the third stage hydrolysis is lower than the temperature of the second stage
hydrolysis, and wherein said lower temperature permits hydrolysis of remaining oligomeric sugar

molecules with less degradation than hydrolysis performed at a higher temperature.
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44. A process according to claim42, wherein flash steamis generated
during hydrolysis of the feedstock and said flash steam provi des energy for
sai d di stwblatorsnzo6 45. A system for production of a bi epraseew/,03wespri si ng
a feedstock hydrolysis unit and a bioreactor, wherein a carbon-containing

f eedstgck | k9o hih (Y Ridovaed id B sbalpmlsy #&shue of
feeds?gbk i@p%g%sgh%%gfé%&?%gh?g’h‘?ﬁ%%ix%lpeéctorY Wmlareirﬁ sa?d Sbi orélggtor
conpr issidseconkiatage hydrodysis, oheeimgthaligninkcontinihg rediuems drisitppoliqyid wheentiof sai d
hydrol ysis of the feedstack produces carbohydrate | ecul es that .serve as a
o borbaUcISEeor 37 A ehoran Gu SR Gra g TORHs St reCr S QuRt £ i

conti 3¢ al.yzed feedstock into a bioproduct. 46. A
syste%%?:goérﬁglﬁﬁgxﬁgg%gﬁﬁ%%%l%grei n said feedstock hydrolysis unit and
said bioreactor are in fluid comuni cation, wherein said hydrolysis unit is
upstream from sai d bi greactor, .and wherein. the feedstock is..continuousl
hydr ol4zed ARPCESACFHEBEP §lamad, v erF‘r’i’eth) W@&E?‘Lg’e?%?c in gongifoneddn r%’i’mfeyhe
fer mentabitQ9 of nifdobidl ?&5%1?5&9&0 Bloptdiict Rodl oM pfibr toGRFBAIcELA S tRélHytifled

bi oreact ors arrange n parallel, wherein said nultiple bioreactors are in
f 1 ui d femlstowkintathedrionsnttbr.sai d hydrol ysis unit, wherein the hydrol yzed
feedstock is fed continuously into said bioreactors, wherein the
fermentation of the m croorgani smoccurs continuously in said bioreactors,
and whgr ei mbf&emb&drain% 1Ot RIB 26! Wh&cHABMOVA O f ilEbifaseorprists bheoembre

m croorganisin(s). 48. A systemaccording to claim46, conprising nultiple
bi or egrecsssselactaslifgen overlisung, adsorphiert, grasinitation.iand dorbexehanget or in the series
is in fluid communication with the hydrolysis unit and with a downstream

bi oreactor, wherein each subsequent bioreactor in the series downstream
from tige fig ptocBiscedaingfto Chirh27f WHérginGemby4liof athisiforyvstgerfohBe PbLYIn@ALS of
upstream bioreactor in the series, wherein the hydrolyzed feedstock is fed
cont i rhydipdyzgdiferdstockavithiangen prabeegecesin unfertaeadisiens whererrihie yihéitornaref f | uent
from eg,[%p ioorﬂgear%tior is fed to the next bioreactor downstreamin the

seri eSTGC O ysfg'm according to claim45, wherein said feedstock is a
cellulosic material. WD 2010/151706PCT/US2010/ 039873 50. A system
according to claim49, wherein said feedstock is . a lignocellulosic . .

mat er i28 . A procpssgeqrdingde ekpimiZdgwhereim ramaya of intplifess 1 nesformed by preeipitalionsi ¢

mat eri\,?ilth grpmi&%omgrgsaqpi ps, sawdust, saw m |l residue, or a conbination
t hereo '

30. A process according to claim 1, wherein the microorganism is a Clostridium strain.

31. A process according to claim 30, wherein the Clostridium strain is derived from a species
selected from Clostridium saccharobutylicum, Clostridium saccharoperbutylacetonicum,

Clostridium acetobutylicum, and Clostridium beijerinckii.

