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METHODS FOR CONVERSION OF ETHANOL TO FUNCTIONALIZED LOWER
HYDROCARBONS AND DOWNSTREAM HYDROCARBONS

TECHNICAL FIELD

[6601] The present application relates generally to methods for the conversion of
ethanol to functionalized lower hydrocarbons and downsiream hydrocarbons. More
specifically, the present application relates 10 an improved process for the direct
conversion of ethanol to iscbutviene, propvlene, andfor acetons, with improved
carbon  selectivity, product purity, andior vield via ulilizalion of novel
ZnLryAGsMn O, mixed oxide caltalysts or novel bifunctional helerogeneous
catalysis.

BACKGROUND

[60602] Functionalized lower hydrocarbons, such as iscbutviene, propylene, and
acetone, are of significant interest for industrial and chemical applications.

[0003] Isobutylene, also known as isobutene or 2-methyipropens, is a hydrocarbon
of significant interest that is widely used as an infermediate in the production of
industrially important products, including para-xylene, jet fusl blendstocks, gasoline
oxvgenates, isooctane, methacrolein, methyl methacrylate, and butyl rubber.
Methods for the conversion of iscbutyleng into these products are described in U.S.
FPatent Nos. 8,193,402, 8,373,012, 8,378,160, 8,450,543, 8,487,144, and §,546,827,
as well as U.S. Paleni Application Publication Nos. 2010/0216958, 2011/0087000,
and 2012/0171741, each of which is herein incorporated by reference in iis entirety
for all purposes.

[0004] Historically, isobuiylens has been oblained through the cataiytic or steam
cracking of fossil fuel Teedsiocks. With the depletion of fossit fusl resources,
alternative routes for synthesizing isobutylene have been evaluated. in recent years,
isobuiylens has been generaled from the dehydration of the bio-based commaodity
chemical, isobutancl. See U.S. Patent Nos. 8,183,402, 8,373,012, 8,378,160,
8,450,543, 8,487,149, and 8,546,827, each of which is herein incorporated by
reference in its entirety for all purposes.

[0005] Propyiene, also known as methvisthvlene or propene, is a hydrocarbon of
significant interest that is widely used as an intermediate in the production of plastic

polypropviens which is used throughout industry in the manufaciure of films,
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packaging, caps, and cdlosures. Methods for the conversion of propylene into thess
products are described in U.S. Patent Nos. 3,364,180, 7,067,597, 3,258,455, each of
which is herein incorporated by reference in its entirety for all purposes.

[0008] Historically, propylene has been obtained through the catalvtic or steam
cracking of fossll fuel feedsiocks. With the depletion of fosslt fusl resources,
alternative routes for synthesizing propyiene have been evalualed. In recent years,
propylene  has been genersted from  olefin metathesis, also known as
disproportionation, in which reversible reactions between ethyiens and linsar
butenes results in the breaking of doubie bonds followed by reforming to propvlene.
in addition, propane dshydrogenalion converls propane info propviene and
byproduct  hydrogen. See Patent references US2004/0182804 and WO
2(11/138883, each of which is herein incorporated by reference in its entirety for all
pUrposes.

[0007] Acetone is a hydrocarbon of significant interest that is widely used as an
intermadiate in the production of industrially important products, for example, methyl
methacrvlate and bisphenol A, as well as a solvent for dleaning purposes. Methods
for the conversion of acetone into these and other products are described in U.S.
Patent  Nos. EPJ407811A2, USB303818, US5443873, EP11868592A1,
ERP0588243A2, USE4343164A, USH210328, US5786522A esach of which is hersin
incorporated by reference in its entirety for all purposes.

[0008] Hislorically, acetone has been obtained directly or indirectly from propylene.
Approximately 83% of acelone is produced via the so-called cumene process. As a
result, acetone production is tied to pheno! production. In the cumens process,
benzene is alkylated with propyiene (o produce cumens, which is oxidized by air o
produce phendl and acelone. Cther processes involve the direct oxidation of
propyiene (Wacker-Hoschst process), or the hydration of propylene o give 2-
propanol which is oxidized 1o acelone. Acetone has been previously produced, and
continues o be produced, in small guaniities using the acslone-butanol-ethanol
{(ABE process) fermentation process with Clostridium acefobutylicum bacteria.

[p009] Biosthanol is also a significant commodity chemical product. With the
increased availability and reduced cost of bicethanol, researchers have explored
bioethanol as a feedstock for making a variety of downstream hydrocarbons,

including the aforementioned hydrocarbon building blocks, isobutylene, propylens,



WO 2016/061262 PCT/US2015/055581

and acetone. Until very recently, a process for the direct conversion of gthanol t©
isobutylene or propylens had not been described.

00101 In 2011, however, Sun of 2l disclosed a method ulilizing a2 nanosized
£nZr,Q; mixed oxide catalyst prepared by a carbon template method for the
selective conversion of ethanol to iscbutylens with a carbon selectivity of 55% (83%
of the maximum theoretical vield) from ethanol. In that reference, low levels of
propyleng have been detgcted, but not in industrially relevant vields. See Sun et al,,
2011, 4 Am. Chem. Soc. 133 11086-110898, which is herein incorporated by
reference in its entirety for all purposes. Utilizing a catalyst containing a 1:10 ratio of
zinc to zirconium, Sun and colleagues were able o achieve iscbuiviene vields as
high as 83% from ethanol fed at a relatively low molar concentration (0.6%) with less
than 5% vield {o propviene. Later resulis published by the same group demonsirated
that increasing the molar concentration of ethanol in the feed stream beyond 0.68%
dramatically reduces seleclivily 1o isobutvlene. Indeed, Liu ef al. show that when the
ethanol molar concentration in the feed stream increased from 0.6% o 11.8% for a
given residence time, the iscbutylene vield dropped from 85.4% to 8.2%, which
suggests thal further increasing the ethanol molar concentration beyond 11.9%
would be expected to further reduce the isobutyleng vield as well as propylene vield.
Liu et af also demonstrated that increasing residence time enabled an increass in the
ethanol molar concentration in the feed stream to a2 maximum 8.3 mol% while siill
resulting in ischutylene vislds of 70-80% of theoretical. See Liu et al,, 2013, Applied
Catalysis A 467 81-87, which is herein incorporated by reference in its entirety for all
purposes. Accordingly, a process to convert sthanaol at high molar concentrations is
necessary for the conversion process.

(00111 In 2012, Mizuno ef a/. described the use of indium-oxide (in.Q3) catalysts to
produce propylsne and isobulylene with a sum carbon selectivity of 58.1% (341 %
to propylene and 24% to isobutviene) from ethanol in the absence of exogencusly
added hydrogen. See Mizuno et al, 2012, Chemical Leltars 41: 892-884, which is
herein incorporated by reference in ifs entirety Tor all purposes. While the ieachings
of Sun ef &l and Mizuno ef al make the direct conversion of bicsthanol o
iscbutylene  and/or propviene possible, enhancing the selectivity to these
functionalized lower hvdrocarbons beyond levels previously achieved {~ 55-58%

carbon sslectivity) can help reduce production costs for biosthanol-derived
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hydrocarbons. In addition, the msthods of Sun et &/ and Mizuno ef al. are less than
optimal because they either ulilize a carbon lemplate method for catalyst preparation
(Sun) or rely on an expensive element, indium, which is not readily available on a
large scale (Mizuno). Accordingly, a more industrially relevant catalyst is necessary
for the conversion process.

[0012] Previous methods for conversion of ethanol to acetone are disclosed by
Murthy ef al, 1988, J. Catalysis, 109: 288-302, incorporated herein by reference in its
entirety for all purposes, in which a calcium oxide, zinc oxide, or mangangse
promoied iron oxide catalyst was used. Murthy and colleagues were able {0 achieve
acelone vields as high as 83% of theoretical from ethanol feed al relatively low molar
concentrations of ethanol (10 mol % ethanol or 22 wi% ethanol in water). Increasing
the ethanci molar ratio 1o 33% (56 wi% ethanol in water) resullsd in only frace
amounts of acetone formation. Additionally, the conversion of ethanol to acetone is
disclosed by Nakaiima et al, 1987, J Chem Soc, Chem Comm., 6. 384-395,
incorporated hersin by reference in its entirety for all purposes, in which mixed metal
oxides {(ZnQ, Zn0OiCal, ZnO/NayG, ZnC/MgQO, slc) were used. Nakajima and
colleagues were able to achieve acelone yields as high as 91% of theorelical from
ethanol fed at low molar concenirations of ethanol (reactor feed comprised of
saturated nilrogen generated via bubbling nitrogen through a water/ethanol mixiure).
Accordingly, both a more industrially relevant catalyst and a process to convert high

molar concentrations of ethanol are nesded.

SUMMARY OF DISCLOSURE

(00131 The present application stems from the invenlors’ surprising discovery that
high selectivity o functionalized lower hydrocarbons can be achieved despite high
concentrations of ethanol in the feed stream. In addition, the inventors have also
found that the use of high ethanol concentrations in the feed stream resulls in a
product profile with favorable economics relalive 1o the product profiles obtained with
prior methods.

[0014] As describad herein, the present inveniors have developed methods which
allow for the highly selective production of funclionalized lower hydrocarbons from
increased concenirations of athanol in the feed stream. As further described herein,

the present inventors have discovered new calalysts and (in some embodiments)
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new catalyst preparation methods o employ with increased concentrations of
ethanol in the feed to afford processes for the highly seleclive production, and in
some embodiments high yield and/or purity, of funclionalized lower hydrocarbons
from higher concentrations of ethanol in the feed stream. By virtue of the process
described herein, the conversion of ethanal to funclionalized lower hydrocarbons and
subsequent downsiream hydrocarbon producis becomes more cosi-competitive with
petroleum-derived products.

[0045] In varicus aspects, the present application stems from the Inventors’
unexpected finding that the highly selective conversion of ethanol to functionalized
fowaer hydrocarbons can be achieved at molar concentrations of ethanol in the feed
stream exceeding 14%. Indeed, the Applicanis’ have observed funclionalized lower
hydrocarbon vields of nearly 70% of the maximum thsoretical, e.g., ulilizing a
ZnZnAQsMnw O, mixed oxide catalyst prepared via a hard-temiplate method, a co-
precipifation method, or a impregnated method, at ethanol feed concentrations
exceeding those tested by Liu ef al This discovery provides important benefits
commercially, as increasing the conceniration of ethanol in the feed stream while
maintaining high selectivity to a particular functionalized lower hydrocarbon can
significantly reduce capital and enerqy costs.

[6018] Thus, in a first aspect, the application relates 0 a process for preparing
isobutylene, comprising: (a) feeding o a reactor a reactor feed comprising ethanol at
a molar concentration of at least about 14%; and (b} contacting the ethanol with a
Zndr, O, mixed oxide catalyst in the reactor, whereby ethanol is converled to
isobutylene at a vield of at least about 30%. In certain embodiments, the process
may further comprise step {(¢) of recovering the iscbutylene.

(30171 The highly selective production of iscbutvlene from increased concentrations
of ethandl in the feed stream is describad in Examples 1B-1E. Notably, iscbutylene
vields of nearly 70% are obtained from the direct conversion of ethanol at molar
concentrations in the feed stream excesding 14%. And, as shown in Examples 1B-
10, 1G, and 11, the process of the present application also generates more of the
highervalue co-products as compared o previously described processes.
Specifically, valuable co-products such as propylene, phenol, mela-cresol and 3,5-
xylenol are generated in higher quantities than seen with previously described

egthanol to isobulvlene conversion methods. Accordingly, the method described
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herein enables a process that generates iscbutviene from high concentrations of
ethanol and concomitantly results in the production of higher-value co-products.
[0018] Various aspects of the present application stems from the inveniors’
unexpected finding that the highly selsclive conversion of ethanol o high purity
isobutylene ¢an be achieved al molar concentrations of ethanol in the feed stream
equal to or exceeding 14% at steam to carbon (5/C) ratios of 0.05 to 3.0 utilizing a
Znsn/ 0, mixed oxide catalyst prepared by a co-precipitation method for the selective
conversion of ethanol to iscbutvlens.  Indeed, the inventors’ have observed
isobutylene vields of nearly 70% of the maximum theorelical al ethanol feed
concentrations exceeding those tested by Liu et af and with isobutylene purities
meeling or exceeding the reguiremenis necessary for high purity iscbulylene
(=89.75%). In addition, lsvels of co-producis (e.q., propylene, phenols, methane,
etc.) refative {0 isobutylene are reduced relative to In /O, mixed oxide catalysis
prepared via the hard template, impregnation, or inverse co-precipiiation techniques.
[8018] Thus, in a second aspect, the application relates 10 a process for preparing
isobutylene, comprising: (a) feeding 10 a reactor a reactor feed comprising ethanol at
a molar concentration of af least about 14%; and (b} conlacting the ethanol with a
co-£nZryQO, mixed oxide catalyst prepared via co-precipifation technigue in the
reacior, whereby sthano! is converted to ischutvlene at a vield of at least about 30%.
In certain embodiments, the process may further comprise step (¢} of recovering the
isobuiylens.

(80201 The highly selective production of high purily iscbutylene from increased
concentrations of ethandl In the feed stream is described in Examples 2B-C.
Notably, iscbutylene vields of nearly 80% are obtained from the direct conversion of
sthanol at molar concentrations in the feed stream equal to or exceeding 14%. And,
as shown in Examples 2B-C, the process of the present application generates a high
purity isobutylens with improved seleclivity o isobulylene relative 1o other potential
co-products. Accordingly, the method described herein enables a process that
generates high purity isobutylene from high concentrations of ethanol.

[0021] In varicus aspects, the present application stems from the Inventors’
unexpected finding that the highly seleclive conversion of ethanol to high purity
propyiene can be achieved at molar concenirations of ethanol in the feed siream

squal to or exceeding 14% at steam to carbon (5/C) ratios of 0.05 to 3.0 utilizing a
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Znr,/, mixed oxide catalyst prepared by & novel co-precipifation method in the
presence of carbon black. indeed, the inventors’” have observed propylene yields in
some cases as high as 90% of the maximum theoretical at ethanol feed
concentrations excesding those tested by Liu of al and with propylens purities
meeling or exceeding the requirements necessary for poylmer grade propyiens
(minimum 89.50% with < 0.5% propane). In addiion, levels of co-producis {e.q.,
isobuiviens, phenols, methans, efc.) relative {0 propylene are reduced relative fo
Zndr,/3, mixed oxide catalysts prepared via the hard tempiate, impregnation, or
inverse co-precipiiation technigues.

00221 Thus, in a third aspect, the application relates o a process for preparing
propylene, comprising: (a) feeding {0 a reactor a reactor feed comprising ethanol at a
molar concentration of at least about 14%; and (b) contacting the ethanol with a
Zn 2O, mixed oxide catalyst prepared via co-precipitation technique in the reactor,
whereby ethanol is converted to propylene at a yield of at ieast about 30%. In some
embodiments, £n,Zr, 0O, mixed oxide catalyst used in step (b} is prepared via co-
pracipitation method in the presence of carbon black. In certain embodiments, the
process may further comprise step (¢) of recovering the propylene.

(00231 The highly selective production of high purity propvlene from increased
concentrations of gthanol in the feed stream is described in Examples 3A-B. Notably,
propylene vields of nearly 85% are obiained from the direct conversion of ethanol at
molar concenirations in the feed stream equal to or exceeding 14%. And, as shown
in Example 3B, the process of the present application generates a high purity
propylene with improved seleclivity 1o propylene relative 1o other potential co-
products.  Accordingly, the method described herein enables g process that
generates high purity propylene from high concentrations of ethanol.

[6024] In various aspects, the present application stems from the inveniors
surprising discovery that high seleclivity and vield to isobutylene can be achieved
despile high concenirations of ethanol at lower steam 1o carbon ratios than
previously reported in the feed stream with a ZndnMn.O; mixed oxide calalyst
prepared via impregnation method for the selective conversion of ethanol fo
iscbutylene.

[0025] In 3 fourth aspect, the disclosure relates fo a process for preparing

ischutylene, comprising: (a) feeding 10 a reactor a reactor feed comprising ethanol at
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a molar concentration of at least about 14%; and (b} contacting the ethanol with a
ZnLr,MnyQ, mixed oxide catalyst prepared via impregnation technigue in the
reacior, whereby ethanol is converted to isobutylene at a vield of al least about 30%.
in certain embodiments, the process may further comprise step (c) of recovering the
isobutyiene.

[6028] The highly selective production of iscbutylens from increased concentrations
of ethanol in the feed stream is described in Examples 4B-C. Notably, isobuiylens
yields of nearly 80% are obtained from the direct conversion of sthano! at molar
concentrations in the feed stream equal 0 or exceeding 14%. And, as shown in
Examples 4B-C, the process of the present application gensrates high vields fo
iscbutylene with improved selgctivity to isobutylene relative o other polential co-
products. Accordingly, the method described herein enables & process that
generates high vields {o isohutviens from high concentrations of ethanol.

[0o27) Other aspects of the present application stems from the inveniors’
unexpected finding that the highly selective conversion of ethanol to high purity
propyiene can be achieved at molar concentrations of sthandl in the feed stream
squal fo or exceeding 14% at steam o carbon (8/C) ratios of 0.05 to 3.0 utilizing a
I ZrALMO (A SLQisALandWis O Ais S, 8is0,and Wis 0, AisAlL S
is 0, and W is ) mixed oxide catalyst prepared by a novel co-precipitation method in
the presence of carbon black. The infroduction of the silicon dioxide component or
aluminum dioxide component resulls in a more stable catalyst, as measured by
increased on-stream time before propylene selectivity begins o decrease thus
requiring catalyst regeneration less frequently, and additionally aliows for higher
reaction temperatures while mainfaining excellent propylene selectivity. Indeed, the
inventors’ have observed propvieng vyields in some cases approaching 90% of the
maximum theoretical at ethanol feed concentrations exceeding those tested by Liu et
al., and with propylene purities meeling or excesding the requirementis necessary for
polymer grade propylene {minimum 89.50% with < 0.5% propane}. In addition, levels
of co-products {e.g., isobulylens, phenols, sthviene, methans, etc.) relalive 1o
propylene are reduced relative to ZndnG, mixed oxide catalysts prepared via the
hard templale, impregnation, or inverse co-pracipitation techniques.

(00281 Thus, in a fifth aspect, the application relates {0 a process for preparing

propyiene, comprising: {a) feeding 1o a reactor a reactor feed comprising sthanol at a
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molar concentration of at least about 14%; and (b) contacting the ethano! with a
iSOy, Indr ALO,, or ZmdnALSiEO, mixed oxide calalyst prepared via
co-precipitation technique in the reacior, whersby sthanol is converted o propylene
ai a vield of at least about 30%. In some embodiments, ZnJnSi,0,, Zndn AlLO,, or
ZnZrALSED; mixed oxide catalyst used in step (b) is prepared via co-precipitation
method in the presence of carbon black. In certain embodiments, the process may
further comprise step {c¢) of recovering the propylene.

(00291 The highly selective production of high purily propylene from increased
concentrations of ethanol in the feed stream with novel co-precipitated Znr,oh0O; is
described in Example 5A-B. Notably, propylene vields of nearly 85% are obtained
from the direct conversion of ethanol at molar concenirations in the feed siream
squal to or exceeding 14%. And, as shown in Examples 5A-B, the process of the
present application generates high purily propyiene with improved selectivity to
propyiene relative 1o other potential co-products. Accordingly, the method described
herein enables a process that generates high purity propylens from  high
concentrations of ethanol.

(00301 The highly selective production of high purity propvlene from increased
concentrations of ethanot in the feed stream with novel co-precipitated JnZnAlLO, is
described in Examples 6A-B. Notably, propylene vields of nearly 85% are obtained
from the direct conversion of sthanol at molar concentrations in the fesd siream
equal to or exceeding 14%. And, as shown in Examples 8A-B, the process of the
present application generates high purity propvlene with improved seslectivity o
propyiene relative o other polential co-products, and allows for on-stream limes that
significantly exceed previously reporied mixed metal oxides catalyst on-stream times
before in-silu catalyst regeneration is required. Accordingly, the method described
herein enables a process that generates high purity propylene from high
concentrations of ethanol.

[0031] The highly seleclive production of high purily propylene from increased
concenirations of sethanol in the feed siream with novel co-precipitated
Znlr ALSID, is described in Examples 7A-B. Notably, propylene vields of nearly
75.5% are obtained from the direct conversion of ethanol at molar concentrations in
the feed siream equal to or exceeding 37%. And, as shown in Examples 7A-B, the

pracess of the present application generates propylene with improved selectivity fo
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propyiene relative to other polential co-products, and allows for on-stream times that
significantly exceed previcusly reporied mixed metal oxides calalyst on-siream times
before in-silu catalyst regeneration is required. Accordingly, the method described
herein enables a process that generates high purity propylene from high
concentrations of ethanol.

[0032] Various aspecis of the present application stems from the inventors’
surprising discovery that high seleclivity o acetone can be achieved despile high
concentrations of ethanol with a ZnMg.Zr0, or Zn,CudnO, mixed oxide catalyst
prepared by a co-precipiiation method, or a quaternary mixed metal oxide catalyst
comprised of a ZnMgMnZrO: or ZnCuMndr/O, prepared by an impregnation
method, for the selective conversion of ethanol 1o aceions.

[6033] Thus, further aspects of the present application stems from the inventors’
unexpected finding that the highly selective conversion of ethanol to acetone can be
achieved at molar concentrations of ethanol in the feed stream equal {0 or exceeding
14% (29 wit% ethanol} at steam to carbon (S/C) ratios of 0.05 to 3.0 utilizing a
ZnMgoudn,Q, or ZnCudrO; mixed oxide catalyst prepared by a oo-precipitation
method, or utiizing a8 ZnMgMn.inO, or ZnCuMndr,Q, mixed oxide catalyst
prepared by an impregnation method, for the selective conversion of ethanol o
aceione. Indesd, the inventors’ have observed aceione yields of nearly 80% of the
maximum theoretical at ethanol feed concenirations exceeding those tesled by
Murthy and Nakajima et al In addition, co-products levels (e.q., propylene,
isobutylene, ethylene, phenois, methane, eic.) relative 1o aceione are reduced
relative {o previously used mixed oxide catalysts.

00341 Thus, in a six aspect, the application relates 10 2 process for preparing
aceione, comprising: (a) feeding 1o a reactor a reactor fesd comprising ethanol at a
molar concentration of at least about 14%; and (b) contacting the ethanol with a
oMo i, or InCuudr,O, mixed oxide catalyst prepared via co-precipitation
technique or ZnMgMnZr,Q, or Zn,CuMn,Zr O, mixed oxide calalyst prepared by
an impregnation method in the reactor, whereby ethanol is converted to acetone in
vield of at least aboul 60%. In certain embodiments, the process may further
comprise step (o) of recovering the acetone.

[3035] The highly selective production of acetone from increased concentrations of

ethanol via a co-precipifated ZnMg.£ry0, or ZnCudry0, mixed oxide catalyst is
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described in Example 8C-D. Notably, aceione vields of nearly 80% are obtained
from the direct conversion of ethanol at molar concentrations in the feed stream
squal to or excesding 14%. Accordingly, the method described herein enables a
process that genegrates acetone in high vield from high concentrations of ethanocl.
[6638] The highly sslective production of acetone from increased concentrations of
ethanol in the feed stream via an impregnated ZnMagMnZnQ, or Zn,CuMn,inO,
mixed oxide calalyst is described in Example 9C-D.  Noiably, acelone vields of
nearly 80% are obtained from the direct conversion of ethanol at molar
concentrations in the feed stream esqual o or exceeding 14%. Accordingly, the
method described herein enables a process thal generales acetone in high vield
from high concentrations of ethanol.

[6037] To our knowledge, this is the first report of a fernary mixed metal oxide
catalyst comprised of ZnMgZnO: or Z2n,CuZr, -, and a guaternary mixed metal
oxide catalyst comprised of a ZnMg.MnZnQ, or Zn,CuMnZr,Q,, resulling in high
vields of acetone from ethanol ulilizing a walsi/ethanol feed at ethanol
concentrations at or above 50 wi%.

(00381 In various other aspects, the present application stems from the ideniification
of catalysts and associated processes enabling higher carbon selectivities o
functionalized lower hydrocarbon {e.g., iscbutylens and/or propyiens) than
previously disclosed methods. Accordingly, the catalysis and processes described
herein support an indusirially relevant process with improved vields of functionalized
tower hydrocarbons {e.g., isobulylene and/or propylene} from ethanol which lowers
the cost of goods in order {o directly compete with pelro-based products.

(00381 As described herein, the present application provides a highly selsclive
process which allows for the direct conversion of ethanol 1o isobulviene andfor
propylene at a fotal functionalized lower hydrocarbons olefin carbon selectivity {(i.e.,
ischutylene + propyiene) exceeding 60%. By virtue of the catalysts and processes
described herein, the conversion of ethanol to iscbutylene and/or propylene, as well
as subsequent downstream hydrocarbon products becomes more cost-competitive
with petroleum-derived products.

00401 Thus, in a seventh aspect, the application relates {0 a process for preparing
at least one functionalized lower olefin, comprising: (a) feeding 1o a reactor a reactor

feed comprising ethancl and {b) contacting the ethand in the reactor with a
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bifunctional heterogenecus catalyst comprising acid and base functionality, whergby
sthanol is converted 1o al least one funclionalized lower olefin, wherein the
bifunctional heterogeneous catalyst comprises a basic component selected from one
or more of the following: (1) Ca, Fg, Zn, Ce, 8n, K, Ba, L, Hf, Mn, &b, Al, Nb, S¢, In,
YV, Cr, Mo, Ni, Co, Cu, Na, Cs, Rb, B, Mg, Sr, Cd, La, Y, hydrotalcite, zincaluminalg,
phosphate, and combinations thereof; (i) oxides from the group of T, V, Nb, Ta, Mo,
Cr, W, Mn, Re, Al Ga, Fe, Co, Ir, Ni, 8i, Cu, &n, Cd, P, Pd, Pt, and combinations
thereof, and (ii} combinations of (i} and (i), and wherein the bifunctional
heterogensous catalyst comprises an acid component selected from at least one of
Zr, T, 8i, Cg, Co, 8n, Al, and oxides thereof, zeolites, and amorphous silica alumina.
in certain embodiments, the process may further comprise step (¢} of recovering the
functionalized lower hydrocarbon. In exemplary embodiments, the functionalized
fower hydrocarbon is selecied from propylene and iscbuiylens.

[0041] Inventive bifunctional heterogensous catalysts for the conversion of ethanol
to at least one functionalized lower hvdrocarbon are described in Examples 10A-C.
180421 In vel ancther aspedt, the present disclosure provides methods for converting
iscbutylene produced by the methods of the present invention info high-value,
beneficial hydrocarbons. In some embodiments, the beneficial hydrocarbons are
selected from the group consisting of para-xvleneg, et fusl blendstocks, gasoline
oxygenales, isooctane, methacrolein, methyl methacrylate, and butyl rubber.

[0043] Accordingly, disclosed herein, in some embodiments, is a process for
preparing a functionalized lower hydrocarbon, comprising: (2) feeding {o a reactor a
reactor feed comprising ethanol at a concentration of at least about 14 mol %; and
(b} contacting the ethanol with a mixed oxide catalyst in the reactor, the mixed oxide
catalyst having the formula Zn,Zr/ALMNO,, whereby the ethanol is converted to at
least one functionalized lower hydrocarbon at a yield of at least about 30% of the
maximum theoretical molar vield, wherein X is 1 to 10, wherein Y is 1 to 100,
wherein A is Al 8i, Mg, or Cu, and V is 0 to 100, wherein Q is Al, 8i, Mg, or Cu, and
S is 0 to 100, wherein W is 0 o 30, and wherein Z is 5 fo 250, In some
sembodiments, the funclionalized lower hydrocarbon s isobutvlene. In some
embodiments, the funclionalized lower hydrocarbon is propylene. In some

embodiments, the functionalized lower hydrocarbon is acetone.
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[0044] In further embodiments, the process further comprises the step (¢) of
recovering at least one of the funclionalized lower hydrocarbons. In some
embodiments, the funclionalized lower hydrocarbon recovered in step {(¢) s
iscbutylene. In other embodiments, the functionalized lower hydrocarbon recovered
in step {c) is propyiene. In stili other embodiments, the functionalized iower
hydrocarbon recovered in step (¢) is acetone.

[8045] In some embodiments, the sthanol is bic-based ethanol In one such
embodiment, at lgast about 80 wt % of the bio-based ethanol is derived from a non-
petroleumn feedsiock. in another embodimeant, at least about 70 wi % of the bio-
based ethanol is derived from a non-petroleum feedstock. in yet another
embodiment, at least about 80 wi % of the bio-based ethanol is derived from a non-
petroleum feedsiock. In still another embodiment, at least about 80 wi % of the bio-
based ethanol is derived from a non-petroleumn feedstock. In yet ancther
embodiment, at lgast about 85 wt % of the bio-based ethanol is derived from a non-
petroleumn feedstock. In such embodiments, the sthanol is produced in an ethand
bic-refinery via the fermentation of sugars by veast

[0048] In some embodimenis, the ethanol is obtained from biomass-generaied
syngas. In other embodiments, the ethanol is obtained from syngas that has been
derived from natural gas, coal, or a combination of natural gas and coal. In still other
embodiments, the ethanol is oblained from a combination of biomass-generated
syngas and syngas that has been derived from naltural gas, coal, or a combination of
natural gas and coal.

100471 In some embodiments, the sthanol is pelrcleum-based ethanol. In further
embodiments, the pstroleum-based ethanol is synthesized from ethylene. in other
embodiments, the ethanol is fuel-grade sthanol.

