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(57) Abstract: The present disclosure relates to processes for production of alkene products from their alkene precursors, such as
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(¥4

10

1S

20

N
LV

WO 2016/164812 PCT/US2016/026770

METHODS FOR PRODUCING ALKENES AND DERIVATIVES THEREOF

TECHNICALFIELD

The present disclosure relates to for example methods producing alkene products.
The present disclosure relates to materials and methods producing alkene products from
3-hydroxyacid, and aleohol precursors synthesized in fermentation, producing such
alkenes in down-stream processing unit operations, For instance, the methods may be
used fo preduce one or more of isoprene, butadiene and isobutene from alkene
precursors. Alkene precursors may be converted to their respective alkenes via
dehydrative decarboxylation or dehydration. Such vinyi group forming mechanisms may
be promoted using, for example, (1) high temperature reactive distiliation with steam
contact at optimal pH, (2} solvent extraction followed by Mulzer dehvdration, (3) solid
phase adsorption and desorption into a solvent followed by catalviic conversion and (4}
high temperature reactive distillation with steam contact at optimal pH followed by
catalytic conversion, Given a reliance on petrochemical feedstocks, biotechnology offers
an altersative approach o producing alkene precursors to isoprene, buladiene and

isobutens,

BACKGROUND

Isoprene is an important monomer for the production of specialty elastomers
including motor mounts/fittings, surgical gloves, rubber bands, golf balls and shoes.
Styreng-isoprene-styrene block copolymers form a key component of hot-melt pressure-
sensitive adhesive formulations and cls-poly-isoprene is utilised in the manufaciure of
tires (Whited et al,, Industrial Bictechnology, 2010, 6(3), 152 - 163). Manufacturers of
rubber goods depend on either imported natural rubber from the Brazilian rubber free or
petroleum-based synthetic rubber polymers {(Whited ¢f al, Industrial Biotechnology,

2010, 6(3), 152 ~ 163},

1,3-Butadiene {referred to herein as “butadiene™) is an important monomer for
the production of synthetic rubbers including styrene-butadiene-rubber (SBR),
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polybutadiene (PB), styrene-butadiene latex (SBL), acrylonitrile-butadiene-styrene resing
{ABS), nitrile rubber, and adiponitrile. Adiponitrile 15 used in the manufacture of Nylon-
6,6 (White, Chemico-Biological Interactions, 2007, 166, 10-14). Butadiene is typically
produced as a co-product from the steam cracking process, distilled to a crude butadiene
sirearn, and purified via extractive distillation {White, Chemico-Biological Interactions,
2007, 166, 10-14). On-purpose butadiene has been prepared among other methods by
dehydrogenation of o-butane and n-butene  (Houdey  process); and  oxidative
dehydrogenation of n-butene (Oxo-1 or O-X-D process) {White, Chemico-Biological
Interactions, 2007, 166, 10-14). Industrially, 95% of global butadiene production is
undertaken via the steam cracking process using petrochemical-based feedstocks such as
naphtha. Production of on-purpose butadiene is not significant, given the high cost of
production and low process vield (White, Chemico-Biological Interactions, 2007, 166,
10-14).

Isobutene 18 an important monomer in the manufacture of fuel additives, buivl
rubber polymer, and antioxidanis (Bianca et al,, Appl. Microbiol Bistechnel,, 2012, 93,
1377 - 1387}, Manufacturers of goods using isobutene as feedsiock depend on a number
of petroleuni-based sources, inchuding (1) a €4 stream from a steam cracker separated
from the butadiene, (1) butene-butane fractions from a catalytic cracker and (i) n-butane
(from LPG) that is isomerized to isobutane and dehvdrogenated to isobutene (Blanca et
al., Appl. Microbiol Biotechnol., 2012, 93, 1377 - 1387

{iven a reliance on petrochemical feedstocks, bistechnology offers an allernative
approgeh  to producing alkene precursors to  isoprene, butadiene and isobuiene.
Biocatalysis is the use of biological catalysts, such as enzymes or whole cells, {o perform
biochemical transformations of organic compounds.

Accordingly, against this background, it is clear that there is a need for sustainable
methods for producing precursors {0 commodity alkenes, in particular isoprene, isobuiene

and butadiene, wherein the precursors are biccatalyvsis based.



WO 2016/164812 PCT/US2016/026770

SUMMARY

The present disclosure relates 10 the production of alkene products or derivatives
thereof, The present disclosure relates to the production of alkene products from alkene
precursors, such as 3-hydroxyacids and alcohols, derived from fermentation via

8 dehydrative decarboxylation and dehydration respectively.

Accordingly, methods of converting alkene precursors are disclosed, wherein the
alkene precursors are derived from fermentation, in downstream processing unit
operations 1o their reapective alkenes.

I one aspect, the present disclosure relates to methods comprising (1) high

18 termperature reactive distillation with steam contact of the alkene precursor from the
clarified fermentation broth, forming the alkene product in sitn.

fn another aspect, the disclosure relates to (1) solvent extraction of the alkene
precursor from the clarified fermentation broth, followed by (2) a Mulrer dehydration
reaction of the alkens precursor forming the respective alkene.

i3 In another aspect, the present disclosure relates to (1) solid phase adsorption of
the alkene precursor from the clarified fermentation broth and subsequent desorption into
an orgamic solvent, followed by (2) catalytic reaction of the alkene precursor forming the
respective alkens.

In another aspect, the present disclosure relates to (1) distillation or reactive

20 distillation of the alkene precursor from the clarified fermentation broth, followed by (2)
catalytic reaction of the alkene precursor forming the respective alkene,

The present disclosure further relates to methods for recovering the alkene
product from one of the three methods described above, further subjecting the alkene
product to membrane separation, adsorption or distillation or combinations thereof.

25 The present disclosure further relates to methods for recovering the alkene
product from one of the three wethods described above and further subjecting the alkene
product {0 an optional polishing distillation step.

The present disclosure further relates to methods for recovering the alkens
product from one of the three methods described above and further sabjecting the alkene

36 product {o a condensation step.
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The present disclosure further relates to 8 bio-derived product, bio-based product or
fermentation-derived product, wherein said product is obtained from the process
disclosed herein, and comprises:

i, & composition comprising at least one bio-derived, bio-based or fermentation-

3 derived compound according to any process disclosed herein, or any one of Figures 1-
9, or any combination thereof]

ii. & bio~-derived, bio-based or fermentation-derived polymer comprising the bio-
derived, bio-based or fermentation-derived compeosition or compound of L, or any
combination thereof,

10 iti. a bio-derived, bio-based or fermentation-derived resin comprising the bio-
derived, bic-based or fermentation-derived compound or bio-derived, bio-based or
fermentation-derived composition of 1. or any combination therest, or the bio-
derived, bio-based or fermentation-derived polyvmer of it or any combination thereof]

iv. a molded substance obtained by molding the bio-derived, bio-based or

[ 7]

fermentation~derived polymer of i, or the bio-derived, bio-based or fermentation-
derived resin of 11, or any combination thereod,

v, a bio-derived, bio-based or fermentation-derived formulation coroprising the
bio-derived, bio-based or fermentation-derived composition of 1., bio-derived, bio-
based or fermentation-derived compound of 1, bio~-derived, bio~based or
20 fermentation-derived polvmer of ii., bip-derived, bio-based or fermentation-derived

resin of iii,, or bio-derived, bio-based or fermentation-derived molded substance of iy,

or any combination thereof, or
vi, a hio-derived, bio-based or fermentation-derived semi-solid or & non-semi~
solid stream, comprising the bio-derived, bio-based or fermentation-derived composition
25 of 1., blo-derived, blo-based or fermentation-derived compound of 1., bio-derived, bio-
based or fermentation~-derived polymer of i, bio-derived, bio-based or fermentation-
derived resin of 111, blo-derived, bio-based or fermentation-derived formulation of v, or
bis-derived, bio-based or fermentation-derived molded substance of iv., or any

combination thereof
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Unless otherwise defined, all technical and scientific terms used herein have the
sarng meaning as commeonly understood by one of ordinary skill in the art to which this
present disclosure pertains. Although methods and materials similar or equivalent to
those described herein can be used to practice the present disciosure, suitable methods
and materials are described below. All publications, patent applications, patents, and
other references mentioned hereln are tncorporated by reference in their entirety. In case
of conflict, the present specification, including definitions, will control. In addition, the
materials, methods, and examples are {Hlusirative only and not intended 1o be limiting.

