METHODS AND APPARATUS FOR PRODUCI NG SYNGAS PRI ORI TY
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all purposes. FIELD OF THE | NVENTI ON [ 0002] The

present invention generally relates to processes for

t he conversion of carbonaceous feedstocks, such as
cel l ul osi ¢ bi omass, i nt oPRBRIAYsSPaTdas, and to

processes for the conversion of synthesis gas to

products such as al cohols (e.g., ethanol). BACKGROUND
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bi orefining industries and has a vast nunber of uses.
Syngas can be converted into al kanes, ol efins,
oxygenat es, and al cohols such as ethanol. These

chem cal s can be ble rectly as,
di esel fuel, gasolingﬂﬁi%Q%&&Wéﬁﬁvﬁgﬁqgg# uel s. Syngas
can al so be directly conbusted to produce heat and

ﬂ The gubptdsthttih@mtioh fg@lﬁ&ﬂboﬂeﬁatésﬁﬁ Ipas@ssRE for the conversion
petro eum based fuels and fuel additives can be

paf Wb@ma&mﬁ feerlptacksh et & qe;lukouswéwn@sswri@wwﬂ@ms gas, and to
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nnﬂﬁn@@st effectlvely produce syngas. Methods are al so
desired for producing syngas at a greater purity and
with desirable ratios of Hto COto facilitate the
conversion of syngas to other products, such as
et hanol .

BACKGROUND OF THE INVENTION

[0003] Synthesis gas, which is also known as syngas, is a mixture of gases
comprising carbon monoxide (CO) and hydrogen (H;). Generally, syngas may be
produced from any carbonaceous material. In particular, biomass such as agricultural
wastes, forest products, grasses, and other cellulosic material may be converted to
syngas.

[0004] Syngas is a platform intermediate in the chemical and biorefining
industries and has a vast number of uses. Syngas can be converted into alkanes,
olefins, oxygenates, and alcohols such as ethanol. These chemicals can be blended
into, or used directly as, diesel fuel, gasoline, and other liquid fuels. Syngas can also

be directly combusted to produce heat and power. The substitution of alcohols in



SUMVARY OF THE | NVENTI ON [ 0006] In one aspect, the
present invention provides a nethod of form ng syngas,

w0 b@owetsBod conprising the steps of: (a) devol BET/UB2081069070
a carbon-containing feed material to forma gas phase
and a solid phase in a devolatilization unit; and (b)
passi ng the gas phase and the solid phase through a
heat ed reaction vessel to form syngas, wherein step
Al BSR4 5 R G b BBy YED by
sthigdrely @fet thie@lahdlyate Hodexdgrim fed eugad ethyr thomntussil fuels.
the feed material. [0007] In sone enbodi nents, the
a3 of f Awperoyrd gethads arcaegdeditgimers sast-cfvotivily praduce syngas.
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m&th@Relal . I'n certain enbodi nents, the anount of free
oxygen i s between about 2% and about 8% of the

stoi chionetric anmount of oxygen to conpl etely conbust

the feed material. [0008] In sonme enbodi nents, step

Steam The added sumaky oF THELERENiTORy Sroun:
that is | ess than about 50% of the stoichiometric
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some npjsture. In so enbodi nents, a first anount of

st eam Q) R3pERBiE 205 Bhash iafnl;ri) Hhe S.gﬁfi é’?‘%ﬁeéhﬁoﬁgli‘ ﬁ@eate(f reaction vessel
cg;ﬁggﬁﬁgggaining feed material, a second anount of

steam i 3

ded during step (a), and the conbined first
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second anount of steamis greater than the
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t ITS%f O%He %fcﬁlroin?eltrict: EmG&#t %? QX}I;%DG?qu icgr%pfépeﬁjy Qc}/n%uosg fif feed material.
In other embodiments, the amount of free oxygen is less than 0.5% of the
stoichiometric amount of oxygen to completely combust the feed material. In certain
embodiments, the amount of free oxygen is between about 2% and about 8% of the
stoichiometric amount of oxygen to completely combust the feed material.

[0008] In some embodiments, step (a) is further performed in the presence of
added steam. The added steam can be present in an amount that is less than about
50% of the stoichiometric amount of water to completely convert the feed material to
carbon monoxide and hydrogen. In some embodiments, the added steam is present in
an amount that is less than about 10% of such stoichiometric amount of water.

[0009] Some methods utilize carbon-containing feedstocks that initially

contain some moisture. In some embodiments, a first amount of steam is present from
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[0010] In another aspect, the invention provides a

nmet hod of form ng syngas, the nethod conprising the
wet@pmowBss (a) devol atilizing a carbon-cont ai nPEUS®es069070

material to forma gas phase and a solid phase in a

devol atilization unit; and (b) passing the gas phase

and the solid phase through a heated reaction vessel

to form syngas wherein step (b) is perfornmed in the
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the solid phase produced |n step (a). [0011] In sone
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contained in the solid phase produced in step (a).
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some enbodi nents, this initial ratiois |ess than

about Ob)aﬁasgn&ﬂleﬁs bléatsmé@ thetselid pbasg thrgngh abeated gagtion vessel
[Qof]o%]n CT‘ course, is possible to add oxygen to both
steps ( 5%nhd (b). In sone enbodi nents, step (a) is

per f or Redrdimstefh eb)pg patsaRd oh tha prégesde mmxygén fnr @eamount
oxygen that is between about 1% and about 10% of the
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[0012] Step (b) is preferably (although not necessarily) performed in the
presence of steam. In some embodiments, an initial ratio of free oxygen to steam
(O,/H0) in step (b) is less than about 1. In some embodiments, this initial ratio is
less than about 0.5, such as between about 0.01 and about 0.2.
[0013] Of course, it is possible to add oxygen to both steps (a) and (b). In
some embodiments, step (a) is performed in the presence of a first amount of free
oxygen that is between about 0.1% and about 10% of the stoichiometric amount of
oxygen to completely combust the feed material, and step (b) is performed in the
presence of a second amount of free oxygen that is between about 0.1% and about
25% of the stoichiometric amount of oxygen to completely combust the carbon
contained in the solid phase produced in step (a). In certain embodiments, the first
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carbon contained in the solid phase produced in step

(a). When oxygen is added to both steps (a) and (b),
wae@alnwssn optionally be added during step (a)pPCT/082043/069070

Any of the nmethods described above can further include

the substeps of (i) neasuring the conposition of the

gas phase and/or the solid phase, (ii) determning a

sui tabl e anount of free oxygen based on predicted

P Rt DR P M SR A Tl U BRRRM e

S ltb tanpletcBndnitusothe fécdana¥ygeimd thoddhd hfmoﬁ@tm'f free oxygen is less
enbodi ments, devolatilizing in step (a) can
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C Aeletat e gt theRparantion o Bahe raf BB TavenE Fhe Gutdining the
PR@SDId SmERHTOY 8de oRfgecheast in part, during step (a).
For exanple, the devol atilization unit can be a

mifQ1Sp| e- st dyeornmpmbedimaniscdevblstiizingén sisp (qawa@ be gerdormed in
t hhe rg{en? §§ a@a?al%s EIEE gfﬂg{] agtbe ?f%%ted %fn uptg{]onglst?ng of

I on Unl a por

Q@Stamepdtﬁssfmycﬁdxﬁé potdskianoeyisdnatd, hmczaty &@mbitions thereof.
prlor to a final stage. [0018] In certain enbodi nents,
f (U6 bxygen Ip somagjerabodimentefornptian aftsypeasdnrigp (Prcaptiser

Y,
g?‘g Ss nu séhe eg'eglt(8 %ggic o?p%{ﬂe i o Wgﬁ{‘bea&?ec?&idﬁ&n the group

evolatilization uni
Oxygpesting @ifi nhxke]addmli, thodiune addwblcambinariand aml axidds thnreaft

val east. a tion of th hase
N?@{f" af t er ?rffs ge ams%?fﬁ%sﬁawha%én E%aSFén step (a) can
I GERVIRntANY BRRafd %r hegradded g&né aﬁb&oﬁﬂ@h@tm& bZA8Ha90is
unit. In sone enbod |nents a first anount 0 oxygen 1s

amm@ivepr atdeast 1 m paehdmaﬂlg siep &) Fela@ctanmlqa thret deynlaptizatipa unit can be
unt

A eeliRE et SRR IRT R B pBisa ARl B Farouen a

Thesf dde%tag@%@ﬂf&de@ﬁlaﬁﬁb’@ﬁﬁ uaaRnBat Rhdtfagiotiin dMBOgdshhase is
second anount of oxygen.[0019] In sone enbodi nents,

premagveddrasn s deplati xﬁélogallmt@nphas%eﬁn@ stagerbi ned
[0018] In certain embodiments, free oxygen is added to the first stage only. In
other embodiments, different amounts of oxygen are added across multiple stages of
the devolatilization unit. Oxygen can be added to the devolatilization unit prior to
removal of at least a portion of the gas phase. Also, after at least a portion of the gas
phase is removed, oxygen can be added to the devolatilization unit. In some
embodiments, a first amount of oxygen is added prior to removal of at least a portion
of the gas phase, and a second amount of oxygen is added after removal of at least a
portion of the gas phase. The first amount of oxygen can be different than the second

amount of oxygen.



with gas renoved during step (a). Optionally, one or
nore substantially inert gases can be introduced after

wo eomwwedssof at | east a portion of the gas phaseCT/USDB9969070

In sone preferred enbodi nents, the presence of free
oxygen during step (a) and/or step (b) decreases the
rati o of hydrogen to carbon nonoxide in the syngas,

conpared to the ratio of hydrogen to carbon nonoxi de

d by th d f
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a b@ﬂht ga@ rethovaddiuaiag dtep 1a)5,Omioabllp Hnabethordsubstaftiflly ihel® gases
2, 1.3, or 1.4. In other enbodinents, the H2/CO

r a@n be prredursd sy restoxp! ¢l Iqast mpajHen of targas pseput
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¢ S0 o i forp@lsPert miblth ol BB RE: BF R G8fEch Buring
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presence of free oxygen decreases the anmount” of
ppriviegs kboys 05umdsibouniparsech eoatione0.800.Pekfontiing 1.3, or 1.4. In

e AT B

aﬂ%Qﬁe B Rhdt Mout@Raval bzen | gﬂﬁﬁ@@ﬁﬁ thEbsEYIRAATFr R Wiy fh RRled.
produced in step (b). [0022] In sone enbodinents, the

pl[‘lﬂ?éi;s t embemnwr@fqrwdtm@dm@t&mq presenropf fied @Xyigen increases
headn?d’%ntt h%ﬁrn%?mé: oduce ?éarseg%?ﬁ{e a%llout%? &t Py%lﬁg% %rgguéeﬂ%y the

enper at u

d@Mﬁé ﬁietHoldziﬁllheQi’ﬂ)smlebf ﬁ‘ée prpfear akymé emBodin@ntsadhe presence of
14000F. [0023] In sone emhodi nents, the process
t Sivpexygsirdscicase e Ha af pabisisgHodusss@mnagedfpdhg er

( b?ﬁes%ﬁg&ﬂr}% !uéhggrgtﬁ)ré'aucleg 8y thAlanfetR I thd ﬁﬁgeﬂgea?e fg& oxygen.

XI mum'process-tenperature 1nt
r dhe lp'rasmom)!f siek oxggquriesepdhl andlesept(bpeanadxounhci22@0bdsyngas
[0024] So odi 9ts i ncl ude introducing a stream
P

pPBHﬁE@&“? C§ Esti0)t 0 a reactor configured with an

| o) for apgasme S&H’%dlﬁﬂeﬁ‘@ AX PERBs (e MpLrafiSe B tﬁ% devolatilization
whereln at |east some of the Streamis partially

oxhdizgdattiothpm elohut 0@t ti¢astetlons )pngladurufg)m Gt h @he maximum
enbodi ments include introducing at | east sone

sPFRSaHh (pMBBrIEEY the dewlatlpptieninit %Séﬁ%fﬁfﬁbb’c%?ﬁfth@‘b?@t 1400°F.
Wiad23RN | NPYE S ebSfttheFRMRE hid RS X GG e WNEE BlRe®eaction

vessel is greater than about 1400°F at least at one point during step (b). The
maximum process temperature in the heated reaction vessel is preferably less than
about 2200°F.

[0024] Some embodiments include introducing a stream produced in step (a)
to a reactor configured with an input for a gas comprising oxygen (such as air),
wherein at least some of the stream is partially oxidized to produce additional syngas.
Some other embodiments include introducing at least some of a stream produced in
step (b) to a reactor configured with an input for a gas comprising oxygen, wherein at
least some of the stream is partially oxidized to produce additional syngas. Of course,

streams from both steps (a) and (b) could be partially oxidized to make syngas.
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| east some of the streamis partially oxidized to

produce additional syngas. O course, streans from
whoiaok/ost3eps (a) and (b) could be partially oxi BCHES2008069070

make syngas.[0025] Anot her aspect of the invention

recogni zes that syngas can be produced during

devol atilization. In sone enbodinents, a nethod is

provided conprising devol atilizing a carbon- containing

V\E :ITﬁt terhle%él her ﬁsg{)r 0 oef tg 1nv§ rﬁlos’nelre%oggg‘nzes thag s%ggls 8annbe

t bmcﬁeé@dhﬁiﬂg dezblaghmlone 4 S¥rh@embédiinBets pd Sstiod és Movided

free oxygen in_an anount between about 0.1% and about

2 50BYisipg ée‘sql@il@mwb%cmawg fed mxiggalrioform a gas phase and

¢ PR L X RO 8 S RL 5, ol PEBARRL ot
apetfoitmedfin mmgesent@of:mmd)@tgeh yh @oarhmsett betwech @balit 0.1% and about

ri am can al so he added durjng this
? o tiﬁenstmﬁ PR SEPEYEF R Cf%ﬂg@?x cqrpbush the fpsrhpaterial.

t h"ﬁE ahl%uhteo?fsfreteraﬁ? é}p&ﬂtbe%%c{&tolf 16M&f %ﬁ@ét&@hl@ﬁﬁ’éﬂd d#mount of

amount of water to conpletely convert the

makegdngb completaly oombuh thei fded matrihly dteage nan zBR} E@added during this
DESCRI PTI THE FI GURES [ 0026 FI G haws

UBRISE. AT} it DRSO By araging et PrIERy Gy about 50% of
C i kiofaicin@int 8E/ atldPlcedond et BCORVEH g fEl BMBrial to carbon
variation. [0027] FIG 2A shows a process flow for a

t Wongxigdgendaydogen.| i zati on unit, according to one
variation. [0028] FIG 2B shows a side view of the

two- stage devol atilization unit shown in FIG 2A

according to one variation. [0029] FIG 3 shows a

process flow for_a three-stage devolatilization unit,

accordi ng to onSRIEFiIREIGRIPTIONON THEFIGURESws a

process flow for a reformner reactor according to one

Vasa2e§ i o [FAG3LinoGsG npr@cecsg' AV Br e Qe&RR b ﬁg‘%;fnlgés £68 any

injection of oxygen and steaminto syngas t
remﬂoohedntbmmg fiecd trheeridbvotadingite and wariatinint , accor di ng

2OBE gt S1GnE obeProd Pishess 60T S FressiogS SREAIRHlgaton unit
PLOGRSRg td O JRfatiBf 0duci ng met hanol and et hanol from
syngas u3|ng two reactors in sequence, according to

oh@0284r i at i SiG[Zf@slzquSFa gixle gicwhdike TaVQOi?t@ﬁe@yotaitlbwt foyunit shown
Pt OEf&'Z‘Ag aggotr(ri]l?lg ?0 ogen\garlea 1gg.n0| from

[0029] FIG. 3 shows a process flow for a three-stage devolatilization unit,

according to one variation.

[0030] FIG. 4 shows a process flow for a reformer reactor, according to one
variation.
[0031] FIG. 5 shows a process flow for the injection of oxygen and steam into

syngas that is recycled back to the devolatilization unit, according to one variation.
[0032] FIG. 6 shows an eductor, according to one variation.
[0033] FIG. 7 shows a process flow for producing methanol and ethanol from

syngas using two reactors in sequence, according to one variation.



syngas using two reaction zones in sequence in a
single reactor, according to one variation. [0035]
WO-R@o/o03ghows a process flow for produci ng et Perob20a81069070

et hanol from syngas using two reactors in sequence,
with at |east sonme of the nethanol produced in the
first reactor diverted fromthe second reactor,
according to one variation. [0036] FIG 10 shoms a
pr s flo roducin and et hano

IREE® oo nbio g PR GHE% FBYaR BioeB08e Bt Hnol rom
a@;atgae siv@ kW@ tdadfion 2SI seﬁhéﬁce 1d a sShh@WSreactHH, @w@s@ng tomme
for produci ng nmethanol and ethanol from syngas using
t Wi#®%ect ors i n sequence, with the first reactor

ing r

et[ﬁja&%gl : n”?#gagslgi:og%s Qgg%ts %liro%l fdr I%dg&ﬁgﬁ%thcathantdoethanol from
Vayngak uging txﬁl@ 6338ﬂ0r§|'1|ne;s¢uemnei Vﬂﬂhﬁflcﬁﬂkmnh ofitht methanol produced in

feat res %Vadva ta s o resené invention wl |
li%‘i gr ppré?deg e%%Pi PEPTIRE {h BG4 AR

t 8 W th IRed ef(ﬁzﬂl%%/sta%r&%s FLOW 1 rovhBAuERE Rleltflol and ethanol

description of the invention in conjunction wth the

atwonpangyd wnglivenicagiers 1DEXAKLEDCDRESER! t@'ﬁhO]heK}farlatlon
E | VENTS HE | NVENTI ON 9 rta
ent5di nent s ﬁ lhgoisvr@spéﬂt%i ﬂiii@?tzt %ﬂg@alm mEthangjgind ethanol

f lﬂrohh Sng ﬁ%ﬁ&s@ﬁ% RRArchSloRTA SeBh@, kvithitRe ArsiBRABRE pfddadting methanol
enabl es 't he aimed invention so that a person of

oimihighyyeld kariconyaisiph iascthanol emthe vedoad aprdtarseccpreng to one

prggﬁﬂ} i nvention. [0040] Unless otherw se indicated,

al’ Mber s expressing reaction conditions,

S{@038i onet Mhes, and Vi Rinbatinnss, MatiaeyrRed ecntastagamif tB@present

forth used in the specification and clains are to be

uHtEpdeYH! becopwimere ppprrentda thase gilled Hithg art edhepyakepavith

t WA

o SiPen@0Rhe oRREAL MMRlakes BRI GABH i Podiittion with the

f atdomwianging pleovihgcat i on and attached clains are

approxi mations that may vary depending at | east upon

the specific analytical technique. Any nunerical value

i nherently contains certain errors necessarily

resulting fromthe standard deviation found in its

r es pePEIMMLERRESGRIEAON @hdiMBOPOBENTSAOF THE INVENTION

publications patents and patent applications cited

" ?deﬁlfic:ple £ f%laetnltb%ﬁ%nqerngs 9tn téo efsen tn?%den 160 %vﬂl no% be further
described in more detall, in a manner that enables the claimed invention so that a

L._JJ

person of ordinary skill in this art can make and use the present invention.

[0040] Unless otherwise indicated, all numbers expressing reaction
conditions, stoichiometries, concentrations of components, and so forth used in the
specification and claims are to be understood as being modified in all instances by the
term “about.” Accordingly, unless indicated to the contrary, the numerical parameters
set forth in the following specification and attached claims are approximations that
may vary depending at least upon the specific analytical technique. Any numerical
value inherently contains certain errors necessarily resulting from the standard

deviation found in its respective testing measurements.



publication, patent, or patent application was
specifically and individually put forth herein. [0042]
wab@patsBow ng detail ed description shoul d be PERUS208/669070
reference to the drawi ngs, in which identica
reference nunbers refer to |ike elenments throughout
the different figures. The draw ngs, which are not
necessarily to scale, depict selected enbodi nents and
ar t int ed.to.limt the scopne of . .the invention.
THEMIE o o AR o sy Gud PABEPp{yt BT th S
expatpti@tion et ibyorpenitedthetdimby adfeiefce thhkeipértietypk ecach
t he i nvention. [00434 As used in this specification
aRHbigsEORM3EME O Patchi aplicatipa wasigasifipalyomgandiyidually putforth
a?geg‘he" include plural referents unless the context
clearly indicates otherw se. Unless defined otherw se,
al[0042¢chni cdhe &vitbvaag dethildd desteptivnr sheeld Heetai with axference to the
the sane.nmeaning as is.comonly understqod by one of
oFEAVHARY IR ioh ign e ERFanCy BURHETS RETERiOd K PR Dfroughout the
batfRRGs fightes? THE kd¥ ih QW& ark 6L &cbé@altil!ﬂf'ttﬁ si‘la@@,td'eﬁi@t $efected

contrary to or otherwse inconsistent wt _ _
defbndiments andtard wottihtendedgadient te spetsl dfsheidvepetoantThe detailed

applicatiqgps, .and othe ubl.i catjons that .are herein.
ARt B AR5 Pt BheBmitr o My of D Sl A5 Sifkiptes of
t MeSinS@genf i cati on prevails over the definition that

Is incorporated herein by reference. [0044] The ,
pl@3ht | nvéntusehinghisspeBcationtod sheappergndaplaimgsthe gingular
prforgn%.c‘lan’g‘aﬁ%’rllgas‘thfer’ %{Qluad%y 11(1:1%[ I%?&él%gﬂﬁl%kﬂhg gm{tg et%llearl indicates
mat eri al . e presen Fvent on s prem sed, at 1east

I BtHeawise. URlckhéefaddiotliconisof alatcSiiicil and fvi@nBicrtb@nsasod Aérein
of o§%%en during the conversion of a carbon-containing
f BaYF HESHPS HICARIAE 3y wraamerdp yrjerstpod Bran eoffydingenksll in'the art

.O)Eé'glgﬁlelgﬁ‘is %%ﬁgoﬁf\‘oélgn t ?f‘miefﬂﬂgoﬁ 08 585l this %gct[ﬂlﬁxig Uoiftrary to

is a to the syst or generating syngas.
conbdthastis¢ mcomnieerpmithra daftnitdubsset feath 10 pattutt published patent

devol atiili zation and reformn rocess for e
p BRI IFRHPn %4 0@%@& cqfiqythpt 39%@55?19 eﬂlqOéRPr?ts@ Bz fHgrence, the

e Q¥fiRiABAEA forth PR HEGREat RVROHI 9 BvETRE Q¥ EnitiBethaPRGERkporated
t hat oxygen or oxygen-enriched air can be added to the

sysiteanby icferewcesuppl y an ent hal py source that displ aces

R INEC L S TN

oXy1chak e &y GadA0tn@ining feed material. The present invention is premised,
at least in part, on the addition of a substoichiometric amount of oxygen during the
conversion of a carbon-containing feed material to syngas.
[0045] In some embodiments, oxygen is mixed with steam, and the resulting
mixture is added to the system for generating syngas. In contrast to some prior
methods that conducted the devolatilization and reforming process for the production
of syngas within a controlled reducing environment, the present invention employs
the concept that oxygen or oxygen-enriched air can be added to the system (i) to
supply an enthalpy source that displaces additional fuel requirements, ¢.g. by causing
an exothermic reaction such as the partial or total oxidation of carbon or
devolatilization products with oxygen; (ii) to achieve a more favorable H,/CO ratio in
the syngas, which can increase the yield of products formed from the syngas; (iii) to

-8-



devol atilization products with oxygen; (ii) to achieve
a nore favorable H2/CO ratio in the syngas, which can

w0 p@wmeses t he yield of products forned from t heRCEHYRPaS069070
(ii1) toincrease the yield of syngas, e.g. by reducing
the formati on of |ess-reactive conpounds and/or by
converting certain species to syngas; and/or (iv) to
i ncrease the purity of syngas, e.g. by reducing the

anDu si s.products opatic ..