32. A process according to claim 30, wherein the Clostridium strain is an environmental isolate

or is derived from an environmental isolate.

33. A process according to claim 1, wherein the support material on which the microorganism is
immobilized is selected from bone char, polypropylene, steel, diatomaceous earth, zeolite, ceramic,
engineered thermal plastic, clay brick, concrete, lava rock, wood chips, polyester fiber, glass beads,

Teflon, polyetheretherketone, and polyethylene.
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52. A system according to claim51, wherein said |lignocellulosic materi al
is deconstructed prior to hydrolysis, wherein said deconstruction process
conpri seswoneilrs1Ter e process sel ected from prest eam ngpCrashaniosss3
grindi ng, nmechani cal explosion, or a conbination thereof. 53. A system

accor %'4'.19 Lo Pl%lcé’%s@cg’(g‘din:%ﬁg bl ls@h%eirf tH8 ﬂﬁﬁ%l{l‘i&@éb@crm%iklﬁlcolrrr%ri%sedt reated
to rerfove éxtracti ves, ereln said pretreatnent conpri"ses conpression

wat er beofilmact i on, sol vent extraction, alkaline extraction, enzymatic
treatment, fungal treatnent, oxygen treatnent, or air drying, wherein said
pretreatnment occurs prior to or in conjunction with deconstruction. 54. A
syst emsaceof Blgats!aBeditfe ™ 8Rim WEhELT bR M Mhe forh A TPk
treatment w one or re acid. 5b5. A system according to claimb54,

wher eiespamied badiod adbriqizeédstsl. ni tric acid, formic acid, acetic acid,
phosphoric acid, hydrochloric acid, or sulfuric acid. 56. A system
according to claim55, wherein said hydrolysis is perfornmed with nitric
aci d. 1¢57. rdi o ' : i i i it
oy i ae P R e D B B & Bl e
ni t ri dutanol abstone kthansl, aompomisiestion theresf stage in the first hydrolysis
nodul e and a second stage in the second hydrol ysis nodul e, and wherein the
tenperature of the nitric acid in the first hydrolysis nodul e is higher
than t3ye t eApRIcadstcEor@ing!th 8laith 361 whéeindhé Biokilk® c&:ap@Rd bldsp! ysi s nmodul e.

58. A system according to claim57, wherein the hydrolysis product streans
fromthe first and second hydrol ysis nodul es are conbined prior to
introdyctiop into the .biqreactqr. .59. system accor di t.o. cl ai m 57,

wher o nek RyRPSIyETms B 8600 32; whetrin s FPREARAY S lG et H M or o1 ysi s
nodul es are introduced as separate hydrol yzed feedstock streans into
separat e bioreactors, wherein the first stage hydrolysate is introduced
into 8% i r sk pisicessgacerdingdn dlaith@8swheraih theND/ @iy 5U70APSTA 198202 07 BTV 73

phenotypic characteristics selected from butanol tolerance, tolerance to inhibitors of fermentation,
low acid accumulation, stability in continuous fermentation, high butanol titer, production of biofuel
with high butanol to acetone ratio, increased yield of butanol per unit of feedstock, increased yield
of butanol per unit of cellular biomass, increased oxygen tolerance, increased ability to adhere to a
solid support, and decreased ability to sporulate, relative to a wild-type or parent strain from which
the Clostridium strain is derived, Clostridium saccharobutylicum B643, Clostridium
saccharobutylicum P262, Clostridium saccharoperbutylacetonicum N1-4, Clostridium

acetobutylicum 824, or Clostridium beijerinckii 8524 grown under identical conditions.

40. A process according to claim 1, further comprising recovery of the bioproduct from the
fermentation medium.
41. A process according to claim 40, wherein the recovery process operates continuously for the

duration of the fermentation.
42. A process according to claim 37, further comprising recovery of butanol from the

fermentation medium, wherein said recovery comprises distillation to separate butanol from other

components of the fermentation medium.
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stage hydrolysate is introduced into a second bioreactor, wherein the first
and second bioreactors conprise the sane or different m croorganisn(s).