The detatls of one or more ernbodiments of the present disclosure are set forth in
the accompanying drawings and the description below. Other features, objecis, and
advantages of the present disclosure will be apparent from the description and drawings,
and from the claims.

DESCRIPTION OF DRAWINGS

Fi(3. 1 is a schematic of an exemplary process flow diagram comprising high
teraperature reactive distitlation with steam contact, converting an alkene precursor
derived from fermentation to the respective alkene product.

FIG. 2 1s a schematic of an exemplary process flow diagram comprising solvent
extraction and Mulzer dehydration, converting an alkene precursor derived from
fermentation to the respective alkene product.

FIG. 3 s a schematic of an exemplary process fow diagram comprising
adsorption of the alkene precursor from the clarified fermentation broth, followed by
desorption inte an organic solvent and thereafier converted via catalyiic reaction to the
respective alkene,

FIG. 4 i3 a schematic of an exemplary process flow diagram comprising high
temperature reactive distillation with steam contact of the alkene precursor, followed by
catalyiic conversion to the respective alkene product.

F1(3. 5 tabulates the conversion of alkene precursors to alkene products at
elevated temperature and acidic pH in DSMZ media 81 as analyzed via GC-MS,

FIG. 6 graphs the continuous conversion of 3-hydroxy-3-methylpeni-4-enoic acid

to isoprene at elevated temperature and acidic pH in DSMZ media 81 in a reactive

(941
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distillation unit operation with steam contact, showing the approach to steady state
conversion alongside fecd rate and tofal vapor product flow rate.

FIG. 7 graphs the continuous conversion of 3-hydroxy-3~methylpeni-4-enoic acid
to 1soprene at elevated temperature and geidic pH in DSMZ media 81 in a reactive
distillation unit operation with steam contact, showing the approach to steady stale
conversion alongside reboiler temperature,

FEG. 8 graphs the continuous conversion of 3-hydroxy-3-methylbutyric acid to
isobutene at clevated temperature and acidic pH in DSMY media 81 in a reactive
distiilation unit operation with steam contact, showing the approach to steady siate
conversion alongside feed rate and total vapour product How rate.

FIG. 9 graphs the continuous conversion of 3-hydroxy-3-methyvibutyric acid to
isobutenc at elevated temperature and acidic pH in DSMZ media 81 in a reactive
distiliation unit operation with steam contact, showing the approach to steady state
conversion alongside reboiler temperature.

DBETAILED DESCRIPTION
efore the present embodiments are described, 1t is to be understoad that the
present disclosure is not Hmited to the particular apparatus, adsorbents, methodologies or
protocols described, as these may vary. It is also to be understood that the terminology
used in the description is for the purpose of describing the particular versions or
grubodiments only, and is not intended to Hmit the scope of the present disclosure,

In accordance with the present disclosure, the materials and methods herein relate
to the conversion of alkene precursors derived from fermentation {o their respective
alkene products. Alkene precursors include, but are not limited to; 3-hydroxyacids such
as mevalonate, 3-methyl-3-hydroxybutyrate, 3-hydroxypent-4-cnoate, 3-methyi-3-
hydroxypent-4d-enoate and 4-methyl-3-hydroxypeni-4-enocate; privaary alcchols such as 3-
methyl-2-buten-1-ol and 3-methyl-3-buten-1-ol; secondary alcohols such as 3-buten-2-0}
and 3-methyl-3-buten-2-ol; tertiary alcohols such as Z-methyi-3-buten-2-0l; all of which
are referred to a5 alkene precursars herein, Alkene products include, but are not limited
to, isoprene, butadiene or isobutene. The term "Mulzer dehydration”™ denotes herein, but

is not limited to, reaction of a dehydrating agent, such as, for example, dimethyi-

6
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formamide~-dimethylacetal, with an alkene precursor in an organic solvent, for example, a
long chain ester such as hexyl acetate or octanyl acetate. The term “about” or
“approximately” when used in connection with a specific value, means that acceptable
deviations from that value are also encompassed but still provide substantially the same
function as the specific value,

High temperature reactive distiliation with steam contact

Fermentation broth (see¢ e.g, STREAM 1, FIG. 1} can be clarified by, for
example, microfiltration or centrifugal separation or combingtion thereof. The separated
biomass can be returned o fermentation {see e.g, STREAM 2, FIG. 1} or bled to waste
treatment {see 2.g, STREAM 4, FIG, 1) or combination thereof.

The clarified fermentation broth originating from microfilivation (see ¢.g.,
NTREAM 3, FIG. 1) and/or centrifugation {(se¢ e.g., STREAM 5, FI3. Dycanbefed o a
high temperature reactive distillation unit with steam contact via a condenser with bypass
{see e.g., STREAM &, FIG. 1) and/or a recovery heat exchanger {(see e g, STREAM 7,
FIG. 1) For 3-hydroxyacid alkene precursors, the pH of the clarified broth can be
adjusted to approximately 3 using an acidic media comprising concentrated fermentation
media pH adjusted with suiphuric acid or phosphoric acid (see e.g, STREAM 3, FIG. 1),
An atkene polymerisation inhibitor can also be added {o the feed,

The preheated clarified fermentation broth can be fed to a packed colomn {see
e.g, STREAM §, FIG. 1) operated at approximately 150°C by contacting the feed
directly with high pressure steam or indirectly with high pressure steam via a reboiler.

The column bottoms hold-up can be recycled (see e.g, STREAM 11, FIG. 1} 10
the feed position, whilst botioms withdrawal (see e.g, STREAM 10, FIG. Lyisviga
recovery heat exchanger. The feed rate to the reactive distilation unit (see e.g, STREAM
8, FIG, 1) ts controlled to minimise the concentration of at least one alkene precursor in
the bottoms cutflow {see e.g, STREAM 12, FIG. 1}

The high temperature reactive distiflation with steam contact increases the
veaction rate for the dehydrative decarboxyvlation of 3-hydroxyacids, such as mevalonate,
3-methyl-3-hydroxybutyrate, 3-hydroxypent-d-enocate, 3-methyi-3-hydroxypeni-4-enoate

and 4-methyl-3-hydroxypent-4-encate and the dehydration of such as 3-methyi-2-buten-

7
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-ol, 3~-methyl-3-buten-1-o}, 3-buten-2-ol, 3-methyl-3-buten-2-0} and 2-methyi-3-buten-
2-ol to their respective atkene products.

