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{0001} This application butlds gpon work desoribed in United States
Patent Application Ser. No 61/737 312 ¢the ¥ 3124 application”), filed Decomber
14, 202 for “Process and Catalyst for Conversion of Acetic Acld to Isobutene”,

which in furn builds upon work deseribed in Patent Cooperation T

Application No. FOT/USZHIS /062784 filed on Oetober 1, 2013 {the 3

z.ifp@iis:eatés’}rz_} from United States Patent Application Ser. No. 617720433

12 for "Stable Mixed Oxide Catalysis for Direct C

October |
Ethanol to lsobutene and Provcess for Making”.

{0002]  Asrelated in the 312 application, sobutene s widely used for
the production of a variety of industrially importand products, such as butyl
rubber for example.  lsobutene has been produced commuercially to date
through the catalytic or steam cracking of fossil feedstocks, and the
development of a commercially viable process for the manufacture of iscbutene
from a menewable source-based feedstock has accordingly become of great

intevest as fossil resowrves are inereasingly depleted and/ or have become more

costly to use ~ especially in consideration of Increased demand for sobutene,
[GH03] Previous to the earlier WY 784 application, a hard-temiplate
BRGNS SO B TS O | "
wiethod had been describad for synthesizing P (e mived oxides for the
direct and high vield conversion of ethanaol (from the fermentation of
carbohvdrates from renpwabde source materisle, Including bomass) to

isobutens, whereln Zn( was added to Zr(; to selectively passivate ziveonia’s

d weaken Brénsted acidic sites while stmmulianeou

swis acidic sites

introducing basicity, > i

suppress ethanol debvdration and acetone polvmerization, wiile enabling o

talyved ethaned dehvdrogenation to acetaldehyde, an
seetaldehyvde o scetone conversion vig aldolcondensation/ debydrogenation,
and a Brinsted and Lewis acidic/ basic site-catalvzed acetone-to-isobutene

reaction pathway.

SUBSTITUTE SHEET (RULE 26)
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004 High isobutene vields were tn fact realized, but unfortunate 21y,
later experienced by Mizuno et al. (Mizuno et al,, “One ~path and Selective
Lonversion of Ethanol to Propene on Scandium-modified Indium Oxide

Catalysts”, Chem. Lett, voll 41, pp. 892894 (2012)) in thelr of

Horts o produ

o» .

propylene from ethanol, it was found that further mprovements in the

R

s stability were needed.

{HO05] The WOY784 applivation concemed the discovery that these

mprovements could be realived without adeds g moditving metals and without
a yeduction in the Inital high activity (300 percent ethanol conversion) that had
been observed in these mibxed oxide catalysts, while the 312 application
converned the further discovery that the mixed oxide natalvsts we had been
evaluating for converting ethanol to isobutene are alse able to catalyze the
converston of acetic acid to isobutens. Since acetic acld can be made by a
variely of methods from g number of different starting matevials, the capabil iy
of these mixed oxide catalysts to catalyze the conversion of acetic acid to
isobutene enabled a range of options for utilizing rerewable resources more

S

etftciently, all as described in greater detail In the 312 application.

[0006]  Separately, while commercial production of proploric ackd to
date has been entively by petrochemical routes, a variety of proposed

fermentation methods have been evaluated from as e arty as about 1920 for the

<

wlustrial production of propiondc acid, see Flavne, “Propionic and Bu yrie

Actds”, Comprehensive Blotechmology: The Principles, Applications and

Regulations of Biotechnology in Industry, Agriculiure and Medicine, Volume 3

amon Pross, New York, NY {1985} at pages 731~

cnow incorpovated by

refevenwe horelnn. One veason given by Playne for the absence of a commerdial

termentation route to propionic acid is that acetio acid has been produced as a
signiticant co-product. Bacteria Hsted by Playne as of 7 major nportance” oy

the production of propionic acld from sugars, lactose or lactate through a

i

divarboxyhic acid or acevlic acid metabolic pathway inchude Propicibacterinim

RN JE ¥ SR 5 S ¥ . coves Fers $Faitd ~ 3
especially P, shermandi; Vellonella parowds; Veillone

< K
g alcaiescens;) Selenomonas

o
MM
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0007} Bforts to produce proplonic actd by fermendation methods have

ars, with v

(4
-
ol

“nd
,,iv
i
ot
o
Soe
7
7
Lais
v
et
powd
g
ot

>

P
[¢n]

ious approaches being deseribed for

prosucing propionic aold as well as some ace

24 He actd i greater and lesser

proportions from glucese, lactose, sucrose, xyvioss, fructose, maltose and &
substrates, References describing these efforts include WO 2012/ 064882 to
b3 Y Y "\i
Yang et al organisns for producing
G ranHonic acid with increased vield ; 1 prosd it aned § +3 tolevance
LR g "{-'j-‘i(' TC 3O WIEH ngreased ‘.« I AT %‘ SRR 3,\" i?‘o ; AN rEyeasad ‘\(35{‘.‘.? [NCL G

¥

propionic aoid and actdie pHsy Lewls and Yang, ""'¥§}r<,>_pif3r,zi(: actd fermentation

2ffect of growth substrate” |, Appl. Micrabiol

Hotechnol, 37437442 (1992} Wang and Yang,

“Propionic acld production in

ermentation by Propionthacieriion frer

vy, Technol, 1371 wng and Yang,

o for enhanced propionic acid

arid fermentation”

12009 Additional reduced bioba Ae, glveersd,

ance and

are taught as wseful In some fermentations for improving the redox be

20 the vield and selectivity to propiordc acid,

SUMMARY OF THE ANT INVENTION
H0008] The present invention concerns the still further J

those reported In our previous 312 and WOY7S4 applivations) that the same

A bty U iixed oxd whether made by the hard template method
or by the method of the WOV application ~ are also able, tn the presence of
hydrogen, to beased to produce several other olefins in addition to fscbutens
E‘-.s”: ot sere 4)"?5\ EE TNy £ :n’\ Y E, ?*. “i‘ VYOG DN TYEETE ‘E oyvea Y N #} g g o
fhat are either of inmediate commercial inferest { e, Propyiensg) or that can o
0y § > ~n§§(g o) i\\: t‘\_v Iy PYLASTY TTY {i J Ny TR ~§ ETa el i axgt ‘.'1:3 o { } 23
reacdily upgraded by known nwthods to Proguns oiner valuapie

Mo starting from a mi <ot acetic and propionic acids as may be produced by

SUBSTITUTE SHEET (RULE 26)
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known fermentation methods for the manufacture of propionic acid or in other
ways accessibde to those skilled (o the art. Exanples of the upgradable olefins

wwiude the four-carbon products T-butene and 2-butene, which can be used to

make L3-butadiene, and the five-carbon products 2-methyl-i-butene and 3-

S methybd-butens, which can be used to make isoprene. S8l other commerc ially
mteresting permutations will be apparent to those skilled in the art on
consideration of the following summary and detailed description, for making
products with biobased organic content that have historically been made

exclusively fram nonsrenewable resourees.,

i [OO0R] With this in mind, in a fivst aspect, the present invention thus
broadly concerns a process for making & ;’3}:‘(}:.*2110& mixture including isobutene

propylene, 1-butene, Z-butene, Tamethyb-T-butene and Zomethyl-2-butene from a

mmixture of acetic acid and propionic acid through reaction in the presence of &

source of hydrogen and of & mixed oxide catalyss, for example, a Ziud

iy

mibxed oxade catalysi

oy Ine s}fondmpo f the Zrnded: mixed oxide catalyst can be an

improved stability Snde (O mived pxide catalyst preparved according to the
WO'7EE application,
011 In one embodient, the T-butene ulene ave separated
2 from the product mixture and either or both are converted at least in part to 1,3+
butadiens {UAS 106-99-0) by dehydrogenation or oxydehydrogenation using
any of the known catalysts for performing this conversion, under conditions
effective for carrving out the conversion,
U013 In another embodiment, elther or both of the 1-buiene amd 2-
25 butene are eonvertad by oxidation to products inclusd

anhydride {CAS 108316},

0013 In ancther embodiment, either or both of the 1-butene and Z-

ufene are at least in part oligomerized to ispoctene for use in a ransportation

posy

SUBSTITUTE SHEET (RULE 26)
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{0014 In another embodiment, at least a part of the T-butene is
hysdrotsomerized to provide additional 2-butene.
{015 Inanother embodiment, at least some Z-bulene {as presend in

the produst mixture and/or from | wdrotsomerization of T-butere 3 s combinad

o

with ethylene to yield additional propylens by olefin metathesis.

