METHODS AND APPARATUS FOR PRODUCING ALCOHOLS FROM
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for the conversion of carbonaceous feedstocks, such as cellulosic
biomass, into synthesis gas, and to processes for the conversion of
synthesis gas to products such as alcohols (e.g., ethanol).
BACKGROUND OF THE INVENKH A% £PPG$AFanol and alcohol
mixtures including ethanol may be used as fuels and fuel additives in
place of petroleum-based products such as gasoline. Such use of alcohols
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catalytic processes for the '
Application Nos. 12/166,203 and 12/166,212, both filed July 1, 2008; all disclosures

of which are hereby incorporated by reference herein for all purposes.

FIELD OF THE INVENTION

[0002] The present invention generally relates to processes for the conversion
of carbonaceous feedstocks, such as cellulosic biomass, into synthesis gas, and to
processes for the conversion of synthesis gas to products such as alcohols (e.g.,

ethanol).

BACKGROUND OF THE INVENTION

[0003] Ethanol and alcohol mixtures including ethanol may be used as fuels
and fuel additives in place of petroleum-based products such as gasoline. Such use of
alcohols can reduce the need to import petroleum. In addition, the substitution of
alcohols for petroleum-based fuels and fuel additives can be particularly
environmentally friendly when the alcohols are produced from feedstocks other than
fossil fuels.

[0004] One synthetic route to alcohols is through catalytic processes for the
conversion of syngas to alcohols. Syngas (or synthesis gas) is a mixture of monoxide
(CO) and hydrogen (H,). Generally, syngas may be produced from any carbonaceous
material. In particular, biomass such as, for example, agricultural wastes, forest

products, grasses, and other cellulosic material may be converted to syngas.



conversion of syngas to alcohols. Syngas (or synthesis gas) is a mixture
of monoxide (CO) and hydrogen (H2). Generally, syngas may be
produced from any carbonaceous material. In particular, biomass such as,
for example, agricultural wastes, forest products, grasses, and other
cellulosic material may be converted to syngas. [0005]There exist a
variety of conversion technologies to turn these feedstocks into syngas.
Conversion approaches can utilize a combination of one or more steps
cdPfbing gasiiraBoriHwrbhyEs; afcnyessisrripinagiss gl these
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same time that hydrocarbon-synthesis catalysts produced linear alcohols
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byproducts (Fischer and Tropsch, Brennst.-Chem. 7:97, 1926).
[0007] However, improved methods and apparatus to convert syngas into

alcohols, such as ethanol, are currently needed.

SUMMARY OF THE INVENTION

[0008] In some embodiments, the present invention provides a method of
producing one or more C,—C,4 alcohols, the method comprising:

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

(1) converting a portion of the syngas to methanol with the first catalyst;

(1i1) introducing syngas and methanol from the first reaction zone into a
second reaction zone comprising at least a second catalyst; and

(iv) converting at least a portion of the syngas and methanol introduced into
the second reaction zone with the second catalyst to produce a product stream
comprising one or more C,—C4 alcohols, such as ethanol, 1-propanol, or 1-butanol.
[0009] The second reaction zone can be in the same reactor, or in a different
reactor, than the first reaction zone.
[0010] In some embodiments, the syngas introduced into the first reaction
zone has an initial H,/CO ratio, conversion of syngas to methanol in the first reaction
zone causes the syngas introduced into the second reaction zone to have a second
H,/CO ratio, and the second H,/CO ratio provides an increased yield to one or more

C,—C4 alcohols in the second reaction zone compared to that which would be
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() introducing syngas into a first reaction zone comprising at least a first
catalyst; (if) converting a portion of the syngas to methanol with the

first catalyst; (i) introducing syngas and methanol from the first

reaction zone into a second reaction zone comprising at least a second
catalyst; and (iv) converting at least a portion of the syngas and

methanol introduced into the second reaction zone with the second

catalyst to produce a product stream comprising one or more C2-C4
aleshitsdsuchaniirbHolC9-propadbe srconsUhriol [poogyTHefewbbntpwer than
refctn 00 caN RN the same reactor, or in a different reactor, than the
first reaction zone. [0010]Iin some embodiments, the syngas introduced

inkB0hY first redatisingcsiebrdsnenthitha Motod FaBeTepersiohibredHgas
10, MetaRrhiRibR it s eACUOR ZANEcaYS S SR a Y BAR HIHOIHRES: i%grtion of

the second reaction zone to have a second H2/CO ratio, and the secon
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unreacted syngas from the first reaction zone) is introduced into the second reaction
zone, followed by converting at least a portion of the additional syngas introduced
into the second reaction zone to one or more C,—C4 alcohols with the second catalyst.
Syngas can be recovered from the product stream and recycled through at least one of
the reaction zones.
[0012] The first catalyst can comprise a material selected from the group
consisting of ZnO/Cr,03, Cu/Zn0O, Cu/ZnO/Al,03, Cu/ZnO/Cr,03, Cu/ThO,, Co/S,
Mo/S, Co/Mo/S, Ni/S, Ni/Mo/S, Ni/Co/Mo/S, and any of the foregoing in
combination with Mn and/or V. The first catalyst preferably includes a basic
promoter.
[0013] The second catalyst can comprise a material selected from the group
consisting of ZnO/Cr,03, Cu/Zn0O, Cu/ZnO/Al,03, CuO/Co0O, CuO/CoO/AlL O3,
Co/S, Mo/S, Co/Mo/S, Rh/T1/S10,, Rh/Mn/Si0,, Rh/T1/Fe/Ir/Si0,, Rb/Mn/MCM-41,
Ni/S, Ni/Mo/S, Ni/Co/Mo/S, and any of the foregoing in combination with Mn and/or
V. The second catalyst preferably includes a basic promoter. The first catalyst and
the second catalyst can, in some embodiments, have substantially the same initial
composition.
[0014] In some embodiments, the invention provides a method of producing
one or more C,—C4 alcohols, the method comprising:

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

(1) converting at least a portion of the first amount of syngas to methanol with

the first catalyst;



additional methanol into the second reaction zone and converting at least

a portion of the additional methanol introduced into the second reaction

zone to one or more C2- C4 alcohols with the second catalyst. In certain
embodiments, at least a portion of the additional methanol introduced into

the second reaction zone was previously recovered from the product

stream. In some methods, additional syngas (which is not unreacted

syngas from the first reaction zone) is introduced into the second reaction
zone, foBivdefieyubny dhdrpestdealsion seeHBa RO M aeNGoIvanRipigast least a
infragdHeed;ine; the second reaction zone to one or more C2-C4 alcohols

with the second catalyst. Syngas can be recovered from the product
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basic promoter. [0013]The second catalyst can comprise a materia
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catalyst and the second catalyst can, in some embodiments, have
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zone, further comprising separating from the output stream at least a portion of the
methanol produced in the first reaction zone. The first reaction zone and second
reaction zone can both be in a single reactor.
[0017] In certain embodiments, additional or recycled CO; can be introduced
into the first reaction zone, wherein at least a portion of the CO, is reacted with H;
present to produce CO,-derived methanol. The CO,-derived methanol can be
converted, at least in part, to one or more C,—C4 alcohols (such as ethanol) in the
second reaction zone.
[0018] Generally, this invention describes a method of producing an
intermediate lower alcohol that is used to produce a higher alcohol. A C,.y (n + m =
2-10) alcohol can be produced by first producing a C, (n = 1-5) alcohol, according to
the steps of:

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

(1) converting a portion of the syngas to a C, alcohol with the first catalyst;

(iii) introducing syngas and the C, alcohol from the first reaction zone into a
second reaction zone comprising at least a second catalyst; and
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(iv) introducing a second amount of syngas to the second reaction zone;
and (v) reacting at least a portion of the methanol introduced into the
second reaction zone with at least a portion of the second amount of
syngas with the second catalyst to produce a product stream comprising
one or more C2-C4 alcohols. [0015]The second amount of syngas can
include syngas that did not react in the first reaction zone. The second
amount of syngas additionally can include syngas that was separated and
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zone. In some embodiments, the second amount of syngas includes

synguyitieg thas gendeald from methanol in the first reaction zone.
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the second reaction zone is in a second reactor, and an output stream of
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recycled CO2 can be introduced into the first reaction zone, wherein at
I&?‘éeﬁoﬁf%%ﬂﬁe CO2 is reacted with H2 present to produce
CO2-derived methanol. The CO2-derived methanol can be converted, at
least in part, to one or more C2-C4 alcohols (such as ethanol) in the
second reaction zone. 100181Generally, this invention describes a

method of producinggyrinteypsdirieToryerGcohd thafiirused to produce
a higher alcohol. A C"." (n + m = 2-10) alcohol can be produced by first
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catalyss;using (¥ caseesting acpoctios, af tbriByn@asntovariatialcohol with the
firﬁ)togifilﬁalyst; FIG. 2 shows a process flow for producing methanol and ethanol from
syngas using two reaction zones in sequence in a single reactor, according to one
variation.
[0022] FIG. 3 shows a process flow for producing methanol and ethanol from
syngas using two reactors in sequence, with some or all of the methanol produced in
the first reactor diverted from the second reactor, according to one variation.
[0023] FIG. 4 shows a process flow for producing methanol and ethanol from
syngas using two reactors in sequence according to another variation.
[0024] FIG. 5 shows a process flow for producing methanol and ethanol from
syngas using two reactors in sequence, with the first reactor producing methanol in
high yield for conversion to ethanol in the second reactor, according to one variation.
[0025] These and other embodiments, features, and advantages of the present
invention will become more apparent to those skilled in the art when taken with
reference to the following more detailed description of the invention in conjunction

with the accompanying drawings that are first briefly described.



