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April 26, 2011, and U.S. Provisional App. No. 61/363,056, filed on July 9,
2010, the entire contents and di scl osures of which are incorporated herein
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[0004] Ethanol production via the reduction of alkanoic acids and/or other carbonyl group-
containing compounds has been widely studied, and a variety of combinations of catalysts,
supports, and operating conditions have been mentioned in the literature. During the reduction
of alkanoic acid, e.g., acetic acid, other compounds are formed with ethanol or are formed in side
reactions. These impurities limit the production and recovery of ethanol from such reaction

mixtures. For example, during hydrogenation, esters are produced that together with ethanol
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[0011] In a fourth embodiment, the present invention is directed to a process for producing



WO 2012/ 006217PCT/ US2011/ 042639 the esterification step. In this manner,
the present invention involves esterifying the vapor crude ethanol product.
Mai nt ai niwgQ 20te#00621ade et hanol product in the vapor phasecaaseeiabdks3al | ows
for increased esterification due to the higher equilibriumconstant for
vapor phase esterification. [0018] Even at relative high conversions in the
hydr ogenation reaction, e.g., greater than 90 wt.% there still may be a
signingant anount %f unr eact ed acet.i.c.acid present indthe crude et hanol
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crude et hanol conpositional ranges are(frOV|ded in Table 1. TABLE 1 CRUDE
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additional energy. To improve recovery of ethanol, in one embodiment, the present invention
involves a step of esterifying the crude ethanol product to reduce the concentration of the
unreacted acetic acid contained therein, and thus increases the total conversion of acetic acid. In
this manner the energy required for ethanol recovery may be advantageously reduced.

[0017] The hydrogenation reaction is preferably conducted in the vapor phase. The crude

ethanol product is withdrawn from the reactor and preferably remains in the vapor phase during
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(wt.9% Conc. (Ww.% Ethanol 5 to 70 15 to 70 15 to 50 25 to 50 Acetic Acid
<40 1 to 40 3 to 35 5to0 20 Water 5to 40 5 to 30 10 to 30
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the esterification step. In this manner, the present invention involves esterifying the vapor crude
ethanol product. Maintaining the crude ethanol product in the vapor phase desirably allows for
increased esterification due to the higher equilibrium constant for vapor phase esterification.
[0018] Even at relative high conversions in the hydrogenation reaction, e.g., greater than 90
wt.%, there still may be a significant amount of unreacted acetic acid present in the crude ethanol
product. Increasing conversion, although possible, may not reduce the amount of unreacted
acetic acid to a desired level. For purposes of the present invention, the term “conversion” refers
to the amount of acetic acid in the feed that is converted to a compound other than acetic acid.
Conversion is expressed as a mole percentage based on acetic acid in the feed. Selectivity is
expressed as a mole percent based on converted acetic acid. It should be understood that each
compound converted from acetic acid has an independent selectivity and that selectivity is
independent from conversion. Surprisingly and unexpectedly, esterifying the unreacted acetic
acid, along with a minor portion of the ethanol, allows improved recovery of ethanol and reduces
overall energy requirements.

Esterification

[0019] FIG. 1 shows a reaction system 100 according to one embodiment of the present
invention that comprises a hydrogenation reactor 101 and an esterification reactor 102 in series.
FIG. 2 shows a reaction system 100 of another embodiment of the present invention that
comprises staged hydrogenation reactors 101 and 103, and staged esterification reactors 102 and
104. Addition of further reactors may be possible, but generally a single esterification reactor
102 as shown in FIG. 1 or staged esterification reactors 102 and 104 in FIG. 2 are preferred.
[0020] Optionally, one reaction vessel having both hydrogenation and esterification catalysts
contained therein or within separate zones may be used.

[0021] As shown in FIG. 1, an acetic acid feedstream 105 comprising acetic acid and hydrogen
1s directed to hydrogenation reactor 101. Reactor 101 produces a crude ethanol product 106 that
is in vapor phase. Crude ethanol product 106 comprises unreacted acetic acid, the amount
depending on the acetic acid conversion. Generally, it is preferred that the conversion of acetic
acid be greater than 60%, e.g., greater than 80%, greater than 90% or greater than 95%. Low
conversion percentages are less preferred in embodiments having one esterification reactor 102
because more ethanol would also be consumed during the esterification reaction. In one

embodiment, crude ethanol product 106 may comprise less than 40 wt.% acetic acid, e.g., less
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than 20 wt.% or less than 10 wt.%. Of course, in order to conduct the desired esterification
reaction, some amount of unreacted acetic acid, preferably acetic acid, should be present in the
crude ethanol product. In terms of ranges, crude ethanol product 106 may comprise from 1 to 40
wt.% unreacted acetic acid, e.g., from 3 to 35 wt.%, or from 5 to 20 wt.%. In addition, crude
ethanol product 106 also comprises ethanol and water. Exemplary embodiments of crude

ethanol compositional ranges are provided in Table 1.

TABLE 1
CRUDE ETHANOL PRODUCT COMPOSITIONS
Conc. Conc.

Component (wt.%) Conc. (wt.%) (wt.%) Conc. (wt.%)

Ethanol 5to 70 15to 70 15to 50 25to 50
Acetic Acid <40 1 to 40 3to 35 5to0 20

Water 5to0 40 5to0 30 10 to 30 10 to 26
Ethyl Acetate 0to 30 0to 20 1to 12 3to 10
Acetaldehyde 0to 10 0to3 0.1t03 02to2

Others 0.1to 10 0.1t06 0.1to4 --

[0022] The amounts indicated as less than (<) in the tables throughout present application are
preferably not present and if present may be present in trace amounts or in amounts greater than
0.0001 wt.%.

[0023] Crude ethanol product 106 may be partially cooled and fed to esterification reactor 102,
In esterification reactor 102, unreacted acetic acid preferably reacts with ethanol to form ethyl
acetate, thus yielding an ester enriched stream 107. Ester enriched stream 107 comprises more
ethyl acetate than crude ethanol product 106, e.g., at least 2 wt.% more ethyl acetate, at least 5
wt.% more ethyl acetate, at least 15 wt.% more ethyl acetate, or at least 30 wt.% more ethyl
acetate. In addition, ester enriched stream 107 preferably comprises less acetic acid than crude
ethanol product 106. In one embodiment, ester enriched stream 107 may comprise less than 10
wt.% unreacted acetic acid, e.g., less than 5 wt.% or less than 1 wt.%. In terms of ranges, ester
enriched stream 107 may comprise from 0.01 to 10 wt.% unreacted acetic acid, e.g., from 0.05 to
5 wt.%, or from 0.05 to 1 wt.%. As a result of esterification reactor 102, the total conversion of
acetic acid in both reactors 101 and 102, may be greater than 90%, e.g., greater than 95% or
greater than 99%.

[0024] Embodiments of the present invention reduce unreacted acetic acid concentration

without a large penalty to overall ethanol yields. Preferably, unreacted acetic acid concentration
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| ess than WO 2012/ 006217PCT/ US2011/ 0426639 2 w.%or less than 1 wt.% In
terms of ranges, second crude product 108 may conprise fromO0.01 to 5 w.%
unreacted acetic acid, e.g., from0.05to 2 w.% or from0O.1to 1 w.% In
addi ti on, second crude product 108 al so corrpri ses et hanol and water.

Exenpl ary conpositions for second crude product are provided in Table 2.
TABLE 2 SECOND CRUDE ETHANCL PRODUCT COMPOSI TI ONS Conponent Conc. (W . %
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2 wt.% or less than 1 wt.%. In terms of ranges, second crude product 108 may comprise from
0.01 to 5 wt.% unreacted acetic acid, e.g., from 0.05 to 2 wt.%, or from 0.1 to 1 wt.%. In
addition, second crude product 108 also comprises ethanol and water. Exemplary compositions

for second crude product are provided in Table 2.