{0018 Inanother embodiment, at feast some of the ethviens used for
combining with -butene is derived through metathesis of T-butene in the
product mixture with itself.

{O07] In another embodiment, 2-butene i the product mixture and/ or
10 as formed by hydroisomerization of T-butene in the product mixtare is

converted to additional lsobutene (CAS TI5-11-7) and propylene in the presence
of & suitable catalyst, examples of which are given below,

{O018] 1o another embodiment, isobutene in the product mixture is at

teast in part reverse isomerized to provide additional n-butene product,

ponts
IS

[a318]  In another ernbodiment, butadiene from the de rydrogenation or
s‘)}:},-‘si{»}i'z_}mi_mg;ena?i’cm of n-butene in the product mixture is at least in part

polymerized by 1.2~ and T4-addition with itself in the presence of a suitable

Ut provide a polvbutadiene polyvmer product.

00301 Inanother

Catal

3

snbodiment, butadiene from the debvdrogenation or

20 oxydehydrogenation of n-butene in the product mixture ts at least in part

vated, and the resultant Td-isomers are somerized before an alkaline

deliydrochlorination step on the whole o provide a chloroprens product {CAS

1264958y

0021} I another embodiment, butadiene from the dehydrogenation or

least in part

senation of nebutene in the gmn% uot mixture is at

reacted with hydrogen oyvanide sequentially in two steps to provide an
. .

adipenitrile product {UAS 11168-3)

032 Inancther erbodiment, adiponitrile so formed s at foas

catalytically hydrogenated to hexamethvlenediamine {CAS 124094},

SUBSTITUTE SHEET (RULE 26)
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H23]  Inanother embodiment, butadiene from the dehvdrogenation or
oxydehydimgenation of n-butene in the product mixture is at least in part
converted fo Ld-butanedio] {CAS TI0a2-4) b y any of several known methods
for parforming the conversion.
3 10024]  In arother embodiment, butadiene from the dehvdrogenation or

oxydehydrogenation of n-butene In the product mixture is at least iny part

‘e

undergoes 8 Ld-addiion with fiself to provide dvinviovalohexens (CAS 1040

3how

hich is subsequently dehydrogenated or oxidized to produce styrene {CAS

14 025 In ancther embodiment, butadiene from the dehydrogenation or
oxydehydrogenation of n-butene tnthe product mixture is at least in part used
to provide improved impact resistancs to polysiyrens in the form of
polvbutadiene,

{0026]  In another embodisnent, butadiene from the debydrogenation or

15 oxvdehydrogenation of n-butene in the product mixture ts at Jeast b part used

as a monomer i an acvylontteile-butadiene-styrene copolymer,
027 In aother embodiment, butadiene from the dehydrogenation or
oxydehvdmgenation of n-butene in the product mixture is at least in part used

as a monomer with methivl methacrylate and styrene in a copolymer,

e 038] o ancther ernbodinent, the Zowthyl-I-buters and 2-methyl-2-

butene are separated from the reaction product and dehydrogenated to soprene

A5Y using any of the known catalysts for performing this conversion,

under conditions effective for carrving out the conversion,
JGU29T  In another embodiment, propyiene in the product mixture is at

3

least in part homopolymerized in the presence of a £

rler-Natta catal ystora

metallorene catalyst to provide biobased polypropyiene,

BU30] In asother embodiment, propyiene i the product mixture s at

feast in part contverted o propylene oxide UAS 75-56-9

SUBSTITUTE SHEET (RULE 26)
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[0U31]  In another ernbodiment, propylene i the product mixture s at

least in part converted o acrylonitrile {TAS 107-13-1) by catalvtic oxidation in
the presence of ammonia.

32 In ancther embodiment, propyle 1 the product mixiure §s at

5 leastin partconverted through catalytic oxidation to acrviic actd ({CAS 79-10-71
H033]  In another embodiment, propvlene in the product mixture is at
teast in part converted to cumens (CAS 98-82-8) by reaction with benzene in the
presense of a catalyst.
10034]  In another embodiment, propylens in the product mixture fs at

I least In part hydrated o provide isopropanel {UAS 876303, indirectly through

reaction with sulfuric acid and subsequent hydrolysis of the resultant sulfate

esters and/ or divectly by reaction with water in a Hquid or gas phase process in
the presence of a suitable catalyst,

{0035 In still other embodimments, hwo or mors of these varicus

et
LA

ndividual ensd uses or product seenarins are concurrently practiced.

9

invention according to one cmbodiment, Including ,mvwmwsve(;}g:‘.emac:ﬁi'a that

s

2 may be taken for separating the product midxture produced by the process of the

present nvention sccording te a fivst aspect.

DETAILED DESCRIFTION OF ILLUSTRATIVE EMBOIHMENTS

;....a

{00377 Those skilled in the art will immediately appreciate from the

34

oregoing sunumary that the capacity o produce, by means of the process of the

e

gresent nvention, a product mixture Including isobutene, propyvlene,

Z-butene, Tamethy-T-butene and Z-methyh-2-butene from a mibxture of acetic
acid and propionte actd provides opportumty o impart renewalde content to g
variety of comumercially valuable materials that that have histovically been made

38 exclusively from noterenswable respurces, as well as an additional method for

SUBSTITUTE SHEET (RULE 26)
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mparting renewable content to the making of other commercially valuable
matertals where other means have been previously suggested for this CLITPDSE,

but these other known processes may not be fully satisfactor v EOY OTIE TEERoN o

another,

{038 Some of these commercially valusble materials are exprosaly

3

addressed by the various embodiments mentioned in the sumInary section

above, but the realization of other products - for example, methyvl methacey

¥

tetvabydrofuran, Nevinyipyreolidinnne, laury

actamn, adipic acid, caprolactam,
ethylicdene norharmene among others, along with assoviated renewable

palymers and copolymers « will be within the capabilities of those skilled in the

art, a5 demonstrated by US 2000/ 0218958 A1 to Peters ot al, published Ang. 76,

1.
20 for "Methads of Preparing Resewable Bufadiene and Renewable Isoprene”
{hereafter “Peters et ™),

0038 Those skilfed in the art will conowrrently alse appreciate, i view
of the extensive body of lterature descriptive of the means :::»y which the

upgradable olefins in the product mixture may be used individuaily, in

combination with one or more other constituent materials of the product

mixture , and/or in combination with still other materials not in the product
mixture but which may be readily avatlable nonetheless ~ for example,
ammoenia for combining with the propylene to prepare acrylonifrile, benzene

for combining with propylene to prepare cumene ov hydrogen ovanide for

combining with 1,3-butadiene {from the T-butene and/ or 2-butene) to prepare

dipondtrile ~ to propare these various commerclally valuable reaterials |, thata

S

comprehensive review of all of the many commercially valuable materials that

can be made (af least in part} from the upgradable renewable scurce-derived

alefins i the product mixture and of the ways in which the upgradabde olefing

R
X

s the commercially vabaable

i the product mdxture can be utilized to

materialy is neither feasible nor traly necessary in Heht of what is known to

those skilled in the art

SUBSTITUTE SHEET (RULE 26)
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{00401 Accordingly, while certain applications of the upgradable olefins
i3 the product minture will be described herein (by reference 1o exemplary
publications within that extensive body of literature), it will be appreciated that
these are intended to be Qlustrative only.