[0048] In some embodiments, the reactor feed is an azeotropic sthanolwater
mixture oblained from an ethano production plant. In other embodiments, the
azeotropic ethanol-waler mixture is oblained from an ethanol produchion plant prior
to dehvydration of the azeotropic ethanol-water mixiure. In still other embodiments,
the molar conceniration of ethanol in the ethanolwater midture is about 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91 %, 92%, 93%, 84%, or 85%

gthanol.
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[0048] In some embodiments, the reacior feed comprises at least about 15 mol%
ethanol. in other embodiments, the reactor feed comprises at Isast about 20 mol%
sthanol. In still other embodiments, the reactor feed comprises sthanol al a molar
concentration of at least about 25%, at least about 30%, at least about 35%, at least
about 40%, at ieast about 45%, at least about 50%, atl least about 55%, at least
about 60%, al least about 85%, at least about 70%, at least about 75%, at least
about 80%, at least about 85%, or at least about 80%.

{00581 In some embodiments, the reacior feed comprises sthanol and at least one
constituent selected from water, methanol, one or more fusel aleohols, one or more
diluents, and combinations thereol. In other embodiments, the reactor feed
comprises ethanol and waler. In some embodiments, the reactor feed comprises
water at a molar concentration of less than about 85%. In still other embodiments,
whersin the reactor feed comprises waler at a molar concentiration of less than about
75%. In vet other embodiments, wherein the reactor feed comprises water at a molar
concentration of less than about 65%, less than about 60%, less than about 55%,
less than about 50%, less than about 45%, less than about 40%, less than about
35%, less than about 30%, less than aboul 25%, less than about 20%, less than
about 15%, less than about 129%, less than about 10%, or less than about 5%.

[6051] in one embodiment, the reactor feed consists of ethanol and waler. in
another embodiment, the reaclor feed consists of sthanol, water, and methanol. In
still another embodiment, the reacior feed consists essentially of ethanol, water,
methanol, and one or more fusel alcohols.

[2052] In some embodiments, the fusel alcohol is sslected from 1- propanol,
iscbutanol, 2-methyl-1-buianol, and isopenianol. In other embaodiments, the reactor
feed comprises al least one diluent. in such embodiments, the diluent is selscied
from carbon dioxide, nitrogen, methane, ethane, propans, and mixiures thereof.
[6653] In some embodiments, the reactor feed comprises nitrogen at a molar
concentration of less than about 10%. In cther embodiments, the reacior feed
comprises nifrogen at a molar concentration of less than about 5%. In still other
sembodiments, the reactor feed comprises nitrogen at a maolar concentration of less
than about 2%, less than about 1 %, less than about 0.5%, or less than about 0.1%.

in yet another embodiments, the reactor feed is substantially free of nitrogen.
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[0054] In some embodiments, the ethanol is contacted with the Zn@r AQMn, O,
mixed oxide catalyst at a lemperature faliing within the range of about 300°C o
about 600°C. In an embodiment, the ethanol is contacted with the ZnZr AGMNGO;
mixed oxide catalyst at a temperaiure of about 460°C. In another embodiment, the
ethanol is contacted with the Zn,drnAQ:Mn, O, mixed oxide catalyst at a temperature
of about 470°C. In still another embodiment, the ethanol is contacted with the
It AQsMn, O, mixed oxide catalyst at a temperature of about 485°C. In yet
ancther embaodiment, the ethanol is contacled with the Zn,Zr/AQMnO; mixed
oxide catalyst at a temperature of about 486°C.

[0055] In some embodiments, the ethanol is contacted with the ZnZr AC MO,
mixed oxide catalyst at a weight hourly space velocity range of about 0.1 hr'' to
about 2.0 hr'. In other embodiments, the ethanol is contacted with the
ZnZnAQsMnw O, mixed oxide catalyst at a weight hourly space velocity of about 1.1
he'. In stilt other embodiments, the ethanol is contacted with the ZnZr,AQsMn, O,
mixed oxide catalyst at a weight hourly space velocity of about 0.8 b

[0058] In some embodiments, the Zn drAG:Mn, O, mixed oxide catalyst is prepared
using a hard-template method, & co-precipitation method, or an impregnailed
method.

[6057] in some embodiments, Vis 0, Sis 0, and W is (. in such embodiments, the
ratio of Zn/Zr (xXy) in the ZnyZn O mixed oxide calalyst is about 111 to about 1:100.
In another embodiment, the ratio of Zn/Zr (cy) in the ZnZn,Q, mixed oxide calalyst
is about 1:2 to about 1:50. In vet ancther embaodiment, the ratio of Zn/Zr (Cy) in the
Znr, O, mixed oxide catalyst is about 1:5 to about 1:25. in still another embodiment,
the ratio of Zn/Zr (x1y) in the Zn,Zr,O: mixed oxide catalyst is from about 1:8 to about
1:20. In an exemplary embodiment, the ratio of Zn/Zr {xy} in the ZnZr,0O, mixed
oxide catalyst is about 1:12. In ancther exemplary embodiment, the process of claim
52, wherein the ratio of Zn/dr {uy) in the Zn O, mixed oxide catalyst is about 1:25.
In some embodiments, the ratio of Zn/Zr (xiy) in the ZnZr,O; mixed oxide catalyst is
about 1:20.

[0058] In an exemplary embodiment, when the ratio of the Zn/dr (xty) in the InZr, O,
mixed oxide catalyst is about 1:20, the ZnrQ, mixed oxide catalyst is prepared
using a hard-template method. In one such exemplary embodiment, the

functionalized lower hvdrocarbon is isobutylens. In another embodiment, the vield of
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the isobutylene is at lgast about 45% of the maximum theorstical molar yield. in yet
ancther embodiment, wherein the iscbutylene is at least about 96% pure. in another
exemplary embodiment, the molar concentration of the ethanol in the reactor feed
about 14.8%. In one such embodiment, the funclionalized lower hydrocarbon
includes iscbulvlene, propyiens, and acetone. In ancther embodiment, the
isobulylens is produced at a vield of about 45% of the maximum theoretical molar
yield, the propylene is produced at a yield of aboui 8% of the maximum theoretical
molar vield, and the acetone is produced at a vield of about 14% of the maximum
theorstical molar yvigid. In yet ancther exemplary embodiment, the process of claim
66, wherein the molar concentration of the sthanol in the reactor feed about 25%. In
one such embaodiment, the functionalized lower hydrocarbon includes isobutyleneg,
propyiene, and acetone. In still ancther embodiment, the isobutylene is produced at
a yield of about 46% of the maximum theorelical molar vield, the propyvlens is
produced at a vield of about 14% of the maximum theoretical molar visld, and the
acetone is produced at a yield of about 3% of the maximum theoretical molar vield.
in some embodiments, a carbon support for the mixed oxide catalyst is ulilized. in
further embodiments, the carbon support is a carbon black support.

(60591 In some embodiments, when the ratio of Zn/dr (y) in the £nZn, O, mixed
oxide catalyst is about 1:25, the In 21,0, mixed oxide catalyst is prepared using a
co-precipitation method. In one such embeodiment, the functionalized lower
hydrocarbon is isobutylene. In another embodiment, the yield of the iscbutylene is at
feast about 50% of the maximum theoretical molar vield. In still another embodiment,
the ischutylene is al least about 99.7% pure. In an exemplary embodiment, the molar
concerntration of the ethanol in the reaclor feed is about 25%. In such embodiments,
the functionalized lower hydrocarbon produced by the process includes isobutylens,
propyiene, and acelone. In ancther embodiment, the isobutylene is produced at a
vield of aboul 50% of the maximum theorstical molar vield, the propylene is
produced at a vield of about 10% of the maximum theorslical molar yield, and the
acetone is produced at vield of about 2% of the maximum theoretical value.

(0068} In some embodiments, when the ratio of Zn/Zr (y) in the InZnyD; mixed
oxide catalyst is about 1:20, the Zn.Zr,0, mixed oxide calalyst is prepared using a
co-precipitation method. In such embodiments, the functionalized lower hydrocarbon

is propylene. In ancther embodiment, the yield of the propyiene at Isast about 80%
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of the maximum theorgtical molar yield. In vt ancther embodiment, the propylens is
at least 99.5% pure. In an exemplary embodiment, the molar concentration of the
sthanol in the reactor feed is at least aboul 25%. In such embodiments, the
functionalized lower hydrocarbon includes isobutylene, propyiens, and acetone. in
another embodiment, the iscbutylene is produced at a vield of about 5% of the
maximum theoretical molar vield, the propylene is produced at a yield of about 63%
of the maximum theoretical molar vield, and the acetone is produced at a yield of
about 1% of the maximum theoretical molar vield.

[20661] In some embodiments, V is §, S is 0, and wherein W is greater than or equal
to about 1. In such an emboediment, the ratio of Zn/Zr/Mn oyiw) in the ZnZrMnyO;
mixed oxide catalyst is from about 1:1:1 to about 1:100:30. In another embodiment,
the ratic of Zn/Zr/iMn (xiyw) in the Zndr,Mn,O; mixed oxide catalyst is from about
1:2:30 to about 1:50:30. In still another embodiment, the ratic of Zn/Zr/Mn (xviw) in
the ZndrMnO, mixed oxide catalyst is from about 1:5:1 to about 1:25:30. in vet
another embodiment, the ratio of Zn/drMn (eyiw) in the Zndr,Mn, O, mixed oxide
catalyst s from about 1:8:1 o about 1:20:30. In an exemplary embaodiment, the ratio
of ZnfZriMin (y:w) in the ZndrMn O, mixed oxide calalyst is from about 1:8:1. In
such an embodiment, the ZndnMn,Q, mixed oxide catalyst is prepared using an
impregnation method. In another embodiment, the functionalized lower hydrocarbon
is isobulylens. In still another embodiment, the yield of the isobutylene is at least
about 50% of the maximum theoretical molar vield. In yet another embodiment, the
isobutylens is at least 97% pure. In ancther exemplary embodiment, the molar
concentration of the ethano! in the reactor feed is at least 25% or greater. In such
embodiments, the funclionalized lower hydrocarbon includes isobutyliene, propylene,
and acetone. In siill other embodiments, the isobutviene is produced at a vield of
about 50% of the maximum theorstical molar yield, the propylene is produced at a
yield of about 10% of the maximum thecretical molar vield, and the acelone is
produced al a yield of about 2% of the maximum theoretical molar yield.

[0082] In some embodiments, A is St or Al and V is greater than or equal to about 1,
Wis(, and Sis .

00631 In another embodiment, Ais Siand V is greater than or equal to about 1, Wis
0, and S is 0. in some embodiments, the ratio of Zn/Zr/SI (yv) in the Zn, 510,

mixed oxide catalyst is from about 1:1:1 1o about 1:108:100. In other embodiments,
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the ratio of In/Z/Si ey} in the £n,2r, 810, mixed oxide catalystis from about 1:2:2
to about 1:50:50. In stili other embodiments, the ratio of In/Zi/Si(xyv) in the
ZnZroh 0, mixed oxide catalyst is from about 1:5:5 o about 1:25:25. In vel other
embodiments, the ratio of In/Zr/S1 (xiyiv} in the Z2n,Zr,SEO; mixed oxide catalyst is
from about 1:8:8 {o about 1:20:20. In an exemplary embodiment, the ratio of Zn/Zr/Si
poyivy in the ZnlZnSi0, mixed oxide calalyst is about 1:12:12. In such an
embodiment, the ZIndnSi0, mixed oxide catalyst is prepared using a
co-precipifation methed. In a further embodiment, the funclionalized lower
hydrocarbon is propylene. In another embodiment, the vield of the propylene is at
least about 80%. In still another embodiment, the propylene is about 99.5% pure. In
an exemplary embodiment, the molar concentration of the ethanol in the reactor feed
is about 25%. In such an embodiment, the functionalized lower hydrocarbon includes
isobuiylens, propylens, and acelons. in another embodiment, the isobutylens is
produced at a yield of about 8% of the maximum theoretical molar vield, the
propyiene Is produced at a yield of about 60% of the maximum thecretical molar
vield, and the aceione is produced at a vield of about 0.1% of the maximum
theorstical molar vield.

(00641 In another embodiment, A is Al and V is greater than or equal o about 1, Wis
0 and S is 0. In one embodiment, the ratic of Zn/Zr/Al Duyv) in the 2ndr,ALO; mixed
oxide catalyst is from about 1:1:1 {o about 1:100:100. In ancther embodiment, the
ratio of Zn/ZdAl (Cyv) in the ZnZr ALQ, mixed oxide calalyst is from about 1:2:2 1o
about 1:50:50. In vet another embodiment, the ratio of Zn/Zi/Al (uyv) in the
ZnLr, AL, mixed oxide catalyst is from about 1:5:5 to about 1:25:25. In stili another
embodiment, the ratio of Zn/Zr/Al (Xiyiv) in the ZndnALO, mixed oxide catalystis
from about 1:8:8 to about 1:20:20. In an exemplary embodiment, the ratio of Zn/Zr/Al
oeyvy i the ZndrALO;  mixed oxide catalyst is about 1:12:1. In one such
embodiment, the ZndrALC, mixed oxide catalyst is prepared using a
co-precipitation  method. In another embodiment, the funclionalized lower
hydrocarbon s propyiene. In vet another embodiment, the yield of the propylene is
at least about 58% of the maximum theoretical molar yield. In stili another
embodiment, the propylene has a purily of al least about 89.5%. In an exemplary
embodiment, the molar concentration of the sthanol in the reacior feed is about 37%.

In such embodiment, the funclionalized lower hydrocarbon includes ischulylens,
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propyiene, and acetone. In another embodiment, the isobulvlene is produced at a
yield of about 8% of the maximum theoretical molar vield, the propyvlene is produced
at a yield of about 58% of the maximum theoretical molar yield, and the acetone is
praduced at a yield of about 0.7% of the maximum theoretical molar yield.

[6065] In some embodiments, Ais Al, and V is greater than orequal to 1, Q is Si and
S is greater than or equal to about 1, and W is 0. In such embodiments, the ratio of
ZnfZeANSEH (xiyivis) in the Zndr ALSEO, mixed oxide catalyst is from about 1:1:1:1
to about 1:100:100:160. In other embodiments, the ratio of Zn/Zr/AISE (xyivis) in the
Znlr AlS 0, mixed oxide catalyst is from about 1:2:2:2 to about 1:50:50:50. In yet
other embodiments, the ratio of Zn/Zr/AlSE Qeyivis) in the ZnZr ALSEO: mixed oxide
catalyst is from about 1:5:5:5 to about 1:25:25:25. In siill other embodiments, the
ratio of Zn/ZriAVSH puyivis) in the InZn AlLSEKO, mixed oxide catalyst is from about
1:8:8:8 to about 1:20:20:20. In an exemplary embodiment, the ratio of Zn/Zr/AKSI
(xiyvis) in the ZnZr ALSELO, mixed oxide catalyst is about 1:12:2:2. In one such
embodiment, the process of any of claims 131, wherein the Znr AlSEKO, mixed
oxide calalyst is prepared using a co-precipitation method. In ancther embodiment,
the functionalized lower hydrocarbon is propyilens. In yvet another embodiment, the
vield of the propylene is at least about 70% of the maximum theorstical molar vield.
In ancther exemplary embodiment, the molar conceniration of the sthanol in the
reactor feed is about 37%. In such an embodiment the funclionalized lower
hydrocarbon includes iscbutylene, propylene, and acetone. In another embodiment,
the iscbutylene is produced at a yield of about 27% of the maximum theorstical
molar vield, the propylene is produced at a yield of about 75.5% of the maximum
theorstical molar vield, and the acetone is produced at a yield of about 0.01% of the
maximum theoratical molar vigld,

[6088] In some embodiments, A is Mg or Cu, V is greater than or sgual 1o about 1,
Wis 0, and S is 0. In such embodiments, the ratio of Zn/Mg/Zr or Zn/Cu/dr poviy) in
the ZnMagdnC: or ZnCudnQ, mixed oxide catalyst is from about 1:1:1 {o about
1:10:100. In other embodiments, the ratio of In/Mg/dr or Zn/Cuidr {(xviy) in the
ZndMaondnO, or InCudrd, mixed oxide catalyst is from about 1:1:2 to about
1:5:50. In siill other embodiments, the ratic of ZnfMa/Zr or Znf/Cuidr (Cviy) in the
Zn Mg, or ZnCudr,O, mixed oxide catalyst is from about 1:1:5 to about

1:1:25. In yet ancther embodiment, the ratio of Zn/Mg/dr or Zn/Cu/Zr (xiviy) in the
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ZndMau 0, or ZnCufr, mixed oxide catalyst is from about 1:1:8 to about
1:5:20. In an exemplary embodiment, the ratio of Zn/Mg/Zr or Zn/Cu/Zr (oviy) in the
ZndMgadnQ: or ZnCuudnQ, mixed oxide calalyst is from about 1:1:25. In such an
embodiment, the Zn Mg 2n,0; or Zn,CuZr,O; mixed oxide catalyst is prepared using
a co-precipitation method. In some embodiments, the functionalized lower
hydrocarbon is acelone. In yel ancther embodiment, the vield of the acelone is at
teast about 54% of the maximum theoretical molar yield. in still other embodiments,
the acelons has a purity of at least 86%. In ancther exemplary embodiment, the
molar concentration of the ethanol in the reactor feed is at least about 25% or
greater. In such embodiments, the funclionalized lower hydrocarbon includes
isobutylene, propyiene, and aceione. In other embodiments, the iscbuiviens is
produced at a vield of about 8% of the maximum theoretical molar visld, the
propylene is produced at a yield of about 2% of the maximum theoretical molar yield,
and the acelons is produced at a vield of about 54% of the maximum theorstical
molar yield.

[8067] In some embodiments, A is Mg or Cu, V is greater than or equal o about 1,
W is greater than or equal o about 1, and 8 is 0. In such embodiments, the ralic of
Ln/Mg/Mnidr Oeviwey)y or Zn/Cu/Mn/Zr (oviwty) in the In Mg MnednG, or
£n, CudMingZr,O, mixed oxide catalystis from about 1:1:1:10 o about 1:10:10:100. In
other embodiments, the ratio of Zn/Mg/Mn/Zr (oviwiy) or Zn/CuiMn/Zr (oviwey) in
the ZnMgMnwdn O, or ZnCuMnedr,C. mixed oxide catalyst is from about 1:1:1:2
to about 1:5:5:50. In still other embodiments, the ratio of Zn/Mg/Mn/dr (xviwiy) or
ZnfCuMn/Zr (xiviwly) in the IndMoMn,ZnO: or Zn,CuMn.dnO, mixed oxide
catalyst is from about 1:1:1:5 to about 1:5:5:25. In yel olher embodiments, the ratio
of Zn/Mg/Mn/dr (xiviwy) or ZnfCu/Mn/dy (xviwiy) in the ZnMgMn,fr,O, or
£n, CudMingZr,O, mixed oxide catalyst is from about 1:1:1:8 {0 about 1:5:5:20. In an
exemplary embodiment, the ratio of ZnfMg/Mn/Zr cviwey) or ZnfCu/MnlZr (xviwy)
in the ZnMoMninG, or Zn,CuMn.ir. mixed oxide catalyst is from about
1:1:5:15. In such an embodiment, the ZndMaMnaZr,Q, or ZnCuMnedry/O, mixed
oxide catalyst is prepared using an impregnation method. In some embodiments, the
functionaiized lower hydrocarbon is acetone. In another embodiment, the vield of the
aceione is af least about 60% of the maximum theoretical molar vield. In yet another

embodiment, the acetone is al least about 96% pure. In another exemplary
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embodiment, the molar concentration of the ethanol in the reactor feed is about 33%.
in ancther embodiment, the funclionalized lower hydrocarbon includes iscbulylene,
propyiens, and acetone. In still ancther embodiment, the isobuiviene is produced at
a yield of about 10% of the maximum thecrelical molar vield, the propvlens is
produced at a vield of about 1% of the maximum theorstical molar vield, and the
acetone is produced at a yvield of aboul 82%, of the maximurm theoretical molar vield.
[0088] In some sembodiments, at least one promoler s utilized. In further
embodiments, the promoter is selected from tin, copper, rhenium, ruthenium, gold,
silver, manganese, magnesium, scandium, nickel, and combinations thereof.

[0069] In some embodiments, the yield of the functionalized lower hydrocarbon is at
least about 35% of the maximum theoretical molar vield. In other embaodiments, the
vield of the functionalized lower hydrocarbon is at least about 40% of the maximum
theorefical molar yield. In still other embodiments, the yield of the functionalized
tower hydrocarbon is at least about 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%,
85%, or 80% of the maximum theorstical molar yield.

(8070 In some embodiments, iscbulvlene is recovered using distiliation. In other
embodiments, isobutylene is recovered using acid extraction. In some embodiments,
propylene is recovered using distiliation. In other embodiments, the aceiong is
recovered using distillation.

[6071] In some embodiments, residual waler generated as by-product during the
conversion of ethanol to a funclionglized hydrocarbon is isclaled. In other
embodiments, the isolaled residual water is recycled back o the front end of the
reactor.

(0072} In some embodiments, the ZndrAQMn 0O, mixed oxide calalyst is
regenerated in situ. In other embodiments, the ZnJdrnAQMnO, mixed oxide
catalyst is regensrated in gffu by switching the process fesed to an oxygen-rich
stream while maintaining catalyst reaction temperatures.

[0073] In some embodiments, the reacior is seiscled from a fixed-bed, adiabalic,
fluid-bed, transport bed, and moving bed reactor. In other embodiments, wherein the
reactor is a fixed-bed reactor. In still other embodiments, the reactor bed length-to-
diameter ratio is al least about 5. In some embodiments, the reactor bed length-to-

diameter ratic is at least about 10. In vet another embodiment, the reactor bed



WO 2016/061262 PCT/US2015/055581
22

tength-to-diameder ratio is at least about 100, In still vet another embaodiment, the
reacior bed length-to-diameter ratio is at least about 1000.

30741 In some embodiments, at least one co-product selected propylene,
iscbutylene, acetons, hydrogen, carbon dicxide, methane, phenol, Z-pentanons,
mesityl oxide, methyl isobulyltketone, 3-methyl-2-butanone, Z-methyl phenol, 3-
methyt phenol {meta-cresol), 2,5-dimethyl phenol, 3,5-dimethy! phenol {3,5-xylenol},
2, 3-dimethyl phenol, and 3,4-dimethyt phenol is produced during the conversion of
sthanol to the functionalized lower hydrocarbon. In some embodiments, the co-
product is propylene. In further embodiments, the propylene is recovered. In other
embodiments, the propvlene is recovered by pressure swing adsorpiion. In some
embodiments, the propylene is generated from sthanol at a vield of at least about
5% of the maximum theoretical molar vield. In other embodiments, the propvlene is
generated from ethanol at a yield of at least about 10% of the maximum theorstical
molar vield. in some embodiments, the co-product is iscbutylene. in other
sembodiments, the isobutylene is recoversd. In further embodiments, the isobutylens
is recoverad by pressure swing adsorption. In some embodiments, the isobutylens is
generated from ethanol al a vield of at least about 5% of the maximum theoretical
molar vield. In other embodiments, the isobulyleng is generated from ethanol at a
vield of at least about 10% of the maximum thecrelical molar yield. In some
embodiments, the co-product is acetone. In other embodiments, the acelone is
recovered. In some embodiments, the funclionalized lower hydrocarbon includes
acetone, wherein at least a fraction of the acetone is recycled back o the reactor
feed 1o converl aceione o isobutylene. In some embodiments, the acelone is
converled to isobutylene by contacling it with a Zndr AQMNO, mixed oxide
catalyst. In other embodiments, the aceiong is converted 1o isobulvlene by
contacting it with a zeolite catalyst. in further embodiments, the zeolite catalyst is an
atkali metal ion-exchanged BEA zeolite calalyst or a B-zeclite catalyst.

[0075] In some embodiments, the co-product is hydrogen. In other embodiments,
the hydrogen is recovered. In still other embodiments, the hydrogen is recovered
using a hydrogen recovery system that comprises one or more units configured for
condensation, amine sorubbing, pressure swing adsorplion, cryogenic purification,
flow of gaseous waste stream through a hydrogen-pgrmeable membrane, flow of

gassous waste stream through a palladium membraneg, flow of gaseous waste
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stream through a hydrocarbon absorption medium, flow of gaseous waste stream
through a gas expansion unit, fiow of the gaseocus waste stream through a waler gas
shift chemical converter unii, or combinations thereof.

00761 In  cother embodiments, the coproduct is carbon dioxide. In some
embodiments, the carbon dioxide is recovered. in other embodiments, the carbon
dioxide is recovered by pressure swing adsorption, lemperature swing adsorption,
cryogenic purification, membrane separation, or combinations thereof,

[0077] In some embodiments, the co-product is methane. in other embodiments, the
methang is recovered. In still other embodiments, the methane is recovered by
pressure swing adsorption, femperature swing adsorplion, cryogenic purification,
membrane separation, or combinations theraof.

[6078] In other embodiments, wherein the co-product is sslected from phenal, 2-
methyl phenol, 3-methyl phenol {mela-cresol), 2,5-dimethyl phenol, 3,5-dimethyi
phenol (3,5-xylenol), 2,3-dimethy! phenol, and 3,4-dimethyl phenol. In another
embodiment, each of the phenol, 2-methyl phenol, 3-methyl phenol {mela-cresol),
2, 5-dimethyi phenol, 3,5-dimeathyl phenol (3,5-xylendl), 2,3-dimethyl phenol, and 3.4-
dirnethyl phenol is produced. In some embodiments, the co-product is recovered by
distiliation.

(00791 In some embodiments, a functionalized lower hydrocarbon is prepared by the
process of any process disclosed herein.  In other embodiments, al least one
product sslected from propyiens, acetone, hydrogen, carbon dioxide, methans, 2-
pentanone, mesityl oxide, methyl isobutylketone, 3-methyl-2-butanong, phenol, 2-
methyl phenol, 3-methyl phenol {mefa-cresol), 2.5-dimethyl phenol, 3,5-dimethyi
phenol (3,5-xylenol}, Z,3-dimethyl phencl, and 3,4-dimethyl phenol is prepared by a
process disclosed herein.

60801 In some embodiments, a process for preparing a functionalized lower
hydrocarbon, comprises: (a) feeding o a reactor a reacior feed comprising ethanol;
and {b) contacling the ethano! in the reactor with a bifunctional heterogensous
catalyst comprising an acid functionality and a base functionality, whereby ethanol is
converted o the funclionalized lower hydrocarbon. The basic functionality is selected
from one or more of the following: (i) Ca, Fe, Zn, Ce, Sn, K, Ba, Li, Hf, Mn, Sb, Al
Nb, 8¢, In, V, Cr, Mo, Ni, Co, Cu, Na, Cs, Rb, B, Mg, &r, Cd, La, Y, hydrotalcite, zinc-

aluminate, phosphate, and combinations thereof; (i} oxides from the group of Ti, V,
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Nb, Ta, Mo, Cr, W, Mn, Re, Al, Ga, Fg, Co, Ir, Ni, Si, Cu, Sn, Cd, P, Pd, P, and
combinations thereof, and (ili) combinations of (i} and {ii). The acid funclionalily is
selected from one or more of Zr, Ti, Si, Ce, Co, 8n, Al oxides thereof, zeolites; and
amorphous silica aslumina. in some embodiments, the functionalized lower
hydrocarbon is isobulylene. In other embodiments, the funclionalized lower
hydrocarbon is propylene. In some embodiments, the process further comprises step
{c} of recovering the funciionalized lowsr hydrocarbon. In some embodiments, the
functionalized lower hydrocarbon recovered in step {¢) is isobulvlens. In some
sembodiments, the functionalized lower hydrocarbon recovered in step {¢) is
propyiens,

[6081] In some embodiments, the sthanol is bioc-based sthanol. In some
embaodiments, the reaclor feed comprises ethanol at a molar concentration of at least
about 5%, at least about 10%, at least about 15%, at least about 20%, at least about
25%, at least about 30%, at least aboui 35%, at least about 40%, at least about
45%, at least about 50%, at least about 55%, at least about 60%, at least about
85%, at least about 70%, at least about 75%, at least about 80%, al least about
85%, or at leasl about 90%. In some embodiments, the reaclor feed comprises
gthanol and at least one constituent selected from water, methanol, ong or more
fusel alcohols, one or more diluents, and combinations thereof. In some
embodiments, the reactor feed comprisaes ethand and water. In some embodiments,
the reactor feed comprises al ieast one diluent. In some embodimenis, the diluent is
selected from carbon dioxids, nitrogen, methane, ethane, propane, hydrogen, carbon
monoxide, and mixtures thereof.

{0082] In some embodiments, the sthanol is contacied with the bifunctional
heterogeneous catalyst at a temperature in the range of about 300°C to about
800°C. In some embodiments, the ethanol is contacted with the bifunclional
heterogenecus catalyst at a weight hourly space velooity range of about 0.1 hr'' to
about 2.0 hr'.

[0083] In some embodiments, the acid funclionality is provided by one or more metal
oxides in the bifunclional helerogenecus catalyst in the reactor. In some
embodiments, the acid functionality is selected from zirconia, tHania, silica, and

combinations thereof,
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[0084] In some embodiments, at lsast one promoter is utilized. In other
embodiments, the promoter is selected from tin, copper, thenium, ruthenium, gold,
silver, and combinations thereof.

[6085] In some embodiments, the ischutvlene is recovered using distillation. in other
embodiments, the ischulylene is recovered using acid exiraction.

[0086] In some embodiments, the residual waler generated as a by-product during
the conversion of ethano! o ischutylens is isolated. In other embodiments, the
isolated residual water is recycled back to the front end of the reactor.

(00871 In some embodiments, the bifunclional helerogenecus catalyst is
regenerated in situ. in some embodiments, the reactor is selected from a fixed-bed,
adiabatic, fluid-bed, transport bed, and moving bed reacior. In other embodiments,
the reactor is a fixed-bed reactor.

[0088] In some embodiments, al least one co-product selected from acsione,
hydrogen, carbon dioxide, methane, phenol, 2-methyl phenol, 3-methyi phenol
{(meta-cresol}, 2,5-dimethyl phenol, 3,5-dimethyl phenol (3,5-xylenol), 2,3- dimethyi
phenol, and 3,4-dimethyl phenol is produced during the conversion of ethanol o the
functionalized lower hydrocarbon. In some embodiments, a functionalized lower
hydrocarbon selecled from iscbutvlene and propylene is prepared by a process
disclosed herein.