TABLE 2
SECOND CRUDE ETHANOL PRODUCT COMPOSITIONS
Conc. Conc.
Component (wt.%) Conc. (wt.%) (wt.%) Conc. (wt.%)

Ethanol 5to 85 10to 75 15 to 60 25t0 55
Acetic Acid <5 00lto5 0.05t02 0.1to1
Water 5to 35 5to0 30 10 to 30 10 to 26
Ethyl Acetate <45 0to 35 1 to 25 3 to 20
Acetaldehyde <10 0to3 0.1t03 02to2

Others 0.1t0 10 0.1t06 0.1to4 --

[0028] Depending on the unreacted acetic acid concentration in second crude product 108 a
second esterification reactor 104 may be used. When the unreacted acetic acid concentration is
sufficient low, e.g., less than 1 wt.%, second crude product 108 may be fed directly to separation
zone 110 to yield an ethanol product stream 111. In embodiments, where the second crude
product comprises a higher concentration of unreacted acetic acid, e.g., comprising at least 1
wt.% acetic acid, a second esterification reactor 104 may be used. Second crude product 108
may be partially cooled and fed to second esterification reactor 104. In second esterification
reactor 104 unreacted acetic acid reacts with ethanol to form ethyl acetate and yielding a second
ester enriched stream 109. Second ester enriched stream 109 comprises more ethyl acetate than
second crude ethanol product 108, e.g., at least 3 wt.% more ethyl acetate, at least 5 wt.% more
ethyl acetate or at least 10 wt.% ethyl acetate. Additionally, second ester enriched stream 109
comprises less acetic acid than second crude product 108. In one embodiment, second ester
enriched stream 107 comprises less than 3 wt.% acetic acid, e.g., less than 1 wt.% or less than
0.5 wt.%. In terms of ranges, second ester enriched stream 107 may comprise from 0.001 to 3
wt.% acetic acid, e.g., from 0.005 to 1 wt.%, or from 0.01 to 1 wt%. As a result of second
esterification reactor 104, the total conversion of acetic acid in reactors 101, 102, 103, and 104,
may be greater than 90%, e.g., greater than 95% or greater than 99%. In one embodiment, these

high total acid conversions may be achievable with an acid conversion of in the first

hydrogenation reactor 101 of less than 95%, or less than 90%. Similar to FIG. 1, second ester
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Acet al dehyde < 10 0 to 3 0.1 to 3 0.2to 2 Ohers 0.1to 10 0.1to 6
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enriched stream 109 is fed to separation zone 110 to recover an ethanol product stream 111 as
discussed above.

[0029] In some embodiments of the present invention, the esterification reaction may be
conducted in an ion exchange resin bed reactor. When multiple esterification reactors are used,
each reactor may operate with independent catalyst and operation conditions as discussed below.
It 1s preferred that a similar type of catalyst be used in each esterification reactor.

[0030] The esterification reaction preferably is carried out in the vapor phase at a reaction
temperature that ranges from 20°C to 250°C, e.g., from 50°C to 225°C, or from 100°C to 200°C.
In one embodiment, the esterification reaction is conducted at a temperature that is less than the
hydrogenation reaction temperature. The pressure in the esterification reactor may vary
depending on the hydrogenation reaction pressure and generally ranges from 10 kPa to 3000 kPa,
e.g., from 50 kPa to 2300 kPa, or from 100 kPa to 1500 kPa. Preferably the pressure of
esterification reactor is similar to the pressure of the hydrogenation reactor.

[0031] Acid-catalyzed esterification reactions may be used with some embodiments of the
present invention. The catalyst should be thermally stable at reaction temperatures. Suitable
catalysts may be solid acid catalysts comprising an ion exchange resin, zeolites, Lewis acid,
metal oxides, inorganic salts and hydrates thereof, and heteropoly acid and salts thereof. Silica
gel, aluminum oxide, and aluminum phosphate are also suitable catalysts. Acid catalysts
include, but are not limited to, sulfuric acid, and tosic acid. In addition, Lewis acids may also be
used as esterification catalysts, such as scandium(IIl) or lanthanide(III) triflates, hathium(IV) or
zirconium(IV) salts, and diarylammonium arenesulfonates. The catalyst may also include
sulfonated (sulphonic acid) ion-exchange resins (e.g., gel-type and macroporous sulfonated
styrene-divinyl benzene IERs), sulfonated polysiloxane resins, sulfonated perfluorinated (e.g.,
sulfonated poly-perfluoroethylene), or sulfonated zirconia.

Hydrogenation of Acetic Acid

[0032] The process of the present invention may be used with any hydrogenation process for
producing ethanol. The materials, catalyst, reaction conditions, and separation are described
further below. When multiple hydrogenation reactors are used with embodiments of the present
invention, each may operate with independent catalyst and operation conditions as discussed
below. For example, a similar type of catalyst may be used in each hydrogenation reactor.

[0033] The raw materials, acetic acid and hydrogen, used in connection with the process of this
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further bel ow. Wen nultiple hydrogenation reactors are used with
enbodi ments of the present invention, each nay operate wi th i ndependent
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The raw nmaterials, acetic acid and hydrogen, used in connection wth the
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fromany suitable source including natural gas, petroleum coal, bionass,
and so forth. As exanples, acetic acid may be produced via nethanol
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[0035] In sone enbodi nents, some or all of the raw materials for the
above-descri bed acetic acid hydrogenati on process may be derived partially
or entirewg22rowvayngas. For exanple, the acetic acid negThiS2610/0m3d9 f r om
met hanol and carbon nonoxi de, both of which may be derived from syngas. The
syngas may be fornmed by partial oxidation reform ng or steamreformng, and
t he carbon nonoxi de nay be separated fromsyngas. Simlarly, hydrogen that

is used in the step of hydrogenating the acetic acid.togfor the.crz&e
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i nvention as noted above. U S. Pat. No. 5,821,111, which discloses a
process for converting waste biomass through gasification into synthesis
gas, and U.S. Pat. No. 6,685, 754, mhii di scl oses a nethod for the
production of a hydrogen-containing g conposition, such as a synthesis
gas includi ng hydrogen and carbon nonoxi de, are incorporated herein by
reference in their entireties. [0039] The acetic acid fed to the

hydr ogenati on reaction nmay al so conprise other carboxylic acids and
anhydrides, as well as acetal dehyde and acetone. Preferably, a suitable
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[ 0045] The hydrogenation optionally is carried out at a pressure just
sufficient to overcone the pressure drop across the catalytic bed at the
GHSV sel ewpedi2/@mbiifough there is no bar to the use of hipghars2pnessay es, it
bei ng understood that consi derable pressure drop through the reactor bed
may be experienced at high space velocities, e.g., 5000 hr-1 or 6,500 hr-1I.
[ 0046] Al though the reaction consunes two nol es of hydrogen per nol e of

ti idt d I f ethanol, t tu I ti
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12, or from 12: :1. Most preferably, the nmolar ratio of hydrogen to
acet i eneotidn jag ngredagbevet Hah. Patl Nae 59821, grieatherh dikelnsed:al porcesgrientcenvertizgn

8:1. [0047]. Co ' [ I i.d , di
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with prehesy s eelwdmethydrogss andcaiben gporogidey asdpcqspergted heen by peferegee fiy om
0.1 t?he}tﬁ&tﬁ&??”ds’ e.g., fromO0.3 to 80 seconds or fromO0.4 to 30 seconds.
[ 0048] e ycfr'ogenati on of acetic acid to formethanol is preferably
conduqo@d]i mhcheetic aserfed t@theahyhlysitengésiateacinn abalaysst confpuise alilee carboxylic
hydr ogenati on catal ysts jnclude catalysts conprising a first nmetal and
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VI B, WEidB,aceli¢ | anhydndd, t acetaldatyde.s cthal | metabanidle mestuadés, thareelct | hhale otbtal |
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pal I adi um’ r heni um  cobal t/ pal | adi um cobal t/plati num cobal t/chrom um
cobal tbengftdndni pradueisp aranandln, Wetier ey Alsa lbe adkisert in tlepgeend padl feedi um
copperhginC, i ckel { pal | adi ol al | adi r ut heni unmi r.heni um . an
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i ncorporated herein by reference. In another enbodinent, the catal yst
conpr itkeentietyof veneh is apcaryerated heteeby (pherenrss chliesaeds yaper modpgfptor jgample,
2009/ 0 . e i .S r j r .
[0049] P o AREUER bctyrpl Wb defot Ao ARROL e R Chl el ShRME 168
from tneed gravpdaningithé acegicaicidcappletht endom, reabalgt watei, cikehg ovartilh@rocassing
rhodium palladium osmum iridium platinum titanium zinc, chrom um

r heni $R¥Snol ybdenum and tungsten. Preferably, the first netal is selected
from {le41qr OFHR £ONSIH hAQ bOLa Bl BLHRe rBRLL AN B GRDRNbwid Ghith ihand
ruthenium More preferably, the first netal is selected from platinum and
pal | adiaponzet ncegrrod! menbs falfalohewithhedriogenininamdiluted sfate st dilmegdalviticanpr i ses
platinum. it.is preferred that the catalyst conprises. platinumin an anmount
Cess CRANVY HToginaer gas. Spelba inigains dpriogedpny satbos ARide G teg e, s ¢ he

hi gh cereaBhLhualin dRMRRE: piRke, Rhédehipemur¥ehad B 0O AHERET {HdS3¢Qdd/ QdiREaPit [ 0050]
As indi cated above, in sone enbodi nents, the catalyst further conprises a
secondloaeneiifall Welpwrihe o paint of sestit dcifl uhe encoembeslimeny dwwpretic acid mpy éeent , t he
second net al ferably.is lL.ected fromth roup consi st ing _ of .copper,
ol ybaaaie e I GRS pealer i S B AR e RSB s 43P Oy

pl ati nuic dcahinb@be Mrtlee hédidd toltBe GABES tlettehp&BiutdNin E@hdrwMmbodphaht, taad

ni ckel . More preferably, the second netal is selected fromthe group

consi $Eftigacst Isdwppbpithiother zasphpfore yaponiing follewedieheating Msshixgd apraappy,
the s ' e t] i LN
embod pant ehapict FrARLARLP oAl IR oBBL IRER MLk i Ihe VIR SRAAT o,
nmet al passihgghsiecgndndet adcyclehas fhirowth tive hadticiasidpt as@nperatord fter dalbal VSPCj n an
anmount, from0.1 to 10 wt.% .e.g., fromO.1 to 5 w.% or fromO0.1 to 3