3 {0041 Tumning now to Figure 1, a process 10 &s schematically
Hlustrated wherein a mixed acid feedstock 12 comprising both acetic acid ansd
propiomic acid, but preferably having acetio acid and propionic acid as the two
maost grevalent acids theredn, is combined with hydrogen 14 and converted in a

e deye 1A + A o oadaload mmedieniiariy o a Fe T e Y vy tacingd vt sten o by Tvred o
reactor 16 containing o catalyst, particndarly, & Zndln 0, mixed oxide catalyst, to

s A

W a product mivture 18 having an upgradalbde olefing component including

isnbutene, propylens, T-butene, 2-buatene, Z-methvl-T-butene and Z-methyi-2-
butene as well as a rercainder including water, acetone, methyl ethyl ketone {or
T-butanone, henceforth MEX), methane and carbon dioxide.  Under certain

coendifions as shown by the examples below, sbe-carbon products may be

13 tormed as well, but in preferved embodiments substantially no six-carbon and
heavier products will be formed.
100421 The mixed scid feedstock 123 in the llustrative embodiment of
- be produced by those known fermentation methads t propicnic
acid from glucose, lactose, sucrose, xvlose, fructose, maltose and lactate
AU IPOIN g S8, SUCTONE, XYV, TTUCLOGE, MAHGST 8 1a0iate
2 substrates {ax previously described) which also produce some acetic avid, by a

ombination of propionic acid from @ known fermentation method with avetic
acid from a separate, known method of making acetic acid {various such
methods are described In the 312 application}, or by a combination of

g’.}i‘{}pi{) de acid from a known fermentation method with acetic acid from a

separate, known method or source of geetic soid and with recyele acetic

produced in certain upgrading options from the produst mixture 18 ~ for

example, iy the oxidation of some part of the n-butenes in the product mixture
¥ ~

18 in the presence of steam, sep, e.g., US 3,431,297

{0431 While g single fermentation mayv thus be emploved to provide a

G

mixed acid feedstock 12, both because of the well-apprectated difficulties

SUBSTITUTE SHEET (RULE 26)
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0
associated with mived acld fermentations generally and because of the
proved Hexibility afforded t provide mixed acld feedstocks 12 of differing

compaositions, it is expected that preferably separate fermentations will be

emploved to preferentially generate propionic acid on the one hand (building

(¥

upen some of the above-referenced revent advancements in propionic acid
fermentations, for example) and acetic acid on the other. The propionic acid
ardd acetic acid can then be conventionally recovered frowm the individual
termentation broths and recombined to provide a mixved acid feedstock 12, ov
acetic acid or propionic ackd can be recovered from #ts respective fermentation
1 broth for combining into the other fermentation broth o vield the mixed acid

feedstock T2, or the Individual broths from the two fermentations can be

cornbined to provide the mixed acid feadstock 12,

j0044]  The production of acetic ackd by fermentation fits very well with

an independent fermentation mode of geperating the mixed acld feedstock 12,

IS inthat varioos homoacetogenic microorganisms are kniown which are able

through fermentation o produce acetic actd with 100% carbon vield; these

mizreorgamisms internally convert carbon dioxide to acetate, in contrast to a

provess for producing ethanel from sugars obtained from biomass, wherein

carbon dioxide s produced as o s byproduct,

20 {0045]  Examples of homoacetogens given by US 8252567 are

microorgandsins of the genus Moorella and Clostrichium, sspecially

micreorganisms of the species Moorella thermoaceticum {0\: scribed as formerly

classitied as Clostridium thermoaceticom) or Clostridium formdcoaceticam, US

32,567 represents that about one hundred known acetogens in twenty-two

FENOraE wWere Kooy

[0046]  Other references describing fermentation methads for produring

arvd six carbon sugars Include US 4,935, 3oy US 8236534,

acetic ackd from §

U5 4.510,084; TS 4370610 and US 4506012, bothuone-step fermentation

38

provesses from the sugars to acetin achd, avetates or both are disclosed, as well

SUBSTITUTE SHEET (RULE 26)
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&

as two-siep processes involving a fiest fermentation o Jactic acid (by

tactobacillus or known methods of homolactic fermentation, preferably)
followed by a second fermentation o convert lactic acld to acetic acild, for
example, using Closteidiom formicoacetioum

S (007 Any of the known fermentation methods may, in short, be used
0 }\-}rgtﬁi'ti{:e acetic agid for combining with propionic acid in the mixed acid
feedstook 12, but homoacetagenic fermentation methods are considered

preferable at least in that carbon dioxide is not prodused as a byprodict - the

carbon dioxide represents a yield loss frow the overall process to make

et
P
g,

sobutene and as a greenhouse gas is undesirable particulariy in the context of &

process to make & needed product more sustainably from renewable rescurces
MS] The mixed acid feedstock 12 can i other embodiments be

provided in whaole or in part without the use of fermentation methods, for

example, from the dehydration and oxidation of 1,2-propanedinl {propyles

15 glveol) and ethylene glveol obtained by the hydrogenolvsis of a feedstack

selected from one or move of glyeerol, the fve and six carbon sugars and sugar

‘ H
i
e

alcohols, lactate and lactic acid In the presence of hydrogen and a suitad

by ragenolvsis cata

Iyst and under conditions which are effective for carrving

out the hydrogenolysis, More particntarly, ethylene glveo! produced insuch a

23 process can be debydrated and then the product of that dehvdration s
exciidized o provide acetic actd for the mdixed acid feadstock 12, while prop

Foed 12

veot and ethyvlene glvenl have conventionally been

{00491 Propyiene gl

proaduced from petrocherdcal sources. However, In recent vears much research
has taken place to develop suitable blobased propyiene glveol ang

ghyeol products, which can be interchangeable with propylene glveot and

-

ethylene giveo! products dertving from petroleum refining and processing

3

¢ methads but which are made from renewsble versus nonrenswabde materials.

fa
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{0058]  As a vesuldt of these efforts, processes have been devel oped by

several parties involving the hydrogenolysis of especially five and six carbon

sugars and/or sugar alcohols . whereby the higher carbohydrates are broken
nto fragments of lower molecular weight fo form compounds which belong &

i obvreend ove sres ol fo 5 Caterare or a3 gy {3 ¢t e
3 the glyool or polvol family. Sugars contairdng five carbon chains, such as ribose,

arabinose, xylose and fyxose, and corres

ponding five carbon chain sugar
alnohols such as xylitol and arabindtol, are among the materials contemplated in
T AR 2 " - - Nt R ey 30 . A 3

LS 738,094 vo Werpy et al, for example, as are lactic acld, lactate and six

carbon sugars such as glucose, galactose, maltose, lactose, sucrose, allose,

o altrose, mannose, gulose, idose and talose and six carbon chiain sugar aloohols
such as sorbitol. Some of these carbohvdrate-based fo
available as pure or puritied materials. These materials may also be obteined as
side-products or even waste products from other processes, such as com
processing. The sugar alcohols may also be infermediate products praduced in

1S the inital stage of hydrogenating a sugar.