(iii) introducing syngas and the C" alcohol from the first reaction zone into
a second reaction zone comprising at least a second catalyst; and

(iv) converting at least a portion of the syngas and the C" alcohol
introduced into the second reaction zone with the second catalyst to
produce a product stream comprising the City,/ alcohol. 100191In some
embodiments, intermediate production of a higher alcohol can be used to
produce a lower alcohol as a final product. Specifically, methods can
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introduced into the second reaction zone with the second catalyst to
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BEQEEE bSE SCRGETIEIN O armenRIE D e birs B pslamed RO tiograp thet @

flpwrion Brasuring Rethanal snd eibantkilamSyiEapdsing itwenteactors
in se%Jence, according to qne varijation. 100211FIG. 2 shows a process

&7 producitty HEAHAARISRALIAHER B ARRR RSt aims res g 1ar

ZgpRfsiNFeauenaadn SingituRasins] 266D ARGV astiatRNclcarly indicates

e tSe, e AhRE Gihermase, all Keahmcal Snd scientitc termme naed herein
have the same meaning as is commonly understood by one of ordinary skill in the art
to which this invention belongs.
[0028] 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.
[0029] As used herein, “C,—C4 alcohols” means one or more alcohols selected
from methanol, ethanol, propanol, and butanol, including all known isomers of such
compounds. While some embodiments are described in relation to high selectivities
to ethanol, the invention can also be practiced in a manner that gives high selectivities
to methanol, propanol, and/or butanol, or certain combinations of selectivities to
methanol, ethanol, propanol, and butanol. “C,—C, alcohols” means one or more
alcohols selected from ethanol, propanol, and butanol, including all known isomers of
such compounds.
[0030] Methods and apparatus for producing C—C;4 alcohols from syngas are
disclosed herein. In some variations of these methods and apparatus, syngas is
catalytically converted to methanol in a first reaction zone, and residual syngas from
the first reaction zone is then catalytically converted to ethanol in a second reaction
zone. Referring to FIG. 1, for example, in one variation a syngas feedstream 100 is

introduced into a first reactor 105 comprising a first reaction zone 110. One or more
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syngas using two reactors in sequence, with some or all of the methanol
produced in the first reactor diverted from the second reactor, according to
one variation. [0023]FIG. 4 shows a process flow for producing methanol

and ethanol from syngas using two reactors in sequence according to

another variation. 100241FIG. 5 shows a process flow for producing

methanol and ethanol from syngas using two reactors in sequence, with

the first reactor producing methanol in high yield for conversion to ethanol
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invention so that a person of ordinary skill in this art can make and use the
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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.

[0032] Various components of product stream 130 such as, for example,
methanol, ethanol, alcohol mixtures (e.g., methanol, ethanol, and/or higher alcohols),
water, and unreacted syngas may be separated out and (optionally) purified by the
methods described herein or by conventional methods. Such methods may include,
for example, distillation and membrane separation processes as well as drying or
purifying with molecular sieves.

[0033] Syngas feedstream 100 may be produced in any suitable manner
known to one of ordinary skill in the art from any suitable feedstock. In some
variations, syngas feedstream 100 is filtered, purified, or otherwise conditioned prior
to being introduced into reactor 105. For example, carbon dioxide, benzene, toluene,
ethyl benzene, xylenes, sulfur compounds, metals, and/or other impurities or potential
catalyst poisons may be removed from syngas feedstream 100 by conventional
methods known to one of ordinary skill in the art.

[0034] In some variations, syngas feedstream 100 comprises H, and CO at a
H,/CO ratio having a value between about 0.5 to about 3.0, about 1.0 to about 1.5, or
about 1.5 to about 2.0. The H,/CO ratio in feedstream 100 can, in some variations,
affect the yield of methanol and other products in reactor 105. The preferred H,/CO
ratio in such variations may depend on the catalyst or catalysts used in reactor 105 as
well as on the operating conditions. Consequently, in some variations, the production

and/or subsequent conditioning of syngas feedstream 100 is controlled to produce
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forms "a," "an," and "the" include plural referents unless the context
clearly indicates otherwise. Unless defined otherwise, all technical and
scientific terms used herein have the same meaning as is commonly
understood by one of ordinary skill in the art to which this invention
belongs. [0028]Unless otherwise indicated, all numbers expressing
reaction conditions, stoichiometries, concentrations of components, and
so forth used in the specification and claims arc to be understood as being
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compounds. [0030]Methods and apparatus for producing Cl-Ca alcohols
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reaction zone, and residual syngas from the first reaction zone is then
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introduced into a first reactor 105 comgrising a first reaction zone 110.
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stream 115 comprising at least a portion of the residual (unreacted)
sympadivatieetias R Actor, WEHEPRICY ihapmesehrasmbieftgher
alp3gis and/orReiiiesreastinn IRSURiSoRRBMbAL Inastpianier 8f about 400°F

intermediate product stream 115 is introduced into a second reactor 120
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stream 115 and/qr at least a portion_of methanol from intermediate
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andein SOMRI¥aTABBAS1000 psig, about 1000 psig to about 2000 psig, or about 2000
psig to about 2500 psig.
[0038] In some embodiments, conditions effective for producing alcohols
from syngas include average reactor residence times from about 0.1-10 seconds,
preferably about 0.5-2 seconds. “Average reactor residence time” is the mean of the
residence-time distribution of the reactor contents under actual operating conditions.
Catalyst contact times can also be calculated by a skilled artisan and these times will
typically also be in the range of 0.1-10 seconds, although it will be appreciated that it
1s certainly possible to operate at shorter or longer times.
[0039] The reactor for converting syngas into alcohols can be engineered and
operated in a wide variety of ways. The reactor operation can be continuous,
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methanol, higher alcohols, other reaction products, and/or unreacted
syngas from intermediate product stream 115. 100321Various
components of product stream 130 such as, for example, methanol,
ethanol, alcohol mixtures (e.g., methanol, ethanol, and/or higher alcohols),
water, and unreacted syngas may be separated out and (optionally)
purified by the methods described herein or by conventional methods.
Such methods may include, for example, distillation and membrane
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carbon dioxide, benzene, toluene, ethyl benzene, xylenes, sulfur
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heated by compressors and heaters (not shown) prior to entering reactor
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psig to about 2500 psig. In some embodiments, the temperature is
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form of a powder, pellets, granules, beads, extrudates, and so on. When a catalyst
support is optionally employed, the support may assume any physical form such as
pellets, spheres, monolithic channels, etc. The supports may be coprecipitated with
active metal species; or the support may be treated with the catalytic metal species
and then used as is or formed into the aforementioned shapes; or the support may be
formed into the aforementioned shapes and then treated with the catalytic species.
[0043] In some variations, up to about 50% of CO in syngas feedstream 100 is
converted to methanol in reaction zone 110. Intermediate product stream 115 output
from reactor 105 may comprise, in some variations, about 5% to about 50% methanol,
about 5% to about 50% ethanol, about 5% to about 25% CO, about 5% to about 25%
H,, and about 2% to about 35% CO,, as well as other gases. In some embodiments,
intermediate product stream 115 also comprises one or more higher alcohols, such as
ethanol, propanol, or butanol.
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[0036]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, for example, be
any suitable fixed-bed reactor. 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 embodiments, catalysis occurs

wifitdellets oliredTndrogéingd iatpirestiafoDBrRE sersmL DSty in some
ORGSR T SHAMBIEy RIJSTRAAM RIS RAMLAR0E 10,2008 190F AR Alferred

pressures of about 500 psig to about 2500 psig. In some embodiments,

thid:AeAgatiatifts usbetiiaina B dpordembsuiatDs calsetd BooFses in reactor

ahoptL.eQRm L APAUIRRPHIHS 2bRutifROFFHE §OWE SMBeHIMERIR AR product
pressure is about 500 psig to about 1000 ps&,gabout 1000 psig to about

20terps i orearbtier o o Bsasiromnd Wsig arooms ofaasHrns occurring in
embogdimestspcanditicns.afrstive foerAHLng HeIRRIE ffomMS¥N93Gcam 115

include average reactor residence times from about 0.1-10 seconds,
pidfsridshadnsieicetianebrishy reasiohd 20 draoradsidinte/ tilaetio afe

meaasatie 1 @@.i%%ﬁi%?iﬂi%m?%%%ﬁhﬁ f@&‘i@f?ﬂ@@ﬂ%dﬁ@@%ethanol, for
actual operating conditions. Catalyst contact times can also be calculated

by sawlfednaptrves HdiHES: mHReli HmeaifediorpeciartheOringbtbs

0 dad@peprontisnaihioneh wilkdsapyeciated that it is certainly possible
to operate at shorter or longer times. [0039]The reactor for convertin

syA8AY into alchens sxAmRleriBrdesra 40D ensapatess mReaiadt) /6{0 ratio

Waysbl18 ILRFEBHOPE! AP e RS CANINUeYE: 18 ToS PROGRABIOUShEFol in
batch. OEZeration that is substantially continuous and at steady state is

prafstabi2 et patBrrrtaR plretiietdhdimmEady somectbapataniiymexample

WedpIBixeeh, ok thilQphpaltey dRednes thase extre asintienf e BRIRR stream
can be verticaluF?row, vertical-downflow, or horizontal. A vertical

cdifidaratiBhesionss orémndihys iopaovesibo pthnelyickh iacersigr déd I
SQURRINLHBVINC Al SANEEMNOAKPISIBor 105 is a Cu/ZnO/alumina catalyst.

[0046] Reactor 120 may be any type of catalytic reactor suitable for the
conversion of syngas, methanol, and/or syngas plus methanol to ethanol and,
optionally, to higher alcohols and/or other products. Reactor 120 may be any suitable
fixed-bed reactor, for example. In some variations, reactor 120 comprises tubes filled
with one or more catalysts. Syngas and/or methanol passing through the tubes
undergoes surface catalyzed reactions to form ethanol and, in some variations, higher
alcohols and/or other products.

