METHODS AND APPARATUS FOR PRODUCING SYNGAS PRIORITY
DATA 100011This international patent application claims the priority
benefit of U.S. Provisional Patent Application Nos. 60/948,653,
60/948,659, and 60/948,660, all filed July 9, 2007; and further claims the
priority benefit of U.S. Non-Provisional Patent Application Nos.
12/166,167, 12/166,183, and 12/166,194, all filed July 1,2008; all
disclosures of which are hereby incorporated by reference herein for all
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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). BACKGRIIORB DPAlA INVENTION
[0003]Synthesis gas, which is also known as syngas, is a mixture of gases
comprising carbon monoxide (CO) and hydrogen (H2). Generally, syngas
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material may be converted to syngas. [0004]Syngas'is a platform

intebrrid 180 iant dushsitamsribdnsierivyifgnetit of U.S. Non-Provisional Patent
Application Nos. 12/166,167, 12/166,183, and 12/166,194, all 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] Synthesis gas, which is also known as syngas, 1s 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



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 place of petroleum-based
fuels and fuel additives can be particularly environmentally friendly when
the alcohols are produced from feed materials other than fossil fuels.
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and with desirable ratios of H2 to CO to facilitate the conversion of syngas
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syngas, the method comprising the steps of: (a) devolatilizing a
catpemiditamirg tedertitie Hiasdoyaidoged prgss enethesoredppiasturh as
deyplagiization unit; and (b) passing the gas phase and the solid
phase through a heated reaction vessel to form syngas, wherein step
(a) 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 the feed material. [0007]In some embodiments, the

amount of free oxygen |§@Wﬁﬂ?ﬁ‘%\ ufHE INVENTION

[0006] In one aspect, the present invention provides a method of forming
syngas, the 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 the gas phase and the solid phase through a heated reaction vessel
to form syngas,

wherein step (a) 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 the feed material.
[0007] In some embodiments, the amount of free oxygen is less than about
10% of the stoichiometric amount of oxygen to completely combust the 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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10% of the stoichiometric amount of oxygen to completely combust the

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
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carbon monoxide and hydrogen. In some embodiments, the added steam
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feedstocks that initially contain some moisture. In some embodiments, a
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during step (a), and the combined first amount and second ‘amount of
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embodiments, the combined first amount and second amount of steam is
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fes%qlimgg@htg S BRA IMnoXide apghhydrogen. 10010]Iin another aspect,
the invention provides a method of forming syngas, the method
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and (b) passing the gas phase and the solid phase through a heated
reaction YBSEaN DR @g@rfgl;med 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 the solid phase produced in step (a).
[0011] In some embodiments of this aspect, the amount of free oxygen is less
than about 25% (for example, 10-20%) of the stoichiometric amount of oxygen to
completely combust the carbon contained in the solid phase produced in step (a). In
certain embodiments, the amount of free oxygen is less than about 10% of the
stoichiometric amount of oxygen to completely combust the carbon contained in the
solid phase produced in step (a).
[0012] Step (b) 1s preferably (although not necessarily) performed in the
presence of steam. In some embodiments, an initial ratio of free oxygen to steam
(O2/H,0) 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
-3-



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 the solid phase
produced in step (a). [0011]In some embodiments of this aspect, the
amount of free oxygen is less than about 25% (for example, 10-20%) of
the stoichiometric amount of oxygen to completely combust the carbon
contained in the solid phase produced in step (a). In certain embodiments,
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about I. In some embodiments, this initial ratio is less than about 0.5, such
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performed in the presence of a first amount of free oxygen that is between
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presence of a second amount of free oxygen that is between about 0.1%
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certain embodiments, the first amount of free oxygen is less than about

198Uthe stoichior@gierabREUREYF S b izt e S perormed in

fegd praarial o;@ﬁ@é{h@ﬁﬁc@ﬁg AMALALH ffespesenssless dhap aBRYLting of
10% of the stoichiometric amount of oxygen to completely combust the

cABT EEh R Y SorddshE_E BN EEBoRA e (R NNARERP BidfigaY thereof.

aggies o both siepsniakaddheaisadtcRNAPHO O aged deuing:
step ag. 100141Any of the methods described a%giv@él can furth(ﬁéig]clude

tHEEOHBRE SR TvicastiAhg tr S Jddnsyebrfey ks prededdiom fingroup
seliphanto (i deletainingid sHiabla PMAUMNh IR OXHARR 8BS A RB,

predicted partial oxidation of at least some of the composition to syngas,
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removed, at least in part, during step (a). For example, the devolatilization unit can be
a multiple-stage unit in which both the gas phase and the solid phase pass through at
least one stage of the devolatilization unit and at least a portion of the gas phase is
removed from the devolatilization unit prior to a final stage.

[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.



the presence of a catalyst. The catalyst can be selected from the group
consisting of potassium, potassium hydroxide, potassium carbonate, and
any combinations thereof 100161In some embodiments, formation of
syngas in step (b) can be performed in the presence of a catalyst. This
catalyst can be selected from the group consisting of nickel, cobalt,
rhodium, and all combinations and oxides thereof [0017]The residence

times of the gas phase and the solid phase in step (a) can be substantially
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a multiple-stage unit in which both the gas phase and the solid phase
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final stage. [0018]In certain embodiments, free oxygen is added to the first
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volatilization unit prior to removal of at least a portion of the gas
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amount of oxygen is added prior to removal of at least a portion of the gas
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than the second amount of oxygen. [0019]In some embodiments, prior to
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removal of at least a portion of the gas phase. [0020]In some preferred
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0.9,1.0,1.1, 1.2, 1.3, or 1.4. In other embodiments, the F12/CO ratio
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preferred embodiments, the presence of free Qxyger] increases '
unit is greater than about 900°F at least at one point during step (a). The maximum
process temperature in the devolatilization unit is preferably less than about 1400°F.
[0023] In some embodiments, the process temperature in the heated reaction
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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the amount of syngas produced compared to the amount of syngas
produced by the same method in the absence of free oxygen. In some
embodiments, 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. The presence of free
oxygen in step (a) and/or step (b) can also increase the syngas purity as
produced in step (b). 100221In some embodiments, the process
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devolatilization unit is preferably less than about 1400F. 100231In some
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maximum process temperature in the heated reaction vessel is preferably
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comprising oxygen (such as air), wherein at least some of the stream is
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reactor con%%ured with an input for a gas comprising oxygen, wherein at
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to make syngas. [0025]Mother aspect of the invention recognizes that
syPRpRx G B Iy during devolatilization. In some embodiments, a
method is provided comprising &volatilizing a carbon-containing feed
material to form a gas phase and solid phase, wherein the gas phase
comprises syngas, and wherein the devolatilizing is performed in the

presence of free oxyg@ i FESORWT IRRIGET AIPORIEL e and about
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magoxdiezandiydiogeon BRIEF DESCRIPTION OF THE FIGURES
[0%954]'C- 1 Shaus ARPrRsess o for he BroduSton Oof SYDRART: oA shown
in FIG. 2A, according to one variation.
[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.



carbon-containing feed material, according to one variation. 100271FIG.
2A shows a process flow for a two-stage devolatilizat on unit, according to
one variation. [0028]FIG. 2B shows a side view of the two-stage
devolatilization unit shown in FIG. 2A, according to one variation.
[0029]FIG. 3 shows a process flow for a three-stage &volatilization 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

pl884% flow foFHae frijeeticn ofaneysdewrer teuhcinmbagihgas! it pshanol from
reHEIad RARKAR. G &vl gzt 0 i AP UG 110 ORG Y AIPHing to one
variation.
[0035] FIG. 9 shows a process flow for producing methanol and ethanol from
syngas using two reactors in sequence, with at least some of the methanol produced in
the first reactor diverted from the second reactor, according to one variation.
[0036] FIG. 10 shows a process flow for producing methanol and ethanol
from syngas using two reactors in sequence according to another variation.
[0037] FIG. 11 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.
[0038] 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 detailed description of the invention in conjunction with the

accompanying drawings.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0039] Certain embodiments of the present invention will now be further
described in more detail, in a manner that enables the claimed invention so that a
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.



[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. [0034]FIG. 8
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. [0035]FIG. 9 shows a process flow for producing methanol and
ethanol from syngas using two reactors in sequence, with at least some of

tH®%déthanol pg‘b@l nebHapts fivstadactod drertedplereiions stedme this
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for producing methanol and ethanol from syngas using two reactors in
sdyhbpriéonceaiRIh@toHavtaBP Neaiviomascosyifalyland weds duphocesforth
flgw.fay producing methanol and ethanol
[0042] The following detailed description should be read with reference to the
drawings, in which identical reference numbers refer to like elements throughout the
different figures. The drawings, which are not necessarily to scale, depict selected
embodiments and are not intended to limit the scope of the invention. The detailed
description illustrates by way of example, not by way of limitation, the principles of
the invention.
[0043] As used in this specification and the appended claims, the singular

13 2% ¢
a

forms 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. If a definition set forth in this section is contrary to
or otherwise inconsistent with a definition set forth in patents, published patent
applications, and other publications that are herein incorporated by reference, the
definition set forth in this specification prevails over the definition that is incorporated
herein by reference.
[0044] The present invention provides methods and apparatus for producing
syngas from any carbon-containing 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 -



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. [0038]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 detailed description of the invention in conjunction with the
accompanying drawings. DETAILED DESCRIPTION OF EMBODIMENTS
OFCTeIEC 1y ERITI OINYIERS LE ditaii eshisodipfermpbo e hrsssegetive
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concentrations of components, and so forth used in the specification and
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parameters set forth in the following specification and attached claims are
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oxygen that is physically adsorbed onto a surface. Generally, “gas phase” refers to
the vapor phase under the particular process conditions, and will include components
that are condensable at other conditions (such as lower temperature).

[0048] By “added steam” as used herein, it is meant steam (i.e. H,O in a vapor
phase) that is introduced into a system or apparatus in one or more input streams.
Added steam does not include (i) steam generated by moisture contained in the solid
biomass or in another material present, (i1) steam generated by vaporization of water
that may have initially been present in the system or apparatus, or (iii) steam
generated by any chemical reactions that produce water.

[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;00Os) 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 CeH1005s+% 0, — 6 CO+5H;
Water-Gas Shift CO+H,0 < H,+CO,
Complete Combustion CsH1005+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-



[0042]The following detailed description should be read with reference to
the drawings, in which identical reference numbers refer to like elements
throughout the different figures. The drawings, which arc not necessarily
to scale, depict selected embodiments and are not intended to limit the
scope of the invention. The detailed description illustrates by way of
example, not by way of limitation, the principles of the invention. [0043]As
used in this specification and the appended claims, the singular forms "a,"
"glevaafdl iteoningii O biwmbristesr e mes s iteacotiterhate gy iadibatder

otheryisSnt/pisTs Hefied pieiviseAlhir hnical ARA SRS AR it 201 is

used herein have the same meaning as is commonly understood by one

ofifrarhsad i mhertcdriqertigicreires ientidehbrbigs! Is shoatmptontearmer
forthctd tish SREARN 8 .£A @Sﬁi‘ﬁ){st% O UREWISEINGANSISIEDUYAL thARL RGN cr

set forth in patents, published patent applications, and other publications

tHaeeies BBldmintashrodhiat Bylrshsliepee cemepaeigonsienidph inheie the
gggqg%oqgg\@gscgﬁ%rgggeg_eﬁnition that is incorporated herein by

SR
reference. [0044]The present invention E rovides methods and apparatus

foOPBrddiucing syhgadsrsiA eagtiarperco @iy ietdsivaternablvios causing at
PiEsQHOVRARR ISRRISEd: AdeRsLIBRBHs. 0NIhEREGHIORONA reformers,

substoichiometric amount of oxygen during the conversion of a

carpibrktainihg fele qambterradisidimgush poushersarriadysbdahfénts,
OX¥9&Bi isHIXE WL G AR ANE: HNRIESUPIRGMOKHER b 28LEGH 0B multistaged

system for generating syngas. In contrast to some prior methods that

chPrfiRe thih SUBVBRBHYIRbFF AT P FERAPAGS PYo(e8s PaFtipkopidetirgié lefved by

SM@ﬁg’MH@iﬁﬁﬂ).C%HQQQQJW%EMQEBH‘@JH'%Q ﬂ?ﬁ@é%@&]@ﬁ{ﬂﬁ@&d bed, a
employs the concept that oxygen or oxygen-enriched air can be added to

Rl WS INIG QPR bn AR e e litraRERplat e ¥ HubsidH e dgscribed

resie MR AR B BYppRLEIRCAN R¥ IR INVRIRAGHOD BURINAS RS BN e, by
or total oxidation of carbon or devolatilization products with oxygen; (ii) to

aONIGTHOR FSBFETRYEF IR DIRED QxYE%H AedyAGER PUSRNA: can increase
theoseld of produstsdormest it tiepyngasefiikhtodsRasednenyiglid 201 and/or

syngas, e.g. by reducinithe formation of less-reactive compounds and/or
bihe ikeredemivr Sk it Uk uHind: Gothsinire serdifiensdryior to
obhsigash R@ePro rﬁ%ﬁ@%ﬁb&l@fn%%% 2 tRY QRIS ﬂ{@%ﬁiﬁréﬁed syngas

aromatic.compounds, and/or other undesirable products. [0046]A

|
reTereRe SUIQENSEED 3 SERSS SPRALINEE SHI98S U le WORIFREES TS fRBISRS,
ratingl weless Qthemise indicasathonal £ xaiden, addiC Axatin efhemaangitics or

one mole of hydrogen per mole of carbon dioxide; an 02/1-120 ratio of 0.1

ROYARIBHEHABIY BPIRSIR ALRAPHRYGEY Isahaureltordhsy svages. 1f desired, burners

601 can be used to 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 -



[0047]By "free oxygen," as used herein, it is meant oxygen that is
contained solely in the gas phase. Free oxygen does not include the
oxygen content of the biomass itself or of any other solid or liquid phase
present, and does not include oxygen that is physically adsorbed onto a
surface. Generally, "gas phase" refers to the vapor phase under the
particular process conditions, and will include components that are
condensable at other conditions (such as lower temperature). [0048]By
"o Srengreasansl hee&ire thissieancsterhe ondromng segism S01,

PRasEnNAJSHRLPRUEED R ShRYSIRTYOh 3PPARIS 1 ORE O MARLS IR

streams. Added steam does not include (i) steam generated by moisture
copREmestiPRiRe JoIkeHiv ATRkedIN MRS nOSE TR MKPrEsehRXBcstandPteam are

ggRgatachM AP psizafiRR of water that may have initially been present in

the system or apparatus, or éiii) steam generated by any chemical

rd88dhs that pibsrive GrelerimoDLE02 Stdsivi TRiomAifg PR eeagen is added.
WatelrgRA SR Fru A 8L FRRPUSUARIGRHIGNS FBR ACHhYREDS oxygen

ogggen or steam are added. Exemplary reactions arc shown below with

réSperri hhsairdsedraampisiclcerttosshedepdinmereshippring feed section

CqlIPRiG fe e SIREKE, S Il IERGHRIAS CRRAGRAENITT BMamount of steam that is
carbon-containing feedstock. Steam ReformingC6141005+ H20 -> 6 CO

+ Blded prfiral O%ivaiord erEpsdditien? 18 wrocmbodpngpiteheipsal amount

ShifthQdtyEaPatidrr 12 & (%R BRI MU EINARR & £ Ot Gt frore
CO2 + 5 H20 100501FIG. I illustrates an exemplary process for

SWH@@%%@?@@&@W))% the amount of oxygen present at any point during the

process is between about 0.1% and about 75% of the stoichiometric amount of oxygen
for combustion. In embodiments, the amount of oxygen is less than about any of
75%, 50%, 25%, 10%, 5%, 2%, 1%, 0.5%, or 0.1% of the stoichiometric amount of
oxygen.