{081} For other known examiples of such processes, US Patent

5,206,927 describes a homogeneous process for hydrocracking carbohyvdrates in
the presence of a soluble transition metal catalyst fo produce lower polvhydric
alvohiols. A carbohydrate Is contacted with hydrogen in the presence of &

8 soluble transition metal catalyst and & strong base at & temperatire of from

25%0 10 200°C and o pressure of from 15 to 3000 psi. However, as is evident

from Tables and H in the disclosure of US S > of other polyol

compounds are produced in the hydrooracking process. US Patent 4,476,331

LACEEA

describes a two stage method of hvdrocracking carbohydrate

i

yuthentum catalvst. BEuropean Patent Applications EP-A-0523 014 and EP-AL

<
H
H

describe a process for prepaving lower polvhydric alcohols by catalytic

hydrocracking of aqueous sucross solutions at elevated 't'e;zizpemim‘e ard

pressure using a catalvst whose active material comprises

copper arad manganese. Sl other exampdes of such carbobydrate-based

Y

30 processes may be found without difficulty by those skilled in the aret
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[0052]  Other efforts have been based on the use of another readily
accessible blobased feedstock, namely, glycerol. The aforementioned U8
SABBURE to Werpy etal. desceribes the hydrogenolysts of glveerol as well over
rhenium-contalning catalysts, as an exam ple, but a number of references may be
tonnd related to the hydrogenolysis of glveero! 1o produce biobased prapyiens
glycol as well as ethvlene glvool,

053] Glycerol is currently produced as a byproduct in ma wking

bodiese] from ve getable and plant oils, through the tramsesteritivation res

T

of lower alkanols with higher fatty actd triglveerides to vield Tower alkv esters
of gher fatty acids and a substantial glycern] byproduct. Glyeeral Is also
available as a by-product of the hyvdrolysis reaction of water with hig

i

acid i';'.igE‘ga‘.fzéiiiiee’; > vield soap and glyeerol The higher fa
PR W \

may devive from andmal or vegetable (plant) sources, or from a combination of
anirnal and vegetable sources as woll known, and a v ariety of processes have

ol

,,..,

a1 desoribed or are known, A biobased giveernl is also available as a

fog

§ [

of the hydrogenalysis of sorbitol, as described in an exe mplary process in UL S,

«f Dleg ~emiher 1882

i

[B034] A biobased ethylene glveol and propylene glveal in any event
may be converted 1o acetic ackd and propionic acid, respectively, for the mixed
s

acid feadstock 12 by fivet dehvdrating the ethylene glveol and propylene ghyeol

to their corresponding aldehyvdes scetaldehyde and propionaldehyde, then

e,

oxidizing the acetaldehyde and :;‘ﬁ'(};;}i{>i‘1a§a;§t?i";}ft\“ 0 provide acetic acid and

{ysts tor the dehydration of propviene glveol (13-

propionic ackd.
propanediol) have been evaluated and are available from the prior ar, see, for
example, Mori of al, "Catalvtic dehydration of 1,2-propanadiol into propanal”

Apphied Catalysis A General, vol. 388, pp. 304-308 (2009) {finding acidic

morganic oxides and supported heteropolyacids useful for a vapor phase

dehydration, especially, stica-supported heteropodyacids with an agqueous

ot of 1.2-

propyiene giveol feed) Sugivame ,The Catalviic Convers

Fropanediol to Fropanal on FSM-16 Melded by Wet-Treatment and
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Pressurization”, Jowrnal of Chemical Engineering of Japan, vol. 46, no. 9, oy
S20-624 ZOI3HPSM-16 being described as a mesoporous silica); i herysheva et

i Ef‘*es‘n Gration of Pry :p\‘ 2110

Giyeol”, Zhurnal Organicheskoi Khimil, vol. 7, no 1, g 212 (an, 197 cation-

exchange resins, p-toluenesulforic acid and sulfuric acid); and 7 Thang et al.,

“Delydration of 1, 2-propanediol to propionaidehyde over seolite catalysts”

Applied Catalysis Al General, vol, 400, pp 148-138 (2011) (discussing prior

studios with electrog ohilic, nuclecphitic and lanthenide oxide ¢ afalysts in

A ramber of

evatuating {and finding effective) zeolites such as ZSM-5BY,

¥

examples of the dehydration of ethylene glycol 1o acetaldehyde ave simitarly

wetaldehyde ~ dehydration or a concerted mecharism”, Tetrahedron,

dp. 20912094 (2002), Parenthetically, it {s contemplated that the

anbe donsonoa

trations of propylene glveol and of ethylene glve
ixture of the glyeols, or on the propylene giveol and ethylene glveot separately
and independently.

BO35] The subsequent oxidation of the acetaidehyde and

propionsidehyde dehydration products to provide acetic and propionic acids

can be done by any con vertionally known oxidation nmwthod. inthis regard, as
deseribed in Bano et all, “Acetio acid g}r@dLicié{)},‘; ifsy divect oxidation of

ethyleng”, Chem. Eng, Technol,

5

primary method for producing acetic acid commercially for many vears was by
oxidation of acetaldehyde in the presence of a manganese acetate ca*:a’iyst;

thoueh thiz method has now been supy planded by carbonyviation of methanal.

L

N

Catalvtic methods for the oxidation of proplonaldehyde to vield propionie acitd
have Hkewise been described, which have principally invelved vanadium oxide

o

and vanashium phosphate catalysis, s

ey 24 Ny 7 ¢ >
Catal. Lett, No. 2, page

S

257 (199 aned A etal, Bl Chem, Soc. Ipn., o, 67, Py

{1owdy; the
oxidation of a mixture of avetaldehyde and propionaldelyyde has likewise been

dessribed on o Hanta-supported vanadiem oxide catalyst in the presence of
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(5
water vapor, see Suprun et al, Chem. Bng. Technol, vol. 29, no. 11, pp 1378-

1383 {2006). Consequerdly, it is contemplated that the avidation step can
Hkewise be conducted on a mixture of the acetsl fdebyde and propionaldehyde

sehydration products or on the acetaldehyde and propionald tehyde

individuallv, but those skilled in the art will be well able in ar woavent o

v

determine how best to vonduct the delipdration and oxidation steps o the

ethylene glveol and propylene glyeol from a preceding hydrogenolysis process
i ovder to provide the acetic and propionic acids for mixed acid feedstock 12,

{3056]  However obtained, the mixed actd feedstock 12 is combined

2

with hydrogen 14 and converted to the product mixtuee 18 including the

upgradable nlefing fraction. Ina first embodiment, 8 Fndfe O mixed oxide
catalyst useful for the conversion of the acetic acid and propionic acid in the
mbied acid feadstock 12 as described can be made by a “hard tomplate” or

“contined space synthesis” method generally of the character used | by Jacobser

sparaus Zeolite Single Crystals”, Joornal of the American Chemical

Society, vol. 122, pp. 7116-7117 (2000}, wherein nanoweclites were prepared.