[008%] In some embodiments, a process for preparing a jet fuel or jet fusi
blendstock, comprises: {a) preparing isobuiylens by a process disclosed hersin;, and
(b} converting sald iscbutylene into a jet fuel or jet fuel blendsiock.

[0038] In some embodiments, a process for preparing iscoctane comprises: (a)
preparing isobutylene by a process disclosed herein; and (b) converting said
isobutylene info iscoctane.

(00211 In some embodimenis, a process for preparing para-xylene comprises: (a)
preparing iscbutvlene by a process disclosed herein; and (D) converling said
isobutylens into para-xylene.

[0092] In some embodiments, a process for preparing methacrolein comprises: (a)
preparing isobutylene by a process disclosed herein; and (b) converting said
iscbutylene info methacrolein.

(00231 In some embodiments, a procegss for preparing methylmethacryiate

comprises: {a) preparing iscbutvlene by a process disclosed herein; {b) converting



WO 2016/061262 PCT/US2015/055581
26

said isobutylene into methacrclein; {¢) oxidizing the methacrolein of (b) into
methacrylic  acid, and (e} eslerfying the methacrylic acid of {¢) into
methylmethacrylate.

(6034 In some embodiments, a process for preparing butyl rubber comprises: (a)
preparing iscbutvlene by a process disclosed herein; and (D) converling said

isobutylene into butyl rubber.

BRIEF DESCRIPTION OF DRAWINGS

[0095] Figure 1 iHustrales the reaclion scheme by which the inventive process
and/or the inventive catalyst converts ethano! into isobutylene, propylens, phenol,
meta-cresol, 3,5-xylencl, acetone, and hydrogen.

[0086] Figure 2 illustrates product selectivity for an inlet ethanal mole conceniration
of 14.8% over a range of catalyst temperatures. Isobutylene is represented as a
percent of theoretical maximun.

[0097] Figure 3 illustrates product distributions for ethanol to iscbutylene reactions
relative {o superficial velocity. Numbers are shown in terms of carbon selectivity.
[0098] Figure 4 illustrates product distributions for fuel-grade and solvent-grade
ethanol feeds to the ethanol o isobutylene reaction. Numbers are shown in terms of
carbon selectivity.

[0099] Figure § illustrates a GC chromatogram showing G4 purity from ethanol to
isobutylens experiments.

(001001 Figure 6 lllustrates a GC chromatogram showing the production of phenolic

compounds and the relative distributions.

DETAILED DESCRIPTION

Definitions

(661017 As used throughout the specification, "a” can include referenis (o the singular
or plural. Accordingly, a functionalized lower hydrocarbon can include one or more
than one functionalized hydrocarbon as defined below,

(001021 Throughowt the present  specification, the terms  “about” andior
“approximately” can be used in conjunction with numerical values and/or ranges.
The term “aboul” is understood 1o mean those values near {0 a recited valug. For

example, “about 40 [uniis] can mean within + 25% of 40 (e.g., from 30 fo 50), within
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£ 20%,  18%, = 10%, & 9%, £ 8%, £ 7%, = 6%, + 5%, £ 4%, £ 3%, £ 2%, + 1%, less
than = 1%, or any other value or range of values thersin or therebelow.
Furthermore, the phrases “less than about {a value]” or “greater than about [a value]
should be understood in view of the definition of the term “about” provided herein.
The terms "about” and "approximately” can be used interchangesably.

100103} Throughout the present specification, the lerms “funclionalized lower
hydrocarbon” is used fo indicale the product or producis of a process described
herein. Functionalized lower hydrocarbons include linear, branched, and cydlic
molecules having up to about 10 carbons. The terms include either a homologated
{one carbon added relative to the carbon number of the starling material) or
lengthened (two or more carbons added relative 1o the carbon number of the slarting
material) alkane, or a product with the same or greater carbon number relative to the
starting material but with some sort of funclionalization introduced {e.g., & carbonyl, a
hydroxyl, and/or a degree of unsaturation, e.g., a double bond), and mixdures
theraof. Non-limiting examples of functionalized lower hydrocarbons produced by a
process disclosad herein include propylene, iscbuiviene, and acelone.

[00104] The terms also include co-products produced by a catalytic reaction of the
prasent application. For example, co-products include a product oblained from the
reaction of at least one reactant with at least one intermediate, or a product oblainad
from the reaction of mulliple intermediates. Co-producis include linear, branched,
cyclic molecules having up to about 10 carbons. Co-products also includes non-
hydrocarbon molscules generated by a process of converting starting material. Non-
fimiting examples of co-produced produced by a process disclosed herein include,
iscbutylene, acetone, hydrogen, carbon dioxide, methane, phenol, Z-pentanone,
mesityl oxide, methyl isobuiviketone, 3-methyl-Z2-butanone, 2-methyi phenol, 3-
methyl phenol (mefa-cresol), 2,5-dimethyl phenol, 3,5-dimethyl phenol (3,5-xylenaly,
2,3-dimethyl phenol, and 3,4-dimethy! phenol.

[00185] Throughout the present specification, the terms “carbon seleclivity” or
“selectivity” is used to indicate the selectivity of the process o produce a particular
functionalized lower hydrocarbon. In some embodiments, the catalyst, preparation of
the catalyst, and reaction parameters, e.g., superiicial velocily, influence the vield of

a particular functionalized lower hydrocarbon.



WO 2016/061262 PCT/US2015/055581
28

[00408] As wused herein, the phrases "molar concentration” and/or "mole
concentration” are used o characterize the mole percent of a particular stream
constituent, e.g., ethanol, water, ele. The molar concentration is calculated by
dividing the number of moles of a particular siream constituent, e.g., ethancl, by the
total number of moles in the process stream. See, ¢.9., page 34 of Felder, RM and
Rousseau, RW., 18978, Elementary Principles of Chemical Processes, by John Wilay
& Sons, Inc.

(001071 As used herein, the term “vield” in reference to a vield of a functionalized
fower hydrocarbon, e.g., isobutylene, is expressed as a perceniage of the maximum
theorstical vield, which defines the maximum amount of the functionalized lower
hydrocarbon, e.g., isobutylene, that can be generated per a given amount of ethanol
as dictated by the stoichiometry of the catalytic reaction used 0 make the
functionalized lower hydrocarbon, e.g., isobutviene. For example, the theoretical
yield for the catalytic reaction described herein is 33.3%, ie., 1 mol of isobutylene
produced per every 3 mols of sthanol substrate in the reactor Teed. As such, if 24%
of the ethanol carbon substrate is converted {o iscbulylens, the vield, as used herein,
would be expressed as 72%, which is oblained by taking a 24% conversion (o
iscbutylene divided by a potential 33.3% maximum theoretical vield. In another
example, the theoretical yield for the catalviic reaction described hersin is 50%, ie.,
1 mol of propylene produced per every 2 mols of ethanol substrate in the reaclor
feed. As such, if 40% of the ethanol carbon substrate is converted {o propylene, the
vield, as used herein, would be expressed as 80.0%, which is oblained by taking a
40% conversion {0 propylene divided by a potential 50% maximum theoretical vield.
Conversely, on a carbon alom basis, the therorstical yield o propylene is 75%,
which is expressed as 3 carbon atoms in propylene {1 mol) divided by 4 carbon
atoms ifrom ethanol (2 mols). For the conversion of ethanol to aceione, the
theoretical vield for the catalytic reaction described herein is 50%, ie., 1 mol of

acetone produced per every 2 mols of ethanol substrate in the reacior feed.

Ethano! fo Functionalized Lower Hydrocarbon Conversion

[00108] This application relates 1o the production of functionalized lower
hydrocarbons and more particularly o the process of converting sthanol o

functionalized lower hydrocarbons, e.g., isobutylens, propyvlens, and/or acstone. In
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particular embodiments, the sethanol o be converted is present at molar
concentrations in the reaclor feed equal to or exceeding 14%. in other particular
embodiments, catalysis used in the process of converting of ethanol to functionalized
lower hydrocarbons enables high carbon sslectivities, high purity, and/or improved
yields.

[00109] As noted above, aspecis of the present application are directed 1o a process
for preparing functionalized lower hydrocarbons, comprising: (a) Teeding o a reactor
a reactor feed comprising ethanol at a molar conceniration; and {b) contacting the
ethanol with a catalyst {(e.g. a InZdrAQMNO, mixed oxide calalyst or a
bifunctional helerogeneous calalyst) in the reaclor, whereby ethanol is converied o
the functionalized lower hydrocarbons. In one such embodiment, the sthanol is
covered to at least one funclionalized lower hydrocarbon at a vield of at least about
30%. In ancther embodiment, the ethanal is converied o at least one functionalized
fower hydrocarbon at a yield of at least 60%. in one embodiment, the reactor feed
comprises ethanol al a molar conceniration of at lgast about 5%. In one
sembodiment, the reaclor feed comprises ethandl at a molar concentration of at least
about 10%. In one embodiment, the reaclor feed comprises ethanol al a molar
concentration of at least about 14%. In one embodimeant, the reactor feed comprises
gthanol at a molar conceniration of at least about 158%. In one embodiment, the
reacior feed comprises ethanol at a molar concentration of at least about 20%. in
another embodiment, the reactor feed comprises ethanol at a molar concentration of
at ieast about 25%. In vet another embodiment, the reactor feed comprises ethand
at a molar concentration of at ieast about 30%, at least about 35%, at least about
40%, at least about 45%, al least about 50%, at least about 55%, at least about
60%, at least about 65%, ai least about 70%, at least about 75%, at least about
80%, at least about 85%, or at least about 80%. In an sxemplary embodiment, the
reactor fead is the azeotropic composition of an sthancl-water waler mixture
obtained from an ethanol production plant prior to dehydration has an ethanol molar
concentration of between about 80% and about 95%. In additional exemplary
ambodiments, the reactor feed comprises ethanol at a molar concentration selected
from the group consisting of 14.8%, 25.3% and higher, 33.6% or higher, 37% or
higher, and higher with approximate steam to carbon ratios of §4 10 1.3 or of 005 1o
3.0.
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[00410] In another aspect, the present application is directed to a process for
preparing at least one functionalized lower hydrocarbon, comprising: {a) feeding to a
reactor a reacior feed comprising ethanol at a molar conceniration of al least about
14%; and (b} contacting the ethanol with a Zn,Zr,A,Q:Mn,O; mixed oxide catalyst in
the reactor, whereby ethanol is converted to at least one funclionalized hydrocarbon
at a vield of at least about 30%. In one embodiment, the reactor feed comprises
agthanol at a molar concentration of at least about 20%. In another embodiment, the
reactor feed comprises ethanol at a molar concentration of at least about 25%. In yet
ancther embodiment, the reactor feed comprises sthanol at a molar concentration of
at least about 30%, at least about 35%, at least about 40%, at least about 45%, at
least about 50%, at least aboui 55%, at least about 80%, at least about 65%, at least
about 70%, at least about 75%, at ieast about 80%, at ieast about 85%, or at least
about 90%. In an exemplary embodiment, the reaclor feed is the azeotropic
composition of an ethanclwater mixture obiained from an sthanol production plant
prior to dehydration and has an ethanol molar conceniration of between about 80%
and about 95%. In additional exemplary embodiments, the reactor feed comprises
sthanol at a molar concentralion selected from the group consisting of about 14.8%
and higher, about 25% and higher, about 33.6% and higher, and about 37% and
higher, with approximate steam to carbon ratios of 0.4 o 1.3, or 0.05 {0 3.0,
respectively.

[00111] As noted abovs, in a second aspect, the application relates {0 a process for
preparing at least one functionalized lower hydrocarbon, comprising: (8) feedingto a
reactor a reaclor feed comprising ethanci, and (b} contacting the ethanol in the
reactor with a bifunctional helerogenegous catalyst comprising acid and base
functionality, whereby ethanol is converted {0 at least one funclionalized lower
hydrocarbon. In some embodiments, the reactor feed comprises ethandl at a molar
conceniration of at least about 5%. In one embaodiment, the reactor feed comprises
gthanol at a molar concentration of at least about 10%. In ancther embodiment, the
reacior feed comprises ethanol at a molar concentration of at least about 14%. in
ancther embodiment, the reactor feed comprises ethanol at a molar concentration of
al least about 15%. In yet another embodiment, the reactor feed comprises ethanol
at a molar concentration of at lgast about 20%. In yet ancther embodiment, the

reactor feed comprises ethancl at a molar concentration of at least about 25%. In yet
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another embodiment, the reacior feed comprises sthanol at a molar concentration of
at least about 30%, at least about 35%, at least about 40%, at least about 45%, at
least about 50%, at least about 55%, atleast about 60%, at least about 65%, at least
about 70%, at least about 75%, at least about 80%, at ieast about 85%, or at least
about 90%. In an exemplary embodiment, the reaclor feed is the azeotropic
compoesition of an ethanol-waler water mixiure obtained from an ethanol production
plant prior 1o dehydration and has an ethanol molar concentration of between about
80% and about 85%.

201127 Ethanol is a Z-carbon alcohol available from a variety of sources. Ethandl
may be produced both as a pelrochemical, through the hydration of ethylene, and via
biological processes, such as the fermentation of sugars with yeast. Which process
is more gconomical depends on prevailing prices of petroleum and grain feed stocks.
in addition, ethanol can be produced from biomass-generated syngas, which
involves firsi converting biomass, e.g., prairie grasses, wood chips, paper wasles,
agricultural wastes, tc., 10 syngas via a process called gasification. The syngas can
then be converted {0 ethanol and hydrogen using either a microbial catalyst, e.g.,
bacteria, or a melal catalyst. In addition to biomass, a number of other feadstocks
can be used to produce syngas including natural gas and coal.

(001131 As described above, this application provides a process for converting
egthanol 1o at least one funclionalized lower hydrocarbon. in cerlain embodiments,
this application provides for a process of converting ethanol at molar concentrations
equal to or exceeding 14% o at least one functionalize lower hydrocarbon. In certain
smbodiments, the ethancl 1o be converted o a functionalized lower hydrocarbon is
obtained from the fermentalion of biomass. The term "biomass” as used herein
refers primarily o the stems, leaves, and starch-containing portions of green plants,
and is mainly comprised of starch, lignin, cellulose, hemicsiiulose, and/or pectin
Biomass can be decomposed by either chemical or enzymatic treatment o the
monomeric sugars and phenols of which it is composed. This resulting material,
calied biomass hydrolysate, is neutralized and treated to remove trace amounts of
organic material that may adversely affect the biccatalyst, and is then used as a
feedsiock for fermentations using a biocatalyst. Exemplary sources of biomass
include corn and sugar cane. Additional sources include agriculture and municipal

waste, which may consist primarily of lignoceliulosic biomass.
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(801141 In exemplary embodiments described hergin, the ethanol 1o be converted {o
a funclionalized lower hydrocarbon is bio-based ethanol, je., bic-ethanol. The term
“bic-based” as used herain in reference 1o a particular compound or product means
at least about 5¢ wi % of the compound or product is derived from a non-petroleum
feedstock. In one embodiment, at least about 50 wt % of the ethanol is derived from
a non-petroleum feedsiock. In another embodiment, al least about 80 wt % of the
ethanol is derived from a non-petroleum feedstock, In vet additional embodiments, at
feast about 70 wt %, at least about 80 wt %, at lgast about 0%, or at least about 85
wt % of the ethanol is derived from a non-petroleum feedsiock. In one exempiary
embodiment, ali or substantially all of the ethanol to be converted to a functionalized
lower hydrocarbon i derived from a non-pelroleum  feedstock. In some
embodiments, the ethanol to be converted to a functionalized lower hydrocarbon is
produced in an ethanol bic-refinery via the fermentation of sugars by yeast.

801151 In certain embodiments, the sthanol o be converted to a functionalized
tower hydrocarbon is obtained from biomass-generated syngas. In certain other
smbodiments, the ethancl 1o be converted o a functionalized lower hydrocarbon is
obtained from syngas that has been derived from nalural gas, coal, or a combination
of natural gas and coal. In siill other embodiments, the ethanol to be converied (o a
functionalized lower hydrocarbon is obtained from a combination of biomass-
generated syngas and syngas that has been derived from nalural gas, coal, or a
combination of natural gas and coal.

00116} In certain other embodiments, the ethanol ic be converted o a
functionalized lower hydrocarbon is pelroleum-based ethanol. In one embodiment,
the petroleum-based ethanol is synthesized from ethviene. To produce ethanol by
chemical synthesis, pelrolsum-derived ethvlene may be hydrolyzed using a catalyst
such as sulfuric acid.

[001171 In some embodiments, the ethanol to be converled to a funclionalized lower
hydrocarbon is fuel-grade ethanol. As used herein, fuslkgrade sthanol is ethanol that
meets all the criteria Tor the standard ASTM specification of D4806-13a, provided,
however, that the fuel-grade ethanol as described herein and used in the process of
the present application may or may not comprise denaturants.

(301181 In an exemplary embodiment, the reactor feed is the azeotropic composition

of an ethanchwater mixiure obiained from an ethanol production plant prior fo
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dehydration using conventional methods such as sigves. The sthanol-water mixture
will typically comprise ethanol, water, and smali amounis of fusel alcchols. The
azectropic composition of an ethanol-water mixiure oblained from an sthanol
production plant prior to dehydration may have a molar concentration of about 80%,
81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 81%, 92%, 93%, 94%, or
95% ethanol. in an exemplary embodiment, the azeolropic composition of an
ethanol-water water mixture oblained from an ethandl production plant prior 1o
dehydration has a molar concentration of about 88%.

100118] In certain embodiments, the reactor feed comprises minor amounts of
compounds in addiion o the sthanol, such as water, methanol, fusel slcohols,
diluents, and combinations thereof. Thus, in some embodiments, the reacior feed
comprises sthanol and at least one additional constituent selected from water,
methanai, one or more fusel alcchols, and a diluent.

[00128] In one embodiment, the reactor feed comprises ethanol and water. In
various embodiments described herein, the reactor fesd comprises water at a molar
concentration of less than about 85%. In one embodiment, the reactor feed
comprises water at a molar conceniration of less than about 75%. In another
smbodiment, the reactor feed comprises water al a molar concentration of less than
about 85%. In yet another embodiment, the reactor fesd comprises water at a molar
concentration of less than about 60%, less than about 55%, less than about 50%,
less than about 45%, less than about 40%, less than about 35%, less than about
30%, less than about 25%, less than about 20%, or less than about 15%. In an
sxemplary embodiment, the reaclor feed comprises waler at a molar concentration
of less than aboul 12%. In another exemplary embodiment, the reactor feed
comprises water at a molar concentration of less than about 10%. In yet another
exemplary embodiment, the reacior feed comprises water at a molar concentration
of less than about 5%.

[00121] In some embodiments, the reactor feed consists of sthanol and waler. In
certain other embodiments, the reacior feed consisis of ethanol, water, and
methanol. In yet certain other embodiments, the reactor feed consists of sthanol,
water, methanol, and trace amounts of fusel alcohols, such as 1-propanol,
isobutanol, 2-methyl-1-buianocl, and isopentancl. In further embodiments, additional

reactor feed stream constituents may be added, including diluents. in some
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embodiments, additional diluents, aside from nitrogen, may be selected from carbon
dioxide, methane, ethane, propane, and mixtures thereof.

(001227 In further embodimenis, the reactor feed is preferably free or substantially
free of nitrogen. in one embodiment, the reactor feed comprises nitrogen at a molar
concentration of less than about 10%. In ancther embodiment, the reactor feed
comprises nitrogen at a molar concentration of less than about 5%. In yet ancther
embodiment, the reactor feed comprises nitrogen at a molar concentration of less
than about 2%, less than about 1%, less than about 0.5%, or less than about 0.1%.
in an exemplary embodiment, the reactor feed is free of nitrogen.

(00123} As described herein, the temperature, catalyst, reactor configuration, weight
hourly space velocity, superiicial gas velocity, and pressure are all parameters that
can affect the conversion and selectivity. The relationships among these parameters
may be adjusied to effect the desired conversion, reaction rate, and seleclivily in the
reaction of the process.

[00124] In certain embodiments, ethanal is contacted with a Zndr AQMn, O, mixed
oxide catalyst or a bifunclional hetercgenecus catalyst at a temperature range of
about 400 °C io about 800 °C. In a more specific embodiment, ethanol is contacied
with a ZnZr ALMnO, mixed oxide catalyst or g bifunctional heterogeneous
catalyst mixed oxide catalyst at a temperature range of about 440 °C o about 500
*C. in an exemplary embodiment, ethanal is contacted with a2 ZnZnAQMM G,
mixed oxide calalyst or a bifunctional heterogeneous calalyst mixed oxide catalyst at
a temperature of or about 440 °C. In ancther exemplary embodiment, ethandol is
contacted with a Zn/ZrAQMnO, mixed oxide catalyst or a Dbifunclional
heterogeneous calaiyst mixed oxide calalyst at a ternperature of or about 450 °C. in
vet another exemplary embodiment, ethanol is contacted with a ZnZr,ALGMNO;
mixed oxide catalyst or a bifunctional heterogensous catalyst mixed oxide catalyst at
a temperature of or about 460 °C. In slill ancther exemplary embodiment, sthanol is
contacted with a ZndrAGMMO, mixed oxide catalyst or a bifunctional
heterogensous catalyst mixed oxide calalyst at a temperature of or about 485 °C.
[00125] In certain  additional embodiments, sthanol is contacted with @
ZnLryAGsMn, O, mixed oxide catalyst or a bifunclional helerogeneous catalyst at a
weight hourly space velocity range of about 0.1 hr'' to about 2.5 k. In a more

specific embodiment, ethanol is contacted with a Zndr/AQMnO: mixed oxide
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catalyst or a bifunctional heterogeneous catalyst al a weight hourly space velocity
range of about §.2 hr' to about 1 hr'. In a further embodiment, ethanol is contacted
with a ZnZr AGMnwO, mixed oxide catalyst or g bifunctional helerogeneous
catalyst at a weight hourly space velocity range of about 0.3 hr'! to about 1.1 hr''. In
yvet ancther embodiment, ethanol is contacted with a Zn,Zr AQMn.O; mixed oxide
catalyst or the bifunctional helerogeneous catalyst at a weight hourly space velocity
range of about 0.4 hr'' to about 0.8 hr''. In vet another embodiment, ethanoi is
contacted with a Zndr AQ:Mn,0, mixed oxide catalyst or the bifunctional
heterogeneous catalyst at a weight hourly space veloaity range of about 0.55 hr”' o
about 0.75 hr'. In an exemplary embodiment, ethanol is contacled with a
£n ZrALMN O, mixed oxide catalyst or a bifunctional heterogeneous catalyst at a
weight hourly space velocity of or about 1.1 hr'

{60126} In some embodimentis, the sthanol to funclionalized lower hydrocarbon
reaction is carried out at a residence time range of about 0.5 ¢.5.8TP mL™ to about
4.0 g.8.8TP mLl™". In a more specific embodiment, the ethanal to functionalized lower
hydrocarbon reaction is carried out at a residence time range of about 1.0 gs.57P
ml™" to about 3.0 g.s.8TP mb™". In a further embodiment, the ethanol to
functionalized lower hydrocarbon reaction is carried out at a residence lime rangs of
about 1.5 g.8.3TP mL™ to about 2.5 g.5.8TP mL™.

(001271 One skilled in the art will recognize that longer on-stream fimes and less
regensration cycles increase calalyst life and lower overall production costs due o

fess process downtime.

Mixad Oxide Catalyst

[60128] in some embodiments, a ZndnALMNGD, mixed oxide catalyst is used in

the process fo convert ethanol io functionalized lower hydrocarbons. In some
embodiments, X is a value from is 1 {o 10, including all values and subranges
therein. In some embodiments, Y is a value from 1 to 100, including all values and
subrangses therein. In other embodiments, A is Al Si, Mg, or Cu, Ti, and V is a value
from € to 100, including all values and subranges therein. In further embodiments, Q
is Al, Bi, Mg, or Cu, Ti, and V is g value from 0 to 100, including all values and

subranges therein. In still other embodimentis, W is a value from 0 to 30, including ali
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values and subranges therein. In yet other embodiments, £ is a value from 5 to 250,
including all values and subranges therein.

001291 In one embodiment of the present disclosure, the process Tor preparing
functionalized lower hydrocarbons {(e.g., isobutylene or propylene) involves ZnZn0O;
mixed oxide catalyst wherein the ralio of In/Zr Oy} In a ZndnO; mixed oxide
catalyst is in a range of about 1:1 o about 1:100, of about 1:2 {o about 1:50, of about
1:5 1o about 1:25, or of about 1:8 to about 1:36. In a more specific exemplary
embodiment, the ratio of Zn/Zr (Cy) in the ZnZn, O, mixed oxide catalyst used in the
sthanol o iscbulylene conversion is aboul 112, In another spedific exemplary
embodiment, the ratio of Zn/dr (ay) in the ZndnC; mixed oxide catalyst used in the
ethanol 1o ischuiviene conversion is about 1:18. In vel another specific exemplary
embodiment, the ratio of Zn/dr (xiy) in the Zndn, O, mixed oxide catalyst used in the
ethanol {o isobutyiene conversion is about 1:25.

(801381 In some embodiment, Vis 8 and & is 8. In soms such embodiments, the
ratio of In/ZiiMn (cyiw) in the Zndr,Mn,Q, mixed oxide catalyst is in a range of
about 1:1:1 to about 1:100:30. In a more specific embodiment, the ratio of Zn/Zr/Mn
(xy:w) in the ZnZrMn,O; mixed oxide catalystis in a range of about 1:2:30 to about
1:50:30. In a further embodiment, the ratio of Zn/Zr/Mn (xiyiw) in the ZnZr,Mn,O,
mixed oxide catalyst is in a range of about 1:5:1 {0 about 1:25:30. In ancther
embodiment, the ratio of Zn/ZrMn (xiy:w) in the ZnuZr, Min, O, mixed oxide catalyst is
in a range of about 1:8:1 1o about 1:20:30. In one exemplary embodiment, the ratio
of Zn/ZriMin (xiyw) in the Zndr,Min, O, mixed oxide catalyst is about 1:8:1.

201314} In some embodiments, Als Si, Vis greaterthanorequalto 1, Sis G, and W
is 0. In some such embodiments, the ratio of Zn/Zi/Si (yv} in the Znr,5L0, mixed
oxide catalyst is in a range of about 1:1:1 to about 1:100:100. In a more specific
embodiment, the ratio of Zn/Zr/Si (xiyiv) in the ZnJr,SiO; mixed oxide catalystis in
a range of about 1:2:2 {6 about 1:50:50. In a further embodiment, the ratio of Zn/Zr/Si
{eyivy in the Znr,SLQ, mixed oxide catalyst is in a range of about 1:5:5 1o about
1:25:25. In another embodiment, the ratio of Zn/Zr/Si ey} in the Zndn, SO, mixed
oxide catalyst is in a range of about 1:8:8 1o about 1:25:25. In one exemplary
embodiment, the ratic of Zn/Zi/Si (xiywv) in the Zn SO, mixed oxide catalyst is
about 1:12:2.
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[00432] In some embodiments, Ais Al Sis 0, and W is G, In one embodiment, the
ratio of Zn/Zr/Al puywv) in te Zndr ALO, miked oxide catalyst  is in a range of about
1:1:1 to about 1:100:100, about 1:2:2 1o about 1:50:50, about 1:5:5 to about 1:25:25,
or about 1:8:8 to about 1:20:20. In ong exemplary embodiment, the process for
preparing high purity propylene involves ZnZr/ALVO, mixed oxide catalyst wherein
the ralio of Zn/Zr/Al (yiv) is about 1:12:1.

[00133] In some embodiments, A is Al V is greater than orequal fo 1, Qis S|, S is
greater than or equal to 1, and W is 0. In one embodiment, the ratio of Zn/Zi/AlGI
(xiywvis) in the InZrALSEKO, mixed oxide catalyst is in a range of about 1:1:1:1 o
about 1:100:100:100. in cother embodiments, the ralio of ZnfZr/ANS] (xyivis) in the
ZnZr,ALSKO, mixed oxide catalyst is in @ range of about 1:2:2:2 to about
1:50:50:50. In still other embodiments, the ratic of In/Zr/AVSE (oyivis) in the
ZnZrALSED, mixed oxide catalyst is in a range of about 1:55:5 to about
1:25:25:25. In yet other embodiments, the ratio of Zn/ZrAVST Doyivis) in the
Il AlGiO, mixed oxide catalyst is in a range of about 1:8:8:8 to about
1:20:20:20. In an exemplary embodiment, the ratio of In/Zr/AUSE (oyivis) in the
ZnLryALSEKED, mixed oxide catalystis about 1:12:2:2.

(001341 In some embodimenis, Alis Mg or Cu, Vis greater than oregual to 1, Wis §,
and S is 0. In some embodiments, the ratio of Zn/Mgldr or Zn/Cu/dr (viy) in the
Zn,MaginO, or Znludr,O, mixed oxide catalyst is in a range of about 1:1:1 fo
about 1:1:100. In a more specific embodiment, the ralio of Zn/Mg/Zr or Zn/Culir
(xwry) in the Zn Mg dn, O, or ZnCudry O, mixed oxide calalyst is in a range of about
1:1:2 {o about 1:1:50. In a further embodiment, the ratio of Zn/Mg/Zr or Zn/Cuw/Zr
(xviy) in the ZndMg,Zn O, or Zn,Cudr, O, mixed oxide catalyst is in a range of about
1:1:5 to about 1:1:36. In another embodiment, the ratio of Zn/Mg/Zr or Zn/Cuw/Zr
{oviyy in the ZndMgZnO; or £n,CuZr,Q; mixed oxide catalystis in a range of about
1:1:12 o aboul 1:1:25. In one exemplary embodiment, the ratio of Zn/Moldr or
Zo/Cu/Zr (oviy) in the ZnMadn O, or ZnCudn O, mixed oxide catalyst is about
1:1:25.