The alkene product mixture is withdrawn as top product from the reactive
distillation unit {see ¢.g., STREAM 9, FIG, 1) and the top product can be partially
condensed, retaining the alkene product mixture in the vapour phase (see e. g, STREAM
13, FIG. 1},

The condensed fraction of the top product can be returned to the column's feed
position (see e g, STREAM 14, FIG. 1}, recyeling, for example, unreacted alkene
precursors such as azeotropic alcohols 1o the reactive distillation unit. The top product
recycle (see e.g, STREAM 14, FIG. 1) flow rale maintains a low concentration of
unreacted alkene precursors in the top product outflow (see ¢.g, STREAM 15, FIG. 1)

The water saturated alkene product mixture (see e.g., STREAM 16, FIG. 1} can
be fed to a drying unit operation, packed with an adsorbent such as a molecular sieve,
removing water {see e.g, STREAM 17, FIG. 1} to a low dew point of, for example, -
20°C and produce a dry alkene product mixiure.

The dry alkene product mixture (see e. g, STREAM 18, FIG. D canbe fed to an
adsorption unit operation packed with an adsorbent selective for alkenes such as a zeolite.
Volatile organic by-products, such as alechols and aldehydes, originating from the
clarified fermentation broth are removed in the adsorption flow-through (see e g,
STREAM 23, FIG. 1}, whilst the alkene product is desorbed using, for example, nitrogen
to produce a desorbed alkene product (see e g, STEAM 25, FIG. 1). The desorbed alkene
product can be fed to a polishing distillation unit operation optionally involving a pre-
condenser via compression or chilling{see e.g, STREAM 26, FIG.1), followed by a
condensation unit operation producing the high purity alkene product (see ez, STREAM
29, F1G. 1} The desorbed alkene product can also be fed directly to a condensation untt
operation {see e.g,, STREAM 27, FIG. 1), producing the high purity alkene product (see
e.g.. STREAM 29, FIG, 1), Separation of the alkene from any permanent gases, such as
nitrogen, can be achieved by, for example, complete condensation of the desorbed alkene

product.
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The dry alkene product (see e g, STREAM 1§, FIG. 1} can be fed to a membrane
separation unit operation using a membrane selective for alkenes such as a zeolite
membrane, Yolatile organic by-products, such as aleohols and aldehydes, originating
from the clarified fermentation broth are removed via the retentate bleed (sec e g,
STREAM 22, FIG. 1}, whilst the alkene product is collected as permeate (see e g.,
STREAM 24, FIG. 1). The permeate containing the alkene product can be fedto a
polishing distillation unit operation optimailyvinvsivimg a pre~condenser vig compression
or chilling (see e.g, STREAM 26, FIG. 1) 1o remove impurities (see e.g., STREAM 28,
Fi(3. 1), followed by a condensation unit operation producing the high purity alkene
product (see e.g, STREAM 29, FIG. 1), The permeate containing the alkene product can
also be fed directly to a condensation unit operation {see e.g., STREAM 27, FIG. 1),
producing the high purity alkene product {see ¢.g, STREAM 29, FIG. 1.

The dry alkene product (see e.g., STREAM 18, FIG. 1) can be fed directiv io a
distillation unit operation {see e.g., STREAM 21, FIG. 1}, followed by a condensation
it operation producing the high purity alkene product {see e. g, STREAM 29, FIG. 1)
Selvent extraction and Muleer debydration reaction

Fermentation broth (see e.g, STREAM 1, FIG. 2} can be clarified by, for
example, microfiltration or centrifugal separation or combination thereof. The separated
biomass can be returned to formentation {see e.g., STREAM 2, FIG. 2) or bled to wasie
treatment (see e.g, STREAM 4, FIG. 2) or a combination thereof. The clarified
fermentation broth originating from microfiltration (see ez, STREAM 3, FIG. 2) and/or
centrifugation {see e.g, STREAM 5, FIG. 2) can be fed to a solvent exiraction unit
operation (see e. g, STREAM 6, FIG. 2}, contacting a solvent that has a high selectively
for 3-hydroxyacids or aleohols, fow miscibility in water and promotes Mulzer
dehydration reactions, for example, a long chain ester such as hexy! acetate or octanyl
aceiate; to produce a solvent extracted alkene precursor (see e.g, STREAM 7, FIG. 2).
inn one aspect, the clantied fermentation broth is extracted with a solvent comprising a
long chain ester such as hexyl acetate and octanyl acetate,

The solvent extracted alkene precursor mixture is fed {(see e g, STREAM 7, FlG. Dtoa
dehvdration reactor, contacting the solvent exiracted alkene precursor with a Mulzer

g
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dehydrating agent such as dimethyl-formamide-dimethylacetal, forming an alkene
product mixture. The dehydrating reactor’s solvent phase can be fed to g distillation train
{see e.g. STREAM 8, FIG, 2), recyeling the solvent to the solvent exiraction unit
operation (see e.g, STREAM 9, FIG. 2) and feeding the Muleer dehydrating agentto a
regeneration reactor (see e.g, STREAM 10, FIG. 2). The regenerated Mulzer dehvdrating
agent can be recycled to the dehydrating reactor (see e.g, STREAM 11, FIG. 23,

The alkene product mixture in the vapour phase of the dehydrating reactor {(see
e.g, STREAM 12, FIG. 2) can be fed (see e.g,, STREAM 14, FIG. 2) to an adsorption
unit operation packed with an adsorbent selective for alkenes such as a zeolite. Volatile
organic by-products, such as alcohols and aldehydes, originating from the clarified
fermentation broth are removed in the adsorption flow-through (see 2.g, STREAM 17,
FIG. 23, whilst the alkene product is adsorbed and subsequently desorbed using, for
example, ntirogen to produce a desorbed alkene product (see e.g., STEAM 19, FIG. 2).
The desorbed alkene product can be fed to a polishing distillation unit operation
optionally involving a pre-condenser via compression or chilling {see e.g, STREAM 20,
FIG. 2) to remove Impuritics (see e g, STREAM 22, FIG. 2), followed by a condensation
unit operation producing the high purity alkene product {see e.g, STREAM 23, FIG. 2).
The desorbed alkene product can also be fed directly to a condensation unit operation
{see e.g., STREAM 21, FIG. 2), producing the high purity alkene product (see e.g.,
STREAM 23, FIG. 2).

The alkene product mixture in the vapour phase of the dehydrating reactor (see
e.g, STREAM 12, FIG. 2) can be fed (see e.g, STREAM 13, FIG. 2) to a membrane
separation umt operation using a membrane selective for alkenes such as a zeolite
membrane. Volatile organic by-products, such as aleohols and aldehydes, originating
from the clarified fermentation broth are removed via the retentate bleed (see 2.g,
STREAM 16, FIG. 23, whilst the alkene product is collected as permeale (see e.g,
STREAM 18, FIG. 2). The permeate containing the alkene product can be fed to a
polishing distillation unit operation optionally involving a pre-condenser via compression
or chilling {see ¢.g, STREAM 20, FIG. 2), followed by a condensation unit operation

producing the high purity alkene product (see e.g, STREAM 23, FIG. 2). The permeate

16
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contatning the alkene product can also be fed directly to g condensation unit operation
{see e.g, STREAM 21, FI{3. 2}, producing the high purity alkene produoct (see e.g.,
STREAM 23, FIG. 2).