{87 More particularly, the same carbon black (8P 2000, Cabot Corp.)

may be used as a hard teraplate for the synthesis of nanosized a0y mixed

oxicdes, rather than nanoweolites as in Jacobsen ef al. Prior to use, the BP 2000

(}\

template s dried, for example, at 18 °C overnight. Ca

53

sulated amourds of

&,

ziveonyl nitrate b te {Sigma-Aldrich, greater than 99 8% puriiv) and

Aldrich, greater than 998% purity) are dissolved ina

given amount of water, and sordeated for 15 minutes to produce a clear solution

with desived corcentrations of Fn and Zr. Inone preparation, abowt 25 graws of

the obiatned solution arve then mixe

xd with 6.0 grams of the preheated BP 2000 to

whcalcined at 4 degrees Celsius for 4 howrs, followed by ramping the

temperature to 58 degrees Clelsius (et a ramp rate of 3 degrees ¢
arud holding at 530 degrees Celstus for ancther 20 hours, Nanosized white

powders are obtained, having a mean particle size of less than 10 nanometers.
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)

0SB The nanosized Zrn O, mixed oxide ratal vsts made by a hard

ternpdate method are further desoribed in Sun et al, “Direst Comversion of Rio-

ethanol to Isobutene on Nanosized ZinaZn 0l Mixed Oxides with Balanced

a0

op. 11096

11099 (2011), slong with findings velated to the character of the mixed oxide

lvats tormed theveby and the performance of the catalysts for the sthanol to

P
S
-~
tad

o
i
P
bee

utere conversion, given certain 2n/ £y vatios, residence Hmes and veacton

emperatines,
{058 Alrernatively, the ZroZn Gy raived oxide catalysts may be made

as described in copending United States Patent Application Ser. No. 61 /720432,

Hied Uotober 31, 2012 for “Stalde Mived Oxide Catalysts for Divect Conversion

¥

utene and Process for Making” {the WO 784appline ationy, by a
process roadly comp rising, in certain smbodiments, forming a solution of one
or wore Jn compounds, combining one or more zivconium-containing solids

H E‘

WIT

b

the selution of one or more K compounds so that the solution wets the
IO LT containing solids o a state of inofh punt welness, drying the wetted
soifcds, then cal foining the dried solids. I other embodimenis, a solution is

H

compounds, the solution s combined with one or

tarmad of one or more By

olids so that the solution wets the Fn-containd g sollds to

a state of ncipient wetness, the wetted solids are dried and then the dried solids
ave calcined.

¥
2

¢ Edadle mbad oxide catal

’\

080T In cortain embodirnents, ¢

{whether made by the hard template or incipient wetness meth wodds) are

THr vatio (ovy of from T80 o 1, g

) . $ s m P
characterized by a Iny

fo 1A, especially 120 0 105, and sl more preferably 112 0 D1
{611 The catalvets made by the alternative, inciplent wetness method
ave comsistent in thelr particle size with the catalysts described in the

neorporated journal article, namely, comprising aggresates of less thanil nme

with a highly crystalline structure. The Zn oxide component is

nghly dispersed on the Jr oxide compuonent.
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[0062]  In certain embodiments, the ZnZn O mived oxide catalysts are

characterized as low sulfur catalysets, containing less than (114 percent by
weight of sulfur. In the WO'784 application, it was reported in the vontext of

<

converting ethanol to isobutene that ca atalysts made by the i

IS {‘ ant welness

S method wondd d\»;ah be substantially sulfur-free, ,ra‘-;sf{-;s_z*zzitsji}:' inchading less

(R wetpght percent of sulfur, In the WOTSe appiica§t~§<m; it was postulated

that the reduced sulfur content enabled by the inciplont wetness method as

compared o the hard template method contributed significantly to the much

1 improved stability observed for the incipient wetness method catalysts of the
prior refated application for the ethano! to sobutene process.

0631 tn the particular context of the 312 application {for converting

acetic acid o sobuis qel, owever, in at least some embodiments and under

certai process conditions some sulfur did appear to be beneficial, Sings

o8

15 process of the present invention is concerned with the & processing of & mdxaed

tstock 12 containing acetiv acid, it s anticipated that again there may be

AT TSSO
N

penefit to not having the catalyst be substantially sulfur-free as preferred tn the

WS application, though as just indicated, it is expected that the amount of

sulfur will preferably be such that the cate tysis are siill of

'

20

Such fow sulfur catalysts are most readily made by the

ncipient wetness method desoribed briefly above and in greater detail in the
WY 784 application,
{0064]  In principle, provided the sine and slreoniom compounds and

¥

soitds i these embodiments have a sufficten ity low sulfur content in order to

£
%21

produce 2 low sulfur content when combined according 1o the Incipient wetness

Rt sivent cay

o]

method, any combiration of sine and siveordum materials and an
be used that will permit the zine and girconium components o mix
homogeneously whereby, through incipient wetness impregnation, one of the
2in¢ or mircontam components ave well dispersed on a solid of the other

3 eomponent for subsequent drying and conversion to the oxide forms through
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e,
b

calcty

ng. Low sulfur catalysts can also be made by the no iplent weiness

LA

methaod starting with zine and zircordum cornpounds that are sulfur-free or

substantially sulfur-free, then doping in a desived sulfur content into the

Sl mvived oxide catalvsts.,
{0085]  The conditions and tirmes for the drying and calcy ing steps of an
incipient wetness preparation will depend, of course, on the particular sivw and

B
H
H

ziveordurs materials and so

Py

vent used, but in general terms, the drying step can

by 3

be acccmplished ina temperature range of from 6 de eprees Uelsius to 201

res Celsius over at feast 3 howrs, while the calcining can take place at a

temperature of from MY dege

(4 degrees Celstus, but move
preferably a temperature of from 400 to 600 degrees Telstus is used. The
calcination time can be from 10 mimates to 48 hoy s, with from 2 to 10 hours

Iy

being profervsd,

[0066]  In still other embodiments, low sulfur o
sreparad by a hard template method, except that a suitably ver v ow sulfuy
content carbon is used for the hand template to realive 8 low sulfur content in

the fintshed catalyst,
08T In cortain embodiments, the conversion of the scetic actd and

propionic acid in mixesd achd feed 12 to the product mixture 18 can be

;4;—(
&
b

accomplished continuously in the gas phase, using a fixed bed reactor or

bed reactor. The reaction temperature may beina range from 00 o 700 degrees

~

Celstus, preferably, ina range from 30U to 500 degrees Celsius, and the WHSY

T

can be ina range from Q0T hirt to 30 he?, preferably from 0.05 bt to 2 bt

Acetic/ propionic scid/ water solutions with steam to carbon ratios from O to 20,

preferably from 2 to 5 can be used to provide the acetic and propionic actds to
the s::s;_teéiij,s"st.

{0068 Hydrogen is supplied from a seurce 14, generally fn combination
with an fnert carrier gas such as nitrogen. As demonstrated by the examples
below, by adjusting the partial pressure of hydrogen in the veactor {all other

gv

conditions remaining the same), ditferent product distributions can be

SUBSTITUTE SHEET (RULE 26)



[,
(¥4

Ly

WO 2014/093738 PCT/US2013/074854

B

produced of the various upgradable olefins in the prosuct mixture 19 as
desired, based on the manufacturer’s requirements at any given time. Further,
this effect can be made greater or lesser or even manifested in & different WRY,
depending on the partioudar reaction conditions en ploved. The examples in
particular show that the effects of the same partial pressure changes were quite
different on an equimolar mixture of the acetic and propionic actds as compared
& high acetiopropionic mdvturer notably, increased hydrogen partial
pressures in converting the equimolar mixture resulted in increased selec tvity
e isobutene, T-butene and 2-butene, while the same partial pressure changes in

§ 3 g ey . N I g e &
converting the high aceticpropionic mixture resulted in decreasing selectiv ity on

fay
the whole to these Cy products. The magnitude of the selectiv 1ty effects for the

~

propylene and U products (-methyi-2-butene, 2-met wi-d-butene, 2-pentene)

in the product mixture also differed, particularly ralating o the amount of
propyiene produced.