60. A syswoemnxisorodi ng to claimb59, wherein the first biPOTABCIION3WANPr i Ses
a first mcroorgani smand the second bi oreactor conprises a second

m cr ogrgani reii: il : e ! : A dne t,
and whdr of e PgR b Gl 16 ofleh 32, SRR LG ORODAR BRI URIMELRD

bi opr a@iedin paia Bustic@piddn added t6 ihiesferméragmnhyetiahyis siid bameactdrewbereinrsdid

m croorganismis optimzed for gr owgh ar]d/ or bioproduct production on the
secondniSogERanisy e vVeE s said butghic ajid 49 B¥apelaccor ding to claim 57, wherein
flash steamis generated in said first stage hydrolysis, and wherein said
flash steam provided to the feedstock for deconstruction of said feedstock
prior 440 hydlpmicysiascordm.to Alaim 42 ewhereindtash sgamnds gérgratebdyringthydealysis ofbe
steam js genperated _in said second stage hydrolysis, and wherein said flash
steamfF%ngWB\?P é@gﬂé&ﬁ%allf‘&gﬁ’ %Eﬂer%?orcfé%‘cfh%tll%ﬁe?'i on of said feedstock
prior to hydrolysis and/or to said first hydrolysis nodule to provide
energy for said first stage hydrolysis. 63. A systemaccording to claim
57, w6t ei m bysash fartpeadnction géa bioptaglict, nompiising e fesdstosk byykolyyid poit ysd & |

wher ei id flash st is 1. d in,saj d
St o miTarep gy MIBE & G B B UTRR G & R apagh gt we ERERRS o
sai d THyhiRdlyRH 3R1sTo¥e E@%ﬁh&ﬁﬂ%@ ko he BBk RRERInSdaid bidkda@Br srRGRRS A f O

product purification. 6 system according to claim57, wherein flash
st eam fesnepéing metwdrdanisgrindneEionddnst suppotiyshastipsiid hydrdyséd of thafegdstpesh

t i i ded t hi yd_hydrol ysi dul e to proyid f
h 1o Espdfe® Fts oldhhls i St K Frptitfes' Or BER B RS, Bip by
modul gpé ﬁliérewlgamfsﬁ%nﬁmu%@raaﬁo&ts%@h}d}oltyb}@i feedpok iftod Bbpsisctnodul e, and

wherein said l'ower tenperature permts hydrolysis of remaining oligoneric
sugar nol ecules with | ess degradation than hydrolysis perforned at a higher

tenpergture 5. A system.,according .t o .gl-aim 5/ rein.ligni.nit
recoveled i‘?‘nsf{sgeén?‘éclolr%m%ﬁoa%lg"? ggs’i%egelgfsalgaf% g Stsoglf:g%%!gg’ts lgélgltﬁi}grg éc‘)l?;]?éolsrg%cmr
wher eidie iBuillicOMnimERANbA| vhdi€in kSR 1y sE it ie dpétteam fror Yhid avided aaf about
35%or |ess and wherein the lignin-containing residue is used as an_enerqgy
sour cevheseinghg feegstonkds sontingonsly hpdrobredand eonfipuopshiched to Hyg biorggstor for the

2010/ 1(?1%06P(§[%U§f2_$1c[/ 939873 66. A system according to claim57, further
conpri Utr?‘na)nao h F%?ﬁ unit, wherein said conditioning unit is in fluid
comuni cation with both the hydrolysis unit and the bioreactor, wherein
said conditioning unit is downstreamfromthe hydrolysis unit and _upstream
from t4e bidsesen aecording teslaing feromprisempdtipledegreaciors grangeddmaarallel: t he
condi t | i it . i q Qi & 1 £r.obj . L0 .

bi opr odrariSdhilip S aRASrs s bR b pl R TN AR terein the

i nto therdlyaddaadsick is fed continuously into said bioreactors, wherein the fermentation of the

microorganism occurs continuously in said bioreactors, and wherein the multiple bioreactors

comprise the same or different microorganism(s).

