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Abstract:

The present invention relates to a method of extracting an aliphatic alcohol, preferably containing 5
to 16 carbon atoms, from an aqueous medium, the method comprising: (a) contacting the aliphatic
alcohol in the aqueous medium with at least one extracting medium for a time sufficient to extract
the aliphatic alcohol from the aqueous medium into the extracting medium, (b) separating the
extracting medium with the extracted aliphatic alcohol from the aqueous medium wherein the
extracting medium comprises: - at least one trialkyl-phosphine-oxide, preferably
trioctyl-phosphine-oxide, and optionally at least one alkane, and wherein the aliphatic alcohol is
produced from a carbon source by contacting the carbon source with at least one microorganism
capable of converting the carbon source to the aliphatic alcohol.
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EXTRACTION OF ALIPHATIC ALCOHOLS

FIELD OF THE INVENTION
The present invention relates to a method for extracting an aliphatic alcohol from an aqueous
5 medium. In particular, the method uses at least one trialkyl-phosphine-oxide, and optionally

at least one alkane.

BACKGROUND OF THE INVENTION
Aliphatic alcohols have several functions in the art. For example, they can be used in the
10 production of polymers, phammaceuticals, solvents, and food additives.

WO1985000805 a method for producing alcohol, comprising extracting an aqueous alcohol
solution with an organic solvent system comprising an organic solvent

15 US4714791 discloses a process for recovering primary normal aliphatic higher alcohols,
which comprises contacting sugarcanes, or products obtained from the sugarcanes, as an
extraction raw material with a fluid in a subcritical or supercritical state

Accordingly, there is a need in the art for a cheaper and more efficient extraction method for

20 extracting aliphatic alcohols, especially aliphatic alcohols produced in industrial scale.
Further, there is a need for an extraction method of aliphatic alcohols that can be used in
connection with a biotechnological method of producing the aliphatic alcohols.

DESCRIPTION OF THE INVENTION

25  The present invention attempts to solve the problems above by providing a means of
extracting aliphatic alcohols that is more efficient and cheaper than the current methods
available in the art. The present invention also provides a means of extracting aliphatic
alcohols that can be used in conjunction with a biotechnological method of producing
aliphatic alcohols.

30
According to one aspect of the present invention, there is provided a method of extracting an
aliphatic alcohol from an aqueous medium, the method comprising:
(a) contacting the aliphatic alcohol in the aqueous medium with at least one extracting
medium for a time sufficient to extract the aliphatic alcohol from the aqueous
35 medium into the extracting medium,

(b) separating the extracting medium with the extracted aliphatic alcohols from the
aqueous medium
wherein the extracting medium comprises:
at least one trialkyl-phosphine-oxide, preferably trioctyl-phosphine-oxide (TOPQO), and
40 optionally at least one alkane and wherein the aliphatic alcohol is produced from a carbon
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source by contacting the carbon source with at least one microorganism capable of
converting the carbon source to the aliphatic alcohol.

The microorganism may be
(i) a mixture of a first and a second microorganism and
- the first microorganism is an acetogenic microorganism capable of converting the
carbon source to acetate and/or ethanol; and
- the second microorganism is for carbon chain elongation and is selected from the
group consisting of Clostridium kluyveri, and C.Carboxidivorans and is capable of
converting the acetate and/or ethanol to form an acid; and
wherein the first microorganism is further capable of converting the acid to the
comresponding aliphatic alcohol, or
(i) C.Carboxidivorans capable of converting the carbon source to the aliphatic alcohol.

Preferably the alkane comprises at least 12 carbon atoms.

In particular, the extraction method according to any aspect of the present invention allows
for an increase in yield relative to the amount of extractants used. For example, less than
50% by weight of extracting medium may be used to extract the same amount of aliphatic
alcohols as if only pure alkanes were used. Therefore, with a small volume of extracting
medium, a larger yield of aliphatic alcohols may be extracted. The extracting medium is also
not harmful to microorganisms. Accordingly, the extracting medium according to any aspect
of the present invention may be present when the aliphatic alcohol is biotechnologically
produced. Further the aliphatic alcohols can be easily separated from the extracting medium
according to any aspect of the present invention by distillation. After the separation, e.g. via
distillation, the extracting medium may be easily recycled.

The method according to any aspect of the present invention may be a method of extracting at
least one aliphatic alcohol from an aqueous medium. An isolated aliphatic alcohol may refer to at
least one aliphatic alcohol that may be separated from the medium where the aliphatic alcohol has
been produced. In one example, the aliphatic alcohol may be produced in an aqueous medium
(e.g. fermentation medium where the aliphatic alcohol is produced by specific cells from a carbon
source). The isolated aliphatic alcohol may refer to the aliphatic alcohol thereof extracted from the
aqueous medium. In particular, the extracting step allows for the separation of excess water from
the aqueous medium thus resulting in a formation of a mixture containing the extracted aliphatic

alcohol.