{83681 The product mixture 18 in the particular embodiment of Fleure 1

s then cooled and passed to a knockout drum 20 1o remove water and fa

remove acetone and MEK solubllized therein via strearm 22 from the rixiure 18,

The rematnader 24 §s passed to a wet gas compressor 26, further cocled and sent

0 a high pressure recetver 28, Additional water, acetone and MEK s removed

via stream M from the product mixture 18, and lighter components than the

desired upgradable 5 - methane, unreacted hydrogen and carbon dioxide

T

-are mostly conveyed i stream 32 {0 a sponge absorber 34, The heavier

camponents of the product mixture, including the bulk of the desived

oleling, are meanwhile sent in stream 36 1o a stripper 38,

wWiisg

31 In the siripper 38, vesid
§ tals

dioxide not sepavated fnto stream 32 frove the high pressure recetver 28 are

stripped away instream 48 from the propylene, Crand Cs {and Cs, H any)

N

products which provesd in stream 42 to a debutanizer 44 and de lepropanizey 46

i sequence. Bteeam 40 15 recyeled to the high pressure receiver 28 to capture
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Pae

any propylene into the stream 36, with capturing the residual gases into the
siream 32 an vecycle.

{0071]  The 2-pentene, Z-methyvl-Topentene and Z-methyi-2-pentens from

Pa)

product mixture 18 ave separated {together with any Cs products, but preferably

Ly

theve will be substantially no Gs products) in the debutanizer 44 from the
prapylene, sobutene, T-batene and 2-butene apgradable olefing, with a portion

48 ot the 2-pentene, 2-methyl-L-pentene and 2amethyl-2-pentene materials

veled 0 the sponge absorber for effictently

parating any propylene

{(Lfg}, isobutene, I-butene and 2-butene () content in stream 32 from the Hghe

H gases contained in product mixtare 18, though other absorbents rould be used

i place of g recyole portion 48, The Grand O produsts recovered into the Cs

he absorber 34 (with the G recvele absorbent)

oo

as stream &, and stream 30 inchuding the recveled Us products is then

combined with primary Gy - Us stream 42 from the sivipper 38 for PrOCESSITYY

15 in the debutanizer/ depropanizer section, while the methene, unreacted
hydrogen and carbon dioxide are carvied overhead from the sponge absorber 34

as stveam 52 to & pressure swing absorpton unit 54,
{00721 Prossure swing abm;_puﬂn unit 54 operates to separate carbon
ciondde 50 from a dry gas 58 comprised of methane and unreacted hydrogen, [f
20 the hydrogen content of the dry gas 59 is substantial enough, the dry gas 58
may be recyeled in whole or in part as recycle gas s v 6U to provide makeup
Fyddrogen for use in the reactor 16, or may be used as a fuel gas 62 or for other
suitable purposes.

)

33

pon

{731 The debutanizer 44 and depropanizer 46 operate fn sequence

Znethyl-T-butene and Tmethel-2-batene in
debutanizer bottoms () product 64, with a propylene (O3 product 66 and an

wobutene, T-butene and T-butene () product 68 from the overheads

debatanizer 44,
{0074 The (0, Crand G products can be used, as already observed, to

§ 0 provide a significant purmber of commwercially valuable products, following

Lad
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21

such further conventional refining as may be indicated for the Cyand Cs
produsts fo upgrade individual materials within these products to cerfain
commercially important products,
{0073]  For example, in one embodiment, the isobutene can be spparated
trorn the n-butenes in the O product 8%, Thou gh the separation of isobutene
;

fram T-butene and 2-butene is pot facile, methods are known for peviorming the

cveiopedia of ndustrial Chem iy,

separation, see “Butenes”, Ullmann's 8

455 and the references cited theredn. See alsg, U 1S 8,290,968 1o Armnold et all

“Process for the Production of Butediene” {describis ng somerization of T-butene

to S-butene with distiliation, and an optional reverse somerization to convert

sebutens to additional n-butenes as desired, for additional IS-butadiene or

ather products dertved from the n-butenes versus ix

¥

to artside et al. for " Apparatus for the Doubde Bond Hydroisamerization of
Butenes” {describing hydrolsomerization of 1-butens to 2-butene in a mixed Oy

strearn, followed by distillation 1o produce a butadiene provess feed and
tonally describing making propylene from 2-bufene by combination with
O YT GG T s

¥ - I . oy TN ™~ A 3 Lol
gl olefin metathesis); see also US 7.888,5341 to Gartside st al,,

merization of Butenes™. The ischutens is Hself a

"Diouble

commercially valuable material, being widely used for the production of &
variety of industrially Important products, such as butyl ruliber for example.
{078]  Alternatively, the isobutene can be converted to biohased frel
additives, In particular, ethyl and methy] tertiary butyl sthers (ETBE and MTBE,
ouventionaily, MTRE has been made in petroleum processing,

ream from

rocesses for the production from a mixed (o o

petroleum crackers {after removal of multiply unsaturated hydrocarbons

as butadiene) of isobutene as used in making butyvl n

isobufene oligomers and thubvi aromatics, of tertbutanol (7§
>

desired proposticns. The art contains a number of examples of such integrated

K N

processes for making non-biobased, conventional MTRE, see, for example, US
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A

2N

4,118,425 to Herbstman, US 4.329.516 to Al-Muddareis, US 4423751 1o Pajado

et al, US 4,981 491 to Hararedi et al, and US 5,254,764 to Miracca ot al., as well
as Ullmann's Encyclopedia of Industrial C.’he.‘;’nifsi‘;}i, th ed,, "Methyl Tert-
Butyl Hthey”, pp 119124, Wi Hey-VCH Verl tag GmbH & Co. KGaA, Weirthein
S {3N2) BYBE for its part has been made in a Tke manner as MTRE, throu wh
using ethanol rather than methanol in the etherification step of such processes,
0771 1o arother alternative embodimeny, the ischutene can be used in
whole or in part fo make § woprene according to any of a number of known
<

processes. Conventionally, isoprene has been vecovered from pyrolysis casoline

H aphtha cracking to produce ot hviane, by a ser

Ry

es of fairly capital intensive
steps. Initially cyclopentadiene is removed from the pyrolvsls masoline by

dimerization and distillation. Subsesuently, pipirvienes are separated put by
superfractionation, and the isoprene (a8 10 10 20% of the pyrolysis gasoling) is

then recovered by extractive distillation using asolvent. In recont years,

ovs.
L

B

ever, with the availability of abundant, inexpensive nataral gas, ethviene

has increasingly been produced using lghter feedstocks for the steam crackers

<

sa that pyrolysis gasoline production has declined,

'._,4

{0078]  As summarized in WO 20127038247 AT by Vermeiven et al,

—re

7Y, isoprene can be

“Production of Is

SRIHAY from Iso-Butano! { AT

$¥

& produced by a Prins condensation of a Cyolefin feed with an aldehvde, typically

]

formaldebyde, with the Cy olefin feed commonly including iscbutens or one or
muore isobutene precursors such as an alkybt-butyl ether under conditions
which will provide tsobutene. The isobutene reacts with formaldehyde to give