48. A system according to claim 46, comprising multiple bioreactors arranged in series, wherein
the first bioreactor in the series is in fluid communication with the hydrolysis unit and with a
downstream bioreactor, wherein each subsequent bioreactor in the series downstream from the first
bioreactor is in fluid communication with the previous upstream bioreactor in the series, wherein
the hydrolyzed feedstock is fed continuously into the first bioreactor in the series, and wherein

effluent from each bioreactor is fed to the next bioreactor downstream in the series.

49. A system according to claim 45, wherein said feedstock is a cellulosic material.
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67. A system according to claim66, wherein the hydrolysis and conditioning
processes occur continuously for the duration of the fernentation. 68. A
syst em acwondingi1e cl ai m 66, wherein renoval of i nhibi toraScanpsisses one
or nore process(as) selected fromoverlimng, adsorption, and ion exchange.

69. Aspyst %ﬁ&%é&%ﬁg%%% &hid] 49, @%ﬁ@%& k&daaexgls%qmb&élﬁmsﬁwmg@hm

conpri ses an i on e resin, ereln renova I nhibitors iIs perforned
by contact of hydrolyzed feedstock with the ion exchange resin under

condltlons wherein the inhi blt s are retained on the re 70. A system
rocor dilng. v I RieRTIGRGRBImS (- aYHEERR S61 DERmBRpge S erBrisf vy

preci théﬁtéa%uw Sty AT K TR Qmbifddn$Rdrtof, 71. A system according to
claim4 wherein the fermentation i s conducted under anaerobic conditions.

72. A system according to claim71, wherein the mcroorganlsmls a

Clostridiumstrain . A.system.accor di to,claim rein t .
suppore: on WHStam ?‘H’@rcﬁ?% Po‘g?lé%%f Sreredn F%ﬁgﬁqueggl&s% A rgﬂl bspfg‘?"f’nwgﬁ iPRT
sel ectiggydbBMsPRRGmNAIG de@&lls‘ﬁﬁfzﬁ&i/bl%@@ss c8 gﬁées ok 3t ﬁi@&ﬁ%@ss%@léét@d fiégol i te,
ceram c, engi neered thermal plastic, clay brick, concre | ava rock, wood

chi ps ,prq:mﬁa;msg,emechameal ,grlgdmgsmb@mdzcal pldsom, opmbgmbllnetn(m therckbt one, and
pol yethylene. 74. A system according to claim45, wherein the immobilized
m croorgani smconprises a biofilm W 2010/ 151706PCT/ US2010/ 039873

53. A system according to claim 52, wherein said lignocellulosic material is pretreated to
remove extractives, wherein said pretreatment comprises compression, water extraction, solvent
extraction, alkaline extraction, enzymatic treatment, fungal treatment, oxygen treatment, or air

drying, wherein said pretreatment occurs prior to or in conjunction with deconstruction.

54. A system according to claim 45, wherein said hydrolysis is performed by treatment with one

or more acid.

55. A system according to claim 54, wherein said acid comprises nitric acid, formic acid, acetic

acid, phosphoric acid, hydrochloric acid, or sulfuric acid.
56. A system according to claim 55, wherein said hydrolysis is performed with nitric acid.

57. A system according to claim 56, wherein said hydrolysis unit comprises a first hydrolysis
module and a second hydrolysis module, wherein nitric acid hydrolysis comprises a first stage in the
first hydrolysis module and a second stage in the second hydrolysis module, and wherein the
temperature of the nitric acid in the first hydrolysis module is higher than the temperature of the

nitric acid in the second hydrolysis module.