(0 e TR aP Bt s OB Ry B TBM-Raet
Alcbmp@drﬁl@ aR¢/es b EsBichtitglrcttainl ptdies toGingRei I (9P &ictsise the
are‘references to nolar ratios unless otherw se )
i RETIR{SHNLasof- S aprEng themonns offt Pp pyfolysinpaducts iy, aromatic

:Tg%& I}dgyﬂ{f%}%%e?%ﬁd&ﬂ]aﬁl] gfr og(fa{sbon di oxi de; an @2/ HO

nmeans one no nol ecul ar oxygen per
t ¢0046D! es ofAlW&f@enceQ BéH4in] to By ‘ratio’ ed ch)emgelrspec1a$am3ddrences to
her nt oxygen that is cont solely in
%&%ﬂ 3@1869{918@%&6%13 FT?Cﬁ@{g:Z) iaHe Og%ﬁ‘éﬁs one

C A EBE hﬂ&oéeﬁ%eph%makﬂo%ﬁléxﬂé 870,AM0 PLBYIF Osl%bgls%e mole

|'iquid phase present, and does not 1'nclude oxygen t
i of ph&@ubabkxgeadsotebemblmfmaelsurf ace. Generally, gas

L5 o s
I
P oo GOl e 4 R s 0

i biampspritegit orsaf@anottier éOlld-Dbelquitﬂ hase prsscihnsledocs h@ttmﬂgde
I %t e%u[fiaetqs t)mys?c&ga %gssor eaor%t%gggr%n%: ld}sene{illo neg(ig ;;heﬁ?’n fofers to

gareesra@bﬁphdgyumrmd@a@tlaﬂmlﬁbmdcmaﬁdiﬁ gl widl 1b¢lﬁdﬁi§d‘mponents
or in another material present, (ij) stean1%enerated
byhay apssonsensidlp appthgrgoadtionafSuFRYS I93es tsmicEatatel)y been

Py ﬁmgt e' n gt Ghnf ra[sEIBQ@fléijefﬁs it 1§) e&ﬂt s{e)aﬁ@aﬁ}O 1n a vapor

gener d by any chem cal reactions t
M@ham)ﬂ@0ﬂ4ﬁ&mﬁmeﬁnmaeﬁpmmnngmnpaﬁusmkme»rdatenmutﬁmmnm
and/ or conb

ter as shift tion reaction
m@é&rsd R de%%%ﬁr\@s J%Q)e%?ﬁr%g@eaadsfﬁﬁy Pa%meg inthe solid

I RfhdsO 8151naa,rn€th%{5| ﬁiﬁ’fbrlj‘ﬁ?fr}@%n\fv‘ (h?I st %@ﬁ’ératte@ b§ vasor2MliGS §f water
r epeat unit Oun or exarrp e, In

cdmnumaémmeﬁe@dbﬂwtkpﬁmsunmﬂ@mym@manwppaamannduﬁummm

i th b feedstock. Steam Ref
cari'otd oF Bty et TR LR T BB Fon cori ocs + 1

[0049] Steam reforming, partial oxidation, water-gas shift (WGS), and/or
combustion reactions can occur when oxygen or steam are added. Exemplary
reactions are shown below with respect to a cellulose repeat unit (CsH;0Os) found, for
example, in cellulosic feedstocks. Similar reactions can occur with any carbon-

containing feedstock.

Steam Reforming CsH100s+H,O0 — 6 CO+ 6 H;
Partial Oxidation CeH1005+ %0, — 6 CO+5H;
Water-Gas Shift CO+H;0O & H,+CO,
Complete Combustion CsH1005s+6 O, — 6 CO, +5 H,O
[0050] FIG. 1 illustrates an exemplary process for synthesizing syngas from

biomass or another carbon-containing material. The feed material is introduced into a

devolatilization unit 201 through a feed section 101. The product that exits the
-9-



2 26 CO+ 5 H Witer-Gas Shift CO + HO <-> H2 + CO2
Conpl ete Conbustion CHO®® + 6 Q2 6 CO2 + 5 H20

wQO@S0y93B8 G 1 illustrates an exenpl ary procesBCT/082008/069070
synt hesi zi ng syngas from bi omass or anot her
carbon-containing material. The feed material is
introduced into a devolatilization unit 201 through a
feed section 101. The product that exits

Gfatglzafw% 1?E%P %onrllpr]; b §%%%s p ng 3018 e QI? L can {%Rfiier

ude”on

I mwludé d@ﬂa@s efore Aqsitl paass el sitﬂeﬁhg ki gdRy @év&)ﬂatilﬂzzﬁﬁﬂ @it 201 is
unit 201 is introduced into a heate§ reaction vesse
30ntrodupgdoipt Hhgated reactioq vephA0la svhacly I@deﬁné s Srh@avetaéra reformer

W@e%r for axggérE b (ﬂg&}ﬁe %%\?%é id ﬁo@ﬁc%gu G@g iy in the reformer

pr o duced 1Rt reactor ntro uce
i ndaotod 3qUenatroduvdd mmarqesmhnglds:eﬁtplr@mng Qdgtiontdd ewhdre the
syngas.i s goolﬁd and conpressed [ 0051] The "heated

r SHERP 51FOP Compies;l- any reactor capable of causing
ajo0safSt ONGhe PRIGRcaftRAGLEQ $dﬁ"s aky &Q%‘?éap%lﬁfé%%ausmg at

Conventional steamreforners, well-known in the art
c dmstmeicheaicel tehetnonmhaﬁprodum syngas. GQomanabyad stca@irhfrmers,

possi.bilit.ies clude a to her | refornmer

P Senshowanih B 4 et B Sh ST huh fh S gty ettt s

t RadsikinAdY iRElusEeMRbRbrk g &b A %@t’i@-@xﬁﬁﬁoﬁ oabtors, and multistaged
partial oxidation followed by water-gas shift). The

r é@@t%& thgpdonging wgraéma@horc@ﬁclwelsm(ﬁ Lodatipdioxigation followed by
o t“h keql %1?91? P[g u?% re@:‘cgfj %éf é&ﬂl ugltlo Cf%? E%? ﬁéécz t():ercf) L f@l(i)d'{eed bed, a

b @hﬁ’éﬂflty 3 ﬁilcrﬁ&ﬂmbels Sdtmbinle @thdr @oﬂiﬁ%’iﬁitﬁfn AxLwilnbdfarticr described
ways i ncluding, for exanple oxi datiqgn reactions

r 88lart herj o BerruppYige i rgaﬁ%?'qlomtrﬁ@yme@é%@u ipgagpgxample, by
Sg%a e@& o?esu]!{cnl%hf?émgg?%efnra md E)ethgg}/o%}e?st ilization

unit eat e eaction ve 301 is
f i[(l(lSél ed pﬂm[ sdmedgriationg ttiesynp sefrenik diewotmeldilzmornmlltml and/or

be| nverted to rod Fo exa
q?ﬂte ﬁﬁaC&leﬂﬁFeg §£‘§tﬁ]§§ Ii’f‘ﬁ'&c €% Wd%?%&glﬁ@n%ffpnor to
S%&Q@%oﬁ%ﬂ@ﬁ% %tﬁ‘ﬁg pR&dlct. %&Q&mpl@qﬁfe%ogﬁﬂ 4R €ompressed syngas

tol uéne, ethyl benzene, xylene, suffur compounds,
n mawdigentrodmt:@tosa syaugaly mnd(ttdmerg sentparr 51, edhewrrbepatrentolune,

C gL ST ol o G R plrde WS e s gdppurtes or
gﬁteﬁﬁilfﬂabé%tst pEXNEQRe oRHany réh@RMEonRthedy Rz dRdbsired, burners
053 en can assi st pyrolysis and/or crackin
r 68t pqnblpf.suqed te heat the catalyst, oxygen, and/or steam that are added.
[0053] Oxygen can assist pyrolysis and/or cracking reactions in the
devolatilization unit 201 and/or generate heat (which can provide a temperature rise)
from partial oxidation. As illustrated in FIG. 1, oxygen or a mixture of oxygen and
steam can be added at any stage of the process for producing syngas. For example,
oxygen may be added directly to the feed material, to the feed section 101, before or
while the feed material enters the devolatilization unit 201, directly into the
devolatilization unit 201, before the exhaust gas/solids from the devolatilization unit
201 enter the reformer reactor 301, directly into the reformer reactor 301 (such as into
the cold chambers 302 and/or hot chambers 304 of the reformer reactor 301 shown in

FIG. 4), before the syngas product from the reformer reactor 301 enter the quench and
-10 -



devol atilization unit 201 and/ or generate heat (which
can provide a tenperature rise) frompartia
wo@ziodaodss. As illustrated in FIG 1, oxygen oOPCHUS2008/069070
m xture of oxygen and steam can be added at any stage
of the process for produci ng syngas. For exanpl e,
oxygen may be added directly to the feed material, to
the feed section 101, before or while the feed

materjial. enters evol atilization unit..201 .
CEpERteRng NEoF Ab PR e pokir® Pl g ssegion so1.

t dec@Khiatisthe gRsdas obndisordin®§0ctibe SOE\wat @t td dreddriridte Watidus

201 enter the reformer reactor 301, directl¥ into the

r E§YEIRsHreBR cgPMEModieents OXy gPTaHBIXEEE @1 exegeB 8pd steam are

3 Lok ers 304 of the reforner reactor
38%k§ﬁ%&ﬁﬂ?ﬂg%r%?&%?, before the syngas product from

t Me054¢f or medn s@act@bod@thitn®d arbstolitdhiamieric hmount of oxygen is added.
andconpr.essi ng section 401, before the syngas enters

t e LASRIPPFGIiHRP USbet PBIECH O calgplatsgitaged it Ge pmeueyaigareen

C A ol RN SIRGH th Bnmplely RBLH A (ROfONRakialRhRring feed section

various recycle streans. ?n some enbodi nents, oxygen '
ol 0B) imox€ Qs endofl,QOxthgenlcalatios icademnderd ol 8 amoumtidf §tgdne that is

ocatjons.. [ 005 I.n sone odi ment s .
S TR SRRLR(E ERSTAD 1A Bty RS rfsimen th total amoun
" oF @Ry RaRLdded (SRDHRtsuRf o fAKY 8GNt Sf &8tk hadcddht BAS&tmore
on the anmount of oxygen that would be required to

c dapgtiensanyhewivisapior thveanamy ohexyeen arcserirt any pejnf &g the
g N 0 o ' ! !
B STadMsh 2y S A0 R 20 AL T g oo

t ig doatbabiican (18 entdlod n@e thoadlivink 0Noxylgdn $0I6Es than about any of
enbodi nents, the total anount of the oxygen added

(5% S0%nd>%uh’ef S Pne e htuPo %, 6F 0dxy lethc s@idipragtrip ggount of
Olyx e locations in the system) or the anmount of

oXygen present at any point during the process is

b¢a0ssen abolt cétal¥embadimootys th? 28toofit dffveygdnois bhivaretbow 1-

ST T RN e
2986 0xy 3 reatliredi® co%%@let@l}ygb%‘inb%t tHe f%1 HatdD®. In other embodiments,

st oi chironetric anmount of oxygen. [0055] In certain
e thvodinoreh bEoxtgee isabeiedn aboubtkyeldbo,ipscibmblydetw ednoboutl0.1-1%,

259% f ly. bet - 209% d

ot BREE S EBER A ot B rboftst ety du T rddurormglecl
t QombuR ket Rby maemaust the feed material. In other

enbodi nents, the anount of oxygen is between about

01005609 pr &t egrabemberEmgeierthaBaguntpi pxygen addgd ppscefically to the

ng{fjoﬁcrrl@%lag%tp g%ﬁ(n\%ﬁ; isg%)sg Lflllanoa'b%{lp ein@(){?fcif‘%),t0|.j §%,O B of the
stoichiometric amount of oxygen. In some embodiments, the amount of oxygen
added to the reformer reactor 301 is less than about any of 25%, 10%, 5%, 2%, 1%,
0.5%, or 0.1% of the stoichiometric amount of oxygen. In embodiments wherein
oxygen is added to the reformer reactor 301 to generate heat from exothermic partial
oxidation, the amount of oxygen added to the reformer reactor 301 can be about 1% to
about 10% (such as about 5%) of the stoichiometric amount of oxygen. In
embodiments wherein oxygen is added to the reformer reactor 301 to generate a lower

ratio of H,/CO in the syngas than would be generated in the absence of oxygen, the
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conmbust the feed material. [0056] In sone enbodi nents,

t he anobunt of oxygen added specifically to the
waleooloausss i zati on unit 201 is | ess than about PEIUSI008/069070

1% 0.5% or 0.1%of the stoichionetric anmount of

oxygen. In sone enbodi nents, the anmpbunt of oxygen

added to the reformer reactor 301 is |ess than about

any of 25% 10% 5% 2% 1% 0.5% or 0.1% of the

st Oi ch| di t

P BTt R e B rp B E A R B R Py oy 0%
gedqeh at ebdieas ) bomeam&lh@heﬂn@ apiuhi ¢ oxgxéidlat i on, the
anount of oxygen added to the reformer reactor 301 can

bé00¥but 19t Willdhsawpreraded ki Hﬂlé%d e thatop caryipgut these
\A#%'rﬂfdd' otﬁgtaﬁl'oﬁnt‘%f%lﬁg%ee 3% bg)éd Pr%'dpsg ‘dhﬁ'ﬁ@ Eaﬁcwxélgt]e_d tog

el n oxygen is a tot react or
gesten@teina humbdr of atayoothbr tHan G@detrerrhimmgsq&regaisfetdtmck
woul d he enerated in the absence of ox gen

FOIBR%%‘?P AR EIAMBle; PRE BB P%‘é?é?%’r eéﬁ ?6&50 Matcrial and
aBRhd Q%o lnd & '%%@en%"/@oh%%uaﬁ o?FﬁH@vh?eﬁo@ou@d bd Bl%dlcted to

stoi chiometric anmbunt of oxygen
appmplcicdy eahviost the skbdrl @dC@y. tSlaalnrlyreafeedsﬁoqidmaynglgalw tan be

pAoe R ek AR By O B dermdp D8 H e G PRenipatelpfvel.

WRY sd RtidiRilly! Hital ndASie /e nliths B! @rbord @REtH A leating value of
conposi tion. For exanple, one can neasure t he car bon

céhn ﬂrémn@fat@stfe@édorrﬁmeéms gito aherhxyacn ean bonmstdad. Bhe
t]
oA B EBT LR S Ok AL DDA, e

Slcaﬂnbaertioyi,foracd‘neadsﬁ&@ﬁmaﬁt dobt liakitihe Gadp e titein@entionda any

and an anmount of oxygen to be added can be determ ned.
AN@§rnativer or additionally, one can neasure the

¢ m@‘siet i on OX&?&IP%/&%%&%{]EQH &rpr&%ﬁ{ {ME g9 g\dﬂ {69 f&n[he entire

di ate ream or streans 1nto h oxygen ca
banwdtie tbed Tinersall psdsed thinvuhehe dccyoéam)lmm(m wfit 20yagdror reforrner

recitedq herein use basi s of co nbusti on for
06??\9@11%8}1 mﬁgﬁr@?@llasmm SepRIet aﬁrﬂi Ben gRactop gnot shown) is
i Qd@édtﬂe@@ednr’[héﬂé’vo‘{\ﬁﬁrzat[l(qpém Z@Mﬂlecﬁe I:"d?gt/rﬂ& rSlcRABNEBP added

be present for a portion of or for the entire tine the

f dewnstetaey dfghe pdemes redetor 3@ h (tuck aslbetvican thcirg@rinonreaetpt 301
r ef.or mer react In some enbodi nents,

201 nd/
8 AR o ek A o Bt o Somet Sohoan) s

a‘[’(ﬂ@] bet weemotiee veleMRhafrithd iaddtien is!picinid bnahérdahigation that
reformer reactor 301 or added
during devolatilization, such as in the devolatilization unit 201 (or another suitable

devolatilization reactor or vessel), the gas phase so generated contains at least some
syngas. The amount and quality of syngas produced during this step may be adjusted
by oxygen and/or steam addition, in amounts as described herein, as well as by
temperature, pressure, and other conditions. The syngas from devolatilization can be
of sufficient quality for some applications. Therefore, in some embodiments, a gas
phase and solid phase from devolatilization need not proceed to a separate heated
reaction vessel (such as a steam reformer). Instead, the gas and solid phases may be
collected and used directly; or, one or both of these phases may be stored for future

usc.
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downstream of the reforner reactor 301 (such as
bet ween the refornmer reactor 301 and the guench and
w@ormpesss ng section 401). [0059] Anot her variBCT/082008/069070
the invention is prem sed on the realization that
during devol atilization, such as in the
devol atilization unit 201 (or another suitable
devol atilization reactor or vessel), the gas phase so
ted c ntalns | east ~some. s
AT Eart y T0otg FnBheinRER L RS TR e LG BB B e
adildsit(eg., by Qxy gfihcaRBLOTs of beadm addetd &tl oD0 or hidr@lRMBIS in the
as descri bed herein, as well as by. tenperature,
pmé%@m@ the ARowRtRE steaBmursenbHeny PRt dyipmibicpresess is at least
(fﬂt i l!n!oFeaJF C@efrll e OF cattili] ihGhé n%teccil %@éria‘i Yif \Qﬁrloﬁg me
I cations. erefore, in sone e
p bﬁﬁ)@dlﬂﬂﬂtss of lleatkt plas any o HONS pIEO,ol a,tl 0, @t (h r5 0) ee mom)moles of

proceed t arate heat on vessel such
a SSPUART ?‘&F’g \%)Preﬁieﬁglfeé aep'c Pftw 3gmssnthe %getween

MaYoR8 . £9l RALESE f0ch Meeddd &:86E btserper RBR c‘éfbo?@t h of
t hese phases nmay be stored for future use.[0060] In

stslénbodi Mbaamooit tbsteainthetns pdded to ihe lcated|rcatonntssolf 301

st eam added the s amount s of steam. )
> G doaghs o meton el BieefiintHRt B Be sy Sfitign unit
anpuntvieh detGamiAkies prduads @JhYb@PﬂléH solildrrhteridlh€enerally more
process is at |east about 0.1 nole of steam per nole

obteamr(bashon morehxyEeds needde ﬂdﬂl thengegsagriy dlignd O atoms to the C

egbalﬂlh[%tn tggn%rgtt d(? and Habﬁﬁ% ﬁl%)f)e?speaw% of %he ng%%llss(}ls%m the

nor e “no
phesiic d@ﬁfauiédhﬁi tl&ffeé‘diﬂhb'@ﬁal daR b‘éQﬂ&blﬁiiﬁ@l&dt et &mining how
betmeen about 5-3.0 nol es of steam are added or are

pPBKE ¢§@Pdﬁﬁﬁ@185WBbWpr@@@¥ﬁﬂqﬁ§sannunt to steam
t E@d 1’5 add %@eahpls frer. i}aﬁseeq td 91111' rﬁ{eﬁﬁ ?Ie 9L AR reactor
vary r's

ependi ng on act suc or mance in
t B@1.devel atlidr isaladsi cxitingrthe d@\@)latlli\t\hmn ui&tllﬂlatlnlsbmatehﬂmdiments

D BRIt A/ PP SR e ratl hiauef oo arieation tait 201. In

n %&%ﬁ bolinRNE, 80?5 Q&Fn 1 dibe tth@Y@fbhﬁé%'r@acfté} 3R Ghe
CO and H2. Fromt he perspective of the overall system

t devaldilsgtioeugioP®hi ned in the feed materi al can be

ai@%ﬁﬂ)ed f ﬁhﬂ%QSE n]nlqggﬂuﬁﬁgéjﬁ' d%%ﬁ#gl%kd%%%ﬁ%eﬁmd

gengdrall isymésettdta® ast fam 1&1&1&@551@;%15 R&d 8€ ap6pliQt @mBBIt of steam is
reactor 301, gases and/or i ds exiting %

deddadae imaintain; aofesiied bumpglity level. sE@fEeXémlﬁ@d B@ﬁsﬁi‘t’@ the

devolatilization unit 201 can be analyzed to determine the amount of steam present
and then more steam can be added, if desired.
[0064] Exemplary ratios of oxygen added to steam added (O,/H,0) are equal
to or less than about any of 2, 1.5, 1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01, or less. Exemplary
ratios of oxygen added to steam present, which includes H,O from moisture that was
present prior to the addition of steam, any H,O generated by chemical reactions, and
H,O from the addition of steam, are equal to or less than about any of 1, 0.5, 0.4, 0.3,
0.2,0.1,0.05, 0.04, 0.03, 0.02, 0.01, or less. Exemplary ratios of oxygen added to
steam added or present are between about 0.01-2, between about 0.02-0.5, or between
about 0.05-0.2. When the ratio of O,/H,O is greater than 1, the combustion reaction
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steamis used, in part, to push feed material through

the devolatilization unit 201. In certain enbodi nents,
woree/0se3eam i s added to the reforner reactor 3PAT/URZNS/069070

to the devolatilization unit 201. [0063] In sone

enbodi nents, the hum dity of the gas produced fromthe

feed material is neasured at any point in the process

and an appropriate anmount of steamis added to

majntain a des Far

¢ Pt LRl BREr VB i TS b iR TR @ o

delrcm, agidshe anmount of stean1present and then nore

steam can be added, if desired. [0Q064] Exenpl ar

r 390685 of oy uRe aabRAIMERtssewART Huhew o Hzé»ie%fr‘t@ne or more

t f
ffligfsin ¥ 5y 19 30mg R Hoa S bchm, iy b’y added at e
obr owyglenatishd édtheoystt@arin pagasrimbodimelts, orggandeshddt Qeam is
resent prior to the addition

fr n1nD|sture t
dgdeat e aww@efﬁ@ﬁé% fthéayqs?ncw@rﬁt%} WFE%\‘EPF‘%%@ is afded at

H%% b 2Bt DfreRAALELRINs OTA Iﬁix%ﬁg‘of @%fgeﬁ%{a |stetafﬁ c‘ﬁﬁ b'e %aéed at one
t han about any of 1, 0.5,

0 o0thordloodjond 110the sPstorh, Io peﬂtaels smbahmmtsaowgeawlthsubﬁteam 18

dded t d
B 35S e R R BT O Bloa Bt 6 by e TostiS R e
On%tuﬁb & oxbenatd\Rednts Aded atQRt hiZfthdrIo@#ial & sdn®émBodiments,

t he combustion reactionstarts to dom nate over partial
oﬁurmatuwmf oxpsicle Andhetgarp isorideé aldiffesint QHy Ol ratipsaat @opr more
'88‘ [0065] In some enbodi ments, oxygen without
ocations.
541 added at one or more locations in the system

I M0eseIe enboghirenilas crabeimenvs [ Jieunt isadigEw ths daddeilization unit
one or nore locations in the s]éstem I n various

eABbdv ey geisyigs addidtin e deyp i Hration aag @l adn pHECHpr
UREGLBTAL) OISR 20D BURERALP RPN e
obmbryigentsaocygeh datmetarcabets dettiec I&’Mla:lmidmtioﬁmaetor that is in
nment s,

I t t | t
0333%@#%593{1%%& élileeieﬁﬁ f@%@@ﬁ%ﬁ&r@%e PYTRH redcfQr 3l
WGyt OXY@RRotSaRidsth in l?é%?fd@@ ’Eo i@ %?&érﬁrés oﬁ@gréﬁm or steam

mxture of oxygen and steamis ad yet anot her
| esdibkygen chimbs opectahdsodpareistsercaras mt(xth@rsemefor ditienent lepations. In
st eam

} t
ST isBafRE, Tot bt SR ARt 1T el Ml reasonably
StBHBIN Fead@siestbnt @o bited UARMBY At dohbZa¥ diffBreHNdtdichiometries in a reactor

or other vessel. In some embodiments, oxygen and steam are added in different
locations such that partial oxidation and steam reforming initially occur in different
locations, with the resulting components being later combined such that a
combination of partial oxidation and steam reforming can occur effectively in a single
location.