Wt . % f?’ﬁﬂ%”@e%??&“ﬁ%?&“ﬁ%ﬁ”@?ﬁ%ﬁ%%‘%Stﬁ?aé% € FHCR Mt ERPEFYSm 0. 1 to 20
w.% e.g., from0.1to 10 w.% or from0O.1 to 5 w.% For catalysts
conprising two or nore netals, the two or nore netals may be alloyed with
one anot her, or nmay conprise a non-al Ilgyed metal solution or m xture.

[ 0052] The preferred netal ratios may vary depending on the netals used in
the catalyst. In sonme exenplary enbodi nents, the nole ratio of the first
netal to the second netal is from10:1 to 1:10, e.g., from4:1 to 1:4, from
2:1to 1:2, from1.5:1 to 1:1.5 or from1l.1:1 to 1:1.1. [0053] The catal yst
may al so conprise a third nmetal selected fromany of the netals Iisted
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WD 2012/ 006217PCT/ US2011/ 042639 based on the total weight of the catalyst.
The netals of the catal ysts may be di spersed throughout the support,

| ayer ed twocomoezl17t he support, coated on the outer surfPatasefiivm3support
(i.e., egg shell), or decorated on the surface of the support. [0056] As
wi || be appreciated by those of ordinary skill in the art, support

materi al s are sel ected such that the catal yst systenris sui tably active,

sel ect j robust .under t roce ndi tj.ons oyed_.for the
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Preferred supports include silicaceous supports, such as silica,

si | i cabodimenss OQhGpma@nt lnvEngpi, |a@ataé1a§@1c§h reastesataniba mserk tins is, tese is little or
yrogenrc i m xt res t her eo r supports
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[ 0067] An exenpl ary hydrogenati on system 200 is shown in FIG 3. System 200
conpri ses reaction zone 201 and separation zone 202. Reaction zone 201
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high commercial demand for platinum.



Conc. (wt.% Conc. (w.% Ethanol 5 to 85 10 to 75 15 to 60 Acetic Acid <5
0.01 to 50.05to 2 Water 5to 35 5to 30 10 to 30 Ethyl Acetate <45
WO 2012/006217 PCT/US2011/042639

[0050] As indicated above, in some embodiments, the catalyst further comprises a second
metal, which typically would function as a promoter. If present, the second metal preferably is
selected from the group consisting of copper, molybdenum, tin, chromium, iron, cobalt,
vanadium, tungsten, palladium, platinum, lanthanum, cerium, manganese, ruthenium, rhenium,
gold, and nickel. More preferably, the second metal is selected from the group consisting of
copper, tin, cobalt, rhenium, and nickel. Most preferably, the second metal is selected from tin
and rhenium.

[0051] In certain embodiments where the catalyst includes two or more metals, e.g., a first
metal and a second metal, the first metal is present in the catalyst in an amount from 0.1 to 10
wt.%, e.g., from 0.1 to 5 wt.%, or from 0.1 to 3 wt.%. The second metal preferably is present in
an amount from 0.1 to 20 wt.%, e.g., from 0.1 to 10 wt.%, or from 0.1 to 5 wt.%. For catalysts
comprising two or more metals, the two or more metals may be alloyed with one another, or may
comprise a non-alloyed metal solution or mixture.

[0052] The preferred metal ratios may vary depending on the metals used in the catalyst. In
some exemplary embodiments, the mole ratio of the first metal to the second metal is from 10:1
to 1:10, e.g., from 4:1 to 1:4, from 2:1 to 1:2, from 1.5:1to 1:1.5 or from 1.1:1to 1:1.1.

[0053] The catalyst may also comprise a third metal selected from any of the metals listed
above in connection with the first or second metal, so long as the third metal is different from
both the first and second metals. In preferred embodiments, the third metal is selected from the
group consisting of cobalt, palladium, ruthenium, copper, zinc, platinum, tin, and rhenium. More
preferably, the third metal is selected from cobalt, palladium, and ruthenium. When present, the
total weight of the third metal is preferably from 0.05 to 4 wt.%, e.g., from 0.1 to 3 wt.%, or
from 0.1 to 2 wt.%.

[0054] In addition to one or more metals, in some embodiments of the present invention, the
catalysts further comprise a support or a modified support. As used herein, the term “modified
support” refers to a support that includes a support material and a support modifier, which
adjusts the acidity of the support material.

[0055] The total weight of the support or modified support, based on the total weight of the
catalyst, preferably is from 75 to 99.9 wt.%, e.g., from 78 to 97 wt.%, or from 80 to 95 wt.%. In
preferred embodiments that utilize a modified support, the support modifier is present in an

amount from 0.1 to 50 wt.%, e.g., from 0.2 to 25 wt.%, from 0.5 to 15 wt.%, or from 1 to 8 wt.%,
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WO 2012/006217 PCT/US2011/042639

0.
2

based on the total weight of the catalyst. The metals of the catalysts may be dispersed
throughout the support, layered throughout the support, coated on the outer surface of the support
(1.e., egg shell), or decorated on the surface of the support.

[0056] As will be appreciated by those of ordinary skill in the art, support materials are
selected such that the catalyst system is suitably active, selective and robust under the process
conditions employed for the formation of ethanol.

[0057] Suitable support materials may include, for example, stable metal oxide-based supports
or ceramic-based supports. Preferred supports include silicaceous supports, such as silica,
silica/alumina, a Group ITA silicate such as calcium metasilicate, pyrogenic silica, high purity
silica, and mixtures thereof. Other supports may include, but are not limited to, iron oxide,
alumina, titania, zirconia, magnesium oxide, carbon, graphite, high surface area graphitized
carbon, activated carbons, and mixtures thereof.

[0058] The catalyst support may be modified with a support modifier. In some embodiments,
the support modifier may be an acidic modifier that increases the acidity of the catalyst. Suitable
acidic support modifiers may be selected from the group consisting of: oxides of Group IVB
metals, oxides of Group VB metals, oxides of Group VIB metals, oxides of Group VIIB metals,
oxides of Group VIIIB metals, aluminum oxides, and mixtures thereof. Acidic support modifiers
include those selected from the group consisting of TiO,, ZrO,, Nb,Os, Ta,Os, Al,Os, B2Os,
P»,0s, and SbyOs. Preferred acidic support modifiers include those selected from the group
consisting of TiO,, ZrO,, Nb,Os, Ta,Os, and Al,Os. The acidic modifier may also include WOs,
MoOQs;, Fe;03, Cr203, V1205, MnO,, CuO, Co,0s3, or Bi,Os.

[0059] In another embodiment, the support modifier may be a basic modifier that has a low
volatility or no volatility. Such basic modifiers, for example, may be selected from the group
consisting of: (i) alkaline earth metal oxides, (ii) alkali metal oxides, (ii1) alkaline earth metal
metasilicates, (iv) alkali metal metasilicates, (v) Group IIB metal oxides, (vi) Group IIB metal
metasilicates, (vii) Group IIIB metal oxides, (viii) Group IIIB metal metasilicates, and mixtures
thereof In addition to oxides and metasilicates, other types of modifiers including nitrates,
nitrites, acetates, and lactates may be used. The basic support modifier may be selected from the
group consisting of oxides and metasilicates of any of sodium, potassium, magnesium, calcium,
scandium, yttrium, and zinc, as well as mixtures of any of the foregoing. More preferably, the

basic support modifier is a calcium silicate, and even more preferably calcium metasilicate
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i sobutyl ethyl ether or m xtures thereof The "other alcohols" in Table 3
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[0062] The catalyst compositions suitable for use with the present invention preferably are
formed through metal impregnation of the modified support, although other processes such as
chemical vapor deposition may also be employed. Such impregnation techniques are described
in U.S. Pat. Nos. 7,608,744 and 7,863,489 and U.S. Pub. No. 2010/0197485 referred to above,
the entireties of which are incorporated herein by reference.