[0047] While not intending to be bound by any particular theory, it is
presently believed that the methanol may be converted to syngas and thence to
ethanol, the methanol may be converted directly to ethanol via a homologation
reaction, and/or the methanol may be converted to ethanol by other mechanisms.
[0048] Reactor 120 may operate, for example, at temperatures of about S00°F
to about 800°F and at pressures of about 500 psig to about 2500 psig. In some
embodiments, the temperature is between about 500°F to about 600°F, about 600°F to

about 700°F, or about 700°F to about 800°F. In some embodiments, the pressure is
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various arrangements. For example, in some variations, the reactor

comprises a large number of tubes filled with one or more catalysts.
100411Any suitable catalyst or combination of catalysts may be used in
reactor 105 to catalyze reactions converting syngas to methanol and,
optionally, to higher alcohols and/or other products. Suitable catalysts may
include, but are not limited to, one or more of ZnO/Cr203, Cu/Zn0O,
Cu/ZnO/AlI201, Cu/ZnO/Cr203, Cu/Th02, Co/Mo/S, Co/S, Mo/S, Ni/S,
N#haetS 0N peisMmeouRHODi prg; ahouintDaRpBe tecahordgoiRe mpig. or about 2000

C%@?EM%W% jgnd/or V. The addition of basic promoters (e.g. K, Li,
Na, Rb, Cs, and Fr) increases the activity and selectivity of some of these

cé%%ls for alcdmbBiBAK CHrbYHbEPRbInAdoaIRAFAtlF st aRde used in
raie@sr iRl Y20 BaetRIle &ﬁ%ﬁﬁ%’}?ﬁ%ﬁs?%gﬁl%ﬁfgﬁﬁwesyngas +

promoters, in some embodiments. 100 catalyééf)hase canbe a
SR (Y

pargtBanebly sthmeliand epiinatiyete drabet Hapheolks thgs pEPEHELs-
CRiAYIed SR AL FHRThEMRI S nift BRINEIEBIRAINERIS/Cr,0., Cu/ZnO,

mass-transfer-limited or kinetically limited. The catallﬁt can take the form

ofavgaiier Pelfet) Grufe OB leRmiMates Cand a/s i/ ivheVte/S,
CalayshAIPRRhIT PRIl RIS f1ihe SURPSIOM RN ATINIEMIM,, Cu, Zn,

physical form such as pellets, spheres, monolithic channels, etc. The '
stgpdrstingdy Badcapreepitaeackith itctld inael Bpreiporeptaie Gupfort i Na,

MRY, 108 theates) ek HiesqatalviG imelsh SPREIRG M (DRI HBatbaSdsAYsts for
formed Into the aforementioned shapes; or the support may be formed

intd mel b péRRE RtioAka e pBasinaraiaeisre e deitikpléng paithiend rare-carth

Speqias: NIHSURBRMENAIMIANRS, B 10RRAUEROH IR 1N BYDEIAS
feedstream 100 is converted to methanol in reaction zone 110.

IrRBYPREENS Hroduct stream 115 output from reactor 105 may comprise,

in[ﬁ@SO? variatigpsoahayh 53aitacaho U&éﬁ?ém?@dl%r aboaa%hdmabert or
50% ethanol, about 5% to about 25% CO, about 5% to about 25%

A RPHR D A 4063 O T Nl B GASO  QGFAL O Cors,

emRslins N/ MRINadats, RRAME!ISTDE aRW AL F 3IESCOMRISERNEIRA4 1, Ni/S,
maore higher alcohols, such as ethanol, propanol, or butanol. 100441The

HYICHY RO GRS AL ABYRIDE SREEER N B CARb &Rt Mg or V.
affgglithenyielpéLtbanplacheitar BsadHcis R IRAGNndRA: T srafsreashsic

H2/CO ratio in such variations may depend on the catalyst or catalysts
uEIRFESctor 120 as well as on the operating conditions. The H2/CO

rqpesn|intermediae gigRericiiepm IS caneiterirons that ffeadstiaan zones
100 as a result of reactigns occurring in reactor 105. In some variations,

thit 137 d 12t B LR RPHBLREY SPOd A BFe dHTT 8 95 B ielrs! Kt and

ethapeh yiglgipsreacton iz tbanvwpuld dhenHdedikatie Ridaes sraiarod0.
Ir;guc,h variations, operation of reactqr 105 to produce methanol, for . .

Al AT R eoRRE YatiEr BB SRR 5 ALKk R RBRS gy In

the stasapotihrhethasatyielgio 66astor 1201620451 MonsiexaRrie zones but,
feedstream 100 comprises syngas with an H2/CO ratiq of about 1.5 to
B3GR SSntP SN BYEA FRARISIED A 53¢ B HERLIY BieHRGHTTRRERS due to

130rfsrahraitipbspasatitifigfsreactor 105 to produce methanol in this
tgs H2 in the si@gas to decreases the H2/CO ratio in

ex e deple .
in@n diate proFUIHEFESHT 198 PSR VAR LiaPtd 20 At toRRH Sl me
thexdthiane) yhele 07seaatwul 30%4nncetitainl erbbadi0tenisaibet Calalysidnol, about

reﬁﬁt?g a 00511‘5?“/? 8/(%,”&8/0%"[[1 6%”‘[% ggg%lty %% H,, and about 5% to about 25% CO,,

as well as other gases. In some embodiments, product stream 130 also comprises one

or more higher alcohols, such as propanol or butanol.
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100461Reactor 120 may be any type of catalytic reactor suitable for the
conversion of syngas, methanol, and/or syngas plus methanol to ethanol
and, optionally, to higher alcohols and/or other products. Reactor 120 may
be any suitable fixed-bed reactor, for example. In some variations, reactor
120 comprises tubes filled with one or more catalysts. Syngas and/or
methanol passing through the tubes undergoes surface catalyzed
reactions to form ethanol and, in some variations, higher alcohols and/or
oti#8f3koducts. Roerma e HoFikie hdih o beapstipasmagted siegherin

et &oresesy Religyrs HakiBemeinaRaking ke ARESGAm 135 and

syngas and thence to ethanol, the methanol may be converted directly to

etisardediheonesrsitiblf leduatsr darepeniorseamaplsl hayipl of cthanol
CoRYRItethIe 8LuRBLRYIEr MEFHANIYS ol HPARKRGAGOLI O ions

operate, for example, at temperatures of about 500F to about 800F and at

preyserted sy egrsunsuodysigisandd02sor vy threeeha wsipbdihbptadding it to
thg lemperatiweads provesr ahert pABECIPARPHE BRAGBROWRUIEQF the

about 700F, or about 700F to about 800F. In'some embodiments, the
prEYSATE AT DI HAF) 16caBble O o peyg it 0o Pyt 1y BB sukur,

2Q00R8mBb ARAULRZRAQ. BeisiierahoutiZRAR i FRRSAIARMEHEBRIR ysts in

catalyst or combination of catalysts may be used in reactor 120 to
c&eanioe H3ctions converting syngas, methanol, and/or syngas +

m@i§y1ol to ethang! angrpienainia Highthsloebdlsamd i sdded to

products. Suitable catalysts may include, but are not limited to,

aleARPREES prsiuc Lo EL 2R olhpose exiodesd (eirentos &I grther

Ma(Se450/MPERaMR, MENRIS NUGAVI R R HESIRZiIBIAWHRI2. For
Rh/Ti/Fe/lr/Si02, Rh/Mn/MCM-4l, Cu, Zn, Rh, Ti, Fe, Ir, and mixtures
tHEREBP IEn B ShaRd AoBEYRE HrEREb IS Ty PR SERaRE dRROtSRORHY frpyn product

INGreRSER IR AeHMI B RE SSICEIY Y PIRAME (I taaseosaphystetor mhandhanol

or other C21 alcohols. Basic promoters include alkaline-earth and

refOIB QT TEHRSS NH- ReeiiRd ek @ L AR EFoE: AR fractive! 20-
PIOURHETS, IN SHMSANNRAIMARISHOOPRIbISHNIE SNROLHPRAtR S At ore

for reactor 120 can include one or more of ZnOQ/Cr203, Cu/ZnQO,

CERPROIRD 68005 BT 89S AtEdES e 8o Erasteiolfigrad reactor 120
RE{iI10 2h I B/ S0 FRIVT b ediRiRks). RAGNINGS ME M btding) INitMeLs: 105,

Ni/Co/MalS, and any of the foregoing in combination with Mn and/or V,

ARSI HasyLs ARy (Bt gyt RERBeh A S HETRS GRE bf-O2
MBS HASICHHRA&IGstream 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 reactor 105 and reactor 120. Enhanced
production of methanol by consumption of CO, may result, in some variations, in
enhanced production of ethanol by conversion of the methanol to ethanol and/or by a
resulting favorable adjustment of the H,/CO ratio in the syngas stream introduced to
reactor 120.