[0068] Oxygen can be added in substantially pure form, or it can be fed to the
process through the addition of air, optionally enriched with oxygen. In some
embodiments, air that is not enriched for oxygen is added. In other embodiments,
enriched air from an off-spec or recycle stream, which may be a stream from a nearby
air-separation plant, for example, can be used. In some embodiments, the use of
enriched air with a reduced amount of N; (i.e., less than 79 vol%) results in less Ny in
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201, while oxygen is not added to the devolatilization

unit 201. In particular enbodi nents, both oxygen and
wat@anvsse added to the reforner reactor 301. PET/ES2088/069070

enbodi nents, oxygen but not steamis fed to a

partial -oxidation reactor that is in comrunication

with the devolatilization unit 201 and/or reforner

reactor 301. [0067] Oxygen and steam can be added to

e I R

dis§rigak anth 1E@RNhb N SIre tyPicalyBeSbRIWAENHS syBtRafMnddnded for

ox%%en‘are‘added in a manner that creates a reasonably

usYFEBesH ofd ] Bislssupleat dodipdi-d | ocal i zed zones of

Slﬁd@? ?nt S§P Ecﬁﬂé %’géh{ﬂn%ﬁts,i e rersgl?c%toquéQ enoglgé?srthee ratio of H,/CO

sSSe In some e nments, Xygen an team ar
addthd siymgadj dongraesit tolthe atib pnsdusod by tHeashmpandthad in the absence of

oxi dation apd. steamreformng initially occur in
dPKY¥Pe hebicd irj%twst?fr F tyncen nrlaﬁ‘slzﬂtw%gabeah@éﬁ% At 2.0, such
bgl Pewkat Sout 0MBLINEA 485%N -1 Balr BoGOIMBINALA ORi1Pbe recognized,

partial oxidation and steamreformng can occur
efifeecasedrahigr-gas shifk (mghighdroatas pbsicarp 8dE8Pn)IOkYigemd wamodhese

ded j bst anti.al | f it be fed.
£ RUERS: HESRERRRS Stihea sty PO o ior <V gphigsra High nay be
eQEdifaeer Wrlahh £HpYieRdbns! WIRATEW SROT iriRAtase d&ired i@t siSgas
not enriched for oxygen is added. In other

efisen.rieeANdC adiiptitagrots ti decfqapmstem odditigperd meropergroizen
SLAGAT, My §c§]ib'é’8¥n D&id %&%Sé’iﬁle%fs%e%n.”ear by
alr-seﬁaraglon P aﬁ%, P Y exanpl'e,” can be used. In

Se0F0gnbodi MaBtHs/CO heiclig éhofyngiy ¢aphdficethe yidld bf dwnstream
reduced anount of N (i.e., less than 79 vol % results

i rqdusts sneh smethanad oF etharpls yhe Recfemselcly SO radpdiydependen the
c |

SRS RET R oy TR AR e e B DT B AR ek 0 he

I spemtienceditions. Synidyesithy, of sdnmaquarctibuseths psadobti@sand/or

al cohols. [0069]. I n. sone enbodipents, the presence o
oXYFERLAS g Plpneisd oI PP oducEPiRgashaving a /o

C ORAL Rhn aGad &AL B HLHRALS 8 B RE pRANEIIES 11RGhAdY ], cthanol,
t he absence of oxygen. The H2/CO rati o of the syngas
canbib rxthaveéandagsbutol 0. 5 t o about 2.0, such as between

e o By e ks B She BP SEihe SuipbintohBa uoing e

E inHARYds ldadceibe®hersineampasidiid Apimkreabdd prb@nd (dﬁ.%, QI Ut hols)
igher H2/CO ratios, such as at least 2.0, 3.0. 4.0.

5 y®ld epmpayehtorhgihelich weukdbornigvided e syngasipfoducasidrst the n

g@/ﬁllgr%s%%&lﬁg %ietﬁ/ow?ig h {h%\’gbgé%/cgpf 5}%%68.8 Tﬁlrseeff%gtséagl%g cialrfsea,hf%r
example, by faster kinetic rates toward desired products at reduced H,/CO ratios; e.g.,
the rate of ethanol formation can be faster for H,/CO = 1-1.5 compared to H,/CO =
1.5-2, for certain catalysts and conditions.
[0072] Some embodiments of the invention provide methods of controlling
the H,/CO ratio of the syngas by adjusting the amount and/or location of oxygen
addition dynamically during the process. It can be advantageous to monitor the
H,/CO ratio of the syngas in substantially real-time, and adjust the amount and/or
location of O, addition to keep the H,/CO ratio at (or near) a prescribed level. Also, it

can be beneficial to change the H,/CO ratio in response to some variation in the
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stream it can be advantageous to decrease steam
addi tion and i ncrease oxygen addition, as described in

wo arvoussenbodi mrents herein. [0070] The H2/ CO PEr/U820081069070
t he syngas can affect the yield of downstream products
such as nethanol or ethanol. The preferred H2/CO ratio
may depend on the catal yst(s) used to produce the
desi red product (fron1syngas) as well as on the

? gorcggrsi)(g%c, hi o(fj Jtognggr?lpo el eh%n% nsi’) OYXaraatltoic’l%qgoﬁl(ﬁr?ns (e %n%atalyst

sequ onrn

S Yeghaisatich) CloRbédr loeeratl pefoatiice. syngas having a Hz2/ CO
ratio wwthin a range desired to optim.ze, for_ exanple,

pl Wttt i on ShtaketydBadhciliptntsdevolatilizsgom rrormigopn Wd;artlal-
etogﬁlggé)n re%gtg)oz& é:{alll 8%t§&ﬁﬁ¥ é@?h&ﬁde‘?ﬁ% oré)g th%é_&{ tﬁggg)%géscfop

he syngas produced usi e net sCr erein
c @mdncmglsylmgaan Ricfecriegsgin for lBidudt offesorgnere C2talysd may be added

al cohol eld co ared o, t hat h _woul d, be )
prABgst o %%%egéz n@a@?értm U?Ihmmc Jefose %waﬁ%ale feed material
meh{pdse H&&lﬁﬁlz@t‘?&?ﬂﬁ?Zﬂf dﬁ%é’[gﬁﬂto thBlusSvaitl18aTiof At @@l before

caused, for exanple, by faster kinetic rates toward
déss en@elusp godsadids izt trhe da'aﬂ@hlh”@tl@@nlaﬂlﬂ)sutelethg re;fomhmf reactor

f ethangl f ti t
30 Ry thersSrBrcerdos A &' 1 ftieh of Hweangir porial
apidaQaltdthO§s carl BOZREd &oiHe 83U 78/5r hoOdhahibers 304 of the

i nvention provide nethods of controlllng the H2/ CO

r fpenafreacie sbgwyas FKy: 4 dpfose thegynges hfromyibi¢ gaformer reactor

| |
SEELLER LR B T OB 9B A o
r abmdan@ﬁng betisy BB Sditebtl B s thanth@dslcyndi€iahing isé@ion@0d, and/or

adj ust the anount and/or Iocatlon of G2 addition to
k é@‘ﬂﬁdttﬁ acqysleaticams i i seme(empbodiaents,ong op B0FS grddlyste gisiadded at

A'rxﬁﬁme%b 'ioc%ﬂ&‘nsb 9n RERELBbAIMNR, § @&Qﬁ&t it BGdddalt %1%' 18cation

in response to some variation’int rocess
f edxist @gigeic onposxtureart otxngmsl)st@m amaraddrtd on i n

i ons ca ctJvatio ), for bett
o&ﬁ}d@ﬁ per ffara?aéﬁ%@eé ?@@y? %aéuoi}é%féwf% Byt ey ipigdo, alkali
t BRcA oM@l afialihZakihQRetal &fi @A galtsaﬁﬁlﬂé?ﬁl substances or ash in coal,
parti al oxi dation reactions can optlona y be provided

atrapnporsmatpds aid thﬂeoqu@cmaftm rang cotdefed sadf rmycngass Specific

Ref err.i ng. a nore. catalysts. .
nexanbenTe A ot s iR Pl SRRl G orassium
s e&ibbeste, 1ARiunPIBfde6:8dQNithitinl @ridhetef &gﬁmﬁrﬁycﬁbmb R bRide,
the devol atilization unit 201, dlrectIK1|nto t he

daiekelasubstittedisynthatic micaonontmefilerite (NiSMM), NiSMM-supported

molybdenum, iron hydroxyoxide, iron nitrate, iron-calcium-impregnated salts, nickel
uranyl oxide, sodium fluoride, and cryolite. Devolatilization catalysis includes
catalysis of devolatilization or gasification per se, as well as catalysis of tar cracking
reactions or pyrolysis. In some embodiments, the devolatilization catalyst is between
about 1 to about 100 um in size, such as about 10-50 um. Other sizes of catalyst
particles are, however, possible.

[0075] Reforming and/or partial-oxidation catalysts include, but are not
limited to, nickel, nickel oxide, rhodium, ruthenium, iridium, palladium, and
platinum. Such catalysts can be coated or deposited onto one or more support

materials, such as, for example, gamma-alumina (optionally doped with a stabilizing
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t he exhaust gas/solids fromthe devolatilization unit
210 enter the reforner reactor 301, directly into the

WO ed0o00s8s r eact or 301 (e.g., addition of reforPCTYgS2008/069070
and/ or partial oxidation catal ysts can be added to the
cold 302 and/or hot chanbers 304 of the reforner
reactor shown in FIG 4) before the syngas product
fromthe refor mer reactor 301 enters the quench and
gg%ﬁ{e r3 uﬁ)l asﬁ%gl%s?lgnﬁ O]él)tilalpugnror Ftuqr% n 2 ase eernntg ﬁilm%nts Fhe
C @fdirhing AhdYer fa€LI-OIdHdh, catangbt Qrbe&ﬁl&ﬁdlbb@t r t%Ca)b@htGIOOO nm in
streans. |In sone enbodi nents, one or nore catalysts
aPEcaugkas ghoulPdPPrer. | Qéet GRSt 51785 &6 nROVEIISH PHERIE S

t
R Yo" SRIAOE b0l BRTRRSA! LARNEE SRR o
Cattilayest isirgsledwinaectohéyueb atat irhmt tomal surfedelidten, abtine sarface area,
t | ted t | t | kal t
oty ety ey gatnﬁi@éﬁeﬁﬁws?%@?% e oA
CO&@lghntdsafsfaki Qﬁ{)é@bﬁl For889, LORIY, é?f&yd;%rﬁﬁpdl%kfvﬁy

and eut ectic salt mxtures.” Specific exanpl es of N
c Etcifeﬁl‘s’tl@ltﬂ ofcdatadigsts inatuderbait astnok limitee ¢b, tcalcinpeg, asishapat addition,

dro ot assi u rbo hi I 0X
PRl R e R AT o Pt g R B fieans
n Hﬁi% subsiCataiysddEMoE bat becpdafo@@ear@ﬁ FipRdiské10Migtd® slurrying the
Ni SMMt'supported nol ybdenum " iron
hy@iﬂb(ﬁ‘s@xn‘@él sojveghsughtap amater of pyhhycipesirpan thatnea dagrsificd and/or
S | r X
. ?%/féﬁrneicp ]g)%gd\;)oe%éaog%ldrzog I:bgﬁ ’s%lg?r% H{p.lude %ggtpﬁle eth%ﬂgl or mixtures of
calcahylsi & fmdlanieddadbhts 2hé ca:wnygrls l@d:‘ejdftiyqaﬁemm gog6n 6€such a
as wel| as catalysis of. tar cracking reactions or
pyEYyBios Velsi'?l é%&eu%%%hr%?ﬁ%re PURES dugibsommopHPbR pumps or

' [
S S i), P HE R herks %, QRN if AR LlurtbAi e
paﬁeamtdamysan&xtummdcmd, to mlmssssnstehe In[tﬁ)@é’ﬁ]nbaéifrmm thg added
and/ or i al - oxi dati o cat aI F i.ncl ude, but

n G@takﬁ ﬁ}é e f,'[d)r nﬁflrclp(seqqu r@pg&o ‘a'em tliler]%%ﬂr% fy may IE)e introduced

ryg B@rﬂbl‘éﬂbmkaﬁhé& iHhe Q@alrh agld Hfé’reb?'?ﬁtrcmu%&d Hhe SY&GBm.
catal ysts can be coated or depoSited onto one or nore
smﬂ?@it mat én sethsembedimeats, catdystexamialucghimdaeet!yurfiona
naII st abil.i zi ngel engnt. such a
R ety S PRt Qe RS TR e ER, fom

t b&y&l@fsa’em Gr &ided MateHals bolf 2bnsxbEGH. | THes€ BldadeytSatallyits may or
bet ween about 1 to about 1000 nmin size, such as

abwtnoL be howfinm. Rrefrsiblpduangitecsispily, thees cariwsveurces are
P (?feﬁtiplle(? an({ 1919%1@&6@ ?l{ (9\;6?%12%09&5 %gtgt?&i a!hg oiagrgtigty stem any
Catal yst Can be pretrea or

[0079] Catalysts can optionally be recovered from certain intermediate or

byproduct streams, such as ash from the ash-quench/slag-removal system 520 (FIG.
5), using methods known in the art.

[0080] The methods and systems of the invention can accommodate a wide
range of feedstocks of various types, sizes, and moisture contents. Any carbon-
containing compound can be used as a feed material for the production of syngas. For
example, biomass such as agricultural wastes, forest products, grasses, and other
cellulosic material can be used. In some embodiments, the feedstock includes one or
more materials selected from timber harvesting residues, softwood chips, hardwood
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activated using known techni ques that inpact total
surface area, active surface area, site density,

W@ 21090988 st abi [ ity, catalyst lifetinme, catal yBCT/US2008/069070
conposi tion, surface roughness, surface di spersion,
porosity, density, and/or thermal diffusivity.
Pretreatnments of catal ysts include, but are not
limted to, calcining, washcoat addition,

pa reduction,,.and ;surfa ctd-vation
P RaP P Rel FE PR G R b P com.
caamts@mree rWiatgehvYict istral, fighieand/bapgsser sveitdhgrags, Baisédnehus,

ca talyst(s) into a sol vent such as water or any
HABBIS, THAICIR, Barheecy YNGR S%l\ﬁ%geoﬁom@rﬁmmste grape

E? eélnﬁ)fndtg}{gfstl?&raﬁgﬁelﬁ%é’c%ﬂ\ﬁtss.h%lrsc | UitE @%ﬁ% grass }[)ellets hay

m xt ures of al coh N sone~ e
t bell&lﬁtvﬁldﬁqiellets, addtedrd) pagtry @edtici ai’t}(bmibﬁhom pérs@uafiordinary skill

A i R B o L s R L
o ean’? ment s petdhEng R A0/ §t th'e%&ids‘é%ﬁ R 1S4Ea0 @@Qn hﬁfude a feed

eam catal yst mXxture is added to the system
t Hegeugioh ogitenant sharging haplzbecindatlatlybeppeanob ehqaztn)ofor example.

e ot St o Bena R s o 4pd g T auf e Fecd
t Rek&RY (Jubk hOFUES @Jhlp@t@retcsﬁze& Yishet disdiifibn lsPst&@MBo the
enbodi nents, cat al I2/s,ts are introduced indirectly. For

eﬂbm“gm@ hopperalBpsh shargipie beppar ferds atleck appet theedn fyr Jeads
atté}lal Fuc%dafs Rodd ;hﬂ;s t? Ewc? H&\;ﬂiﬁ}flzat?on%tg&% a]% FI&r ?ﬁ} contained

er a construc ect

n&yth@rdenaytﬂmuobaniaeopf| cial. Preferably, but not
necessarl ly, these catalyst sources are identified and
MS2br ed i M0 eRra BNPodimsRigstic sXTER Brocaras Rt Atte abput 5,000 dry

[ %}%g)]en&%{q (f‘b‘vﬁﬂi)‘3 6AParRR HARL g% d Rficl GG B SLRRLS fo

cert ermsd ate or byproduct streans, such as as
f comcthien @sdyngasewbivhss agtabknfow abnv&;sﬂictm‘lmcﬁﬁel @rli& aldbdhols such
usin thods known in the art. [0080] The nethods and
sy&f ﬁ%oof the invention can acconmpdate a wi de range

ofpdsapdst ocks$ e é’rﬁf)é)cﬁﬂl%ntts}’ﬂﬁ@ SecdStoéie %bs?aﬁgaﬂ@é(ﬁ{siéfseof southern
contents. Aﬂy car Oncontalnlng Conpound can ‘be used as

apﬁ@etuatrhas bmnadhlm)@rl tQ hehqraﬁduﬂttq lcxrgtlmﬁcwbwfgedvsut ¢rgrinch. An

ricultur 0
oF Sy, Sgitastie o Sflue At S1p et S RirErs SbET -4 v
bﬁy&k‘@g& 3|7Rxft$@d%®g@H’QD£ﬂ W%rﬁlﬁogénhﬁ 7heedsdhosid iritel dndfsts of
one of nore materials selected fromtimber harvesti ng

r selfeiuddoisyet levidoaf R |f?f§1 mtaridhoenaeryi wislelys depsnding on harvest
Bgrg&‘g Faf%fs cBﬁcﬁﬁor? taHHBén rdn§ @Y abRA Koo SEUER k0T T - SPec

[0084] In some ernbodlrnents the feed material is torrefied biomass such as
torrefied wood. Torrefaction consists of a slow heating of biomass in an inert
atmosphere to a maximum temperature of about 300°C. The treatment yields a solid
uniform product with a lower moisture content and a higher energy content compared
to the initial biomass. Torrefied biomass is hydrophobic—it does not regain humidity
in storage and therefore is relatively stable—and will generally have a lower moisture
content and higher energy value compared to the initial biomass. In some

embodiments, a feed material is torrefied before it is added to devolatilization unit
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corn stover, wheat straw, rice straw, sugarcane

bagasse, sw tchgrass, m scanthus, ani mal manure,
wonewooysss gar bage, munici pal sewage, conmer ci BCT/MEENE069070

grape pum ce, alnond shells, pecan shells, coconut

shells, coffee grounds, grass pellets, hay pellets,

wood pel l ets, cardboard, paper, plastic, and cloth. A

person of ordinary skill in the art wll appreciate

£ Ok P Bnb S RDG OR8N Rt 4Btk IS
EHS:"I?‘;%@E%I“ ber ”““Znﬁ 2" ock hopper (not - Shown). -t

W% D PGy n?eAé%e@.arééﬁ@@tﬂlwpwmté%ﬁwgﬁqspgnected to the lock
hﬂf}%eggncgﬁﬁ%d;@%orﬂ‘?&%w eg;'ign liﬁ?dﬁhé:%% %ugﬁhc’g‘hxﬁlﬁg%m the

is recelved fromt
sylstc&mhzratmn tuhlezahangﬂrcnglchdmmfeforﬁmc FeactoaB gl ngcdrdipgeas the

NI AT - LR CL
F'c&ve%&i tlﬁ'&[ghafh@ 8l dI il B PEMPIGL iid dag AhHQRo Wt dractBA;

I n some enbodi ments, the system processes about
1 ghoficdtiont at‘si/ﬁoiavoﬂla‘yhza@na if bescqugoes SeDTRIDCY thef maysarand welume of
t| nber antas\ﬂhher. onmass eied materi.als for ca rsi
fems g

“ﬂ?&% QLRI BrTeRs) dhsen anfglume o
fk)@jangk@l atsy al cohol s such as ethanol. [0083] In sone
enbodi nents, the feedstock substantially consists of

st8eEr n pi e lﬂmltatqfﬂaé Fieen24 hﬂ%%@dwh@h depict the front and side
Ch?er a&t & IOI%%I 1zat %nu%trhﬂi CI% SI%C? ﬁel ﬂg Eie leﬁll z ﬁgn ulép 201 consists

baStvso déxzialeﬁﬁzwic% st@jkb 001 ;ﬁsﬁlom&c%lmw @@ﬁmhesmm%tack 701
oxy?en 0.4 wt%nitro 0.7 wt% ash, and trace
b agfrigs arerctionshapisare? | (3 &Y. sEesh chRBbEidadh connection with

m?ﬁeet{e'xﬁ.l:ha rVEhoh é’Ma gley fncféﬁ&e&fy %ﬁ%gﬁ}ﬁg‘) afh%%%g I@r?].gd down-

st orage con I t1on, can range out
abomtr P& dlﬁtﬁﬁﬁté]feddmstem ietvxadh danﬂmhzaﬂml fleedber 210-219 and

material | s torrefied bionass such as
TEPREP 4R 6th G B0V IBEAk el e R ey et B ariontally.
A0l &)} IBSRRGHET pide ﬂﬁéééc‘iﬂémsh&m@ﬁ{ﬁf@@% QhnndQait

3000C. The treatnent yields a solid uniform product
wichdmlger$ @lf(eandmBtm@ugmﬂé&areaumr@embsgmemrem o cooling-water

ST XTI EIMOE e
stmz aﬁﬁsomderﬁmri@&ﬁg endtdrsr 2R akh vehiris@ht@reabd diidsl that are
general |y have a | ower noi sture
equipped with torque sensors at each end of the auger with speed control.
[0087] In some embodiments, one or more of the augers 220 are twin screws,
such as a pair of overlapping or intermeshing screws mounted (e.g., a pair of screws at
the same elevation or a pair of screws at different elevations) that are used to move
the feed material through the devolatilization unit 201. The twin screws are
preferably designed to ensure efficient movement of feed material forward, minimize
the possibility of backward flow of material, ensure a substantially uniform
temperature distribution in the radial direction, and/or prevent release of materials,
thereby allowing safe operation and a good operating lifetime.
[0088] Other means of conveying material through the devolatilization unit

201 are certainly possible and within the scope of the present invention. Material can
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content and hi gher energy val ue conpared to the
initial biomass. In sone enbodi nents, a feed materi al
w0 20000093688 i ed before it is added to devol ati | i REL/UB2IV08/069070
uni t201. In other enbodi ments, torrefaction occurs, to
some extent, within devolatilization unit 201. [0085]
FIG 2A depicts a devolatilization unit 201 that is
connected to the | ock hopper (not shown) fron1the f eed
Segrtl e Py ¢ coatl]tve\ée% blr}le%(%:gtlég%e %quCt r%& Ctel 0 % ¢ hfkoer rl}dearterlal can
r ea@bmreya&)ﬂ}ecmmﬂgl itiguiiotht ieve pbiotior 0his zolp by ghgsilcal Ebrce
these drawi ngs. Wien feed material such as wood chip
i éméféh%%@), pf?ﬂw@ﬁrwmﬂ%m%ﬂaﬂ?aﬂb{t qriygn diemt cgtsl;'ﬂfugial flow,
C ARSI Aok ORATRA ol or AR SthGALAD mBI/oPnoving solid and
I zati ese’processes reduce
vghyﬂﬁmaf t he conveyed solids, with a correspondi ng

ncrease |n t he mas nd volune of volatilize
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Wi th torque sensors at each end of the auger with
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I clent novenent o mat eri a or war
natural gas 236 is combusted and the flue gas is used as the hot process stream for the

devolatilization unit 201. During normal operation, the combustion fuel is unreacted
product gas, optionally supplemented with natural gas. In some embodiments, the
devolatilization burners are also fueled with syngas produced by the reformer reactors
301. As syngas is produced, more syngas and less natural gas can be preferably used
to heat the devolatilization unit 201.

[0091] Devolatilization outlet 235 directs devolatilization flue gas into a
devolatilization combustion-air preheater 234, where the devolatilization flue gas is
cooled and exchanges enthalpy with devolatilization combustion air 244, which is
introduced into the air preheater 234 through a devolatilization combustion air blower

246. The preheated air is split as feed introduced to the burners 230, as well as feed
-20 -



the possibility of backward flow of material, ensure a
substantially uniformtenperature distribution in the
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intwo different nodes: start-up and normal operation.
Adeoriatiiret) ganpniordy sheeanded theode votatilizaztma lﬁmtrZGdothr ﬁm@e, rapid
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er{'lB(?rg é%ggﬁ%h r!ltﬂgr than allowing it to possibly react with other components

present. Also, it can be more energy-efficient to process the gas phase 203 for a
shorter amount of time than the solid phase 204 in the devolatilization unit 201.
“Multiple stages” can mean 2, 3, 4, 5, or more stages of devolatilization.