(801351 In some embodiments, A is Mg, V is grealer than or equalic 1, Wis sgusl o
about 1 or greater, and 5 is 0. In some such embodiments, the ratio of Zn/Mg/Mn/Zr
eviweyy or Zn/CuwMndZr poviwey) in the Zn Mg Mn O, or ZnCuMingdn O, mixed

oxide catalyst is in a range of about 1:1:1:15 {o about 1:10:10:100. in a more
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specific embodiment, the ratic of Zn/Mg/Mn/Zr (xoviwiy) or Zn/CuwWMn/dr (xviwy) in
ZnMaMn.Zr,O: or Zn,CuMn.Zr,O; mixed oxide catalyst is in a range of about
1:1:2:2 to about 1:5:5:50. In g further embodiment, the ratio of Zn/Mg/Mn/Zr (viwey)
or Z0/CuMn/Zr (xviwey) in the Zn Mg MnZnd, or ZnCuMn,Zn,Q, mixed oxide
catalyst is in a range of about 1:1:1G:5 {0 about 1:10:10:38. In ancther embodiment,
the ratio of Zn/Mg/Mn/Zr peviwey) or Zn/CuMn/Zy (oviwey) in the Zn Mg MnnZn, G- or
ZnCuMin,£ry/0, mixed oxide catalyst is in a range of about 1:1:2:15 to about
1:10:10:25. In one exemplary embodiment, the ratio of Zn/Mg/MniZr (oviwey) or
ZnfCuMn/Zr (xiviwly) in the IndMoMn,ZnO: or Zn,CuMn.dnO, mixed oxide
catalystis about 1:1:4:15,

[B0138] As a person skilled in the art will appreciate, the oxidation siates of
manganese and copper can be variable, as such the manganess and copper can be
present in one or more of a variety of oxidation siates within the catalyst materials
{e.g. Mn{0), Mn{D}, Mn{lil}, Mn{lV}, Cu{l), Cu({ll}, Cu(lil})}. The variable oxidation
states of Mn and Cu, coupled with the presence of Zr0;, ZnG, MgQ, ALC; and &
percentage of oxygen vacancies in addition (0 oxygen bridging between metal oxides
makes the exact oxygen ratio per catalyst variable. However, based on the metal
oxide ranges defingd above ong can reasonably expect atomic oxygen ranges o be
between about § and about 280.

[00137] Thus, in some embodiments, z is from about 5 to about 250. In some
embodiments, z is from about 5 to about 10, from about 10 to about 15, from about
15 to about 20, from about 20 to about 25, from about 25 to about 30, from about 30
to about 35, from about 35 {o about 40, from about 40 {o about 45, from about 45 {0
about 50, from about 50 to about 55, from about 85 fo about 80, from about 60 t©
about 65, from about 65 to about 70, from about 70 to about 75, from about 75 o
about 80, from about 80 to about 85, from about 85 to about 80, from about 80 fo
about 95, from about 85 {o about 100, from about 108 to about 110, from about 110
to about 115, from about 115 to about 120, from about 120 to about 125, from about
125 1o about 130, from about 130 to about 135, from about 135 to about 140, from
about 140 to about 145, from about 145 to about 150, from about 150 to about 155,
from about 1565 to about 160, from about 160 to about 165, from about 165 o about
170, from about 170 1o about 175, from about 175 to about 180, from about 180 to
about 185, from about 185 to about 180, from about 180 {o about 195, from about
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195 to about 200, from about 205 to about 210, from about 210 to about 215, from
about 218 to about 226, from about 220 to about 225, from about 225 o about 230,
from about 230 to about 235, from about 235 to about 240, from aboutl 240 o about
245, from about 245 to about 250, or any other value or range of values therein.

(60138} In some embodiments, the mixed oxide catalyst disclosed used for the
conversion of ethanol to functionalized lower hydrocarbons can be prepared by the

hard-template method, the co-precipitation method, or the impregnated method.

Hard-Template Method

[00138] iIn some embodiments, a ZndrAQMnO, mixed oxide catalyst can be

prepared by the hard-template method. In a particular embodiment, the ZnJn,O;
mixed oxide catlalyst is prepared by the hard-template method.

[60140] In some embodiments, a Zn2n0O; mixed oxide catalyst is prepared using a
modified hard-template method. See Jacobsen et al., 2000, J Am. Chem. Soc. 122;
7116-7117. in one embodiment, a conventional carbon support, e.4., a carbon black
support is utilized. Carbon black is a form of para-crysiatliine carbon that has a high
surface area-to-volume ratio. Several commercially available carbon black species
are known in the arl, such as Black Pearl 2000, VXC-200, Vulcan XC-72, Eiftex,
Mogui, Monarch, Regal, Spheron, Steiling, C5X, CRX, IRX, Uniled, Machem,
Shoblack, DL, and Propel from Cabot Corp., and Keljen Black, commercialized by
Akzo Nobel In an exemplary embodiment, the carbon black utilized is Black Pearl
2000, ie., BP-2000. In further embodiments, precursor metal salls are added to
deionized waler 1o produce an appropriate zing to zirconium ratio. In additionat
embodiments, the zinc and zirconium nitrate mixiure may be sonicated to produce a
clear solution. In further additional embodiments, the sonicaled zinc and zirconium
nitrate mixiure is added to the carbon support, 6.g., a carbon black support. In further
additional embodiments, the impregnated carbon support, e.g., a carbon black
support, may be dried and calcinated at a temperature between 400°C and 550°C. In
an exemplary embodiment, calcination occurs at a first temperature of 400°C for a
first period of ime and a second {emperature of 550°C for a second period of time.
(00141} In one such embodiment, the calalyst may be prepared by first depositing a
soluble zirconium precursor on a conventional carbon suppori, .¢., a carbon black

template, followed by a first calcination siep to prepare a zirconium oxide and then



WO 2016/061262 PCT/US2015/055581
40

deposition of the zinc salt onto the prepared Zirconium oxide, followed by second
calcination step to prepare the final Zn,dn,O, mixed oxide catalyst.

(001427 In some embodiments, the ratio of Zn/dr (y) in a Z2ndn0. mixed oxide
catalyst prepared using the hard-template method is in a range of about 1:1 to about
1:100. in a more specilic embodiment, the ratio of Zn/Zr (xiy} in a nZn/Q; mixed
oxide calalyst prepared using the hard-template method is in a range of about 1:2 to
about 1:50. In a further embodiment, the ratic of Zn/dr {xXy) in a IndnD, mixed
oxide catalyst prepared using the hard-template method is in a rangs of about 1:8 {o
about 1:38. In an exemplary embodiment, the ratio of Zn/dr (xiy} in a Zn 2,0, mixed

oxide catalyst prepared using the hard-termplate method is in a range of about 1:25.

Co-Precipitation Method

[00143] In some embodiments, the ZndrALMnO, mixed oxide catalyst can be
prepared by the co-precipitation method. In exemplary embodiments, the mixed
oxide catalyst prepared by the co-precipitation method is Znr, G, In other
exemplary embodiments, the Znr, AQMn, O, mixed oxide catalyst prepared by the
co-precipitation method s ZndnSi0C,. In olher exemplary embodiments, the
L0 ZrALMN O, mixed oxide catalyst prepared by the co-precipitation method is
£nZrALO:. In other exemplary embodiments, the ZnJr/AQ:Mn,O; mixed oxide
catalyst prepared by the co-precipitation method is Zndr ALSi0,. In still other
exemplary embodiments, the Zndr ACMn O, mixed oxide calalyst prepared by the
co-precipitation method is Zn Mg Zn,O; or ZnCuZn ;.

[00144] Based on acidily characterization measurements, via pyridine thermal
desorption technique, a ZnZrnAQMn.O, mixed oxide catalyst prepared via co-
precipitation technique has a more pronounced bimodal distribution exhibiling lower
levels of weaker acid sites with higher levels of stronger acid sites in comparison o
the hard templated, the impregnated, and inverse co-precipiiated catalysis. In
addition, the unique morphology of the co-precipitated calalyst demands a
significantly different Zn,Zn, 0, mixed oxide ratio to afford good ethanol conversion to
functionalized lower hydrocarbons. As a non-limiting example, selective ethanol o
iscbutylene conversion is achieved via a co-precipitated Zn,Zry/C: with a Zn/dr (xiy}
ratio of 1:20, whereas selective ethanol {o propylens conversion is achieved via a co-

precipitated ZnZr, G, with a Zn/dr Oy} ratio of 1112,
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(801451 Typically, the formation of isobutylens includes low levels of linear butenss
that result from acid catalyzed isomerization. However, for the ZnZn O, mixed oxide
catalyst prepared via the co-precipifation technique isomerizalion is surprisingly
minimized o the extent that the iscbulylens as produced meets high purity
isobuiylene specifications without further purification. This discovery provides
important benefits commercially, as enhancing the concentration of ethanol in the
feed stream while maintaining high selectivities and high purity of isobutylene can
significantly reduce capital and energy costs.

[00148] In some embodiments, the precursor metal salls are added o deionized
water [0 produce an appropriate zine to zirconium ratio. in additional embodiments,
to produce the appropriate ratios for the quatemary mixed oxide catalysts, the zZing
and zirconium nitrate mixiure may be sonicated to produce a dlear sclution. In further
additional embodiments, the sonicated zinc and zirconium nitrate mixiure is added to
the flask and precipitated, via dropwise addition of 20 wi% NaOH, LiOH, or KCH, at
room temperaturs, or a slightly elevated temperatures, with vigorous stirring until a
final pH of 7.0-9.0 is attained. In an exemplary embodiments, the sonicaled zing and
zirconium nitrale mixture is precipitated by atiaining a final pH of 7.0-7.8 via dropwise
addition of 20 wi% NaOH, LIOH, or KOH at room temperature. Afterwards, the
precipitated slurry is allowed to stir at room temperature for an additional 60 minutes.
in further additional embodiments, the co-precipitated Zn, Zr AQMnw O, mixed oxide
catalyst may be dried at 140 °C, and calcinated at a temperature between 400 °C
and 550 °C. In an exemplary embodiment, calcination occurs at a temperaiure of 500
oG for a period of 4 hours.

[00147] In an exemplary embodiment, the final ratio of Zn/Zr (xy) in the ZndnO;
mixed oxide calalyst is in a range of about 1:8 1o about 1:36. In a more speciiic
exemplary embodiment, the ratio of Zn/Zr (xy) in the Indn, O, mixed oxide catalyst
used in the sthancol o high purily isobutylene conversion is about 1:25. In ancther
specific embodiment, the ratio of Zn/dr {xv) in the ZnydnO, mixed oxide catalyst is
about 1:20. In ancther specific exemplary embodiment, the ratio of Zn/dr Quy) in the
Znlrd, mixed oxide catalyst used in the sthanol to high purity propylene
conversion is about 1:12.

[60148] in a further embodiment, the ZndrAQMnwO, mixed oxide catalyst may be

co-precipitated with carbon black. In one such embodiment, the ZnZnAQMn,O;
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mixaed oxide catalyst co-precipitated with carbon black may be used o prepare high
purity propylene by a process disclosed herein.

(00148 In ancther exemplary embodiment, the ZndnSi0, mixed oxide catalyst
may be prepared via the co-precipitation method with carbon black. In one such
embodiment, precursor metal salls are added to deionized waler to produce an
appropriate zing o Zirconium ratio.  In additional embodiments, the zing and
zirconium nitrate mixiure may be sonicated 1o produce a clear solution, or heated to
80C until a clear solution is produced. In further additional embodiments, the
sonicated or healed zinc and zirconium nitrale mixlure is added o the flask followed
by addifion of carbon black. The heterogeneous mixture is stirred for 5-10 minutes
to assure complete wetting of carbon black and afterwards the appropriate amount of
silicon dioxide is added followed by stirring for an additional 5-10 minutes. The
resulting mixture is precipitaled, via dropwise addition of 20 wi% NaOH, LICH, or
KOH, at room temperature with vigorous stirring until a final pH of 8.0-8.0 is attained.
Afterwards, the precipitated slurry is allowed to stir at room temperature for an
additional 80 minutes. In further additional embodiments, the co-precipitated
Zn B0, mixed oxide catalyst may be dried al 140 “C, and calcinated at a
temperature between 400 °C and 550 °C. In an exemplary embodiment, calcination
oocurs at a temperature of 500 °C for a period of 4 hours. In an exemplary
embodiment, the final ratio of Zn/Zr/Si (xiyv) in the ZnZn, SO mixed oxide catalyst
& In a ranges of about 1:8:1 to about 1:36:4. In 2 more specific exemplary
embodiment, the ratic of Zn/Zr/Si (xiyiv) in the Zn B0, mixed oxide catalyst is
about 1:12:2.

[00150] In an exemplary embodiment, the ZnZr/AlLO, mixed oxide catalyst may be
prepared via the co-precipifation method with carbon black., In one such
embodiment, precursor metal salls are added to deionized water o produce an
appropriate zing 1o zirconium ratio. In additional embodiments, the zinc and
zirconium nitrate mixture may be sonicated to produce a clear solution, or heated to
80C until a clear solution is produced. in further additional embodiments, the
sonicated or healed zing and zirconium nitrate mixiure is added o the flask followed
by addition of finely ground AlOz and carbon black. The helerogensous mixture is
stirred for 5-10 minutes to assure complete wetling of carbon black. The resulting

mixture is precipitated, via dropwise addition of 20 wi% NaOH, LIOH, or KCH, at
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room temperature with vigorous stirring until a final pH of 7.0-8.0 is atlained.
Afterwards, the precipiiated slurry is allowed t© slir at room lemperature for an
additional 80 minules. in further additional embodiments, the co-precipilaled
ZnZrALO, mixed oxide catalyst may be dried at 140 °C, and calcinated at a
temperature between 400 °C and 550 °C. In an exemplary embodiment, calcination
occurs at a temperature of 500 °C for a pericd of 4 hours. In a specific sxemplary
embodiment, the ratio of Zn/Zr/Al (eyiv) in the Indr ALVO, mixed oxide catalyst is
about 1:12:1.

[00151] in an exemplary embodiment, the IndnALSKO, mixed oxide catalyst is
prepared using the co-precipilation method with carbon black. in one such
embodiment, precursor metal salts are added fo deionized water o produce an
appropriate zinc 1o zirconium ratio. In additional embodiments, the zinc and
zirconium nitrate mixture may be sonicated o produce a ciear solution, or heated to
80C until a clear solution is produced. in further additional embodiments, the
sonicated or healed zing and zirconium nitrate mixiure is added o the flask followed
by addition of finely ground AlOa, SIiO,, and carbon black. The resulting mixiure is
precipitated, via dropwise addition of 20 wi% NaOH, at rcom temperature with
vigorous stirring until a final pH of 7.0-8.0 is atlained. Alterwards, the precipitated
slurry is aliowed o stir at room temperature for an additional 80 minutes. In further
additional embodiments, the co-precipitated Zn,Zr ALSisO:;  mixed oxide catalyst
may be dried at 140 °C, and caicinated al a temperature between 400 °C and 550
°C. In an exemplary embodiment, calcination occurs at a temperaturg of 500 °C for a
pericd of 4 hours. In a specific exemplary embodiment, the ratic of Zn/Zr/AISI
(xywvis) in the Znr ALSLO, mixed oxide catalyst is about 1:12:2:2.

[60152] in ancther exemplary embodiment, the ZnMg.2n0, or ZnCuZn,Q, mixed
oxide catalyst may be prepared via the co-precipitation method. in one such
embodiment, precursor metal salls are added to deionized waler to produce an
appropriate zingc to zirconium ratic. In additional embodiments, the zing, magnesium,
and zirconium salt mixture may be sonicated to produce a clear solution. In further
additicnal embodiments, the sonicated zinc, magnesium, zirconium salt mbdure is
added to the flask and precipitated, via dropwise addiion of 20 wi% NaOH, LIOH, or
KOH, at room temperature with vigorous stirring until a final pH of 7.0-8.0 is attained.

Afterwards, the precipitated slurry is allowed to silir at room temperature for an
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additional 80 minutes. in further additional embodiments, the co-precipitated
ZnMaZr, O, or InCudn O, mixed oxide calalyst, may be dried at 140 °C, and
calcinated at a lemperalure between 400 °C and 850 °C. In an exemplary
embodiment, calcination occurs at a temperature of 500 °C for a period of 4 hours. In
an exemplary embaodiment, the final ratic of ZnfMg/dr or ZnfCuidr (oviy) in the
Mol O, or ZInCudn, O, mixed oxide catalyst is in a range of about 1:1:12 to
about 1:1:36. In a more specific exemplary embodiment, the ratio of Zn/Mg/Zr (xviy)
or ZnfCu/Zr Doviy) in the Zn Mg ZnO; or ZnCufr, O, mixed oxide catalyst is about
1:1:25.

301531 In some embodiments, levels of co-products (e.g., propviens, phenols,
methane, eic.) relative o the functional lower hydrocarbon produced by the
disclosed process, {e.g., iscbutylene) are reduced relative to ZndrAMn,O, mixed
oxide calalysis prepared via the hard lemplale, impregnation, or inverse co-
precipifation technigues. Based on acidily characierization measurements, via
pyriding thermal desorption technigue, the calalyst prepared via co-precipitation
technique has a more pronounced bimodal distribution exhibiting lower levels of
weaker acid sites with higher leveis of stronger acid sites in comparison {o the hard-
templaied, the impregnated, and inverse co-precipitated catalysts. In addition, the
unigue morphology of the co-precipitated catalyst demands a significantly different
InZrAQsMn, O, mixed oxide ratic to afford good ethanol conversion o
functionalized lower hydrocarbons.

[00154] For example, the formation of isobulylene iypically includes low levels of
finear bulenes thal result from acid calalyzed isomerization. However, for the
ZnLryAGsMnL O, mixed oxide catalyst prepared via the co-precipitation technigue
isomerization is surprisingly minimized to the exient that the funclionalized lower
hydrocarbon as produced meets high purity specifications, e.g., of isobulylens,
propyiene, or acetone, without further purification. This discovery provides imporiant
benefils commercially, as enhancing the concentration of ethanol in the feed stream
while maintaining high selectivities and high purily of isobutyleng can significantly

reduce capital and energy cosis.

impraegnation Method




WO 2016/061262 PCT/US2015/055581
45

[00158] In some embodiments, the ZnZrnAQMn,O; mixed oxide catalyst was
prepared via an impregnation method. In exemplary embaodiments, the impregnalted
L ryAGsMng O

mixed oxide calalyst is ZIndr/Mn.O. In another exemplary
embodiment, the impregnated ZnZr/AQMR O mixed oxide catalyst is
Zn, Mg M Zr, O, or Zn,CuMnZnO..

[060158] in some embodiments, o prepare impregnated ZnZrAQMnO, mixed
oxide catalyst, precursor zine metal salts are added o deionized water to produce an
appropriate zine o zirconium {0 manganese ratio. In additional embodiments, the
zinc salt may be sonicated {o produce a clear solufion. In further additional
embodiments, the sonicated zinc sall is added to the commercial Zi/Mn catalyst as
per inciplent wetness technigue via dropwise addition. Afterwards, the impregnated
ZnZrMn,O: paste may be dried at 140 °C, and calcinated at a temperaiure
between 400 "C and §50 °C. In an exemplary embodiment, calcination occurs at a
temperature of 500 °C for a period of 4 hours. In an exemplary embodiment, the
final ratio of Zn/Zi/Mn (oyows in the ZnZr,Mn,,O; mixed oxide catalystis in a range of
about 1:8:1 o about 1:36:1. in 2 more specific exemplary embodiment, the ratio of
ZniZeiMn (Cyiw) in the ZnZnMn, O, mixed oxide catalyst is about 1:8:1.

(301571 In some embodimenis, {0 generale the quaternary mixed oxide calalysis,
precursor metal salls of zine and magnesium or zinc and copper, are added fo
deionized waler o produce the appropriate zinc to magnesium to mangansse 1o
zirconium ratio, or the appropriate zinc 10 copper 1o manganese o zirconium rafio.
in additional embodiments, the zing, magnesium, and/or zing, copper salt mixiure
may be sonicated to produce a clear solution. In further additional embodiments, the
sonicated zZing, magnesium, or zine, copper salt mixture is added dropwise 1o the
manganese/zirconium solids via incipient welness technique, and the resultant solid
may be drigd at 140 °C, and calcined at a temperature between 400 °C and 550 °C.
In an exemplary embodiment, caicination cccurs at a temperature of 500 °C for a
pericd of 4 hours. In an exemplary embodiment, the final ratio of Zn/Mg/Mn/Zr
(evewey) or Zo/Cu/MndZr (eviwy) in the ZndMoadMngZnQ; or Zn,CuMngZr,Q; mixed
oxide catalyst is in a range of about 1:1:4:12 {0 about 1:5:4:12. In a more specific
exemplary embodiment, the ratio of Zn/Mg/Mn/Zr (eviwey) or Zn/Cu/MniZr oviwey)
in the ZndMg Mn,Zr,Q, or ZnCu Ml O, mixed oxide catalyst is about 1:1:5:12.
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Sifunctional Catalyst

[00158] Embodiments of the present application stem from the identification of
catalysts and associated processes enabling higher carbon  selectivities (o
functionalized lower hydrocarbons than previcusly disclosed methods. Accordingly,
the catalysis and processes described herein support an industrially relevant
process with improved vields of iscbutylene and/or propviene from ethanol which
fowers the cost of goods in order to directly compete with pelro-based products.

(801581 The present application describes the use of bifunctional helercgensous
catalysts comprising acid and base funclionality for the conversion of ethanol to
functionalized lower hydrocarbons. As used herein, "acid functionality” or "acidic
functionality” for the catalysis can refer {0 sither Bronsied or Lewis acid acidity. For
Bronsted acidity, the catalyst is capable of donating protons {(designed as H') fo
perform the catalvlic reaction, under the conditions present in the catalylic reactor.
Acidic fon exchange resins, phosphoric acid present as a liguid phase on a support,
are two examples. Metal oxides such as silica, silica-aluminas, promoted zirconia or
titania can provide protons H' associated with Bronsted acidity in the presence of
waler or water vapor. Lewis acidity entails ability to accept an electron pair, and
most typically is obtained via the presence of metal cations in a mixed metal-oxide
framewaork such as silica-alumina or zeclite. Dstermination of acidic properties can
be done via adsorption of a base such as ammonia, use of indictors, or via use of a
probe reaction such as dehvdration of an alcohol to an olefin, which is acid
catalyzed. "Base funclionality” or "basic functionality” for the catalysts can refer to
sither Bronsied or Lewis basicity. For Bronsted basicily, hydroxide anion is supplied
by the catalyst, which may be present as an ion exchange resin, or supported Hquid
phase catalyst, mixed metal oxide with promoter such as alkali, calcium, or
magnesium, or in free sclution. Lewis base catalysis refers io the conditions where
Lewis base calalysis is the process by which an electron pair donor increases the
rate of a given chemical reaction by interacling with an acceplor alom in oneg of the
reagenis or substrate (see Scott E. Denmark and Gregory L. Beutner, Lewis Base
Catalysis in Organic Synthesis, Angew. Chem. Int. Ed. 2008, 47, pp. 1560'1638).
Prasence and characterization of basic sites for a heterogeneous catalyst may be
determingd via sorption of an acidic component, use of probe reactions, or use of

indicators, (sse K. Tanabe, M. Misone, Y. Ong, H. Hattori {Eds.), New Solid Acids
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and Bases, Kodansha/Elsevier, Tokyo/Amsterdam, 1989, pp. 260-267). Calalysts
such as mixed metal oxides may be "ampholeric”, or capable of acting as acidic or
basic catalysts depending on process conditions {pH, waler concentration), or exhibit
both acidic and basic properties under specific operating conditions, as a result of
surface structures generaled during formulation, or in situ during use to effect
catalytic reactions.

[00180] As described herein, the reaction converting ethanol {o funclionalized lower
hydrocarbons is performed using a bifunctional catalyst having both acid and bass
functionaiity. In one embodiment, the bifunclional catalyst includes at least one of
Ca, Fe, Zn, Ce, Sn, K, Ba, L, Hf, Mn, Sh, Al, Nb, Sc¢, in, V, Cr, Mo, Ni, Co, Cu, Na,
Cs, Rb, B, Mg, Sr, Cd, La, VY, hydrotalcite, zinc-aluminate, phosphate, and
combinations thereof.  In an exemplary embodiment, the bifunctional catalyst
includes at ieast one of Ca, Fe, Ce, Sn, K, Ba, Li, Hf, Mn, 3b, Al Nb, 3¢, In, V, Cr,
Mo, Ni, Co, Cu, and combinations thereof. In another embodiment, the bifunctional
catalyst includes at least one oxide from the group of Ti, V, Nb, Ta, Mo, Cr, W, Mn,
Re, Al, Ga, Fe, Co, Ir, Ni, B, Cu, Sn, Cd, P, Pd, Pi, and combinations thereol. The
bifunclional catalyst may also include a hydroxyapatite (HAP} combined with any one
or more of the above melals.

(00181} In some embodiments, the bifunclional catalyst may be self-supporting or
adhered {0 an inert support. In these embodiments, the acidic functionality may be
provided by at least one of Zr, Ti, 8i, Ce, Co, Sn, Al, and oxides thereof, zeoliles,
and amorphaous sllica alumina.

[00162] In exemplary embodiments, however, the acidic funclionality may be
provided by one or more supporis. Accordingly, the bifunctional calalyst may
comprise a support containing an acidic functionality selected from zirconia, litania,
siica, tin, aluminum, cerium, coball, oxides, heteropolyacids, alloys and mixiures
thereof, as well as zeolites and amorphous silica alumina.

1001831 One exemplary support providing the acidic funclionality is zirconia. The
zirconia may be produced via precipitation of zirconium hydroxide from Zirconium
salts, through sol-gel processing, or any cther method. The zirconia is preferably
present in a orystalline form achieved through calcination of the precursor malerial at
temperatures exceeding 400°C and may include both tetragonal and monaoclinic

crystalline phases. A promoter may be added to improve the textural or catalytic



WO 2016/061262 PCT/US2015/055581
48

properties of the zirconia. Such promoters include, without imitation, sulfate,
tungstenate, phosphate, litania, silica, and oxides of Group B melals, especially
Ce, La, or Y. In one embodiment, the catalyst comprises silica modified zirconia,
with Ni, Ru, Cu, Fe, Rh, Re, alloys and combinations thereof.

(601841 Another exemplary support providing the acidic funclionalily is titania. The
titania may be produced via precipitation from fHanium salls, through sob-gel
processing, or any other method. The fitania is preferably present in a crystalling
form and may include both anatase and rutile crystalline phases. A promoter may be
added {o improve the lexiural or catalyvtic properiies of the titania. Such promoters
include, without limitation, sulfate, silica, and oxides of Group HIB metals, especially
Ce, La, or Y. In one embodiment, the catalyst system consisis of Ru on a primarily
rutile phase titania, with the Ru being further alloved or admixed with Ge, Bi, B, Nj
Sn, Cu, Fe, Re, Rh, P, alloys and combinations thersof.

[00185] Yet ancther exemplary support providing the acidic functionality is silica. The
silica may be optionally combined with alumina to form a silica-alumina material. In
one embodiment, the catalyst sysiem is further alloved or admixed with Ni, Ru, Cu,
Fe, Rh, Re, alloys and combinations thereof. In another embodiment, the catalyst
system is Ni on silica~alumina or silica, with the nickel being further alloyed or
admixed with Sn, Ge, Bi, By, Cuy, Re, Ry, Feg, alloys and combinations thereof.
(060166 In some embodiments, the catalyst may include zedliles and cother
microporous supports that contain Group 1A compounds, such as Li, Na, K, Cs and
Rb. Preferably, the Group 1A material is present in an amount less than that reguired
to neutralize the acidic nalure of the support. A metlal funclion may also be provided
by the addition of group VHIB meflals, or Cu, Ga, In, or Sn.

(001671 In one embaodiment, the catalyst is derived from the combination of MgO and
AbOs to form a2 hydrotalcite material.  Another preferred material contains a
combination of Mg and ZrQ,, or a combination of ZnO and ALO:. Each of these
materials may also contain an additional metal function provided by copper or a
Group VIIIB metal, such as Ni, Pd, Pt, or combinations of the foregoing.

(001881 I a Group HB, VIB, VIB, VIIIB, lIA or IVA metlal is included, the loading of
the metal is in the range of 0.10 wt % fo 30 wt %, with weight percentages of 0.10%
and 0.05% increments between, such as 1.00%, 1.10%, 1.15%, 2.00%, 2.50%,

5.00% and 7.50%, 10%, 15%, 20%, 25%, otc. If a second metal is included, the
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preferred atomic ratio of the second metal is in the rangs of ¢.25-t0-1 to S5-1o-1,
including ratios there between, such as §.50, 1.00, 2.50 and 5.00-t0-1.

(00168} In varicus embodiments above, the catalyst syslems include a support
suitable for suspending the catalyst in the feedstock solution. The support should be
one that provides a siable platform for the chosen calalyst and the reaction
conditions. The support may take any form which is siable at the chosen reaction
conditions o function at the desired levels, and specifically siable in agueocus
feadstock solutions. Such supports include, without limitation, zirconia, titania, silica,
cerium, cobalt, heteropolyacids, alloys and midures thereof, as well as amorphous
silica alumina. Nanoporous supports such as zeolites may also be used.

(301701 The support may aiso be Ireated or modified to enhance s properties. For
example, the support may be treated, as by surface-modification, to modify surface
moieties, such as hydrogen and hydroxyl. Surface hydrogen and hydroxyl groups
can cause local pH variations that affect catalviic efficiency. The support may also be
modified, for exampls, by treating it with sulfates, phosphates, tungstenates, silanes,
lanthanides, atkali compounds or alkall earth compounds. For carbon supports, the
carbon may be pretreated with steam, oxygen (from air), inorganic acids or hydrogen
peroxide o provide more surface oxygen sites. The preferred prefreatment would be
to use either oxygen or hydrogen peroxide. The pretreated carbon may also be
modified by the addition of oxides of Group VB and Group VB. s preferred o use
oxides of Ti, V, Zr and mixtures thereof.