[0056] Referring now to FIG. 2, some alternative variations differ from those
described above primarily by use of a single reactor 200 comprising a first reaction
zone 205 and a second reaction zone 810 rather than two reactors. Syngas feedstream
100 is introduced into first reaction zone 205, wherein one or more catalysts convert
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100511The composition of catalysts in reactors 105 and 120, or reaction
zones 110 and 125, can be similar or even the same. Reference to a "first
catalyst" and "second catalyst" in conjunction with reaction zones is a
reference to different physical materials, not necessarily a reference to
different catalyst compositions. In some embodiments, a certain type of
catalyst is loaded into both reaction zones but, over time, the nominal
composition of these catalysts could diverge somewhat due to different

erplrsta pertiiicHSY[ons JipdsternstAddmmabvelpatrevideaateonadiate

Y EANRHSEn iﬂ%@&%ﬂﬁ%ﬁ‘@%ﬂ%a@@é’%ﬁ%n“&ﬂh@ldh?é%"é?e'ai‘% ROkom
about 10% to about 90% ethanol, about 0% to about 25% CO, about 0%

tofegsstieanokdomgianmoutds 4 temap datiztonscingheslcehols anger other
02SKSidN VMR R MRPHMEN TS IR S AAM A3 AISR COMRASEESAT Ao duced

more higher alcohols, such as propanol or butanol. 100531Referring

aditiseembraaGHEbABA BHLIBRHY G ARS MBS FIAS SH SPoYataltieaght portion
130 isrerarateshiremaradyrh sieam 1301 & farmieadsieanotdondidnethanol

recycled through reactor 120 to further increase, for example, the yield of

etfigmdniiaretsinerasest-sicproddets pRsidatvedicoitisapdibromprising

SQm%WQﬁH%%HﬁEe@&ﬁ%H@Q? Qﬁ%ﬂﬁhﬁ[}’ﬂ%ﬁ%ﬁgﬁéﬂé R3%iRrecxsles products,
thro;& reactor 105 by adding it to S£ngas feedstream 100. The latter

apprOICFRaS S yRSitHBNB | ipterRFRdufiretsRaBdldgngas in product
stiggsm 130 is cRBIRIMINYE hAPHEXAIRISe Vit Baidre ST GRMRAUWMSprising

metals, or other materials that can poison methanol catalysts in reactor

1650 [DOBATAKGCIHPRERNE VaHRAEHOR PhEtreins MUb B b rAleriodhgeperation
oinieradisgd Rradud @lteaned 4609t OthghivirGIRTadusae {adeaehar theO

to further increase, for example, the yield of ethanol and/or other desired

protl¥es misddrdriptiomethanPhaprodil beag disretetvmyondisepalatdle
(NehshsywontomaRdissi SieamitiRitfamdesdsteanmiLd9, 2 aones 110

recycled through reactor 120. Methanol from other sources may be

b
intfsl AL desesiDrgi PBP 1S std A8 CR PaRiaBT abitarpssintepLedet viRamohls and

OREANLEN M HAERYSESal)) 1836HE FADa I8, WM SafirtalystSim 8PS AhdwTor the
or one or more catalysts in hoth reactor 105 and reactor 120 catalg/ze the

cHAvargBh dsseEtedatnmetbrepretdeddf of muthgtgning g8 130 may
reRCieEvERY O d O EREI6ROIAY be dh6sehy RBAANGES 10 CABYMNIBE

o;c(i:dce)c% 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
separated from product stream 130, for example.
[0058] Similarly to the two-reactor variations, in some of the single-reactor
variations the H,/CO ratio in intermediate product stream 115 can affect the yield of
ethanol and other products in reaction zone 810. In some variations, the H,/CO ratio
of intermediate product stream 115 differs from that of feedstream 100 and provides a
higher ethanol yield in reaction zone 810 than would the H,/CO ratio of feedstream
100. In such variations, production of methanol in reaction zone 205, for example,
improves the H,/CO ratio of the syngas fed to reaction zone 810 from the standpoint
of ethanol yield in reactor 120.
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present in syngas feedstream 100. Consequently, in some variations,
CO2 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 CO2. Suitable catalysts for
converting CO2 to methanol may include, in some variations, one or more
of those listed above for use in reactor 105 and reactor 120. Enhanced
production of methanol by consumption of CO2 may result, in some

vaPid¥tins, in edirdpcE pod iR fidh of ctanelteinedrvansiaions giéfer from those
MeIDARLQ RINRBREANG/PIPY 3 %'QP&J&@&%@@H&%%@E&Q%M all) of

f12/CO0 ratio in the syngas stream introduced to reactor 120.

10oseethanslindnignedimrarodugimacane iativaivarat dne® difrathasel product
thgse deffyipgo- 30 Ve RHIARENORYG H5R8h& SIRAIR 183GIR 200 R THYISNGthanol

a first reaction zone 205 and a second reaction zone 810 rather than two

rafdtsduss yHgas fAbetrcbms cromeisdrird duEER by firsvrasionshraethads.
ZQ%WM%JQ%B%Q EMBRCAtAYSLIS GARNERS, e RRAUTLF Af oSt

feedstream 100 to methanol to tE)'z;gvide intermediate product stream 115

corgHsingeebl? differtidionrté enikodstesyHihangoro védasstiaigher cthanol
1001 ratharl: 200 HRSYRA Vet RS AICRRIS ANAIR! PIRRY:, the

reaction products. At least a portion of intermediate product stream 115 is

inbradueeeniafo sy researder 208 Byadvitire s b erisRs ¢ athapels

CRRYEIE RS ERSERRATTION A Synoas e atekmediate product stream 115
and/or at least a portion of methanol from intermediate product stream

118989brovide Froams wrisions sectnplrisipy dtnethal Bish, yickbima first reactor
VaHatiaBseqnathgreh WaBe i AERNRIFIPINRESRAGHARI OQHSISKARFIOTS described

unreacted syngas from intermediate product stream 115. 10057]Reactor
200thesfasenshirtibe- o Sencatbrd damgtcdeal ® ! @Bmprising two or more
reaeBeN zones RIRSAIOIG PICRACIdr QAhPRY B SHRIR AR QRORRHIN

of reactors 105 and 120 described above. ir%tgarticular, in some variations,

thiseitsgatd Bl dticiakiicaln S PRvate 6% aRAARPd iaridftht Tspeirtrily at a yield

CoRittapniRrsiba sFaatiap #RARS ISR AR Ost NI T8, iR ferably
respectively, reaction zones 110 and 120 described above. Th

| e .
cOmipRLiab &P hiermedidig o dtratshighmathanahyigidaney S darhfaded. for
MaYnpISOBYEs YR atiARSUPSIHE SAIBsamALISMilasfthéhesedRithgo]l components

variations described above with respect to FIG. | . Syngas in product

SR HHETRS G PRI VSE TR ISUsH e A Ubiie e 6°6r e g peh reactor
feggkstream 100. CO2 may be added to syngas feedstream 100 or the
production and/or subsequent conditigning of syngas feedstream 100 ma

b&%88Atrolled to FroBIREY SYAGLENAMA PACHRE B RRRATGRE SBrGh 1o

enhangesd, Retirplkpkodusiany Ahmesian el ieed Sermc e S SHawploriay
b%ié\(froduced to re_aBti,or] zone 810 to further increase, for example, Fj;he
yi

SreARbAb Aesr SR destdatprsatios! dhidhisashAsrisogidam

maythensepadatgsidimypraaisat shtesinct 3 toraxamnpis it QApSISunikarly

to the two-reactor. yariations, in some éthe single-reactor variations the
HEPBES SR ST %%BfBFélﬁr%taﬁféPé? SAPIERg PURBRt #9E-yILiqBE
ethanglcandnashenhpradysts incetatlioh daoec8dl phid GaneMaratiginsathel syngas
I—é%/CO at@#ﬁn of int rmefiggé)roductstream 115 differs from that of 1301
eSS B A pBVRRE KRR AR ST SRR A S S At g Ty 130 s

thaoysied|chtbegh 2ée8diatipiaisferdsiream1 38k suebyi¢ibiieosgh reactor 105.

prgoduction of methanoé inr acti%)n zon§ 205, for exarélr% , improyes the d

HEEGFAEBBPIRELY LB HE S TR o DB 8 POPABIT Ry A S Bed 2

ethaodbyieiddngeactor 120. 100591Referring now to FIG. 3, some

alf%g?.} e Van?ﬂ%grsng chgergalt&%rrps,tt oesrea’[io of methanol to CO in feedstream 100 may
be adjusted, for example, to optimize the yield of ethanol in reactor 120. In some
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described with respect to FIG. 1 in that at least a portion (some or
substantially all) of the methanol in intermediate product stream 115 is
diverted into a methanol product stream 300 prior to the introduction of
product stream 115 into reactor 120. Methanol in product stream 300 can
be separated and purified by conventional methods. Similarly as above, in
some of these variations, the H2/CO ratio of intermediate product stream
115 differs from that of feedstream 100 and provides a higher ethanol

yienkbpiliesstor thomManrofisued mrihanet’t Qo erdesddftenhetronnabec). S to
the, preductipn,aFesthanRbdaHaRHOTHOR MAY AUMAMBIE @ RN SREGNER) is

ethanol production in reactor 120 in some of these variations. [0060]In
séhwatybfations methanol is produced at high yield in a first reactor and

sypgeguently canvertadir eshanaldp &SRR FEHCNI ARERIABIAISS in

described with reference to FIG. 4 described in more detail below.

[ousat R rinyitsttcaB s xarpsorik0Sony veasladenhasgmghimited to, the
feqdaiiagm 40948 sRialicalY carMensd ipyugisnolin R dirst FeamRRLA8R of

at a yield (mole conversion of CO to methanol) of, for example, at least

akBahstvRrbferatlyatdaeier 4BButrEIblscalibrsHidpieicasipsH Agmay include,

”ﬁlh@[%q_{dfi gldsenay, %@@J&%ﬁ%&g&%&%&l §b5’¥e§eﬂ?€@3ﬁﬁb&§i‘t§§96}1‘c9€alysts
substantially all of the non-methanol components in intermediate product

stibEsfctors HS fuad b2 apbanipier e perysHhsauirteab parns.
[0@@8Kn unrecycled; RRsHOB ks me diatRRHUetiBEE AR TradiehdR first

methanol, is (optionally) mixed with another syngas feedstream 510 to
pr§HFdeIOasTFaLh e8RS IS TPBaUbSd iR reAetsSisaMefe R introduced

PREPRoRh the Mmetharaband(OrHE MY MORRAFRIHEE NG ARAGHYodiments,
120 is catalytically converted to provide a product stream 130 comprising

etRaBNEMTSIH Y. VHFAERS ARUTHRtHRABMARIARP EIBERS! tBeemnesadtibiem any
PUTAHE B Oa LRFRRALBE: SHNGRSHTA R IERAT L GAMISMIB SRR action zone or

variations, unreacted syngas in product stream 130 is recycled through
réaRAEP T AL PRI Eam 135 and/or recycled through reactor 105.