Solid phase adsorption, desorption inle organic solvent and catalyiic reaction
Fermentation broth (see e.g., STREAM 1, FIG. 33 can be clarified by, for
example, microfiltration or centrifugal separation or combination thereof. The separated

biomass can be returned to fermentation (see e.g, STREAM 2, FIG. 3) or bled to waste
freatment (see e.g., STREAM 4, FIG. 3) or combination thereof. The clarified
fermentation broth originating from microfiltration (see e.g., STREAM 3, FIG. 3) and/or
centrifugation (see e.g., STREAM 5, FIG. 3} can be fed to an adsorption unit operation
{see e.g, STREAM 6, FIG. 3), contacting a solid phase adsorbent that has high
selectively for 3-hydroxyacids, such as an anjonic exchange resin, or alechols, suchasa
weakly polar polystyrene macroporous resin or a zeolite. The adsorbed precursor is
desorbed into (1) high conceniration aqueous ammonia or ammonium (bi)carbonate or
{2) an organic solvent such as methanol.
The desorbed alkeue precursor is fod {see e. g, STREAM 7, FIG. 3) to a distillation step,
comprising one or more distillation units, puritying the desorbed alkens precursor as a
suitable feed to a catalyiic reactor (vee e.g, STREAM 8, FIG, 3). The desorbent
recovered during distillation can be recycled to the adsorption unit operation {see 2.g.,
STREAM &, FIG. 3).
The catalytic reactor converts the at least one alkene precursor (see e.g., STREAM 9,
Fi3. 3) to the alkene product mixture using (1) a dehvdrating or dehydrative
decarboxylating catalyst such as thorium oxide at high temperature or {2) high
teruperature jn the absence of g catalyst. Unreacted alkene precursor can be recyeled to
the catalytic reactor feed {see e g, STREAM 10, FIG. 3).

The atkene product mixture in the vapour phase of the catalytic reactor can be fed
(see e g, STREAM 12, FIG. 3} to an adsorption unit operation packed with an adsorbent
selective for alkenes such as a zeolite. Volatile organic by-products are removed in the
adsorplion flow-through (see e g, STREAM 15, FIG. 3), whilst the alkene product is

adsorbed and subsequently desorbed using, for example, nitrogen to produce a desorbed
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alkene product {see e.g., STEAM 17, FIG. 3}, The desorbed alkene product can be fed to
a polishing distillation unif operation optionally involving a pre-condenser via
compression or chilling {see e g, STREAM 18, FIG. 3} to remove impurities (see e g,
STREAM 29, FIG. 33, followed by a condensation unit operation producing the high
purity alkene product (see e.g., STREAM 21, FIG. 3). The desorbed alkene product can
also be fed directly to 8 condensation unit operation (see e.g., STREAM 19, FIG. 3),
producing the high purity alkene product (see e.g, STREAM 21, FIG. 3).

The alkene product mixture in the vapour phase of the catalytic reacior can be fad
(see e g, STREAM 11, FIG. 3) to a membrane separation unii operation using a
membrane selective for alkenes such as a zeolite membrane. Volatile organic by-products
can be removed via the retentaie bleed (see e g, STREAM 14, PIG. 3), whilst the alkene
product is coliceted as permeate {see e.g., STREAM 16, FIG. 3). The permeate
containing the alkene product can be fed to a polishing distillation unit operation
optionally invelving a pre-condenser via compression or chilling {see e g, STREAM 18,
FIG. 3) to remove impurities {see e g, STREAM 20, FH3. 3), followed by a condensation
unit operation producing the high purity alkene product {see e.g., STREAM 21, FIG. 3).
The permeate containing the alkene product (see ¢. g, STREAM 16, FIG. 3) can also be
fed directly to a condensation unit operation {see e.g., STREAM 19, FIG. 3), producing
the high purity alkene product {see e g, STREAM 21, FIG. 3).

High temperature reactive distiliation with sieam contact and catalyiie reaction

Fermentation broth {see e.g, STREAM I, FIG. 4) can be clarified by, for
example, microfiltration or centrifugal separation or combination thereof, The separated
biomass can be returned to fermentation (see e g, STREAM 2, FIG. 4) or bled to waste
reatment {see e.g., STREAM 4, FIG, 4) or combination thereof.

The clarified fermentation broth originating from microfiliration (sec e. g,
STREAM 3, FIG. 4) and/or centrifugation (seec .., STREAM 5, FIG. 4) canbe fedio a
high termaperature reactive distillation unit with steam contact via a condenser with bypass
{(see ¢.g., STREAM 6, FIG. 43 and/or a recovery heat exchanger {see e.g., STREAM 7,
FIG. 4). For 3-hydroxyacid alkene precursors, the pH of the clarified broth can be
adjusted to approximately 3 using an acidic media comprising concentrated fermentation
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media pH adjusted with sulphuric acid or phosphoric acid (see e.g, STREAM 3, FIG. 4).
An alkene polymerisation inhibitor can also be added to the feed.

The preheated clarified fermentation broth can be fed to a packed column (see
e.g., STREAM 8, FIG. 4) operated at approximately 150°C by contacting the feed
directly withs high pressure steam or indirectly with high pressure steam via a reboiler,

The column bottoms hold-up can be recycled (see e.g, STREAM 11, FIG. 4} t0
the feed position, whilst bottoms withdrawal (see e.g, STREAM 10, FIG. 4 isviaa
recovery heat exchanger, The feed rate to the reactive distillation unit {see ¢ g, STREAM
&, FIG. 4} is controlled to minimise the concentration of at Jeast one alkene precursor in
the bottomas outflow {see e.g, STREAM 172, FiG. 4.

The high temperature reactive distillation with steam contact increases the
reaction rate for the dehydrative decarboxylation of 3-hydroxyacids, such as mevalonate
forming either 3~methyl-Z-buten-1-ol and/or 3-methyl-3-buten-1-¢l. The high
femperature distillation recovers azeotropic alcohols such as 3-methyl-2-buten-1-0i, 3-
methyi-3-buten-1-0l, 3~-buten-2-0l, 3~methyl-3-buten-2-col and 2-methyl-3-buten-2-0l to
the distillate product {see ¢.z., STREAM 9, FIG. 43

The alkene / alcobol product mixture is withdrawn as top product from the
reaciive distillation vnil {see e g, STREAM 8, FIG. 4) and the top product can be
partially condensed, retaining the allkene product mixture in the vapour phase {see e. g,
STREAM 13, FIG. 4),

The condensed fraction of the top product can be returned 1o the column’s feed
position {see e.g., STREAM 14, FIG. 4}, recycling, for example, unreacted alkene
precursors such as azeoiropic alcohols to the reactive distillation unit. The top product
recycle (see e g, STREAM 14, FIG. 4) How rale mainfaing an azeotropic concentration
of unreacted alkene precursors in the top product outtlow (see e.g, STREAM 13, FIG. 4.
The azeotropic concentration of unreacted alkene precursors (see ¢. g, STREAM 15, FIG,
4} can be fad to a catalviic reactor. The catalyiic reactor converts the at least one alkene
precursor (see e.g., STREAM 13, FI1G. 4} to the alkene product mixture using (1) a

dehydrating catalyst such as thorium oxide at high temperature or (2) high temperature in
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the absence of a catalyst, Unreacted alkene precursor can be recyeled 1o the catalyiic
reactor feed (see e g, STREAM 17, FIG. 4).

The water saturated alkene product mixture (see 2. g, STREAM 16, FIG. 43 and
the catalytic reactor product {see ¢ g, STREAM 1§, FIG. 4) can be fed to a drying unit
operation, packed with an adsorbent such as a molecular sieve, removing water (see e. g,
STREAM 19, FI(G. 4) to a low dew point of, for example, -20°C and produce a dry
alkene product mixture.