(801711 The calalyst systems, whether aloneg or mixed together, may be prepared
using conventional methods known to those in the arl. Such methods include
incipient wetting, evaporalive impregnation, chemical vapor deposition, wash-
coating, magnetron spuitering technigues, and the like. The method chosen to
fabricate the catalyst is not particularly critical to the funclion of the invention, with
the proviso that different calalysis will vield different results, depending upon
considerations such as overall surface area, porosity, elc,

[001723] In some embodiments, the ratio of the basic component {e.g., Ca, Fe, Ce,
on, K, Ba, Li, Hi, Mn, Sb, Al, Nb, &3¢, In, V, Cr, Mo, Ni, Co, Cu, eic.) to the acidic
component {e.g., Zr, Si, Ti, etc.) in the bifunctional catalyst is in a range of about
100:1 to about 1:100. In @ more specific embodiment, the ratio of the basic

componant to the acidic component in the bifunctional catalyst is in a rangs of about
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10:1 to about 1:50. In a further embodiment, the ratio of the basic component o the
acidic component in the bifunctional catalyst is in a range of about 1:1 to about 1:25.
in another embodiment, the ratio of the basic component to the acidic component in

the bifunctional catalyst is in a range of about 1:5 {0 about 1:20.

Catalvtic Promoters

(001731 In some embodiments, at least one promoter may be used io affect the
reaction, for example, by increasing activity and calalyst lifetime of a
Zn LA MN O, mixed oxide or bifunctional heterogenecus catalyst. Without
fimitation, promoters such as tin, copper, rhenium, ruthenium, gold, silver,
manganese, magnesium, scandium, nickel, and combinations thereol may be used
to genhance catalyst performance.

(601741 In an exemplary embodiment, promotors which can be used {o enhance
catalyst performance of the hard-templated Zn, 2O, mixed oxide catalyst in the
ethanol to isobutvlens include, without limitation, tin, copper, rhenium, ruthenium,
gold, sitver and combinations thersof.

(001751 In an exemplary embodiment, promotors which may be used o enhance
catalyst performance of the co-precipitated Zn.r, 0, mixed oxide catalysi, with the
ratio of Zn/Zr (xiy) of about 1:25, in the ethand! to iscbutylene conversion include,
without limitation, promolers such as manganese, magnesium, nickel, and
combinations thereof,

(801781 In an exemplary embodiment, promotors which may be used o enhance
catalyst performance of the co-precipitated ZnZr, O, mixed oxide catalyst, with the
ratio of Zn/Zr (cy) of about 1:12, in the ethanol fo propylene conversion include,
without limitation, promotars such as manganese, scandium, nickel, and
combinations.

(601771 In an exemplary embodiment promotes may be used o enhance calalviic
performance with impregnated ZnZr,Mn, O, mixed oxide catalyst, with the ratio of
ZniZriin Duyiw) of about 1:8:1, in the ethanol {o isobutylene include, without
imitation, magnesium, nickel, and combinations therecf.

301781 In an exemplary embodiment, promoters which can be used to enhance

catalyst performance with the co-precipitated Zn,Zr,Si,0; mixed oxide catalyst ratio
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of Zn/Ze/Si (xiyvevy of about 1:12:2 in the ethanol to propylene conversion include,
without limitation, manganese, scandium, nickel, and combinations thereof.

30179} In an exemplary embodiment, promoters which can be used to enhance
catalyst performance with the co-precipitated ZnZr,ALO, mixed oxide catalyst with
the ratio of ZnfZrfAl (cyivy of about 1:12:1 in the ethanol io propvlene conversion
include, without limitation, manganese, scandium, hafnium, lanthanum, fitanium,
silicon and combinations thereof.

(801801 In an exemplary embodiments, promoters which can be used {0 enhance
catalyst performance with the co-precipitated InZr ALSiO; mixed oxide catalyst
with the ratic of Zn/Zr/AISE peyivis) of about 1:12:2:2 in the ethanol o propylene
conversion include, without limitation, tin, copper, rhenium, ruthenium, gold, siiver,

manganese, magnesium, scandium, nickel, and combinations thereof.

Ethanol fo Isobulviens Conversion

[00181] As noted above, in one aspect, the present application is directed o a
process for preparing isobutylene, comprising: (a) feeding to a reacior a reactor feed
comprising ethanol at a molar concentralion of at least about 14 mol %; and (b)
contacting the ethanol with a Zndn, 0, mixed oxide catalyst in the reactor, whereby
sthanol is converted to isobutylene at a vield of at lsast about 30% of the maximum
theoretical molar vield. A reaclion scheme by which the inventive process converis
ethanol into isobutyvlene and co-products such as propyleneg, phenol, mela-cresol,
3.5-xylenol, acetone, and hydrogen is iHlusirated in Fig. 1. in cerlain embodiments,
the process may further comprise slep (¢) of recovering the iscbulylens.

(001827 In one embodiment, ethanol is converted 1o isobutylene at a yield of at least
about 30% of the maximum theorstical molar vield. In ancther embodiment, sthanol
is converted to iscbutyiene at a vield of at least about 35% of the maximum
theoretical molar vield. In yet another embodiment, ethanol is converted to
iscbutylene at a yield of at least about 40% of the maximum theoretical molar yisld.
in yet ancther embodiment, ethanol is converted {0 isobulyvlens at a yield of at least
about 45%, 50%, 55%, or 80% of the maximum theorstical molar yield. in an
exemplary embodiment, sthanol is converted io isobulylens at a yield of at least
about 65% of the maximum theorelical molar vield. In another exemplary

smbodiment, ethanol is converted o iscbutviene at a vield of at least about 70% of
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the maximum theoretical molar yield. In vet another exemplary embodiment, ethanal
is converted to iscbulylene at a yield of at least about 75% of the maximum
theorstical molar visld.

(601831 In one embodiment of the present disclosureg, the process for preparing
isobutylene involves Znr,O, mixed oxide catalyst prepared via the hard-templated
method wherein the ralio of Zn/Zr (¢y) in the hard-lemplated ZnZr, O, mixed oxide
catalyst is in a range of about 1:1 to about 1:100. In an exemplary embodiment, the
final ralic of Zn/Zr Duy) in the hard-templated Zn,Zr,0; mixed oxide catalystis in a
range of about 1:8 10 about 1:20. In 2 more specific exemplary embodiment, the ratio
of Zn/Zr {xy} in the hard-templated ZnZr,Q, mixed oxide catalystis about 1:12.
(001841 In an exemplary smbodiment, ethanol is converted to isobutvlens by the
process via a hard-femplated Zndr, O, mixed oxide catalyst at a vield of at least
about 30% of the maximum theoretical molar vield. In one such exemplary
embodiment, ethanol is converted to iscbutviene at a vield of at least 45% of the
maximum theoretical molar vield. in one embodiment, the iscbutylens produced by
the process is at least about 96% pure. In one embodiment, the functionalized lower
hydrocarbons producead by the process include iscbutylene, propyleneg, and acetone.
For example, in one embodiment, the molar conceniration of the ethanol in the
reactor feed is at least 14.8%, the functionalized iower hydrocarbons produced by
the process include isobutylene, propylene, and acelons. in such an exemplary
embodiment, the iscbutylene is produced at a yield of about 45% of the maximum
theorstical molar vield, the propylene is produced at a vield of about 8% of the
maximum theoretical molar vield, and the acetone is produced at a yield of about
14% of the maximum theoretical molar vield. In another exemplary embodiment, the
molar concentration of the ethanol in the reaclor feed is at least 25.3% or greater. in
such an exemplary embodiment, the funclionalized lower hydrocarbons produced by
the process include ischulviene, propylene, and acsione. In a further exemplary
embodiment, the iscbutylene is produced at a yield of about 46% of the maximum
theoretical molar yield, the propyiene is produced atl a vield of about 14% of the
maximum theoredical molar yield, and the acetone is produced at a yield of about 3%
of the maximum theoretical molar vield.

[30185] In some embodiments, at least one promoter may be used 1o affect the

reaction, for example, by increasing aclivity and catalyst lifetime of the ZnZr,O;
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mixed oxide catalyst prepared using the hard-templated method 1o convert sthanol to
isobutylene. Without limitation, promoters such as tin, copper, rhenium, ruthenium,

gold, sibver and combinations thereof may be used 1o enhance catalyst performance.

Ethanol fo Hich Furty iscbutvlene Conversion

[00188] As noted above, in one aspect, the present application is directed to a
process for preparing high purity isobulylens, comprising: (a) feeding 10 a reactor 8
reactor feed comprising ethanol at a molar concentration of at least about 14 mol %,;
and (b} contacting the ethandl with a co-precipitated Zn,Zr, O, mixed oxide catalyst in
the reaclor, whereby ethanol is converted {o isobutylene at a yield of at least about
30% of the maximum theorgtical molar vield, and isobutylene purity of at least about
89.7%. iIn certain embodiments, the process may further comprise step (¢} of
recovering the iscbutlylene.

(001871 In one embodiment of the present disclosure, the process for preparing high
purity iscbutylene involves Znr0, mixed oxide catalyst prepared via the co-
precipitated method wherein the ratio of Zn/dr {x1y) in the co-precipifated Zn O,
mixed oxide catalyst is in a range of about 1:1 to about 1:100. In a more specific
embodiment, the ratio of Zn/dr Oty in the co-precipitated ZnZr, O, mixed oxide
catalyst to prepars high purity iscbutylene is in a range of about 1.2 10 about 1:50. In
a further embodiment, the ratio of Zn/Zr (xy} in the co-predipitated Znr, O, mixed
oxide catalyst to prepare high purity isobubviens is in a range of about 1:5 to about
1:25. In another embodiment, the ratio of In/dr (cy) in the co-precipitated Zn 21,0,
mixed oxide catalyst to prepare high purily isobutylene is in a range of about 1:8 1o
about 1:25. in one exemplary embodiment, the ratio of Zn/dr () in the co-
precipitated Zn.Zr, O, mixed oxide catalyst to prepare high purily isobutylene is about
1:25. in some embodiments, the co-precipitated ZnZn,O; mixed oxide catalyst
improves carbon ssiectivity of the process and increases purity of the isobutyiene
produced by the process.

(00188} In one embodiment, ethanol is converted via a co-precipitated Znr,Q;
mixed oxide catalyst to high purity iscbutylene at a vield of at least about 35% of the
maximum theoretical molar yield. In another embodiment, ethanot is converted via a
co-precipitated Znfr, O, mixed oxide catalyst to high purity isobutylene at g yield of

at least about 40% of the maximum theoretical molar yield. In yet ancther
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embodiment, ethanol is converted via a co-precipitated Zndr,O; mixed oxide
catalyst to high purity iscbulylene at a yield of at least about 45%, 50%, 55%, or 60%
of the maximum theoretical molar vield. In an exemplary embodiment, ethanol is
converted via a co-precipitated ZnZnO; mixed oxide catalyst to high purity
isobutylene at a yield of at least about 85%0f the maximum theorsilical molar vield. In
another exemplary embodiment, sthanol is converted vig a co-precipitated Zn,Zn O,
mixed oxide catalyst 1o high purity iscbutylene at a vield of at least about 70% of the
maximum theoretical molar vield. In vel ancther exemplary embodiment, ethanol is
converted via a co-precipiiated InZnQ, mixed oxide catalyst fo high purity
isobutylene at a vield of at least aboui 75% of the maximum theoretical molar yield.
(001891 In some embodiments, high purity isobutylene is prepared according io the
process described hersin. Specifically, the process disclosed herein is capable of
producing substantially pure isobutylene containing no or relatively small amounts of
ingar butengs such as n-butene and Z-butene, or higher oligomer by-producis. in
one embodiment, the iscbutylene produced by the process disclosed herein is at
least about 896% pure. In ancther embodiment, the iscbutylene produced by the
process disclosed herein is al least about 87% pure. in vet ancther embodiment, the
iscbutylene produced by the process disclosed herein is at least about 98% pure. in
vet ancther embodiment, the isobutylene produced by the process disclosed hersin
is at least about 88% pure. in yel ancther embodiment, the isobutylene produced by
the process disclosed herein is al least about 899.5% pure. in yet another
embodiment, the isobutvlens produced by the process disclosed herein is at least
about 88.7% pure. In yel another embodiment, the iscbulylene produced by the
process disclosed herein is at least about 98.9% pure.

(001801 In an exemplary embodiment, iscbutylens is produced by the process via a
co-precipitated Zn,Zr,0, mixed oxide catalyst at a vield of at least about 30% is
isobutylene. In one such embodiment, ethanal is converted o isobutylene atl a vield
of at least 50% of the maximum theoretical molar yield. In a further embodiment, the
isobutylens is at least 88.7% pure. In another exemplary embodiment, the molar
concentration of the ethandl in the reactor feed is at least 25% or greater. In such an
exemplary embodiment, the funclionalized lower hydrocarbons produced by the
process include isobutylene, propylene, and acetone. In siill another embodiment,

the isobutylene is produced at a vield of about 50% of the maximum theoretical
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molar vield, the propylene is produced at a visld of about 10% of the maximum
theoretical molar yield, and the acetone is produced at yield of about 2% of the
maximum theoretical value.

601211 In some embodiment, promotors may be used 1o enhance catalyst
performance of the co-precipitated Zn,Zr,O; mixed oxide catalyst, with the ratio of
ZnfZr (xy)y of about 1:25, in the ethanol o iscbutylene conversion. Non-limiting
examples of promoters which may be used {0 enhance catalytic performance include

manganese, magnesium, nickel, and combinations thereof.

Ethanol to High Yield Isgbutviens

[00192] As noted abovs, in ancther aspect, the present application is directed {0 a
process for preparing high yield and selectivity iscbutylene, comprising: (a) feeding
to a reactor a reactor feed comprising ethanol at a molar concentration of at least
about 14 mol % and (b) contacting the ethanol with an impregnated ZnZr,Mn,O,
mixaed oxide calalyst in the reactor, whereby ethanol is converted to iscbutvlene at a
vield of at ieast aboul 30% of the maximum theoretical molar yield. In some
embodiments, the iscbutylene has a purity of al least about 98%. In some
embodiments, the impregnated ZnZr Mn, O, mixed oxide catalyst improves carbon
selectivity of the process and increases purity of the isobutylens produced by the
process relative to a InZrMnO: mixed oxide catalyst prepared by using the hard-
template method or the co-precipiiation method. In certain embodiments, the
process may further comprise step (¢ of recovering the iscbutylene.

20133} In one embodiment of the present disclosure, the process for preparing high
vield isobulylene involves ZndrMnO, mixed oxide calalyst prepared via the
impregnated method wherein the ratio of Zn/dr (xy) in the impregnated ZnZn,O,
mixed oxide catalystis in a range of about 1:1:1 {o about 1:100:30. In a more specific
embodiment, the ratio of In/Zr/Mn Ocyiw) in the impregnated ZnZrMn,O; mixed
oxide catalyst {o prepare high yield isobutylene is in a range of about 1:2:30 to about
1:50:30. In a further embodiment, the ratio of Zn/Zr/Mn (uyiw) in the impregnated
Zn L Mn, O, mixed oxide catalyst to prepare high yield isobutylene is in a range of
about 1:5:1 to about 1:25:30. In ancther embodiment, the ratio of Zn/Ze/Mn (Cy:w) in
the impregnated Zn.ZnMn,Q, mixed oxide catalyst to prepare high yield isocbutylene

is in a range of about 1:8:1 {o about 1:26:30. In ons exemplary embodiment, the ratio
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of Zn/ZriMn Doy iw) in the impregnated Zndr,Mn, O, mixed oxide catalyst {o prepare
high yield isobutylene is about 1:8:1.

(00194} In one embodiment, ethanol is converted via the impregnated ZnZrMn, O,
mixed oxide catalyst to iscbutylene at a vield of at least about 35% of the maximum
theorefical molar vyield. in ancther embodiment, ethanol is converied via the
impregnated ZndnMn,O. mixed oxide catalyst o high vield and selectivity fo
isobutylens at a yield of at least about 40% of the maximum theoretical molar visld,
in vet another embodiment, ethanol is converted via the impregnated ZnZr,Mn, 0O,
mixed oxide catalyst {0 isobutylene at a vield of at least about 45%, 50%, 55%, or
60% of the maximum theoretical molar vield. In an exemplary embodiment, sthanol
is converted via the impregnated Zn.Zr,Mn, O, mixed oxide catalyst to isobutylene at
a yield of at least about 65% of the maximum theorstical mdlar vield. In ancther
exemplary embodiment, ethanol is converted via the impregnated ZnZnMnyO:
mixed oxide catalyst to iscbutylene at a yield of at least about 70% of the maximum
theoretical molar vield. In yet ancther exemplary embodiment, ethanol is converted
via the impregnated Zn,Zr,Mn, O, mixed oxide catalyst {o isobutylene at a yield of at
least about 76% of the maximum theorelical molar vield.

(00185} In an exemplary embodiment, isobutylene is produced via impregnated
ZnZrMn G, mixed oxide catalyst at a yield of at least about 30%0of the maximum
theoretical molar vield. In one such embodiment, the vield of the isobulylene at least
about 50% of the maximum theorstical molar yield. in a further embodiment, the
isobutylene is at least 88.7% pure. In another exemplary embodiment, in one such
exemplary embodiment, the molar concentration of the ethanol in the reactor feed is
al least 25% or greater. In one such embodiment, the funclionalized lower
hydrocarbon  includes  isobulyleng, propylene, and acetone. In one such
smbodiment, wherein the iscbhutvlene is produced at a yield of about 50% of the
maximum theoretical molar vield, the propylene is produced at a yield of about 10%
of the maximum theoretical molar vield, and the acetone is produced at a vyield of
about 2% of the maximum theoretical molar yield,

(801881 In some embodiments, at least one promoter may be used o affect the
reaction, for example, by increasing activity and calalyst lifetime of the impregnated
£nZr,Q, mixed oxide catalyst. Without limitation, promoters such as magnesium,

nickel, and combinations thereof may be used o enhance catalyst performance.
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Ethano! to High Purity Propyviene Conversion

[00197] As noted above, in one aspect, the present application is dirscled o a
pracess for preparing high purity propyvlene, comprising: (a) feeding to a reacior a
reactor feed comprising ethanol at a2 molar concentration of at least about 14 mol %;
and (b} contacting the ethanol with a co-precipitated ZndnAQMn,C: mixed oxide
catalyst in the reactor, whereby ethanol is converted 1o propyleng at a yield of at
feast about 30%. In one embaodiment, the propviene has a purity of at lsast about
98%. In exemplary embodiments, the co-precipitated Zn,ZnA,QsMnO; mixed oxide
used in the conversion of ethanol to high purity propylense is ZnZn Q. Zndn,SKO;, or
L0 ZrALQ,, or IndnALSLO,. In certain embodiments, the process may further
comprise step (¢) of recovering the polypropylene.

(661881 In one embodiment of the present disclosure, the process for preparing high
purity propyleng invoives ZnZnQO, mixed oxide catalyst prepared via the co-
precipitated method wherein the ratio of Zn/dr (xy) in the Zndr,O, mixed oxide
catalyst is in a range of about 1:8 o about 1:36. In a more specific exemplary
embodiment, the ratio of Zn/dr (xy) in the co-precipitated Znr/ O, mixed oxide
catalyst 1o prepare high purity propvlene is about 1:12. In some embodiments, the
co-precipitated Zn,dn, O, mixed oxide catalyst improves carbon selectivity of the
process and increases purity of the propylene produced by the process.

10019981 In an exemplary embodiment, propylene is produced by the process via a
co-precipitated Zn,Zr,0; mixed oxide catalyst at a yield of at least about 30% of the
maximum theoretical molar vield. In one such embodiment, sthanol Is converted to
propylens at a vield of at least 80% of the maximum theoretical molar vield. In a
further embodiment, the isobutylene produced by the process is al least 98.5% pure.
In one ancther exemplary embodiment, the molar concentration ¢of the ethanol in the
reactor feed is aboul 25% or greater. In another exemplary embodiment, the
functionalized lower hydrocarbon includes isobutviene, propviene, and acetone. in
one such embodiment, wherein the isobuiylene is produced at a vield of about 5% of
the maximum theoretical molar yield, the propylens is produced at a yield of about
63% of the maximum theoretical molar vield, and the acetone is produced at a vield

of about 1% of the maximum theoretical molar yigld.
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(802001 In some embodiments, at least one promoter may be used to affect the
reaction, for example, by increasing activily and catalyst lifelime of the co-
precipitated Zn.Zn O, mixed oxide catalyst, with a ratio of Zn/Zr (xiy) of about 1112, In
the conversion of sthanol to propylens. Without limitation, promoters such as
manganese, scandium, nickel, and combinations thereof may be used o enhance
catalyst performance.

(002011 In one embodiment of the present disclosure, the process for preparing high
purity propylene involves Znr,Si0, mixed oxide catalyst wherein the ratic of
ZniZriSt (xoyiv) in the co-precipitated Zndn SO, mixed oxide catfalyst is in a range
of about 1:1:1 to about 1:100:100. In a more specific embodiment, the ratio of
Ln/ZeSE (cyw) in the co-precipitated ZnZr,SHQ, mixed oxide catalyst to prepare
high purily propylene is in a range of about 1:2:2 to about 1:50:50. In a further
embodiment, the ratio of Zn/ZrfSH ey} in the co-precipitated Zndn SO, mixed
oxide catalyst to prepare high purity propylene is in a range of about 1:5:5 to about
1:25:25. In another embodiment, the ratio of Zn/Zr/SE (xiyv) in the co-precipitated
ZnLry ok, mixed oxide catalyst to prepare high purity propylene is in a range of
about 1:8:8 to about 1:25:25. In one exemplary embodiment, the ratio of Zn/Zr/Si
(xcyiv) in the co-precipitated Zn,Jr,51,0; mixed oxide catalyst to prepare high purity
propylene is about 1:12:2. In some embodimenis, the co-precipitated Zn,ZrnSi,0;
mixed oxide calalyst improves carbon selectivily of the process and increases purity
of the isohulvlens produced by the process.

(802021 in some embodiments, at ieast one promoter may be used to affect the
reaction, for example, by increasing activity and catalyst lifetime of the
co-precipitated ZnZnSi,0, mixed oxide catalyst o prepare high purily propylene.
Without limitation, promoters such as manganese, scandium, nickel, and
combinations thereof may be used to enhance catalyst performance.

(662031 in one embaodiment of the present disciosure, the process for preparing high
purity propyiens involves co-precipitated ZnZr/ALC, mixed oxide catalyst wherein
the ratio of Zn/Zv/Al (eyivy is in a range of about 1:1:1 to about 1:100:100, about
1:2:2 to about 1:50:50, about 1:5:5 1o about 1:25:25, or about 1:8:8 to about 1:20:20.
in some smbodiments, the process for preparing high purity propylene involves co-
precipitated ZnZnALO, mixed oxide catalyst to prepare high purity propylene

wherein the ratio of Zn/ZrAl Doyiv) is about 1:12:1. In some embodiments, the co-



WO 2016/061262 PCT/US2015/055581
59

precipitated  ZnZr,ALO, mixed oxide catalyst improves carbon sslectivity of the
process and increases purily of the iscbulyiene produced by the process.

[00204] In some embodiments, at lsast one promoter may be used to affect the
reaction, for example, by increasing activity and catalyst lifetime of the co-
precipitated InZr AlLO, mixed oxide catalyst, with a ratio of Zn/Zr/Al (xiy:v) of about
1:12:1, 1o prepare high purily propylene.  Without Hmitation, promoters such as
manganesg, scandium, hafnium, lanthanum, titanium, silicon and combinations
thersof may be used to enhance catalyst performance.

[00208] in one embodiment, ethanol is converted via a co-precipitated Znr,SL0; or
Zn Ly AL, mixed oxide catalyst to high purily propylene at a yield of al least about
35%. In another embodiment, ethanol is converted a co-precipitated ZndnSi0, or
£nZrALO; mied oxide catalyst to high purily propylene at a vield of at least about
40%. In yet another embodiment, ethanol is converted a co-precipitated Zn,.Zn S0,
or ZnZnALQ, mixed oxide catalyst to high purity propyieng at a yield of at least
about 45%, 50%, 55%, or 60%. In an exemplary embodiment, ethanol is converied a
co-precipitated  Zn,Zr,SKO; or Indr ALO, mixed oxide catalyst to high purity
propylens at a vield of at least aboui 85%. In ancther exemplary embodiment,
ethanol is converled a co-precipitated ZnZn,SL0, or Zndr AlO, mixed oxide
catalyst to high purity propviene at a vield of at ieast about 70%. In vet another
exemplary embodiment, ethanol is converted a co-precipitaled Zn ZnSi0, or
ZnZnAlG, mixed oxide calalyst to high purity propylene at a yield of at least about
75%.

(80206} in an exemplary embodiment, iscbutyiene Is produced by the process via a
co-precipitated Zn,ZnSi0: or £n,Zr/ALC, mixed oxide catalyst at a yield of at least
about 30% of the maximum theorstical molar vield . In one such embodiment,
ethanol is converted o iscbutylene via a co-precipitated ZnZr,Si O, mixed oxide
catalyst at a yield of at least 60% of the maximum theoretical molar vield. In a further
embodiment the isobutylene is at least 88.7% pure. In another exemplary
embodiment, the molar conceniration of the ethanol in the reaction feed is about
25% or greater. In such an embodiment, the functionalized lower hydrocarbon
includes iscobutylene, propylene, and aceltone. In a further embodiment, the
iscbutylene is produced at a yield of about 8% of the maximum theoretical molar

vigld, the propylens is produced at a vield of about 80% of the maximum theoretical
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molar yield, and the acelons is produced at a vield of about 0.1% of the maximum
theoratical molar vield.

(002071 In ancther exemplary embodiment, ethanol is converted to iscbutylene via a
co-precipitated Zn,Zr,ALC, mixed oxide catalyst at a yield of at least 58% of the
maximum theorstical moiar vield. in one such embodiment, the isobutylene is at
least 89.7% pure. In another exemplary embodiment, the molar concentration of the
ethanol in the reaction feed is about 33% or greater. In one such exemplary
embodiment, the funclionalized lower hydrocarbon includes isobutylene, propylene,
and acetone. In ancther embodiment, the iscbulylene is produced at a vield of about
9% of the maximum theoretical molar vield, the propylene is produced at a yield of
about 58% of the maximum theoretical molar yield, and the acetons is produced at a
vield of about 0.7% of the maximum theoretical molar yigld.

(662081 In some embodiments, high purily propylene is prepared according to the
process described herein. Specifically, the process disclosed hersin is capable of
producing substantially pure propylene containing no or relatively small amounts of
propane. in one embodiment, the propylens is at least about 88% pure. In another
embodiment, the propyiene is at least about 897% pure. In vel another embodiment,
the propylene is at least about 88% pure. In yet ancther embodiment, the propylene
is at least about 88% pure. In yst ancther embodiment, the propylens is at least
about 99.5% pure. In vet another embodiment, the propyviene is at least about
899.9% pure.

Ethanol fo High Selactivity fo Propyvlens

[00208] As noted above, in one aspect, the present application is dirscled o a
process Tor preparing high purity propyvlene, comprising: (8) feeding 1o a reactor a
reactor feed comprising ethanol at a molar concentration of at least about 14 mol %;
and (b} contacting the ethanol with a co-precipitated Zn Zr ALSKO, mixed oxide
catalyst in the reaclor, whereby ethanol is converted o propvlene at a vield of at
teast about 30%. In one embodiment, the propylene has a yield of about 75% of the
maximum theoretical molar yield. In certain embodiments, the process may further
comprise step (¢) of recovering the polypropylens,

(002101 In some embodiments, A is Al, and V is greater than or equal to 1, Q is Si

and S is greater than or squal to about 1, and Wis §. In one such embodiment, the
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ratio of the ZniZr/AlSI (cyivis) in the co-precipitated Zndr ALSIEO, mixed oxide
catalyst is from about 1:1:1:1 to about 1100100100, from about 1:2:2:2 to about
1:50:50:50, from about 1:5:5:5 (0 aboul 1:25:25:25, or from about 1:8:8:8 to about
1:20:20:20. In an exemplary embodiment, the ratio of Zn/Zr/AVSE (xiyvis) in the co-
precipitated Zn,Zr,ALSisC; mixed oxide catalyst is about 1:12:2:2.

(00211} In some embodiments, the vield of the propylene is at least about 30%, at
least about 40%, at least about 50%, at least about 80%, or at least about 70%, of
the maximum theoretical vield. In one such embodiment, the vield of the iscbulylene
is about 75.5% of the maximum thecretical vield.

[302121The one exemplary embaodiment, the molar concentration of the ethanol in the
reactor Teed is about 37% or greater. In one such embodiment, the funclionalized
lower hydrocarbon includes isobutylene, propvlene, and acetone. In a further
exemplary embodiment, the iscbutylens is produced at a yield of about 27% of the
maximum theoretical molar vield, the propviene is produced at a vield of about
75.5% of the maximum theoretical molar vield, and the acetone is produced at a

yield of about (.01% of the maximum thecoretical molar yield..