[0055] In certain embodiments, the amount of oxygen is between about 1-
25%, preferably between about 2-20%, and more preferably between about 5-10% of
the oxygen required to completely combust the feed material. In other embodiments,
the amount of oxygen is between about 0.1-10%, preferably between about 0.1-1%,
and more preferably between about 0.1-0.5% of the oxygen required to completely
combust the feed material.

[0056] In some embodiments, the amount of oxygen added specifically to the
devolatilization unit 201 is less than about any of 1%, 0.5%, or 0.1% 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

-11 -



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 devolatilization unit 201 comprises a gas phase and
a solid phase and can further include one or more liquid phases. A stream
exiting the devolatilization unit 201 is introduced into a heated reaction
vessel 301, which in FIG. 1 is shown as a reformer reactor, where

additional syngas is produced. The syngas produced in the reformer

redeeonBofioxyigtrotistesdorths ackuierarastPedMprandingbsattl@io4o rbout 50%
WhSKES e, BYRoPsIS 6PRIEdaRHiGAMIPIESSREnIAIRLING "heated reaction

vessel" 301 is any reactor capable of causing at least one chemical

rd888dh that priduidkbesiniiasiace yentioHar Siisan tafb i 650y ok S10pC
IN GGG, BRNREOHRES OB EMI bR MARPI LA QiNRr RessRilies

include autothermal reformers, partial-oxidation reactors, and mult staged

reativpiothat toHbBhes eevarslrdst i Medntsamsmagoycrahfteddidation
follawsd by vater-gassi }bn%%%ﬂ?ﬁ&iﬁir@@ﬂe%%%w%ﬂ%ﬁﬁa%e% fxg6rial and

bed, a fluidized bed, a plurality of microchannels, or some other

chafpthaasruasalrrpesy AR spaedErtson BEBN, Weish capribbsupslidedto
reRRENAAY DMARNHNRYSHRE ARG, faiAHAMPIe rRY QXIdationif8a%IRNSan be

resulting from oxygen added to the process. 100521In some variations,

trectsyRRRIfAG thah aTBRVH AfiRXaESR e 20 doshib Perictsamiaade Adirasnatively,
vessakiahigi filteredapWhifigd - OmethaNisg RPN ditene doial 8 ORINGh g value of

converted to another product. For example, the cooled and comgressed

syfdasegisls Hirdaueediasiig sdhemssheraditisd1 Mmere

bgnzaBRhisIHERR: ﬁﬁ&h@@ﬁgﬁ‘ﬁgéﬁw@a@gcﬁh@%@%@ ﬁ%@f&% FHHR@?J!@
metals, and/or other impurities or potential catalyst poisons are optionally

reiERIPB PO RYERCa Pabs Y dp BRTd R M1e csANSE [dd Iy e tHEanY
cafalyst, oxygen, and/or steam that are added. 10053]Oxygen can assist

piro sis and/or cracking reactions in the devolatilization unit 201 and/or
g %%/%le heat (WHIERTCARISHOMRIELEORP SFARGRE 1068 RPstion gy for the entire

OXIFRMUAR AR HHASSAIEF RIS Brdu XYSEAb RINPEHER QhRP0AeM@RE reformer
steam can be added at any stage of the process for producing syni

as.
FEsiiPle, BaR58m SR HasRidct ARty Rt peidrtiontsrsford ragshown) is
ferpi&eeliancdR Ihdhedorm.aliviiile thefeer matadal Rtess hBRtor 301 or added

devolatilization_unit 201, directly into the devolatilization unit 201, before

s RO s arE Ry s Ads P e ob e FREI RS fshstATel0 1

regeter SQlordiiesiyciipibaiaiesaiainraacsor 301 (such as into the cold
chambers 302 and/or hot chambers 304 of the reformer reactor 301,

shBin FIG. 4)PBEISrEHY PRI DIOGRECRNPERR Refb At reca s hat
eqigidhadenaiyamsh; df2h 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

use.
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compressing section 401, before the syngas enters the conditioning
section 501, directly into the syngas conditioning section 501, and/or to
one or more various recycle streams. In some embodiments, oxygen or a
mixture of oxygen and steam are added at multiple locations. [0054]In
some embodiments, a substoichiometric amount of oxygen is added. A
"stoichiometric amount of oxygen" is calculated based on the amount of
oxygen that would be required to completely combust the feed material
(diftig feed dactsir oo DORENG HMoentiak thadotakiondygnt of steam
indrRandent @t heAcrarnAbsiraot thatis.added ohis: GAIRURIRE in the
oxygen addition. In some embodiments, the total amount of the oxygen
adpEenie . thhensoniotftheampgpeatar eryguina duensihemeasesnarat least

logggiansiinihie sy §E@£g) RS RTOURHGR RYER QI GSABLAT AMK RABs

during the process is between about 0.1% and about 75% of the

strbndrenic. ahletiebrekegenlBocdBblListid, h&mhBodithentaoganoles of
amOURLEL QXYOLD! S ESR (PR RPRINIAY Al 01 O ZaiBod N EnR between

2%, 1%, 0.5%, or 0.1% of the stoichiometric amount of oxygen [0055]In

cahaih bABdbmedasts! fieranistirddidoxigemisssatneenelpsatbonpsos,,
PR APlY betwernaRAIHk 2520%mansk AR eeiabi REWesRiaPosel 301

5-10% of the oxygen required to completely combust the feed material. In
oSS ERYLHIPHERS Oth E RIS THED RO BT T BERsEdn B dlgvolatiligaion unit

PraferalivcherveenifRAW Pplod ke 2R ML RERTRIAR M RSHHESRRPAW more

0.1-0.5% of the oxygen required to completely combust the feed material.

[CHSBN 88 AE BAIB OdahtE Weddmadhihsrisergematiaed Shaemeamths C
the, sieynlatlizatigacin2i is e ssdhamapouhatw bl the Q%110 R0 0

the stoichiometric amount of oxygen. In some embodiments, the amount

OfRSSER RRCE i e drsthied sl fondu R RsesiSthias HpiRipaRipige how
23%acH B8QitRal A4tk (arddm Y a0 AHQ o OHHBEcs0Ichiometric amount of

ozﬁi‘(})en. in embodiments wherein oxygen Is added to the reformer reactor
3

07 beneratetfadt R enesdbnarridpra sxliratdns Wethntsitrmer reactor
039 p3eaditer hsitRiMAL a3 lisabRc AR 0Y 19 Lo abeuith i ents,

(such as about 5%) of the stoichiometric amount of oxygen. In

efiERRIMEIRE- WhsEiH Ry sl auiedaio ey ebrbie sy Riaiihsraon it 201. In
ogpeiaie A bewalRtinH Gt thri &y rgas thanwaulshbe asnelale tithe

the absence of oxygen, the amount of oxygen added to the reformer
redfeterat4etgn Wi Hut 10% to about 50% (such as about 25%) of the

st@ighmetric amesAt ehdxyERenEOAR T iNilkperanRpesisted Ry ARkM et feed

artisan that in carrying out these. methods, the amount of oxygen to be

adEEN Y hEBROUEELL AR L ELIBFRI U B ARAAB AR QSRS EER Bt gl steam is
othrIcthmiiHgke aRinedaNehadife @610 akos QIRASIE O s FRIR XM ple,

one can measure the carbon content of a feed material and base the

RO E178R9gem A Lbit8 RarBEN St SRR Hi ¢ Be preistermaresent
cqlmpiﬁ&alm@wmea&ﬁfw@amaé@,Qtaasiﬁimilarly, a feedstock heating

valye can be determined and an amount of oxygen to be added can be
dé¥fhined. AItEﬁ?E%W%W%P%%Iﬁ?dW&W,aéIﬁSécE’rﬁﬁaéﬁéﬂf? 2/T0) are equal
cesnpasiiiafacandan£Qnient, 105, heating valoe af a5 mteroadisée IBbeaPxemplary

or streams into whjch oxygen can be added. The substoichiometrijc
afBanE Sr¥%TR8 iR a T 50 ¥ Bis '%}‘t%ﬁwﬁré? CBIBOTS fBpt as

CoRYRAIGHEE entiiandtiddnor krinihenscape séibaiayentidpriicaneus@ns, and
H,0 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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1005810xygen and/or steam can be present for a portion of or for the
entire time the feed material passes through the devolatilization unit 201
and/or reformer reactor 301. In some embodiments, a separate
partial-oxidation reactor (not shown) is added between the devolatilization
unit 201 and the reformer reactor 301 or added downstream of the
reformer reactor 301 (such as between the reformer reactor 301 and the
guench and compressing section 401). 100591Another variation of the
inviarition derprestisegiarntiel redflizhgpnvhishdosingradvetatiiestiohsleohn
a%@/&*@zq%ggatilization unit 201 (or another suitable devolatilization
reactor or vessel), the gas phase so generated contains at least some

syAded The arfdoPmasanhOAIEYS sYRYE priboedcdn g ddrd stepnmearmore
b, agidaier) Ay Quuasn AL SIERR AHMHRN L AMAHYS 3% Cﬂ%ﬁqed at one

herein, as well as by temperature, pressure, and other condifions. The '
syHdeererinentiensiatiigasie®ar beasoss feiepdigivatity sy gdnathout steam is

apRcAUPBRe HPRISGIOIBANGRMEREBRHMEnts s?e&ﬁ%»@fﬁ%ﬁ?cﬁ&%%?ﬁdadded at

phase from devolatilization need not'proceed to a separate heate
reidhessdiffaisen lasatiensam rergHTee]. aneeenanthy s wndegrded at one

PRRsSSMaYahEatafied deh YR HHERs Waiid PRG QT SR RERR steam is

phases may be stored for future use. [0060]In some embodiments of the
indddedon, Ak leseliamyermor sheahosradyadsicdrd unther leratipnotids
of Slear stdlehal ene QLM IRRAtANRINIbe SYRIEM LT I AU Rliments,

steam present at any point during the process is at least about 0.1 mole of
steaH Es piorevseBasbarmHe ddedtdifiencnh Quels dinpduite Asgte
lepstabgut any of 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, or more moles of steam
are added or are present per mole of carbon. In some embodiments,

b&RRIn about 1. Bastigyiis ebaditashts avcandeaddrdie frederplgtibiatipn unit
caoR 1068k tes ameunidaisieam dbad isiadaeshiedreeateddrretian

vessel 301 can vary depending on factors such as the performance in the

dEThatiBSREN R PO NHELSHED MR DIRRITT RIS LERHSAL AR In some
selichmataiab, 9RDEABLMIIS SIBAM (o MHATE-XV@RIdhisHSRd tafldn

the necessary H and 0 atoms to the C available to generate CO and H2.