The dry alkene product mixiure (see e g, STREAM 21, FIG. 4) can be fed to an
adsorption unit operation packed with an adsorbent selective for alkenes such as a zeolite.
Yolatile organic by-products, such as alcohols and aldehydes, originating from the
clarified fermentation broth are removed in the adsorption flow-through (see e g,
STREAM 24, FIG. 4), whilst the alkene product is desorbed using, for example, nitrogen
to produce a desorbed alkene product (see e.g, STEAM 25, FIG, 4). The desorbed alkene
product can be fed (o a polishing distillation unii operation optionally involving a pre-
condenser via compression or chilling (see e.g, STREAM 25, FIG4), followed by a
condensation unit operation producing the high purity alkens product {(see e.g, STREAM
30, FIG. 4. The desorbed alkene product can alse be fed directly to a condensation unit
operation (see 2.g., STREAM 28, FIG. 4}, producing the high purity alkene produet (see
g.g., STREAM 30, FIG. 43, Separation of the alkene from any permanent gases, such as
nitrogen, can be achieved by, for example, coraplete condensation of the desorbed alkene
product.

The dry alkene product {see e.g, STREAM 20, FIG. 4) can be fed to a membrane
separation unit operation using a membrane selective for alkenes such as a zeolite
roembrane. Volatile organic by-products, such as alcohols and aldehyvdes, originating
from the clarified fermentation broth are removed via the retentate bleed {see e g,
STREAM 23, FIG. 4}, whilst the alkene product is collecied as permeate {see e.g.,
STREAM 26, FIG. 4). The permeate containing the alkene productcanbe fed o a
polishing distillation unit operation optionally involving a pre-condenser via compression
or chilling {see e.g., STREAM 26, FIG. 4} to remove impurities {see e. g, STREAM 27,

FIG. 4), followed by a condensation unit operation producing the high purily alkene
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product (see e.g., STREAM 30, FIG. 4). The permeate containing the alkene product can
also be fed directly o a condensation unit operation (see e. 2., STREAM 2§, FIG. 4},
producing the high purity alkene product (see e. g, STREAM 30, FIG. 4},

The dry alkene product can be fed directly to a distiliation unit operation {see ¢.g.,
STREAM 22, FIG. 4), followed by a condensation unit operation producing the high
purity alkene product {(see e.g, STREAM 30, FIG. 4},

EXAMPLES
EXAMPLE

Conversion of slhane provursors disseldved in fermentation media fo slene producty

RN S St ittt ot

vig residence time af elevated temperature af ondimal olf

DSMZ fermentation medium 81 was adjusted to pH = 3.0 using concentrated
phosphoric acid. The acidic fermentation medium was pipetted into GC vials and
preheated to 85 [*Cl Fach of the alkene precursors tabulated in FIG. 5§ was pipetted into
the G vials individually in duplicate to cither a final concentration of 500 {ppm] or 1000
[ppm] as outlined in FIG. §. Each GC vial was immediately crimped and incubated at 95
1°CY for 30 [min]. The vials were cooled to room temperature prior to GC-MS analysis,

For isoprene analysis via GC-MS, a standard curve was generated using an
isoprene in methanol analviical standard dispensed into the acidic fermentation media,
measuring the isoprene concentration in the headspace of the vials. Isobutene formation
was confirmed via an analyiical standard prepared by saturating isobutene gas in water,
measuring the isobuiene concentration in the headspace of the standard.

FIG. 5 outlines the conversion of each alkene precursor to its respective alkene
product. The alkene precursors 3-hydroxy-3-methyipent-d-enoic acid and 3-hydroxy-3-
methylbutyrie acid were converted o isoprene and isobutene respectively at high
conversion. The conversion of 3-hydroxy-4-methylpent-4-enoic acid was detected.

The alkene precursors 3-methyl-2-buten-1-of and Z-methyi-3-buten-2-ol were
converted {o isoprene at moderate conversion, whilst conversion of 3-methyl-3-buten-1-

ol to isoprene was detected.
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Mevalonic acid conversion to isoprene in DSMZ-81 fermentation media at pH <
3.0 was detected alongside a peak predicted by GC-MS to be either 3-methyl-3-buten-1-
ol or 3-methyi-2-buten-1-0k.

The results presented in FIG. 3 demonstrate that 3-hydroxyacids alkene
precursors, such as 3-hydroxy-3-methylpent-4-encic acid, 3-hydroxy-3-methylbutyric
acid, 3-hydroxy-4-methylpent-4-enoic acid and mevalonic acid, can be converted in
DSMZ-81 fermentation media 1o their respective alkene products at elevated temperature
and acidic pH.

The resulis presented in FIG. 5 demonsirate that alcohol precursors to alkene
products, such as 3-methyi-2-buten-1-0l, 2-methyl-3-buten-2-ol and 3-reethyl-3-buten-1-
o, can be converted in DEMZ-81 fermentation media to their respective alkene products
at elevated temperature and acidic pH.

The results presented in FIG, § demonstrate that mevalonic acid can be converted
in DSMZ-81 fermentation media to isoprene and 3-methyl-3-buten-1-ol / 3-methyl-2-
buten-1-ol (predicted) respectively at elevated temperature and acidic pH.

EXAMPLEZ

Conversion of 3-hvdroxy-3-methvipent-d-encic acid dissolved o formentation media

o isnprens via resctive distillation with steam corndagt ai optioan) pHl

RN

A large scale laboratory reactive distillation unit with a temperature controlied
flash drum was designed to operate at elevated pressure and temperature to demonstrate
the continuocus conversion of 3-hydroxyacid precursors to their respective alkene
products. The flash drum was fitted with a knock-out after-cooler fed with chilled water
at approximately 10 [°Cl The flash drum was charged with water and temperature
conirolled o 20 [“Cl. The vapour product from the distillation unit was bubbled through
the water charge and a constant flow of M; at 0.3 [81/min] was introduced as carrier and
siripping gas. The uncondensed vapour product from the flash drum was fed to a Raman
Spectrometer, calibrated with a 0.5 [%] (v/v} 1,3-butadiene calibration cylinder as double
bond reference gas to analyse for the concentration of double bonds in the vapour product

from the flash drum.
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DEMYZ fermentation medium 81 was prepared with a five times concentrated trace
metal solution and adjusied to pH = 3.0 using phosphoric acid. The alkene precursor 3-
hydroxy-3-methyl-pent-d-encic acid was dissolved in the prepared fermentation media to
a conceniration of 9.5 {{g alkene precursor)/(kg total media)]. The reactive distillation
unit was preheated to > 120 [°C} via pressure conirol. The media containing the alkene
precursor was fed to the reactive distilation unit operation initially at 275 [g/hl o flush
the recovery heat exchanger and cstablish media holdup in the reboiler (FIG. 6). The
reboiler temperature was controlled at 139 [°CY (FIG. 7} and the feed rate was decreased
to approximately 160 {g/h], allowing the approach o steady state operation. The double
bond coneentration in the vapour product from the flash drum was analysed continuously
for a period of approximately 2.3 [h} (FIG. 6 and FIG. 7), confirming the production of
isoprene to high conversion as anticipated by Example 1. The results presented in FIG. 6
and FIG. 7 demonsirate that 3-hydroxy-3-methyvlpent-4~encic acid can be converted in
concenirated DEMZ-81 fermentation media to isoprene in a reactive distillation unit with
steam contact at elevated temperature and acidic pH.