VEgigé3 componesimelripstiatsieamhk3ormanikensapacateh UhaRi{ofyngas
purified as described above. [0063]In some variations, the ratio of

miEATAABY ROEES ity Fddadie Hin b RISy BeRBR AP B araRREIESae ion zone. In
oRImbzabedviRid o bethansl iRcreRatedsddclibeama RNbetimentfoiheny source

molar ratio of methanol/CQ in reactor 120 is between about 0.5 to about

216 2pL IR BRIEANIJERHERL e ratio of methanol/CO in reactor 120 is
alpeay7.0. 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
“zone” or “reaction zone” can contain a fraction of one, two, three, or more physical
reactors.

[0068] In some embodiments of any of the methods described herein, reaction
conditions (such as the temperature and pressure) used for the conversion of syngas to
methanol, the conversion of syngas and/or methanol to ethanol, or the homologation
of methanol to ethanol are the same as those described in any of U.S. Patent Nos.
4,371,724, 4,424,384, 4,374,285; 4,409,405; 4,277,634; 4,253,987; 4,233,466; and
4,171,461.

-15 -



100641Any suitable catalyst or combination of catalysts may be used in
reactor 105. Suitable catalysts for reactor 105 may include, but are not
limited to, the methanol catalysts listed above. Similarly, any suitable
catalyst or combination of catalysts may be used in reactor 120. Suitable
catalysts for reactor 120 may include, but are not limited to, the ethanol
catalysts listed above. The composition of catalysts in reactors 105 and
120 can be similar or even substantially the same. 10065]In variations of

ahd06Pthe metHdés deberitsed hsrainl et uproecsidb rehichory peitd eefdedytically
SREAVEHEARTIARAING 18 HHIRL SB35 §FRAAA AR AGRAY SR From the

both the first reaction zone and the second reaction zone. In some

eSO ERATENtaI LSS AR oscthaRPhin @xraond agter. Rekspng now to FIG. 4, a
emhodimRNLE, JD & 8PS IS LAl e sRalr da slesriPed RekgiBas

(such as residual syngas from a first reaction zone or a second reaction

zderdstions e aheatelPd arsand Branit ot aempetabEe dfedaitdd s F to
heyaithssyREasdraTaPrRUIEL4Prddegidn tha first IRAFUQEHZARS: ANA/Rles

the second reaction zone. In some embodiments of any of the methods
desaibati et RYetAwits| from any source is added to the second

re@etap zone. 19067 LCaHRINQBBRIMEMS BOPh &R o lpsYaisa

reactors in one or both of the reaction zones. For example, the first zone

churaEHsKOGs 8Bt fedcier ol fsreine gusydbsiiutd teddorGuatd dadscbil 425 are
ZQPRfiR iANAREH SAEGMRIR)-The efffﬁhé&ﬂ@tﬁ%'tdat@p%@i KREAMAUBWEHed can

bééwo reactors In the second zone. In general, any “zone" or "reaction
z

Syparsebnidin RifFAEHER SRRt HHOA RIS Redrirobs Phsriidserwhiifot other
10068Hp somr.amhediupenieal ayaldhasmethpdadassribad:Rargirogen and

reaction conditions (such as the temperature and pressure) used for the

coHRISHHNSHEPh SRBImEMA S dhd o A EiBIO Bt PR GaaAMay op Lfurs and

MahARehie R sofArtRearpairdatiofsaf meibaralinsinasakasadhde more
same as those described in any of U.S. Patent Nos. 4,371,724; 4,424,384

4 o8l ysE BOOMIRIRIS P vo byulsgrpanopver £orpsty 68D R Iramite gickel,

cobalt, or molybdenum. These and other metals can be supported on high-surface-
area refractory inorganic oxide materials such as alumina, silica, silica/alumina, clays,
or kieselguhr. One exemplary material is copper on alumina. 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.

[0071] With continuing reference to FIG. 4, 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 catalyzed reaction in supported-catalyst tubular reactors within
the reactor vessel. In some variations, the catalyst in reactor 440 is a Cu/ZnO/alumina
catalyst. Methanol is expected to be formed via the reaction CO + 2 H, — CH3;0H.
As noted earlier in this detailed description, in some variations methanol may be
formed by the hydrogenation of CO; as well.

[0072] Product gases 450 leave alcohol synthesis reactor 440 at a temperature
of about 500°F and enter alcohol synthesis reactor 460. In addition, a methanol

stream 465 (e.g., a methanol recycle stream separated from crude alcohol stream 470)
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100691FIG. 4 shows an example of a process in which syngas is
catalytically converted to methanol in a first reactor, and methanol and
residual syngas from the first reactor are converted to ethanol in a second
reactor. Referring now to FIG. 4, a single two-stage intercooled
reciprocating compressor 405 compresses syngas feedstream 400 to
about 1500 psig and feeds it at a temperature of about 135F to syngas
preheater 410. Preheater 410 is a shell and tube heat exchanger that

usemBred i tistbhrendiairsoutee oo et exdralrintedurad i wiestor

Figo4 fisated syndrafl m Fomarebe aleriAdids senhip sl feactor
guard beds 420, 425. Guard beds 420, 425 are confé%ured in a permanent

led¥T8h arrangEridaelohareirprddcrinaceitnedeat sdRmrcrypesebabout
TBSIPING A LRBALIBS AN NG REAI BT 1B SRIVISE OGS QUISS 16 o

being regenerated or activated. Regeneration is initiated by a mixed

h{RirgEH R @ Iihee ing (RBbsod)h et pedsad sthergealingacns(not
eXATIRIS oSl Ltsiant asialg dat4meYoRpsen b mathanel Gatalysis:, Wsidual

some embodiments, one or more catalyst poisons are removed by

ad¥BgptionbodrEspproRBhaf helcxerapbhHk sy ReBAdE ERRNd
TSNP RICAR BR SHARSHES QDI SIIIR6RAteR: T&IFREIRYNal

inorganic oxide materials such as alumina, silica, silica/alumina, clays, or

kidsdrgdmnesmbaxein Sargan et deppstrermut Adimay £k geerledn
frampyguarthRRES 420,420 AEySaNtilY Wﬁ%&ﬁ@%&@&é@ﬁﬁmhmger

435 at about 350F and are heated to about 4 during heat exchan]ge
witfPetlide alcoRBmexipgadaasimeyirsmnlesdBirdoaeshdirriadisumey, laser,

1904AIWith GRappuingsafereRcs: taddi & SmeasatabatcSR0paiganttam,

about 480F enters a first alcohol synthesis reactor 440, where at least a

pORRb A INAR By B tiRbsrGGES R Atsilide theaipdiygHon of ethanol. For
SURRORIBAIRIKELLIBNES RIS Wk, hiersacte reﬁeﬁggehla? Bt@r@s%d in some
S

variations, the catalyst in reactor 440 is a Cu7n0Q/alumina _cata

MEHAHRIL LR 58 fheRsd aQradddeirinses sTHaippt catslytion

Asontesiaprliendminis datadeasiesariniAbnid SaRMR RHAIANSMRIRANAN method
may be formed béqthe hydro%enation of CO2 as well. 100721Product

gieconse g e AdBrRBN SRR (eae BFAG sYREs Wb aHal B dhdut
SOk eiRbAIcRN16h DIMUTESIS (ERCLOL ARGt hafd itiaTb ehmathBel conversion

stream 465 (e.g., a methanal recycle stream separated from crude, alcohol

stearhee) rfistedhaael e Bt blisensobebhd ctior 46 igRdiation

algadntiodusgidtion @agiohid AR e Al FrogeeHEN ddsereatdr460 eatgy) are
include ethanol formation. [0073]Crude alcohol stream 470 exits reactor

4864+ (Egmﬁétrg{a?é%?% dijtparticular embodiments, CO; is removed from the

syngas and irradiation (such as irradiation with microwave, radio frequency, laser,
and/or UV energy) and/or a catalyst (such as a thermal catalyst) is used to generate O,
from CO. The O, is removed and the CO is added to the first and/or second reactor
zone. In some embodiments, the irradiation allows a lower temperature and/or
pressure to be used for conversion of CO; to CO than the standard temperatures and
pressures used for conversion of CO; to CO without irradiation. CO; in syngas
stream 100 may be optionally converted in this manner in some variations.