[0095] FIG. 2A depicts a two-stage devolatilization unit 201 such that the gas
phase 203 and solid phase 204 exit the devolatilization unit 201 at different places.
The optional passage of the solid phase 204 through a second portion of the
devolatilization unit 201 that the gas phase 203 is not passed through allows the solid
phase 204 to be treated for longer in the devolatilization unit 201.
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devol atilization burners are also fueled with syngas

produced by the refornmer reactors 301. As syngas is
w@e@wdoesds nore syngas and | ess natural gas caPCheS2008/069070

preferably used to heat the devolatilization unit 201.

[0091] Devol atilization outlet 235 directs

devol atilization flue gas into a devol atilization

conmbusti on- air preheater 234, where the
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ndrERingd bated gadh comppiinenieach Rrase frachanibe ranwnt of carbon in

a%&éhaﬂha g?ﬁ? mggﬂﬂgoﬁﬁgﬁ{s @%@P er?ﬁl?d?glsstea asoﬁtdﬁgé to the ﬁas

p ysica enent at1 on. cifircation an heati o
obhaﬁed@é $hamathe baliddgdrase 2@4¢. Iarsy)nmtﬁrﬁmdﬁnems; cteamss hdded to the gas

rature contr ol sure
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V%ﬂ%PS | NPy sQhe %B&d—iﬁleﬁttsrﬁ@dﬁ 261 QR4 tofdbtain the desired Hy/CO
mul ti pl e-stage devolatilization unit can generally be
degior&lslyegdsdrone éretrafommﬁmdctnaﬂﬂr i Hiesoxfygm ) @tm parually oxidize
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266, where the solid phase 204 of the devolatilization product from the
devolatilization unit 201 joins the oxygen/steam stream. The mixture is then
introduced into the reformer reactor 301.
[0099] In some embodiments, the gas phase 203 of the devolatilization
product from the devolatilization unit 201 is combined with the solid phase 204 and
the mixture is then introduced to the eductor 266 and the burner 268. In some other
embodiments, the gas phase 203 can be introduced into the reformer reactor 301
directly. In some embodiments, the gas phase 203 is combined with oxygen and/or
steam before it is introduced into the reformer reactor 301 directly. Steam flow to the
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devol atilization produces at |east some syngas, it can
be desirable to renbve syngas upon generation rather

W b@n/oad3BoOW ng it to possibly react with ot herPCT/US2008/069070
conmponents present. Also, it can be nore
energy-efficient to process the gas phase 203 for a
shorter anmount of tine than the solid phase 204 in the
devol atilization unit 201. "Miltiple stages" can nean
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N e e
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reformer separately, and . a different anount of oxygen
agenrted by srethermig aadat oxida®nsol i d phase 204 conpar ed
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exadfiledottbmestaperapodivided by dashadimes 202 Al aph 2628 . 204e gaschhases

h 3.1 [ .Lhe d tilizati it 201 .
ST R e TR paal%%fv&&w&p% 5?0%&%%@%%@ %P Sy eplid
RA4RM03AGATN DAL AMHEHo AR §t§§ﬂn§ﬂ?§@vo@aﬁﬂiz?€on unit longer and

a
determ ned based on the conposition of each phase '
( shenlexis frotretha botterh stize.c Ahbgas thase208 Apind 203 B mhay yogpenbined

oADShEL e iogs ERanHASE R o Dhe@ls BoUe TRl er oior 301

emhe ghiFtsss 203Uean 203 BAaded]id phishQ0dA<aRBasRroddded @ito the
enrich it towards hydrg%en by the water-gas shift

r seferm@ncadqa@dd]as dasceibpe insiehwencrdn FEG. X4 Eurm treatags

u . jn the desired H2/ CO rati o of syngas from
tﬁg\%rlgét?bzgﬁrér?u&éactor 301. The oxygen 260 can partially

oxooiozp FIG. 4 depicts an exemplary reformer reactor 301, which includes five
major components: a cold chamber 302, a hot chamber 304, a set of burners 318, and
a set of cyclones that includes a primary cyclone 312 and a polishing cyclone 314. A
dividing wall 303 separates the cold chamber 302 from the hot chamber 304. Each
chamber contains two separate serpentine or coiled reactor tubes 310, which increase
the residence time of the products from the devolatilization unit 201 compared to the
corresponding residence time for a linear tube. In some embodiments where the
devolatilization product enters into the reformer reactor 301 directly, each serpentine
or coiled reactor tube 310 is fed by each devolatilization stack 701. One
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the devolatilization product and boost the process
tenperature prior to feeding to the reforner in order

W 0000008388 t he reforner burner heat duty. |n SOPEI/US2008/069070
preferred enbodi nents, oxygen feed 260 (or air feed)
and superheated steam feed 262 are m xed in a reforner
feed steanf oxygen m xer 264 and then introduced into
an eductor 266, where the solid phase 204 of the
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acrirgye phthsaaformer actgndMogs to@peraiure okapoyt b%ﬂﬁ)c%%)ot Rat the end
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i ments when oxy I'S not prior to
rdﬁnmﬂmmng@aanfﬂﬁ@&hc@nbmmn@ﬁo@&ﬂhbethsehuﬂmmheaﬂ fThe

products fromthe devolafil.izatjon un 01 hefore

t RPCRHCSr coNe Reasr Bre F10dedby h@é@&ambvrér??“aaag i qogtents are
adgedanbd 9 a éd?lsﬁah@teﬁl%&%ﬁ@ rsubiEacifut $40°F %r BothO8theF @litable
be unnecessary to heat the products fromthe

déangpcaatitel zati on unit 201 before they enter the

HARPT 5P e i BT S b ap o

t caRyt Shagiberd30d QlagtabbiZ@t dOW paiit bf thEiRodiRP foMths Ha@Rsilization

and the bottom stage are divided by dashed |ines 202A

atigit 20> BThateangeasurgies dwshot chamber 304 can be about 1500°F, 1600°F,
1700°F, or higher. Using appropriate materials, the temperature for the reformer
reactor 301 can be about 2000°F or even higher. In various embodiments, the
pressure of the reformer reactor 301 is between about 25-500 psig, such as about 50-
200 psig. The pressure of the reformer reactor 301 can be the same as that for the
devolatilization unit 201, in some embodiments.
[00106] In some embodiments, the reforming and/or partial-oxidation
catalyst(s) that are (i) present in the product from the devolatilization unit 201 or are
(i1) added to the reformer reactor 301, are entrained catalysts. In some embodiments,
a fixed-bed or fluidized-bed reformer reactor 301 with one or more reforming and/or
partial-oxidation catalyst(s) is used.
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203A and 203B of the devolatilization product exit

fromthe top two stages; solid phase 204A of the
waelewoload3ss i zat i on product stays in the devol at PCT/E810086069070

unit longer and then exits fromthe bottom stage. The

gas phases 203A and 203B may be conbi ned after they

exit the devolatilization unit and before they enter

the refornmer reactor 301. The gas phases 203A and 203B
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some enbodi nents e reactor tubes 310 in
c keplpd witBogaterdpE by sarec etdapmeanshitcsaveid fosmation of carbon. For
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compressing section 401. In one illustrative embodiment, boiler feed water of a
temperature of about 200°F is injected directly into the syngas stream to cool the
temperature of the stream from about 1400 °F to about 1000°F.

[00111] Syngas pressure is preferably increased prior to conditioning. In some
embodiments, the syngas is compressed to about 1000 psig, 1500 psig, 2000 psig, or
higher. In some embodiments, syngas conditioning 501 comprises feeding the syngas
to a CO; removal system (shown in FIG.1). Any methods known in the art can be

employed to remove carbon dioxide, including membrane-based or solvent-based

_25.-



entrance of the reforner reactor 301 to a tenperature
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1 I5rsped RS 10 ApGARRE0ARANY id B, profREp thg sbsence of
t enpexyicunddition. Ihenieénbodmnenteabt decrdBid eanulief abputitics
2Q000F or. even higher, In varioys enbodi nents, the .
p aaliaien thsriUR he BB SRRSO e Oéeaamrgeﬂe%%sﬁ@%%wﬁ&me may be
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he reforner ' can be the sanme as tha
f drantfiven dggeb atodutahinitibhahsande F@kygdém sone

e Lirent s 001 In so enbodi nent s he . .
FUA G ateaReRds oS SR EEROR RatanyubeiEpn negeas i
aiBsifable. HoRSL4Hple NCONEanBOYE to Edi9BY bPéhtrain solid material from one
devol atilization unit 201 or are (i1) added to the

r epiot esnothsapoiot 0B propees. eAnplirness of 4iQaliyotwry the Fdp@ ratio
€ %b(a?el \%tn%gas s%'falr@égt%rp elgec%(fetfeli %Ifdj | 4§ gl'sg %9 ge%ftg T O%E with
re?’lc or g VVI% one Or nore re &rmng an& or

Padcthank 110dtydafor@mCatpaddist cpigak,sorwsRawitBPherdarBdiee.g., carbon
reforper reactor 301 can be heated by a set of burners

3 figposifpd emregeer als pycatalust syHacesBie faid 24ne)asoff QiR the reverse
exd ti .a ref r ~aj hxer 320. Fuel supplied
t?o@%@%g%lﬁe%@?g% @%8%[6(}%?0}\7% dze%ﬁgat for reactions to

f w0018y ngas I€ sdimbembsdimeanyretiovad COfcait bE BRyEIE@ A S0 the
sources; (1) "fresh” syng%'jn?1 from upstream sources; (2) .
ufpetetlzgtion Beiti201. aenar#lbip FaupX of rTeC S| AATEPE:any operations

P R oAL Mot IARBLo TS LR B BB
gaenhchhaeguoenueass mag cesain ©Q, @01, tbf HFOGCH], ahidrogiadr] y.

Aht %r natbi vely or additionally, syngas can first enter

i AYOSH M uct or 330, where the syngas is joined with

t igp19xy 9en/ glepm s%%a% WEE oY e fE Ll BBLedce®ucne, ethyl

steanf oxygen m xef 264 (shown in FIG 2A). The m xture

i bendeen appiybned teynavak sysdoc dd spme gnfedidiantsy erremoval system
comprises a plurality of activated carbon beds. Of course, other organic compounds
(such as tars) can be removed as well, depending on conditions.
[00116] FIG. 5 depicts certain embodiments for devolatilization and reforming.
The feed material is introduced into a devolatilization unit 201. The product that exits
from the devolatilization unit 201 is introduced into a reformer reactor 301, where
syngas is produced. The syngas produced in the reformer reactor 301 is introduced
into a primary cyclone 312 and a polishing cyclone 314, where ash and other solids
are removed from the syngas product. The syngas that exits from the polishing

cyclone 314 is introduced to a quench and compressing section 401, where the syngas

is cooled and compressed. The solids separated from the syngas product in the
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reactor 332 and ultimately into the quench and
conpressing section 401. If desired, the oxygen/steam

worRoovessEan al so be introduced directly to bop¢T/082008/069070
ei ther chanbers of the reformer reactor 301. A
standard flow val ve (not shown), or sone other known
nmeans, can be used to control the anount of the oxygen
added to the system [00109] In sone enbodinents,
ref.orm ng,an artial .oxidation occur.in the samne
BB A BRRA e RS e e SPar g e 520
Pamkteadxy@uh 684 dttuRGTWkyidh didfsk@ietn Vedaetican THE a6t of
For exanple, a garti al -oxi dation reactor (such as a
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|

. t 301.
[ deelgflizagionpnis Hy gaiere b?lﬂat%}gflg ?,‘rog@%’e aghyappngh/slag
| SerRE R 67 Ah B261HEIPKIYmEROfoRHa thOWREET in(tRE &Y% 1a 8 Etion unit

other neans) to avoid formation of carbon. For
e28hplregnetdneboslymere sthp gadprotiug dronb theaslviqechohisidg lomol@rsystem

| 220 R e b e TR R RS i Sgang. e

t @@mrfa&h%r%e@rat@@ AHthe 2909 Ferch/sldpHembesl sgite@a0Yré Ridved at the
the syngas streamto cool the tenperature of the

sbeemof theravaliseut 1400 OF to about 10000F. [00111]
pressure | re I AT e i.Qr .t
ST 5o ARl PEABRELRL B o macrons

C Qaliy lessadad jor Geaod pubf3brpadntiri fbhfk) RE G, cBORHt WS} ®, pump or

or higher. I'n sonme enbodi nents, syngas conditioning.

SOMPVE Sy iteRss of Hawidpgnd aescsyRdictors generaty wdigghg kinctic energy

S ' t : '

 SPORTUERP NS e Foutdt ande TRt 1RSI MRl BBy bf the

mentiva hiquidas echverted al waoditylaseydgpacal egmgretzhied She high
dittle or no COis remved from

sonme enfodi rent s, [ the .
syﬂ@a@mwﬁ%ﬁﬁaﬁw@aﬁ@%%@&? FRE & Sqlwé"?_@yh@aéievolaﬂ ization
Predused HRi MG (Bt Aaerdesskihas iliemRidtdaRsdusS Stter
impurities conpared to syngas produced in the absence
obassmg thsopgkr dafdiakict.i bauctars caomieo bathomti pressurs, drofyeind aid in

decr eﬁzled[tarmfunt of inmpurities facilitates the further
pdVT'FY C&E"SRS'6F syngas. For exanple, less energy or

ti[oE 18Ry bels stk EfBodifeh®NMY @dkdidif ik Q8 B RoBYEYARS material
produced using the nethods descri bed herein than from

syaRgie the detiedasiizaton unit e tesmeskggEermer reactor 301 (such as

eductor 266 shown in FIG. 2A). In certain embodiments, the drive gas for this
eductor is steam and/or oxygen that is introduced into the reformer reactor 301.
[00119] An eductor 600 that can be used in particular embodiments is depicted
in FIG. 6, which is exemplary and non-limiting. With reference to FIG. 6, generally
solids and (if present) gases enter as stream 601, which can be referred to as the
motive phase. In some embodiments, additional vapor is added in streams 610, which
collectively can be referred to interchangeably as the suction fluid, the educted fluid,
or the eductor drive fluid.

[00120] The eductor 600 in FIG. 6 is characterized by a first cross-sectional
area 640 and a second, smaller cross-sectional area 150. The area reduction causes a
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[001 13] If desired, the renoved CO2 can be used
anywhere an inert gas is desirable. For exanple, CO2

W@ anoe3ssed t o convey or entrain solid materi BET/URIH8/069070
one point to another point of the process. Another use
of CO2 is to vary the H2/CO rati o by the water-gas
shift reaction. Recovered CO2 can also be used to
react with nethane in dry reform ng to produce syngas,
?éoage%erg)cés V\%\ldleit h%H crea eglabsglgtlcgne rf?egt toC %rl]?rglgl[]e%z?l%oéwgﬁgl TBe n}aterlal
Cklobity Merdagdsahnr Bmécb@ihal%ﬂaté@ 380,208 tidn. returns@eR ldw@ velocity
<->2 CO. [00114] In some enbodi nents, renoved CO2
c dAvBEreBLYiche arcp swdiction. pReord@g 4P AMAMSAim Salapss (Stomgm 190
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o SraEtEe T BircROREr e eStiondlnif 8% BiisBtroRcATARE of arcater than
depeBgicBy afup N[ d@hss, £PRIKR infdcfon f B8RLEIGH fluid in a
certain enbodi ments for devolatilization and

r direetianflpwirg apstecen iektise foathe impvemeniorfubemofive phage. Exemplary

?E%@lasa (t)fl e}nt%yqfn Laf u%neitﬁbo%gffeni%%%lﬁr %ﬁl tc)létW%%fP %utt 0 Eor A8t 60

evo IZ& on uni IS | n uce

r db@es® bnd A dtbbdimiies, eh Sypgas anSut%@d)lﬂGB,d%, Ib,eor 45
syngas produced in the reforner reactor 301 is
i AEg8efuced into a primary cyclone 312 and a polishing

C ﬁl@ﬁﬁ o 314 W Pﬁ’ﬁeﬂzl%} SSHO\%‘ %’1& Etlf]eeclﬁls%qh' ﬂ’%ﬂﬁ ‘36? 600 other

om t syngas pro uct e syngas t Xlt
t Iambpdnlrn@tsi @g inytedeon 8, 31% or sore torcallihnsezdlet@smthl_u-é]mahenters the

SI ng sectjon 401, V\,here th yng
81,1 P@%ELO HriRdNGBF PRIsnR P?ﬁ%ta s fgeluding a

S Xfﬂg%sstt@ﬁlﬁ%%ﬁcﬂoﬂ fi@PThéR rdefé%é{ﬁ:tl cHfifes %3:12 al‘fl“bg characterized by the
i nt roduced i nto an ash- quench/ sl ag-renoval system 520,

whane agly.gdHcmnativelys diffencet aiglosxyayere wodl st eam can be

TN TR R IR TR

0%1 KadtiaQdrtiohhdF tB@Sol L QGHBE Mi{thRMBxithe the devolatilization unit 201.
ash- quench/ sl ag-renoval system 520 is introduced to an

edtrets 000 Gan cuipr thh cfedterso00Hy reans pf o dinete-1oram fuger) isaeveyer, a

t QWﬁlbs%rew device, or by any other means. Streams 610 can be one or more of steam,
oxygen, and air. The amount of steam or oxygen to inject by means of streams 610
can be the amount that is desired for the steam reforming and/or partial-oxidation
steps downstream of the devolatilization unit 201, or can be a different amount.
[00124] In addition to adding reactants to the process, streams 610 also can
enhance mixing efficiency within the eductor 600, so that species can be well-mixed
upon entering the reformer reactor 301. Without being limited to any particular
theory, it is believed that the solid material entering in stream 601 is characterized by
laminar flow or plug flow; the suction fluid from 610 is thought to cause an onset of
turbulent flow within the eductor 600. Turbulence is known to enhance mixing and
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devol atilization unit 201. The gas product circul ating
back fromthe ash-quench/slag renoval system 520 hel ps
W 000a0088 orward the material in the devol ati | PEEUSIIN8/069070
unit 201. In one enbodinent, the gas product fromthe
ash- quench/ sl ag renoval system 520 enters the
devol atilization unit 201 near the exit of the
devol ati li zati on unit. The solids furt her separat ed i n
va stem 52 are eV

P&R,]% aég ghys ?ﬁ% attdor(%li paRn BZg g@% eéxatc{e na*ture of this
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2ANE P10 chcoteav i) and T80rbe apdldol (raiyratiyiansles) pelinggature
a'aﬁth%%(ﬁf\fe allzlg UEL RIS SN efl?el éd¥101.1(ﬂ' Ebﬂ %a[% Jlg‘bel?é%uﬁgﬁlﬁc‘fm m}lltlphase
energy of one species to cause ow of another. I'n
opemAdn ftow friohethp de&ﬂml&a&mengy 20)1 totdail nmatddvreadtioqwighel 301.

d | ' .
TROIREL v ehocT et ek o e e Kro LB g dpiireams
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he m xture is"then converted back t0 an internedi ate
p bewu net lahitet topesgilng syrpas ug¢y013i:dc$rtefaf1u1msmbl}£@hm¢anmng various

can al so bal an essy s and aid in overall
naBpiRS er A CPpbirare ol bART e M <1 he

eqoraRe] IS UReddi@oceuonay bk RewpIRLe i aly At@@aﬂﬁe pEde8ss described
devol atilization unit 201 and entering the reformer

' deieie SUGO tkl%tﬁ@mvalsofeedh@tcmsolzf@@mﬁmum srr@ns g ag eductor
56 %{ B¢ d%%?%h%‘%ﬁﬁngt%f %?(yg | A0, P W&’é S}’T%ag (stu%fé Gl &{ucko% 900 in

eam an r ox I ntroduce

r M@rﬂerEdmetac 500 ca:%Da:lso bOREA Y afynothciiapparat8d0r Whizh af @ductor is
be used in particular enbodi nents is depicted in FIG
6 desifsblonsycd as B ppPARS MHAVIHEMONS oF HPTsglectippicn it Breaushwihin the

Plga!rﬁ’usﬁdegﬂb% ally solids and (if present) gases

r as stream 601, which can be referred to as the
m[)ﬂ()l\Zé] phas &xeinplasppmethedbadi appatasys fadpioducnghklcebge frohssyngas
adde reans. 610, which callectively can be )

r éfeecﬁﬁfé%ﬁeaé@iem SRR JEHBIgs ﬂ%eﬁ%ngetb@fig 8 fIN3Faus: pyfgas is
e@b’tﬁfyﬁgaﬂ éHn@ert&f tolEh G & LTirsH Fda¥Bod &dﬁ' and[t@gageg]syﬂ-é?l@ from
eductor 600 in FIG 6 is characterized by a first

c thesferssreattionrrahe &rthen Mﬂyacmﬂlya;oswmddo e&lﬁmll e second reaction

ar e R rsels b6\ Tk Bl Bk fPbR uife BT GRm 100

PithodWBdeintcd fifs@Fdnaiod 105 Bempraies 4 kst Y@kA61 £ohel MO €BRRS more

through the smaller area 150, and then returns to a

| egtelysizen erarctign zone 110 convert at least a portion of syngas feedstream 100 to
methanol to provide an intermediate product stream 115 comprising at least a portion
of the residual (unreacted) syngas from feedstream 100, methanol, and, in some
variations, higher alcohols and/or other reaction products.
[00128] At least a portion of intermediate product stream 115 is introduced into
a second reactor 120 comprising a second reaction zone 125. One or more catalysts in
reaction zone 125 convert at least a portion of syngas from intermediate product
stream 115 and/or at least a portion of methanol from intermediate product stream 115
to provide a product stream 130 comprising ethanol and, in some variations,
methanol, higher alcohols, other reaction products, and/or unreacted syngas from

intermediate product stream 115.
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downstream of the area reduction, according to a
nmonment um bal ance. Stream 190 exits the eductor 600.