Ethanal o Acstone Conversion

[00213] As discussed above, in one aspect, the application relates o a process for
preparing acetone, comprising: (a) feeding to a reactor a reactor feed comprising
ethanol at a molar conceniration of at least about 14 mol %; and {b) contacling the
ethanol with a, Zn,Mg,Zr,0; or £n,Cu,Zr,Q, mixed oxide catalyst prepared via a co-
precipitation method, or ZndMgMn,Zn,C: or ZnCuMndn,Q, mixed oxide catalyst
prepared via an impregnation technique in the reaclor, wheraby ethanol is converted
to acetone in yield of al least about 30% of the maximum theoretical molar vield. In
certain embodiments, the process may further comprise step {0} of recovering the
aceione. In some embodiments, the co-precipitated ZnMgZnC; or ZnCudn,G;
mixed oxide catalyst improves carbon seleclivity of the process. In certain
embodiments, the process may further comprise step () of recovering the acetone.
in some embodiments, the co-precipitated Zn Mg Zn,Q: or InCudryO, mixed oxide
catalyst or the impregnated ZnMgMn O, or ZInCuMndr,O, mixed oxide

catalyst improves purily of the process.
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(802141 In ong embodiment, sthanol is converted to acstone at a vield of at least
about 35% of the maximum theoretical molar yield. In another embodiment, ethanal
is converted 1o aceione at a vield of al least about 40% of the maximum theoretical
molar vield. In yet another embodiment, sthanol is converted o acetone at a yield of
at least about 45%, 50%, 55%, or 60% of the maximum theorstical molar vield. in an
exemplary embodiment, ethanol is converled 0 acetone at a yield of at least about
65% of the maximum theoretical molar yield. In another exemplary embodiment,
ethanol is converied {0 acetone at vield of at least about 70% of the maximum
theorstical molar vield. In yet another exemplary embodiment, ethanol is converted
io acetone at a yield of at least about 75%0f the maximum theoretical molar yield,
(30215} In some embodiments, A is Mg or Cu, V is greater than or eqgual {0 about 1,
Wis (, and S is 0. Accordingly, in ong embodiment of the present disclosure, the
process for preparing acetone with improved carbon selectivity involves Zn,Mg.dn,C;
or ZnCudnG, prepared via the co-precipitated method, whergin the ratio of
ZniMgldr or Zn/Cu/dr (viy) in the co-precipitated ZnMgdnO: or £n,Cudn,O;
mixed oxide catalyst is in a range of about 1:1:1 to about 1:1:100. In a more specific
embodiment, the ratic of Zn/Mg/Zr or Zn/Cu/Zr (Cviy) in the co-precipitated
Zn Mgl O, or ZnCudr, O, mixed oxide catalyst to prepare acetone is in a range of
about 1:1:2 to about 1:1:50. In a further embodiment, the ratic of Zn/Mgilr or
InfCwZr (xviyy in the co-precipiiated IndMgZnO: or 2nCudn,O; mixed oxide
catalyst {0 prepare acelons is in a range of about 1:1:5 o about 1:1:36. In anocther
sembodiment, the ratio of In/Mg/dr or Zn/Cu/iZr vy} in the co-precipitated
ZnMaudn, O, or £n,Cudr, O, mixed oxide catalyst to prepare acetone is in a range of
about 1:1:12 to about 1:1:25. In one exemplary embodiment, the ratio of Zn/Mg/ér or
Zn/Culdr (xivy) in the co-precipitated ZnMgudn, O, or InCudn, O, mixed oxide
catalyst to prepare acetone is about 1:1:25.

[60216] In an exemplary embodiment, acelone is produced by the process via a ¢o-
precipitated Zn,Mgudr,C, or ZnCudn0O, mixed oxide calalyst al a yield of at least
about 30% of the maximum theoretical molar vield. In one such embodiment, the
yield of the ethanol is at least 54% of the maximum theoretical molar yield. In a
further embodiment, the acelone is at least 96% pure. In another exemplary
embodiment, the molar concentration of the ethanol in the reactor feed is about 25%

or greater. In ancther exemplary embodiment, the functionalized lower hydrocarbon
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includes iscbutylens, propylens, and acetone. In such an embodiment, the
isobutylene is produced at a vield of about 8% of the maximum theoretlical molar
yield, the propylene is produced al a yield of about 2% of the maximum theoretical
maolar vield, and the acelone is produced at a vield of about 54% of the maximum
theoretical molar yield.

[00217] In some embodiments, Ais Mg or Cu, V is greater than or equal to 1, Wis
greater than or equal to about 1, and S is 0. In one embodiment of the present
disclosure, the process for preparing acetone with improved carbon selsclivity
involves Zn,Mg MnwZr,O; or Zn,CuMn.Zr,/O; mixed oxide catalyst prepared via the
impregnated method, wherein the ratio of Zn/Mg/Mn/Zr Doviwy) or Zn/Cu/Mn/Zr
{eviwey) s in a range of about 1:1:1:1 to about 1:1:10:100, about 1:2:2:2 to about
1:10:10:50, about 1:1:1:5 to about 1:10:10:25, or about 1:2:2:8 {0 about 1:15:15:20.
In some embodimenis, the process for preparing acetone with improved carbon
selectivity involves Zn Mg MnwinG, or ZnCuMnndrO, mixed oxide catalyst
wherein the ratio of Zn/Mg/Mn/Zr Coviwy) or Zn/CufMn/dr Doviwey) is about 1:1:5:15.
20218} In an exemplary embodiment, acelone iIs produced by the process via an
impregnated ZnMgMnuir/O, or ZnCuMn,dr,C: mixed oxide calalyst at a yield of
at least about 30% of the maximum theoretical molar vield. In one such embodiment,
ethanol is converled 1o acetone at a yield of at lsast 80% of the maximum theoretical
molar vield. In one embodiment, the acelone is al least 96% pure. In ancther
exemplary embodiment, the molar concentration of the ethanol in the reactor feed is
at least 33% or greater. In one such embodiment, the functionalized lowsr
hydrocarbon  includes iscbutylene, propyiens, and aceilone. In one such
embodiment, the isobulylene is produced at a vield of about 10% of the maximum
theorstical molar yield, the propylene is produced at a yield of about 1% of the
maximum theoretical molar yield, and the acetone is produced at a vyield of about

82%, of the maximum thecretical molar yield.

Recovery of Functionalizad {ower Hvdrocarbons

(802181 In certain embodiments, the process of the present application may further
comprise step {¢) of recovering the funclionalized lower hydrocarbon. In exemplary
embodiments, the functionalized lower hydrocarbon recovered is selected from

isobutylene, propylene, and acetone, and combinations thergof.
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(802201 in certain embodiments, the process of the present application may further
comprise step {(¢) of recovering the iscbutylene. For example, isobutylens may be
recoverad by a variety of processes which ars well-known and conventional in the
art, e.q., by distillation and acid exiraction with compounds such as polvbasic mingral
acids, particularly sulfuric acid In the range of about 55 to 70 weight percent. See,
e.g., U.S. Patent Nos. 2,081,767, 3,073,874, and 4,163,887, which are hersin
incorporated by reference in its entirety for all purposes.

(802211  In certain embodiments, the process of the present application may further
comprise step (o} of recovering the propviene. Propyvlene may be recovered by a
variety of processes which are well-known and conventional in the art, e.g., by
distiliation.

(002221 In certain embodiments, the process of the present application may further
comprise step (o) of recovering the acetone. Acelone may be recovered by a variely

of processes which are well-known and conventional in the art, e.g., by distiliation,

Unreagcted Walar

(00223} In certain embodiments, any urreacted water remaining from the conversion
of ethanol {o ischutylene is isolated. In a further embodiment, the isolated water is
recycled back to the front end of the reactor {¢ minimize waste waler. In ancther
embodiment, the isclated water is contacted with an organic scolvent immiscible with
water to preferentially exiract phenolic compounds for subsequent isolation via
distiliation. The organic solvent may then subsequently be recovered for recycle in a
closed loop process system. Examples of preferred waler Immiscible organic
solvents include, but are not iimited to, ethyl acelate, toluene, mixed xyleneas, and
methyl-i-butyl ether. The resulling exiracted water phase can be recycled to the front

end of the process and mixed with sthanol.

Catalyst Regeneration

(00224} In certain embodiments, the Zn,ZrAQsMn.Q; mixed oxide catalyst or the
bifunctional hetercgenecus catalyst used the process disclosed herein is
regenerated in siu. In a specific embodiment, the ZnZr AQMnO, mixed oxide

catalyst and the bifunclional heterogeneous catalyst is regenerated /n sifu by
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switching the process feed fo an oxygen-containing stream while maintaining

catalyst reaction lemperaiures as described herein 1o burn carbonaceous deposils.

Reactor

[00225] Suilable reactors include fixed-bed, adiabatic, fluid-bed, transport bed, and
moving bed. In an exemplary embodiment, the reactor is a fixed bed reaclor. In one
embodiment, the catalyst bed length-to-diameter ratio is at least about § and
preferably at least about 10, 100, or even 1000.

(002267 The catalytic conversion of ethanol {0 the reaction product can be run in
batch, sequential batch {ie., a serigs of balch reaclors), or in continuous mode as
described, for example, in H. Scott Fogler, {(Elemenis of Chemical Reaction
Engineering, 2nd Edition, (1892) Prentice-Hall Inc, CA). The processes and/or
conversion may be carried out in any of the equipment customarily employed for
hatch, sequential batch, or in confinuous mode processes. The condensate water
formed as a product of the reaction may be removed by separation methods

customarily employed for such separations.

Co-FProduct Formation and Regovery

(002271 In certain embodiments, funclionalized hydrocarbons produced by the
process {(e.g., iscbuiviene, propylens, or acstong) includes the generation of one or
more co-products during the catalviic reaction of the prasent application.

(802281 in some embodiments, co-products generated during the conversion of
sthanol {0 isobutylene or propylens may include, without limitation, propylene (8.g.,
in the production of isobutylene), isobuiviens {e.g., in the production of propylene),
acetone {a.g., in the production of isobutylene and propyiene), hydrogen, carbon
dioxide, methane, and phenolic compounds such as phenol, 2-msthyl phendol, 3-
methyl phenol {meta-cresol), 2,5-dimethyl phenol, 3,5-dimethy! phenot {3,5-xylenol},
2,3-dimethyl phenol, and 3,4-dimethyl phenol. In some embodiments, ong or more of
the co-products may be produced.

(002281 Co-products generated during the conversion of sthanol to aceione may
include, without limitation, in somse embodiments, at least one phenoclic compound
selected from phenol, Z-methyl phenol, 3-methyl phenol (meta-cresol), 2,5-dimethyi

phenol, 3,5-dimethyl phenol (3,8-xwylenol), 2,3-dimethyl phenol, and 3,4-dimethyi
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phenol is generated during the conversion of ethanol o acetone. In ong
embodiment, each of the phendlic compounds selecled from phenol, 2-methyi
phenol, 3-methyl phenol {mela-cresol), 2,5-dimethyl phenol, 3,5-dimethyl phenol
{3,5-xylenocl), 2,3-dimethyt phenol, and 3,4-dimethyl phenol are gengrated during the
conversion of ethanol o acelone. in some embodiments, at least one phenolic
compound selected from phenol, 2-methyl phenol, 3-methyi phenol {(mefa-crasol),
2. 5-dimethyl phenol, 3,5-dimethyl phenol (3,5-xylenol}, 2,3-dimethyl phenol, and 3,4-
dimethy! phenol is recovered following the conversion of ethanol to acetone. In one
sembodiment, each of the phenolic compounds seleclted from phend, 2-methyi
phenol, 3-methyl phenol {mela-cresol), 2,5-dimethyl phenol, 3,5-dimethyl phenol
(3,5-xylenol), 2,3-dimethyl phenol, and 3,4-dimethyl phenol are recovered following
the conversion of ethanol o acetone.

(60230} One or more of the phenolic compounds may be recovered by a variely of
processes which arg well-known and conventional in the art, e.g., by distillation
techniques, including, but not limited to, vacuum distillation. In some embodiments,
isolated unreacted waler may be separated from phenolic compounds using a single
stage flash, followed by distillation of the phenolic rich stream o remove any
remaining water.

(002311 In some embodiments, propylens is generated during the sthanal fo
functionalized lower hydrocarbon {e.g., isocbulylene) conversion. In one embodiment,
the propylene generated during the ethandl fo functionalized lower hydrocarbon
conversion is recoverad. In a more specific embodiment, the propylens is recovered
via a pressure swing adsorplion unit to result in high purity propylens, e.q., high
purity bic-propylene, which may be used for, e.g., the manufaciure of polymer grade
polypropyviene. In one embodiment, propylene is generated from ethanol at a vield of
at least about 5%. In ancther embodiment, propylene is generatsd from ethancl at a
yield of at least about 10%.

[00232] In some embodiments, iscbulylene is generated during the ethanol to
functionalized lower hydrocarbon {e.g., propylene) conversion. In one embodiment,
the isobutylens generated during the ethanol to propylene conversion is recovered.
in a more specific embodiment, the iscbutylene is recovered via a pressure swing
adsorption unit to result in high purity isobutyleng, e.g., high purily bio-isobutylene,

which may be used for, e.g., the manufacture of methyl methacrviate. In one
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embodiment, isobutyiene is generaled from ethancl at a vield of at least about 5%. In
another embodiment, isobutylene is generated from ethanol at a vield of at least
about 10%.

(602331 In some embodiments, acetone is generaled during the ethanol fo
functionalized lower hydrocarbon conversion. In one embodiment, the acetone
gensrated during the sthanol o functionalized lower hydrocarbon conversion s
recovered. In a further embodiment, the acefone is recovered subsequent fo the
removal of excess water by condensation. In another embodiment, the acetone is
coliected using a seleclive adsorbent material and recovered with appropriate
adsorbent regeneration steps.

[00234] in certain embodiments, the whole or a concentration of the aceione product
stream from the sthanol to funclionalized fowsr hydrocarbon reaction is recycled
back to the reactor feed io convert residual acetone. In one embodiment, the
recovered residual acetone is recveled back io the front end of the reactor and
converted to isobutylene using a £nZr/AQ:Mn O, mixed oxide catalyst prepared
ytilizing elther of the hard-template method, the co-precipitation method, or the
impregnated mesthod.

(802351 In an alternative embodiment, the isolated residual acstone can be
converted o isobutylens using a B-zedlite catalyst. See, e.g., Hutchings ef af., 1884,
Journal of Calalysis 147 177-185, which is herein incorporated by reference in ils
entirety for all purposes. In a further allernative embodiment, the isolated residual
acetone ¢an be converted to isobutylene using an alkali metal ion-exchanged BEA
zeolite catalyst. See, e.g., Tage ef al, 2011, Cafalysis Today 184: 1588-162. in
some embodiments, sequential reactors may be utilized to first convert ethanol o a
product stream comprising isobuivlens and acetone, and then subseguently acefone
to iscbutylene. For example, a first reactor may be utilized to first convert ethanal {o
a product stream comprising isobutylene and acetone, and a second reacior may be
utilized fo convert residual acetons o isohutylene.

[00238] In some embodiments, acelone is generated from ethanol at a vyield of at
feast about 5%. In one embodiment, acetone is generated from ethanol at a vield of
at least about 10%. In another embodiment, acetone is generated from ethanol at a
vield of at least about 15%, at least about 20%, at least about 25%, at least about

30%, or at least about 35%.
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(802371 As described herein, the present inveniors have found that incregasing the
superficial velocily can increase selectivily to acetone with a coresponding decrease
in isobutylene and/or propylene seleclivity. Accordingly, ihe technology of the
present application provides flexibility in that it allows one to swing the reaction
towards iscbutylene/propylene or {owards acelone depending on which product is
preferred based upon the prevailing market prices of iscbulylene, propylene, and
acetone. Thus, in another aspedt, the present application is directed to a process for
preparing a composition comprising at least ong of isobutylens, propylene, and
acelone, comprising: (8} feading o a reactor a reaclor feed comprising ethanol at a
molar concentration of at least about 14%, and (b) contacling the ethanol with a
£n AL MO, mixed oxide catalyst in the reactor, whereby ethanol is converted
to at least one of iscbutylene, propylene, and acelone. In ong embodiment, ethanol
is converted to at least one functionalized hydrocarbon at a vield of af ieast about
30%. In other embodiments, ethanol is converted o at least one functionalized lower
olefin at a vield of at least 50%. In such embodiments, co-products, e.g., propylens
and/or acetone, are produced at a vield of less than 30%, e.g., a yield in the range of
from 1% to 20%.

(00238} In some embodiments, hydrogen is generaled during the ethanol o a
functionalized lower hydrocarbon conversion. In one embodiment, the hydrogen
generated during the ethand o a funclionalized lower hydrocarbon conversion is
recovered, e.g., via a hydrogen recovery system. In some embodiments, the
hydrogen recovery system comprises ong or more units configured for condensation,
amine scrubbing, pressure swing adsorplion, cryogenic purification, flow of the
gaseous waste stream through a hydrogen-permeable membrane, flow of the
gasgous waste siream through a palladium membrane, flow of the gaseous wasle
stream through a hydrocarbon absorption medium, flow of the gasecus waste siream
through a gas expansion unit, flow of the gaseous wasle stream through a waler gas
shift chemical converter unit, or combinations thereof,

[00238] In some embodiments, CO; is generaied during the ethanol {o functionalized
tower hydrocarbon conversion. In ong embodiment, the CO; generated during the
ethanol to funclionalized lower hydrocarbon conversion is recovered. CO; may be
recovered by a variely of technigues that are conventional and well-known in the ar,

e.g., through the use of a CO, absorbing solution, pressure swing adsorption,
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temperature swing adsorption, cryogenic purification, membrane separation, or
combinations thereof.

(002407 In some embodiments, methane is generaled during the sthanol ©
functionalized lower hydrocarbon conversion. In ong embodiment, the methane
generated during the sthanol o funclionalized lower hydrocarbon conversion s
recovered.  Methane may be recovered by a variety of techniguss thal are
conventional and well-known in the art, e.g., through the use of pressure swing
adsorption, crvogenic purification, membrane separation, or combinations thereof.
20241} In some embodiments, al least one phenclic compound selecled from
phenol, Z2-methyl phenol, 3-methyl phenol {mefa-cresol), 2,5-dimethy! phenol, 3,5-
dimethyl phenol (3,5-xvienol}, 2,3-dimethyl phenol, and 3,4-dimethyl phenol is
generated during the conversion of sthanol o funclionalized lower hydrocarbon
conversion {8.g., isobutylene and/or propylene). In one embodiment, sach of the
phenolic compounds selected from phenol, 2-methyl phenol, 3-methyl phenol {mefa-
cresol), 2,5-dimethyl phenol, 3,5-dimethyl phenol (3,5-denol), 2,3-dimethyl phenol,
and 34-dimethyl phenol are generaled during the conversion of sthand o
functionalized lower hydrocarbon. In some embodiments, atl least one phenolic
compound seglected from phenol, Z-methyl phenol, 3-methyi phenol {mefa-cresol),
2,5-dimethyi phenol, 3,5-dimethyl phenol {3,5-xvienol), 2,3-dimethyl phenol, and 3,4-
dimethyl phenol is recovered following the conversion of ethanol o functionalized
fower hydrocarbon. In one embodiment, each of the phenolic compounds selected
from phendl, 2-methyl phenol, 3-methyl phenol (mela-cresol), 2,5-dimethyl phenol,
3.5-dimethyl phenol (3,5-wylenol), 2,3-dimethyl phenol, and 3,4-dimethy! phenol are
recovered following the conversion of ethanol fo funclionalized lower hydrocarbon.
One or more of the phenolic compounds may be recovered by a varisty of processes
which are well-known and conventional in the art, e.g., by distillation techniques,
including, but not limited to, vacuum distillation. In some embodiments, isolated
unreacied water may be separated from phenclic compounds using a single stage
flash, followed by distillation of the phenolic rich stream o remove any remaining
water.

(00242} In certain embodiments, acelaldehyde is produced during the conversion of
ethanol to functionalized lower hydrocarbon at a selectivity of less than about 10%.

in ancther embodiment, acetaldehyde is produced during the conversion of ethanol
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to funclionalized lower hydrocarbon at a selectivity of less than about 8%, less than
about 8%, less than about 4%, less than about 2%, or less than about 0.5%. in an
exemplary embodiment, acetaldehyde is produced during the conversion of ethanol
to functionalized lower hydrocarbon at a selectivity of less than about 0.1%.

[00243] In another aspect, the present application provides at least one
functionalized hydrocarbon (e.g., ischutvlens) prepared by the methods of the
present invention. In a further aspect, the present application provides high purity
isobutvlens prepared by the methods of the present invention. In vet ancther aspect,
the present application provides high purily propylene prepared by the methods of
the present invention. In other aspects, the present application provides isobulylens,
propylene, acetone, hydrogen, carbon dioxide, methane, and one or morg phenolic
compounds selecied from phenol, 2-methyl phenol, 3-methyl phenol {mefa-cresal),
2,5-dimethyl phenol, 3,5-dimethyl phenol (3,5-xylenol), 2,3-dimethyi phenol, and 3,4-
dimethyl phenol prepared by the methods of the present invention.

(802441 In ancther aspedi, the present application provides methods for converting
isobutylene produced by the methods of the present invention inte high-value,
beneficial hydrocarbons. In some embodiments, the beneficial hydrocarbons are
selected from the group consisting of jet fuel blendstocks, iscoctane, para-xylens,
methacrolein, methyl methacrylate, and butyl rubber.

(002457 In vel ancther aspect, the present application provides methods for
converting propylens produced by the methods of the present invention into high-
value, beneficial hydrocarbons. In some embodiments, polypropylens  and
derivatives thereof are produced from high purilty propylene produced via the sthand
fo propylene reaclion.

(00246 In yet another aspect, the present application provides methods Tor
converting acetons produced by the methods of the present invention into high-value
beneficial hydrocarbons. In some embodiments, the beneficial hydrocarbons are
methyl methacrylate, and solvents.

(002471 In some embodiments, the beneficial hydrocarbons are selected from the
group consisting of jet fuel blendstocks, iscociang, para-xyiens, methacrolein, methy
methaocrylate, tert-butancl, and butyl rubber,

Conversion of {sghutviens o Jet Fusls
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(802481 In various embodiments described herein, the iscbutylene generated by the
methods of the present application can be converled into jet fuels and jel fusl
biendstocks. Methods for the conversion of iscbutylene into these products are
described in U.B. Patent Nos. 8,193,402, 8,373,012, 8,378,180, 8,450,543,
8,487,149, and 8,546,627, Accordingly, in another aspect, the application provides a
process for preparing a jel fuel or jet fuel blendsiock, comprising: (a) preparing
isobuiviens by the ethanol to iscbutylene process described herein; and (b)

converting said isobutylens into a jet fuel or jet fuel blendstock.

Convearsion of isobulviens (g Isgoctane

[00249) In various embodiments described herein, the isobulylene generated by the
methods of the present application can be converted into isooctane. Methods for the
conversion of isobulylens inlo this product are described in U.S. Patent Nos.
8,183,402, 8,373,012, 8,378,160, 8,450,543, 8,487,148, and 8,546,627.
Accordingly, in another aspect, the application provides a process for preparing
isooctane, comprising: {a) preparing isobulylens by the ethanol o iscbulylens

process described herein; and (b) converting said isobutylene into iscoctane.

Conversion of {sohutviene fo Para-Xviens

(002501 In various embodiments described herein, the iscbulylene generated by the
methods of the present application can be converted into para-xylens. Methods for
the conversion of ischutylene into para-xylene are describad in U.S. Patent Nos.
8,193,402, 8,373,012, 8,378,180, 8,450,543, 8,487,149, and 8,546,827, as weli as
U.S. Palent Application Publication Nos. 2011/0087000, and 2012/0171741.
Accordingly, in ancther aspect, the application provides a process for preparing
para-xylene, comprising: {8} preparing isobutylene by the ethanol {0 iscbhutylene

process described herein; and (b) converting said iscbutylens into para-xylene.

Conversion of Isobutviene o Methacrolein and Methvl Methacrviate

(802511 In various embodiments described herein, the iscbutylene generated by the
meihods of the present application can be converted into methacrolein and methyl
methacrylate. Methods for the conversion of isobutylene intc methacrolein and
methyl msthacrvlate are described in US. Patent Nos. 8,183,402, 8,373,012,
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8,378,160, 8,450,543, 8,487,148, and 8,546,627, Briefly, ischutylene can be
oxidized over sullable melal oxide calalysis (g.g., using the methods described in JP
2005-253415) at temperatures of about 300-500 °C to methacrolein (MAL) which is
then further oxidized 1o methacrylic acld at temperatures of about 350-500 °C. The
resulfant methacrylic acid can be further esterified to methylmethacrylate. The
oxidation of isobulens 10 MMA may also be accomplished in a single step {(e.g., as
described in WO/2003/053570). Accordingly, in ancther aspect, the application
provides a process for preparing methacrolsin, comprising: (a) preparing isobutylens
by the sthancl o iscbulylens process described herein; and (b) converting sald
iscbutylene info methacrolein.

(002521 In vel another aspect, the application provides a process for preparing
methyimethacrylate, comprising: (8} preparing iscbulvlene by the ethand fo
isobutylene process described herein; (b) converling said iscbutylens  into
methacrolein; {¢) oxidizing the methacrolein of (b) into methacrylic acid; and (d)

esterifying the methacrylic acid of (¢} into methylmethacrylate.

Convearsion of Isobuiviene o Buladiene and Butvi Rubber

(00253} One of the major indusirial uses of isobuivlene is in the production of butyl
rubber primarily for use in automobile tires. Butyl rubber is a high pesrformance
polymer comprised of high purity isobutylene cross-linked with di-olefins such as
butadiene or isoprene (e.g. U.S. Pal. No. 2,984,644; Dhaliwal G K, Rubber
Chemistry and Technology 1994, 67, p. 567). Typically, 1-3% of isoprene is blended
with isobutylene and co-polymerized in the presence of a polymerization catalyst
such as aluminum chioride and other metal salts. Thus, in various embodiments
described herein, the isobutylene generated by the methods of the present
application can be converted into butadiens and butyl rubber. Methods for the
conversion of isobutylens into butyl rubber are described in U.S. Palent Application
Publication No. 2010/0216858. Accordingly, in ancther aspect, the application
provides a process for preparing butyl rubber, comprising: (a) preparing iscbulylene
by the ethanol o iscbutylene process described herein; and (b} converting said
iscbutylene into buty! rubber.

(00254} This invention is further illustrated by the following examples that should not

be construed as limiting.
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EXAMPLES
Example 1. Ethanol fo Isobulvlene Conversion Using Hard-Templale ZnZr.0,
Catalyst

Example 1A Hard-Template Zndr,O; Catalyst Freparation & Reactor Setup

[00255] The Zndr,O; mixed-oxide catalyst was synthesized by the hard-tempialing
method described in Sun et al, 2011, 1 Am. Chem. Soc. 133: 11086-11088. Briefly,
12 g of BP2000 Carbon Black {Cabot) was dried overnight at 180°C. The precursor
metal salts (Sigma Aldrich} were added o deionized water in an amount fo produce
a zing-to-zirconium molar ratio of 1:12. The solution contained 19 g of zirconyl nitrate
hydrate, 1.4 g zinc nitrate hexahydrate, and approximately 85 mb deionized water.
The Zn and Zr nitrate mixiure was sonicated for 15 minutes o produce a clear
solution. 50 g of the solution was added o 12 g of dried carbon black o achieve
incipient weiness,

(002561 The impregnated carbon black was dried ovemight in the fume hood and
then transferred 1o a box fumace for calcination at 400°C for 4 h. Final calcination
was carried out at 550°C for 20 h. Ramp rates 1o calcinalion temperalures were
3°C/min. The vield of dry calalyst powder is approximately 3.5 g.

(0602571 Hslerogeneously catalyzed ethandl {0 iscbutylens reactions take place in a
packed bed of catalyst localed inside of a 3/8" OD siainless sieel reaction tube.
Gaseous reagenis are supplied by mass flow confrollers and lquid reacianis are
supplied by syringe pump. The liguld reactants are mixtures of sthanol and water. A
co flow of nitrogen provides an internal standard o quantify gaseous producls. Prior
io entering the reactor the nitrogen/ethanol/waler mixture is effectively vaporized by
preheating to 320°C. The flow reacior is enclosed in a heating fumace capable of
heating the packed bed to 550°C.

1602587 Downstream of the flow reaclor, gassous producis are separated from Hquid
producis by a coid frap and both streams are sent (o instrumentation for compaosition
analysis.

(002581 Product streams arg analyzed by gas chromatography (GC). Liguid samples
are collecied in a cold rap for offline analysis. Gaseous samples are directed o a

GC sample loop equipped with a thermal conductivity detecior (TCD).
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Example 1B: Results with 14.8% Molar Conceniration of Ethanol

(80280} Eihanol and watler were mixed in a 1:2 ratio by mass. The ethanol-water
mixfure was fed o the reactor al a rate of 6.1 mbl/min. A co-feed of nilrogen enables
quantification of gasecus products including isobutylens, propylens, CQO,, acetone
and methane. The tolal inlet mole concentration of sthano! for the baseline condition
is 14.8%. The catalyst temperature is set to 485°C. The stainless sieel reaclor is
loaded with 2.5 g of Zn-Zr mixed-metal-oxide catalyst prepared in Example 1A,

(802811 The product distribution based on carbon sslectivity for the bassling
conditions described above is shown in Table 1. The primary product is isobutylene
al 45% carbon selectivity., The 45% carbon selectivity represents 67% of the
theorstical maximum. There is 8% carbon converted to propylene {ie., 11% of the
theorefical maximum) and 14% carbon converted o acetone {(ie., 189% of the
thecretical maximum). Z8% carbon is converted fo CO; and the remainder is
converted io methane. Resulis for the present example indicate improved
isobutvlens selectivity at high concentrations of ethanol in the reactor feed.
Increased selectivity to propylene relative o prior art methods was also observed.
indeed, 8% carbon was converted to propylens, which currently has a higher value

relative {0 acetone and acetaldehyde.

Table 1. Carbon Selectivity in Product for Ethanol {o iscbutviene Experiments at

Ethanol Molar Concentration of 14.8%

CO2 Propylene iscbutylene | Acstone | Methane
26% 8% 45% 14% 8%

Example 1C: Resylts with 25.3% Molar Concentration of Ethanol

(002621 The purpose of this example is to illustrate high isobutylene selectivity at
increased concentrations of ethanol in the ethanoi-to-isohutylene reactor feed.

1002831 In this exampie, sthanol and watler were mixed in a 1:1 ralio by mass. The
ethanol-water mixiure was fed o the reacior at a rale of 0.1 ml/min. A co-feed of
nitrogen  enables guantification of gassous producis  including  ischutviene,
propyiene, CO;, acelone and methane. The {olal inlet mole concentration of ethandl

for this experiment is 25.3%. The calalysl temperature is sel {0 485°C. The stainless
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steel reactor is loaded with 2.5 g catalyst. The catalyst is a Zn-Zr mixed metal oxide
as prepared in Example 1A.

(00264 The carbon seleclivity for increased-ethancl-conceniration expsriments is
shown in Table 2. The primary product is iscbutylene at 46% carbon selectivity. The
46% carbon selectivity represents 65% of the theoretical maximum. There is 14%
carbon converted to propylene (s, 19% of the theorelical maximum) and 3%
carbon converted {0 acetone {i.e., 4% of the theoretical maximum). 25% carbon
converts to COy and the remainder converts to methane. The resulls here iliustrate
that the isobutyiene selectivity is maintained at a high level for increased ethanol
concentrations in the reaclor feed. Increased selectivity o propylene relative {o prior
art methods was also observed. Indeesd, 14% carbon was converted to propylens,

which currently has a higher value relative to acetone and acetaldehyde.