Conversion of 3-byvdroxy-3-methvibutvric acid diszelved in fermentation media to

ispbufene via reactive distiliation with steam contact at optimal pH

Alarge seale laboratory reactive distillation unit with a temperature controlled
flash drum was designed to operate at elevated pressure and temperature 1o demonstraie
the continuous conversion of 3-hydroxyacid precursors to their respective alkene
products. The flash drum was fitted with a knock-out afier-cooler fed with chilled water
at approximately § [°Cl. The flash drum was charged with water and temperature
condrolled to 10 [°Cl The vapour product from the distiliation unit was bubbled through
the water charge and a constant flow of Ny at 0.3 [SL/min] was introduced as carrier and
stripping gas. The uncondensed vapour product from the flash drum was fed to a Raman
Spectrometer, calibrated with a 0.5 [%] (v/v) 1,3-butadiene calibration cylinder as double
bond reference gas to analyse for the concentration of double bonds in the vapour product

from the fiash drum.
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DBSMY fermentation medium 81 was prepared with a five times concentrated trace
metal solution and adjusted to pH = 3.0 using phosphoric acid. The alkene precursor 3-
hydroxy-3-methyi-butyric acid was disselved in the prepared fermentation mediato a
concentration of 10,7 [{g alkene precursory/(kg total media}]. The reactive distiliation unit
was preheated to > 120 [°CH vig pressure condrel. The media containing the alkene
precursor was fed to the reactive distillation vnit operation initially at 275 [g/h] to flush
the recovery heat exchanger and establish wedia holdup in the reboiler (FIG. 8). The
reboiler femperature was increased from approximately 135 [°C] to a controlled
temperature set point of 149 [°C (FIG. 9) and the feed rate was decreased to
approximately 160 [g/h], allowing the approach to steady state operation. The double
bend concentration in the vapour product from the flash drum was analysed continuously
for a period of approximately 3 (b} (FIG, 8 and FIG. 9}, confinming the production of
isobutens to high conversion as anticipated by Example 1. The results presented in FIG. 8
and FIG. 9 demonstrate that 3-hydroxy-3-methyibutyric acid can be converted in
concentrated DSMZ-81 fermentation media to isobutene in a reactive distillation unit

with steam contact at elevated temperature and acidic pH.
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WHAT IS5 CLAIMED I8:

s N G2
) b

11,

i2.

A voethod for preparing an alkene product comprising,
providing a 3-hydroxyacid precursor or an alcoho! precussor;

using high temperature reactive distillation with steam contact; and
forming at least one alkene product..
The method of claim 1, where the 3-hydroxyacid or aleohol precursor o an allene
product was produced vig fermentation,
The method of claim 2, where the fermentation media containing the 3-hydroxyacid
or alcohel precursor contains one or more of the media components contained in
DSMZ media 81,
The method of claim 3, where the fermentation media is adjusted to a pH less than 3.0
using an acid such as phosphoric acid or sulphuric acid.
The method of claim 1, further comprising drying the alkene product mixture.
The method of claim 5, wherein the alkene product mixture is dried using an
adsorbent.
The method of claim 6, wherein the adsorbent removes water from the alkene product
muxture o a dew point of approximately -20°C.

The method of claim 6, wherein the adsorbent comprises a molecular sieve.

. The method of claim 1 or claim 3, further comprising a polishing distillation siep.

. The method of claim 1, wherein the 3-hydroxyacid precursor to an alkene product is

chosen from mevalonate, 3-methyl-3-hydroxybutyrate, 3-hydroxypent-4-enoate, 3-
methyl-3-hyvdroxypent-4-encate and 4-methyl-3-hydroxypeni-4-enoate.

The method of claim 1, wherein the alcoho! precursor to an alkene product is chosen
from 3-methyl-2-buten-1-0l, 3-methyl-3-buten-1-ol, 2-methyl-3-buten-2-0i, 3-buten-
2-ol and 3-methyl-3-buten-2-0l.

The method of claim 1, wherein the alkene product cornprises at least one of isoprens,

L.3-butadiene, or isobutene.

. The method of claim 1, further comprising adding at least one alkene polymerization

inhibitor to the reactive distillation unit.
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The method of claim 1 or claim 5, further comprising separating the alkene product
from the alkene product mixture,

The method of claim 14, wherein the alkene product is separated from the alkene
praduct mixture by at least one of adsorption, membrane separation, and distillation.
The method of claim 15, wherein the alkene product 18 separated from the alkene
product mixture by adsorption.

The method of claim 14, wherein the alkene product is separated from the alkene
product mixture by membrane separation using a zeolite membrane.

The method of claim 14, further comprising condensing the alkene product.

. A method producing an alkene product comprising:

{a} extraciing fermentation broth to produce an extracted alkene precursor mixture,
and
(b} implementing a dehydration reaction to produce from the extracted alkene

precursor mixture an alkene product mixture comprising the alkene product.

23, The method of claim 19, further comprising a polishing distitlation step afler step (b),

. The method of claim 19, wherein the exiraction step (a) comprises contacting the

fermentation broth with a solvent to extract the at least one alkene precursor,
The method of claim 21, wherein the solvent is selective for 3-hydroxyvacids and
secondary alcohols, largely immiscible in water and supports Mulrer dehiydration

reactions.

3. The method of claim 22, wherein the solvent comprises a long chain ester.
24,

The method of claim 23, wherein the long chain ester solvent comprises at least one

of hexyl acetate and octanyl acetate.

. The method of ¢laim 22, wherein the 3-hydroxyaeid precursor to an alkene product is

chosen from mevalonate, 3-methyl-3-hydroxybutyrate, 3-hydroxypent-4-enoate, 3-

methyl-3-hydroxypent-4-enoate and 4-methyl-3-hydroxypent-d-enoate.

. The method of claim 22, wherein the alcohel precursor to an alkene product is chosen

from 3~-methyl-2-buten-~1-ol, 3-methyi-3-buten-1-ol, Z-methyl-3-tarten-2-0l, 3-buten-

2-0l and 3-methyi-3-buten-2-ol.
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. The method of clatm 19, wherein the alkene product is chosen from isoprene, 1,3-

hutadiene, and isobutene,
The method of claim 19, wherein the dehydration reaction comprises contacting the

extracted alkene precursor mixture and a Mulzer dehydrating agent,

. The method of ¢laim 28, wherein the Mulzer dehydrating agent is dimethyl-

formarmide~-dimethylacetal.

The method of claim 19, further comprising separating the alkene product from the
alkene product mixture.

The method of claim 30, wherein the alkene product is separated from the alkene

product mixture by at least one of adsorption, membrane separation, and distillation.

. The method of claim 31, wherein the alkene product is separated from the alkene

product mixture by adsorption.

33, The method of claim 32, wherein the alkene product is separated from the allene

product mixture by adsorption to a zeolite.
The mwethod of claim 31, wherein the alkene product is separated from the alkene

product mixture by membrane separation.

. The method of claim 34, wherein the alkene product is separated from the alkene

product mixture using a zeolile membrane,

‘The method of claim 31, further comprising condensing the alkene product.

. A method of producing an alkene product comprising:

{(a) contacting a fermentation broth and a solid phase adsorbent;

{(b) desorbing at least one alkene precursor from the solid phase adsorbent;

{¢y distilling the desorbed alkene precursor; and

{(d} producing an alkene product mixtore comprising the alkene product by reacting

the distilled alkene precursor in a catalvtic reactor,

. The method of claim 37, wherein the solid phase absorbent is an anionic exchange

resin, where the alkene precursor is a 3-hydroxyacid.
The method of claim 37, wherein the solid phase adsorbent is a macroporous weakly

polar resin or i¢ a zeolite, where the alkene precursor is an alcohol.
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The method of claim 37, wherein the at least one alkene precursor is desorbed using
high concentration aqueous ammonia or ammonium carbonate,

The method of claim 37, wherein the at least one alkene precursor is desorbed from
the solid phase absorbent using an organic solvent,

The method of claim 41, wherein the organic solvent comprises methanol,

The method of elatm 38, wherein the 3-hydroxyacid precursor to an alkene produet is
chosen from mevalonate, 3-methyl-3-hydroxybutyrate, 3-hydroxypent-4-enoate, 3-
methyl-3-hydroxypent-4-enoate and 4-methyl-3-hydroxypent-4-enoate.