The extracting medium may also be referred to as the ‘extraction mediunm’. The extraction medium
may be used for exdracting/ isolating the aliphatic alcohol produced according to any method of the
present invention from the aqueous medium wherein the aliphatic alcohol was originally produced.
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At the end of the extracted step, excess water from the aqueous medium may be removed thus
resulting in the extracting medium containing the extracted aliphatic alcohol. The extracting
medium may comprise a combination of compounds that may result in an efficient means of
extracting the aliphatic alcohol from the aqueous medium. In particular, the extracting medium may
comprise: (i} at least one alkane comprising at least 12 carbon atoms, and (ji) at least one trialkyl-
phosphine-oxide. The extraction medium according to any aspect of the present invention may
efficiently extract the aliphatic alcohol into the alkane- trialkyl-phosphine-oxide extracting medium.
This extracting medium of a mixture of trialkyl-phosphine-oxide and at least one alkane may be
considered suitable in the method according to any aspect of the present invention as the mixture
works efficiently in extracting the desired aliphatic alcohol in the presence of a fermentation
medium. In particular, the mixture of trialkyl-phosphine-oxide and at least one alkane may be
considered to work better than any method currently known in the art for extraction of aliphatic
alcohol as it does not require any special equipment to be carried out and it is relatively easy to
perform with a high product yield.

The alkane may comprise at least 12 carbon atoms. In particular, the alkane may comprise 12-18
carbon atoms. In one example, the alkane may be selected from the group consisting of dodecane,
tridecane, tetradecane, pentadecane, hexadecane, heptadecane and octadecane. In a further
example, the extracting medium may comprise a mixture of alkanes. In another example, the
alkane may be a branched alkane. In particular, the branched alkane may be squalene.

Trialkyl-phosphine-oxides have a general formula of OPXz, where X is an alkyl. Suitable trialkyl-
phosphine-oxides according to any aspect of the present invention include an alkyl group
composed of a linear, branched or cyclic hydrocarbon, the hydrocarbon composed of from 1 to
about 100 carbon atomns and from 1 to about 200 hydrogen atoms. In particular, "alkyl" as used in
reference to trialkyl-phosphine-oxide according to any aspect of the present invention can referto a
hydrocarbon group having 1 to 20 carbon atoms, frequently between 4 and 15 carbon atoms, or
between 6 and 12 carbon atoms, and which can be composed of straight chains, cyclics, branched
chains, or mixtures of these. X can be the same or different alkyl-radicals within one molecule. If
different alkyl-radicals are present in one trialkyl-phosphine-oxide molecule, the alkyl-radicals are
preferably selected from C8 and C10. Typically, the trialkyl-phosphine-oxide is selected from the
group consisting of tributyl-phosphine-oxide, trihexyl-phosphine-oxide, trioctyl-phosphine-oxide,
tridecyl-phosphine-oxide and mixtures thereof.

Even more in particular, the trialkyl-phosphine-oxide may be trioctyl-phosphine oxide (TOPO).
trioctyl-phosphine-oxide (TOPQ) is an organophosphorus compound with the formula OP(CgHi7)s.
The at least one trialkyl-phosphine-oxide, preferably trioctyl-phosphine-oxide (TOPO), may be
present in the extraction medium together with at least one alkane. In particular, the mixture of at
least one trialkyl-phosphine-oxide, preferably trioctyl-phosphine-oxide (TOPQ), and alkane
comprising at least 12 carbon atoms may comprise about 1:100 to 1:10 weight ratio of at least one
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trialkyl-phosphine-oxide, preferably trioctyl-phosphine-oxide (TOPO), relative to the alkane. More in
particular, the weight ratio of at least one trialkyl-phosphine-oxide, preferably trioctyl-phosphine-
oxide (TOPO), to alkane in the extraction medium according to any aspect of the present invention
may be about 1:100, 1:90, 1:80, 1:70, 1:60, 1:50, 1:40, 1:30, 1:25, 1:20, 1:15, or 1:10. Even more
in particular, the weight ratio of at least one trialkyl-phosphine-oxide, preferably trioctyl-phosphine-
oxide (TOPO), to alkane may be selected within the range of 1:90to 1:10, 1:80to 1:10, 1:70 to
1:10, 1:60 to 1:10, 1:50 to 1:10, 1:40 to 1:10, 1:30 to 1:10 or 1:20 to 1:10. The weight ratio of at
least one trialkyl-phosphine-oxide, preferably trioctyl-phosphine-oxide (TOPO), to alkane may be
between 1:40 to 1:15 or 1:25 to 1:15. In one example, the weight ratio of at least one trialkyl-
phosphine-oxide, preferably trioctyl-phosphine-oxide (TOPQ), to alkane may be about 1:15. In the
example, the alkane may be hexadecane and therefore the weight ratio of at least one trialkyl -
phosphine oxide, preferably trioctyl-phosphine-oxide {TOPO), to hexadecane may be about 1:15.