Table 2. Carbon Seleclivity in Product for Ethanol {o Isobulvieng Experiments at

Ethanol Molar Concentration of 25.3%.

Loz Propylene ischulylene | Acetone | Methane

25% 14% 48% 3% 12%

Exampls 1D Resulls Over Temperature Rangs

(002651 The following series of experimental results show the product selectivity Tor
an inlet ethancl mole concentration of 14.8% with varving catalyst temperatures,

[00266] The baseline result is represeniad in the middle of Fig. 2 (485°C). At lower
temperatures (450°C) the iscbulylene seleclivily is reduced while the acstone
selectivity increases. At high temperatures (830°C), the aceione seleclivity
decreases 0 a minimal value while the methane seleclivity increases o 24%. At all
lemperalures tested the iscbulylene selectivity was greater than 40% of the

theorelical maximum with an inlet ethanol mole concantration of 14.8%.

Example 1E: Resulls Over Ethanol Range

[00267] This example illustrales high iscbutylene seleclivity over a range of feed
ethanol concentrations. The lesis were camied oul al a c¢alalyst temperature of
485°C using the Zn-Zr catalyst prepared in Example 1A, The feed rale of the

sthanol-water mixiure was §.1 mb/min.
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[00288] Ischutylene selectivity was at least 60% of the theoretical maximum over a

range of ethanol feed concentrations from 15% to 25%.

Examplie 1F: Shift from isobutviene io Acetone by Modifving Superficial Velocity

(002631 This example illusirates thal the product distribution can be varied by
altering the superficial velocity of the feed to the sthanol-to-ischutylene reactor. All
experimenis in the following figure were carried out using a Zn-Zr mixed metal oxide
catalyst prepared as described in Example 1A, The catalyst temperature for this
experiment was 485°C.

(002701 The results in Fig. 3 indicate that the product distribution can be altered by
varying the feed rale o the regactor. Al high superficial velocities the dominant
product is acetone with similar conversion o isobutylens and minimal conversion o
propyiene. As one increases the residence time {decreases the superficial velooiiy)
the acelong selectivity is reduced while seleclivities 1o propylene and isobuiviene
increase. The isobutylene selectivity reaches a maximum around 25-30 cm s while
the propylene carbon selectivity continues o increase with increasing residence time

{decreasing velooily).

Example 16; Fuel-Grade Ethanol vs. Solvent-Grade Ethanol

[00271] The purpose of this example is 1o evaluate the impact of using fuel
gradesthanol (87.5% wiw pure) on the ethanol-to-iscbutylene reaction. For this
experiment an sthanobwater mixiure was fed to the In-Zr catalyst prepared in
Example 1 at a rate of 0.1 mbU/min. The catalyst femperature was 485°C and the inlet
mole concentration of sthanol is approximately 14.8%.

(00272} Fig. 4 illustrates the product distribution when using fuel-grade ethanol
relative {o solvent-grade ethanol. The impact of using fuel-grade sthanol as a fesd o

the reaction isobutylene carbon selectivity is minimal.

Example 1H: Isobutylens Purity

(002731 The following experiment was carried oul o determing the purity of
iscbutylene formed from ethanol using a Zn-Zr mixed-metal-oxide catalyst. During a
baseling ethanol-o-iscbutylene experiment (described in Example 2A) the product

stream was collected in a dry-ice trap and then dissolved into dilsobutylens for liquid
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injection on GC equipped with FID. The resulting chromatogram is shown in Fig. 3

with the relalive peak areas in Table 3.

Table 3. Relative Peak Areas for GC Chromatogram in Fig. §.

Peak Mamsa Relative Area (%)
{sobutane (.56
lsobutylens 96.21
cis-2-butene 2.08
trans-2-butene 1.16

*- Less than 0.5% of the peak is likely atiributable 1o n-butene

[00274] The resulls indicale a high selectivity to isobulylene relative o other C4
olefins and paraffins from the ethanol-o-isobutylene reaction carried out on Zn-Zr
mixed metal oxide catalysis.

Exampie 11 Phenolic Compounds

(80275} The primary products in the liquid concentration of the ethanol o isobutylens
reacltion products are acelone, waler, and phenolic compounds. The phenolic
compounds inciude phenol, 2-methyl phenol, 3-methyl phenol (meta-cresol), 2,5-
dimethyl phendl, 3,5-dimethy!l phend (3,5-xviench), 2 3-dimethy! phenol, and 3,4-
dimethyl phenol. An internal standard (butanone) enables guantification of acetong in
the liquid product. A chromatogram showing the typical phenolic compounds and
relative distributions is shown in Fig. 8. The phendlic compounds such as phenol,
meta-cresol, and 3,5-xvlenol are currenily more valuable in the marketplace relalive
o aceione. They have a variely of uses in the production of foods, cosmelics, and
pharmaceuticals. This is the first report to describe the production of high-value

phenolic compounds in an ethanol to iscbulyleng conversion.

Example 2: Ethanot tog Hich Burty Isobuiviens Conversion Using Co-FPragipifated
i, Q- Gatalyst

Example 2A; Co-Precipitation Catalvst Preparation & Reaclor Setup

(00276} Separately, the required amount of ZrO(NO3)e (98%) and Zn{NQO;), 6H,0

(99.8%) were dissolved in 70 g DI (deionized) watser {0 prepare the stock metal salt

solutions to deliver the reguired Zn/dr molar ratic. For example, a 1/20 Zn/Zr ratio
was prepared by adding 10 g of ZrO{NO:) (89%) and 0.66 g of Zn{NGa)» 6H,0

(99.8%) to 70 g of DI water. The resulting salt solution is heated uniil the salls are
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fully dissolved. The various Zn o Zr molar ratios (1:12, 1:20, 1:25, 1:38) were all
prepared from these siock solutions. To a §.5 L round botiom flask equipped with a
magnetic stirrer, the appropriate metal salt solution was added. To the slirring adidic
salt solution (pH < 1}, at room temperature, was initiated drop wise addition of a 20
wi% NaOH solution (lypical addition times are 10-15 minules), prepared from Dl
water and NaOH peliets as purchased from Aldrich chermical, untl pH 7.25-7.75 is
attained. After addition of the 20 wi% NaQOH solution (typical addition amounts 11-12
g}, and atiaining target pH, the soclution is stired at room temperature for an
additional 80 minutes. The resulling precipitate is fillered and washed with warm D
water. The filler cake is dried at 140 °C for 3 hours, and calcined at 500 °C for 4 h in
a mufile furnace. The metal oxides were used directly as prepared.

(0602771 Hslerogeneously catalyzed ethandl o iscbutylene reactions take place in a
packed bed of catalyst localed inside of a 3/8" OD siainless sieel reaction tube.
Gaseous reagents are supplied by mass flow confrollers and liguid reacianis are
supplied by syringe pump. The liguid reactants are mixtures of sthanol and water. A
co-flow of nitrogen provides an internal standard to quantify gasecus products. Prior
io entering the reactor the nitrogen/ethanol/waler mixture is effectively vaporized by
preheating fo 320 °C. The flow reactor is enclosed in a heating furnace capable of
heating the packed bed to 550 °C.

1602781 Downstream of the flow reaclor, gassous producis are separated from Hquid
products by a cold frap and both streams are sent to on-ine instrumentation for
composition analysis.

(80278} Product streams are analyzed by gas chromalography (GC). Liguld samples
are collecied in a cold rap for offline analysis. Gaseous samples are directed o a

GC sample loop equipped with a thermal conductivity detecior (TCD).

Example Z2B: Results with 25.4% Molar Concentration of Ethanol

(002807 Ethanol and waler were mixed in a 1:1 ratio by mass. The ethanolwaler
mixiure was fed 1o the reactor at a rate of 6.1 ml/min. A co-feed of nitrogen enables
guantification of gassous products including iscbutylene, propylene, CO,, acstons
and methane. The total inlet mole concentration of sthanol for the baseling condition

is 25.4%. The catalyst temperature is set to 460 °C. The stainless steel reactor is
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foaded with 2.5 g of In-Zr mixed-metal-oxide catalyst prepared in Exampie 2A for a
co-precipitated catalyst prepared with a 1/25 Zn/Zr ratio.

(00281 The product distribution based on carbon selectivity for the baseline
conditions described above is shown in Table 4. The primary product is iscbutylene
at 50.4% carbon selectivity. The 50.4% carbon selectivity represents 75.2% of the
theoretical maximum. There is 10.8% carbon converted to propylene, 1.2% carbon
converted to ethylene, 2.3% carbon converted o acetone, 24.6% carbon converted
to COy, and the remainder or carbon is converted to methane. Tables 87 present
results of iscbulylene purity for co-precipilated calalyst versus impregnated and
hard-templated calalysis at various Zn/Zr ratios. Resulis for the preseni example
indicate improved iscbutylene selectivity at high concentrations of ethanol in the

reactor feed.

Table 4. Carbon Selectivity in Product for Ethanol {o Isobuivieng Experiments at

Ethanol Molar Concentration of 25.4%

o0, Ethylene | Propylene | Iscbutyiene | Acetone | Methane
24.6% 1.2% 10.8% 50.4% 2.3% 9.9%

Table 5. Iscbutylene Purity in Product for Ethanol io Iscbutylene Experimenis at
Ethanol Molar Concentration of 25.4% with co-precipitated catalyst with Zn/Zr ratio of

1/25 at reaction temperature of 460 °C.

Isobutviene | n-Butene | cis-2-butene | frans-2-butene | ischutane
898.70% 0.04% 0.01% (0.04% 0.21%

Table 8. Iscbutylene Purity in Product for Ethanol o Iscbutyleng Experiments at
Ethanol Molar Conceniration of 25.4% with impregnated catalyst with Zn/Zr ratio of

1/12 at reaction temperature of 460 °C.

isobutylene | n-Bulene | cis-2-butene | frans-d-butene | iscbutane
97.28% 0.85% 0.70% 1.09% 0.08%

Table 7. lsobuiyleng Purity in Product for Ethanol io Ischutylene Experiments at
Ethanol Molar Concentration of 25.4% with impregnated catalyst with Zn/Zr ratio of

1/25 at reaction temperature of 460 °C.

Ischutyiene | n-Butene | cis-d-butene | trans-2-butene | ischutane
95.68% 1.72% 1.15% 1.45% 0.00%




WO 2016/061262 PCT/US2015/055581
80

Example 2C: Comparative Results with 25.3% Molar Concentration of Ethanol with

impregnated catalyst at Zn/Zr ratio 1/25

(002821 The purposs of this example is to filustrate carbon selgclivity at increased
concentrations of ethanol in the ethanoi-to-isobutylene reactor feed with impregnated
catalyst at an identical Zn/dr ratic of 1/25 as a direct comparison to the co-
precipilated catalyst,

(802831 In this exampie, ethandl and water were mixed in a 1:1 ratio by mass. The
ethanol-water mixiure was fed to the reacior at a rate of 0.1 ml/min. A co-feed of
nitrogen  enables  quantification  of gaseous producis  including  isobulylens,
propyiene, CQO;, acelone and methane. The {ofal inlet mole concentration of gthanol
for this experiment is 25.3%. The catalys! temperature is set to 460 °C. The stainless
steel reactor is loaded with 2.5 g catalyst. The calalyst is a In-Zr mixed metal oxide
as prepared via classical inciplent wetness impregnation lechnigue.

(002841 The carbon selectivity for increased-sthanol-concentration experiments is
shown in Table 8 for the impregnated catalyst with a Znv/Zr ratic of 1/25. The primary
product is acetone at 38.7% carbon selectivity indicative of poor catalytic activity with
regard to conversion of acetone o iscbutylens. There is 14.1% carbon converted to
propylene (19% moiar visld from ethanol}, 22.9% carbon converied to iscbutylene
{34% molar vield from ethanol), 5.8% carbon converied to ethylene (indicating
significantly higher levels of ethanol dehydration), 14.2% carbon converis to CO;
(indicative of higher ethylene levels and lower isobutylene leveis) and the remainder
converts {0 methane. The results here illustrale the significantly different
performance belween the impregnated and co-precipitated catalyst with regard to
catalyst activity with regard to iscbutyvlene formation, optimal Zn/Zr ratios, and

product isobutvlens purity.

Table 8. Carbon Selectivity in Product for Ethanol o Isobulyiene Experiments at
Ethanol Molar Concentration of 25.3% with impregnated catalyst with Zn/Zr ratio
1/25.

COy Ethviene | Propviene | Isobutviene | Acetone | Mathane
14.2% 5.8% 14.1% 22.9% 39.7% 3.2%
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Example 3 Ethanol to High Purity Propviene Conversion Using Co-Precipifated
Znar/0, Calalyst

Example 3A: Co-Precipitation Catalyst Preparation & Reactor Setup

[060285] Separately, the required amount of ZrO(NCs)k (89%) and Zn{NQOs)k-6H0

{99.8%) were dissolved in 70 g DI {deionized) water {o prepare the siock metal sall

solutions to deliver the required Zn/Zr molar ratio. For example, a 1/12 Zn/Zr ratio
was prepared by adding 10 g of ZrO{(NOs) (98%) and 1.2 g of Zn{NO3p-6H20
(99.8%) to 70 g of DI water. The resulting salt solution is heated until the salts are
fully dissolved. The various Zn o Zr molar ratios (1:12, 1:20, 1:25, 1:38) were all
prepared from these stock solutions. To a 0.5 L round bottom flask equipped with a
magnetic stirrer, the appropriate metal salt solution was added followsed by the
addition of 3 g of BP2000 Carbon Black {Cabot). To the stirring acidic sait and
carbon black slurry solution (pH < 1), preferably at room temperature or between 25-
100 °C, was initiated drop wise addition of a 20 wi% NaOH solution (typical addition
times are 10-15 minutes), prepared from DI water and NaOH psllets as purchased
from Aldrich chemical, until pH 7-9 is atlained. After addition of the 20 wi% NaOH
solution {typical addilion amounts 11-12 g}, and attaining target pH, the solution is
stirred at room temperature, or at the target precipitation iemperature, Tor an
additional 80 minutes. The resulting precipitate is filtered and washed with warm DI
water. The filter cake is dried at 140 °C for 3 hours, and calcined at 500 °C ford hin
a muffle furnace. The melal oxides were used direcily as prepared.

(002881 Heterogeneously catalyzed sthanol to propviene reactions take place in a
packed bed of calalyst located inside of a 3/8” OD slainless siesl reaction tube.
Gaseous reagents are supplied by mass flow controllers and lquid reactants are
supplied by syringe pump. The liguid reactanis are mixiures of ethanol and water. A
co-flow of nitrogen provides an internal standard to quantify gassous products. Prior
to entering the reactor the nitrogen/ethanoliwater mixiure is effectively vaporized by
preheating to 320 °C. The flow reacior is enclosed in a healing furnace capable of
heating the packed bed to 550 °C.

(002871 Downstream of the flow reactor, gaseous products are separated from Hquid
products by a cold trap and both streams are sent (o on-line instrumentation for

compaosition analysis.
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(002881 Product streams arg analyzed by gas chromatography (GC). Liguid samples
are collected in a cold trap for offline analysis. Gaseous samples are directed o a

GC sample loop equipped with a thermal conductivity detector (TCD).

Example 3B: Results with 25.4% Molar Concentration of Ethanol

[00289] Fuel grade Ethanol and water were mixed in a 1.1 ratio by mass. The
ethanol-water mixiure was fed o the reacior at a rale of 0.1 ml/min. A co-feed of
nitrogen  enables guantification of gassous producis  including  ischutviene,
propyiene, CO,, acelone and methane. The {olal inlet mole concentration of ethandl
for the basseline condilion is 25.4%. The catalyst femperature is set 1o 460 °C. The
stainlgss sieel reactor is loaded with a mixture of 2.5 g of Zn-Zr mixed-metal-oxide
catalyst prepared in Example 3A for a co-precipitated catalyst prepared with a 1/12
InfZy ratio with 2.5 g of glass beads.

(002801 The product distribution based on carbon sslectivity for the baseling
conditions described above is shown in Table 8. The primary product is propylene at
83.2% carbon selectivity. The 863.2% carbon sslectivity represents 84.3% of the
theorstical maximum (63.2%/75.0% = 84.3%). There is 6.2% carbon converted o
iscbutylene, 4.1% carbon converted to sethviene, 0.8% carbon converted to
acetone, 23.1% carbon converted to CO;, and the remainder or carbon is converted
to methane. Table 10 present results of propylene purity for co-preciptated catalyst
prepared in the presence of carbon black al Zn/Zr ralio of 1/12. Results for the
present example indicate improved propylene selectivity at high concentrations of

gthanol in the reacior feed.

Table 9. Carbon Selectivity in Product for Ethanol 1o Propylene Experiments at

Ethanol Molar Concentration of 25.4%

Propylens 0O Ethylene |lIscbutylens | Acstione Methane

83.2% 23.1% 4.1% 8.2% 0.8% 3.0%

Table 18. Propyleng Purity based on GC Area % in Product for Ethanol to Propylene
Experiments at Ethanol Molar Concentration of 25.4% with co-precipitated catalyst

with Zn/Zr ratio of 1/12 at reaction temperature of 460 °C.

Propyiene | Propane
89.68% 0.32%
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Example 4. Ethanc! to High Burity Butviens Using Impregnated Zn.Zr Mn, O Calalyst

Example 44 Impregnated £nZrMn,© Gatalyst Preparation & Reactor Setup
[00291] Separalely, the required amount of Zn(NQG;z) 8H,0 (88.8%) was dissolved in

3.5 g Dl (deionized) waler o prepare the stock metal salt solutions o deliver the
reguired Zn/Zy/Mn molar ratio. For example, a 0.3/8/1 Zn/Zy/Mn ratio was prepared
by adding 0.860 g of Zn{NQ:),-6HO (88.8%) to 3.5 g of Di water. The resulting salt
solution is added dropwise 1o 6 g of commercially available Zr/Mn catalyst as
supplied by Clariant Corporation. The resulling impregnated ZnZrMn, O paste is
dried at 413 K for 3 hours, and calcined at 500 °C for 4 h in a mufile furnace. The
metal oxides were used directly as prepared.

(002921 Helerogeneously catalyzed ethanol {o isobutylene reactions iake place in a
packed bed of catalysi locaied inside of a 3/8” OD siginless sigel reaction tube.
Gaseous reagents are supplied by mass flow controllers and liquid reacianis are
supplied by syringe pump. The liguid reactants are mixtures of sthanol and waler. A
co-flow of nitrogen provides an internal standard to quantify gassous products. Prior
to entering the reactor the nitrogen/ethanolfwater mixiure is effectively vaporized by
preheating to 320 °C. The flow reacior is enclosed in a heating furnace capable of
heating the packed bed to 550 °C.

1002931 Downstream of the flow reactor, gaseous products are separated from Hquid
products by a cold trap and both streams are sent {o on-ling instrumentation for
composition analysis.

(00294} Product streams are analyzed by gas chromatography (GC).  Liguid
samples are collected in a cold frap for offine analysis. Gaseous samples are

directed to a GC sample loop equipped with a thermal conductivity detector (TCD).

Example 4B: Results with 25 4% Molar Congcentration of Ethangl

(002851 Ethanol and water were mixed in a 1:1 ratio by mass. The ethanclwater
mixiure was fed o the reactor at a rate of 0.1 mb/min. A co-feed of nitrogen enables
quantification of gaseous products including isobulyvlene, propylene, CQOy, acelone
and methane. The total inlet mole concentration of ethandl Tor the baseling condition

is 25.4%. The catalyst temperature is set 10 460 °C. The stainless steel reactor is
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foaded with 2.5 g of Zn-Zr-Mn mibed-metai-oxide catalyst prepared in Example 4A
for an impregnated catalyst prepared with a 0.3/8/1 ZniZr ratio.

[00236] The product distribution based on carbon selectivity for the baseline
conditions described above is shown in Table 41, The primary product is
isobutylene at 50.4% carbon seiectivity. The 50.4% carbon selectivity represents
75.2% of the theoretical maximum. There is 10.8% carbon converled 1o propylene,
1.2% carbon converfed to sthylene, 2.3% carbon converted o acetons, 24.6%
carbon converted o CO, and the remainder or carbon is converted to methane.
Resuits for the present example indicate improved iscbutylens selectivity at high

concentralions of ethanol in the reacior feed.

Table 11. Carbon Sslectivity in Product for Ethandl o iscbutylene Experiments at
Ethanol Molar Concentration of 25.4%
COa Ethylene Propylene | isobutylens | Acetone Methane
24.6% 1.2% 10.8% 50.4% 2.3% 8.8%

Example AC: Comparative Results with 25.3% Molar Concentration of Ethanol with

commercial Zi/Mn catalvst at ratio 8/1

(002977 The purpose of this example is to illustrate carbon selectivity al increased
concentrations of ethanol in the ethanokto-isobulylene reactor feed with commaercial
catalyst at an identical Zr/Mn ratio of 8/1 as a direct comparison o the zinc
impregnated Zn-Zr-Mn mixed-metal-oxide calalyst.

(002981 In this example, ethanol and waler were mixed in a 1:1 ratio by mass. The
ethanol-water mixiure was fed 1o the reacior at a rate of 0.1 mbL/min. A co-feed of
pitrogen  enables gquantification of gasecus products  including  isobutylens,
propyiene, COy, acetoneg and methane. The iofal inlet mole concentration of ethanol
for this experiment is 25.3%. The catalyst temperaiure is set to 460 °C. The
stainless steel reacior is loaded with 2.5 g catalyst. The catalyst is a Z/Mn mixed
metal oxide as commercially available.

(002991 The carbon seleclivity for increased-ethancl-concentration expseriments is
shown in Table 12 for the commercial catalyst with a Zr/Mn ratio of 8/1. The primary
product is ethylene at 39.7% carbon selectivity indicative of poor selectivity with

regard to conversion of ethanol to iscbutylene. There is 14.1% carbon converted fo
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propylene (19% molar vield from ethanol}, 22.9% carbon converted o isobulylene
(34% molar vield from sethanol), 5.8% carbon converted {o sthyiene (indicaling
significantly higher levels of ethanol dehydration), 14.2% carbon converts to CO:
{indicative of higher ethyiene levels and lower iscbutvlene levels), and the remainder
converts {o methane. The results here iHlustrate the significantly different
performance between the impregnated and co-preciptated catabyst with regard to
catalyst aclivily with regard to iscobutvlene formation, oplimal Zr/Mn ratios, and

product isobutylene purity.

Table 12. Carbon Seleclivity in Product for Ethanol o Isobutylene Experiments at

Ethanol Molar Concentration of 25.4%

CO, Ethylene Propylene | Iscbutylens | Acetone Methane
15% 40% 15% 5% 24% 1%

Exampls & Ethanol to High Purily Propviene Comversion Using Co-Precipitated
£ &r, S, Catalyst

Example 8A: _Co-Precipifation Calalvst Preparation & Reactor Setup

[00300] Separately, the required amount of ZrO{NQG3), (85%) and Zn{NO3)-6H:0

(99.8%) were dissolved in 70 g DI (deionized) waler {o prepare the siock metal salt

solutions to deliver the required Zn/Zr molar ratio. For example, a 1/12 Zn/dr ratio
was prepared by adding 10 g of ZrO(NGz) (89%) and 1.2 g of Zn{NOs), 6HO
(99.8%) fo 70 g of Dl water. The resulting salt solution is heated until the salis are
fully dissolved. The various Zn o Zr molar ratios (1:8, 1:12, 1:2G, 1:25, 1:36) were
all prepared from these stock solutions. To a 0.5 L round bottom flask equipped with
a magnetic stirrer, the appropriale melal salt solution was added foliowesd by the
addition of 3 ¢ of BPZ000 Carbon Black (Cabot). After assuring the carbon black is
fully wetied, add 0.45 g of finely crushed silicon dioxide to the flask, and stir the
resulting mixiure for an additional 5-10 minutes. To the stirring acidic sall, carbon
black, and silicon dioxide slurry solution (pH < 1), preferably al room temperature or
between 25-100 °C, was initiated drop wise addition of a 20 wit% NaQOH soiution
{typical addilion imes are 10-15 minutes), prepared from B water and NaQOH pellets
as purchased from Aldrich chemical, until pH 8-8 is allained. After addition of the 20

wi% NaOH solution (typical addilion amounts 11-12 g), and atlaining target pH, the
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solution is stirred at room temperaturs, or at the target precipitation temperature, for
an additional 80 minutes. The resulling precipiiate is fillered and washed with warm
D water. The filter cake is dried at 140 °C for 2-3 hours, and calcined at 500 °C for 4
hvin a muffle fJumace. The metal oxides were used directly as prepared.

(66301} Helerogeneously catalyzed sthanol o propylene reactions take place in a
packed bed of catalyst locaied inside of a 3/8” OD slainless sieel reaction {ube.
Gaseous reagents are supplied by mass flow confrollers and liguid reaciants arg
supplied by syrings pump. The liquid reactants are mixiurgs of sthanol and water. A
co-flow of nitrogen provides an internal standard to quantify gaseous products. Prior
io entering the reactor the nitrogen/ethanoliwaler mixture is effectively vaporized by
preheating to 320 °C. The flow reactor is enclosed in a heating furnace capable of
heating the packed bed to 550 °C.

1663021 Downstream of the flow reaclor, gassous producis are separated from Hquid
products by a cold frap and both streams are sent to on-ling instrumeniation for
composition analysis.

(30303} Product streams are analyzed by gas chromatography (GC).  Liguid
samples are collecied in a cold frap for offiine analysis. Gaseous samples are

directed to a GC sample loop equipped with a thermal conductivily detecior (TCD).

Example 5B: Results with 25.4% Molar Concentration of Ethanol

[00304] Fuel grade Ethanol and water were mixed in a 1:1 ratio by mass. The
sthanol water mixiure was fed o the reactor at a rate of 0.1 ml/min. A co-feed of
nitrogen  enables  quantification of gaseous producis including isobutylens,
propyiene, CO;, acetong and methane. The {otal inlet mole concentration of sthanol
for the baseline condition is 25.4%. The catalyst femperature is set {0 460 °C. The
stainless steel reacior is loaded with a mixture of 2.5 g of Zn-Zr-8i mixed-metal-oxide
catalysi prepared in Example 5A for a co-precipitated catalyst prepared with a 1/12/2
ZnfZy/Si ratio with 2.5 g of glass beads.

[30305] The product distribution based on carbon selectivity for the baseline
conditions described above is shown in Table 13. The primary product is propylene
at 60.7% carbon sslectivity. The 80.7% carbon selectivity represents 80.9% of the
theoretical maximum. There is 8.4% carbon converled o isobutylens, 3.3% carbon

converted {o sthyleneg, 0.20% carbon converled o acetone, 22.9% carbon converted
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to GO, and the remainder or carbon is converted 1o methane. Resulis for the
present example indicate improved propyviene selectivity at high concentrations of

sthanol in the reactor Tesd,

[00308] Table 13.

Experiments at Ethanol Molar Concentration of 25.4%

Carbon Selectivity in Product for Ethanol t© Fropviene

Fropyiens

COs

Ethylene

Isobutylene

Acetone

Methane

80.7 %

22.9 %

3.3%

8.4 %

0.20 %

4.5%

Example & Ethanol toc High Quality Fropyvlens Conversion Using Co-Precipitated
2l AlwO: Mixed Oxide Catalyst

Example 8A; Co-Precipifation Catalyst Preparation & Reactor Setup

[00307] Separately, the required amount of ZrO{NQOs)e (98%) and Zn{NO;)-6H0

(99.8%) were dissolved in 70 g DI (deionized) water {0 prepare the stock metal salt

solutions 1o deliver the required Zn/Zr molar ratic. For example, a 1/12 Zn/Zr ratio
was prepared by adding 10 g of ZrG(NQs) (88%) and 1.2 g of Zn{NG3)-6H0
(99.8%) to 70 g of DI water. The resulting salt sclution is heated until the salis are
fully dissolved. The various Zn {0 Zr molar ratios (1.8, 1:12, 1:26, 1:25, 1:36) were
all prepared from these stock solutions. To a 0.5 L round bottom flask equipped with
a magnetic stirrer, the appropriate (In/Zr) metal salt solution was added followed by
addition of the required amount of finely ground AlLCs (0.20 g). The helerogeneous
mixiure is stirred for 10 minutes 0 assure complete welting and dispersion of the
AlOa. After stirring, the addition of 3 g of BP2000 Carbon Black {Cabot) is added
and stirred for an additional 10 minutes to assure the carbon black is fully wetted. To
the slirring acidic salt, carbon black, and aluminum oxide slurry solution {pH < 1),
preferably at room temperature or between 25-100 °C, was iniliated drop wise
addition of a 20 wi% NaOH solution (lypical addition times are 10-158 minutes),
prepared from D1 waler and NaOH pellels as purchased from Aldrich chemical, until
pH 7-8 is altained. After addition of the 20 wi% NaOH solution {lypical addition
amounts 11-12 g), and allaining farget pH, the solution is stirred at room
temperature, or &t the target precipitation temperature, for an additional 60 minutss.

The resulting precipitate is filtered and washed with warm Dl water. The filler cake is
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dried at 140 °C for 2-3 hours, and calcined at 500 °C for 4 h in a muflle furnace. The
metal oxides were used direcily as prepared.

(00308} Heterogensously calalyzed ethanol to propyiens reactions take place in a
packed bed of calalyst located inside of a 3/8" OD siainless sieel reaction tube.
Gassous reagenis are supplied by mass flow controllers and Hquid reacianis are
supplied by syringe pump. The liquid reactants are mixtures of sthanol and water. A
co-flow of nitrogen provides an intemal standard to quantify gaseous products. Prior
to entering the reactor the nifrogen/ethanol/water mixiure is effectively vaporized by
preheating to 320 °C. The flow reactor is enclosed in a heating furmnace capable of
heating the packed bed to 550 °C.