The method of claim 38, wherein the alcobol precursor to an alkene product is chosen
from 3-methyl-2-buten-1-of, 3-methyl-3-buten-1-ol, 2-methyl-3-buten-2-of, 3-buten-

Z2~of and 3-methyi-3-buten-2-ol,

. The method of claim 37, wherein the alkene product is chosen from isoprene, 1,3~

butadiene, and isobutens,

. The method of claim 37, wherein step {d) comprises reacting the at least one alkene

precursor with a dehydrating or dehydrative decarboxylating catalyst at high

temperature,

. The method of claim 46, wherein the catalyst is comprised of thorium oxide.

. The method of claim 37, wherein step {d) comprises reacting the at least one alkene

precursor at elevated temperature in the absence of a catalyst.
The method of claim 37, further comprising separating the alkene product from the
alkene product mixture,

The method of claim 37, further comprising a polishing distillation step after step (d).

. The method of claim 37, further comprising condensing the alkene product after step

(&),

. The method of claim 37, Aurther comprising separating the alkene product from the

alkene product mixture.

. The method of claim 52, wherein the alkene product is separated from the alkene

product mixiure by at least one of adsorption, membrane separation, and distiflation.

. The method of claim 53, wherein the alkene produoct is separated from the alkene

product mixture by adsorption.
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». The method of claim 54, wherein the alkene product is separated from the alkene

product mixiure by adsorption to a zeolite,

56. The method of claim 53, wherein the alkene product is separated from the alkene

product mixture by mermbrane separation.

. The method of claim 56, wherein the alkene product is separated from the alkene

product mixture using a zeolite membrane.

. A method for preparing an alkene product from a 3-hydroxyacid precursor or an

aleohol precursor using high temperature reactive distillation with steam contact and

catalytic reaction.

. The method of claim 58, where the 3-hydroxyacid or alechol precursor was produced

vig fermeniation.

The method of claim 59, where the fermentation media containing the 3-hydroxyacid
or aleohol precursor contains one or more of the media components contained in
DEMZ media 81,

The method of claim 60, where the fermentation media is adjusted to a pH less than

3.0 using an acid such as phosphoric acid or sulphuric acid,

. The method of claim 58, wherein the catalytic reaction comprises reacting the at least

one alkene precursor with a dehydrating catalyst at high temperature.

. The method of claim 62, wherein the catalyst is comprised of thorium oxide,
. The method of claim 58, further comprising drying the alkene product mixture.

5. The method of claim &4, wherein the alkene product mixture is dried using an

adsorbent,

The method of claim 65, wherein the adsorbent removes water from the alkene
product mixture 10 a dew point of approximately -207C.

The method of claim 65, wherein the adsorbent comprises a molecular sieve.
The method of claim 38, claim 62 or claiw 64, further comprising a polishing
distiilation step,

The method of claim 58, wherein the 3-hydroxyacid precursor is mevalonate,
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The method of claim 58, wherein the aleohol precursor to an alkene product is chosen
from 3-moethyl-2-buten-1-ol, 3-methyl-3-buten-1-0l, 2-methvi-3-buten-2-0}, 3-buten-

2-0} and 3~methyi-3-buten-2-0l.

. The method of claim 58, wherein the alkene product comprises at least one of

isoprens or 1,3-butadiene,
‘The method of claim 38, further comprising adding at least one alkene polymerization

inhibitor to the reactive distillation unit,

. The method of claim 38, claim 62 or claim 64, further comprising separating the

alkene product from the alkene product mixture,

. The wethod of claim 73, wherein the alkene product is separated from the alkene

product mixture by at {east one of adsorption, membrane separation, and disiillation.

. The method of claim 74, wherein the alkene product is separated from the alkene

product mixture by adsorption.

. The method of claim 75, wherein the alkene product is separated from the alkene

product mixture by membrave separation using a zeolite membrane.

7. The method of claim 75, further comprising condensing the alkene product.



PCT/US2016/026770

WO 2016/164812

LORBSUDDULD

UUVIUL(+ SO
™

g

~

uondiospY

N
R

R AR B

focd
~

uogzsedes

BUSKLAY

Bukic
DABIT JBINGTION

’
Pl

gt

]

TN.\}%’
N —
e Y = H
. \\ H
\v\\.cr/.
H_" ! g
i eBIG
.
i
i L
3o
e i | . -
i
i
i
! —
| ) H
; 1
T A5
i fepots oA NS
L JEEL e
/r~\ ﬂ ;
e :

1/9



PCT/US2016/026770

WO 2016/164812

(17

udesuepuns

o
o~

o

'\ J——
N

<

o .

[CCHr Y.
& e

uofgirdag
SUBIUWEH

o e

webe dugeiphusq

I Y NSO

din-aymiu
WIRAOS

HORCESXS
wisajon

LieRones

. e iaaas

o2

uopeiauala

[OUSPRR*

gr-a3ew
yuobeey

i

2/9



PCT/US2016/026770

WO 2016/164812

| unEEsuUBpUOT
|
L

H
i

e

oy

fee]
AR &

4ORCIOSEY

uopeirdsg

FURITIS

— e gl
seeEea < 3 UORBENSIT et @suud Oefio
Lels x 2187 t
SRASIED w. 5 UoaGIoSPY

| |

| |

| !

[ SUUS |

0% g

o mmmmnmemnsy

£ 354

3/9



PCT/US2016/026770

WO 2016/164812

PR .
# 4
P U T bl
e
I i
’ Py
ez P
7. DL b ———
i 8% v Esg
] 8
H ..N
! ﬁr s
! ;
\M, “ a2 » Z
oAl [3
_ M
] !
i M 54
: |
; ; o
: i
; :
e} e}
LCHESUBPUDT fald % %4
!
i
S { -
w |
| i teer,
ne " 5 |
o / L3
] i e et
~. h H
i [

4/9



PCT/US2016/026770

WO 2016/164812

YA YA SUINGO0S] 00g P13E SLAINGIAYISU-C-ARGIDAL-E
3ERLGY Fussdos] 005 A e A
G susdosy 00%
PiDs6y ERERLI 045
GY16LT SUBIUOS] 00t
7Y YOLEY EREIDIN 008%
gE1Y 617565 0001
759 GHGERETE suasdos 004G P08 210Uyt adiAygiaiie- g Axiupiy -
fuadd}
FEBIBINS OB fusgdd]
UOIZRIRIBIU0D pase oo PNECId UBIPEI3USIU0T
saedspeay SR auaRy PRI BIBASYNG I0sinyaid ausyly