FrORTHESaToRekt b s druckiidizntiopsioh 2Herinstrowarsmed it e
fepdgnpterial cm%ea%@%sﬂl fanindeigenining benemushadaidanalor steam

water (steam) to add.in the process. [0062]Steam is general

s@&*ﬁ’f@%f‘fﬁgﬁj@ﬁﬁep&éﬁ?@r?&ﬁﬁﬁms into the same or cli\{fge?ggt tlco)cations. In

some embodiments, steam and oxygen are added in a manner that creates a reasonably
uniform reaction zone to avoid localized zones of different stoichiometries 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 N, in
-14 -



301, gases and/or solids exiting the devolatilization unit 201. In some
embodiments, steam is used, in part, to push feed material through the
devolatilization unit 201. In certain embodiments, more steam is added to

the reformer reactor 301 than to the devolatilization unit 201. [0063]In

some embodiments, the humidity of the gas produced from the feed

material is measured at any point in the process and an appropriate

amount of steam is added to maintain a desired humidity level. For

eXagripte ltgussiraensth B devetaisizarid o it conbearxprnsiiiadyzetiqas of producing

delaInING; he.a0ap %tﬁf AEAD: Rles LA INeRmare iEARed for

added, if desired. 100641Exémplary ratios of oxygen added to steam

adrigqos i 2oyt éushuarctbasralseBalian about any of 2, 1.5, 1, 0.5, 0.2,
0b08475, 0-02,1Q-WImOLfESImEGRPIROLFAUR Ob LYY e addRAAR ﬁlﬁhé‘%f H,/CO

present, which includes H20 from moisture that was present prior to the

adiithern oreste spmpHpHoChgentpapeerBgedHunticatvaa caehe ddndhe zbsence of

e ok AN OOSIRRTb AHE %41{?5 QRHIEEEHNAN FOAHPSYClobuP Do, such
0.4,0.3,0.2, 0.1, 0.05, 0.04, 0.03, 0.02, 0.01, or less. Exemplary ratios of

oRyGevagaehan Sdan 2dhewr blebatitabribbivddn Asovillbgrepognized,
between Akt 0.02:8i%: @Y BEiweeaRDLQ:0p A A ti¥h enI e PE duce

02/H20 is greater than 1, the combustion reaction - 13 - starts to

dbigheatE0vet iphasapushaatisAcahich mlyPodfetifrsadiiahey: kich may be
CRIGRP AR LIRS ENEE QLM ENIS AU LWINAHE§BARL ISy ngas

added at one or more locations in the system. In some embodiments,
STEERR G RSYGER RSB P ACETa S SR AbHA08 e hRE SR B am

VaHaHREMPAsiIUS iPXYES R WithRidi BisRIisgelded at one or more
locations in the system, and steam without oxygen is added at one or

mdY tltrerent 1I88atEMS On s tikiibor g hatesidhrvield pedesdstiem
ORERLANNEIPEAHRMSAILIRG SHRHEIN. ThEBHAR IO S41S 1RXYI8Pend on the

without steam is added at one location, steam without oxygen is added at

afBtHEriSEath P B RTikRGeeor ek elridrete s e dder g e the

RPN dRsS AR RRALIMBNS R XSS HRX VSR Alh HeHB} IS
added at different 02/1-120 ratios in two or more locations. [0066]In
parReEiRERh BBdHeaiTS drdvaas aqardabcthto devdtstiryagan e a H/CO

ratio within a range desired to optimize, for example, production of methanol, ethanol,
or both methanol and ethanol.
[0071] In some variations, the H,/CO ratio of the syngas produced using the
methods described herein can provide an increased product (e.g., C,—C4 alcohols)
yield compared to that which would be provided by syngas produced by the
corresponding methods in the absence of oxygen. This effect can be caused, for
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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201, while oxygen is not added to the devolatilization unit 201. In

particular embodiments, both oxygen and steam arc added to the reformer
reactor 301. In some embodiments, oxygen but not steam is fed to a
partial-oxidation reactor that is in communication with the devolatilization

unit 201 and/or reformer reactor 301. 1006710xygen and steam can be

added to the system as one stream, or steam and oxygen can be injected

as separate streams into the same or different locations. In some
ebeeifriers fetdsiorkhsarorgtjearaehaagaodin areigthir ehaditiemés &, catalyst

re&%gﬂgg%ﬁy}ifg{%{g@g@g&ﬂ%@fgmg localized zones of different

stoichiometries in a reactor or other vessel. In some embodiments,

oX¥EH and stebntphre hdbtieH ititrerendsoelaibirgtiemrefnpagsand/or partial-
oxicalAB AR HGA LS IR ARG ORRY AN AUTCLRIL I RRIIBRR Wt the

resulting components being latér combined such’'that'a combination of
paFadrevig sriberan B Sieaneredaindin§lcan oeeepemestivalylinta dingle added

logatign, HOREHOxIRBLANPmaddeA i sPs RN Hf%vflﬁ[g‘bh‘@;fge_ﬁ?]ﬁaterial

be fed to the process through the addition of air, optionally enriched wit

oRyiEn e dorptdinpdRimend0 bidtrmaths v Brerielptdizetipgeric201, before
agdedHmotRas smBe iR Me, RVDENAD AlOH AN @ HrsRaA OfiBRYEIereactor

stream, which may be a stream from a nearby air-separation plant, for

eX@hslecetiniple theeimmehiesiohdl et dAdioneigrinntne dudraniatial-
ageiand et ef Ng (ddede5HOREId 300K BB TS HRRRSSS 44y £ did-

the resulting syngas. Because removal of N2 can be expensive, methods

of PRIBIFEIFRGEPRgRRWHItR 1SS 6) hefae hreskisisamyodusiripa, thasfpaer reactor
SM%@W&%&Q@%MB&%&%@M@g&tfuﬁlﬁﬁqwﬁ&amgai%@e%lEhe

some embodiments, the presence of oxygen alters the ratio of H2/CO in
tHoRdhipasn g erraredlo tHecthis s derpae sy cend Kigpingrseitod shfgnd/or

ah38arLItNNE_RdhE AAZAR AHB S IS 8Y Bﬁ@%ﬁﬁi@r@%&%@%&%&@@% at
0.5 to about 2.0, such as between about 0.75-1.25, about 1-1.5, or about

1 5utplaiions. (e somz sebediasisad satakies atirdsy hrtiengdesation
ofaier:aadition) witkigRbILRIREHEAMIGNESH hie/Eddatios, such as at

least 2.0, 3.0. 4.0. 5.0, or even higher, which may be desired for certain

apihédkions. whishlsil ¥s¢9fendarriatiierteriredudcuiusyicgies Smitehtay alkali
canche aanliagpRUS M dReEE3gRISIBRAN AAditR ARCIKHEASS BXYIeT coal,

addition, as described in various embodiments herein. ) )
transition metals and their oxides and salts, and eutectic salt mixtures. Specific
examples of catalysts include, but are not limited to, potassium hydroxide, potassium
carbonate, lithium hydroxide, lithitum carbonate, cesium hydroxide, nickel oxide,
nickel-substituted synthetic mica montmorillonite (NiISMM), 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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[0070]The HI/CO ratio in the syngas can affect the yield of downstream
products such as methanol or ethanol. The preferred H2/CO ratio may
depend on the catalyst(s) used to produce the desired product (from
syngas) as well as on the operating conditions. Consequently, in some
variations the production and/or subsequent conditioning of syngas is
controlled to produce syngas having a F12/CO0 ratio within a range desired
to optimize, for example, production of methanol, ethanol, or both

mid e sapak astrea kYoo 1 e \airhibm). the arcombaeiartis the
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increased produc , C2-C4 alcohals) yield compared to that which
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the@rsence of RXNGeBeHYaRIEAGHGRD Q@tgﬁfgjﬁﬁ%c;aﬁﬁl XOER'6e PeiRsiel or

kinetic rates toward desired products at reduced H2/CO ratios; e.g., the
raeligpehusisRibperatderban s thatempacHetaowace greprgibye duidace arca,
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I
embodiments of the invention provide methods ot controlling the H2/CO

rd OB, SYRESS BHyneatimipstindsotibarsabeIdketad eHEyER

agolition dynaicali JungingLIREess nbitaanikg adVaNRGROUSBicoat addition,

monitor the H2/CO ratfio of the syngas in substantially real-time, and adjust
tHRERStEarrdltieratishserfaccagtitrsiviobrebprne rohemisatisnedor
Negey A Prescriked igyel dalaen it S0 RERREGS) %%@&Wﬂﬂg Babtying the

ratio in response to some variation in the - 15 - process (e.g., feedstoc

cOMPISIONERZTGENG PYEltiatiBi i ebARTBIAeaorbafystn b gasified and/or
deagtivriionx ik elier RawipeHeunaneenldfdSicatlystanthdl fesiliiai@res of

the &volatilization, reforming, and/or partial- oxidation reactions can
optrohaly e ymesisatredispisidbe Githetiraddsd i drsatisisgtigmahsuch a
Rafgrjnatadaissiel 'fé%-.,'uﬁﬁg Rigpres G, RYIPEs *AasAAIEPI tBumps or

the feed material, to the feed section 101, before or while the feed
matERes BHESRS thid deWsIsmRRdiBs iinitbo satalvetif afded i steam and the

denalardizatianHiited s hefedadr-aybaust arg{sQlidshiRim&as, the added

devolatilization unit 210 enter the reformer reactor 301, directly into the
refiflySt RaYchS 01 erp ittt sy eedrhiliy Mttt pariar B sadptroduced
catahvsiz ear Pt adden R thec0lthd Mreang/ aithpfucbambs tie3l4efthe

reformer reactor shown in FIG. 4) before the syngas product from the

rdffHFfr reactdnsome srbodiaiie ser st ebmipie sediegiliofor
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syngas conditioning section 501, and/or added to recycle streams. In

SRR LS aMTeAt I INEGF o SOIVERCUB- o liBet Sidiesgrtalysts may or
logRaRs HORARTR: RINadieblts, tutatalystdssadhethaldhetspmedacalione

iRy 2ol Dot T Sora Bt o L onraT ahd oadtation.
[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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[0074]Catalysts used for devolatilization include, but are not limited to,
alkali metal salts, alkaline earth metal oxides and salts, mineral
substances or ash in coal, transition metals and their oxides and salts,
and eutectic salt mixtures. Specific examples of catalysts include, but are
not limited to, potassium hydroxide, potassium carbonate, lithium
hydroxide, lithium carbonate, cesium hydroxide, nickel oxide,
nickel-substituted synthetic mica montmorillonite (NiSMM),

NS MM tEgdepdembhrsdemim liraasharsxsioxidet. ipshsiitearaper pulp, corn,
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cryolite. Devolatilization catalysis includes cata y5|s ‘of devolatilization or
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out Ito about 100 ,um in size, such as about 10-50 um. Other 3izes of
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oxide, rhodium, ruthenium, iridium, palladium, and platinum. Such
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- 16- element such as magnesium, [anthanum, or arium). In some
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stability, catalyst lifetime, catalyst composition, surface roughness, surface

didpdksitso béﬂb@ty)mm@ and/or thermal diffusivity. Pretreatments of
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particle-size reduction, and surface activation by thermal or chemical
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slesrxingithes {alys (1P i3 SAIMBRL HED ARMWRIETHS AMY-GUSKAEAIQMd]s such
that can be gasified and/or reformed. Examples of hydrocarbon solvents

in%?tﬁ’élléa%%tone, ethanol, or mixtures of alcohols. In some embodiments,
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using high-pressure pumps such as common HPLC pumps or syringe
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S@@Maiglmmtu& isragdediohe, stedny tashe sesemhodinents sthavt%

added catalyst may be at or near its equilibrium solublllty in the steam or

i ERE RS A B B I@ SYEMPUIFRSS n AVt ateltHarE B ounts of
in§eRkCadditathRRISeMhe feed material can vary widely, depending on harvest

and storage condition, and can range from about 10% to about 60%.

[0084] In some embodiments, 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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[0078]In some embodiments, catalysts are introduced indirectly. For
example, catalysis may occur due to impurities present in the feed
material, from recycle streams, or from materials of construction. These
indirect catalysts may or may not be beneficial. Preferably, but not
necessarily, these catalyst sources are identified and monitored in overall
process control and operation. [0079]Catalysts can optionally be
recovered from certain intermediate or byproduct streams, such as ash
fréf tHa adtrigriabedisienisrdptsfac iy RIpusR 0 FIEC SXterlinyihBthods
kvl dRiingi gkt [RP$§I The methods and systems of the invention can
accommodate a wide range of feedstocks of various types, sizes, and

mide¥le conte ) Ay depistirn csmedntinepompaiti A8 1cathe @swg@addo the lock
feggh RaiadalienheRIAdHE YR HQESHEIaD1 Fanhe xRl HIOMRES:SHAD ASm the

agricultural wastes, forest products, grasses, and other cellulosic material

cagvedatibizetion a8ih20disostipdestd, tthe RieHBR ARAPIGIIRE Berotslirgdpethe
MatiaiRale der e imberdRaNe SN IR FUEEnSP O FRIPR00d chips is

hardwood - 17- chips, tree branches, tree stumps, leaves, bark, sawdust,

oROSYEESBEN s B demo Beivatonamnit AR bt is samunsicsasiac BGHarcane
bagasra iswitchosaas v oustaaNS ARGl BRRME MHGIRAW I BRGS olume of

municipal sewage, commercial waste, grape pumice, almond shells,
pHrafesrened sebidhuridhalroresreainguRers gt a8 dhsanass andyyplamaeof
woodneligtsagardboard, paper, plastic, and cloth. A person of ordinary
skill in the art will zﬂipreciate that the feedstock options are virtually

ub08dd. [00sTIREIMHIRGLIHESY. nerisktBaarhich denichtimdontaad side
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(not shown), for example. In some embodiments, multiple charging

heppersdsHpladekainmrirskarédseasitiener gttt ishothss Wash ¥aRss]01

isirereived {rery Bre-distriputinmsyaionRi thechaRB HARRe bokAGRion with
charging hopper feeds a lock hopper that, in turn, feeds material such as

wisderistapbio Gachichnpkabmedssomroase el 2B carasinand dena-
deyalatiizaticnsuibulOfecd material into each devolatilization chamber 210-219 and

convey the feed material flow in each devolatilization chamber 210-219 horizontally.
An exemplary down-comer pipe is the section shown in FIG. 2A connecting
chambers 210 and 211. The augers 220 are operated by motors 222. A cooling-water
supply that is used to cool down the motor temperature has an inlet 270 and an outlet
272. In some embodiments, motors 222 can be variable frequency drives that are
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
-19-