[0063] The conversion of the hydrogenation reaction may be at least 10%, e.g., at least 20%, at
least 40%, at least 50%, at least 60%, at least 70% or at least 80%. Although catalysts that have
high conversions are desirable, such as at least 80% or at least 90%, in some embodiments, a low
conversion may be acceptable at high selectivity for ethanol. In particular embodiments, low
conversion may be used in either reactor when hydrogenation reactors are staged.

[0064] Preferably, the catalyst selectivity to ethoxylates is at least 60%, e.g., at least 70%, or at
least 80%. As used herein, the term “ethoxylates” refers specifically to the compounds ethanol,
acetaldehyde, and ethyl acetate. Preferably, the selectivity to ethanol is at least 80%, e.g., at least
85% or at least 88%. Preferred embodiments of the hydrogenation process also have low
selectivity to undesirable products, such as methane, ethane, and carbon dioxide. The selectivity
to these undesirable products preferably is less than 4%, e.g., less than 2% or less than 1%.
More preferably, these undesirable products are present in undetectable amounts. Formation of
alkanes may be low, and ideally less than 2%, less than 1%, or less than 0.5% of the acetic acid

passed over the catalyst is converted to alkanes, which have little value other than as fuel.
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described below.

[0069] Reactor 203 contains the catalyst that is used in the hydrogenation of the carboxylic
acid, preferably acetic acid. In one embodiment, one or more guard beds (not shown) may be
used to protect the catalyst from poisons or undesirable impurities contained in the feed or
return/recycle streams. Such guard beds may be employed in the vapor or liquid streams.
Suitable guard bed materials are known in the art and include, for example, carbon, silica,
alumina, ceramic, or resins. In certain embodiments of the invention, the guard bed media is
functionalized to trap particular species such as sulfur or halogens. During the hydrogenation
process, a crude ethanol product is withdrawn, preferably continuously, from reactor 203 via line
209.

[0070] Crude ethanol product in line 209 may be partially cooled to the reactor temperature of
esterification reactor 204, e.g., from 20°C to 250°C. Esterification reactor 204 contains a suitable
acidic catalyst for reacting unreacted acetic acid with ethanol to yield an ester enriched stream in
line 210. Ester enriched stream as indicated above comprises less than 10 wt.% unreacted acetic
acid and more preferably less than 1 wt.% unreacted acetic acid.

[0071] Ester enriched stream 210 may be condensed and fed to flasher 211, which, in turn,
provides a vapor stream and a liquid stream. The flasher 211 may operate at a temperature of
from 20°C to 250°C, e.g., from 30°C to 225°C or from 60°C to 200°C. The pressure of flasher
211 may be from 50 kPa to 2000 kPa, e.g., from 75 kPa to 1500 kPa or from 100 kPa to 1000
kPa.

[0072] The vapor stream exiting the flasher 211 may comprise hydrogen, hydrocarbons, and
other non-condensable gases, which may be purged and/or returned to reaction zone 201 via line
212. As shown in FIG. 3, the returned portion of the vapor stream passes through compressor
213 and 1s combined with the hydrogen feed 206 and co-fed to vaporizer 205.

[0073] The liquid in line 214 from flasher 211 is withdrawn and pumped as a feed composition
via line 214 fed to the side of first column 215, also referred to as a “dilute acid separation
column.” The contents of line 214 typically will be substantially similar to the product obtained
directly from esterification reactor 204. However, the feed composition in line 214 preferably
has substantially no hydrogen, carbon monoxide, carbon dioxide, methane or ethane, which are
removed by flasher 211. Exemplary compositions of line 214 are provided in Table 3. In

embodiments that use staged reactors, such as those shown in FIG. 3, feed composition may be
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similar to the values provided above in Table 3. It should be understood that liquid line 214 may

contain other components, not listed, such as additional components in the feed.

TABLE 3
FEED COMPOSITION

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Ethanol 5to 85 10 to 75 15 to 60
Acetic Acid <5 0.01to5 0.05to2
Water 5to 35 5to 30 10 to 30
Ethyl Acetate <45 0.1 to 35 1 to 25
Acetaldehyde <10 0.001 to 3 0.1t03
Acetal <5 0.001 to 2 0.005to0 1
Acetone <5 0.0005 to 0.05 0.001 t0 0.03
Other Alcohols <8 <0.1 <0.05
Other Esters <5 <0.005 <0.001
Other Ethers <5 < 0.005 < 0.001

[0074] The “other esters” in Table 3 may include, but are not limited to, ethyl propionate,
methyl acetate, isopropyl acetate, n-propyl acetate, n-butyl acetate or mixtures thereof. The
“other ethers” in Table 3 may include, but are not limited to, diethyl ether, methyl ethyl ether,
isobutyl ethyl ether or mixtures thereof. The “other alcohols” in Table 3 may include, but are not
limited to, methanol, isopropanol, n-propanol, n-butanol or mixtures thereof. In one
embodiment, the liquid line 214, may comprise propanol, e.g., isopropanol and/or n-propanol, in
an amount from 0.001 to 0.1 wt.%, from 0.001 to 0.05 wt.% or from 0.001 to 0.03 wt.%. It
should be understood that these other components may be carried through in any of the distillate
or residue streams described herein.

[0075] Optionally, the ester enriched stream 210 may pass through one or more membranes to
separate hydrogen and/or other non-condensable gases. In other optional embodiments, the
crude ethanol product may be fed directly to the dilute acid separation column 215 as a vapor
feed and the non-condensable gases may be recovered from the overhead of the column.

[0076] In some embodiments, the liquid line 214 may be further esterification, either in the
liquid or vapor phase, to further reduce the unreacted acetic acid. Generally, when a secondary
esterification reactor (not shown) is used in separation zone 202, it is preferred that the secondary
esterification reactor be used before first column 215.

[0077] In preferred embodiments, the concentration of unreacted acetic acid in line 214 may be

from 0.01 to 10 wt.%, e.g., from 0.05 to 5 wt.%, or from 0.05 to 1 wt.%. Line 214 is introduced
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in the lower part of first column 215, e.g., lower half or lower third. As shown in FIG. 3, column
215 operates to remove a dilute acid stream as residue 216. Dilute acid stream comprises water
and less than 30 wt.% acetic acid. In one embodiment, residue 216 may be separated into a
water stream and an acetic acid stream, and either stream may be returned to reaction zone 201.
In other embodiments, the residue 216 may be treated in a weak acid recovery system to recover
acetic acid. In still other embodiments, residue 216 may be sent to a reactive distillation column
to further convert residual acetic acid to esters, preferably by reacting with methanol to form
methyl acetate. In other embodiments, residue 216 may be directed to a waste water treatment
facility. Generally the organic content, e.g., unreacted acetic acid, of the residue may be suitable
to feed microorganisms used to treat waste water.

[0078] The present invention allows for improved recovery of ethanol using less energy
because line 214 contains reduced amounts of acetic acid. Thus, the residue 216, as well as
distillate 217, of column 215 would contain minor amounts of acetic acid. In some
embodiments, most of the water in line 214 may be withdrawn as the residue 216. Preferably, a
majority of the water is withdrawn in residue via line 216 as opposed to distillate via line 217
such that the weight ratio of water in line 216 to line 217 is greater than 2:1.

[0079] First column 215 also forms an overhead distillate, which is withdrawn in line 217, and
which may be condensed and refluxed, for example, at a ratio of from 10:1 to 1:10, e.g., from 3:1
to 1:3 or from 1:2 to 2:1.

[0080] In some embodiments, when the content of acetic acid in line 214 is less than 5 wt.%,
the column 215 may be skipped and line 214 may be introduced directly to second column 218,
also referred to herein as a “light ends column.” 1In addition, column 215 may be operated to
initially remove a substantial portion of water as the residue.