58. A system according to claim 57, wherein the hydrolysis product streams from the first and

second hydrolysis modules are combined prior to introduction into the bioreactor.

59. A system according to claim 57, wherein the hydrolysis product streams from the first and
second hydrolysis modules are introduced as separate hydrolyzed feedstock streams into separate

bioreactors, wherein the first stage hydrolysate is introduced into a first bioreactor and the second
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75. A system according to claim45, wherein the bioreactor conprises a
packed bed, an expanded bed, or a fluidized bed. 76. A systemaccording to
cl ai m 45,waterogism7oshe bi opr oduct conpri ses a bi of uel selpettusdovnssrbut anol ,
acetone, ethanol, or a conbination thereof. 77. A systemaccording to

claim %%e hV\@r% }%ht@ 1§ ﬂl?rogﬁ&dlfﬂo acs%gcﬂ{d' 5i6aQ @\rl‘l@}em th@%rst’%nﬁ%@éo%@b‘i’&@&'ﬁ&b ng to

claim a ‘recovery uni't for recovery of the bioproduct

from tdagnp h@é ﬂ‘ﬁ%ﬁﬁ‘eIo@dlfféﬁdituﬁcrooﬂgamsﬂn(gyst em according to claim78, wherein
t he recovery unit is in fluid comunication with and downstreamfromthe
bi oreactor, wherein the recovery process operates continuously for the

dur at ign OfA E}Eﬁ?er{l g&%ﬁﬂh td Qfim 58 Qvhefeif YRHER lﬁﬁﬁz%tgf &Qnﬁr?se§h Frdfi8rooMagisR N

t he recovery conpr ses a concentration nodul e concentration of the
bi opr caidale sec8id bibreaytet esmprises adecogd npicbegamssn ; Whamm éle dirsttaad seeonder y uni t

conprises a distill IIOﬂ nodul e t.0o separate the.bio duct . from

conpo r’f@‘t‘?f%orgﬂﬂuW? eﬁnlgdﬂ’eﬁgﬁ RS LR RIT BT SR 1§?I§W1IZ?%{OF &F Vﬁh&ﬂﬁl@ri s
in fl HeQb 4 i e PsMz S srd d SPlintTREoe -
82. Aﬁ%@xg cco?%ﬁﬁglﬁ%%g ?%l%gm%gﬁéﬁﬁg§té§%%r|3|ng agﬁgcovery unit for
recovQﬁywﬂhmhutamqhomxmpmﬂhaumanmhaSamndamgeUthbsMhere|n sai d recovery

conprises distillation to separate the butanol from other conponents of the
fermentation medium 83. A systemaccording to claim82, wherein butyric

acid ig, reC&‘éfé’t&H abddrdigl b dbSi 57, vileran fla@Néle i & RinBratedi i slilbltﬂfﬁtlst"a cidis
added to the Ternmentati on mediumin said bioreactor, wherein sai

mcr odrygmiysssnand; MQrenrssasdaﬁdshmmam provider @ the feadstaak for deganstrnctignsefesaid

accor wherein flash steamis generated during hydrolysis
of th e?cgg&gtp 2???%12%13 ¥ flash steam provides energy for said

distillation.

62. A system according to claim 57, wherein flash steam is generated in said second stage
hydrolysis, and wherein said flash steam is provided to the feedstock for deconstruction of said
feedstock prior to hydrolysis and/or to said first hydrolysis module to provide energy for said first
stage hydrolysis.

63. A system according to claim 57, wherein flash steam is generated in said second stage
hydrolysis, wherein said flash steam is recompressed, and wherein said recompressed steam is
provided to said first hydrolysis module to provide energy for said first stage hydrolysis and/or a

downstream distillation process for product purification.