$d-dimethybmedioxane which decomposes to provide the desived fsoprene

25 product
VR WO 247 reports a nomber of other examples of processes of this
general character. For example, US 4511751 desoribes a process wherein
isobutene and/ or tertiary butanol and a formaldehyde source ave fod, together
with water, into an acidic aqueous solution continuously or intermittently while
3 maintaining the reaction pressure n an adequate range and at the
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o

distiliing off the soprene product and unreacted starting materials, together
with water, from the meaction zone, US 4,593,145 {e cited for describiy
process for producing isoprens, characterized in that an alkyl-t-buiv] ether {08,
methyi-t-butyl ether (MTBE) or ethybt-butyl ether (ETBE) as are still

oramercially manufactured and extensively used as antiknock fuel additives)

and a furmaldehyde source are fad, i-ugei'}m; with water, w0 an ackdic agqueous

solution continmously or intermittently while maintaining the reaction pressure

inan adequate range and at the same time distiiling off the product soprene,
unreacted starting materfals, isobutene and tertlary butanel, together with

s fnchade BF 10323, BP

{088 1uis also known o directly produse woprene from tertary alkyl

For

ethers {such as MTBE) and an OXVgen souroe by a catalviic g

~

exampile, in US 3,574 780, tsoprene is produced by passing s mixture of MTBE

and adr over g mixed oxide catalyst, cracking the MTBE to isobutene and

methanol, exidizing the methano! to formaldehyde and then reacting the
wobutene and formaldehyde to produce isoprene, Other refercrces supply
iscbutene and methanol separately. The methanol is oxidized to formaldehvde

de methanol geserated from the cracking of MTBE, and the

O

formaldelyde so formed reacts with the supplied isobutene plus that isobutene

rated from the cracking of MTBE, Stll other references supply Isobutens

N

and methanal divec y rather than generating the same by cracking MTBE,

2
oxidizing the methanol to formaldehyde with an oxvgen source in the presence

atalvst and then reacting the formaldehvde thus formed with

0081 Consequently, it will be appreciated from the sumunary of these

various known methods that Isoprene can in certain embodiments be produced

fromn the isobutene in stream 88, as well as fram the MTBE that can be made

from the isobutens,
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{8 Isoprene can also be made by the 2 ~nethyi-tebutene and 2

methyl-2-butene upgradable oletins in the debutanizer bottoms product 84, The

47 referenwe thus also deseribes that soprene can be produced i a

copventional petroleum refinery setting by the Isolation of iscamylenes

{principally being the same Z-met hvl-1-butens and Smethyh2-butene materia als)

trom refinery and petrolentn cuts and then convertd T the seamylenes to
isoprene over an fron oxide catalvst promoted with potassium componds,
[DOR3] US 2010/ 0022816 to Mervill alternatively describes a (SRR

wheretn 2-methyibutene and Jmet thyl-Z-utene are combisy

z
i
o
e
5
e
1%
A
pevs
e
e
oo

o wit
and contacted with a dehydrogenation ca talyst wnader conditions effective to

produce isoprene, with preferred embodiments carried out under 2 vacuum at

u

by

veessure of 1000 mbar or less,

et

<

reged

P ks

{B034]  Returning now to the 1-butene and 2-butene s uppradable olefin

products o streant 68, in one embodimment, these may be converted to 1,2~

butadiene by catalytic dehydrogenation or catelvtic oxidative de hydrogenation

o

according to known methods, see

...4

Butadiene”, Ullmann's ¥ wyciopedia of

strial Chemistry, TT% edition, Wiley-VUOH Verag Gmbi & Co. KGaa,
e 3813960 and the references cifed therein, especially
page 587 and references 44-47; GB 602,499 (Fhiflips Petrolenm Company) and

FARSY

8 649 444 Srandard Gil)

{0085]  The 13-butadiene thus formed can in other embodiments be

used to produce In whole or in part 1o produce other commercially valuable

products, again acconding to known methods, Thus, as further described in the

mstreferenced “Butadiene” article, the 1,2-butadione can be wsed as 8 monomer

or co-monomer in the manaf

ture of various synthetic rubbwrs, e.g., styrene-

butadiene rubber and latex, poivhutadiene rubber, acrvioniivile-butadiene

¥

rubber and latex, and chloroprense rubber. Tmportant plastics containing

butadiene as a manomer component are inpact-resistant polystyrens, a bwo-

sting of palystyrene and polvbutadiens,
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A

acryloniirile/ butadione/ styrene (ABS) polymers, and a copolymer of methyl
methaceylate, butadiene and styrena,
{086} The L3-butadiene can in other embodiments be used to make

oo N

still other products. US 20U/ 0216958 to Peters etal. {Peters et al} is

descriptive of methods for preparing renewable butadiene and renewable
woprene, albedt starting from Cy and Cs aleohols through dehvdration to 4 and
Cs olefing which are then converted to sobutene, isgprene and butadiene by

k3

‘ VT EeT, ation. As described in

™
RS

“eters, 1,3~ butadiens can be used to make
LA-butanediol and/ or tetrahydrofuran (page 7, pavagraph 56), and these can
then be used intuem 0 make additional polymer products, as well as gamma-
butyrolactone, N-methyipyrrolidinone and Nevinvipyrrolidinone,

{0087]  The 13-butadiene can also be used to prepare nylon-6,6 and
sylon- polymers (Peters, paragraphs 81 and 62), in the former instance by
reacting butadiene with HUN in the preserce of a zeve valent nickel catalyst to

provide adiponitrile. The adiponitrile can be hydrogenated to form

examethylenediamineg, and hydrolyzed to form adipic actd, The

frret

hexamethylenediaming and adipic actd can be polymerized to form the nylon-
6,6 polymer. Alterpatively, the adiponitrile can be hydrovyanated and eyclized

& -

erencing US 5801286 and US 5,693,793, which can then

to caprolactany, ve
potymerized fo a nylon-6 polvimer,

{OU88]  Peters also describes, ot paragraph 64, that the 1,3-butadiene can

.

be used to prepare repewable styrene, polystyrene and styrenic polymers, For

B

example, 1,3-butadtens can be dimerized to vinylovelohexens, which can be

{0891 The 13-butadiene In stil another embodiment can undergo
evalotrimerization to form L3 ovcledadecatriene (T, for example, as
deseribed in US 8,168,841 o Herwig et all or any of & rumber of known
processes referenced by Herwig et all and elsewhere, As with nonrenewabie

s

CDT from conventional butadiene, the CIN may be brominated o make flame
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o~

retardants and used to prepare lactams, e, laurvilactam, for being
polymerized to a renewable nylon-12 {or for being used as & monomer in other
polymersy, o for preparing L12-dodecanedionr acid which is a known

§

commercially useful dicarboxvite acid,

L5

{0UR0] Poters relates other uses that can be made of the ischutene, as
well, inchuding methylmethacrylate, methacrylic acid and methacrylic acid
S e P YRTNES iS P ey s o Tk
EHIETS genera Y, Ree para 68 of Poters.

an Hkewise be used in sili

] The T-butene and 2-butene praducts

cribad, for example, in the "Butenes”™ article refevenced above

1 and in thevarious publications cited in the “Butenas” article.  Briefly,

fowever, the butenes can be placed to the same uses as foand for e none

renewable butenes: for albviate casoline, polvmer vasoline. as ¢
TRNDEWENG DUIONeSs ToT aylalo gasoime, POIVITIEY ZAasOimng,; as

3

simple fuel blendstock, for T-butene as a co-monomer I Bnear fow density

The T-hutene and 2-butene products can in other embodiments

o
Py
‘ot
B
£3
s

be used to make maleic anhydride, While US 2,907,834 ta Milberger et al. for &
“Process for Making Maleic Anhydride” (using muixed oxides of antimony and
maolvbdenom) and US 4,240,931 also to Milberger et al. for "Oxidation Catalyss”

describe processes for conver tng n-batenes and 13-butadiene to malede

~é
s
1
P
ot

Yy dan o f . e et o s S enrnen g b Yy Y 23w 2 S s e
hydride and cite to other, previous descriptions of the same transformation,

Ub 075232 to Zagata ef al. observes that two fixed-bed reactors containing

teo different catalysis had been considered advisable for best vields - with the
Hrst reactor being crploved to convert rebutenes o butadisne amd the second

reactor being optimized to convert the butadisne to malele anhydride.