[0081] Any of columns 215, 218, or 221 may comprise any distillation column capable of
separation and/or purification. The columns preferably comprise tray columns having from 1 to
150 trays, e.g., from 10 to 100 trays, from 20 to 95 trays or from 30 to 75 trays. The trays may
be sieve trays, fixed valve trays, movable valve trays, or any other suitable design known in the
art. In other embodiments, a packed column may be used. For packed columns, structured
packing or random packing may be employed. The trays or packing may be arranged in one
continuous column or they may be arranged in two or more columns such that the vapor from the

first section enters the second section while the liquid from the second section enters the first
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distillate and residue of the first column may also be referred to as the “first distillate” or “first

21



WD 2012/ 006217PCT/ US2011/ 042639 TABLE 5 SECOND COLUMN Conc. (wt.% Conc.
(wt.% Conc. (W\t.% Distillate Et hyl Acetate 5 to 90 10 to 80 15 to 75
Acet al dehy0e012/006217 PCT/US2011/042639

residue.” The distillates or residues of the other columns may also be referred to with similar
numeric modifiers (second, third, etc.) in order to distinguish them from one another, but such

modifiers should not be construed as requiring any particular separation order.

TABLE 4
FIRST COLUMN

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Distillate
Ethanol 20to 90 30 to 85 50 to 85
Water 4 to 38 7to 32 7 to 25
Acetic Acid <1 0.001to 1 0.01t0 0.5
Ethyl Acetate <60 5to0 40 8 to 45
Acetaldehyde <10 0.001to 5 00lto4
Acetal <4.0 <3.0 <20
Acetone <0.05 0.001 to 0.03 0.01 to 0.025
Residue
Acetic Acid <70 0.01to 55 0.05 to 30
Water 30 to 100 45 to 97 60 to 95
Ethanol <1 <0.9 <0.5

[0085] As indicated in Table 4, embodiments of the present invention allow a majority of the
water to be withdrawn in residue line 216. In addition, this reduces the amount of acetic acid
that may be carried over in the distillate line 217. Preferably there is substantially no or very low
amounts of acetic acid in distillate line 217. Reducing the amount of acetic acid in distillate 217
advantageously results in reducing the amount of acetic acid in the final ethanol product.

[0086] Some species, such as acetals, may decompose in column 215 to low or even
undetectable amounts. In addition to esterification reactor 204, there may also be a non-
catalyzed equilibrium reaction after the crude ethanol product 209 exits hydrogenation reactor
203 or ester enriched stream 210 exits esterification reactor 204. Generally, the reaction may
occur in line 214. Depending on the concentration of acetic acid, equilibrium may be driven
towards formation of ethyl acetate. This equilibrium may be regulated using the residence time
and/or temperature of liquid feed 214.

[0087] The distillate, e.g., overhead stream, of column 215 optionally is condensed and
refluxed as shown in FIG. 3, preferably, at a reflux ratio of 1:5 to 10:1. The distillate in line 217
preferably comprises ethanol, ethyl acetate, and lower amounts of water.

[0088] The first distillate in line 217 is introduced to the second column 218, also referred to as
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a “light ends column,” preferably in the top part of column 218, e.g., top half or top third.
Second column 218 may be a tray column or packed column. In one embodiment, second
column 218 is a tray column having from 5 to 70 trays, e.g., from 15 to 50 trays, or from 20 to 45
trays. As one example, when a 30 tray column is used in a column without water extraction, line
117 is introduced at tray 2.

[0089] In another embodiment, the second column 218 may be an extractive distillation
column. In such an embodiment, an extraction agent, such as water, may be added to second
column 218. If the extraction agent comprises water, it may be obtained from an external source
or from an internal return/recycle line from one or more of the other columns. Other suitable
extractive agents that may be used include dimethylsulfoxide, glycerine, diethylene glycol, 1-
naphthol, hydroquinone, N ,N’-dimethylformamide, 1,4-butanediol; ethylene glycol-1,5-
pentanediol; propylene glycol-tetraethylene glycol-polyethylene glycol; glycerine-propylene
glycol-tetraethylene glycol-1,4-butanediol, ethyl ether, methyl formate, cyclohexane, N,N'-
dimethyl-1,3-propanediamine, N,N'-dimethylethylenediamine, diethylene triamine,
hexamethylene diamine and 1,3-diaminopentane, an alkylated thiopene, dodecane, tridecane,
tetradecane, chlorinated paraftins, or combinations thereof.

[0090] In some embodiments, a portion of the water in first distillate 217 may be removed
prior to second column 218, using one or more membranes, and/or adsorptions units.

[0091] Although the temperature and pressure of second column 218 may vary, when at about
20 kPa to 70 kPa, the temperature of the second residue exiting in line 219 preferably is from
30°C to 75°C, e.g., from 35°C to 70°C or from 40°C to 65°C. The temperature of the second
distillate exiting in line 220 from second column 218 preferably is from 20°C to 55°C, e.g., from
25°C to 50°C or from 30°C to 45°C. Second column 218 may operate at a reduced pressure,
near or at vacuum conditions, to further favor separation of ethyl acetate and ethanol. In other
embodiments, the pressure of second column 218 may range from 0.1 kPa to 510 kPa, e.g., from
1 kPa to 475 kPa or from 1 kPa to 375 kPa. Exemplary distillate and residue compositions for
second column 218 are provided in Table 5 below. It should be understood that the distillate and

residue may also contain other components, not listed, such as additional components in the feed.
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TABLE §
SECOND COLUMN

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Distillate
Ethyl Acetate 510 90 10 to 80 15to 75
Acetaldehyde <60 1 to 40 1 to 35
Ethanol <45 0.001 to 40 0.01 to 35
Water <20 0.01to 10 0.1to5
Residue
Ethanol 40 t0 99.5 50to 95 60 to 90
Water <60 0.5to 50 0.1to 30
Ethyl Acetate <1 0.001 to 2 0.001 t0 0.5
Acetic Acid <0.5 <0.01 0.001 to 0.01

[0092] The weight ratio of ethanol in the second residue to ethanol in the second distillate
preferably is at least 2:1, e.g., at least 6:1, at least 8:1, at least 10:1 or at least 15:1. The weight
ratio of ethyl acetate in the second residue to ethyl acetate in the second distillate preferably is
less than 0.4:1, e.g., less than 0.2:1 or less than 0.1:1. In embodiments that use an extractive
column with water as an extraction agent as the second column 108, the weight ratio of ethyl
acetate in the second residue to ethyl acetate in the second distillate is less than 0.1:1.

[0093] Returning to the second distillate, which comprises ethyl acetate and/or acetaldehyde,
the second distillate preferably is refluxed as shown in FIG. 3, for example, at a reflux ratio of
from 1:30 to 30:1, e.g., from 1:5 to 5:1 or from 1:3 to 3:1. In some embodiments, the second
distillate in line 220 or portion thereof may be returned reactor 203. For example, it may be
advantageous to return a portion of second distillate 220 to reactor 203. In certain embodiments
and as shown in FIG. 3, the second distillate may be fed to an acetaldehyde removal column to
recover aldehyde that may be recycled to the reactor 203. This column may also separate the
second distillate 220 to yield a residue, which comprises ethyl acetate. In other embodiments,
the second distillate may be hydrolyzed or fed to a hydrogenolysis reactor (not shown) to
produce ethanol from ethyl acetate. In still other embodiments, the second distillate may be
purged from the system.

[0094] Optionally, when second distillate 217 comprises water, the water may be removed
using one or more membranes and/or adsorptions units. The removed water may be purged or

retained in the system.
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enbodi ment s hthird rgﬁidugrgqg bq}used to q¥dr&J ze an ethyl acetate

st r earf "SI LOPREN B SRE PSP S @ LA TS um 221 is preferably a
tray colum as descri bed above and preferably operates at atnospheric
pressure. The tenperature of the third distillate exiting in line 222 from
third colum 221 preferably is from60C to 110C, e.g., from 70C to 100C or
from75C to 95C. The tenperature of the third residue 223 exiting from
third colum 221 preferably is from70C to 115C, e.g., from80C to 110C or
from85C to 105C, when the colum is operated at atnospheric pressure.
Exenpl ary conponents of the distillate and residue conpositions for third
colum 222 are provided in Table 6 below It should be understood that the
distillate and residue may al so contain other conponents, not |isted, such
as conponents in the feed. WD 2012/006217PCT/US2011/042639 TABLE 6 THI RD
COLUW Conc. (wt.% Conc. (Wm.%Conc. (w.% Distillate Ethanol75 to 9680
to 9685 to 96 Water< 121 to 93 to 8 Acetic Acid< 10.001 to 0.10.005 to 0.01
Et hyl Acetate<50.001 to 40.01 to 3
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Resi due Water75 to 10080 to 10090 to 100 Et hanol <0.80.001 to 0.50.005 to
0.05 Ethyl Acetate< 10.001 to 0.50.005 to 0.2 Acetic Acid<20.001 to