WO 0D2A1Y38Et r eans 610 are shown in FIG 6 to enPEr/US100&6069070
angl e denoted 620. This angle can be any angle but in
sonme enbodi ments is greater than about O degrees and
| ess than about 90 degrees. An angle of 0 degrees
produces co-incident flow of the suction quid and the

' phase, while an an uces
oy UBBLP cot Sl elmRBRER Bt Bap Rar BT RS et
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odi ment s e ang e |s .about any of 30, 35, 40, or

th
4 “G’é%%lé‘glﬂ"[n@ml PIPESINSE 6 shows two streams 610
end@anoNg t hgyﬁ%&é%é&strgglq ,10%{&?%%%&%&@{&@ shftible manner

i ncl ude 1, nmore | ocati ons wheré
_s koowo o éﬂqnfd)rélnme'rskllt imeh@dnn ooy arﬁomltalﬂy feesistoelantn 1"

AT oS Rath o ten R iy FE pried ey B Endfofta prior
elﬂd bdifS irftdduddd infacEMe Bt Fok 26mpY, daﬂ%nscﬁd%ﬁd@rﬂ)@h&ne toluene,
Alternatively, different angles nay be used. [OO 3]

Actot binagne 8y snbb dilfevomperndshecilse g@tﬁpr pthetaimpupitics or potential
St %tg%':sn Vpo%'bn% bo% rgﬁlovee(féém%y . Eée%g raatm ﬁﬁ](? b conventlot%al

ture exi Izatl on unl

Z%tho‘ﬂ%kﬁam@dnd:@br&mh@rskﬂhfn teelwgt or 600 by nmeans of
a _singl e-screw (auger) conveyer, a tw n-screw devi ce,
ol0HyThny ofhemeeasionssyrEmcwstcanh0beorarescs Hzgpd £0 at an

Ofyy, 7 G &o 1%}4% h?é“@et@béfn a Hl{so §’{f6’9158u f0 FRRMPAD about 1.5, or

oxygen to In y means of streans O can be the
ambantl % ﬂo&lboutsz Ole¥Fhe He/Goratibhe festl et laﬂ(bcram mgpoaredv/agiations,
ovvns ream of th

qé tsété ?YIFL‘ia{%aft ' A e@@%@f PO g 40T OF digppeforted Hy/CO
anyth-sultPGE2dibnd ﬁ‘lagqgﬁetnki% tﬁé’c&%ﬁ%t%g chERSE AN BintrRadtdler05 as

process, streams 610 al so can enhance m Xi ng
efwfellais @nctlye operdting cohditieds) cCorscGdfly sio spmatvasgmse@e @mductlon

e Bt AR iyt et S0 irBary/ R & Baguee

beinigayagvihf @Hzld‘@ r&R) wWihifatefidcadesRed ®F dphighikd) fét dxadiple,

601 1s characterized b
production of methanol, ethanol, or both methanol and ethanol.
[00132] Syngas feedstream 100 may optionally be pressurized and/or heated by
compressors and heaters (not shown) prior to entering reactor 105. In some
variations, syngas feedstream 100 enters reactor 105 at a temperature of about 300°F
to about 600°F and at a pressure of about 500 psig to about 2500 psig.
[00133] Reactor 105 may be any type of catalytic reactor suitable for the
conversion of syngas to methanol, alcohol mixtures comprising methanol, higher
alcohols, and/or other products. Reactor 105 may be any suitable fixed-bed reactor,
for example. In some variations, reactor 105 comprises tubes filled with one or more
catalysts. Syngas passing through the tubes undergoes catalyzed reactions to form

methanol and, in some variations, higher alcohols or other products. In some
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| am nar flow or plug flow, the suction fluid from 610
is thought to cause an onset of turbulent flow w thin

wo b@owoariss or 600. Tur bul ence is known to enhanP€T/mB200810659070
andcan al so hel p break apart the solids and reduce
particle size. The exact nature of this onset of
turbul ence is generally a function of the velocity and
pressure of streanms 601 and 610, the areas 640 and
ooy REBE Pou b R e M o PR ks Bl ofcactor 08
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fEQMb&Mﬁgas are dlsclosed her ei n. In some vari ations

of these nethods and apparatu ngas i s
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r 88310 (RGN éa%ﬁbﬁj é:{}e 1513()”9 rrhd I étb%ugﬂ dithm 115 output

réaction zone I's then caf yt |ca y converte
etfﬂmanmhetbnl% me;z oordprigaot soore wogonsReb@rt Shng atbOuthi(I% methanol,

7, for iIn_one variation S f eedst .
1BbPYTS T aah%% cthapgl. ab(rrt? ttoraea%tt%ﬁfg £8s ﬁ P& a?@ut 25%
aH,! fkftaboBeD% 1O BLARPEYIAS,, a@@v%llodrs bRk §aseft # 3R SerhBbdiments,
reaction zone 110 convert at | east a portion of syngas

f egcrsadedeprodocttsoeantih@nbb comppsowinder awré hltgbpnvé@hhatse such as

stre conprising at |east a portion of
tﬁng@sP%@%W)(%ﬁ?%E@ ‘ed) syngas from feedstream 100,
mpadi3ep! . amde HZIC(S P4TR M AfiteMhddRNS 8rddh@Weaﬁ' 198Reh,Sn some
and/ or other reaction Eroducts 0128] At least a

p@ﬁltifittﬂﬁs,cﬁffeichﬂlé yibdipagthansl e@m@thersmrpémﬁ mlrsacrtsr 120. The preferred
J &9 %‘é"tl%dmlsﬂéh a?la%’lgﬁ%ggy d%%& %?1 tﬂ‘ez Qatﬁg SLOL © g’taf:ygts Qsed in reactor

seéond reactiron zo nore
120 as well as on the operating conditions. The H,/CO ratio in intermediate product

stream 115 can differ from that of feedstream 100 as a result of reactions occurring in
reactor 105. In some variations, the H,/CO ratio of intermediate product stream 115
provides a higher ethanol yield in reactor 120 than would the H,/CO ratio of
feedstream 100. In such variations, operation of reactor 105 to produce methanol, for
example, improves the H,/CO ratio of the syngas fed to reactor 120 from the
standpoint of ethanol yield in reactor 120.
[00137] In one example, feedstream 100 comprises syngas with an H,/CO ratio
of about 1.5 to about 2, and the preferred H,/CO ratio for production of ethanol in
231 -



reacti on zone 125 convert at |east a portion of syngas

frominternedi ate product stream 115 and/or at |east a
w@eorioemssof net hanol frominternedi ate product PGT/USZNS/069070
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PGS O By S o pya UGt Eha e {naRdas wbes

S Uhﬂ&?o&%ﬁﬁﬁw&%lyi@tréé&ionﬁﬁ%ﬁﬁ cah§Irant MW eI vaBia®dns, higher
potential catal yst poisons may be renoved from syngas

f alsabelp endrpn abetiyrodunty eWhile pal infeadingde b howwd Ryoaryrmrifular
or,di nar.y- i .0t he t 0] n [ ations
SYRBEE Ve Briu R Bhlume e} b o BRIRHER e ine

I @iidnoc WRMthdi®l,ahy/mkthanslehaeeconbordd drdtll o alhamdl va O,

about 1.0 to about 1.5, or about 1.5 to about 2.0. The
HRpmoJoaloeRe e aker e metimmobmay b gonssred (oxethanol by ether

a . i t e i o
SRRk S LRI 190 NN AP E G BRSHELS: dfhboussore
v & atatut 80GSFrmy athepesudesad abine 508 tpaigyts hbaut 2660 asigst s

u in reactor 105 as well as_on the_operating .
ci‘ﬁﬂﬁ?fons. AB¥ryigRie AitRYYSt qrsoaibiRation pf %\*{%?1@51‘{% mayhe used in

PrOgdie g b @Rl 2 e8RS URLORALEd, ARG L hin¥NYARas +
feedstream 100°is controll ed to produce syngas having

a mezhalﬁoi noathagomr;dn bnticf&laﬂanﬁ éligiles aicelbls @rlldjpnt cbthti:rmﬁdlfcm.
S EES b BRI K. pOE 3P it B P R DGR Rfgzno,

ey, 240/ AWTR| CHORR @8O ZLH0aNTY/Sr MB@WMBXS Ni/S, Ni/Mo/S,
nPressors and heaters énot shomn%/ rior to enterin
T

(0]
r daEiodMofH RN/ TiSi19pnth/Mn/Si0,, Rh/Ti/Fe/lr/Si0,, Rh/Mn/MCM-41, %u, Zn,
Rh, Ti, Fe, Ir, and mixtures thereof. The addition of basic promoters (e.g. K, Li, Na,

f or exanpl.e
me?rheatnﬁ L ’1s ¢xample,

Rb, Cs, and Fr) may increase the activity and selectivity of some of these catalysts for
ethanol or other C,; alcohols. Basic promoters include alkaline-earth and rare-carth
metals. Non-metallic bases can also serve as effective promoters, in some
embodiments.

[00140] In some embodiments, catalysts for reactor 120 include one or more of
Zn0/Cr;03, Cu/Zn0O, Cu/ZnO/Al,03, CuO/Co0O, CuO/Co0/Al,03, Co/S, Mo/S,
Co/Mo/S, Ni/S, Ni/Mo/S, Ni/Co/Mo/S, Rh/Ti/Si0;, Rh/Mn/Si0;, Rh/Ti/Fe/lr/Si0,,
Rh/Mn/MCM-41, Ni/Mo/S, Ni/Co/Mo/S, and any of the foregoing in combination
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vari ations, syngas feedstream 100 enters reactor 105

at a tenperature of about 3000F to about 6000F and at
w@2ppeeses e of about 500 psig to about 2500 psPQI/US2008/069070

[00133] Reactor 105 nay be any type of catalytic

reactor suitable for the conversion of syngas to

nmet hanol , al cohol m xtures conprising methanol, higher

al cohol s, and/or other products. Reactor 105 may be

an ita ed bed act or or.exanmple. In sone .
et afof Ve L8 55t AR At R Foras PR nctuce
oaﬁe@fmﬁw@s@qﬁ@hy@m Syngas passing through the

t ubes unde:n%oes catal yzed reactions to form et hanol

ah@P14lh sonEreduet Hiceankd0 Qg dionhrcaeabl 20 Way gpmasise, in some
Bg?ﬁﬁ’é{foﬁﬁ abbﬂt %Wﬁ%ﬁ%@%%ﬂ&ﬁa oqaatb%hg{%% t& &%20% M dikin31, about

ets or onbgeneous p ase. Reactor
opes mtaé)putfzﬂ% eanrpbde,0%to dbeup2slatHi asl diouafbud ald@ﬂ(IE% COy,
to ab 7000F and at pr ssures of about 500 ps[ .
aBdut 28861%%%555 fn(fﬁﬁ‘@zﬂm i Paesust gl 1A% %“rcompﬂses one

CePRloRARiLRE lohbRL AlcKSE %rd&b{oltb@ buesgl.i n reactor 105 to
catal yze reacti ons converti ng syngas to nethanol and,

o;{ﬂﬂléahl | y, Reterhnghgyin & Kl§hdl m mnnt/\@rlamrtsemrfpmtﬁdwyn&s n

f’ roTishmES TR D o it e T P ey fPdreiom 135 and
BIY @rdEh rebdtod MEPso f%ﬁ%ﬁ@eas@@o§exd\%’él§  th&Ny TRl of ethanol
/'S, Ni/Co/M/S, Rh, Ti, Fe, any of the

f @ﬁ‘é( gb@thgr d%lr@%n@dh@’é i dtewmiativeloram él‘ildj'ﬁOfV in Wyae variations
ngllegéltgﬁ] Ig{riga? ﬁl C]#r%dlrfgt %{{[? 15130 ﬁs e clelﬁ thﬁ)ug c or '10?%31 a%idlng it to

eases e acC y an IVI

S QyfRza® fechtesen COU. aTheslta@erfa@proablcﬁiasa Ibs unﬁﬁ&blé e WOERE 8f the
i nclude al kaline-earth and rare-earth netal s
NYRLCAEEA YIS Baredudt sticam 430 seopnygated, ff@rcct&awle with sulfur,

p"sﬁmtc%gﬁso{lﬁ]dss %lgggg@%g@?}oeg?ls %Q ]gmk&l ﬁlg no catalysts in

vari ati up to yngas st ream
10é&cios 1608nverted to nethanol in reaction zone 110

O o RS B S BshEOTR MattBCcda D 106 dided to
ahuincate Hﬂ%ﬂﬁé}@%am a9yt oﬁ’lé?v&l@e f"ﬁ%Hﬁce@Qo/ ‘%&tcﬂff“i% to further

about 5% to about 25% CO, about 5% to about
ambredsofbr @8npde, almmtsldﬁ%h@ml and@rdiclr dassredtpmgtucgiaf@s
t t, st
P Ear R s TRl o T ater<ar B 7ot 25 produc

ethaR® 130 & PRATdstr&im P4 aitPlhen E&ga@@lhrwgl 1d2ét6¥ 208t N16thanol
in intermedi ate product stream 115 can, in some
from other sources may be introduced into reactor 120, as well or instead.

[00144] In some variations, one or more catalysts in reactor 105, one or more
catalysts in reactor 120, or one or more catalysts in both reactor 105 and reactor 120
catalyze the conversion of CO, to methanol. Production of methanol in reactor 105,
reactor 120, or in both reactors may be thereby enhanced by consumption of CO,
present in syngas feedstream 100. Consequently, in some variations, CO; is added to
syngas feedstream 100, or the production and/or subsequent conditioning of syngas
feedstream 100 is controlled to produce syngas having a desirable amount of CO,.
Suitable catalysts for converting CO; to methanol may include, in some variations,
one or more of those listed above for use in reactors 105 and 120. Enhanced
production of methanol by consumption of CO, may result, in some variations, in
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variations, affect the yield of ethanol and other
products in reactor 120. The preferred H2/COratio in

W@ e@b/0vsss at i ons may depend on the catal yst orPCT/US2008/069070
catal ysts used in reactor 120 as well as on the
operating conditions. The H2/CO ratio in internedi ate
product stream 115 can differ fromthat of feedstream
100 as a result of reactions occurring in reactor 105.

Icnlgaglggd %rolgi%&}%n]ogsgthan Ay n%:%s{]o%tonf dem %gt}]oo Ito ct%alitoc} an%/or by a

r eaattivp fivRable aﬂyuwmolndoﬁ the H-mmtfoah itige @hgamﬁsﬁﬂlﬁamuced to
100. In_such variations, operation of reactor 105 to

pFoeeEd20et hanol , for exanple, inproves the H2/ CO

f th f
(FUSE! ¢ MRCRURRRGL SIFke 6L dhe ) S ioR3 frgm those
odescetvadrpbve phrieeddsy beas dﬂ)ﬂsncgiﬁmaicts)e 208 yorgpussiig & firdmcaction
H2/ CO, rat|o of apout . 1. 8 @bout 2, and the péeferr%g
f8Y 0 feegdstream

HEPRSF I3and G segen F%‘&l?é‘tziOB rathan ) WO FACIRES o PYRESS
algy'ts ihtrodRRH &lth Pdst Qéacﬁ@fi‘%&r 2050RhER JRE RF Hioke E@ME}QE @bnvert at

in this exanple, depletes n the syngas whi
dé&asteeamom hesyHZACOed stitchim 110|ﬂ to ntedramebiogirevige mﬂfuotedlate product
e closer to,1 and thus

© HEEEE W Gerhraink ¥ HorGnBetm 4507 v ek Sipey Bom eodstream

enpedhéBiod and, iR s&aé dhr¥atfons, highcdlcSREK ahdIBt dtBer reaction
catalyst [00138] React or 120 may be any type of

c ataddugts). cAt ksag eaortian afdnlcemediate prastugbineemst 18ris afroduced into
e%%c%%a ané’# a&ol 8102 ﬁ\ar% n? B %1%%}9&513@ é]t{]v%ﬂ at lc ?t a portion of

Rhor opt I 'ohal ol’s

okhgfas loadinedrmediBRagbICt QIZ&HHB},/S DRl/@ny 1St 4 Iﬁﬁh@n of methanol
fi xed-bed reactor, for exanP In some vari ations,

r &t wiermpdiatearpics sscamy hExs torform gepdiet Hircariel rcopprising cthanol
llﬂ §6 ¢ V@[ﬂﬂ)?é H!ufo'i ABholk; ao?ﬁérqgacttlgﬁ gpcg%lrc%ihﬁld /or

tu es un ergoes su ace ‘catal yzed reactions t
emhanabdaﬁqmsﬁnnsmufmwaamqﬂwhmsymhnghéi al cohol s

a or ot her, products. Wile not _int d|n t o be bound.
bE‘g I par t Regft Q2036 fe amt typg Ot)%'égﬁﬂatﬂ B PRI Fomprising

t If't% of Hl%ré%ﬁ&ﬁﬁcﬂon@@yqp&amééc@& 200 2% 82SmARo the operation
thence to ethanol, the nethanol may be converted

diof settoys 105 AR clkswvibad abdvendh paaicilen in eeroe vaommtions, the

an d/ r. the, met hanol nm C rt to et han b

o HAR HURRL SIS T 2P 150 YR e Bl s or e
EXENbL zoRk atciP @a[rﬂé W @Ssiraflarab ohtse wo%gédﬁw@l Otthct®H0Rnes 110
and at pressures of about 500 psig to about 500 psi

[ 80d 320} dgsayibed aboxpl Ehe eqrapgpionsof @tS@i‘medéittq pidugt stream 115 and
gt‘o%][uth gttséallﬁ%ﬂ%%w i Qorﬁé’] va'fr%%hé’ rbﬁ %‘l?e aht% a% 3} gmylfa? to thosc for the

I ons conver
variations described above Wlth rcspcct to FIG. 7. Syngas n product strearn 130 may

be recycled through reaction zone 810 or added to feedstream 100. CO, may be
added to syngas feedstream 100, or the production and/or subsequent conditioning of
syngas feedstream 100 may be controlled to produce syngas having a desirable
amount of CO; for enhanced methanol production. A methanol feedstream (not
shown) may be introduced to reaction zone 810 to further increase, for example, the
yield of ethanol and/or other desired products. This methanol feedstream may be, for

example, separated from product stream 130.
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met hanol to ethanol and, optionally, to higher

al cohol s and/or other products. Suitable catal ysts may
WO p@boasss but are not |imted to, alkali/ZnQ Qp@LUS2008/069070

Cu/ ZnO, Cu/ ZnO Al 203, Cud CoO, Cud Cod Al 2@8, Co!/ S,

Mo/S, Co/Mb/S, Ni/S, N/M/S N/Co/M/S Rh/TilS Q2

Rh/ Wn/Si @2, Rh/Ti/Fellr/Si 2, Rh/Wn/ MM 41, Cu, Zn,

Rh, Ti, Fe, Ir, and m xtures thereof The addi ti on of

b r ono
RGBT SFlerdolye Riarhaneler(itny BrodR Rt Bipnibacer
C ahigdtiont shd [@y/Cotaandl in@rmedibRrprédiuct éklr&(ﬁh ol 5cana@febﬁthe yield of
pronoters include al kaline-earth and rare-earth

nﬁthan% anfiehcprosdurts dn pasiden rong 8105 & sume earggions, ekl (O ratio
gﬁgn@&ﬁ{e&até &oﬁ@é{@trga{m Q?S Hﬁfgfssfro&lqg%g)glfl ngtrecag;mﬂ and r0V1des a

odi nent's,” cat al ysts reactor one
mhigheoéthainy( Yl @ D3cadiohZoay 8 Tuthdn @obl 268 H, QD o f feedstrearn

203, .Co/S, M/ S, Co/lM/S N/S, N )
ﬁﬂ&ocf%v@%w%mﬁ/w@ toRyef Mivihgnedn r?ﬂlﬁlﬂl /Z@%/ %‘y/’ ssqrééample
RV MoA MM 4L/ C DAt Rhe Nrlo&OfR %acﬁ&gz&{é}smfﬁr&n@ fhe standpoint

foregoi ng in conbinati onW|th Mh and/or V. Again, any
obf tthewd yodd al rgatter B2 (but do not necessarily)

[ one nor e basj onoters. [00141]. Pr C

LT 1 56 ° BB TRt Fowit PR S04 Shctad e aitiotih iicfrom those
s@BRrived Wathir@pset t8P0G! 7 B%hhiOat RRQGU }J&Q% h{wl\@hbstﬁhﬁuy all) of
10% t o about 90% et hanol, about 0% to about 25% CO

aﬂametb%qlén itesoned pEupreguct stichra bblis dostted iato@umethswl product
pr o ?ﬂ(y\ﬁllrl&‘ 6{[3%%_&‘31%&8%0%%3%% roductss?fgﬁrélelg?qgt qg&{t]osr]]%ﬂ Methanol

ahrﬁﬁﬂ@d{la str8atf B()ﬂ%arpb@@@ﬁﬁltedwndthﬁﬁ@ by c{)@&hﬂaﬂal methods, for
Referrlng ainto FIG 7, in sone variation
ufkEaR! §8ﬁ§a§1 samepigherstvasptiensthe Hy GQsragig @5 pg¢rapdiate

@C W Ptr sgl% o 1§tc1;ﬁé&‘§“ﬁ%§9th59 f f‘éé&&r%&ﬁ%h raﬁ&‘ﬁt s &y her cthanol

rotgh react or %0 to further rease,
eyaipinacadtinel 20 tehrdwotldehd HOIO eunid/od feodstheum s i Hedte, the

duct I ddi t
pra?qdﬁ?ﬁ@h%ﬁ' faﬁg%f?gﬂllé\é%%%‘;ﬁ é‘g‘émﬁﬁ a@ a@'&%'@?lrf%w Soére@baﬁoé
I 8fak6sh ﬁ%w&hm&%&& oﬁﬁés@varﬁ@igh@g it to syngas

feedstream 100. The latter approach may be unsuitabl e,
heddel , if In mwmmn@meﬁyn@asprqdumdmmh seldémmfirgaeactor

c B E A fa el SFR FratubrafEelotapeftinalbig 1. for

mek4iaple] inGamahiSitfons A s REHBEdsEEm 100 is catalytically converted to
methanol in a first reactor 105 at a yield (mole conversion of CO to methanol) of, for
example, at least 50%, 75%, 85%, 95%, or higher, subject to equilibrium constraints.
High methanol yields may be facilitated, for example, by separating out some or
substantially all of the non-methanol components in intermediate product stream 115
as a stream 500 that is recycled through reactor 105.
[00150] An unrecycled portion of intermediate product stream 1185, rich in
methanol, is (optionally) mixed with another syngas feedstream 510 to provide
feedstream 515 which is introduced into reactor 120. At least a portion of the
methanol and (optionally) syngas introduced into reactor 120 are catalytically
converted to provide a product stream 130 comprising ethanol and, in some
variations, methanol, higher alcohol, other reaction products, and/or unreacted syngas
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[00143] Also, in sonme variations a nethanol feedstream

140 is added to internedi ate product stream 115 or
wordvenoisse i ntroduced to reactor 120 to furt hePCT/US2008/069070

i ncrease, for exanple, the yield of ethanol and/or

ot her desired products. For exanple, nethanol in

product stream 130 nmay be separated (not shown) from

product stream 130 to form feedstream 140 and t hen

recycled thr h.reactor .120. NMethanaol from other .

PSR mS 1f SO it o MRIRAS b b R g 130 i

| Asdyerd thibO@ildddtol R EOBedatiatl3sAsd/oPRLyElEd 6 @h reactor 105.

catal ysts in reactor 105, one or nore catalysts In |

r SAEOBY corppPNCRis ob REOAYEt stispR 1SHmaay ke seppidted otk adQicugiicd as

1 : ]ﬁg%t atal yze the conversion of CO2 to

nggﬁgﬁg?E rb@%gtldwgbf met hanol in reactor 105,

r ¢@0diSer 120 In esmé varbdibhs, tieacitio g neehanbletot@ iredb feedstream may be

enhanced. by consunpti.on of present. i n syngas

f SR AR HOR1C. D RE R TS b x%k i Tl parickn s In gezpe

| SrdddietnlO 1R RGRSE he@gsd/@sm A8Qor P50 & MerRIAAYSHE 00340 about

and/ or subsequent conditioning of syngas feedstream
100@. ils pedivutapEinbddinwnfyy thdueteo symethandVA\d mgreactdebl(iakbbeut 1.0.

a of . Suitable catal ysts for.converting CO2,.
£ ERHERh oo Ayt iy St datbRyap PLERTHES s degitd in
MRt 105 N 9giRabld Sdtadsta RV Eack 1089yl iAcll @A BUPES ndPBmaBdlto, the
120. Enhanced Productl on of nmethandl by consunption of

1

coethrag! easadyists listpdhakoywe Sitatards, iaoy suitableeqaitedyid @t combination of
Li f [ [t
o NS S S L TN B P LB Rl

t bet l2h6Qimatd ©, iR ditobytdass Bite@abovient r oduced to
react or 120. [00145] Referri n% nowto FIG 8, sone .
al9U53ht | ve THECPBPPBYIRN of fofadysty ngRsaters 85 ged £2(. e geaction zones

ahoy Sn&’iisﬂaaﬁ ‘Pé’ sift¥1al 8166\%5 tRe Sing! Tgegé%gﬁet dt8 fa 408 ca‘glyst” and

conprising a first reaction zone a secon

r ésecond catzlgsté 18ddhjuatibe withhaactionzoneas b oefsrenSytoghfferent
fggdstrean11 O is introduced into fi eaFtion zone
2

t
Sl EPET e B oRBYET B A YRS @ BHEFETY CHA RSO ions.