25 etal purportad o improve upon the earlier, single catalyst and two fixed bed
reactar/ two catalyst processes by emploving the combination of two catalysts
i one, substaptially undivided reaction zone ina Huldized reactor. According
to Jagata et al, surprisingly the two reactions are compatibly run in the same

space and provide substantial vields of maleic anhydride.
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[0093]  Turning now fo the propylens product 66, this material can be
used in the conventional ways that propylene from fossil fuel processing may
be used: polymerization In isotactic, syndiotactic and atactic forms, for
oxidation in the presenwe of aramonda to produce acrvionitrile, to make
propylene exdde and its derivatives {glveols, amines and polvether polyvols), to
miake Bsopropansl, to alkylate benzere and produce cumene thereby, to make
acryhic actd for production of acrylate esters, acrviamides and polvacrylates ete.,

see " Hropene”, Ullmane's Erevelopedia of Industrial Chemistey, 118 adition,

ko

-

¢
e

[0

Wiley-YCOH Verlag GmbH & Co. KGaA, Werthelm (2012) at pages 1-18 ane
references cited therein,

{0094]  The present methods will be further ilfustrated by the following
nore-limiting examples:

EXAMPLES

%
et
7

{0083 Comwoercial givconinm hvdroxide was dried at 120 degre

e

Celsius for morve than 5 hours

¥

move than $9.8 percent pur t}‘f} was then mixed with the solation by incipient

wetness, norder to form wet powders Impregnated with Zn. The wetted

powder was then dried ot 80 degrees Celstus for 4 hours, followed by

1

vl catalyst by

calcination at 330 degrees Celsius for 3 hours, to obtaina Zn

the incipient welness impregnation method of the ‘312 application

]

{0096  The catalyst thus prepared was then placed in a fixad-bed
stainless steel reactor having an inside diameter of 5 millimeters, with from -
S mg of the catalyst being packed between quartz wool beds. A

thermocouple was placed in the middie of the catalyvst bed to monttor the

prefreated 'i}'gs-‘ flowing 50 mi/ minute of nitrogen &t 450 degrees Celelus through

TS

the catalyst over a half hour. A wdxed acetic/ propionic aqueous actd feed at a

selected molar vatio of aceticpropionic acids was then Introduced Into an
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evaporator at 180 degrees Celsius by vavans of a syringe purap, and the

s

vaporized steam acid feed was carried {nto the reactor by @ hyvdrogen and

nitrogen gas mixiuee at a selected hydrogen partial pressure and a particular

WHSY ona grams of acetic acid e gram of o talvst per hour basis,

S product ing was heated o in excess of 150 wsm* e Celsius before a cold frap, o
avoid condensing the liquid products in the product line, A reaction
temperature of 413 degrees Celsius was emploved for all ex xamples

{00971 A Shimadszu 2400 gas clvomatograph equipped with an auto

sampling vaive, HP-Plot G ooluom O30 m, (853 mm, 40 sy and flame fontzation
10 detector was connected to the Hine between the reactor ontlet and cold ap o
collect and analyze the products in the efffuent gas. After the cald & AP, Al
ordine micro-GU (MieroeGC 30004 equipped with malecular sieves 34, plot U
colemns and therma! conductivity detectors) was used to analyze the product
gases specitically, using nitvogen as a refevence gas.
The results of the various examples at two different aceticipropionic acid

mcdar vatios and the same set of hydrogen partial pressures are as shown in

Table 1 following:
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(N
rorer

s laimed is
1o A process for making a product mikture including is

b -butene, 2-bufene, Z-methy

mixtire of acetic acid and propiondc acid throw

£ix
ey

presence of a source of hvdrogen and of a catalyst.

~ T
K

3

axide catalyst,

3. A process according to claim 2, wherein the In @l
catalvet contains less than 0.14 percent by weight of su
I3 LA process according to clatm 2, whereln the Indn Oy v

i

catalyst contains less than 001 percent by weigl

5. A process according to olalim 3, w

A provess according to clati 1, wherein the catalyst |

Hi-butene and Zamethyl-2-butene

b reaction i

PCT/US2013/074854

obutene, propylens,

froma

Tt

the

roixvedd oxide

.

wived pxide

i of sulfur

wherein the ZnZn O mibxed o

g from T

ot

fs
ol
R
Pnnd
(&3

catalvst contains less than G081 percent by welght of sultur,
0
& A process according o any of claims 245, wherein v
Hhl
7o A process according to claim &, whereln xuwv s from |
aq
a3 according to claim 7, wherednoay s from 120
G A process according o clatm §, wheredn xoy is from T2

2
LA

A Process

propiome actd s !

from a fermentation of one ov more of the five carbon sugars,
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sceording to claim 1, whereln the mixture of @

for 3G

wetio actd and

or is agbiained from a mixed actd fermentation broth

six carbon




ert

20

WO 2014/093738 PCT/US2013/074854

-3
—t

,.w
i

- A process acoording o claima 13, further comprising catalyvtically

sugars, tactic achd and lactate substrates, wherein acetic scid and

propionic acid are the two most prevalent ackds,

- A provcess according to clalim 1, wherein the raixture of acetic acid and

propionic acid is obtained by combining & fermentation broth from a
fermentation preferentially producing acetic avid and & fermentation

\\("7

broth from a fermentation preferentially producing propionic acid,

A process according to olaim 1, wherein the mixture of acetic acid and

propiovic acid is obtained from s process for producing 1. 2-propanediot
by the hydrogenolysis of a feedstock selected from one or move of
glyveral, the five and six carbon sugars and sugar aleohols, lactate and
tactic acid in the presence of hyvdrogen and a suitable hydrogenolysis

catalyst and under conditions which are effective for carrving out the

hvdrogenolysis and in which at least some ethylene glveal is also

produced, by debydrating and oxidizing at least part of the ethylene

E

glycot to form acetic acld and dehydrating and oxidizing at least part of

&

the 1L23-propanediol to fovm propionic acid, then comband ng at loast some
R iy
of the acetic acid thus formed with af least some of the propionic acid

thus formed.

A process according to claim 1 fusther comprising separating the

product mixture to provide a propylene product, a G product includ %z*

isobutene, I-butene and Z-butene, and & Uy product including Z-metiy

t

T-butene and Z-methyl2-butene.

converting Zamwethyl-i-butene and Zanethyl-d-butens (o isoprene.
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-
gt
AN

15, A& process according o claim 13, further comprising a se p*;ﬁati{m&s shep

—a preoduct

from T-butene amd Bbutere in the Cy product,

PCT/US2013/074854

3 10 A process according to claim 14, further comprising converting -butene,

N dnradovewer o ¥
S-butens or both to 1,3 butadiene through catalytic dehvdrogenation or

oxydehvdrogenation.
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