0. 50. 005 WO 2012200p00097] Any of the conpounds that are carciras2aihogegh t he
distillation process fromthe feed or crude reaction product generally
remain in the third distillate in anounts of less 0.1 wt.% based on the
total wei ght of t he thlrd distillate corrp05|t|on e.g. Iess than 0.05 w. %
or |le Ay 5

renmove |rrpur|t| es from any of t he TQIBLI’E]& 215 218 and/ or 221 in the system
200. Preferably at |east one sipAIRbrE@MUMNUSed to renove inpurities from
the third coI um1 221 The |rrpur|t|es may be plzred and/ or retal ne}j W t hin

t he O} [ a

di stllﬂ_mﬂﬂQZZ Thlrd di stlllate 222 may be further purlfled to forman
anhydrobmobt hanol product strte@m i.e., "fidlwied anhydrous8étdhadol ," using
one orwmer e additional separat?2on systens, sueip as, for exanpkeg

di stildctit aricol ums (e.g., a ifinishing cajegm,0 pPenbranesy o@Eds@r @t i on

uni t s,pif1 ARlLLUl ar si eves. Anhydrous ethag@lpiqey be suitabhegfor fuel
applications. [0099] The ethanol product may be an industrial grade ethanol
preferI%lg conprising from75 to 96 wt. % ethanol, e.g. from80to 96 W . %

or fr X to 96 wt. % et ha (Rj';\sed on th%o a wei ght of t hanol
pr odu ?:‘e‘EferrpI ary finishe ﬁ((,ir anol corrp05| ranges 2)_@%&&0 ed bel ow
in Tali®m! Wo 2012/ 006217PCTPUS2011/ 042 lﬁﬂ E 7 FI NI %
covPodithyl st nponent  Conc. .9 Conc. {4tL®y0-Tonc. 5t00.2

Acetic Acid 0.001 t0 0.5 0005 t0 0.2

[0097] Any of the compounds that are carried through the distillation process from the feed or
crude reaction product generally remain in the third distillate in amounts of less 0.1 wt.%, based
on the total weight of the third distillate composition, e.g., less than 0.05 wt.% or less than 0.02
wt.%. In one embodiment, one or more side streams may remove impurities from any of the
columns 215, 218 and/or 221 in the system 200. Preferably at least one side stream is used to
remove impurities from the third column 221. The impurities may be purged and/or retained
within the system 200.

[0098] The ethanol product is taken from the third distillate 222, Third distillate 222 may be
further purified to form an anhydrous ethanol product stream, 1.e., “finished anhydrous ethanol,”
using one or more additional separation systems, such as, for example, distillation columns (e.g.,
a finishing column), membranes, adsorption units, or molecular sieves. Anhydrous ethanol may
be suitable for fuel applications.

[0099] The ethanol product may be an industrial grade ethanol preferably comprising from 75
to 96 wt.% ethanol, e.g., from 80 to 96 wt.% or from 85 to 96 wt.% ethanol, based on the total
weight of the ethanol product. Exemplary finished ethanol compositional ranges are provided

below in Table 7.
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Et hanol 75 to 96 80 to 96 85 to 96 Water <12 1 to 9 3 to 8 Acetic Acid <1
<0.1 <0.01 Ethyl Acetate <2 <0.5 <0.05
WO 2012/006217 PCT/US2011/042639

TABLE 7
FINISHED ETHANOL COMPOSITIONS
Component Conc. (wt.%)  Conc. (wt.%) Conc. (wt.%)

Ethanol 75 to 96 80 to 96 85 to 96
Water <12 1to9 3t08
Acetic Acid <1 <0.1 <0.01
Ethyl Acetate <2 <0.5 <0.05
Acetal <0.05 <0.01 <0.005
Acetone <0.05 <0.01 <0.005
Isopropanol <0.5 <0.1 <0.05
n-propanol <0.5 <0.1 <0.05

[0100] The finished ethanol composition of the present invention preferably contains very
low amounts, e.g., less than 0.5 wt.%, of other alcohols, such as methanol, butanol, isobutanol,
isoamyl alcohol and other C4-C» alcohols. In one embodiment, the amount of isopropanol in the
finished ethanol is from 80 to 1,000 wppm, e.g., from 95 to 1,000 wppm, from 100 to 700 wppm,
or from 150 to 500 wppm. In one embodiment, the finished ethanol composition preferably is
substantially free of acetaldehyde and may comprise less than 8 wppm of acetaldehyde, e.g., less
than 5 wppm or less than 1 wppm.

[0101] In some embodiments, when further water separation is used, the ethanol product may
be withdrawn as a stream from the water separation unit, such as an adsorption unit, membrane
and/or molecular sieve. In such embodiments, the ethanol concentration of the ethanol product
may be higher than indicated in Table 7, and preferably is greater than 97 wt.% ethanol, e.g.,
greater than 98 wt.% or greater than 99.5 wt.%, and less than 3 wt.% water, e.g. less than 2 wt.%
or less than 0.5 wt.%.

[0102] The finished ethanol composition produced by the embodiments of the present
invention may be used in a variety of applications including fuels, solvents, chemical feedstocks,
pharmaceutical products, cleansers, sanitizers, hydrogenation transport or consumption. In fuel
applications, the finished ethanol composition may be blended with gasoline for motor vehicles
such as automobiles, boats and small piston engine aircraft. In non-fuel applications, the
finished ethanol composition may be used as a solvent for toiletry and cosmetic preparations,
detergents, disinfectants, coatings, inks, and pharmaceuticals. The finished ethanol composition
may also be used as a processing solvent in manufacturing processes for medicinal products,

food preparations, dyes, photochemicals and latex processing.
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Acetal <0.05 <0.01 <0.005 Acetone <0.05 <0.01 <0.005 Isopropanol <0.5 <0.1
<0. 05 n-propanol <0.5 <0.1 <0.05
WO 2012/006217 PCT/US2011/042639

[0103] The finished ethanol composition may also be used a chemical feedstock to make
other chemicals such as vinegar, ethyl acrylate, ethyl acetate, ethylene, glycol ethers,
ethylamines, aldehydes, and higher alcohols, especially butanol. In the production of ethyl
acetate, the finished ethanol composition may be esterified with acetic acid or reacted with
polyvinyl acetate. The finished ethanol composition may be dehydrated to produce ethylene.
Any of known dehydration catalysts can be employed in to dehydrate ethanol, such as those
described in copending U.S. Pub. Nos. 2010/0030002 and 2010/0030001, the entire contents and
disclosures of which are hereby incorporated by reference. A zeolite catalyst, for example, may
be employed as the dehydration catalyst. Preferably, the zeolite has a pore diameter of at least
about 0.6 nm, and preferred zeolites include dehydration catalysts selected from the group
consisting of mordenites, ZSM-5, a zeolite X and a zeolite Y. Zeolite X is described, for
example, in U.S. Pat. No. 2,882,244 and zeolite Y in U.S. Pat. No. 3,130,007, the entireties of
which are hereby incorporated by reference.
[0104] In order that the invention disclosed herein may be more efficiently understood, an
example 1s provided below. The following examples describe the various distillation processes
of the present invention.

Examples
[0105] Acetic acid and hydrogen are fed to a hydrogenation reactor having a catalyst that
converts about 95% of the acetic acid and has a selectivity to ethanol of about 78%. The reactor
was maintained at a temperature of 300°C and a constant pressure of about 2,170 kPa. The
hydrogenation catalyst comprised 1.6 wt.% platinum and 1 wt.% tin supported on 1/8 inch
calcium silicate modified silica extrudates. The reactor effluent is condensed and a liquid stream
comprising 5 wt.% unreacted acetic acid, 52.9 wt.% ethanol, 13.2 wt.% ethyl acetate, and 26.9
wt.% water. The liquid stream is sent to purification.
[0106] The reactor effluent from the hydrogenation reactor, while still in the vapor state, is
cooled to a temperature of 175°C and is fed to an esterification reactor. An ester enriched stream
is withdrawn from esterification reactor and a liquid stream comprising 0.6 wt.% unreacted
acetic acid, 52.1 wt.% ethanol, 19.1 wt.% ethyl acetate, 28.2 wt.% water. Using an esterification
reactor reduced the unreacted acid concentration by 88%, while consuming about 1.5% ethanol.
[0107] While the invention has been described in detail, modifications within the spirit and

scope of the invention will be readily apparent to those of skill in the art. In view of the
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[ 0100] The finished ethanol conposition of the present invention preferably
contains very |low anmobunts, e.g., less than 0.5 wt.% of other al cohols,
such as meOhareglog21but anol , i sobut anol , i soanyl al cohol a&ou/ustéien42649 C20

al cohol s. I n one enbodi ment, the anount of isopropanol in the finished
ethanol is from80 to 1,000 wopm e.g., from95 to 1,000 wopm from 100 to
700 wopm or from 150 to 500 wopm I n one enbodi nent, the finished ethanol

conposition preferably is substantially free_.of acetal dehyde and nay.