100821In some embodiments, the system processes about Ito about

5,000 dry tons per day (DTPD") of various timber and other biomass feed
materials for conversion to syngas, which is suitable for conversion into
fuel-quality alcohols such as ethanol. 100831In some embodiments, the
feedstock substantially consists of southern pine that has been chipped to

a characteristic length scale of about one inch. An exemplary composition

of southern pine, on a dry basis, is 56 wt% carbon, 5.4 wt% hydrogen, 37
WEPRORAY e aVRIYE Ritroigels, OewRYbEBCEaG trags.andtindied. siierial can
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and storage condition, ahd can range from about 10% to ab
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an inert atmosphere to a maximum temperature of about 300C. The
tréat#cyields a solid uniform product with a lower moisture content and
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biomass is hydrophobic-it does not regain humidity in storage and

thibfiraceses titheyesdplatei Dimeiserdnipnaléhs fswelptiiigreunit 201. In
CQRIRNLABE HAGRS SRS TR¥ YAl SABRRFed Lo ihE I IRRIAN 268 ol 8GR Embicnt

embodiments, a feed material is ton-efied before it is added to

dévaraiiitatondinitote. davelneh zrivodd it besrrerachon ot QT (such
S%Q‘@e%g%db'-t%%iij.o'ﬁ{'%%téoé}n%%'i &t&&%ﬁ@ e IRRIGS s
devolatilization unit that i1s connected to the lock hopper (not shown)
froenfthhenéded Beqiorchod o beyesactiontprgduduiexiting dsesrdtieeto the exothermic

deyolatilization unit 201 is introduced to a.refaormer r r 301, according
i Gy TR SR S e R
asmiostinetips {becprsayedstheveiginthieodt o mtidibeutc) 0misi20tch eambout 100-

) - gasiicafi oY
T T, L SR L
inordasbdat¢d enrtlessenah abiugre sifsieriatifz bringas gd0086TAR itaeméiad iecycled

Fh(a?eagf%(ﬁg%cﬁ%t &ﬁ@i %l%eap h‘i&hhﬁrg'%%ﬂ}ea&%aﬁ‘%r 250 and the process stream and
run it back through the devolatilization unit 201.
[0090] Heat is supplied to the devolatilization unit 201 by a set of burners 230,
which are connected to the devolatilization unit 201 through a set of air mixers 232.
Heat can be supplied in two different modes: start-up and normal operation. A
common burner system can be utilized for both modes. At start-up heating mode,
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
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view of devolatilization unit 201, respectively, the devolatilization unit 201
consists of two devolatilization stacks 701, positioned next to each other.
Each stack 701 includes a series of reaction chambers 210-219. Each
chamber is in connection with the next chamber. Each chamber includes
one auger 220. The augers and down-comer pipes distribute feed material
into each devolatilization chamber 210-219 and convey the feed material
flow in each devolatilization chamber 210-219 horizontally. An exemplary
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end of the auger with speed control. 10087]In some embodiments, one or
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or a pair of screws at different elevations) that are used to move the fee
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forward, minimize the possibility of backward flow of material, ensure a
sUPREsHIEIN- uniform temperature distribution in the radial direction, and/or
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operating lifetime, 1008810ther means of conveying material throu%h the
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screws, twin screws, rams, and the like. Material can be conveyed
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gravitational flow, fluidized flow, or some other known means of moving
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proaresses through the devolatilization unit 201. In some embodiments,

tHOYeAl materil BHER aEdsrtivlEHAHRD B B BB fesirable for

terRgiatiEe ARSI HRIBHIAIOR LRHERDLIREMWARRRARAME or all of the
450-1000F (such as between 900-1000F). In some empadiments in which
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devolatilization unit 201. In various embodiments, the pressure.is between

aBdRPBET AR S0Py, ehdnretipn uMise-sYBE s dighe datftsrhpspdish and
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the enclosed auger system. A bypass gas line can recombine recycled
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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 1s not passed through allows the solid

phase 204 to be treated for longer in the devolatilization unit 201.
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10090]Heat is supplied to the &volatilization unit 201 by a set of burners
230, which are connected to the devolatilization unit 201 through a set of
air mixers 232. Heat can be supplied in two different modes: start-up and
normal operation. A common burner system can be utilized for both
modes. At start-up heating mode, 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,

o;[ﬁ%?fﬂ_l ly su pplewridated with(ratdrdhg &85 IPhesm?dEaflibelidaenkaliligation product
devRlalitizaon, RREHS.Ar e 90 TURIe &L SHNIRS R ARYCESh R¥aH®s). The solid

reformer reactors 301. As syngas is produced, more syngas and Tess
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devolatilization combustion-air preheater 234, where the devolatilization
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a devolatilization combustion air blower 246. The preheated air is split as
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mixers 232 to combine with burner flue gases from the burners 230 to
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preheated air into a devolatilization induced draft fan 248, which can

corARmBaEeAtEiZoR 280 2hefote Protedissamnestinetali solid
refpsRaerodum 93a43R b0 rits b esefRimeseRea 301 cdhecMBasured or

gas exiting from the stack 240 exits the system through an exhaust line

288 adethrotthe apseat ehenesriessdantsady thahieri trdieresimhase can be
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optionally be divided into multiple stages. For present purposes, a "stage”
iSCAHRISIE) 2O MR AR Sa A dORE HbERE QTS IR A gdfiad to the gas
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of actual augers, down-comer pipes, stacks, or other physical
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residence-time distribution, or for the presence of various input or QutPut o

sl syngas from the reformer reactor 301. The oxygen 260 can partially oxidize
the devolatilization product and boost the process temperature prior to feeding to the
reformer in order to lower the reformer burner heat duty. In some preferred
embodiments, oxygen feed 260 (or air feed) and superheated steam feed 262 are
mixed in a reformer feed steam/oxygen mixer 264 and then introduced into an eductor
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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[0094]A multiple-stage devolatilization unit can generally be desirable for
certain feed materials for which it would be beneficial to remove some or
all of the devolatilized gas prior to the end of the devolatilization unit 201.
For example, rapid removal of devolatilized gas can help prevent
undesirable gas-phase chemistry, such as polymerization leading to tar
formation. When syngas is the desired product and devolatilization
produces at least some syngas, it can be desirable to remove syngas
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gas phase 203 for a shorter amount of time than the solid phase
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the devolatilization unit 201 and exits from one or more tog stage(s). The
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devolatilization unit 201 is shown in FIG. 2A wherein the top stage and the
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rfg%gggegm%%@mp@ﬁm%ﬁagﬁgﬂoum of oxygen and/or steam is
added to the solid phase 204 compared to the amount added to the gas

ph3&H3b3 of tHd hadrBide iR trdege dsrlrsdigshiontBo L hedpp two stages
example b compesitions At e, salidehase 204 2a60pRBhase: 283 phases

leaving the devolatilization unit 201 can be measured or estimated, and

td3thaunh 88 B.Y/gen dni@istiliresionradech auid drasneheiopreestagrpsolid
d ?ﬁ@@ PRAbssed aatgicompasiioduel aachiRhRsadmiehiaatds ama¥aker and
0

carbon in each phase). In some embodiments, less ox&gen and/or

stRSMTS 8 fERsR tRrtRRtigat Ytetse Do i ahars 287A 3RASIPB may borqanbined

eRtRediPeBls: Bieasvdtaaddachivithie grsheRrsanitcetichibiasersittor 301.
hygdrogen by the wate%r)l-i%as shift reaction. 100981In some embodiments,
st

BiEasphistislPn SABentbslilintesndB4anabbs mgad rehitioshe

retgonger eactor 301 aJ heseryeeh 26 caBRartirtly 0Xifize He-stage
devolatilization product and boost the process temperature prior to feeding

tPHE AN B der to lower the reformer burner heat duty. In some

pretereep embodientzpxtyaantesgRePrigsaikieesiansosypeibratetides five
steam feed 262 are mi>ied in a re&mer feed stegmloxggen mixer 264

an
tHOA S HRIRE e 4R i heBP Yot A LR thaeRsIRas 8 64 W 38, ana
develaiitieationcpiaatBicliids Werimary 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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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 &volatilization 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

consladidizgitarostpgled Hneo fete anr seforadt isdatpod0dedrmibghembodiments,
rel QNG PR3 QiR ¥ op 1R BE 39S IR NS, oRé-haRAHGIRY I%Qgtigﬁr}?%uct

controlled, for example, by monitoring concentrations of CO, H2, or both
OftpgethoboristRé%dhersr 2eBlearde controlled, for example, by the

leppRIRure dOﬂﬂé‘ﬁt@%f)f&%ﬁ%@%xﬁ@@t@@%ﬂ%ﬁﬁﬁlﬁy‘@%@%@ 2% Which is

reformer reactor 301 inlet. [00100]In one embodiment, reformer feed

stitthgogggeerciviiors pamkinmbliteontidn Bathsedanentele seeamitem the
ggr%uasﬁ hepigdisanshinifofucs,ihauabdYoe af SLearm andamRan [ubs 90% and

uctor 266. The remaining solids from the &volatilization unit 201 are
eABHIMYTRLEhE WHSS olPsRASTAYIZe 8T FSEIRMRd Bt e attPadio et lRsrey figk and
reRAIANiRY Ty HloRei s $MPRJIIERIE; bRA BNGEEIFBRr29 86 REANIQARE] in

reformer reactor 301, a burner can be used to heat the products from the

d&VGlatirdiepscihedon drifol Bty Hes. ey esfoPine FrS e P ROy Sahe
OXNGEN i padehmsion P J@&ﬁ?ﬁ%éﬁ[ﬁq{pﬂh@g sRIRWAG £88eRSe, during, or
rom

unnecessary to heat the products e devolatilization unit 201 before

tidiFetedaelrtidrationeradiit pessca tereyshahreatgereratstrpy 01
exgdiagnic pariigkexd AR IRIG A HRRIHS:B TV BEHIa%8d chamber 302

&volatilization unit. The top two stages and the bottom stage are divided

byairsshedermea spohit dopBatiiatipisipadees Sospehort 7688 WidHeat the
dewplatiization RiRARRE: eXitite e WRMNR SREEsT S0dgt 1hasa 205h of the end

the devolatilization product stays in the devolatilization unit longer and

s drehamhs biftfoningesger et srbRAbRSRss tho SnRREF OB KeRY Brdow

corplineshaitasdhey £t g davioRilizaie runitanthseiare: theoentenie
reformer reactor 301. The gas phases 203A and 203B and solid phase

20AREAR LR FEaa R bRe Tty hehehsrdst 3 daddhpipamtents are
refRiANERP It Koodbtder Riiyersiagesdey alpilizatinponito[RBH2IHE sditable

depicts an exemplary reformer reactor 301, which includes five
temperature.

[00105] In some embodiments, the temperatures of the cold chamber 302 and
the hot chamber 304 stay above the dew point of the product from the devolatilization
unit 201. The temperature of the hot 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 (1) 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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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

e:{ﬂﬁéﬂﬁhent; mﬂ@r@fﬁ@@éwmatnr;%ﬂb ﬁaprb@h@{”éﬁf@‘fsﬂ im%@féﬁémb& which
r%s@dﬁgﬂf%ﬁeg%%ﬁ%ﬁh%eé%ﬁﬂ%&f SallRd FRAT IR AL RhiRd B%0. Fuel

each devolatilization stack 701. One -23 - déevolatilization stack 701 can

feedins tefdieriarpeticid 8 20 prowideHmek b sicHentdodash sergeneirebsfrom
cqiled reacieriHhe R ds Jeek &y :Q'ig‘*f?e!mf §9€g%%%?9&'h%5%% Jramdhgr)
3]Each reactor tube d

burner 268, shown in FIG. 2A. [001 ' 10 is connecte
torarpriearpredeg e Siromygehss semien theniveatsdord ) pafisiirgityclone

31do BRiN cyclopgsJapaveasi, Tim e tﬁéﬂghﬁ%ﬂ}%l@figﬁﬂrﬂ%ﬁoe introduced

reactor tubes 310. In certain embodiments, about 90% and 10% by weight

séfidsJypeetd sgmaressira sveiPBy Heopfithary dyetbive Sdematiyely or
paliaftingaxclangs Sdsh fhe @l indartad dRAshCAlRe R 318\ joined

illustrated in FIG. 1, and described in detail herein above, oxygen or a
mvilrth o PEXgREpteate BisEHE HapBecastRImanfeaderay aryepbimi SR04
SYSHEWn $HERE2RGIOTRAHIIAGhQS A&l JheRYAMIZRIRR PIOYUELHBRFES

through the reformer reactor 301. [00104]In some embodiments, the

regeeTtBamsh oimaiel e ordechairEIcBond sRBRFS T pratienra0ds tHedesired,
devolatilizaliaBapf osuetsSamARrst #IRdIQAMkALINS RNitRGe afttBechambers

reformer reactor 301 to a temperature of about | 200- I500F at the end of

tHf EsiddREnmbapast. ITprérstadastibRuinidrrs na sherpeParttesorgstknown
belewnthe.aaftaningpinaiithe ash eenepanests denfagilitate theis)aigh.