Pegdisa of sy Uﬁﬁﬁioﬁ?@ﬂﬁyr TR ot Od B reih Phat use a first
provide internedi ate product stream 115 (conprising at

| ecestiomz@uranderscofndithectionzens ttewingyah gerpas stogam is introduced into
feedstream 100, nethanal and,,in sone variations

nPEahe B Tketan K 0 % S beRen b ke Bf fdgpendent

| efddudtidPsttsyafasahtol bdtiehREREaEL tBh Q8MEindSthE Sadhd 2actién zone.
i ntroduced i nto second reaction zone 810, where one or

mbi eoreembgdimenisothy syngaats freraen catepu seuwee. ol sepggarbodiments,
"R BOLSE ] AL AHOIAbASHEEAN R A TR Rid ERShed from
a first reaction zone or a second reaction zone).

[00155] In some embodiments of any of the methods described herein, syngas
from any source is added to the first reaction zone and/or the second reaction zone. In
some embodiments of any of the methods described herein, methanol from any source
is added to the second reaction zone.

[00156] Certain embodiments employ a plurality of physical reactors in one or
both of the reaction zones. For example, the first zone could consist of two reactors,
followed by a single reactor as the second zone. Or, in another example, the first zone

could be one reactor followed by two reactors in the second zone. In general, any
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frominternedi ate product stream 115 to form product

stream 130 conprising ethanol and, in sone variations,
woreabamsBs hi gher al cohol s, other reaction proRPCTUS2008/069070

and /or unreacted syngas frominternedi ate product

stream 115. [00146] Reactor 200 may be any type of

suitable catalytic reactor conprising two or nore

reacti on zones. Operation of reactor 200 may be

S e RS LN BRI BB S B phvsica

t hecoag. al ysts used in reactions zones 205 and 810 and

t he oger ating conditiogns for the reaction zones are

t K01Sdhe as pponss enbegdimentsof aaseof he methogls desariped herein, reaction
r eELditiQR SONER téﬁ'lﬁerer ?Tee %%%rgs%ﬁl%g gpe%dfofe‘ﬁl%\égnve}%]gn g% syngas to

conposli tions of { te pr uct stream
p hatheodl, shia @aneriidd offayngas andonmcthandlad ethasel, bretht hemologation

sa S or S|mlart t hose evrlatlo
deseriged EsREo by éaé%ee?:sttL pesibed in gg,shg,r‘;lﬁsi Ratent Nos.

Puadych4Si, n%%@%%m%m%%l@n@@@@bz 9??‘04 23‘?5%66 and
zone 810 or addéd’to’ feedstream 100, CO may be ad

t 4,19y dgas Iff deeuisd, oeankillodin the attigen pdjoﬁtucaqtlon camtiﬁ@trs usmg

b t di t f dst 0
p e T i A e e
angsg) of CBidoro ﬁﬁh@@ﬁ@t@ef@&h@wlm ﬁfo@@&&&ﬂ #an above, of a

met hanol f eedstream (not shown) be introduced to
r QEQSE$soR vioelesyBees s sathitichldy canv@ﬁ wanethgrol etmﬁrrﬂt gcactor, and
Tﬁqetﬁ/angl eﬁndo Ife§181f1 Séars Zlg)gr{ ﬁlr f(%%‘[re}ggcftogrra Eoenqzeﬁ cfflanol na

segnatedtdrr R@fdﬂﬁ@gihl@\ir tSFI@an a&aglea%dddgeanm tevlty to
the two-reactor varijations, in sone of the
s rmr@cma&pmpr%wrﬂ&ﬁceﬁ@rqsw smga@cﬁeffdatrp%ﬂ B0 to about 1500 psig

?ﬁ dirat § t deﬂﬁlte osftaf) Mh3dy Cs?ﬂga@sfﬂrgt?etatetr %0y %hg?iter 410 is

noI produ cts in ction zone
S ars’eeli/atd tabe hm extHaegdd2h{EOsesadt¢am af ar mtlmimssblmctee
t hat of feedstream 100

15 diff f
pi‘gﬂq%%vishé e Séjli*&f’:s hH rﬁ%ﬁblgfgg?‘r‘aé?fd“f’ﬁs @A 4 5 OF Frgetor guard
S%stt AN 490 UG Hartl @%dé’@(p@zS 8dd le &fnﬁéﬁféqsiﬁ b @aharf: Ichdllag

such variations, production of anol in reaction
z erren0Eent bmar@mn@ bech thatprtbeazdtdar beiRyEGsedat The oping he

f 81 t t
YRR e R BF ST ie whiS B i & BHRE RBho it or
Fhé&ivalad. S@ﬁ@n@hﬁcﬁﬂ&b@&zhﬁf@ Makitiadol @9% rhlixEd Bfrdrﬁ%@fﬁddhﬁﬁr@gen line
described with respect to FIG In that at Teast a

DN A )s Siear becs ISt 4K Temion gt ¢yarec LB RaTSG gt mey

| BDRLIB AR B BAURLSUT SR dBodioflL G0 E e poisons
are removed by adsorption over copper, copper chromite, nickel, cobalt, or
molybdenum. These and other metals can be supported on high-surface-arca
refractory inorganic oxide materials such as alumina, silica, silica/alumina, clays, or
kieselguhr. One exemplary material is copper on alumina.
[00160] Exit gases 430 from guard beds 420, 425 are sent to an alcohol reactor
cross exchanger 435 at about 350°F and are heated to about 480°F during heat
exchange with crude alcohol exit gases 470 from second alcohol reactor 460.
[00161] Syngas at about 1500 psig and about 480°F enters a first alcohol
synthesis reactor 440, where at least a portion of the syngas undergoes a surface-
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stream 300 prior to the introduction of product stream
115 into reactor 120. Methanol in product stream 300

w@e amv9be9ssepar at ed and purified by conventi onal PAEURIIGS069070
for exanple. As above, in sonme of these variations the
H2/ CO ratio of internediate product stream 115 differs
fromthat of feedstream 100 and provi des a higher
et hanol yield in reactor 120 than would the Hz2/ CO
ratip _of feedstream 100, t he production of
oS e REPSheRBP o3l Euah BB e sftigr vossel 1n
ethras ohriPioadubé taslystin F@amr d40 ILOCITnEPEma a dab@@e Methanol is
variations.f[00149 In some variations nethanol is

pEBRRGESdo Re formpd Wi tedeaction GQ + 3H:2 reddi:6 aligpome variations

S r ' cond reactor.

Re gﬁﬁyﬁgg geEﬁﬁ%ﬁi%sgﬁg?y?&%ﬁ%ﬁ%ﬁbﬁﬁﬁggﬁé vari ati ons

a[@edps fe®dsiucegred 48D licsvocdt oy tyntladsisyreammomdiltaed térperature
n afirst regctor 105 at

h I i i el |
COhAaRe AN gfid epser elcntting PSS EpctoF &0’ 'e%%_ ﬁgﬁ pethanol
| e@Stm 26% fe.d DY ncBrnbl el Qfcah SPShicd THP 8%He hiRohol stream 470)

equilibrium constraints. H gh nePhanoI yi el ds may be
f acinlxetl atithathe prorduetxgasgd 450 foym seyotor 40 agd elye igmdecak to reactor

tantially all of th - et | ts.i .
> P Rt B dssttned ttrou b0 T G el FIRRAGEH ol o 40%
| $ndl @Al @Gioh BEAYSNMEBARSIRntcHAR redc@? 80] An unrecycl ed
portion of internediate product stream 115, rich in

PréQ(Héﬁbl , 1 $r¢daprleadehptrepm ?ﬂ&@dtsmﬁchréﬁ@@hétenwr@a@ of about
t 510 ' ich, |
593 IR B! RSP EAR BSOSy 4y

oduced i ntoreac a por

medngeiatliresTAbO@ BB O ab sk DS rdcot Er9dug @thek Bécling steps (not
reactor 120 are catalytically converted to provide a

peRIdicost sradnilealivl stpain 49 ipbothEMBF- and, in sone

vakdiahi ons, ' I j

oFOfe] o, EFOR At B4R PAERRD and B BRER|2F crude

| nlcobmtestreani4d0 incryshe saparet@d thed (aiogaldy )iparificd tyoasing theeaethods
130 i. cycl ed through reacto 20 as feedstream 135
agesped E@’%@i Oédlsmrceaw@%%&%@oc%d@t Npaphusyngas recovered from
CORPANENY $1afhe PEQERE thioh SIEARdRDrIBY nfi€ing SRARLREa O dstream
and/or purified as descri bed above,” for éxanpl €.

[ 800,50t campdoe vari ations, the ratio of nmethanol to

' f eedst r eam . be, adj ust ed, for, .exapple,  t
oD £ e yif S B e ianahteh R B8 SRS I mogsPypeeam 130
eghesideenrbol strb@n 4abh b9 Rt dRhp ﬂibgdrémt ktiedin® 830 &t crddOalcohol
i s between about 0.5 to about 2. In particular

erisesan ABhtosnrodime andnteemestiataprasa pndthen distilling the intargediate

| %ro%%gtut% p%OcQIce a purified ethanol product. In some embodiments, the product
stream 130 or crude alcohol stream 470 comprises or consists of ethanol, methanol,
propanol, butanol, and water. In some embodiments, product stream 130 or crude
alcohol stream 470 includes one or more of the following alcohols: 1-propanol, 2-
propanol, 1-butanol, 2-butanol, #-butanol, pentanols, hexanols, heptanols, and
octanols, and/or higher alcohols. In some embodiments, product stream 130 or crude
alcohol stream 470 includes one or more aldehydes, ketones, and/or organic acids
(such as formaldehyde, acetaldehyde, acetic acid, and the like).
[00166] In particular embodiments, the drying step reduces the amount of water
in the product stream 130 or crude alcohol stream 470 by at least about 75%, 95%, or
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[00152] Any suitable catal yst or conbi nation of
catal ysts nmay be used in reactor 105. Suitable
wae a10al0ys8s f or reactor 105 may include, but arBCTUB2008/069070
limted to, the nethanol catalysts |isted above.
Simlarly, any suitable catal yst or conbination of
catal ysts nmay be used in reactor 120. Suitable
catalysts for reactor 120 nay i ncl ude, but are not
l[ Iﬁrg)]{t%gﬁj cular ngogoparx:l’]egnrt]s oaet a?rn nltt f {he a(:f‘er 1% geg% glrag oy 6%11211 to

aabout 3% opprefeeaﬁjz hisgut z@%Sfﬂq& Qntam@bdlﬁéprdaa& ewsighi | ar
or even the sane. Reference to a "first catalyst” and

" $UHEAY cat &r ype eppodigslisn@e doAnawten ivehies pewingdheproduct

i Stréanh ﬁ@{)reprﬁ&e | Oﬁyl s‘frga[n? B0 9&?@ Caallnewa%F ' s%l:ﬁ’ as Aite
necessarily a rererence to ent cata

C anpdsard, 0ﬂ'$lr01[g@@)315 4} nlone matdcalat gingesab pmﬂpc@ﬁn ti@mediate

met hods descri be ein that use_a first.reaction
7 BFRstugh %Vg%%wg I.Sté@ cthogsean brass tptqlsaﬁl @9 HYjgigediate

Sbfcﬁfﬁ@ﬂ 15 sbitt cRiHaREntN IR RQiRHLR @or{dltrl@ﬁs a?@ﬁdéﬁét@dhﬁ §andard

and the second reaction zone, such as the independen
i meotlodls bsedronghe sqmgas andforepusidy hf thelistilled pradeeidicimgproduced to

one and the. se t on zone. |ln sone . )
P i FES RG] TG aRf GRMG L voR Sbadimputs, cthagol is
S BBy BA RSl T8N B, abbikeI95Y N GAshel furific@ BtHARY] RbdidR8y weight.
nmet hods descri bed herein (such as residual syngas from

a (901681 r eadn bune gbediments of dheoneentioacericon maya@yrameters are

g%e?c?% %Bﬁog%e% OSH;%?Z%I e E%nera‘%{onao@ég?ﬁ?s %p govggstt%gl% &)r?ducts (such

yngas

t agethhiicl}. Fcﬁab&ampla lek& ram/p@farﬁdﬁas sachnsljigarduring the
zone. I.n sonme enbodi nents of any of the nethods
d serverenoteiest matersd rayyoras rlgwpmsymbedingats. 8 fecdapaferd is

&In%?t%@ W?Jn%@?clitlétn%] o%eosréﬁof &o%g?tﬁ)@s S theH Re SRR dg%?tﬁd for

enpl oy a pl'ura physical reactors in one or
othd damertg@acdfi foed mateeisl, oFamotieocaynl «, fedsdmaatferla]s tindoomelifferent set

couyld consist of two reactors, follo a.single
- Bheqnsgiions ¢ apioue Hieprodiicaion of SYNiEAS: ﬁtﬁ &S@B&%{Wﬁf}@?thods can
t e uﬁéd%theﬁaoc[b%erﬁ% WhilR PGt @l Uy E&l h&»@cﬂvé%y tﬁéM’ In
reactors in the second zone. In general, any"zone" or
" gemrtli eqonpomes widahctate mlnfasethecaoﬁ pﬁpltopcﬂs p@fanmms t wo,

LB ERp o TR fo RS b 2 o SRR DU R Fres e

I Q@6dd: OypeCATEd hoBSal( Sathipbsafont TTRRT BhteFifl, ANBuRIOESLWIR)
used for the conversion of syngas to net hanol , the

c dvatier(boin vaficks gxipes insfdcdranmmhafstan.doeatioatsdin which steam is
gdela?{:g{’ ot %g(yé)&]l to steam, temperature profile, pressure profile, type of catalyst,

composition of catalyst, catalyst concentration profile, location(s) in which catalyst is
added, catalyst activity, average residence time, and residence-time distribution.
Initial values or ranges for any of these input parameters can be selected based on the
values described herein.

[00170] In some embodiments, the variation in one or more of these parameters
improves one or more of the following: yield of the syngas; rate of conversion to the
syngas; ratio of H,/CO in the syngas at one or more points; average and/or dynamic
concentration profiles of CO, H,, O,, CO,, H,O; output catalyst composition; overall
and/or unit-specific energy balance; overall and/or unit-specific mass balance;
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of methanol to ethanol, are the sane as those
described in any of U S. Patent Nos. 4,371, 724;
W@ 2e024088%1; 4, 374, 285; 4,409, 405; 4,277, 634; 4pCBHBSH8Y069070
4,233,466; and 4,171,46 1. If desired, one skilled in
the art can adjust reaction conditions using standard
nmet hods to i nprove the production of nethanol and/or
et hanol . [00158] FIG 10 shows another exanple, in

mare detail fhan above. of a Q S in which syng
Soiath Ghpubi e BEREE Bl BethEE TR MHaAERh REATS atcohols

I €agt More pditcut@iy)2thoBNstod @S selvalvilyy sgas dffpesddckien of one or
first reactor are converted to ethanol in a second

r 8¥EE BeSICREPBPPYHG- now to FIG 10, a single two-stage

[ Fygool e I I [ ha4 r

Pt A B e R R e B R B plc
atmbotiengperdithy mvedticmbxadtnod dbkitihg csymgasreput@pbeahew the

410. Preheater 410 is shel | and tube heat exchanger .

t FRfeieRe? eéa\ﬁiﬁlégoomnaaf%apif’y_ e @ebm{?@s&ts gpat daapcerovide
S¥NReheAlautes amd Q&\%‘ﬂﬁ%&@get fhth heSein Sly BeutRizS@twifout departing
react or guard beds 420, 425. Guard beds 420, 425 can

b érooothE ispimt edd saepa op therpagrent inbedicnl dlisanventige meaot pdates routine

are piped such.that.ei.ther bed can be bypassed.. The .
PR ¥ DGR eRE i DN U & g SRS S8Fypgpherein. Such
WhiddefidafienPirieariaokedrd BorfsRRedeh Mo QAR tIRGEbYESMAHe invention
Regeneration/activation is initiated by a m xed

hylefeagery thadlapmns.r ogen 1ine (not shown). Guard beds

4 Ore f X I furs a t ha
ni@)lgg son 1%6?% C aOr(]ig I?(gg[?]gﬁ (%/eééjrlél;eldl an 0\87% %éiﬁ%{eaéeﬁam%vgnts
egbaghing i Srtain@de, thdee ef erdinakyskill poihs ansvidlrecdeaim \ied the
by adsorption over copper, copper. chromte, nickel,.
cOBering oppertih ippremayPe MREHedand it iueh medigraicngarpe

S H&g&%&%g with tFé %}iaséi]‘%lﬁi Qf:tﬁla HRASET A@&hf}ﬁéﬂf, OQL9R8f the steps may
oxi de materials such as alumna, silica,

s bk ipcddmbadrioneyrraitlgys a perallkl peedsg uhen p&3sele e nqallas performed
material is copper on alum na. [00160] Exit gases 430

f PeeBlEbd beds 420, 425 are sent to an al coho

FeRAYY] CT O9RcRIGRADIR cddr Rk tRPOME vARAMRs YR ehAhGention, which
heated to about 4800F during heat exchange w th crude
akeomthindld spigtaefdake digdofuronr speoeht & thehwtentieascfoond in the

460. [,00161 : t, about 150 ' d about. 4800F
RaspEeL i PR IREh BsabRal pEEERsF had WoifiaHtup el
| €A§ praBeiRAhivdn€iBn Shall Sy BY MRS b ETagRCSaifed.
surfacecatal yzed reaction in supported catal yst

tubul ar reactors within the reactor vessel. In sone
variations, the catalyst in reactor 440 is a
Cu/ ZnQO al um na catal yst. Methanol is
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expected to be forned via the reaction CO + 2H CH3CH.
In sone variations nethanol may be forned, as well, by
whyawogssat i on of CO . [00162] Product gases 4POI/USZNE069070
al cohol synthesis reactor 440 at a tenperature of
about 5000F and enter al cohol synthesis reactor 460.
In addition, a nethanol stream 465 (e.g., a nethano
recycl e stream separated from crude al cohol stream
470) is mxed with the prOdﬁﬁkl ses 450 from reactor
440 and al so introduced to reactor 460. Reactions
occurring in reactor 460 include ethanol formation at
about ~a 40% nol ar conversion basis of methano
et ingJaimeddsior 460. [00163] Crude al cohol stream 470
exits reactor 460 at a tenperature of about 65CQ0F and
is cool ed by heat exchange in al cohol reactor cross
exchangemcthdd of formingesyngaataid encfioddoomyirisbRABEsteps of:

hown) (BSKHOIER GRS &FLBRMEOTE DR L AT FgbPRsse nd &

[ QOB asEN 28 otatiBAMANG] i, 2hgST duadl syngas, and ot her
conmponents of crude al cohdl stream 470 nmay be

separ allekpasniog §op paoptabe yd pud sdlidgthakpythugighg hehted reaction
nethogs descri bed herein or using conventional nethods
( NStCSRIRM SY€0tgas recovered from stream 470 may be

recycl @ghetdm & tid rf&fn@a% theYesthed dTdrdetoxMrdhinSMn@atint
feedstrean140é@h?orﬁ%xa 3%165 In som\g’g

e hpiomebeut 0.186 Bachshout 85 futltl@ @@Chm@rﬁmqﬁ@n@m @bexygen to
ﬁgﬁﬁﬂ%33c?%g%£ HQ%T%dﬁﬁg%h stream 470 by first drying

or crude al cohol stream 470 to

produce an internedi ate product, and then distilling
t he |nterned|ate roduct to produce a purified ethano
pPoductThe methagaf MRS Saig ABOPRIGH dice 0xy gifmlepgthan about

grl RQ ¥ Sdfe ﬁb&ﬁfb%etﬁ‘é LR8N Bf Px g%ﬁ% 'cérﬁﬁle%’i% 8&\/\2@15?_&&? gJed

anol anol, propano ut ano
snm&xmﬂbodlnents product stream 130 or crude al coho
stream 470 includes one or nore of the foll ow ng
al cohol s: 1-propanol, 2- propanol, 1-butano

23but angk merkyit (f’f'%@ellm DEHAR? Leﬁd all%ﬁﬁ’t'mlﬁ%e oQ?Qén"’IE‘ ®s§ than about
and octanols, and/or higher alcohols. In sone

e o the nttoghlqrmemju emowntrod any ged0o gpmptetele canbett odid feed material.
stream 470 i ncludes one or nore al dehydes, ket ones,
and/ or organic acids (such as formal dehyde,

aget al dabysehodaseldim Reidrei@Bdd bMBuht dfSeec oxygen is less than about
0.5% of the stoichiometric amount of oxygen to completely combust said feed

material.

5. The method of claim 1, wherein said amount of free oxygen is greater than
about 1% of the stoichiometric amount of oxygen to completely combust said feed

material.

6. The method of claim 5, wherein said amount of free oxygen is between about
2% and about 8% of the stoichiometric amount of oxygen to completely combust said

feed material.

-4] -



[00166] In particular enbodi ments, the drying step
reduces the anount of water in the product stream 130

w@erooon03es al cohol stream 470 by at | east about PGBY2008/069070

95% ornore. In particular enbodi ments, the anount of

the water is less than or equal to about 5% or

pref erably about 0.5% of the internedi ate product by

wei ght. [00167] In sone enbodi nents, the drying step

i gvol v assin he product stream 130 or.crude

7 eohon s RO AP ST SR IR EhA e Bl td B e ppsgonce
mefdddetcagy, t hrough one or nore nol ecul ar sieves to
produce an internediate product. Conventiona

distillation nethods can be used to distill the

I gter m?‘ﬂb %eﬂlogrcgg;yﬁﬁlﬁ lwaelse%& g@&ﬁ' PR & rés@&ti an amount that
distillation conditions are a Justeg u3|n3 Standar d

miy lessdtharbalssd S0 dfhiee goehientesicamdon opunict Yo afmpiléxely convert
distilled product being produced to increase the
poi#iAf§eddpateiistdn srbpR moReXicF A ﬁmrsa%t . I'n some

enbodi nents, ethanol is between about 95%to about

99. 9% of the purified ethanol product by weight.