[0075] As another example, microwave, radio frequency, laser, and/or UV
energy may be used to accelerate the catalytic conversion of syngas to methanol
and/or ethanol, and/or to accelerate the catalytic conversion of syngas and/or
methanol to ethanol in variations of the processes described above for conversion of
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650F and is cooled by heat exchange in alcohol reactor cross exchanger

435 to a temperature of about 530F. Subsequent heat recovery and other
cooling steps (not shown) cool crude alcohol stream 470 to about 100F.
Ethanol, methanol, residual syngas, and other components of crude

alcohol stream 470 may be separated and (optionally) purified by using

the methods described herein or using conventional methods (not shown).
Syngas recovered from stream 470 may, for example, be recycled through
theneactorempehixiMerk sensreliygBssfepe SHEa 00N IO7A)Soffdio frequency,
V%E%P%W @f&pé% %d%@@c@ﬁ%@%cﬁﬁ?ﬁ%@&gyn of syngas

energy in addition to or instead of conventional process heat (e.g., steam;

hehemoaiiBin e racilizebamdar eteaned. fndipate aseoride b Eisaesn crsion
Fgr sxampladaiciuaye frdie freauenskdassr, and/or UV energy may

be used in some variations to convert CO2 in sy;]%as to CO and 02 for
mid¥ ekficient cBxaffie eBhoeEIeM IO HBRTEHGH M eINaROI; lasspried/or UV

eReA BAARMEALIQPALIGHIOG 1k FROVEIING GRHITHEHIESHH Gohe to

(e.g., treating syngas with a catalyst that promotes the conversion of CO2

toetoNss heckPraeTnoreosidient ameArRIebnlEreBA ¢8 hdimaitt.dhefprdiation
ethanakdisome BMhoHmERInHeRA arialyshardiNaditionéaWaR AStivates the

irradiation with microwave, radio frequency, laser, and/or UV energy) are
uSEERes epfisticioattdysio SishareQfiareirndtiniatie ficarnsrehtsiemd/or

frerg @%@ﬁﬂaass%gakrfﬁdﬂﬁ&ﬁ&ﬁ%ﬁ&&j @‘&déﬁﬁi&?l%{imdiﬂ IIBWANE r&EiS to be
frequency, laser, and/or UV energy) and/or a catalyst (such as a thermal
capfiedetlere s ymsE Rt 3t dRs e ecsThanptheieittoved and the CO

isagivtRd to the firsbARA/A% ARGANFIGRAATZARGiol i SABRCSIRRAI BRI UV

the irradiation allows a lower temperature and/or pressure to be used for

cGRVESBRCOBRSIEE ety BeassIaRaRe kethfeFdtts secand Habatiaghe
useehier eaBYSHSIOR:OTE Co2ntOGBowithat IHRGIRHMA ORI SGAS ccular

stream 100 may be optionally converted in this manner in some variations.

158120 dRBEFRCR KA MRSV, PERFOMISRSENRIFES ety asrirgpesianol,

eRRA%Y: NAYRECHESF O BEEAISEMENINST catal/ilc GANBIRIND OMSHNERS tPcthanol
methanol and/or ethanol, and/or to accelerate the catalytic conversign of

SYRYASSRE B remaliolty RIHAFHIH ¢RrRRbAY Bf the Prooegss radio
desgireyahave SaneRYeTsiRifbsYRYaRathaneMote geariayddfsities to

some variations, microwave, radio frequency, laser, and/or UV energ%;ﬁ o at
6 ata

Ry s b madiane! fivackaity O L FRBA o IS eYMAYES haehme

torapethanroihan ek eshanele AN aiesiaaacelermiadon caiabiisme0RyerBidal. Such
of sycré?as and/or methanol of any origin to ethanol. 100761In some
[

eMBCHiERESY HifefBWQVE FARE B AEy FaEY, SRy B BRBAGYILo cthanol

usegtier | Tadirienpy gasy Ny ttee Jigbeasaly Sparihel fitsbieaatiap@anges and
to enhance the conversion of syngas to methanol. In some embodiments,

tHE SNSRI AMIRESS molecular vibrations, increases the energy

deo@Ts), or othelivistaetivasemibessynghs BRIy sheatalyial SHghdiseo a
of microwave,{?adio frequency, laser, and/or UV energy in a

SYRYAORFME ol FEACHYY, SOMBRAMBIR, Gl Mot i et dragipling the
opgigtsdial/lawes tertiper alues @t gfesayeaiihaergth@rwisicrowave, radio

frequency, laser, and/or UV energy). At least a portion of the syngas can be

converted to ethanol. The method may also produce methanol or other alcohols.

Suitable catalysts may include, but are not limited to, any of the catalysts described

herein. In some embodiments, the catalyst is a conventional catalyst for the

conversion of syngas to ethanol in one reaction zone or one reactor. In some

embodiments, the catalyst favors the formation of ethanol over methanol in the
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100771In some variations, microwave, radio frequency, laser, and/or UV
energy is used to irradiate the syngas, methanol, and/or the second
catalyst in the second reaction zone. In some embodiments, the irradiation
increases molecular vibrations, increases the energy density, or otherwise
activates the syngas, methanol, and/or second catalyst. Enhancement of
catalytic conversion of methanol to ethanol may occur, for example, by
preferential absorption of the microwave, radio frequency, laser, and/or

Usbaaiseosf yatiatinadaan shalsodingionghmieansayyieradacéy iy b dehfeveation of
in{heg1ethanal fERsans Al SHGMALS, IRigrARAYRS ReatrRetharoliahathanol,

faster rate than ethanol, thereby favoring the conversion of methanol to

ethardly Sueringdherailersvienel ragireldastnabskr samg/embadisnrrgythe
INeg Q8L RARRIHERGIHheIRE SAVRI S IR BN IRSRAUPIHAd R ion,

operated at lower temperatures and pressures than otherwise. 100781In

s@Rfktemipadintiontsammetietisalione ipirdacrinty sphsrivinfaneiaetion cthanol
ZQih (8- the ATKACIOF GOMRYIRIAY BERASHPNE FRIlYEbARdYEAAtRIdRSlyst to

syngas and/or the catalyst in the reaction zone with energy (e.g.,
NN WERAR! RNy refaBpicihamarsthanlior UV energy). At least a portion of

the@wigas canihe&epyaiteditacRttanelhJie M thothma aise RERdNsR d/or

methanol or other alcohols. Suitable catalysts may include, but are not

liFEERARO] EHY B tACHCHARPRSUBBERBE ASHANR SérheleANdoRindErtag the

the satalvstdsadtonmentional satalyst {0k thsGBRVRIRIGR A HERGRRLE .
ethanol in one reaction zone or one reactor. In some embodiments, the

cEUHRV I ForadiodltetHTaG BN BTERAHSr MU cRfsaYanditite trk? Apdinielshe
ingdiatiomd@ndibiisdiation sRBaRCemiNeI SatastMithéarihs smairn@fother

ethanol. For example, the irradiation may heat methanol at a faster rate

trifPbtiandt RAIeHY RSRAT SR e SRt PRI DRSOl ERARffRduse d n to

senee QuRRACIBIRNS: ectabstiavers tadrspalienoheriianRla¥etuced in
ethanol in the absence of irradiation, and the irradiation causes the

cARARSTIRCHAORRNS a o IRERG SiRPBf mEtHETBF traf AhBrafussthugiae any of the

absanegsAflead R R osranmRie. foacialinnday cri¢seni e MalYah D
now produce more ethanol than methanol. 100791In other embodiments,

mutHHS HiOSKdS ARG ByYAGRS TSRS ARG iR GalalusisipmyZ8RRIde, but

carepidsinghiatdaashonereatadyealdndisiadirtingkia.syngas, methanol,
and/ar the catalyst in the reaction zone with_energy (e.g., microwave,

rddfPtequencyMa%BE SRARSTORP SneiR At RUEEISH PEHIUH SPIPRHSYNgeam 130

apdienaeethane issanvemes teratianal thoeeiboseaay BeQPEeEHICs cohol
other alcghols. In particular embodiments, both Z%fri\gas and methanol are

intfsatit 40 for BT re ABHBIFYBRYU 1R oS B S ettt iagRe WiRgasdLte
meihanekéspridacsieeaiimitd tiRaiRApionuZoNE: 4680 BIEHRAIRRAR)EREroduct

methanol is produced using any of the methods described herein or

obteatRd AORT SRyt SoarE A G AeREFA R RN ITE SyRgadTEpancl,
iﬂMi?dMSl@ddﬁl tathe lﬁ;@;@'&ﬁé Téiliﬂ%dﬁﬂ&ﬂbl @ﬁﬂﬁ@dyst&?ﬂayjr]n@ﬂ deidauil @ol

not limited tq, any of the catalysts descriped herein. [0080]In some
eﬁ%ﬁémrﬂ%w&%{ﬁ%ﬁ%mﬂﬁsaﬁ%ﬁﬂ@%%afff’ée a8 brtiggopanol. 1-
abmaﬁbitzgamﬂagrhwfﬁﬁw@éﬁgﬁgﬁ,ﬂfmd §tr@§dfahbl?so g?rd?ﬁpaﬁogég@h@ﬂor
stream to produce an intermediate product and then distilljng t

s é&é?&?}rgoﬁa&%ep?a%éé%egﬁnﬂE%?%%atﬁ%qtﬁr@o%mwi%%@ol stream
edtpgigheldsotlheprashectls JI3Q0vk Sy weld dl isteRy 4ih

campri e hoanol eg;{ noﬁﬂ,ga:?pan [, butan %Gr?gu\zivlater. Ii':(someaS
e%?ﬂ%ﬁff%%ﬁ ?’6?8815%? ?@aﬁ‘f%ﬁ?ﬁ‘%ﬂﬁgﬁcﬁg 1 stream 470 includes
gr[menrnlortebof Ih qbelfﬂ[kmfﬂgrﬁﬂml hh@k&iti—ﬂrﬁ@ﬂltﬂaht%mman@tholiibwwﬁn about
- nol, t- ol, pentangls, hexanals, heptanols, and octano or.
eryai R R R e SRR T R
alaaihol sSeeaiaed 2Boinchode soarvewr 3o erdl delymies de Bt oadvadlaro0% by
organic acids (such as formaldehyde, ati%taldehyde, acetic acid, and the

like). 100811In particular embodiments, the amount of the ethanol is
between about