removal. The serpentine or coiled reactor tubes 310 in the hot chamber

30004P% their cohtsrts embodimraindafarmirs sethpt idthpeidation, assun igdhe
akamb IAEOHANIREBE PHhahSUHABIRIIRINE! At En IR0 AP PRr-EANBRidation occur in

embodiments, the temperatures of the cold chamber 302 and the hot

cisivpat seprdpn vapsle e GEHMpint SrtHalrdateRsiactRE (Such as a

denipitiT.asiRRrdNBed0d: i demprEpiuLesH him et ERawRe bBAGdvER B of the
about 1500F, 1600F, 1700F, or higher. Using appropriate materials, the

teioERALE AR lre 1B RS cFRLRIHM SR R Qi Blaiopdereior & ppstream of

higlhebféinvarieus &M dindeiserhes HesFure Fbtheneip therpaateeftor 301.
is between about 25-500 psig, such as about 50- 200 psig. The pressure

of ML ¥kormer AdisEEF408 BT HaRE Saremdlhavnsams Bsloikivatskly
URBAEd wintsREer ¢or g dignentih (9 AIQaH NS AL EReMiBiestsatben. For

reefggglijrllg talpeds/grrlgpa%rltai%a%)éi[dgrilo‘t?e cooled with boiler feed water in the quench and
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
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catalyst(s) that are (i) present in the product from the devolatilization unit
201 or are (ii) 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.
[00107]The reformer reactor 301 can be heated by a set of burners 318,
which are fed by fuel gas 236 and a gas mixture exiting from a reformer
air mixer 320. Fuel supplied to the burners 318 to provide heat for
reqoaeND tofeie &y neso e b ecbmeaty lbitlalpbnehrdd prevagsesbiippe she
(Js)y'ffé%h" syngas from upstream sources; (2) unreacted product gas from
downstream synthesis; and/or (3) natural gas. 1001081The syngas exiting

friff ke polishibigped shep drachiaysesiritess nerdr es hugine-ds msthods
CQRMRIERS 'ﬁ%‘%ﬁf:ﬂgﬂé"&]irﬁf)!fﬂ@eslcg;&%ﬁlé{d ftsy .kvﬁllbfcﬁtrc@&!ﬂ-{[-{ﬁgﬁ%\éen%e of

syngas can first enter into an eductor 330, where the syngas is joined wit

tHRIBRYYERPStEaiomikl e RTThed: @Wtﬁéh%&@rs?éa%amgé@ﬁmmw

(SREWIBS IS fdfher TREI ML B 5’?%&@ PHOPANRIFOAUSRA R or time may be
ely

feed/oxygen reactor 332 and ultimately into the quench and compressing '
séedigircdda remnsifed; tenipsrsts e tupad nsiearina sechothtsaeiderd herein

el iM00iL A HUREANATIREEB b fefeymar reactor 301, A standard

flow valve (not'shown), or some other known means, can be usedto
cdP¥the amdiidevredetosiriavad ddaterires spsebrny PRI INSEHEaS is
eRRAdIReNtS NP LWL RATAL QLUARIRVRF G kIR SABSTRREHPom one

vessel. In other embodiments, reforming and partial oxidation occur in

diPRIF iR ARRLERIPORY Y| 1 Roesemphach Pt et kifadd P reay BBl dhO ratio
ag AfluidizgrloRackrrbrdion! RIFORRNNTHIBACIAL GRNLS! YD RERAMIG

downstream of the reformer reactor 301. In one embodiment, a
ARSI FEABG U ITBER T ERe PEFSATISY AR ©30708{g-8-» carbon

0QBF63HRA beatIelralIMBG NN RIFRNLS IS asHY BRbIAANAOLARES reverse

exiting the reformer reactor 301, syngas is preferably quickly cooled with
W B 168phebthes farsy teavbfeddrmation of carbon. For

eXaiiR'g: the SYRYER PRGN RS EABRL WiE) Rollek IReJMAIBAIRN B%he

quench and compressing section 401. In one illustrative embodiment,

bérspkideraigie vor 29dmperstaly of sietiy 2H0PTECipjeetay Bracyiapsrations

th, GRS AR AN DSHEIMRSBIUE Afitae, sUeAMHIA 8RBUYation unit
1400F to about 1000F. [00111]Syngas Bressure is preferably increased

prR8ItolBspRINIBEMY Ity contain CO, CO,, Hy, HyO, CHy, and other
hydrocarbons.

[00115] Cooled syngas can optionally be fed to a benzene, toluene, ethyl
benzene, and xylenes removal system. In some embodiments, the removal 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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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 CO2 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 separation methods. In
some embodiments, little or no CO2 is removed from the syngas.
[00112]In some embodiments, the syngas produced using the methods

desered desin Hasassstiopintdastecn paleth eo Ay plgag prodabestiemtizo,
ARFRACS A RO PIHERRAIFHIAR Jth SAPS EMPOAMERIR IS dRReasEtte of

amount of impurities facilitates the further purification of syngas. For

eRAMHsIR alsksi e o vh thasatidy 5@ reartothe Mo CoOPReigotpartial
S%&Q&%i@ﬁ@ﬂ&egak'?Rﬂlﬁ@?f‘fﬂﬁ{@R@§sﬁ-§§i‘f’ﬁ*&ﬁ@l§§f%&§f‘s§fﬁ%%/ﬂ%s

produced in the absence of oxggen. [00113]If desired, the removed CO2
cairfiedussddasiyatisieradthart ghd RinsdBir gBfePdretmnpie lmdote dicbe

USRAJRAPAYRN Ah R NI d0HSAIR LR ARG PRIRK RN PHRELRYN R /slag
the process. Another use of CO2'is to vary the HZ2/CO ratio by the

wiBRKHS sHr 838 st e caverdarcag bematssitd ey oksidiaiton unit
megipang JRdnnHRIANg AR RIAAHERRYPERS 1R 1SRG WILRRIIE CRIBAN system

ST%%@ carbon deposited on reactor walls or catalyst surfaces) to form 2

seredhndge kilériopsadoMrasedeasnitiod thedevaletihestipromyt. The
(AL HR-ARME SIPRAHineRte s K NAYaH R %5a0 DEJeRYe IsshRACkLAIDE] at the

devolatilization unit 201. Generally, a variety of purge streams from any
obeHeiBRE BEWHEE®am of the &volatilization can be recycled back to the

&ygiaiihzation Umfo%&-aIﬁ&Q%%@ﬁr&éﬁ@(ﬁ%%ﬁ)ﬁ%ﬁﬁ%H‘t@&u%}& Héuctors
H20, CH4, and other hydrocarbons. [00115]Cooled syngas can optionally

&8 8O B 28RS N BHENSIAY M5B REMBRY 3Ky 1 e Kb VAV Sipspamp or
InSAneneM9AINENIR RE FRMEMRLSYSIBREODIERAR &I Bhetic energy

activated carbon beds. Of course, other organic compounds (such as tars
c&h B RGP sawRe N GEpYRiABAGRFEoHYRRSHioN, the pressure energy of the

motive liquid is converted to velocity energy by a converging nozzle. The high
velocity flow then entrains another species (such as solids from the devolatilization
unit 201). The mixture is then converted back to an intermediate pressure after
passing through a diffuser. Eductors can also balance pressure drops and aid in
overall heat transfer.

[00118] In some embodiments, the eductor is used to convey the material
leaving the devolatilization unit 201 and entering the reformer 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
arca 640 and a second, smaller cross-sectional area 150. The area reduction causes a
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[00116]FIG. 5 depicts certain embodiments for devolatilization and

reforming. The feed material is introduced into a &volatilization unit 201.

The product that exits from the &volatilization 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
inlpody dsebtore, Gluelt Krapascorpiossifigdde ol aptewih dpavene syyasdterial

copi6aignd Gomav st The Selids SaRA3He I AN EHIORS AR ity

the -26 = primary cyclone 312 are introduced into an

aSRERAETREISIA ShraRRIIg0 §RIMas ooy dits feac R BrabHBatRe Bircam 190

oxygemandsteagpgan be injected. The mixture of oxygen and steam
allows the solids separated from the syngas to undergo partial oxidation.

THOEAY producitirsmsihd lask-shesrie G- re s ysteransiodenoted 620.
infriod lé‘ﬁ%% %ﬁ%@%%&%twm%mﬁr%%Qg%qg%frﬁ{aﬁf%&ﬁ%d@grees

the devolatilization unit Z01. The gas Product circulating back from the

ashdjgentisrhyvétblegrsysteti 5pele el degiset AV thin piat fipw of
inthedeiniatiligationinih e prareambadiment &“@0%%&%3‘1?}88{{68@
|

the ash-quench/slag removal system 520 enters the devolatilization unit

20" A eHErelatastgTeod dvo rastieaidnd Hito the csbirdrr fuiharglsrateaier than
INg8R3E:€ YRR GH SR OsPTRENRL SYSIRT rRAAEe HEMAVRE &icths IR of

the system. [00117]Another aspect of the present invention relates to

ediretsian Bandnsrunyisanrisiivadgdbemetsmpiniiss vettGPpiinpEremplary

akp RaShician) WA HH BB BHENE ma%ném%&%@g}aeéﬁ ahsl0268s about 60
Eductors generally utilize the kinetic energy of one species to cause the

flOREBTANSIHdR I BHR R IR BrdBs anesre AP o tRE Phdflvadidifiaos4S
cg@gﬁﬁré@d to velocity energy by a converging nozzle. The high velocity

flow then entrains another species (such as solids from the devolatilization

uh0382). The MRIlFE TS tReIRBR TRRSH K b1 FBE BeiRtecR B g ther

altgibeanaaigstbirustraidiffuser. £Aueiers RRARIRS VRO SECHERSHMIR enters the
drops and aid in overall heat transfer. [00118]In some embodiments, the

eqtesR S Uselo rivRYy GhY Hatanetb A RBca el sritiL siepmmipolysing 2

agp eetarngntoe fefasmaneaqiar3Qlrisuah ascdUHPER 66 SRSy the
2A). In certain embodiments, the drive gas for this eductor is steam and/or

ORYTEIELE i HErBAtE i Frra aRsIRTEPsE RelPesh 1. [00119]An eductor
6@fotie can beassselindRr tistHaliamRRGMBOTS dScHeRiCtefion, stream 601 can be

at least a portion of the solid-vapor mixture exiting the devolatilization unit 201.
Stream 601 can enter the eductor 600 by means of a single-screw (auger) conveyer, a
twin-screw 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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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 arca 640 and a second, smaller cross-sectional area 150.

Thenaea heliueral eparssesolids-andvedyseopaiide wiatchldrearestaiature of this
suglienoetiasuigRullgeieral farwadiohhsg matrialive Qﬁl%&gﬁ?%‘?&reams 601

through the smaller area 150, and then returns to a lower velocity

denshekhe efareottandobibiibe 2askosdfhipto b eﬁﬂmi%émﬁééhe nature
STEHO AR %Mﬁiﬁﬂ@oﬁ)h&%ﬂd&m eﬁ%@ ] @ﬁ&%%? flfRiphase

6 to enter at an angle denoted 620. This angle can be any angle but in

sopelembodifrntE isdgrodthratiarawsit 20 1dedgiid hepted sxstioan asei301.
9@0@?95235 Anzangle gt Qﬁ?@éﬁ?@d%@lﬁ’é&%&%@ﬁ@?%@%ﬁ@ﬁpﬁn streams

suction fluid and the motive phase, while an angle of 90 degrees produces

pEMesi cdritinTallyion dtamativRid nerd-inherezasnschst wuldmgiasse include,
giRAteLthan;Aldeasersyand bﬁ@%&@@c?&g@ﬁéaﬁﬂ{%%ﬁm%%ﬁﬂﬁg Prious

the suction fluid in a direction f owling upstream relative to the movement

oftHRIinsvaushas & Exngnaraind eaper-<ian vadfsustembodiments
in@yggepnales beWaaR&6HH 1 toeakoMboIdRIRES 4%'6@ RGRUAILS described

embodiments, the angle is about any of 30, 35, 40, or 45 degrees.

[Oromrieas fbs BaRanohsohstiehmidner stheripe ess s et eductor
oty BeiGdiNENtRCANKINEIHEExY g3 4nd sREMARHAEAURNEWENLE cductor 900 in

suction-fluid enters the eductor 600. By "streams 610" it is meant any

niifShey offsleciar 608 sansaliechsatpry disiiy etbfeapest iyt Sabr Gl pdagtor is

diffQiedi entiigs:can @Bﬂﬁ%aﬁf@fmiéﬁ@@&hﬁmgcw@ iSRRIV EINthin the
different angles m )Gbe used. [00123]According to embodiments of the

prdderrtine sEsiiaifeam 601 can be
[00127] Exemplary methods and apparatus for producing 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. 7, 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
catalysts in reaction 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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at least a portion of the solid-vapor mixture exiting the devolatilization unit
201. Stream 601 can enter the eductor 600 by means of a single-screw
(auger) conveyer, a twin-screw 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
ad@ildAlto addiMariesceanpancrtie Protbist streamipiehsts.dan example,

enARGE NBINA A HSRGY WiKhRE SIURLALA00 . Rt ﬁ%&ﬁﬁ%tggohols),

well-mixed upon entering the reformer reactor 301. Without being

toveisr padi sk erRsoYyD fafsTHEl 89 santiatahewaing reaternal b taiHdcmby the
streams f0de iR Shay %%@[ESPCIB}{J@{%‘%%%%Q'%QHMeEHSo%%Q9§n@¥UQe, for

from 610 is thought to cause an onset of turbulent flow within the cductor
60BN 8L WY HBithaAte MERIREER dcRBtiipregssspelps well as

breakn arathe salidgantbisduse particle size. The exact nature of this

onset of turbulénce is generally a function of the velocity and pressure of

sttdiA8l601 arvyBa® ferslsredsy 440 HaY hsprodicehyla B O EbHUIPARRLDT
anglgen BT Bl Pitheimelive anshs Bel QB v IR AU H00

can also be suitable for multiphase annular flow from the devolatilization
UNRIZHIORS: SAREMetarteaRib Ve Sdersb purdipr g1 AdGiiipreconditioned prior

agpRGRtad-Qheiaars hasidasH2GaRd AR LO0L SHERMS.840 68Rzene, toluene,

additionally or alternatively be used. Other gases that could be used

indiidd Baersedianrmitat b CoBmRYBESTRIAS; PRI athstdBusbissiBRypotential

CRRMANDNPNRIIRURA MRSy RUERAS R4 fé@ds‘ﬁ‘@iﬂ@ﬂfﬂ yaRremRhRMal
vapor, etc. 1001261The eductor 600 can be employed in any step of the

progdedykaeyBdn prs ehosint ueihe rhsaal of ash-rich solids or other
Pyegezafeams (ﬁ%@%@%@%ﬁg,%%ﬁgalsl%é@dsﬂae%tmeaeaﬁé%gﬁémgﬁa CO at an

and steam with syngas (such as eductor 900 in FIG. 5 uctor 600 can

alde'60 taidRihAvaRs bREChsurStbRH INdA P8 CiabRuG drigukout 1.5, or

sWebAs anARRAIAIUS fenwhIoh R INMRIQISIERARRPIMPIE SSHIE WiiAiTbns,
the apparatus is desirable, [00127]Exemplary methods and apparatus for

protRstiths HiekhiigsBinelAndsthrs erednsseth rereir 19% o vasfatrsAdT>/CO
okhess suethasmansk aRBAdRPA dDMER IRCRIBHHIGAY aoRNedtattActor 105 as

methanol in a first reaction zone, and residual syngas from the first

reXetian YD HY iRnFTRHTEEARAIEAN- cORDETIRETEYe thants & @b dhe production

faﬁ@i&nséﬁﬁu&ﬂfeéﬂﬂﬁi&ﬁ@f%yﬁg’aﬁX@éﬂﬁl@aiﬁ PO®iY0AHENA &Y pERRice
feedstream 100 is introduced into a first reactor 105 comprising a first

reNO§8M LorRe P B/ O R HNTHE IR A SISk dRsHSSRPPIoHES 1 E5MV8lfat

leqlda RRition At GyneR feadsivaibti 0RtRamathaneimerovide an
intermediate product sfream 115 comprising. at least a portion of the

rdl O3 (unreactdtepe gt srohl RoRa ORNPRBIGY RRRBI ZeAd N Yohfited by
vauaijessoigharRiaenalscaREN O thes I e REQEMAtS- 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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[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
interbedeitetproduassiasarisv Bhifop: Y] va Hoa S agsonemtd bfssrolergtor 105