[ ©0168]Tht metlmmieofetdnmd, meetcsn sefid addedi stpasmitsipossentan@n @mount that

ters ied to.i tin h
BB SR By S i BB PP e Bnver
etdiamQldmatEQ4l t6¥AFBA BonBRide @hd ABghAr aneters can be

adj usted during the conversion of a feed material to
syngas. In sonme enbodi nents, a feed material is

CQpver S [ t of C L4 -
SO O P T BT SR Wy
maddedtilin s4d camohkefitainiefcod nfaged], ik esrdadmounh8fdtean is added

di fferent set of conditigns to inprove the production
oflugng gfaR (2) qindrfha combingd fisy prgrntand yeepnd @gpupofy e tsdess

h @Aaﬁ tgﬁ %‘[rggcn'io%tﬂ@&ﬁ&]nﬁ AF ITRE &S g’orh]&et?éﬁr é&n@@ﬁ sgla}f’%eted(}naterial to

vary t n general, econom Cs ctate

selrboh nmmopide pndbedegpar anet ers. [00169] In sone
enbodi nents, one or nore of the follow ng paraneters
are varied: type of feed material, conposition of feed

Mt eri ghe nARRIANYE PHEmOX %dRRin b Pie@bidNhSf stddm\ ip?é},ent from initial
oxygen i s added, anount of steam | ocation(s) in which

steastuicsn addearbonapiteingfg try grteriab asceend amampef sicam e added
of.il e, e of .catalyst

Cotibe e B RS pbiotd FiypiPhuingGRReBHARppf stoam is greater

Pt thestolcAfoatdn@NiBduritdf WAt o Eahbibst cdnsei@dsl@decd material to
catal yst activi aver age residence tine, and

ty,
ré@ﬁd@ﬁ@@ﬂﬁﬂﬁ@n@¥$¢@g%Ution. Initial val ues or ranges
for any of these input paranmeters can be sel ected
based on the val ues descri bed herein.
12. A method of forming syngas, said method comprising the steps of:

(a) devolatilizing a carbon-containing feed material to form a gas phase and a
solid phase in a devolatilization unit; and

(b) passing said gas phase and said solid phase through a heated reaction
vessel to form syngas,

wherein step (b) is performed in the presence of free oxygen in an amount
between about 0.1% and about 50% of the stoichiometric amount of oxygen to

completely combust the carbon contained in said solid phase produced in step (a).
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[00170] In sonme enbodi nents, the variation in one or
nore of these paraneters inproves one or nore of the

wo oiobovi3ss): yield of the syngas; rate of conveP&I/UR2008069070
the syngas; ratio OH ZCO in the syngas at one or nore
poi nts; average and/or dynam c concentration profiles
of CO H, @2, CO®2, H2O output catal yst conposition;
overal |l and/or unit-specific energy bal ance; overal
and/ or -unit-specifi.c Ss bal ance: econemi ¢ _out put ;
Jie o' SICBIRBENE 7 ShedR AR EPE] AT IS oSt esahan
Cabd12 059 f the stgichiomdttic Pablnt@floaysen, toebmplredly cofb@dtetcarbon
selectivity; or_rate of production of one or nore
déeentpivgd Eoisbimidhasopreduged in siepi®)- det ai | ed
description, reference has been made to nultiple
enbodi nents of the invention and non-limting exanples
r ééat i Ape hethoaveftchemi I3y ehticinsaidambent i et skpea iathds than
practiced. O her enbodi nents that do not provide al

bqitte OPresfy i dlichipneday amewy &L ogugenrty complsity POy thgerarbon

uthhhibedin Yid RAttpHGPROELRE if L@PYAHhe spirit and scope
of the present invention. This Invention incorporates
routi ne experinentation and optim zation of the

hod d t i bed her ei n. h .
B QA PSR Gy o PR S CA BB R UEE A g5 between about
W HH dhdtBBusSBOPef Bk stdighidmEobidintsdxgesh BYcohdpetely combust
clainms. [00172] Were nmet hods and stepS descri bed

abvaarbangioptinedde seidispliéplase srasiwees inistep @h certain
order, those of ordinary skill in the art wl]l

recogni ze that the ordering of certain steps may be

modi f i atlc anthddnatclSmci?, meichi gap (1 RSp@femed irtthe PFcamneeof
with the variations of the invention. Additionally,
c8f@i n of the steps may be perforned concurrently in

a parallel process when possible, as well as perforned
sequentially. [00173] Therefore, to the extent that

t hér e dhe nwarddadfictrim 16f whheir aviaittal enio oftfircetoxggen to steam

within the spjrit of the disclosure or equivalent to
tHQJFQQEH¥¥%H®SFUEW&hWh§¥W%?appended claims, it is the
intent that this patent will cover those variations as
wel |l . The present invention shall only be limted by

what i JhenaEithrelchfCladinME, Whatein sudinatiahedid @/H10 ivlepsethhwabout
of, form ng syngas, said method conprising the steps
oP:'(a) devol atilizing a carbon-containing feed

material to forma gas phase and a

19. The method of claim 18, wherein said initial ratio O,/H,0 is between about

0.01 and about 0.2.

20. The method of claim 12, wherein step (a) is performed in the presence of a
first amount of free oxygen that is between about 0.1% and about 10% of the
stoichiometric amount of oxygen to completely combust said feed material, and
wherein step (b) is performed in the presence of a second amount of free oxygen that
is between about 0.1% and about 25% of the stoichiometric amount of oxygen to

completely combust the carbon contained in said solid phase produced in step (a).
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solid phase in a devolatilization unit; and (b)
passi ng said gas phase and said solid phase through a

whe@bmobsseacti on vessel to form syngas, wherei PCEUS®08/069070

(a) is perfornmed in the presence of free oxygen in an
amount between about 0. 1% and about 25% of the
stoichionetric anmount of oxygen to conpletely conbust

said feed material. 2. The nethod of claim1l, wherein
sagid amunt of free nis less. than about 10% of

LRE st anERIcia ot A0 AECsi i B PR S DS &y gP TS less than
capk g, sfthd sfogdorn@tiebimdlint of.oxy i@ toRLAPtES comBuMsZid feed
wherein said anount of free oxygen is |less than about
19836Friad e d gehsram padseqond apwBtRf Tere axxgeels l¢ss than about 10% of
o?ﬂg+§%ﬁ$%?&mherelﬁégggﬁégﬁgﬁﬁﬁﬁg%hﬁ%ggﬁgyéggﬁ%ﬁéQ@gggaim
t baid salibpiias® pbiduodd inhsecpgtapi chi onetri ¢ amount of oxygen

to conpletely conbust said feed material. 5. The

method of claim11, wherein said anmount of free oxygen

| 97091 eqhe AL RRAMI 11 ¥ i 8y &) M SRR fl he RRUAY. of

of oxygen to conpletely conbust said feed nmaterial. 6.
Thedadetdaod of claim5, wherein said anount of free

oxygen i s between about 2% and about 8% of the
stoichionetric anount of oxygen to conpletely conbust

sagd f gad nsRrdfalaih 21T RBerFRt §i0dn &f ndthaddn cﬁbrin%%f{gﬁ

step (a) is further perfornmed in the presence of added
steam 8. The nethod of claim7, wherein said added
st,eam i nt- kn_an h I S .
3606 of REVSRE et Srat e P2 W b Sy B3 SpB0A0 TR0 Hloasuring
C eigdogipkitios 0 VAl basphade hieber yid &lidgdhat (iDadd@mining a suitable
nonoxi de. and hydrogen. 9. The nethod. of. claim8, )
waBeENtPIdEGePxyaulpsed enRicdictqsk ragted oxjdatiam obafdeast sampgef said

i . u Q4 - i chi 0 1

i SIS RR b A7 o bGeh ) Cah TR beig RPATE artbunt of
caicborygonnoxi de and hydrogen. 10. The nethod of claim

7, wherein a first anmount of steamis present from

initial

25. The method of claim 1 or 12, wherein step (a) is performed in the presence of
a catalyst.
26. The method of claim 25, wherein said catalyst present during step (a) is

selected from the group consisting of potassium, potassium hydroxide, potassium

carbonate, and any combinations thereof.

217. The method of claim 1 or 12, wherein step (b) is performed in the presence of

a catalyst.
28. The method of claim 27, wherein said catalyst present during step (b) is

selected from the group consisting of nickel, cobalt, rhodium, and all combinations

and oxides thereof.
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noi sture in said carbon-containing feed material, a
second anount of steamis added during step (a), and
wo b@9oarss ned first anount and second anount OPCHUSZNS/069070
is less than the stoichionetric anount of water to
conpl etely convert said feed material to carbon
nmonoxi de and hydrogen. 11. The nethod of claim?7,
wherein a first annunt of steamis present from
i ghti a r carhon- ganta
maver | A PPl e SR AR ARl oG v s phase
ste@sdidyolidpithsé hestgo@Ehurelifférenst anount and second
anount of steamis greater than the stoichionetric
anmount of water to conpletely convert said feed
"?bef | e R UGR BULAON 1'20' Gnefith Dy ga%gﬁﬁse A ZembydELNQt in
form ng syngas, said neéthod conp ng the steps
opart(dyingswpl(ari | i zi ng a carbon-contai ning feed
material to forma gas phase and a solid phase in a
devol atilization unit; and (b) passing said gas phase
ang saiglc sRidd SNa3H 1t WrRHGNsAd Bedigdi AGEHAPR a"rﬁﬁlﬁﬁie -stage
to forn1syngas wherei'n step (b) I's perforned in th
puek anwbichfboflr wed gasyrdese and sanl sibd lphasen@tsmgmgablo Lﬂast one stage
0. 1%.and ut .50% 0|ch|o tric unt of
ol ehR Pttt i and it ©peio BF i EeOTR hafmpyed from
sahid de@dlhiliANss anpASHLedidNstagep (a).13. The method
of claim 12, wherein said anbunt of free oxygen is
| ess than about 25% of the stoichionetric anmount of

gg? g eg (’I)'fnlg ggep l o%{c?an)ﬁ e g‘gg]ise%n % hc? g&(@s g%_nlj 1&9%&1 e sdat %ﬁlast stage

obnkl ai m 13, mhereln said anount of free oxygen is
| ess than about 10% of the stoichionetric anmount of
oxygen to conpletely conbust the carbon contained in

? gl Z |qlrlrl1b %&W ﬂlﬁ%gwg\eliefh &itﬁ%&ni Q%wun’!t?of JG e WRded

erein s anmount o ree oxygen iIs
betreeesaidinaltipld Q8acand sab datol2i19%a0bn tlieé st oi chi onmetri c
anount of oxygen to conpletely conbust the carbon
contained in said solid phase produced in step (a).

184 Th qh@%eﬂ% Scldin® 1Myvhereit\i8/ceh 1k &iged t& Qlq } HecVolatlhz?tlon unit

perfornmed in the presence of steam 17. The nethod
cpabntorémowvdlexf @t Ivasin pontian e&fl sardagais phafe. f r ee oxygen to
st eam

35. The method of claim 31, wherein after at least a portion of said gas phase is

removed, oxygen is added to said devolatilization unit.

36. The method of claim 31, wherein a first amount of oxygen is added prior to
removal of at least a portion of said gas phase, and wherein a second amount of

oxygen is added after removal of at least a portion of said gas phase.

37.  The method of claim 36, wherein said first amount of oxygen is greater than

said second amount of oxygen.

38. The method of claim 31, wherein prior to step (b), said solid phase is
combined with gas removed during step (a).
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(R/HO in step (b) is Iess than about 1. 18. The
met hod of claim 17, wherein said initial ratio O2/ H20

w0 2000m8s88 han about 0.5. 19. The net hod of cl aP@T/1182008/069070
wherein said initial ratio Q2/H20 i s between about
0.01 and about 0.2. 20. The nethod of claim 12,
wherein step (a) is perforned in the presence of a
first amount of free oxygen that is between about 0.1%
and about 10% of the stoichionetric anount of oxygen
to conpletely conbust said feed material, and wherein
sBep (IThenftielrJfRIABG 1i, Aurthre cRhPSENE Mtrotu@ioh&F@AE or more
anmount of free oxygen that is between about 0.1% and
apukstanpisy Brertigascsist EmpQyibeh atdcaghbrition el eatd genphase.
conpl etely conmbust the carbon contained in said solid
phase produced in step (a).21. The nethod of claim 20,
wWHer ei Mhs aicthddi afslaimnoami?, ethcfeirethe pxosgrre dfSrde@sggdrhdmreases
about,l@%of the stoichionetric amunt of oxygen to

cfTRE 8 Jy UBRBUS caDPaN NanoR e pUf PYIEAS-£ATiFRe g thy ratio of
i %&@o%&?%r@ﬁqﬁéﬁoxﬁ{e ﬁrb@t?ce@ Y Wedlsane th&RSd INAR aBRAL of
0

of the stoichionmetric anount of oxygen to
corpdomt el y conmbust the carbon contained in said solid
phase produced in step (a). 22. The nethod of claim
21, wherein step (a) is perfornmed in the presence of

added gheamBthodf i@ IN&t o hefeirtihdirific?ds h cRitd cHbeRM
i s not added during step &ag 24. The nethod of claim
ghmg

1 mymoxmle if batwpey abooh®r quid-Ssubst eps of (i)
nmeasuring the conposition of said gas phase and/or
said solid phase, (ii) determ ning a suitable anmount

o#2f r ehoxwge dfaked Anwheed eliehtipas bétakeroxiodal iagdhabdut 1.3.
at |l east sone of said conposition to syngas, and (iii)
i ntroduci ng a gas containing said suitabl e anmount of

f 14§€ Oxyg ?I{&ho%rs%f cﬂ?ﬁ dln&I 10 q/h%feitﬂh@i Rstn@ of¥ree ogpgé\;’nteii.n@reases

step (a) is perforned in the presence of a cat
2 €he anainmef fiogaoprodi@idroparedhe tie ammat df gapad yretluced by the

present during step ( ﬁiis sel ected fromthe group
céﬁg?gFﬂﬁa‘%B“¥%?§§§Pg °¢ BBYEEsi um hydr oxi de,
pot assi um car bonat e, and any conbi nati ons thereof.
44, The method of claim 1 or 12, wherein the presence of free oxygen decreases
the amount of pyrolysis products compared to the corresponding amount produced by

the same method in the absence of free oxygen.

45. The method of any of claim 1 or 12, wherein the presence of free oxygen
increases the syngas purity compared to the syngas purity produced by the same

method in the absence of free oxygen.

46. The method of claim 1, wherein the process temperature in said

devolatilization unit is greater than about 900°F at least at one point during step (a).

47. The method of claim 1, wherein the maximum process temperature in said

devolatilization unit is less than about 1400°F.
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27. The nethod of claim1l or 12, wherein step (b) is
perfornmed in the presence of a catalyst. 28. The
woredoko3ss cl ai m 27, wherein said catal yst preBEnUS2008/069070
during step (b) is selected fromthe group consisting
of nickel, cobalt, rhodium and all conbinations and
oxi des thereof.29. The nethod of claim1l or 12,
wherein the residence tines of said gas phase and said
sqlkid ase (@) .are.different. 30.. The netho
ofSc1 af e ol PRl RS Eir e pRET ety i TRLAR
atcdcBES LessEl i Bfchter EHahiaBGutSIUOP K #)leasBdt-onE pBinTaLAREstEH (b).
claim1, wherein said devolatilization unit is a
mul tiple-stage unit in which both said gas phase and
sghd sqlid ph ass At hrough,at | east one stage of . .
2205 s BB, MR R e PR PO G Rl i seia
SabscdAaciirggsd $s e myeshdui opoai d devol atilization
unit prior to a final stage. 32. The nethod of claim
31, wherein said free oxygen is added to said first
st.age Ly. .33. The t had.of claim.31,. rein
aP7or Al Mt M Ty e Aot o b i B BLSRR R rream
mptddubé®instepa@ptodd res@beicshggatcatviitl pinb@fol Righs coddprisiitie
met hod of claim 31, wherein oxygen is added to said
devrseat Wheteht atderstsante ofrsatsksticamrie agtially exidiged feproduee
aﬁa&hgﬁﬂgﬁgégid gas phase. 35. The nmethod of claim 31,
erern after at |east a portion of said gas phase is
renmoved, oxygen is added to said devolatilization

unit. 36. The nethod of claim31, wherein first
aRbunt TgF MSERATER cladmalaefeld &rr’%r C?raplﬂ%%moaks?m%ﬁt Ipasi gpme of a

a N . o . e

A DG B B HEA G BPCRE]  AoSEEPTas comprising

pokyganwbéreguitdeayanphefseid BreamTihpartielihoxidokd ¢d piodu@s,

mhg@?in said first anount of oxygen is greater than

s47NeRAl SWB%mount  of oxygen. 38. The method of claim

31, wherein prior to step (b), said solid phase is

conbi ned wth gas renoved during step (a).39. The

me€ hod Aomeibbd ohrf@ming symipse said orgpirads¢omepristte dsyaketilioing efcarbon-

gt@gﬁltg%% o gg% %%%?i%ﬁt%g Planlé lgl)éals glgargte Bﬁggogfd peHatsee, rwhre?eqr?\s/aalh ggg phase
comprises syngas, and wherein said devolatilizing is performed in the presence of free
oxygen in an amount between about 0.1% and about 25% of the stoichiometric

amount of oxygen to completely combust said feed material.

53.  The method of claim 52, wherein said amount of free oxygen is between about
1% and about 10% of the stoichiometric amount of oxygen to completely combust

said feed material.
54.  The method of claim 52 performed in the presence of added steam.

55.  The method of claim 54, wherein said added steam is present in an amount
that is less than about 50% of the stoichiometric amount of water to completely

convert said feed material to carbon monoxide and hydrogen.
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40. The nethod of claim1 or 12, wherein the presence
of free oxygen decreases the ratio of hydrogen to

W@ 200boo3soNoXi de i n said syngas, conpared to tPET/D81008069070
of hydrogen to carbon nonoxi de produced by the sane
met hod in the absence of oxygen. 41. The nethod of
claim1l or 12, wherein the ratio of hydrogen to carbon
nonoxide i s between about 0.75 and about 1.5. 42. The

hod I 41 .. er [atyl betwe

anbut £ astrodallitindl Fegd. S SelB s BEE g
12, whed)aleRolatibzifg € Seb6L-cohtainiefeod MaMal RCHAAAGSS %H@e and a
amount of ~syngas produced conpared to the anmount o
syPlihrhase By dawlalizeten whte method i n the absence of
free o
the.pr SaRed it FEDET, RN ALePlab et Riveh S MIFFlflon
pyestywifsmpsydast s conpared to the corresponding
anmount oduced by the sane nethod in the absence of

free o@g@ﬂve@r@g SVt HOUPAUSny of claim 1 or 12,
wher ei R 1R, RESBERE Ferfirmbl SEHPYAERC JTGFRBXG Serd taedn amount

syngas purity conpared to the syngas purity”produced
byetwreen ghore Onigt hodiabaut 5% clbesicchiometneanauny géoxygt6 to

i mherern t he process tenperature
.ﬁ°@ﬁrhﬂ%8W%€%§P ﬁg%%l is greater than about
9000F at | east at one p0|nt during step (a). 47. The
met hod of claim 1, wherein the maxi num process

t éfper dhamethad ofaiaimddy vharci saidipiodnctunsaledie fremgh granp
S?g& Stl:hé (Pgﬁqaﬁ' S, ol-leiﬁﬁs %‘?{gg&gte%fal%h?lgn i th&ger ein the

ratur reac I'on” vessel is
greater than about 14000F at |l east at one point during
step (ﬁ%, 49. The method of .claim 12, wherein the
i murhhpshaskoficlrmer atiliesin wid piogutdasedertidiioniGrio Ca
vgﬁgﬁé is less than about 22000F. 50. The net hod of
Iarnti or 12, further conprising introducing a stream
produced in step (a) to a reactor configured with an

ut S C rjsi wher ei | east
sgﬁe eahg@ﬁfém@ By a%gpr&é%t.l%@&t Bolpr oduce
addltlonal syngas. 51. The met hod of claim1l or 12,

further conprising introducing at | east sone of a
60.  The method of claim 58, wherein said product is ethanol.

61. The method of claim 56, wherein said converting in step (c) comprises

separation, and said product is purified hydrogen or purified carbon monoxide.

62. The method of claim 56, wherein step (b) is performed in the presence of free
oxygen in an amount between about 0.1% and about 50% of the stoichiometric
amount of oxygen to completely combust the carbon contained in said solid phase

produced in step (a).

63.  The method of claim 56, wherein said amount of free oxygen is less than
about 10% of the stoichiometric amount of oxygen to completely combust said feed

material.

- 48 -



stream produced in step (b) to a reactor configured
Wi th an input for a gas conprising oxygen, wherein at

wo e@sossesre of said streamis partially oxidi zedI/U82008/069070
produce additional syngas. 52. A nethod of form ng
syngas, said nethod conprising devolatilizing a
carboncontaining feed nmaterial to forma gas phase and
solid phase, wherein said gas phase conprises syngas,

and whet ei n_.sai evol.atilizing is perforned in.the
P endn€ g R SRYOE Wt U TR RREE R A b s than

0 aB36t artlo e wloichiSmatic bheusit dloxRgan®dicohp A doinbedt said feed
oxygen to conpl etely conbust said feed material. 53.
TH&GH hod of claim 52, wherein said amount of free
oxygen is between about 1% and about 10% of the
stoichionetric anount of oxygen to conpletely conbust
sabd f dad nslicelrdfallaim™4, whheimeldhadowtt of fi@e pxpgen is less than

per f or i.n the presence of added steam 55  Th .
@@%&%SYS of hsistRTeHOM SIS AETONN s 4 QY BeROcE Sqstlycembust said fecd
prLesent in an amount that is |ess than about 50% of

the stoichionmetric amount of water to conpletely

convert said feed nmaterial to carbon nonoxi de and

hydr ogen. 56. hod ,of . form ng a product, said
mdPhod 166 RB IS AIg R o ap e B 3Y HRa b gregier than
caphAN o6 eNthaisididhorh&Ad aRBLRT df¥xyEsh tb%ﬁap@eta?%omaﬁ 8aid feed
and a solid phase in a devolatlrlzatlon unit; (b)

pausiriy sai d gas phase and said solid phase through a
heat ed reaction vessel to formsyngas; (c) converting
said syngas to a product, wherein step (a) is

perf or mad methddsf cii@sTsN GBerin §teea) g podforinc@MB Hresence
bet ween about 0.1% and about 25% of the stoichionetric
afbedcdsicagygen to conpl etely conbust said feed

material. 57. The nethod of claim56, wherein said

product is selected fromthe group consisting of

albRane§he alettiddnsf, clamyye nates saad aditkedIseaman grestdien 8n amount

S BT L St R
CleahvBadid MBEhatetiaPRl GrRnAHN dxideSandBily BRIMEh -

69.  The method of claim 68, wherein said added steam is present in an amount
that is less than about 10% of the stoichiometric amount of water to completely

convert said feed material to carbon monoxide and hydrogen.

70.  The method of claim 67, wherein a first amount of steam is present from
initial moisture in said carbon-containing feed material, a second amount of steam is
added during step (a), and the combined first amount and second amount of steam is
less than the stoichiometric amount of water to completely convert said feed material

to carbon monoxide and hydrogen.

71. The method of claim 67, wherein a first amount of steam is present from
initial moisture in said carbon-containing feed material, a second amount of steam is
added during step (a), and the combined first amount and second amount of steam is
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60. The nethod of claim58, wherein said product is
et hanol. 61. The nethod of claimb56, wherein said

W@ owemoe38sg in step (c) conprises separation, PETUSZNNE069070
product is purified hydrogen or purified carbon
nonoxi de. 62. The nethod of claim56, wherein step (b)
is perforned in the presence of free oxygen in an
anount between about 0. 1% and about 50% of the
st Qi chi.0 ri.c. appunt. of o en.to conmpletely combyst
¢ REELBITRE SRicRis RrodtyP ST SRS Eh Bl Tt
Stefer(aftjo cabon rhbeoxi®d feichydtogehai m 56, wherein said
amount of free oxygen is | ess than about 10% of the
stoi chionetric amobunt of oxygen to conpl etely conbust
sahd fee [ . 64 . f L. rein
S37d anonsTOAPE FHr s oo Eh Ryl Bl the YR
t he st ¢i)chivolrlizing a ambuniconthinmgyedniacerabploah @lgis phase and a
conbust said feed. material. 65. The nethod of claim
Aol &1 dolptilizaitn UbE free oxygen is |ess than
about 9 el o] L f3i f :
ol e o e R e R AR @len TG ron
ofvesstlatorfoBBsyngasr ei n sai d anount of free oxygen is
greater .than about. 1% of the staqichionetric anmount of

oxygen DSORYHBPE 4 $YNEBMA P4 feed naterial . 67.
The megheekifbtes (Biifp&formoben &ieg)résfeﬁ& &fFrec &g@é&{r fﬁlrh%rarnount
. e

perfornmed in the presence of added steam 6

metmesan about 0ali%mansd abomh 89 Bi of thasteichigastisareeumt o§ oxygen to

pr in i S l.ess 50% .of

*RERE R IR ekl BholsRa 5500 R RERE Ml Bl o
onvert said feed material to carbon nonoxi de and

C
hgdrogen. 69. The nethod of claim68, wherein said
added dbeamthod qfickdmnt2. ReH s umeuRtIphfrer exygesds opathan

aQQ(H%t 25 %O/SIDLLG EBRhRIRUGE h@%grdgg?gé%ﬁgp tco&iale\é\;?% gﬁm&%t the carbon

conpletely convert said fee to cC
mooiaxinde irasadd soldrphgenprodiced Thetep¥d)hod of cl ai m 67,
wherein a first anmount of steamis present from
initial noisture in said carbon-containing feed

ey eri ghe nRuRRICANGIAMUNheRin SEEAMIR of free oxygen is less than

about 10% of the stoichiometric amount of oxygen to completely combust the carbon

contained in said solid phase produced in step (a).