compr eserBs isthasions rdlaiai Brovdediedn e rgencey ds@isrliPase fpBATBrif s
than Lyiwpd BAGER N ManRIonE:aBEP eALdTRALE, tHeh@Bclbtidhsr whRhesre SBPRoRRed S
used, the ethanol product may be withdrawn as a streamfromthe water

separ dgietn bynieterensgc hlnagddnomds shuli dre wirderstoark that asgectndl dre wvkrteul and
sieve. |n su enbodi ts, .the,ethano oncentration of . the ethanol

ot oaude g FeFiehSPTEHiRen e SPARR feobRRT B LRB Rhybr B Fl At o
than Qfaiwt nfdy delkdndined®r GatercBiiRRY @IthéMAMWDE WMin Yalr 19iIREDREoIMBABSPPtionIM . %
and less than 3 wt. % water, e.g. less than 2 w.%or less than 0.5 wt.%

[ 0102]of ke vpmpushapbetimgrs! thesheBbpdimsatspvbighdetr i) anpdier spbadiment mayfbe he
prese i i i vard 1 Gf |.j.cati i i uel s,
B0l vonpRloBHFE) QTR SFRE oAkl EniiSe PRI ER SRR B0

sani t iFnethssmdiy,dhogearfalrdiaarytskdhsipxbe trtovill a@psaiapd thenthe Fovefoial dagepipticats ons,
the finished ethanB{ %gnposition naY be bl ended with gasoline for notor

vehi clMéy GEHIBIS &t SR B Nosdterklsd e I dhs APt st on engine aircraft. In
non-fuel applications, the finished ethanol conposition may be used as a
solvent for toiletry and cosnetic preparations, detergents, disinfectants,
coatings, inks, and pharmaceuticals. The finished ethanol conposition nmay
al so be used as a processing solvent in manufacturing processes for
medi ci nal products, food preparations, dyes, photochem cals and | atex
processi ng. WD 2012/ 006217PCT/ US2011/ 042639 [ 0103] The fi ni shed et hano
conposition may al so be used a chem cal feedstock to nmake other chem cals
such as vinegar, ethyl acrylate, ethyl acetate, ethylene, glycol ethers,

et hyl am nes, al dehydes, and hi gher al cohols, especially butanol. In the
production of ethyl acetate, the finished ethanol conposition nay be
esterified with acetic acid or reacted with polyvinyl acetate. The finished
et hanol conposition may be dehydrated to produce ethyl ene. Any of known
dehydration catal ysts can be enployed in to dehydrate ethanol, such as

t hose described in copending U S. Pub. Nos. 2010/0030002 and 2010/ 0030001,
the entire contents and di scl osures of which are hereby incorporated by
reference. A zeolite catalyst, for exanple, may be enployed as the
dehydration catalyst. Preferably, the zeolite has a pore dianeter of at

| east about 0.6 nm and preferred zeolites include dehydration catalysts
selected fromthe group consisting of nordenites, ZSM5, a zeolite X and a
zeolite Y. Zeolite X is described, for exanple, in U S Pat. No. 2,882, 244
and zeolite Yin US. Pat. No. 3,130,007, the entireties of which are
hereby incorporated by reference. [0104] In order that the invention

di scl osed herein may be nore efficiently understood, an exanple is provided
bel ow. The foll ow ng exanpl es describe the various distillation processes
of the present invention. Exanples [0105] Acetic acid and hydrogen are fed
to a hydrogenation reactor having a catal yst that converts about 95% of the
acetic acid and has a selectivity to ethanol of about 78% The reactor was
mai ntai ned at a tenperature of 300C and a constant pressure of about 2,170
kPa. The hydrogenation catal yst conprised 1.6 wt.% platinumand 1 w.%tin
supported on 1/8 inch calciumsilicate nodified silica extrudates. The
reactor effluent is condensed and a liquid streamconprising 5 w.%
unreacted acetic acid, 52.9 wt.%ethanol, 13.2 wt.%ethyl acetate, and 26.9
w.%water. The liquid streamis sent to purification. [0106] The reactor
ef fluent fromthe hydrogenation reactor, while still in the vapor state, is
cooled to a tenperature of 175C and is fed to an esterification reactor. An
ester enriched streamis withdrawn fromesterification reactor and a liquid
stream conprising 0.6 w.% unreacted acetic acid, 52.1 w.%ethanol, 19.1
wt.%ethyl acetate, 28.2 w.% water. Using an esterification reactor
reduced the unreacted acid concentratggn by 88% while consum ng about 1.5%
et hanol . [0107] Wiile the invention h been described in detail,

nodi fications wthin the spirit and scope of the invention will be readily
apparent to those of skill in the art. In view of the WO

2012/ 006217PCT/ US2011/ 042639 foregoi ng di scussion, relevant know edge in
the art and references di scussed above in connection with the Background

T N T T e T - - M N L Y I L - I | S N Y 1



WO 2012/ 006217PCT/ US2011/ 042639 We cl aim 1. A process for producing

et hanol , conpri si ng: hydr ogenating acetic acid froman acetic acid

f eedst r eawDiI20122006317st reactor to produce a first crude PaparS2@nodes? ;
reacting at |least a portion of the first crude vapor product in a second
reactor to produce a first ester enriched stream and recovering ethanol
fromthe first ester enriched stream 2. The process of claim1, wherein

t he fiEst!esger enriched stream conprises |l ess than 10 wt. % acetic acid.
The pr f claiml, wherein the first ester enriched streamis a vapor
stream 4. The process of claim1, further conprising hydrogenating a
portion of the first ester enriched streamin a third reactor to produce a
second. cr udepipaporiopprodesng ethgol ieepsisogess of claim 4, wherein the second
crude vapor,_product contain ess acetic.acid than.the first crude,vapor

ot oduct -+ BT RS 1 R B58la B BRI Ot e’ R T B e
conpr ifg@Serh®@S&pbhpdddet . % acetic acid. 7. The process of claim4, further
conprising reacting a portion of the second crude vapor product in a fourth
react or t o !pAcHHZeklCast dawsinh dhefirst aride yapprgrpdilshin a secontheeaghopteriodete | ai m

7, mhqﬁghgﬁigﬁg%gggggﬂﬁg&gr enriched stream conprises less than 3 wt. %

acetic ac process of claim1, wherein the first reactor
conpri ses aedvydriagehaidl dioncee dlrytsites ehrideé diréanom t he group consi sting of
platinunmitin, platinumruthenium platinumrhenium

2. The process of claim 1, wherein the first ester enriched stream comprises less than 10

wt.% acetic acid.
3. The process of claim 1, wherein the first ester enriched stream is a vapor stream.

4 The process of claim 1, further comprising hydrogenating a portion of the first ester

enriched stream in a third reactor to produce a second crude vapor product.

5. The process of claim 4, wherein the second crude vapor product contains less acetic acid

than the first crude vapor product.

6. The process of claim 4, wherein the second crude vapor product comprises less than 5

wt.% acetic acid.

7. The process of claim 4, further comprising reacting a portion of the second crude vapor

product in a fourth reactor to produce a second ester enriched stream.

8. The process of claim 7, wherein the second ester enriched stream comprises less than 3

wt. % acetic acid.