SHEANB IR SUEh BBl EXR DR MERERCLE ARG ABOLMEEER at

(e.g., methanol, ethanol, and/or higher alcohols), water, and unreacted

sy¥igasTietesf BBoss SAPapste dRuiebew L59Harily) purified by the methods
degeitfd hereingr coRVENUARRIMEIBAMSImHER Srethadsnayy eludss frr
S

example, condensation, distillation, and membrane separation processes,

asonENTaEIdrpisg el BrRYRHG I B RMETE G YRy EsNTe0a3Y| Syhgasionally, to
feGaRMeARHA0 MNAB PEIRIINLRE 3% BHERRIS TIAMSY KAV, 1BPRR Aot

ordinary skill in the art from any suitable feedstock. In some variations,

OIS 05 S [ HRUES O A o RN S A R
t%%?ﬂ)'ﬂ't?ﬂwi i@@ﬂ%@, N EQVMB?S“N‘?CGWQ,@BWP;F e, Ir, and any

benzene, toluene, ethyl benzene, xylenes, suifur compounds, metals,
aRE1BE Suregoing iied bipprartidh Mimnpst polsod b hrigdyliben embrricirempters

sypgag feqdfieRMRE00 LY P RYERIANALMBINRIS KA A RAGIRS of some of
ordinary skill in the art. 1001311In some variations, syngas feedstream

10 orapYSEs lapadsrhele Besls pometsmidHuderlle iRfrenbapddpre-carth
abu Q- NBrehRu Bl ABOUE L MtPsaReul kFeAlvRREbR 0 AROME2. .

The H2/CO ratio in feedstream 100 can, in some variations, affect the yield
o FARHHERSMENd other products in reactor 105. The preferred 112/CO ratio

N gyEssyariations Ay AaRIIHOMNGS cedabstRrsratalynisynead ELERREIDK 100 is

105 as well as on the operating conditions. Consequently, in some

vananged REsHBRRLIBHARHAR M5t CaMaish g Bt jHgaw 115 output
fepeistieattol @05 5:R9MisAMamkto RrQaHES SYURS, NAWNGs8:HR BB/, methanol,

within a range desiregl to optimize, foroexam le, rgduction of mgthanol, .
ethoNb P Gripshew ethardhantd ool e 1aR syn gL PeabRtictimta @hout 25%
may, epdiaBally e ressuii7ed ansl/alsheated Bher gases. In some embodiments,

intermediate product stream 115 also comprises one or more higher alcohols, such as
ethanol, propanol, or butanol.
[00136] The H,/CO ratio in intermediate product stream 115 can, in some
variations, affect the yield of ethanol and other products in reactor 120. The preferred
H,/CO ratio in such variations may depend on the catalyst or catalysts used in reactor
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
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compressors and heaters (not shown) prior to entering reactor 105. In
some variations, syngas feedstream 100 enters reactor 105 at a
temperature of about 300F to about 600F 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,

regees I corhprsés Rnssatinreel nitstond rtmpredsataneiidligdlis example,
p9%%1@%'1&9W&é@%ﬁg?@%&%ﬁ%&?@fsmg@@%Ik?ﬂ?iﬁ%iﬂ{gaiate roduct

methanol and, in some variations, higher alcohols or other products. In

soframdd S tambluinrpter Ealat)didhos iy avienithpetherobyipld in reactor 120.
heMQYRREOS RIARS RERAUAARP IRy OPSE A& @MR/e: at

temperatures of about 400F to about 700F and at pressures of about 500

p$9138bout 2Bcagid 2O0E3412AYYSUibssIEehhijstrerconsbifdiefonthe
CRIRVSSi T B8 IPREAGEUHAR %ﬁgfﬁbﬁ@ FRARNNS S OMUGHINA,

syngas to methanol and, optionally, to r alcohols and/or other

prIdisE s i Al aRRes v/ ahetheePindusie Rsariaidddansnkesny suitable

MRLR b LI ACHAOR CRUAIMR, GHAGRCY MRAQBo U200 fnPHRORubes filled
Co/Mo/S, ColS, Mo/S, Ni/S, Ni/Mo/S, Ni/Co/Mo/S, Rh, Ti, Fe, Ir, and any

oMHB PHEROIRY Frf tBhiBhatipRef VAT aneiisingl massizgiHiRgblagibes
PRAMQESSs (@ Bk ddidNBell vy SR BE R LRLRBASES tHRGRUWEYi&6hs, higher

selectivity of some of these catalysts for alcohols. Basic promoters include

afdsnheleaptioamihraniediets mbtatls nebiidied phedbewihby $gsapyacular
agefiactive ggeg&g&rgéﬁe%@mﬁﬁmmﬁ&-rﬁ 13edi SaMeVaiRtionsd
% 0

up to about CO in syngas feedstream 100 is converted to

mEERsR &P it hanekidhe saribanpb MprdipreunarE st diset ki abrrabvétout

frﬁHﬁf&@%ﬁ@foi‘lQ@a@iﬁ%P&(ﬂMﬁﬁe Eﬂe’“‘tﬁ&%l‘fﬁ&@ﬂ@ REnABQL RYBHRARNUL other
50% methanol, about 5% to about 50% ethanol, about 5% to about 25%

COedBEEEY, Reatiiut Bb0R oD s s GEOTDlE AbiHPRSsHtseo! d0yelP0F
a%0theGRRES HUSAHR KIHBOSIIEAIE s iU prRad atR roshEpsizeam 115

also comprises one or more higher alcohols, such as ethanol, propanol, or

bl#948P11001 3607w table ertalystinrirearkiBeio ety sraanPe YscddR,

iN-SRIMR 120 to catalyze reactions converting syngas, methanol, and/or syngas +
methanol to ethanol and, optionally, to higher alcohols and/or other products.
Suitable catalysts may include, but are not limited to, alkali/ZnO/Cr,03, Cu/ZnO,
Cu/Zn0O/AlL, 05, CuO/Co0O, CuO/Co0/Al,03, Co/S, Mo/S, Co/Mo/S, N1/S, Ni/Mo/S,
Ni/Co/Mo/S, Rh/Ti/Si0,, Rh/Mn/Si0,, Rh/T1/Fe/Ir/S10,, Rb/Mn/MCM-41, Cu, Zn,
Rh, Ti, Fe, Ir, and mixtures thereof. The addition of basic promoters (e.g. K, Li, Na,
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
Zn0O/Cr,03, Cu/Zn0O, Cu/Zn0O/Al,03, CuO/Co0O, CuO/Co0O/Al,Os, Co/S, Mo/S,
Co/Mo/S, N1/S, Ni/Mo/S, Ni/Co/Mo/S, Rh/T1/S102, Rh/Mn/Si0;, Rh/Ti/Fe/Ir/S10,,
Rh/Mn/MCM-41, Ni/Mo/S, Ni/Co/Mo/S, and any of the foregoing in combination
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variations, affect the yield of ethanol and other products in reactor 120.
The preferred Hz/CO ratio in such variations may depend on the catalyst
or catalysts used in reactor 120 as well as on the operating conditions.
The H2/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 H2/CO ratio of intermediate product stream 115 provides a

higher ethanol yield in reactor 120 than would the H2/CO ratio of
festbtMaendoo Vn Seeinyanagbiiesepetalion efrdhetolo 10% recgpotiilae include

n@{@@,p%&gr&&r@%&dmroves the H2/CO ratio of the syngas fed to
reactor 120 from the standpoint of ethanol yield in reactor 120. 1001371In

oh@dddimple, fBeeidet sirramd 30 mipnstE aprgag il AmpeconEsR BF some
a 4 HEH@&%@M%’té'agcmﬁsﬁb}%fﬁ{éﬁﬂﬂdﬁf S ERYIOIRIQAMIIA Hhanol, about

ethanol in -31 - reactor 120 is about 1. Operation of reactor 105 to

plOdieabaBtRAND 1P #higusLamisiabeleipiatedtaand ghoul higde ahaeh25% CO,,
degreanas JaeH2(G0 ralioondnisBIeHRIBLRIUE SRaM 1HPRANUMYBses one

closer to 1 and thus improves the ethanol yield in reactor 120. In certain

eRfBaImBIEReTtRls absmtl 3 CaRo) Qb atalyst. [00138]Reactor
126079y be anR&fﬁ@iQ% GRIAMICHRACIOMSWIAL I FORINR caRvRISIPR Rhas in

syngas, methanol, and/or syngas plus methanol to ethanol and, optionally,

toPHRgHer feamoldbitdiantasttrsh fiestntadurt stictsn 139 o irpdedyteimmiies and
fixecdbed ﬂ%ﬁ%l{ rEQEB¥ANPIS AR BAMEMANAIRRS xRN0 LD QABPERRS 0!

tubes filled with one or more catalysts. Syngas and/or methanol passing

triedigh e TdsEEcdIefysBs Slreaewivakelprdd Fddition i smaY BRI
andrdAc-RMeAL I PRsd ighiesAceirls Regéarailien pradhats MBS Bling it to

intending to be bound by any particular theory, it is presently believed that

theheatraroiaay BBlkoteedranyntesandinante b ko yenef the
mgthapeldigaydas sorsariad diiasthsto ctianshiad hemelaaplionvith sulfur,

reaction, and/or the methanol may be converted to ethanol by other )
A femRo Rdaditalb e RIS pRritdathak st meisan fst paraterdelpits in

aboist KOs to about 800F and at pressures of about 500 psig to about

2500 psig. [00139]Any suitable catalyst or combination of catalysts may

b&%0448lin reactdro 0 teeatastiqrte iRyibash ke amitbisaddsd o,
anskervnaaproduetiasahie i ndkoniedatyd © Rieber auPlofSrther

and/or other products. Suitable catalysts may include, but are not limited

tdNSIRAIR D s s g Zirts e stPaen g er elhe Eotcriofeds/ARo3,

CetanMe/ smctRidolSpRidestNHMSAS 30 kg WS arédi(R0 2hown) from product
Rh/Mn/Si02, Rh/Ti/Ee/lr/Si02, Rh/Mn/MCM-4 |, Cu, Zn, Rh, Ti, Fe, 1r, and
mierad i i editiogn Lbankthranmsussdhgoeh teagipr 120. Methanol

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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Rb, Cs, and Fr) may increase the activity and selectivity of some of these
catalysts for ethanol or other C21 alcohols. Basic promoters include
alkaline-earth and rare-earth 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

ZnO/Cr203, Cu/ZnO, Cu/ZnO/AI203, CuO/Co0O, CuO/CoO/AI203, Co/S,

Mo/S, Co/Mo/S, Ni/S, Ni/Mo/S, Ni/Co/Mo/S, RhITi/Si02, Rh/MniSi02,
RefiryRsdrrsoRcrenmhethaml by aairkeeyonief ts/metsinahtd sthpaskrad/or by a

fAEIRIRg I9VRRINAHIMINMA YOO Y RPRI T AN EEINERE i HANER ed to

can (but do not necessarily) include one or more basiC promoters.
[ozageiH~-Yuct stream 130 output from reactor 120 may comprise, in

5366‘14@}”3“0”%&99 16805 PRYT $AULeIRaRARRAKLEDHE HFRPFIm those
90% ethanol, about 0% to about 25% CO, about 0% to about 25% Hz,

afl@sanbed 80 te RIHBAT RSUE Toof asinel radtictianmprivisgméirst reaction
enRRAFENG QI IUEHA JRR: 3P, SAOPHERTON R BIr & higAC Feedstream

alcohols, such as propanol or butanol. [00142]Referring again to FIG. 7, in

sdMbiyaERBIS 4 HHOAR T SARtgaZIND FuBtheie anRs 9RO SeHakstsFonvert at
fr%@éﬁéﬁ&%@@%Q&%@a&@f&m{%%%ﬁél%19@@1@'9{#&%@&% product

reactor to further increase, for exarrggle, the yield of ethanol and/or

offieeHebhR (rpraiiies A iterraivarionanthpianierctid syRsas Aagitsdstream

URRRGIRM SRR IMNGHLCLeaam, d30his BRI R P aEIR S
by adding it to syngas feedstream 100. The latter approach may be

uRERAIRS, RORSVER RPTHEN A SHETEY SRR Profkist dt S dhintrplyged into

C@@é@ﬁ&i Q@é@%ﬁ%oﬁé%ﬂﬂ'%ﬁé’f@b%@'ﬁ#rnﬂg Hﬁ;ﬁm%ﬁd&w Matals O SRRl of
materials that can poison methanol catalilﬁsts in reactor 105. [00143]Also,

ins¥Bate Famatisrisnsadintamapdinsbeiatrad s pad/as ablgad toroidemeatimgghanol
PrpsiiGhRIFRRM a1 Brof@tharaiae 10y edRsed JR deacitdA0 59 WMiGising cthanol

increase, for example, theeg;eld of ethanol and/or other desired products.