64. A system according to claim 57, wherein flash steam is generated in said second stage
hydrolysis, wherein said flash steam is provided to a third hydrolysis module to provide energy for a
third stage hydrolysis, wherein the temperature in the third hydrolysis module is lower than the
temperature in the second hydrolysis module, and wherein said lower temperature permits
hydrolysis of remaining oligomeric sugar molecules with less degradation than hydrolysis

performed at a higher temperature.

65. A system according to claim 57, wherein lignin is recovered in the solid phase residue of
said second stage hydrolysis, wherein the lignin-containing residue is dried to a liquid content of
about 35% or less and wherein the lignin-containing residue is used as an energy source for said

process and/or for electricity generation.
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WO 2010/ 151706PCT/ US2010/ 039873 85. A system according to clai m45, wherein
the bi oreactor operates under pressure to conpress gas in the bioreactor.
WO 2010/151706 PCT/US2010/039873

66. A system according to claim 57, further comprising a conditioning unit, wherein said
conditioning unit is in fluid communication with both the hydrolysis unit and the bioreactor,
wherein said conditioning unit is downstream from the hydrolysis unit and upstream from the
bioreactor, wherein hydrolyzed feedstock is conditioned in the conditioning unit to remove
inhibitors of microbial growth and/or bioproduct production prior to introduction of the hydrolyzed

feedstock into the bioreactor.,

67. A system according to claim 66, wherein the hydrolysis and conditioning processes occur

continuously for the duration of the fermentation.

68. A system according to claim 66, wherein removal of inhibitors comprises one or more

process(as) selected from overliming, adsorption, and ion exchange.

69. A system according to claim 68, wherein said conditioning unit comprises an ion exchange
resin, wherein removal of inhibitors is performed by contact of hydrolyzed feedstock with the ion

exchange resin under conditions wherein the inhibitors are retained on the resin.

70. A system according to claim 68, wherein removal of inhibitors is performed by precipitation

with an aluminum or iron salt.

71. A system according to claim 45, wherein the fermentation is conducted under anaerobic
conditions.

72. A system according to claim 71, wherein the microorganism is a Clostridium strain.

73. A system according to claim 45, wherein the support on which the microorganism is

immobilized on a support material selected from bone char, polypropylene, steel, diatomaceous
earth, zeolite, ceramic, engineered thermal plastic, clay brick, concrete, lava rock, wood chips,

polyester fiber, glass beads, Teflon, polyetheretherketone, and polyethylene.

74. A system according to claim 45, wherein the immobilized microorganism comprises a
biofilm.
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75. A system according to claim 45, wherein the bioreactor comprises a packed bed, an

expanded bed, or a fluidized bed.

76. A system according to claim 45, wherein the bioproduct comprises a biofuel selected from

butanol, acetone, ethanol, or a combination thereof.

77. A system according to claim 76, wherein the biofuel comprises butanol.

78. A system according to claim 45, further comprising a recovery unit for recovery of the

bioproduct from the fermentation medium.

79. A system according to claim 78, wherein the recovery unit is in fluid communication with
and downstream from the bioreactor, wherein the recovery process operates continuously for the

duration of the fermentation.

80. A system according to claim 78, wherein the recovery unit comprises a concentration

module for concentration of the bioproduct.

81. A system according to claim 80, wherein the recovery unit comprises a distillation module to
separate the bioproduct from other components of the fermentation medium, wherein the distillation

module is in fluid communication with and downstream from the concentration module.

82. A system according to claim 77, further comprising a recovery unit for recovery of butanol
from the fermentation medium, wherein said recovery comprises distillation to separate the butanol

from other components of the fermentation medium.
83. A system according to claim 82, wherein butyric acid is recovered in said distillation, and
wherein said butyric acid is added to the fermentation medium in said bioreactor, wherein said

microorganism converts said butyric acid to butanol.

84. A system according to claim 82, wherein flash steam is generated during hydrolysis of the

feedstock and said flash steam provides energy for said distillation.
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85. A system according to claim 45, wherein the bioreactor operates under pressure to compress

gas in the bioreactor.
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