(003091 Downstream of the flow reacior, gaseous producis are separated from Hguid
products by a cold trap and both sireams are sent to on-line instrumentation for
compaosition analysis.

(00310} Product streams are analyzed by gas chromatography (GC).  Liguid
samples are collected in a cold frap for offine analysis. (Gaseous samples are

directed o a GC sample loop equipped with a thermal conductivity detector {(TCD).

Example 88: Resuils with 37% Molar Concentration of Ethanol

(603111 Fuel grade Ethanol and water were mixed in a 3:2 ratio by mass. The
ethanol-water mixiure was fed {o the reacior al a rate of 0.08 mb/min over g 24 hr
period. A co-feed of nitrogen enables quantification of gaseous products including
isobutvlens, propylens, CO;, aceiong and methane. The fiotal inlet mole
concentration of ethanol for the baseline condition is 37.0%. The catalyst
femperature is sel to 440 °C. The stainiess steel reacior is loaded with a mixiure of
2.5 g of In-Zr-Al mixed-metal-oxide catalyst prepared in Example 6A for a
co-precipitated catalyst prepared with a 1/11/0.6 Zn/Zr/Al ratio with 2.5 g of glass
beads.

(003127 The product distribution based on carbon sslectivity for the baseling
conditions described above is shown in Table 14. The primary product is propylensg
at 58.1% carbon selsclivily. The 59.1% carbon selectivily represents 78.8% of the
theoretical maximum. There is 8.8% carbon converled {o isohuivlens, 22.7% carbon
converted to ethylene, 0.8 0.20% carbon converted to acetone, 23.1 22.9% carbon

converted to CO,, and the remainder or carbon is converted to methane. Resulis for



WO 2016/061262 PCT/US2015/055581
89

the present example indicate improved propviene selactivity at high concentrations

of ethanol in the reactor feed.

Table 14. Carbon Seleclivity in Product for Ethanol {o Propylene Experiments at

Ethanol Molar Concentration of 37%

Propylene CO, Ethylene | lssbutviene | Acetone Mathane
58.1 % 227 % 38% 9.8 % 0.70 % 31%

Example 7: Ethano! o Propviene Conversion using GCo-Pregipitated £0.4r,ALSEQ,
Mixed Cuxide Catalyst

Example 7A: Co-Frecipifation Calalyst Preparation & Reaclor Setup

[00313] Separalely, the required amount of ZrQ{NO3z)e (98%) and Zn{NQO3z)e-6H20

(99.8%) were disscived in 70 g Dl (deionized) water {0 prepare the stock metal salt
solutions o deliver the required Zn/Zdr molar ratic. For example, a 1/12 Zn/dr ratio
was prepared by adding 10 g of ZrO(NQz)2 (89%) and 1.2 g of Zn{NO3)-6H0
(99.8%) to 70 g of DI water. The resulting salt sclution is heated until the salis are
fully dissolved. The various Zn to Zr molar ratios (1:8, 1012, 1:20, 125, 1:38) were all
preparad from these stock solutions. To a 0.5 L round bottom flask equipped with a
magnetic stirrer, the appropriate (Zn/Zry metal salt solution was added followed by
addition of the required amount of finely ground Al203 (0.40 g), and SiC2 (0.44 g).
The helerogenecus mixture is stired for 10 minules to assure complete wetling and
dispersion of the AlZO3 and SIOZ2. After stirring, the addition of 3 g of BP2000
Carbon Black {Cabot) is added and stirred for an additional 10 minutes o assure the
carbon black is fully welted. To the stirring acidic sall, carbon black, aluminum oxids,
and silcon dioxide slurry solution {(pH < 1), preferably al room temperaiure or
between 25-100 °C, was inilialed drop wise addition of a 20 wi% NaOH soilution
{tvpical addilion imes are 10-15 minules), prepared from DI water and NaCH pellets
as purchased from Aldrich chemical, unti pH 7-8 is altained. Afler addition of the 20
wi% NaOH solution (typical addition amounts 11-12 ¢), and attaining target pH, the
solution is stirred at room temperature, or at the target precipitation temperature, for
an additional 60 minutes. The resulting precipitate is filtered and washed with warm
Di water. The filter cake is dried at 140 °C for 2-3 hours, and calcined at 500 °C for 4

h in a muffle furnace. The melal oxides weare used direclly as prepared.
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(803141 Heterogeneously catalyred ethang to propviene reactions take place in a
packed bed of calalyst located inside of a 3/8” OD slainless siesl reaction tube.
Gaseous reagents are supplied by mass flow controllers and lquid reactants are
supplied by syringe pump. The liguid reaclanis are mixtures of ethanol and water. A
co-flow of nitrogen provides an internal standard to quantify gaseous products. Prior
to entering the reastor the nitrogen/ethancliwater mixiure is effectively vaporized by
preheating to 320 °C. The flow reacior is enclosed in a heating furmace capable of
heating the packed bed o 550 °C.

[20315] Downstream of the flow reaclor, gaseous producis are separaled from Hguid
products by a cold trap and both streams are sent (o on-line instrumentation for
compaosition analysis.

(0031861 Product streams are analyzed by gas chromatography (GC). Liquid samples
are collected in 2 cold frap for offline analysis. Gaseous samples are direcied o a

GC sample loop squipped with a thermal conductivity detector (TCD).

Example 7B: Results with 37% Muolar Conceniration of Ethanol

(003171 Fuel grade Ethanol and water were mixed in a 32 ratio by mass. The
sthanol-water mixture was fed 1o the reactor at a rate of 0.08 mb/min over a 52 hr
period. A co-feed of nifrogen enables guantification of gaseous products including
isobutylene, propviene, CO;, acelone and methane. The tolal inlet mole fraction of
ethanol for the baseline condition is 37.0%. The calalyst temperature is sel to 470
°C. The stainless steel reactor is loaded with a mixiure of 2.5 g of Zn-Zr-Al-5i mixed-
metal-oxide calalys! prepared in Example 1 for a co-precipilated catalyst prepared
with a 1/12/2/2 Zr/Zr/ASH ratio with 2.5 ¢ of glass beads.

(30318} The product distribution based on carbon selectivily for the baseline
conditions described above is shown in Table 15, The primary product is propylene
at 59.1% carbon selectivity. The 58.8% carbon selectivity represents 75.5% of the
theoretical maximum. There is 7.4% carbon converied {o iscbutylene, 8.7% carbon
converted 1o ethyleneg, 0.90% carbon converted o acetone, 20.5% carbon converted
to GOy, and the remainder or carbon is converted 1o methane. Resulis for the
present example indicate improved propyiene selectivity at high concentrations of

gthanol in the reactor feed.
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Table 15. Carbon Selectivity in Product for Ethanol to Propylene Experiments at

Ethanol Molar Concentration of 37%

Propylens COn Ethyiene |lIscbulyiens | Acetone Methane

56.6 % 20.5 % 8.7 % 74 % 0.90 % 4.5 %

Example 8 Ethanol to Acelone Conversion Using g Co-FPrecipitated Zn Mg 2r.Q, or

Zn,Cudr O, mixed oxide calalyst

Example 8A: Co-Frecipifation In Mo ZrQ: Catalyst Preparation & Reactor Setup
[00318] Separaiely, the reguired amount of ZrO{NC3) (98%) and Zn{NO3)-6H20
(99.8%), and Mg{OQAc), 4H,0 were dissolved in 70 g DI watsr {0 prepare the stock

metal sall solutions {o deliver the required Zn/Mg/dr molar ratio. For example, a
11725 Zn/Mg/Zr ratioc was prepared by adding 10 g of ZrO(NOs): (88%), 0.51 g of
Zn{NQO3) 8H0 {99.8%), and (.37 g of Mg{OAC),4HO to 70 g of DI water. The
resulting ternary sall solution is heated until the salls are fully dissolved. Toa 0.5 L
reund bottom flask equipped with a magnetic stirrer, the appropriate metal sall
solution was added. To the stirring acidic salt solution {pH < 1), at room temperature,
was initiated drop wise addition of a 20 wit% NaOH solution (typical addition times
are 10-15 minutes), preparad from D waler and NaOH peliets as purchased from
Aldrich chemical, unitil pH 7.0-9.0 is altained. After addition of the 20 wi% NaOH
solution {typical addition amounts 11-12 g}, and attaining target pH, the solution is
stirred at room temperature Tor an additional 60 minutes. The resulling precipitate is
filtered and washed with warm Bl watler. The filler cake is dried at 140 °C for 3 hours,
and calcined at 500 °C for 4 h in a muffle furnace. The fernary metal oxides thus
prepared werg used directly as prepared.

(80320} Heterogeneously catalyzed sthanol o acetone reactions iake place in a
packed bed of calalyst located inside of a 3/8" OD slainless slesl reaction tube.
Gaseous reagenis are supplied by mass flow controllers and Hguid reacianis are
supplied by syringe pump. The liguid reaclanis are mixtures of ethanol and water. A
co-flow of nitrogen provides an internal standard to quantify gaseous products. Prior
to entering the reastor the nitrogen/ethancliwater mixiure is effectively vaporized by
preheating to 320 °C. The flow reacior is enclosed in a heating furmace capable of
heating the packed bed o 550 °C.
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(803211 Downstream of the flow reactor, gaseous products are separated from liguid
products by a cold trap and both streams are sent {0 on-ling Instrumentation for
composition analysis.

(003221 Product streams are analyzed by gas chromatography (GC). Liguid samples
are collected in 2 cold frap for offline analysis. Gaseous samples are direcied o a

GC sample loop equipped with a thermal conductivity delector (TCD).

Example 8B: Co-Precipitation Zn,Cu.2n,Q. Calalyst Preparation & Reaclor Selup
[00323] Separately, the required amount of ZrONG:) (99%) and Zn{NO3) 6H0

(99.8%), and Cu{OAC),-H,0O were dissolved in 70 g DI water to prepare the stock

metal sall solulions fo deliver the reguired Zn/CulZr molar ratio. For example, a
11725 Zn/Culir ratic was prepared by adding 10 g of ZrO(NGs), (898%), 0.51 g of
Zn{NO3z} 6H0 (89.8%), and (.35 g of Cu{OAc) H.O to 70 g of Dl water. The
resulting ternary sall solution is heated until the salts are fully dissolved. Toa 05 L
round botiom flask equipped with a magnetic stirrer, the appropriate metal salt
solution was added. To the slirring acidic salt solution {pH < 1), at room temperature,
was iniliated drop wise addition of a 20 wt% NaQOH solution {typical addition times
are 10-15 minutes), prepared from D water and NaOH pelisis as purchased from
Aldrich chemical, until pH 7.0-9.0 is atlained. After addition of the 20 wi% NaOH
solution {typical addition amounts 11-12 g}, and alfaining target pH, the solution is
stirred at room temperature for an additional 80 minutes. The resuliing precipilate is
filtered and washed with warm Dl water. The filter cake is dried at 140 °C for 3 hours,
and calcined at 500 °C for 4 h in a muflle furnace. The fernary melal oxides thus
preparad were used directly as prepared.

[00324] Heterogeneously catalyzed ethanol to acstong reactions take place in a
packed bed of calalyst located inside of a 3/8" OD siainless steel reaction tube.
Gassous reagenis are supplied by mass flow controllers and Hquid reacianis are
supplied by syringe pump. The liquid reactants are mixtures of sthanol and water. A
co-flow of nitrogen provides an intemal standard to quantify gaseous products. Prior
to entering the reactor the nifrogen/ethanol/water mixiure is effectively vaporized by
preheating to 320 °C. The flow reactor is enclosed in a heating furmace capable of
heating the packed bed to 550 °C.
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(003251 Downstream of the flow reactor, gaseous products are separated from Hquid
products by a cold trap and both streams are sent {0 on-ling Instrumentation for
composition analysis.

(6032681 Product streams are analyzed by gas chromatography (GC). Liguid samples
are collected in 2 cold frap for offline analysis. Gaseous samples are direcied o a

GC sample loop equipped with a thermal conductivity delector (TCD).

Example 8C: Resulis with 25.4% Molar Conceniration of Ethanol

(20327} Eithanol and watler were mixed in a 1:1 ratio by mass. The ethancl-water
mixfure was fed o the reactor al a rate of 6.1 mbl/min. A co-feed of nilrogen enables
quantification of gaseous products including acelone, isobutylene, propvlene, COy,
and methane. The total inlet mole concentration of gthanol for the bassling condition
is 25.4%. The catalyst temperature is set o 460 "C. The slainless steel reactor is
foaded with 2.5 g of Zn-Mg-Zr mixed-metal-oxide catalyst prepared in Example 8A

for a co-precipitated catalyst prepared with a 1/1/25 Zn/Mg/Zr ratio.

[30328] The product distribution based on carbon selectivity for the baseline
conditions described above is shown in Table 18. The primary product is acelone at
865.2% carbon selectivity. The 65.2% carbon selectivity represents 87% of the
theorstical maximum. There is 2.1% carbon converted {o propylense, 8.5% carbon
converted to isobutylene, 20.6% carbon converted to CO,, and the remainder or
carbon is converted to methane with non-detectable levels of ethylene. Resuits for
the present example indicate improved aceione selectivily at high concentrations of

sthanol in the reactor Tesd,

Table 18. Carbon Selectivily in Product for Ethandl o isobutylens Experiments at

Ethanol Molar Concentration of 25.4%

CO: Ethylene | Propyiene | Iscbutylene | Acetone | Methane
20.6% 0% 2.1% 8.5% 85.2% 3.5%

Example 80 Resulis with 25.4% Molar Concentration of Ethanol

(803281 Ethanol and watler were mixed in a 1:1 ratic by mass. The ethancl-water
mixfure was fed o the reactor al a rate of 6.1 mbl/min. A co-feed of nilrogen enables

quantification of gaseous products including acelone, isobutylene, propvlene, COy,
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and methane. The lotal inlet mole concentration of ethandl for the baseline condition
is 25.4%. The catalyst temperature is sat io 480 °C. The stainless sleel reacior is
loaded with 2.5 g of Zn-Cu-Zr mixed-meial-oxide catalyst prepared in Example 8R for
a co-precipitated catalyst prepared with a 1/1/25 Zn/Cu/ir ratic.

[606338] The product distribution based on carbon selectivily for the baseline
conditions described above is shown in Table 17. The primary product is acelone at
54% carbon selsctivity. The 54% carbon seleciivity represents 72% of the theorstical
maximum. There is 5% carbon converied o propviens, 11.2% carbon converted to
isobutylens, 22.0% carbon converted to COy, and the remainder or carbon is
converied o methane with low levels of ethviene. Resulis for the present example
indicate improved acetone selectivity at high concentrations of ethanol in the reacior

feed,

Table 17. Carbon Selectivity in Product for Ethanol to Iscbutylene Experiments at

Ethanol Molar Concentration of 25.4%

o0, Ethylene | Propylene | Iscbutyiene | Acetone | Methane
22.0% 3.6% 5.0% 11.2% 54.0% 4.2%

Example 9; Ethanol o Acefone Conversion Using Impregnated ZnbMg Mo Zr,0; or

Lo Cu Mo, Q, Mixed Oxide Catalyst

Exampie A Impreanated Zn.MaMn. 2,0, Calalyst Preparation & Reaclor Setup
[00331] Separately, the required amount of Zn{NOz)-68H20 (89.8%), and

Mg{OAc) 4HQ were dissolved in DI water o prepareg the stock metal salt solutions

to deliver the required Zn/Mo/Mn/Zr molar ratio. For example, a 1/1/4/12
ZniMg/Mn/Zr ratio was prepared by adding 0.80 g of Zn{NQ:), 8HO (89.8%), and
0.43 g of Mg{OQAC)-4H,O 1o 7.8 g of DI waler. The resulling binary Zn/Mg salt
solution is heated until the salts are fully dissolved. Afterwards, 1o 6.0 g of a Mn/Zr
oxide granulated pellet (as provided by Clariant Corporation), at a Mn/Zr atom ratio
of 1/3, is added in dropwise fashion the previously formed Zn/Mg salt solution as per
incipient weiness technigue in which solids are fully wetted with minimal liquid
pooling. The resulting impregnated solid is dried at 140 °C for 3 hours, and calcined
at 500 °C for 4 h in a mufile furmace. The guaternary metal oxides thus prepared

were used directly as prepared.
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Example 9B Impregnated Zn.CuMn.Zr.O» Catalyst Preparation & Reactor Satup
[00332] Separately, the required amount of ZIn{NO3p 8H:0 (88.8%), and

Cu{OAC)-4H O were dissolved in DI water o prepare the stock metal salt solutions

to deliver the required Zn/Cu/Mn/Zy miolar ratio. For example, a 1/1/412 Zn/Cu/Mn/Zr
ratic was prepared by adding 0.60 g of Zn{NQs), 8HO (88.8%), and (.40 g of
Cu{OAc)4H, 0 to 7.1 g of DI water. The resulling binary Zn/Cu salt solution is
heated untii the salts arg fully dissolved. Afterwards, fo 6.0 g of a Mn/Zr oxide
granulated pellet (as provided by Clariant Corporation), at a Mn/Zr atom ratio of 1/3,
s added In dropwise fashion the previously formed Zn/Cu salt solution as per
incipient wetness technigque in which solids are fully welled with minimal liquid
pooling. The resulting impregnated solid is dried at 140 °C for 3 hours, and calcined
at 500 °C for 4 h in a muffle furnace. The quatemary metal oxides thus prepared
were used directly as prepared.

[00333] Heterogeneously catalyzed ethanol fo acetone reactions take place in a
packed bed of catalyst located inside of a 3/8” OD stainless stesl reaction tube.
Gaseous reagents are supplied by mass flow controllers and liquid reaciants are
supplied by syringe pump. The liguid reactanis are mixiures of ethanol and waler. A
co-flow of nifrogen provides an internal standard to quantify gassous products. Prior
o eniering the reactor the nitrogen/ethanolfwater mixiure is effectively vaporized by
preheating to 320 °C. The flow reacior is enclosed in a healing furnace capable of
heating the packed bed to 550 °C.

(003341 Downstream of the flow reactor, gaseous products are separated from Hquid
products by a cold trap and both streams are sent {0 on-ling Instrumentation for
composition analysis.

(003351 Product streams are analyzed by gas chromatography (GC). Liquid samples
are collected in a cold trap for offine analysis. Gaseous samples are direcled o a

G0 sample loop equipped with a thermal conductivity delector (TCD).

Example 9C: Resulis with 36.6% Molar Concentration of Ethanol

(80338 Ethanol and waler were mixed in a 3:2 ratic by mass. The ethancl-water
mixfure was fed to the reactor at a rate of 0.08 mlimin. A co-feed of nitrogen
enables guaniification of gasecus products including acsione, isobulylens,

propyiene, CO2, and methanes. The total inlet mole concentration of sthanol for the
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baseline condition is 38.6%. The catalyst temperature is set to 450 °C. The stainless
steel reacior is loaded with 2.5 g of In-Mg-Mn-Zr mixed-metal-oxide catalyst
prepared in Example 8A for impregnated calalyst prepared with a 1/1/4/12
ZnfMg/MniZr ratio.

[603371 The product distribution based on carbon selectivily for the baseline
conditions described above is shown in Table 18. The primary product is acelone at
65.2% carbon selectivity,. The 82.2% carbon selectivity represents 83% of the
theorstical maximum. There is 1.4% carbon converied to propvlene, 10.1% carbon
converted {o iscbutvlene, 20.2% carbon converled to CO,, and the remainder or
carbon is converted to methane with non-detectable levels of ethylene. Resuits for
the present example indicate improved acelone selectivity at high concentrations of

ethanol in the reactor feed.

Table 18. Carbon Selectivity in Product for Ethanol to Iscbutylene Experiments at

Ethanol Molar Concentration of 36.6%

o0, Ethylene | Propylene | Iscbutyiene | Acetone | Methane
20.2% 1.1% 1.4% 10.1% 62.2% 2.4%

Example 00: Resuylts with 36.6% Molar Concentration of Ethanol

[30338] Ethanol and water were mixed in a 3:2 ratioc by mass. The sthanolwater
mixture was fed to the reactor at a rate of 0.08 mbl/min. A co-fesd of nitrogen
enables guantification of gaseocus products including  acetone, isobutylene,
propyiene, COZ, and methane. The tolal inlel mole concentration of ethanol for the
baseline condition is 38.6%. The catalyst temperature is set to 450 °C. The stainless
steel reaclor is loaded with 2.5 g of Zn-Cu-Mn-Zr mixed-metal-oxide catalyst
prepared in Example 80 for impregnaled catalyst prepared with a 1/1/4/M12
EnfCuMn/Zr ratio.

(6033381 The product distribution based on carbon selectivily for the baseline
conditions described above is shown in Table 18. The primary product is acelone at
54% carbon selectivily. The 61% carbon seleciivily represents 78% of the theorstical
maximum. There is 1.4% carbon converted to propylens, 8.5% carbon converted to
isobutylens, 18.7% carbon converted to COy,, and the remainder or carbon is

converied o methane with low levels of ethviene. Resulis for the present example
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indicats improved acetone selectivity at high concentrations of sthanol in the reactor
feed.

Table 18. Carbon Selectivity in Product for Ethandl to Isobutylens Experiments at

Ethanol Molar Concentration of 36.8%

0= Ethylene | Propyiene | Iscbutylene | Acetone | Methane
19.7% 1.4% 1.4% 9.5% 81.1% 2.4%

Example 10: Ethanol fo Lower Olafin Conversion Using g Bifunctional Calalyst

Example 10A: Baln O, Catalyst Preparation

[00348] The purpose of this example is {o Hllustrate the preparation of a bifunctional
heterogeneous catalyst comprising acid and base functionality.

[00341) Commercial Zirconium Oxide was crushed and sieved in order 1o produce a
nominal particle size of < 1 mm and > 0.825 mm. The calculated amount (1.0 g) of
Barium Acetlate (Sigma Aldrich, more than 89% purity) was dissolved in 3.5 grams of
deionized water, and added in drop wise fashion by incipient wetness fechnigue 10 6
grams of previously dlassified Zirconium Oxide particles to produce a Zirconium
Oxide wettad particle impregnated with Barium Acelate at an elemental molar ratio of
1:12 relative o Barium and ZJirconium. The resulling wetled material was allowed {0
dry overnight at room temperature, followed by calcination at 400°C for 2 hours and
3 hours at 604°C o oblain a Ba,Zr,Q; catalyst.

Example 108: Rb.Zr.Q, Catalyst Preparation

[00342] The purpose of this example is to llustrale the preparation of another
bifunctional hetercgenecus catalyst comprising acid and base functionality.

[00343] Commercial Zirconium Oxide was crushed and sieved in order 1o produce a
nominal particle size of < 1 mm and > 0.625 mm. The calculated amount {(0.60 g) of
Rubidium Acetate {Sigma Aldrich, more than 99% purity) was dissolved in 3.5 grams
of deionized water, and added in drop wise fashion by incipient welness technigue to
6 grams of previously classified Zirconium Oxide parlicles to produce a Zirconium
Oxide wetled particle impregnated with Barium Acetate at an elemental molar ratio of
1:12 rglative to Barlum and Zirconium. The resulting welted material was allowed to
dry overnight at room temperature, followed by calcination at 400°C for 2 hours and
3 hours at 600°C to obtain a Rbén/, catalyst.
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Example 10C: Sc.Ban O, Calalyst Preparation

(00344 The purpose of this example is to illustrate the preparation of vet another
bifunctional heterogensous catalyst comprising acid and base functionality.

100345] Commercial Zirconium Oxide was crushed and sieved in order 1o produce a
nominal particle size of < 1 mm and > 0.625 mm. The calculated amount (1.0 g) of
Barium Acetate {(Sigma Aldrich, more than 88% purity), and Scandium Acstate (0.05
g} as promoter (Sigma Aldrich, more than 98% purity), was dissolved in 3.5 grams of
deionized water, and added in drop wise Tashion by inciplent welness technique 10 6
grams of previcusly cdlassified Zirconium Qxide pariicles o produce a Zirconium
Oxide welled particle impregnated with Barium Acetate and 2000 ppm of Scandium
Acetate at an slemental molar ratio of 1:12 relative to Barium and Zirconium. The
resulting wetted material was allowed to dry overnight at room temperature, followed
by calcination at 400°C for 2 hours and 3 hours at 800°C to obtain a S¢,BadnQ,

catalyst.

[00346] The foregoing detailed descriplion has been given for cleamess of
understanding only and no unnecassary limitations should be understood there from
as modifications will be obvious to those skilled in the arl.

[00347] While the invenition has been described in connsclion with specific
embodiments thereof, it will be understiood thal it is capable of further modifications
and this application is intended o cover any variations, uses, or adaptations of the
invention following, in general, the principies of the invention and including such
departures from the present disclosure as come within known or customary praciice
within the art to which the invention pertains and as may be applied o the essential
features hereinbefore set forth and as follows in the scope of the appended claims.
[06348] The disclosures, including the dlaims, figures andfor drawings, of each and
every patent, patent application, and publication cited herein are hereby incorporated

herein by reference in their entireties.
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CLAIMS

L. A process for preparing a functionalized lower hydrocarbon, comprising:

(a) feeding to a reactor a reactor feed comprising ethanol at a concentration of at
least 14 mol %; and

(b) contacting the ethanol with a mixed oxide catalyst in the reactor, the mixed
oxide catalyst having the formula Zn,Zr,A,Q:Mn,0,, whereby the ethanol is converted to at
least one functionalized lower hydrocarbon at a yield of at least about 30% of the maximum
theoretical molar yield,

wherein X is 1 to 10,

wherein Y is 1 to 100,

wherein A is Al, Si, Mg, or Cu, and V is 0 to 100,

wherein Q is Al, Si, Mg, or Cu, and S is 0 to 100,

wherein W is 0 to 30, and

wherein Z is 5 to 250.

2. The process of claim 1, further comprising step (c) of recovering at least one of the

functionalized lower hydrocarbons.

3. The process of claim 2, wherein the functionalized lower hydrocarbon recovered in step
(c) is propylene,

4. The process of claim 1, wherein the ethanol is bio-based ethanol.

5. The process of claim 1, wherein ethanol is contacted with the Zn,Zr,A,Q:Mn,O, mixed

oxide catalyst at a temperature falling within the range of about 300°C to about 600°C.

6. The process of claim 1, wherein the Zn,Zr,A,Q:Mn,O, mixed oxide catalyst is prepared

using a hard-template method, a co-precipitation method, or an impregnated method.
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7. The process of claim 6, wherein V is 0, S is 0, and W is 0, and, wherein the ratio of
Zn/Zr (x:y) in the Zn,Zr,O, mixed oxide catalyst is about 1:12 and is prepared using the hard-
template method, and wherein the molar concentration of the ethanol in the reactor feed is about
14.8%, and wherein the functionalized lower hydrocarbon includes isobutylene, propylene, and

acetone.

8. A process for preparing a functionalized lower hydrocarbon, comprising:

(a) feeding to a reactor a reactor feed comprising ethanol at a concentration of at
least about 14 mol %; and

(b)  contacting the ethanol with a mixed oxide catalyst in the reactor, the mixed
oxide catalyst having the formula Zn,ZryA.Q:Mn,O,, whereby the ethanol is converted to at
least one functionalized lower hydrocarbon at a yield of at least about 30% of the maximum
theoretical molar yield,

wherein X is 1 to 10,

wherein Y is 1 to 100,

wherein A is Al, and V is 1 to 100,

wherein Q is Al, Si, Mg, or Cu, and S is 0,

wherein W is 0, and

wherein Z is S to 250.

9. The process of claim 8, wherein the ratio of Zn/Zr/Al (x:y:v) in the Zn,ZryAl,O, mixed
oxide catalyst is from about 1:8:8 to about 1:20:20.

10. The process of claim 8, wherein the ratio of Zn/Zr/Al (x:y:v) in the Zn,Zr,Al,O, mixed

oxide catalyst is about 1:12:1.

11.  The process of claims 10, wherein the Zn,Zr,Al,O, mixed oxide catalyst is prepared

using a co-precipitation method.



MCSLLP
101

12. The process of claim 11, wherein the functionalized lower hydrocarbon is propylene.

13. The process of claim 12, wherein the yield of the propylene is at least about 59% of the

maximum theoretical molar yield.

14.  The process of claim 10, wherein the molar concentration of the ethanol in the reactor

feed is about 37%.

15. A process for preparing a functionalized lower hydrocarbon, comprising:

(a) feeding to a reactor a reactor feed comprising ethanol at a concentration of at
least about 14 mol %; and

(b) contacting the ethanol with a mixed oxide catalyst in the reactor, the mixed
oxide catalyst having the formula Zn,ZryA,Q:Mn,O,, whereby the ethanol is converted to at
least one functionalized lower hydrocarbon at a yield of at least about 30% of the maximum
theoretical molar yield,

wherein X is 1 to 10,

wherein Y is 1 to 100,

wherein A is Al and Vis 1 to 100,

wherein Q is Si and S is 1 to 100,

wherein W is 0, and

wherein Z is 5 to 250.

16.  The process of claim 15, wherein the ratio of Zn/Z1/Al/Si (x:y:v:s) in the Zn,Zr,Al,Si;O,
mixed oxide catalyst is from about 1:8:8:8 to about 1:20:20:20.

17. The process of claim 15, wherein the ratio of Zn/Z1/Al/Si (x:y:v:s) in the Zn,ZryAl,Si;O,

mixed oxide catalyst is about 1:12:2:2.
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18.  The process of claim 17, wherein the Zn,Zr,Al,Si;O, mixed oxide catalyst is prepared

using a co-precipitation method.

19.  The process of claim 18, wherein the functionalized lower hydrocarbon is propylene.

20.  The process of claim 19, wherein the yield of the propylene is at least about 70% of the

maximum theoretical molar yield.

21.  The process of claim 19, wherein the molar concentration of the ethanol in the reactor

feed is about 37%.

22.  The process claim 1, wherein the Zn,ZryA,QMn,, O, mixed oxide catalyst is regenerated

in situ.

23, The process of claim 22, wherein the Zn,Zr,A,QMn,O, mixed oxide catalyst is
regenerated in situ by switching the process feed to an oxygen-rich stream while maintaining

catalyst reaction temperatures.