FBPEXARINS YAERYSHS! TRcHiarRlchighsnalcpBolmalh s eassiampsadyss, and /or
shavea) ey RredaehsiramdBRig foam feadsiream 140 and then

recycled through reactor 120. Methanol from other sources may be

intf0ddebd into Reaciei 209omax Drctngimsighauitable catalytic reactor comprising

two or more reaction zones. Operation of reactor 200 may be similar to the operation
of reactors 105 and 120 described above. In particular, in some variations, the
catalysts used in reactions zones 205 and 810 and the operating conditions for the
reaction zones are the same as or similar to those for, respectively, reaction zones 110
and 120 described above. The compositions of intermediate product stream 115 and
product stream 130 may, in some variations, be the same as or similar to those for the
variations described above with respect to FIG. 7. Syngas in product stream 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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[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 CO2 to methanol. Production
of methanol in reactor 105, reactor 120, or in both reactors may be
thereby enhanced by consumption of CO2 present in syngas feedstream
100. Consequently, in some variations, CO2 is added to syngas
feedstream 100, or the production and/or subsequent conditioning of

syPBt7leedstréamilady 8 Burimstteehetopiogiationsy g senaofigastasaassetor
ameti Ak 47, RaRIR FRIANSISIALEPNAILNGCRR 1 GHAR BRY icld of

include, in some variations, one or more of those listed above for use in

redbeopd aoboiher PRBiUERHATRpRRICRH) of irethansrisiieundigdpubl ratio
ObEeMRYiEESHIbREMENAY l%“&l%&@foﬁ?tha?@h?é}éﬂ%fi‘é&?ﬁ(i%tm Btovides a

ethanol by conversion of the methanol to ethanol and/or by a resulting

favighss R raelyinkhiorasd erzas Hibihitmeosh fesidetfefitotifredstream
101 RACIR A APy AN AN RN RO G 18n %959{?0%'%1@@%&‘{@{@%%1@

differ from those described above primarily by use of a single reactor 200

comipazitghe ilst(rodetierr L dies yosafrfl doseastanreertiShl baa gapstandpoint

rafpemihan ywireaciir $y09as feedstream 100 is introduced into first
reaction zone 205, where one or more catalysts convert at least %fé)ortion

of QHHHls feeddtrdeimneor o MElRafoFesreisaRate raaiaRs gifguéom those
SHERALLHINER RBHISING RE5 APt ARATHORAL NEWRRCIREL DABSUIRIALY all) of

feedstream 100, methanol and, in some variations, higher alcohols and/or

othemedieiohipraéiietesiste radust sbrash Idfindivratsdiatproairchapd areduct
11BdsiMures it SEE0REIRACHPPrEANa SNBSS RN SREBINE). Methanol

catalysts convert at least a portion of syngas from intermediate product
stibBrAdEELshisars 40 iedsba sserta bt dwalied hoseivittosglansthods, for

Pradugiistraambble, 1 (R Bradued $heaMnt 30090 R I ARGhaRHa

some variations, methanol, higher alcohols, other reaction products, and

Jorarshysara gL iemTARR th aafecHrbiaee Lkapd proyides a higher ethanol
[03r6IRRasior APmANRRIATHIYPACT sHigblersaiabdin 808 Mence, the

comprising two or more reaction zones. Operation of reactor 200 may be

sifindredaneioperaans Bricstenkd omy ad veotrgratinsahapes ethanol

PariauafeiNSRMG MR AfiRNR RS EatalysisrssrmdN reactions zones 205
and 810 and the operating conditions for the reaction zones are the same

asW1&Rhilar to thseRforaatpRERARARIds RoRdrsRG &t i eharigld Hpa first reactor
deserinesahans; Jdif &eIReSilans| oh INtRERRIBIRIBFORUSESARAN HILR 11, for

and product stream 130 may, in some variations, be the same as or

SIFF SIS tHOMS M At UansAioead fatsBaaan L0 tyiatsbdisallvicaesrtyd to

Singiami) pradust stieam1b3Qrayde (iaeuctbraugh reas e mzanadier, for
or added to feedstream 1 02 may be added to syngas feedstream
d

00, C . . .
165°8P et bitibictich AddPstndedueht ieitBRIfg B SyHgagum constraints.
felatistreamahoDyieess heag ot RlREated) fod UeensyRUBS vkttt dasikemieor
amount of (r)f"i for enhanced methanol production. A methanol
fe%’%é{f‘é‘&ﬁﬁ( LR BRAPRE BaTR AR R oG BE O Bock ot 15
ingy aaseafarsesanapis riagcyielthedgihaneantgsr other desired products.

Thj hanol f f I f
I35 o RSS9 SR SRR 9 PRt i

S 30.
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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[00147]Similarly to the two-reactor variations, in some of the single-reactor
variations the H2/CO ratio in intermediate product stream 115 can affect
the yield of ethanol and other products in reaction zone 810. In some
variations, the H2/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 H2/CO ratio of feedstream 100. In such
variations, production of methanol in reaction zone 205, for example,

infpravissdsiecp2 /36 rali guneneghens fedces kbt yona slwtsieptnd 30 is
stardpRINiHRbEIRaR ¥iel9 ¢ LgRGion a0 1B IABIR ?égw'[& BRI FLGSr 10s.

some alternative variations differ from those described with respect to |
FIGITPW BeatnaniEs 04 Porish (serield0suns mipanjany eptadiestiambed as

ingisinedipts PrRfushipgam 115 is diverted into a methanol product

stream 300 prior to the introduction of product stream 115 into reactor
1580 Wikkhano! i peorLcstomn Bo0anobanstisard @A dnpulerdstigpm may be

C%H%SQ%EP'}E% RGPS (S RXARIR: fRIBRP @RI R4INGSD. VR IGRS
the H2/C0 ratio of intermediate prodiict stream 115 differs from that of

fezakpdininthsratisrefimethanplifheriaeaseoryidhisheeseesrabont harfo about
wodld the JH2/59 ratiesei desastiearm o0k HaR%Ee RORIPALEHRN 88 is about 1.0.

methanol in reactor 105 may advantageously enhance ethanol production

in[P8388dr 120 N8B MBtHtlthexsel v RareRDBOPagIfiraalnesaanisised in

MRtR&sO! 03 PRFUERI-ALINGR YRl 408 ¥e5 IRACACRRY, $HPSRIHENMited to, the
converted to ethanol in a Second reactor. Referrlan%FlG. 11, for

eXaHisROliResires istRetithay e sYeAa hectistradinbieor il vtanArsaiipation of

cepvayiediametnanplinadntrepchlider %h@lgﬁldf&m%%t%@ Mer&iep @tlude,
CO to methanol) of for example, at least 50%, 75%, 85%, 95%, or higher,
shfere ot laitsairn Bsrdhanatsatyrtnlistadabryselds may be facilitated,

fopexaspple, byrsRRAIBPOE M PR RLRURTRRIRYV 8l £1dN20, or reaction zones
non-methanol components in intermediate product stream 115 as a

sthd8ndddInstidretijlat ey hrexes: Fedcrorsesoantiitherpbisy and
postieshafdntayresiaienpiasich sirgarhdden rehciinatianakdsdaptionally)

mixed with another syngas feedstream 510 to provide feedstream 515
whishifr i RRderivls i 8 Gessetbil v 2 defaiaress IO ertAREhetmBrBiiant

(qeoesajly) syngpstifisidcthifte rarciiAef A caialically Ganvestetrst

to provide a product stream 130 comprising ethanol and, in some

VAr BRIz RS ot ARG F HEOR GO RRNEE FaHE oW R IETRMA dfdoduced into

UBERRERRAIRNgAG DR 2ondrand fRedsttRameadkR REINRMRERIRNSdependent
unreacted, syngas in product stream 130 is recycled through reactor 120

adfERdratoRATrB e ARG PoLydhed it SERFHIPBA QRS A5y AftaRd reaction zone.
compenesishetipreatiCsirgatad 30Foay e sepaRieseut BNG/Pk RUHREments,

a%hgesgrgrglgse Ps %r%cr)l\l/gh;oorfgt)f(lgrpn%![%.ods described herein (such as residual syngas 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
1s 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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[00151]In some variations, the ratio of methanol to CO in a feedstream

may be adjusted, for example, to optimize the yield of ethanol in reactor

120. In some embodiments, the ratio of methanol/CO in reactor 120 is
between about 0.5 to about 2.0. In particular embodiments, the ratio of
methanol/CO in reactor 120 is about 1.0. [00152]Any 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
listeahelben etegitpiaAgnensas feaine cafedgiden P Eonshinatidhred. catalget physical
may ke.used in reactor 120. Suitable catalysts for reactor 120 may

include, but are not limited to, the ethanol catalysts listed above.

10031 The cdmpsosriomisidimensed mye{disraetindndesat) e hegatighaction
ZQBRSitd A RN 29 « SAPRERHMYRY e QYD R SAP e RBIRES R F st (o

catalyst" and "second catalyst" in conjunction with reaction zones is a

refsiapeel ihgicrreemsismeicangtatenEy, mothaaebtxaiignal refctimbenglogation
difiereah SRR L LIPS HIRRS HOKIA IR YAiRHRASPLANY A ¥ atent Nos.

methods described herein that use a first reaction zone and a second

reéhdtibr Zbried e Mitidi sty ifAM08:inHddeSdd e dth: the Fit00: and
reagtipngonf asdthe SRCANdEACRNACNE RHEH A& e INdRRRAARing

introduction of sii/ngas into both the first reaction zone and the second

rehGH & BIsEIafsIB BPENB dRFErtactine efRpakarclrerd/ancdheaphal
SQp6ESs|N SOMERMPOUIHRY IR SRS MR RN TR MAIHRASf a

described herein (such as residual syngas from a first reaction zone or a
SOERFRITERBHEEhZoRERs 1D oAl TiFr U sRIErHIS dmiestharg Idny dirshecactor, and

Matheds IeseHRes RIS YRIRSHEGTR ARY SOHIFE dsrAdded 9 dhRdissthn a

reaction zone and/or the second reaction zone. In some embodiments of

af§eentHsasieth dhfesse i Rdiblih, itatNEIRs fittnstisy S¥6FNddded

toré@?%ﬁﬁ EeRpienaonss BRIREIESIRH AMRedirReRaeIMP M08t 1500 psig
plurality of sical reactors in one or both of the reaction zones. For

D .
eﬁ&%fﬂ@}&wﬁ?&m%&lafma OF vt reRersr B BRG] By Brehsgter 410 is
reagien asdheosaranexzant: @it arothersxampladihs firghaene could

be one reactor followed by two reactors in the second zone. In general,

a,[‘(;p_l 89 Heated syngas 415 from preheater 410 is sent to a set of reactor guard
beds 420, 425. Guard beds 420, 425 can be configured in a permanent lead-lag
arrangement but are piped such that either bed can be bypassed. The piping
arrangement allows one bed to be in service while the other is being regenerated or
activated. Regeneration/activation is initiated by a mixed hydrogen and nitrogen line
(not shown). Guard beds 415, 420 remove, for example, sulfurs and metals that may
poison the methanol catalysts. In some embodiments, one or more catalyst poisons
are removed by adsorption over copper, copper chromite, nickel, 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.

[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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“zone" or "reaction zone" can contain a fraction of one, two, three, or

more physical reactors. [00157]In some embodiments of any of the

methods described herein, reaction conditions (such as 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 e yrsd TS UEPIied eaitbet Sitalokinked o e thin che rgegtest vessel. In

reagiioncRrdlonsUSng standard ngiyads W@R&Xﬁﬁlﬁ%ﬁ%‘l@? Wthanol is

methanol and/or ethanol” 1001581FIG. 10 shows another example, in

misreceiethiPthafoapedeibile prerieas Gk syrigHs (S lediafarealypriations
CRRUBHIRS] FRagethBRALIN gsfw%n[%gfn%reg&m%&haﬁe@nd residual syngas
e

from the first reactor are converted to ethanol in a second reactor.

REIHIAY now et poses dfhleaveoiseind sinshastotesriecihbentitgmperature
COMIETSH AP RPBIRLESRER IR IRCHSIRAN600HARRAYS 1oNRRSID 1

and feeds it at a temperature of about I35F to syngas preheater 410.

PrEReadp {0gs a IREIRBRI ¢are hEraexsrmad tapuead s ephod stagpm 470)

enthalRysonRcec PRt Hsalegsavneas -4t e Riehaste h4dQuis 880t tactor
a set of reactor guard beds 420, 425. Guard beds 420, 425 can be

cdiflgdketriipaspsamammennlsesirigtab irdedn sitamal Repipery dubiwenarto”
eithanbeshcanibe Pypassate RIRIPGRY reNgs 0! allows one bed to be

in service while the other is being regenerated or activated.

REWA8tation/detidgitlsabahniEaan Hi0Lritkaerrigntifest atemmeisgan ahebout
(Noshawm)s Coied bedsA LKA EeMAVEndPr XA BISs S BBU3S to a

metals that m? poison the methanol catalysts. In some embodiments,
offETRICFABYE ehehigt pfisBns abecrai\satsyausB phdiP b ceplipesteps (not

CQREGHLF BEBMIRd Digkehot ARBHmA 7R alRRUOD-Fhese and other metals
can be supported on high-surface-area refractory inorganic oxide

midedk such Ehanehimsthameh retfituphiirans, Bdiner qeuageEHs seide
EXEIPRIRLY- B TRl s G ARRRD S RN B 1RO ARI Pyt TRes AR IR methods

guard beds 420, 425 are sent to_an alcohol reactor cross exchanger 435
atlatSRCASITECHher ArangaRE R A R ABRfS (ERiy at exehsfigesrtiFred from

CiElaRla00 oh 8XBORS9SIAT thRFh 386 Pt RICONPhIRAIA! 488 syngas feedstream

19‘8%,6%0%%))!2%%136@ about 1500 psig and about 480F enters a first alcohol
[00165] In some embodiments, ethanol is purified from the product stream 130
or crude alcohol stream 470 by first drying the product stream 130 or crude alcohol
stream 470 to produce an intermediate product, and then distilling the intermediate
product to produce 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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synthesis reactor 440, where at least a portion of the syngas undergoes a
surface- - 37 - 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 + 2H2 CH3OH. In some variations methanol may be formed,
as well, by hydrogenation of CO2. [00162]Product gases 450 leave

alcohol synthesis reactor 440 at a temperature of about 500F and enter
aleoio| yneiteisaeehadaponty: BddimonnaahBih it éeanthesqecguad to

MAHANO) SCYELE IR T SRR IR B HAE RO PRI RIEBIAL DN S

mixed with the product gases 450 from reactor 440 and also’introduced to

rd88H7460. RaCPES BebodHngis. rbadoruB o AN VEtHRAMSINS thiatieduct
al Ak A ¢ 0P MRl CHNRIRION RagimAlpe ARl ARIIGL FERCIOSIEO.