& 3unDid

5/9



PCT/US2016/026770

WO 2016/164812

(00T

2 ooost
¥
3
=
& 0000
A

o~y
L5
T
o0
[t
W
el
2]
.
2z
<
oo
[
pec]
jo
Q.
]
>
i
o
e
Sy
Qb
5
3
e
hed
[y
e
L
©
[
H
H
§

o ver . . .
£ 05T GOz 0%'1 01
, s PR 0¥, PRI - os . eCgoerog
,u...,.:n M ez.n..xoa o Y. S5 ..:.n:.,‘.:. A 3 a,.,,:,. . n e : ﬁm < s ...:..u .e >
b ° ..ew...c "o " % o ¢ ve g .oo., now
...... Y s - T S I
s
, . >\
% B B e oz g B T B o,
Ey i g 7, % Fat WG Yy 5 3% z
iy y%\&%f%i&.@%.&%#??&\&%ﬁw kY Aw\.% .wao..o\ K TR  F e o __om SO % f.ﬂa\.? )

i puog signeg

6/9



PCT/US2016/026770

WO 2016/164812

5. sanpesodiuny Jaoqey

00raty

{H35EY

HO0OYT

0OLvt

SOt

SOeEvt

GGvyt

40svt

I3, 2in1a0uia] ISI0UDY ~==

wi

[mdd] pUCY N0 wmoco

ful 2w vonISRoD BI8G

At e i Ry 5 Pty Ara ey, R b0 8 S R 58 D 0 8D T R 0 . S s U OF s g OO0 I P00 sy A7 D s Ve e s, et i PO N Ly o i Y s O s S50 s e O ) v

s P AT D s B 2O o o i g 0 H

fed

Ead

3
1

UOR Bjaneg

B

|

fn

7/9



PCT/US2016/026770

WO 2016/164812

i
§

{u/3] ases moyg anodes, ooer {UYfE1 3180 B wew  [Audd] BUOY BYNOT s

” f13] 2113 UDHIDBHOD B1RG :
08¢ ae 057¢ 00°¢ 0571 0071 056 GO0

DGO . e . -G
.....,mm. N. vwwan .....N ..(.h::a “mme Muo - .ee,:w.w 5 HA: ...._,ouni....o. e ..»nsa...s,(.,”ua..u.%..vﬂ..u,m.n“%f%u ..,v c!w.,fwwv ee..m. .e. I3 ﬁm“mwmww
i IR S S ein ko Melsns BTVl rhnwe tItiloce IS 2s
m Wit ous Hind: prui T snsr e U I o :
305 greipe et O S T ittt 7
oo EEE S o7 EIR S BT w
; voow % : L ;e !
- 5 i
: 3 b 3 Y : :
OOODT 4 T e COUOY .,
o / i 2
4 TEN & :
& Ooons =
2. &
b o
Z oSy ooosy %
ga’ Conll
s B3

= ORI
oot : 5
i &
Q0007 USSR i S O S O DS . SO S S NSV UUSURUR U - OOO0nE Bend
i gAML
........................... mm.m.mﬂ V
0057 D007
, s, ;
w e B A LI S |
s VI ML VAL LT KT A PR T |
"% 2 «f? : DOOOTT |
R S - SOOOOnET

% 38N

8/9



PCT/US2016/026770

WO 2016/164812

3.} saniesoduisg oyngay

AN 4

0005t

i1 sunieiaduial 55009y e [nusdd] QUDG BIGNOQ wweeeer

{47 su) UDIIBHOD 2180

0o's 057 DOz 051 ViR 050 00D

. i Bt b ot b e o o g B R R AR ARk R A R e me ST b s s e e o e e 2 < e e e e e ae e b m.wmwmw
..... B0 00T
i - s e - S XV

S SOBYOGET

o

3

ek

]

fausdd} puog

9/9



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2016/026770

A. CLASSIFICATION OF SUBJECT MATTER

INV. BO1D3/00 BO1D3/34
ADD.

BO1D3/38

Co7C11/02 Cl2p7/42

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Bo1D Co07C C12P CO8F

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 3 751 402 A (BROERING L) 1-18,
7 August 1973 (1973-08-07) 58-77
column 1, Tine 1 - column 15, line 29;
figure 2
X US 2 061 810 A (SHIFFLER WILLIAM H ET AL) 1-18,
24 November 1936 (1936-11-24) 58-77
Figure;
column 1, 1ine 1 - column 6, line 73
X US 20117172475 Al (PETERS MATTHEW W [US] 19-36
ET AL) 14 July 2011 (2011-07-14)
paragraph [0053] - paragraph [0197]
X US 2008/132730 Al (MANZER LEO ERNEST [US] 37-57
ET AL) 5 June 2008 (2008-06-05)
paragraphs [0071], [0073]; figure 5
_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

17 August 2016

Date of mailing of the international search report

24/08/2016

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Thibault, Valerie

Form PCT/ISA/210 (second sheet) (April 2005)
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INTERNATIONAL SEARCH REPORT

International application No

PCT/US2016/026770
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2014/186913 Al (BOTES ADRIANA LEONORA 1-10,
[GB] ET AL) 3 July 2014 (2014-07-03) 12-18,
58-69,
71-77
the whole document
A US 2008/220488 Al (D AMORE MICHAEL B [US] 1-10,
ET AL) 11 September 2008 (2008-09-11) 12-18,
58-69,
71-77
the whole document
A BIANCA N M VAN LEEUWEN ET AL: 1-10,
"Fermentative production of isobutene", 12-18,
APPLIED MICROBIOLOGY AND BIOTECHNOLOGY, 58-69,
SPRINGER, BERLIN, DE, 71-77
vol. 93, no. 4,
11 January 2012 (2012-01-11), pages
1377-1387, XP035013024,
ISSN: 1432-0614, DOI:
10.1007/S00253-011-3853-7
the whole document
A WO 2014/086780 A2 (GLOBAL BIOENERGIES 1-10,
[FR]) 12 June 2014 (2014-06-12) 12-18,
58-69,
71-77

the whole document

Form PCT/ISA/210 (continuation of second sheet) (April 2005)
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International application No.
INTERNATIONAL SEARCH REPORT PLT/US2016/026770
BoxNo.ll  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

—_

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

m No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




International Application No. PCT/ US2016/ 026770

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 10, 69(completely); 1-9, 12-18, 58-68, 71-77(partially)

production of an alkene product from a 3-hydroxyacid
precursor using distillation with steam contact

2. claims: 11, 70(completely); 1-9, 12-18, 58-68, 71-77(partially)

production of an alkene product from an alcohol precursor
using distillation with steam contact

3. claims: 19-36

production of an alkene product from a precursor comprising
extraction and dehydration

4. claims: 37-57

production of an alkene product from a fermentation broth by
adsorption, distillation and catalytic reaction
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Information on patent family members

International application No

PCT/US2016/026770
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 3751402 A 07-08-1973  NONE

US 2061810 A 24-11-1936  NONE

US 2011172475 Al 14-07-2011  CA 2786607 Al 14-07-2011
CN 102770397 A 07-11-2012
EP 2521705 Al 14-11-2012
JP 2013516487 A 13-05-2013
SG 182407 Al 30-08-2012
US 2011172475 Al 14-07-2011
US 2013261323 Al 03-10-2013
WO 2011085223 Al 14-07-2011

US 2008132730 Al 05-06-2008  BR P1I0717683 A2 05-02-2013
CA 2667908 Al 12-06-2008
EP 2099728 A2 16-09-2009
US 2008132730 Al 05-06-2008
WO 2008069841 A2 12-06-2008

US 2014186913 Al 03-07-2014 (N 104903455 A 09-09-2015
EP 2925871 Al 07-10-2015
US 2014186913 Al 03-07-2014
WO 2014085612 Al 05-06-2014

US 2008220488 Al 11-09-2008 BR P1I0711995 A2 27-12-2011
CN 101466840 A 24-06-2009
EP 2029758 Al 04-03-2009
ES 2405626 T3 31-05-2013
US 2008220488 Al 11-09-2008
WO 2007149370 Al 27-12-2007

WO 2014086780 A2 12-06-2014 AU 2013354179 Al 21-05-2015
CN 104884628 A 02-09-2015
EP 2929037 A2 14-10-2015
US 2015329877 Al 19-11-2015
WO 2014086780 A2 12-06-2014

Form PCT/ISA/210 (patent family annex) (April 2005)
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