25% to about 95% of the product stream 130 or crude alcohol stream 470
by weight, such as between about 30% to about 50% or between about
50% to about 90% by weight. In particular embodiments, the amount of
the methanol is between about 1% to about 50% of the product stream
130 or crude alcohol stream 470 by weight, such as between about 5% to
about 25% or between about 25% to about 55% by weight. In particular
embodiments, the amount of the water is between about 1% to about 50%

oMpighfroitsivelar IR GMmeitigeltcorordtrddhe artheyalisihatrsqaraiat 1%
behWEEH 30040 A praeU i P5RBPLLHA%AOHPOL AR %rd @}QW

ieiakych
embodiments, the amount of the propanol is between about 0.5% to éa%%@tguc
109defMtRRN SRS O stie AR U3E ¢r BrDERVARIHI S HeaN A TPBY Wetght, weight.
Sqﬁ*bﬁﬁ&ﬁsweﬁ&ﬁﬁﬁféh{%t% FRRUhEXP B REIPRN,BRAUZHLIR ROt

by weight. In particular embodiments, the butanol is between about 0.2%

too oot Beorsednet st dheastudsrioeal gt aroht) Birewiglty ol as
WEBHLRUHI @S BEIWEEALEROUL Bro¥iold 2PoLZHuar Belvesn,aRRuIAY 1o

about 5% by weight. 100821In particular embodiments, the combined
affBbediBigétoe MY HIBE Hirdrope IRl tivdsvapbabeut 96 dbabrutddyepf the

the RIQAUEESITERSD 30 QISR AISRBASIFRARY 4LRBY WeiDht 13usBASbout 1%

between about 0.5% to about 2%. In particular embodiments, the

cirrihipePan st BEtghna Akde doeitiady ek, Topwstisplyictgwdgpents,

thePradiel Heamel 3A1RIuEI0e, 3icohali e M oY Malghins st &Scrude
between about 0.5% to about 2%. In particular embodiments, the

cotRReb atisHB ATOIPCEC Y, BRSNS 1 DEtléentaBbetic fopidetween

ahpead, 96 R Prediisy stteai 130 or crude alcohol stream 470 by
wr[]eéght, such as between about 0.5% to about 2%. 10083]In particular
e

Balments, dRyIAEIRERBIAEETSABY tBRSRNRGH APAMNEF tidwtaner and
digtilatiass A BENG SR RN IeAUGHHIe AMPONLE RS BSPIg0WE crude

stream 130 or crude alcohol stream 470 by at least 75%, preferably at

ISP RlotireABrd ik Brerabiah hstedstoRuny SRd ABE D pr drép g iéadn particular

abaitoARHents, BatcwiBrRMROdIMestSrHagiaMaddtsidhewadBhis (€F%, to about
than or equal to about 1% or less of the intermediate g)roduct by weight.

DWIHPLESDF ARSBE a3 AL BRI SN /Areingisdamych as
respMRofbyale S1amo S8BIHAN. NP fRMRRL MR R AaGUREEMabunt

(such as during olefin formation). 100841In some embodiments, the

dRfiftg aiRDBHACBaIH§IRE T lart Sitealn 1%0br Grabtaiepdyet stream

strgg x4 AR iREEb] 3treemBraNg; fecthaswaniieperaranat o ey gbout 2%.
one agr more malecular sieves to produce an intermediate product. In

soMEUmbodimBritartingah sebetimsite Rty BfdeIvEharardod st liation,
thathabodh 2 AergELAMSeNN eehidinemboeimaiiscditemolaaar sigie iRate

agr%f ﬁgtt i&?egr?lr?fﬂizo?r co:;u%tg%lljéoiéggr%grorm%l] by at least 75%, preferably at least
90%, more preferably at least 95%, and most preferably at least about 99%. In
particular embodiments, the amount of the water is less than or equal to about 1% or
less of the intermediate product by weight. Drying can also be referred to as
“dehydration” which herein means removal of water from solution, not removal of
water at the molecular level (such as during olefin formation).
[0084] In some embodiments, the drying step involves passing the product
stream 130 or crude alcohol stream 470 through a membrane, such as zeolite
membrane, or through one or more molecular sieves to produce an intermediate

product. In some embodiments, the molecular sieve has an effective pore size of less
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[0085]In other embodiments, the drying step involves passing the product
stream 130 or crude alcohol stream 470 through a desiccant. A large
variety of desiccants are known. For example, desiccants can be selected
from Si02, CaO, CaCO3, CaC12, CuS04, or CaS0O4. [0086]Conventional
distillation methods, well-known in the art, can be used to distill the
intermediate product. Any number of distillation columns may be
employed, depending on the desired overall separation. In some

ethboalnenhts) agstnplss Betwiten anbediosurtolbmel @lensier etiws an effective
pBgﬁ@gggg%ggﬁw@gmome purified ethanol product can be made to

meet the ASTM D4806-07a specification for fuel ethanol, or some other
fudl§Pdde spedifiestigradodinsataphredistes siopamainespastiad dmarrsuct
PEOQE! €30 DE-HRRAIQRBYRF AR IO Rb GOMPHSHOLENINELORANER D

transportation vehicle. In some embodiments, the purified ethanol product

caRSHEEHmBMkBoMBTe nBRIGY AR 18t desiscaie ethdichgladeddsom, JP2, Cao,

muliils; Rysrecarpens svet,8e gasoline, to create a liquid-fuel blend.
[0088]In this detailed description, reference has been made to multiple

eh88lments of taESATERHGHSAHABHIRHIAAY BeAriprRE T émkiisgto Frovpe used
the myﬁmﬁéliﬁ%ﬁé‘dmfsf@zﬁ&ﬂ Rfasiierdr QUReReMOQAImeR LA

do not provide all of the features and advantages set forth herein may be
uRlgyeidsneudipaem e fraritre Qpirrlhirp¥adee-ofsapsssabpdiments,

INVMBREONs DRISIRYEIHIRM RCOIBAUIESKOVINS K BUATRIMMNOMNBNEY weight. The
optimization of the methods and systems described herein. Such

midHifitcsishangharodnetiisbsrdadsnigiaesedhs He Wil 806-8da sacsifisation for
inyRIER AL Bia GRS AAREHAIRUBIGALONE] BalgTHacateipatent

ap&l?ications cited in this specification arc incorporated herein by reference
in#0&Flentirety E@i%ﬁ@ﬁ%ﬁﬁﬂ&ﬁ%imﬂdﬁﬁféﬁﬂ Bt pradip appreatidnteare
spefificalyahind o haalbr Rutiaiibrhearein, dRRROIYMhsRBRiQAmaNd, the

steps described above indicate certain events ]
purified ethanol product can be combined (blended) with at least one other

hydrocarbon, or multiple hydrocarbons such as gasoline, to create a liquid-fuel blend.
[0088] In this detailed description, reference has been made to multiple
embodiments of the invention and non-limiting examples relating to how the
invention can be understood and practiced. Other embodiments that do not provide
all of the features and advantages set forth herein may be utilized, without departing
from the spirit and scope of the present invention. This invention incorporates routine
experimentation and optimization of the methods and systems described herein. Such
modifications and variations are considered to be within the scope of the invention
defined by the claims.
[0089] All publications, patents, and patent applications cited in this
specification are incorporated herein by reference in their entirety as if each
publication, patent, or patent application were specifically and individually put forth
herein.
[0090] Where methods and steps described above indicate certain events
occurring in certain order, those of ordinary skill in the art will recognize that the
ordering of certain steps may be modified and that such modifications are in
accordance with the variations of the invention. Additionally, certain of the steps may
221 -
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Additionally, certain of the steps may be performed concurrently in a

parallel process when possible, as well as performed sequentially.
[0091]Therefore, to the extent there are variations of the invention, which

are within the spirit of the disclosure or equivalent to the inventions found
inbthBealopasd sandniratlit is theatatishpiraeshislsatepssiile cevercthesperformed
vapatignsas well. The present invention shall only be limited by what is
claimed. CLAIMS What is claimed is: 1.A method of producing one or

mdB2-C4 alddwiréorai@ hemidenchapsingariationy pltbeliiaatisyngduch arc
infa@ifirelr g RAEH R FRNECRRESIPSATNG RS RRL eSS fourldin the

converting a portion of said syngas to methanol with said first catalyst;
appended claims, it is the intent that this patent will cover those variations as well.

The present invention shall only be limited by what is claimed.
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said second reaction zone with said second catalyst to produce a product
stream comprising one or more C2-C4 alcohols. 2.The method of claim 1,
wherein said C2-C4 alcohols comprise ethanol. 3.The method of claim 1,
wherein said C2-C4 alcohols comprise 1-propanol. 4. The method of claim
1, wherein said C2-C4 alcohols compfiddMbutanol. 5.The method of
claim 1, wherein said syngas introduced into said first reaction zone has
an inffigdK2/GR.Eatie, conversion of syngas to methanol in said first
reaction zone causes said syngas introduced into said second reaction
zone to have a second H2/CO ratio, and said second H2/CO ratio provides
an ingreasedyialditorpRJIKITBRHE Ganbié elcehalsin SaldiSFRAN LERGIRM:
zone compared to that which would be provided by said initial H2/CO ratio.
6.The mettBdIEPENsiRE SYRGHEIEIASHRY [SAEH P19 RODPHEB S | A tHish
said ipjsighdi2/CO ratio. 7.The method of claim 1, further comprising
introducing additional methanol into said second reaction zone and
converting @ Fé)ggf:réiwﬁ@ﬁi@p 8hrgiddgang methanol with said first catalyst;

(111) introducing syngas and methanol from said first reaction zone into a
second reaction zone comprising at least a second catalyst; and

(iv) converting at least a portion of said syngas and methanol introduced into
said second reaction zone with said second catalyst to produce a product stream

comprising one or more C,—Cy alcohols.

2. The method of claim 1, wherein said C,—C4 alcohols comprise ethanol.

3. The method of claim 1, wherein said C,—C4 alcohols comprise 1-propanol.

4, The method of claim 1, wherein said C,—C4 alcohols comprise 1-butanol.

5. The method of claim 1, wherein said syngas introduced into said first reaction

zone has an initial H,/CO ratio, conversion of syngas to methanol in said first reaction
zone causes said syngas introduced into said second reaction zone to have a second
H,/CO ratio, and said second H,/CO ratio provides an increased yield to one or more
C,—C4 alcohols in said second reaction zone compared to that which would be

provided by said initial H,/CO ratio.