75.  The method of claim 72, wherein step (b) is performed in the presence of
steam.
76. The method of claim 75, wherein an initial ratio of free oxygen to steam

(O,/H0) in step (b) is less than about 1.

77. The method of claim 76, wherein said initial ratio O,/H,O is less than about

0.5.

78. The method of claim 77, wherein said initial ratio O,/H,O is between about
0.01 and about 0.2.
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added during step (a), and the conbined first anount
and second anount of steamis |less than the
W@ t@bomm3gset ri ¢ anount of water to conpl etely BPCRUS2008/069070

said feed material to carbon nonoxi de and hydrogen.

71. The nethod of claim67, wherein a first anount of
steamis present frominitial noisture in said
carbon-containing feed material, a second anount of
steamis added during step (a), and the conbined first
anount and second anount of steamisgreater than the
St79i chiTheRidthod Eemimts6alr dafiethet ogsigi gethe |sb(bs£eqi§\()® (i
said feed material to carbon nonoxi de and_ hydrogen.

zfleawrw@tth% gorapositiyRisgidgap phergend/os said S%% Ph?de (11) determining

[

AR Ao b e LBy i bup ) or (MR gl B dBion ofo last some
anfsad sahpekitidraeayhgasaardiaviol iatroduciat 4 gos coniaining &)id suitable
passi ng sald gas phase and said solid phase through a
h@REBY i e g8 essel to form syngas; (c) converting
said syngas to a product, wherein step (b) is

performed in the presence of free oxygen in an anpunt
bét)wee i) ha bethodnfsiarid ab@urheod safd gdsephgseols cémhavedt atileast in

4 ?xy en to conpletely conbust the carbon
Y508 Sf @i d sol i d phase produced in step (a).

73. The nmet hod of claim 72, wherein said anmount of
free oxygen is | ess than about 25% of the
s8di ch ﬂémetth%i o redaimt S Ot 78xy/§@rﬁnt Wit drvpladilisationcutis g multiple-

t ?t%ég aﬁl? ik \A/ﬁ%H ﬁﬁﬁ{hns%gq% é)%g edanﬁ dy?g!d] %ﬁ esg e?sﬁtﬁgoggg 'aPleast one

agRPabf @fid f&etatidyienudisarldes &a&ﬁwpbrﬁb@ Bf saldBasafhatd® removed
stoi chionetric anmount of oxygen to conpl etely conbust

t Wemesaichdeyokadtizalionedniy prias 49 8 Twal st#ecphase produced in
step (a). 75. The nmethod of claim 72, wherein step (b)
is perforned in the presence of steam 76. The nethod
oR2cl ailie ?iﬁe,thodhsfroéa‘im %m wihaiein difffercat araowdts bf eeygon ypemided

to steam Oﬁ g) (b is |l ess than about 1.
7 #Crogdage8 Oh &4 ?“%Wﬁpﬁ? erein said initial ratio
2/ H20 is | ess than about 0.5.

83.  The method of claim 81, wherein oxygen is added to said devolatilization unit

prior to removal of at least a portion of said gas phase.

84. The method of claim 81, wherein after at least a portion of said gas phase is

removed, oxygen is added to said devolatilization unit.

85. The method of claim 81, wherein a first amount of oxygen is added prior to
removal of at least a portion of said gas phase, and wherein a second amount of
oxygen is added after removal of at least a portion of said gas phase.

86.  The method of claim 85, wherein said first amount of oxygen is greater than

said second amount of oxygen.
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78. The nethod of claim 77, wherein said initial ratio
@2/ H20 i s between about 0.01 and about 0.2.79. The
woredoko3ss cl aim 56 or 72, further conprising PEEUS2008/069070

substeps of (i) measuring the conposition of said gas

phase and/or said solid phase, (ii) determning a

sui tabl e anmount of free oxygen based on predicted

partial oxidation of at |east some of said conposition

tQ,syn n nt roduci n cont ai,n sai d

537t 2ot B el drsih A NESSERT B RRTe S R g2

C kb@inbin2® wath gazrem\&meiuﬁngateg (9as phase is renoved, at

| east in part, during step (a). 81. The nethod of

claimb56 or 72, wherein said devolatilization unit is

aghul t whi t

2 SRR i ST R B 37 FRDBRE B crcose

S ﬂledat’i@\bﬁhﬁirbgdnztatcmbbn mnmﬂoxﬁindn adid bmﬁ @nnxarddi tomheofatio of
as ph is repoved from said dev tilization

uﬁvgrog?q ©re ne{n?I? ¢ I%FP‘g‘bcé. %8‘2 he spie ’H%tgﬂidl bF a@?eﬁF?ﬁ)

81x erein different amounts of oxygen are added

across stages of said devolatilization unit. 83. The

nmet hod of claim81l, wherein oxygen |s added to said

olatilizatio nit.pri r 0 re | east a
o501 oo s wheohR plnts B et PRyimngoreases
WRRY #hdinebt flodadt pr&ftd aorﬁ@arrted ANhehmSahthPASduRNpSude by the
renoved, oxygen is added to said devolatilization

usame mgiod Th erabsense obfice Paygen81, wherein a first
anount of oxygen is added prior to renpoval of at | east
a portion of said gas phase, and wherein a second

agount Tat niy@est clSmasddad2afirter caifisilg @frodlcih@adtasdsome of
portion of said gas phase. 86. The nethod of clai.m 85,
WASHEA PEUGEG inraie o MsinbteRY ScipeirgdFrm shegrraw ensistiag of step (a),

S /.

a0l PERRN AU rBbPLAARA YR I R B cbinfifThe

¢ onjag’anedhmiehfatgaast soamoofesdidcktirchings pareplly a>)1d1288 to fifoduce
f claimb56 or 72, wherein the presence of free

o%@%&ﬂn &¢t¥8ses the ratio of hydrogen to carbon

nonoxi de in said syngas, conpared to the ratio of

hydrogen to carbon nonoxi de produced by the sane
met hod Tiha nidtie dadd séamed 6afr 78x whensin step (c) comprises the substeps of:

(1) introducing a first amount of syngas into a first reaction zone comprising at
least a first catalyst;

(i1) converting at least a portion of said first amount of syngas to methanol
with said first catalyst;

(iii) introducing said methanol to a second reaction zone comprising at least a
second catalyst;

(iv) introducing a second amount of syngas to said second reaction zone; and

(iv) reacting at least a portion of said methanol introduced into said second
reaction zone with at least a portion of said second amount of syngas with said second

catalyst to produce a product stream comprising ethanol.

92. The method of claim 91, wherein said second amount of syngas includes
syngas that did not react in said first reaction zone.
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89. The nethod of claimb56 or 72, wherein the presence
of free oxygen increases the anount of product
w@r@duesss conpared to the amount of product predyoso®§69070
the same nethod in the absence of free oxygen. 90. The
met hod of claim56 or 72, further conprising
i ntroducing at | east sonme of a stream produced in one
or nore steps selected fromthe group consisting of
step (a), step (b), and step (c) to a reactor
configured with an input for a gas conprising oxygen,
W8T ei MhaimdtiRRASI chiie) 10 IvhsRirtlsasd seeamd hhowarof ispdday includes
oxi di zed to produce additional syngas. 91. The nethod
ofyngaghat B@s peparesed ygeeychedsirep selé)pr%wbi’tre@as t he
substeps of: (i) introducing a first amount of syngas
into a first reaction zone conprising at least a first
catal yghg n(eith@d af@hrerdli ne@in $addftst eatplgsttdoatprioés smatdrial

f:'é?r@%t?@?fo omyt ?ggougryffg?%%u%. %&‘@2&&&%&‘1‘(&1‘1@? 3'{1& f i/réizbénd
r@wﬂ@/@rz(%neum@rcéxsnm% dPRRls, %ﬁsemmo@ambmoxs and

(iv) introducing a second anmount of syngas to said
setynfithe é@negqnog iy gmebingtah Wity My aaldari Vigind twhiceas said first catalyst
i d et hanol, i ntroduced into said second

L
grﬁt&‘lflfglﬁ %ﬁ%s\ﬁt{aﬁlcé’fom%%t a portion of said second

anmount of syngas with said second catal yst to produce
a product stream conprising ethanol. 92. The nethod of
cPai m Fhe nythadedfrelaimi Y, whewsidsaahingand eftalysiregaprises a material

i ngl I

B M e e A Y
S €0rido@NOUDIC T/ ASYNPEs/S, M/Sldes VeySIgas T Sidd,, M@Mn/sloz,
separated and recycled from said product stream

The/ Tféﬁ%@él%:ﬁ RéyMpAYIOM-4 i B/ MaiSe NiGogYloca pad %x {of the

COTEELTER LA U O ond

Cupth@ﬂanncﬂﬁ?&;s aCubitiptnot€n/ S, Mo/ S, Co/Mb/S, N /S,
Ni /Mo/S, Ni/Co/lM/S, and any of the foregoing in
conbination with Mnh and/or V, and wherein said first

capal yghe %[%ttﬂd?ir@ dafmi NS ndRsh ﬁlcpﬁlss't Qn@ge@gﬁﬁ @Jtalyﬁ? havkhe

met hod of claim91, whérein sald second catal yst
c oniptangiely thersame cpailposition.

97. The method of claim 91, wherein said first reaction zone is in a first reactor,
said second reaction zone is in a second reactor, and an output stream of said first
reactor comprises syngas introduced from said first reaction zone into said second
reaction zone, further comprising separating from said output stream at least a portion

of said methanol produced in said first reaction zone.

98. The method of claim 91, wherein said first reaction zone and second reaction

zone are both in a single reactor.

99. The method of claim 91, wherein either of said reaction zones comprises at

least two reactors.
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selected fromthe group consisting of ZnQ Cr2C8,

Cu/ ZnO, Cu/ zZnd Al 233, Cud CoO CuQ CoO Al 203, Col/ S,
wORI0%009388 Mo/ S, Rh/ Ti/Si O 2, Rh/ M1/ SiO 2, PCT/US2008/069070

Rh/ Ti/Fellr/SiO 2, Rh/Mn/MCM41, Ni/S, N/M/S,

Ni / Co/ Mo/ S, and any of the foregoing in conbination

wth Mh and/or V, and wherein said second catal yst

optionally includes a basic pronoter. 96. The met hod

of ~g! aiim 91 i.n sakd. first and secqond cat al.ysts

nd08 S Bk Pyl it SO FERESE MR Brrecyetea

metdhdaltoahidcfirgd r&ibn 20h€vAidReit at Radtiarpottidne@hidaOZz3Reacted with

is in afirst reactor, said second reaction zone is in

ats oeaaer tp dxeduse COurlerized Bathanel. st ream of said first

reactor conprises syngas introduced fromsaid first

reaction zone into said second reaction zone, further

cafpri Fhoenesteyasfaldimgl 00r whersai @WidUOputs ptodeest diringsapt(a)

a rtion of said t hanal roduced in said first
rég@ﬂ YeP Qﬁﬁgé r@yg.clggﬁéo fiﬁ-g%}r%C“BPéPl?‘ﬁ-gl, wher ei n
said first reaction zone and second reaction zone are
both in a single reactor. 99. The nmethod of claim 91,

wiez.ei i micthndof &frmeg dprodadt saxhmedwd sompnpmiglessterts of:

| east reactors. 100. The net hod,of clajm 91,

£ urt hel S QBHEALA hG* SHEPBARLE U e treshal oo agps e and 2
CRlidpInss 8l dddvolHlizERACHHiQ Kl/héfbﬁk_?said!\ggsﬁﬂia@e &mpr8Rs byrikas; and
portion of said COis reacted with present to

pr oduc €b)coaverEng vad sygap nobrodegtl. The nethod of claim

100, wherein said: |
and) or BEGH ¢of ity i AP M LR R BV R B agpun

0O Sa

Z 6Bevced @Bout A. 16 bhd aboait 25 @y ofithgstaichioadtttid ams@it 8f oRfdeado
conprising the steps of: (a) devolatilizing a

c &p'BBletedv pemabwt prid fesddnateidr i al to form a gas phase

and a solid phase in a devolatilization unit, wherein
sai d gas phase conprises syngas; and (b) converting
saDdl sihgastlical & chrimd®et whevker saidpretiep i &)eckesl from the group
performed_ipn the presence of fre xygen i n an anount
bepnise abalkenes. ol @ amses sHoghols. FHLCLES chi omet ri o
anmount of oxygen to conpletely conbust said feed
material. 103. The nethod of claim 102, wherein said

prd B4iuc {Thie snegleldeftcadmf 103 nwhéreingraslyproduct is selected from C; to C4

alcohols.
105. The method of claim 104, wherein said product is ethanol.

106.  An apparatus comprising a multiple-stage devolatilization unit configured (1)
for both a gas phase and a solid phase to pass through a first stage of said
devolatilization unit, (ii) for at least a portion of said gas phase to be removed prior to
passing through a final stage of said devolatilization unit, and (ii1) for said solid phase

to pass through said final stage.

107.  The apparatus of claim 106, comprising a three-stage devolatilization unit

configured for at least a portion of said gas phase to be removed prior to passing
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consi sting of al kanes, ol efins, oxygenates, alcohols,
and ethers. 104. The nethod of claim 103, wherein said
w@e@wdoet3ss s sel ected fromC to C al cohols. 10BCT/URE08/069070
met hod of claim 104, wherein said product is ethanol.
106. An apparatus conprising a nultiple-stage
devol atilization unit configured (i) for both a gas
phase and a solid phase to pass through a first stage
Ofy Pl RS SRR b 03 B TR o s
passiggsaidthirdginga. final stage of said devolatilization
unit, and (iii) for said solid phase to pass through
said final stage. 107. The apparatus of claim 106,
o G apriIE BEITLERS, SRERELL UERIAARaHE bnit s sonf
béorrrenoviad apfortion dfxajplags iphadelron gdid dctdiatilibasd@geit bétween a first
said deyolatilization unit, .and for said solid as :
t 8agasd ¢ preptg Hogail o Fore dp e rempaderag éalé@aaggqsa om said
Ofte GIAk IR OF uninbELRED st @b bofg Vabakid dafdihiARtdgRi t i s
configured for renmoving a portion of said gas phase
fromsaid devolatilization unit between a first stage
a a cond sta and r .renovi.ng the renai pder , of .
2300 s I5E BRGd PER BN O b ETEHf Fotatuh San AL Ed fesgmbine
s giid paepRRE wathadrl ANd gﬁ@dechﬂ*eh_ba[cﬂ phh&dfis pd8d thkB&gh, or has been
apparatus of claim 106, wherein said apparatus is
c 6e1ho \pd rfeadn tseldcdsivblatibzaiigndingas phase with said solid
phase after each phase has passed through, or has been
renoved from said devolatilization unit. 110. The
appar atmus appareth@bnNelded 104, dirthre copriging ah Ndetddr stédr@in
for steam.in conmunication with said devolatilization
ufpmmupicgtionpyith spiddexpladliztiop ugitm 106, furt her
conprising an inlet for oxygen in conmunication with
said devolatilization unit. 112. The apparatus of
cllai.m T06 appehratnedbhclsian HO6 dlitlckr pbmpesiagdn sdetdogasygphase
are capabl.e of producing . at. | east sone syngas, said
aﬁ%@?ﬁ?ﬂ?“?%F@ﬁéWdééﬁﬂﬁg g 4 eat ed reacti on vesse
for producing syngas in conmunication with said
devol atilization unit. 113. The apparatus of claim
11272. f diht hppareospf ¢lginn f0@mhcrdiesaid oolidophyageand said gas phase are

¢ %apafl)pel ocfaptlrIoc?urg:iﬁ,\gjI a{t rl]eassfa slo(rjnehs(glzflltga(les(,j said %&galre?tﬂs YFher Ico'rnplrising a heated

reaction vessel for producing syngas in communication with said devolatilization unit.

%ured

113.  The apparatus of claim 112, further comprising an inlet for oxygen in

communication with said heated reaction vessel.

114.  The apparatus of claim 112, further comprising a reactor with a catalyst for

converting said syngas to one or more C,—C4 alcohols.
115.  The apparatus of claim 112, further comprising a first reactor comprising a
first catalyst for converting syngas to methanol and a second reactor comprising a

second catalyst for converting syngas and methanol to ethanol, wherein said first
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114. The apparatus of claim 112, further conprising a
reactor with a catalyst for converting said syngas to
wor@900938re Cl-C4 al cohols. 115. The appar at uBCD1S2008/069070
claim 112, further conprising a first reactor
conprising a first catalyst for converting syngas to
nmet hanol and a second reactor conprising a second
catalyst for converting syngas and met hanol to
etreaﬁpog égl 1&"&%2 ;nt?ungca o1 c\;&{l{hosra]ﬁc’c{/ léesage ltr(e)e{ctlﬁa Vgsgge a0 %gcalgong reactor
I egigtcomnmidatios STl CRtst @Bctet.t h said first reactor.
116. The apparatus of claim 106, wherein said
devol atilization unit conprises one or nore twn
S WS
TouE S ThaBp ERACeP A PG erdh B G ARl Ao P Wb one
upt tmordtivin séewe thao dachfhaste w phatoif bvariapging screws to move a feed

carbon [ materi.al, said nethod

c oML %Wﬁk ‘P%%VEWgFﬁFWiWWg sai d car bon- cont ai ni ng
feed material in a devolatilization unit to forma gas
phase and a solid phase; (b) renobving at |east a

pditi o wethedioll dgadatplzenee: ¢arlgm-emitainide Yoddaniteiizasaidmethod
unit; .and (c) passing said solid phase through all of
s&PUPH0S atilization unit, wherein said gas phase

CoNpPr i el nFONQ ¥hB6n- céﬂt&mnﬂ%‘@ed@ﬁ&@i@l Bfa @dvaiaflization
117, wherein after passing through said

d@v@maﬁnnwteﬁmbwwwmdwSOQémhweol|d phase i s conbi ned

with t f@%ﬁvﬁl %&%ﬁ 1{0 ngv(efd sa ({] %Qse(t?c}m tsgligigievolat?hzatlon

met hod er co Pils| ng
stug@andur i ng devolatlllzatlon 120. The nethod of
claim 117, further conprising_ introducjin

en
dur i ng (Qepeting saiq solid Rigse thyqueh ‘FHeOfﬁ@fir?@@g]é‘flh 18N 4117,
furth lid ph t
pr oducs ST L LB SR LA B8 L P her

conpri si ng stean1reforn1ng sai d gas phase to produce
of claim 121 or

syngas, 123. The
R Aty RO u Y RER AT e e figi héﬂg éﬁvoqatﬂlzatlon
OXMR&Rid ®liAPHESR P %&bﬁkd QXihdRd QNhat was removed in step (b).

119.  The method of claim 117, further comprising introducing steam during

devolatilization.

120.  The method of claim 117, further comprising introducing oxygen during

devolatilization.

121.  The method of claim 117, further comprising steam reforming said solid phase

to produce syngas.

122.  The method of claim 117, further comprising steam reforming said gas phase

to produce syngas.
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124. The nethod of claim 121 or 122, further

conprising catalytically converting said syngas to one
W@romooBs8ELCl- C4 al cohol s. 125. An appar at us f or PCT/US2008/069070

produci ng syngas, said apparatus conprising a

devol atilization unit capable of devolatilizing a

carbon-containing feed material to forma gas phase

and a solid phase, in communication with a heated

r ti vessel ablse of jpr.oduci ng. syngas.from said

0125 ohade MR ol RRRR T ¢ BRI R R AR,

dencolRtb bildida bOExywah to edusé partibledxiddtiogommuni cation w th

a first inlet for oxygen. 126. The apparatus of claim

125, wherein said devolatilization unit conprises

ip iour [ - -

o AP TR SR O R 92 Atk ¥ cohipitnd ARRARE Fonvarting

f eaidayndag asbdneopooitci@rCobicslalsl gas phase to be renoved

prior to passing through a final stage, and (iii) for

said solid phase to pass through said final stage.

1375, The &)B%Eﬁtfyﬁpﬁﬁu&hg'lhiﬂglé%aid%ﬁéxﬁiu@ ,céﬁ‘lbﬁ,siﬁg gt ed

reacti on vessel 1s further i'n communhication wth a

sdeundilizatien ufibrapeklegd deva2dizimhe capparcattasingffeed material to

127, wherein sajd first inlet and said second jnlet

£ Bt g 81 fcligabin DhfaraRinis e wiES Biied Bpfliongyesse

C ealaBl ladprodudind\§h g £0mEh is§ildgs phasatbad Ydill Soli®ptl® wherein said

capabl e of converting said syngas to one or nore G -C

akdewHdilizatigizpnit FHarthgpa campsinishtion withaist inkeg farigaygen.

conprising neans for recycling unconverted syngas that

exits fromsaid catalytic reactor. 131. The apparatus

ofi2el amife dgfarathisiof Elgin CTIYVHCEdiM ghiddct@@iizatoreusittshitiscs
whi ch includes a first channel for a solid and a first
g At staeeeoaAguicH 4h e batlhp gas Rlwse Al gsrlid phasc to pass through a

CORTALER) 1 o 41y BRI o i
sthrbedl efihdrstagapandt(iindoksanbidlicl phasr @\paby thmughiseidSolal stage.

and said first gas to said second gas. 133. The
apparatus of claim 131, wherein said eductor conprises

a by rstrpg Iaﬁﬂd?i@tlu]g bPE1aidn $8, ivthefiitl sid hidtSd redleforARdsd s further in

second channe or a secondegas In communi cation wth
saowinfunrestiort athnrekcongheleefon ospgah. f i r st channe
conprises a first cross-sectional area where said
first channel comunicates with said second channe

andg.a g86apshratasof ¢18in C70SEcESE bdi0 fiadt idbemdishtsetdnd inlet for
downstreamfromsaid first cross sectional area,
oxygen arc 1in communication.

129.  The apparatus of claim 125, further comprising a catalytic reactor capable of

converting said syngas to one or more C,—C, alcohols.

130.  The apparatus of claim 129, further comprising means for recycling

unconverted syngas that exits from said catalytic reactor.

131.  The apparatus of claim 125, further comprising at least one eductor which
includes a first channel for a solid and a first gas and a second channel for a second
gas in communication with said first channel.
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and wherein the difference in cross-sectional area
causes a reduction in pressure that facilitates the

wo bewoef3ssai d solid and first gas through sai dP€T/US1008/069070
channel . 134. The apparatus of claim 133, wherein the
angl e between said second channel and said first
channel is between about 25 degrees and about 50
degrees. 135. The apparatus of claim 133, further
conprising a third channel for a third gas in
conmuni cation with said first channel. 136. The
appar attus appargthabNeldisd 13 Meicedim s&idicdu3aao Bdtablafon Ghpdreing
suitabl e for oxygen, steam_ or m xtures of oxygen and
sKEgHF enggy ﬁ‘?ﬁbsa&bi?éltda?@l%aléfﬁféq 245 1 3284 SCCRRGLE n sai d
first channel is configured for both said gas phase
and a solid phase fromsaid devolatilization unit to
f 183v t @hsapghritead Ldaine bt mdrrone sEeékductor comprises a first channel for

a solid and a first gas and a second channel for a second gas in communication with
said first channel, wherein said first channel comprises a first cross-sectional area
where said first channel communicates with said second channel and a second,
smaller cross-sectional areca that is downstream from said first cross sectional area,
and wherein the difference in cross-sectional area causes a reduction in pressure that

facilitates the flow of said solid and first gas through said first channel.

134.  The apparatus of claim 133, wherein the angle between said second channel

and said first channel is between about 25 degrees and about 50 degrees.

135.  The apparatus of claim 133, further comprising a third channel for a third gas

in communication with said first channel.

136.  The apparatus of claim 131, wherein said second channel is suitable for

oxygen, steam, or mixtures of oxygen and steam.
137.  The apparatus of claim 131, wherein said first channel is configured for both

said gas phase and a solid phase from said devolatilization unit to flow to said heated

reaction vessel.
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