9. The process of claim 1, wherein the first reactor comprises a hydrogenation catalyst

selected from the group consisting of platinum/tin, platinum/ruthenium, platinum/rhenium,



WO 2012/ 006217PCT/ US2011/ 042639 pal | adi um r ut heni um pal | adi um r heni um
cobal t/ pal | adi um cobalt/plati num cobalt/chrom um cobalt/ruthenium

cobal t/tiwp 28iddovex1fpal | adi um copper/ pal | adi um copper/ PCRAIS2011/042639

ni ckel / pal I adi um gol d/ pal | adi um rut heni um rheni um and rutheniumiron.
10. The process of claim1, wherein the second reactor conprises an acidic
catalyst. 11. The process of claim1, further conprising separating a
portion of the first e nrlched re to et hyl acet at

Do el iy s e ey oo kRaPdl i St Bty b RGN S e

et hyl 3pat/akkenfih e&Paitinl @ﬂWf@ﬁﬂ&dl@mt B@pﬂek/b@llad'itﬁﬁcédifper/z&@ nidig/pRNLRLERS of
claim1, wherein the conversion of acetic acid in the first reactor is |ess
t han Qﬂkﬂmﬂ@dmHEW@hgnO@éhgnbma@M@Wﬂﬁmﬂmﬂupﬂher conprising separating a
portion of the first ester enriched streamto yield a dilute acid stream
conprising at least 30 wt.%water and acetic acid. 15. The process of

clai mb4, fhetphdesCOMMAiinS], Reheh@hl tifedlet@idn@adibeccagRiseCapididic citalyde dilute
acid stream 16. The process of claim 14, further conprising reducing the
acetic acid concentration in the dllute acid streamby reacting the dilute
acid strea I r

aceti a o qiEEPesnofFRTE, uhecori ikl QEEAREY pE Dl tne MIPERL b |

t he netrbanod yietdwn ahyllbostateoneximde, and hydr ogen for the hydr ogenati ng step
is derived fromsyngas, and wherein the syngas is derived froma carbon
source selected fromthe group consisting of natural gas, oil, petroleum
coal , bl OMagsE,, Jhds SOARNRT, 'v%?elh QF[e%cha M@Q#%Qﬁﬁ%@éﬁ@s{#%}sl{e%ﬁ&@
18. A process for produci ng et hano r|3|ng drogenating acetic
aci d fto dmfast meatoi.c acid feedstreamin a first reactor to produce a first
crude vapor product conprising ethanol and acetic acid; reacting at

| east a portion of the first crude vapor product in a second reactor to
produgs an @t Rbidi 8fclalm aamheRIPIHeSddAdeks R ftddai: 4Qd W 1% @GEtdabtoRed Ry and

recovering ethanol fromthe first esterified stream
than 90%.

14. The process of claim 1, further comprising separating a portion of the first ester enriched

stream to yield a dilute acid stream comprising at least 30 wt.% water and acetic acid.

15. The process of claim 14, further comprising neutralizing the acetic acid in the dilute acid
stream.
16. The process of claim 14, further comprising reducing the acetic acid concentration in the

dilute acid stream by reacting the dilute acid stream with an alcohol.

17. The process of claim 1, wherein the acetic acid is formed from methanol and carbon
monoxide, wherein each of the methanol, the carbon monoxide, and hydrogen for the
hydrogenating step is derived from syngas, and wherein the syngas is derived from a carbon
source selected from the group consisting of natural gas, oil, petroleum, coal, biomass, and

combinations thereof,



19. The process of claim 18, further conprising hydrogenating at |east a
portion of the first esterified streamin a third reactor to produce a
second crwdeowapez17pr oduct. 20. The process of cl ai m 19CTmiserigiomedhe
second crude vapor product contains |ess acetic acid than the first crude
vapor product. 21. The process of claim 19, wherein the second crude vapor
product conprises less than 5 w. % acetic acid. 22. The process of claim
19, fqrther conprising . reacting at |east a portion of the second crude
vapor 'Br oddtProF Ség?ﬁgp?%ng@% YreWP5iduce a second esterified stream

23. The progc@Rzerfting! R0 2dd MAEHRRIaBetSRi$ CRBGA8 1Lk iffritadagdlr @3PHLERIRS | ses
|l ess than 3 'w. % acetic acid. 24. The process of claim 18, wherein the
first firgacedsrvaponprilsdsomphyide edenaltandaceatagidist sel ected from the group

consisting of .platjnumti tinun rutheniu pl atinum rheni u

ar +adt unt P aieHBi AL ot on BRAEHERTrR® PERLPRI R PLATER BSREYD prodersium
cobal tah@BieAfbdIfreadPOBhrlsinkt RSN 0 GePahdetitiabid; &id ver / pal | adi um

copper/ pal | adi um copper/zinc,_ nickel /dpal | adi um gol d/ pal | adi um

rut heni un reeEeiRg cthap! fignhdsifiiosiegfed stpm.The process of cl ai m 18,
wherein the second reactor conprises an acidic catalyst. 26. The process of
claim 18, further conprising separating a portion of the first esterified
32  W0D92012/MeGraded el tluks2 0 8 1fubdh26 39 s digahydrogsnaghgl aleaatahydrtiac ef efeefirst
stream .%7. The pro egs of claim26, wherein at |eastf a portion of the

et hy| CHEHHE! Erent Wahhir st B dper 1 PReORd Faifle MaRQitPERduct. 28 The process of
claim 18, wherein the conversion of acetic acid in the first reactor is

| ess than 90% 29. The process of claim 18, further conprising separating
a por t20on dfhetpnecebd ofstlaist Feavhetem thieskcbrd adidetapoapiodugtcoe@msdenprétsiagl at

| east go % wat er and aﬁeti c acid. 30. The process of claim?29, further
conpr it qnﬁggﬁéﬁﬁfﬁﬁiﬁvﬁ?‘?ﬁjﬂ? ¥lacetic acid in the dilute acid stream 31. The
process of claim?29, further conprising reducing the acetic acid

concentration in the dilute acid streamby reacting the dilute acid stream
with ad. al ddagirocess of claim 19, wherein the second crude vapor product comprises less than 5

wt.% acetic acid.

22. The process of claim 19, further comprising reacting at least a portion of the second crude

vapor product in a fourth reactor to produce a second esterified stream.

23.  The process of claim 22, wherein the second esterified stream comprises less than 3 wt.%

acetic acid.

24, The process of claim 18, wherein the first reactor comprises a hydrogenation catalyst
selected from the group consisting of platinum/tin, platinum/ruthenium, platinum/rhenium,
palladium/ruthenium, palladium/rhenium, cobalt/palladium, cobalt/platinum, cobalt/chromium,
cobalt/ruthenium, cobalt/tin, silver/palladium, copper/palladium, copper/zinc, nickel/palladium,

gold/palladium, ruthenium/rhenium, and ruthenium/iron.
25. The process of claim 18, wherein the second reactor comprises an acidic catalyst.

20. The process of claim 18, further comprising separating a portion of the first esterified



32. A process for producing ethanol, conprising: hydr ogenati ng acetic
acid froman acetic acid feedstreamin a reactor to produce a crude vapor
product cwopnizionzy7et hanol and unreacted acetic acid, wRrETAiISR01i1/0¢2639
conversion of acetic acid is at |least 90 wt. % reacting at |least a
portion of the crude vapor product under conditions effective to esterify
at | east 40% of the unconverted acetic acid to yield a ester enriched

strea and recoverj %'ethanol fromthe ester enriched stream 33. A
proces e?BﬁoﬁWgﬁﬁﬁﬁhQ ETREREF M conpri si ng: hydr ogenating acetic acid
froman acetic acid feedstreamin a reactor to produce a crude vapor

pr oduct ; reacting at |east a portion of the crude vapor product in a
second@’r eadihgmressspeioduse@ Whargn aé@@&tra entipic hede sthyé apgtats spedmats et raed
porti%n of.the first ester enriched streamto yield an internedi ate stream
WO 20 %ﬂﬁdggf?ﬁﬁ$?U82011/042639 conprising acetic acid and et hanol

reacting a portion of the internediate streamto produce a second ester
enriched stream and recovering ethanol fromthe second ester enriched

streamS-  The process of claim 18, wherein the conversion of acetic acid in the first reactor is less
than 90%.
29. The process of claim 18, further comprising separating a portion of the first stream to

yield a dilute acid stream comprising at least 30 wt.% water and acetic acid.

30.  The process of claim 29, further comprising neutralizing the acetic acid in the dilute acid
stream.
31 The process of claim 29, further comprising reducing the acetic acid concentration in the

dilute acid stream by reacting the dilute acid stream with an alcohol.

32. A process for producing ethanol, comprising:

hydrogenating acetic acid from an acetic acid feedstream in a reactor to produce a crude
vapor product comprising ethanol and unreacted acetic acid, wherein the conversion of acetic
acid 1s at least 90 wt.%;

reacting at least a portion of the crude vapor product under conditions effective to esterify
at least 40% of the unconverted acetic acid to yield a ester enriched stream; and

recovering ethanol from the ester enriched stream.

33. A process for producing ethanol, comprising:

hydrogenating acetic acid from an acetic acid feedstream in a reactor to produce a crude
vapor product;

reacting at least a portion of the crude vapor product in a second reactor to produce a first
ester enriched stream;

separating a portion of the first ester enriched stream to yield an intermediate stream

W2
W2
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comprising acetic acid and ethanol;
reacting a portion of the intermediate stream to produce a second ester enriched stream;
and

recovering ethanol from the second ester enriched stream.