6. The method of claim 5, wherein said second H,/CO ratio is lower than said
initial H,/CO ratio.
7. The method of claim 1, further comprising introducing additional methanol

into said second reaction zone and converting at least a portion of said additional
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reaction zone was previously recovered from said product stream. 9. The
method of claim 1, further comprising introducing additional syngas that is
not unreacted syngas from said first reaction zone, into said second
reaction zone and converting at least a portion of said additional syngas
introf\g8BaqhtgredRgcseBi e FesetishrstsHan 608 & OB ra X c aleshols
with gaifsRcapshgtalygt: 10. The method of claim 1, further comprising
recovering syngas from said product stream and recycling the recovered
syngas through at least one of said reaction zones. 11. The method of

claing 1, Whﬁ@fﬁ'e%&’&ﬁ@l%ﬁﬁ‘%'%ﬁ%&%@f&%ﬁ% mrieselselratachiiam gl
group consisting of ZnO/Cr203, Cu/ZnO, Cu/ZnO/Al203, Cu/ZnO/Cr203,

Cu/TRE2JUS DR /A3IS SCCHNMABASI 7SN BYS I NFE BRSPS ddFrangiaid product
the fggegging in combination with Mn and/or V, and wherein said first
catalyst optionally includes a basic promoter. 12. The method of claim 1,
wherein said second catalyst comprises a material selected from the

group, COnSf'ﬁg@)%@lt)gB%@Q?’Eugh@%%ﬁﬁﬁé@@/&l&@%g%@égﬂ%ngas that
CuO/Co0/AI203, Co/S, Mo/S, Co/Mo/S, Rh/Ti/5i02, Rh/Mn/5i02,

Rh/TiyReypssecteRyAgHemMad figi/saqummases, mivcyMergidiseraeiyzene

the frageiRerR SAMainatiRwi b M andiRnM sonswheseirLaidsesPdond
catalyst optionally includes a basic promoter. 13. The method of claim 1,

wher&i§ R dmEsO Ry ARG s&id Hahédesaistasand stmbstantially the
same initial composition. 14. The method of claim 1, wherein said first

reaction zone and second reaction zone are both in a single reactor. 15.
A méthod dhpBerieshyf slaol fEhsrconersHIESHONSTEg Y Agat e said
COMPFiRING stream and recycling the recovered syngas through at least one of said

reaction zones.

11.  The method of claim 1, wherein said first catalyst comprises a material
selected from the group consisting of ZnO/Cr,03, Cu/ZnO, Cu/ZnO/AlL,0s,
Cu/ZnO/Cr,03, Cu/ThO,, Co/S, Mo/S, Co/Mo/S, Ni/S, Ni/Mo/S, Ni/Co/Mo/S, and
any of the foregoing in combination with Mn and/or V, and wherein said first catalyst

optionally includes a basic promoter.

12. The method of claim 1, wherein said second catalyst comprises a material
selected from the group consisting of ZnO/Cr,03, Cu/ZnO, Cu/ZnO/AlL,0s,
CuO/Co0, CuO/Co0/Al,03, ColS, Mo/S, Co/Mo/S, Rh/Ti/Si0,, Rh/Mn/SiO,,
Rhb/Ti/Fe/lt/Si0,, RW/Mn/MCM-41, Ni/S, Ni/Mo/S, Ni/Co/Mo/S, and any of the
foregoing in combination with Mn and/or V, and wherein said second catalyst

optionally includes a basic promoter.

13. The method of claim 1, wherein said first catalyst and said second catalyst

have substantially the same initial composition.
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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 (v) reacting at least a portion of said
methanol introduced into said second reaction zone with at least a portion

of sald- sechhinegthed of ey riguaasith s disbesadoraang sndsqsaadustipn

produglSire st GRNRRSING LA, or more C2-C4 alcohols.  16. The method
of claim 1 or 15, further comprising introducing additional or recycled CO2

into said first reaction zone, wherein at least a portion of said CO2 is

reactgd with H2iRye R AHCE hidR-artves- meiaRAl mdiKod Benprising:

method of claim 16, wherein said CO2-derived methanol is converted, at
least in part) iBEECHIZASYE! epoat of sHMEBISIOSEIsSEREHIN AOAE O PidTHRE at
18.AimethadQhpipducing a C,"+,," alcohol, said method comprising:

(i) introducing syngas into a first reaction zone comprising at least a first
catalyst; (11?convert1ng at least a portion of said first amount of syngas to methanol

with said first catalyst;

(ii1) introducing said methanol to a second reaction zone comprising at least a
second catalyst;

(1v) introducing a second amount of syngas to said second reaction zone; and

(v) 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 one or more C,—C, alcohols.
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catalyst; and (iv) converting at least a portion of said syngas and said
C," alcohol introduced into said second reaction zone with said second
catalyst to produce a product stream comprising said C,"+,," alcohaol,
wherein n is selected from 1 to 5, and wherein n + m is selected from 2 to

10. 19.TheThrmppd PERMM IR Tt Hethes soprsingcoHoraing addiigaplpr
portign RisAibSYNGs ARSI Gn AGeNPhdREPIYCRHEIRIRRAISERANG, is

reaction zone with said second catalyst to produce a product stream
comfRistag ith dle OFfsF b REOdNTe A< 0fE sk BsH#idber smaller than said
C" alcohol, wherein n is selected from 2 to 5. 20.A method of purifying one
or more alcohols selected from the group consisting of methanol, ethanol,
propahol, i Bithebe! shithnhethBeras sty deiy edaphanehis aavagtedh at
initiaieﬁ%l’i%@rﬁ%%@%ﬂﬁd?&@@—@l%@ﬁ%ﬁﬁ'saﬂf QRaNAkeBLIiBRGbANd wWater
to produce an intermediate product and then (b) distilling said
intermediate product to produce one or more purified alcohols. 21.The
method of claim 20, wherein the amount of ethanol in said initial mixture is
between about 25% and about 95% by weight.
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one or more purified alcohols with at least one other hydrocarbon, thereby
creating a liquid-fuel blend. 24. A method of producing a purified alcohol
selected from the group consisting of methanol, ethanol, propanol, and
butanol, said method comprising the steps of: (a) devolatilizing a
carbéf-corfiaiithgFebproucara %+ﬁo%ﬁpg0§é§i%ﬁ§§@%mf§%% phase in

a devolatilizatign sl g synddViPRSSIRG RAIiSPFRNBSRARA Sl irst
phase through a heated reaction vessel to form syngas; (c) converting
said %?Wiﬁ%i's to a mixture comprising ethanol, methanol, propanol, butanol,

and water; ;) _co@kﬁiﬁg@g,éﬁé&mﬂé&ﬂ%ﬁ%mﬂy@g A HeImediate Rrogcli;
and (e) distilling said intermediate product to produce a purified
alcohol. 26@&@@1@6&?@&&%@&%%%@&lm&@raw%%r%éfée@@a #PBprinto a

the g¥QYRd reaction zone comprising at least a second catalyst; and
(iv) converting at least a portion of said syngas and said C, alcohol introduced
into said second reaction zone with said second catalyst to produce a product stream
comprising said C,,, alcohol,
wherein 7 is selected from 1 to 5, and

wherein n + m is selected from 2 to 10.

19.  The method of claim 18, further comprising converting at least a portion of
said syngas and said C, alcohol introduced into said second reaction zone with said
second catalyst to produce a product stream comprising an alcohol that is at least one

carbon number smaller than said C,, alcohol, wherein n is selected from 2 to 5.

20. A method of purifying one or more alcohols selected from the group
consisting of methanol, ethanol, propanol, and butanol, said method comprising the
steps of (a) drying an initial mixture comprising methanol, ethanol, propanol, butanol,
and water to produce an intermediate product; and then (b) distilling said intermediate

product to produce one or more purified alcohols.

21. The method of claim 20, wherein the amount of ethanol in said initial mixture

is between about 25% and about 95% by weight.

-27 -



LU 1TViIn 3“\) |~JI AV UITTuu W JUVITTG PI AV TTT U VL VJVITRLITIEAVTVT T Ul i, \U/

means for passing said gas phase and said solid phase through a heated
reaction vessel to form syngas; (c) means for converting said syngas
to a mixture comprising ethanol, methanol, propanol, butanol, and water;
(d) means for drying said mixture to produce an intermediate product; and
(e) Means T dstinAGisAm Ao AHEsReamroHE PRY PiBg At e THak FRsebustion
Z!C?_h%_%iﬂ!hﬁ%ﬂ@t%ﬁ‘i?aﬁ%%%dﬁe‘i%ﬁ'&’é&ﬁfi’ifﬁﬁ%?c‘&hgfsy'”g prior to said
istilling.
23. The method of claim 20, further comprising combining said one or more
purified alcohols with at least one other hydrocarbon, thereby creating a liquid-fuel

blend.

24. A method of producing a purified alcohol selected from the group consisting
of methanol, ethanol, propanol, and butanol, 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;

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

(c) converting said syngas to a mixture comprising ethanol, methanol,
propanol, butanol, and water;

(d) drying said mixture to produce an intermediate product; and

(e) distilling said intermediate product to produce a purified alcohol.
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25.  An apparatus for producing a purified alcohol selected from the group
consisting of methanol, ethanol, propanol, and butanol, said apparatus comprising:
(a) means for devolatilizing a carbon-containing feed material to form a gas

phase and a solid phase in a devolatilization unit;
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(b) means for passing said gas phase and said solid phase through a heated
reaction vessel to form syngas;

(c) means for converting said syngas to a mixture comprising ethanol,
methanol, propanol, butanol, and water;

(d) means for drying said mixture to produce an intermediate product; and

(e) means for distilling said intermediate product to produce a purified alcohol,

wherein said apparatus is configured for said drying prior to said distilling.
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