[00163]Crude alcohol stream 470 exits reactor 460 at a temperature of

absiBB0E ahthioudbfeg By ek BRitfay ey afdoHBPFase i} Brssmediate
EXEHANICTHAR R AIEMURE RN A AROME 2305 RUBE A& MeFRGAVEEYe

and other cooling steps (not shown) co& crude alcohol stream 470 to

absRAugo AN [EU G 2TERAdREN il letdganramsiyigasaisridlivgied using standard
conpRae s af grude alaebel sHesr il HambaiseR ¥t @ Being produced to

(optionally) purified by usini) the methods described herein or using

comEntonsI EtHod s irersHote sy mgedurt cdversrrathostiashisagihanol is
MRS FEBERIEI I QAL IRD SeRGIOSHL MBS JiHBI $YDeas IRedeipaam

400, for example. [00165]In some embodiments, ethanol is purified from

tH(Q?)‘(@&]JCt strdapPpgembodiments of the invention, one or more parameters are
varied to improve or optimize the generation of syngas or downstream products (such
as cthanol). For example, one or more parameters can be adjusted during the
conversion of a feed material to syngas. In some embodiments, a feed material is
converted to syngas using one set of conditions, and then the method is repeated for
the same type of feed material, or another type of feed material, under a different set
of conditions to improve the production of syngas. Standard statistical methods can
be used to help determine which parameters to vary and how to vary them. In
general, economics will dictate the selection of process parameters.
[00169] In some embodiments, one or more of the following parameters are
varied: type of feed material, composition of feed material, amount of oxygen,
location(s) in which oxygen is added, amount of steam, location(s) in which steam is
added, ratio of oxygen 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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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,
195qemveic outprnobld bliensor peaitpioidudie ko eaptandisisdnd Cs alcohols
ogianoisoRniRIIAnG! alcallsoloaRME ERAYIBERI (¥ BHEIHER Y one or
130°or crude alcohol stream 4 dincludes one of more alde ydes,
katerrdcHrfd 6PRfaMI¢sacids (such as formaldehyde, acetaldehyde,
aggpAfd, and iiilliel ePIRGH I BAIGIRh o dDr Misats Hiinpi.
step reduces the amount of water in the product stream 130 or crude
arBhefsnREAPL Tt hyvablvastberi-Tovsimgsywnpplegglatingre, haw the

Pl RmETPRd Eﬂﬁ%oﬁﬁaﬁﬁgﬂé@ﬁé’é&h ®WelIBIarndhanRk 884t Rovide

about 5% or preferably about 0.5% of the intermediate product by weight.
[o8hef7ihs Exvvecs sisbeivairscssetdpyhdieien miphryutdissinyithaut departing
PioGMGhSUERMhAQ Qperbfie &lGehalk SHEaM A Crifia9B B SHERIBIBB ites routine

such as zeolite membrane, or E?ou h one or more molecular sieves to

prodGE SRR ESEaBo CoRAVerhioAaPRISHIEEN Asserbad etisipe Such
usgshin diggHhrdRig R IPARRIQHHIEL A SRS aMRRY of¥ic invention
distillation conditions arc adjusted using standard methods based on the
céstEns BintweBimey of the distilled product being produced to increase

theely of ethameldmibie JnalR Qe d B FRRIE.BRRAHINGN S AIRROLS
between about 95% to about 99.9% of the gurlfled ethanol product by

WRFGHEED eI e ihsstrhertingntkithirethiont bid iseogBies that the

Parameie bt aseMarias iimPre el MRtz e RSB NRsat IR 96 Sy RYas of
downstream products (such as ethanol). For example, one or more

PAFAATERSFS B4 BReariRtoa TR G therBBAvedfhtonalisetrHidted{dhfosteps may
SHRGR$FIHMRANERIMAMMBNI D Rl Bl inhis GRRVIBIECd dX ENNYFRrformed
using one set of conditions, and then the method is repeated for the same
tyaEEY material, or another type of feed material, under a different

sep@f nditions HerdTREONS Hee: RIQH WELION QF SYOgasaRIANERMELSIRSHRA, which
methods can be used to help determine which parameters to vary and

h&ts WiTunhReRirio bliseliseledsromre it diRvsalianiiRyyd in the

PEQRRET RPERIMelerss (R IARIN thanie SRARAEIENISY @NBRE MeIRBhtha well.

following parameters are .. ) )
The présent invention shall only be limited by what is claimed.
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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. [001ZbMM®me 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
H2/C¥hih iffdaspedyies at one or more points; average and/or dynamic
concentration profiles of CO, H2, 02, CO2, H20; output catalyst
composition; overall and/or unit-specific energy balance; overall and/or

unit-$pecifi® mebede{ifneung gugasesuhsieos GERAEITRADSPEAR BT more

products froyysyngas.isah Aok RohdiAlEOReISH S ia IS RATEYR K and a
ethanol); product selectivity; or rate of production of one or more desired

compolifheieson 7l atizadetairill #scription, reference has been made
to multiple gmhediments.qf thesinvRntirnant RaR iRt examieR ton

relating to how the invention can be understood and practiced. Other
emb3EitAdAtLIMZY B hot provide all of the features and advantages set
forth here'%_Hé?éirbﬁeidtdﬂiﬁqzew&lﬂ%dtiﬁ%%%&mﬁ@&o%%&%ﬂnsﬁﬁ&%t(’f
the present invention. This invention incorporates routine experimentation

and BpitiRzahow Bl fhandhabbios dif BrstoHi BB BEHE RLiAXYSER P

modyfigatieRs, RBAMARIFEONS AraeaRsidered to be within the scope of the
invention defined by the claims. [00172]Where methods and steps

described above indicate certain events occurring in certain order, those

of ordinarysidihiautbe Al 1e¢ageiz tnatiht OsHRENEk Of GEKAIN HigPSHout
may be modified and that such modifications are in accordance with the

variatiiRSIohe e IFUERGHH, IRRIRISH QY SER IREPIIH TSy SIpRUHh S8} bised

performgghconcurrently in a parallel process when possible, as well as
performed sequentially. 1001731 Therefore, to the extent that there are
variations of the invention, which

3. 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.
4., The method of claim 3, 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.
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claimed. CLAIMS What is claimed is: 1.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
heatéd reattidm¢ibedof ©afByin Shpighisster (ahisdvehieispepoaeibip dregtisieace
in thgmresenkaRf free oxygen in an amount between about 0.1% and
about 25% of the stoichiometric amount of oxygen to completely combust
said feed material. 2.The method of claim 1, wherein said amount of free

oxygen is legs fhanabeuhikDoridRm SRIchiRmBris AERHRLRACAMESR tial

completely combust said feed material. 3.The method of claim 1, wherein
said @ﬁ%gﬁﬂ@,ﬁiﬂ@éﬁ{b@gféﬁq@r@%é@@ thadgrial, 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.

7. The method of claim 5, 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 greater
than the stoichiometric amount of water to completely convert said feed material to

carbon monoxide and hydrogen.

8. 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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of oxygen to completely combust said feed material. 5. The method of
claim 1, wherein step (a) is further performed in the presence of added
steam. 6. The method of claim 5, wherein a first amount of steam is
present from initial moisture in said carbon-containing feed material, a

secohd ambifrineshetedrelaimadirehsraiir ey Steps payfcamadiietheoprisimes i first
amoyRh A SEEOHE AP RIRRMIIEES dhat iR wleichigmgtric

amount of water to completely convert said feed material to carbon
mondRIGRIAPRIT RO X YERIRiITeRBIG el SRMPUS, spiHdeefmafFs. and
am0Wﬂ%&fé&%@%jﬁs&f&?&ﬂkﬁ%@ﬂ@%ﬁ&i§Flér§eé6r§13§§1&ﬁ{mmf€@6ﬁ?é@Mat
feed material, a second amount of steam is added during step (a), and the
combiRetfpaRhMHbUA Y s rdanidintioicBiennicetteritharEtado
Sto@%ﬁfpﬂ@ﬁéﬂ? AmsuatiRf WAIST doncerepiatehd QQIEWEHE%%&@& 'I'ﬁ%"t@fii alto
carbon monoxide and hydrogen. 8. 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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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). 10. The method of

claim®, whdreiredwd ofrdamntb uhersimped disigerrigi e &ep anyapbistavdisn
the sigighiemstrie agiaHnhokeXdRR G SRMPIGIEN ERIIAYSHEMA ISR feed

material, and wherein said second amount of free oxygen is less than

abounateusl ofgh e hssiarmfe e bReURt BiBRSEcTITISH platet b Abuet
the Ctﬁé@&ﬁcﬁﬁ_fﬂﬁ@iﬁ@%@ﬁ@@ §9}§E1§’H}?&ﬁn§f8@l§%ﬁlﬂﬁs§%9 c(@"r)yorilé,'onﬂ?ﬁed in
method of claim 1 or 8, further comprising the substeps of (i) measuring
the coiflpoitidiasePsadacedd pisasa)and/or said solid phase, (i) determining
a suitable amount of free oxygen based on predicted partial oxidation of at
least some of said composition to syngas, and (iii) introducing a gas

contdining Shgdnsthesnbciinn g 8¢ frekebsoryamsing herstaRsidd BreamiHie
1 or Bewharelnisnic 9ad PRIBEISIRIOPYR s@Hd SRRt NiPaItHHIING SIERLBE

13. The method of claim 1, wherein said devolatilization unit is a '
multiEROEtefd TEmIFEERHIaH H B S4ia R PASEI HATsefiat deiry o< said
paSScHﬁE@b@t'ibﬁ%%‘?fﬁ%&D%§@Qﬁrﬁfo’?ﬁ@n§%@x‘@&ﬂm il andui iedsheof
portion of said gas phase is removed from said devolatilization unit prior to
a fin&Ie&t Y€1 4. The method of claim 1, wherein the process temperature
in said
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solid phase, wherein said gas 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. 16.A method of forming
a prdduct, Satdneibtdod dampriifgthedteidgps phaggisdemersdlizifrpd in
carbgrcaniaining 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

Syngps 10 R adicld of cIMREISHhEISR @) (R RESIAIMGSh thihg Pﬁﬁﬁﬁﬁl@f‘st@ée
free oxygen in an amount between about 0.1% and about 25% of the

stoickiietiichhrsuprid endiien ai caih prEtamase Rstidreush gblsast one stage

mategiakid delhgmatitadiet Gim ks WPSHEIR Sl Psadsielkis Seigsted from

from thedgroup. o o ‘
said devolatilization unit prior to a final stage.
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20.The method of claim 18, wherein said product is ethanol. 21.A method
of forming a product, said method comprising the steps of: (@)
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 kblid pHsgBethrd G RIAS atd @ ranBaHOseSSEME TS Byitihs:  (c)
converiifgFiaid VKRR Redd @l Ghout 90NEIBIL SRR lﬁlﬂ‘a[ﬁ%mé’g i)

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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comprises syngas; and (b) converting said syngas to a product

wherein step (a) 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. 23.An apparatus
comppising/ara e RELsrag e st Mot ROBEM LS el o b s thearbon-
gas phasmialbaisplidRNRSR P QUAR iitiPhatedmefeiidid gas phase
devolatilization unit, (i) for at least a portion of said gas phase to be
rem@PER IO PYBLAR SEhY hefol eyl Eliabe birssiorped Bl dnipeseicapitee
and Gk‘}g&( Sald a?%h%PB@%eEPaB&ﬁSOFWM%QfS%bﬁIﬁ&ﬁoi&f@ﬁ&éﬁ‘FcthOd

of devolatilizing a carbon-containing feed material, said metho
comprisityof oxyesy Hesmplptelngosehustsaddere sialithg feed material in a

devolatilization unit to form a gas phase and a solid phase;
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apparatus for producing syngas, said apparatus comprising a
devolatilization unit capable of devolatilizing a carbon-containing feed
material to form a gas phase and a solid phase, in communication with a
heated reaction vessel capable of producing syngas from said gas phase

and 38id setinphasel eIt B tle vOBIRLTGIDPRSISSdetaPiOL:
communicARR VLR RAHSh W IPEMNMERB-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 product,

wherein step (a) 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.

17.  The method of claim 16, wherein said product is selected from the group

consisting of alkanes, olefins, oxygenates, alcohols, and ethers.

18. The method of claim 17, wherein said product is selected from C; to C4

alcohols.
19. The method of claim 18, wherein said product is methanol.

20. The method of claim 18, wherein said product is ethanol.
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21. A method of forming a product, 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 product,

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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22. A method of forming a product, 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, wherein said gas phase comprises syngas; and

(b) converting said syngas to a product,

wherein step (a) 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.

23.  An apparatus comprising a multiple-stage devolatilization unit configured (i)
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 (iii) for said solid phase

to pass through said final stage.
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24. A method of devolatilizing a carbon-containing feed material, said method
comprising:

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

(b) removing at least a portion of said gas phase from said devolatilization
unit; and

(c) passing said solid phase through all of said devolatilization unit,

wherein said gas phase comprises carbon monoxide.
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25.  An apparatus for producing syngas, said apparatus comprising a
devolatilization unit capable of devolatilizing a carbon-containing feed material to
form a gas phase and a solid phase, in communication with a heated reaction vessel
capable of producing syngas from said gas phase and said solid phase, wherein said

devolatilization unit is further in communication with a first inlet for oxygen.
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