The term “about’ as used herein refers to a variation within 20 percent. In particular, the term
"about” as used herein refers to +/- 20%, more in particular, +/~10%, even more in particular, +/-
5% of a given measurement or value.

In a preferred method according to the instant invention the extracting medium contains aside the
phosphine oxide a second organic component. The second organic component contains at least 12
carbons. The second organic component is an alkane linear or branched that may be selected from
the group consisting, tetradecane, pentadecane, hexadecane, heptadecane, octadecane and
squalene or mixtures of alkanes such as white mineral oil (Fragoltherm-Q-32-N). Furthermore the
second organic component may comprise of an aromatic hydrocarbon that may be selected from
the group consisting, diisopropylbiphenyl, partly hydrogenated terphenyl, dibenzyltoluol and
diisopropylnaphthalene or a mix of aromatic solvents such as Solvesso 200. Another possibility is
to use an alcohol that may be selected from the group consisting, oleyl alcohol, 2-octyldodecanol
and 2-hexyldodecanol as the second organic component.

The extracting medium according to any aspect of the present invention may efficiently extract the
aliphatic alcohol into the extracting medium. This extracting medium of a mixture of at least one
alkyl-phosphine oxide containing at least two different alkyl radicals per alkyl-phosphine oxide
molecule, and at least one alkane may be considered suitable in the method according to any
aspect of the present invention as the mixture works efficiently in extracting the desired aliphatic
alcohol in the presence of the aqueous production medium. The alkane may be a straight or a
branched alkane. In one example, the alkane may be a branched alkane and the branched alkane
may be squalene.

In another example, the extracting medium of a mixture of at least one alkyl-phosphine oxide
containing at least two different alkyl radicals per alkyl-phosphine oxide molecule and at least one
partially hydrogenated aromatic hydrocarbon may be considered suitable in the method according
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to any aspect of the present invention as the mixture works efficiently in extracting the desired
organic acid and/or alcohol in the presence of the aqueous production medium. In particular, the
mixture of at least one alkyl-phosphine oxide containing at least two different alkyl radicals per
alkyl-phosphine oxide molecule and at least one partially hydrogenated aromatic hydrocarbon may
be considered to work better than any method curmrently known in the art for extraction of the
aliphatic alcohol as it does not require any special equipment to be carried out and it is relatively
easy to perform with a high product yield. Further, the extracting medium according to any aspect
of the present invention in combination with alkane or partially hydrogenated aromatic solvent is
also not toxic for microorganisms.

In step (@) acconrding to any aspect of the present invention, the aliphatic alcohol in the aqueous
medium may contact the extracting medium for a time sufficient to extract the aliphatic alcohol from
the aqueous medium into the extracting medium. A skilled person may be capable of determining
the amount of time needed to reach distribution equilibrium and the right bubble agglomeration that
may be needed to oplimize the extraction process. In some examples the time needed may be
dependent on the amount of aliphatic alcohol that may be extracted. In particular, the time needed
to extract the aliphatic alcohol from the aqueous medium into the extracting medium may only take
a few minutes. In examples where the extraction is carried out as fermentation takes place, the
time for extraction is equivalent to the time of fermentation.

The ratio of the exdracting medium used to the amount of aliphatic alcohol to be extracted may vary
depending on how quick the extiraction is to be carried out. in one exampie, the amount of
extracting medium is equal to the amount of aqueous medium comprising the aliphatic alcohol.
After the step of contacting the extracting medium with the aqueocus medium, the two phases
{aqueous and organic) are separated using any means known in the art. In one example, the two
phases may be separated using a separation funnel. The two phases may also be separated using
mixer-settlers, pulsed columns, and the like. In one example, where the aliphatic alcohol is
hexanol, the separation of the extracting medium from the hexanol may be carried out using
distillation in view of the fact that hexanol distills at a significantly lower boiling peoint than the
extracting medium. A skilled person may be able to select the best method of separating the
extraction medium from the desired aliphatic alcohol in step (b) depending on the characteristics of
the aliphatic alcohol desired to be extracted. In particular, step (b) according to any aspect of the
present invention involves the recovering of the aliphatic alcohol from step (a).

Step (b) preferably ends with the organic absorbent made available again to be recycled or reused,
preferably in step (0) (see below).

The aliphatic alcohol preferably is selected from the group consisting of aliphatic alcohol
containing 2 to 16, preferably 5 10 12 carbon atoms. More in particular, the aliphatic alcohol
may be selected from the group consisting of aliphatic alcohol with4 to 16,410 14,41t012, 4
t010,51016,5t014,5t0 12,510 10,6 to 16, 6 to 14,6 to 12, or 6 to 10 carbon atoms. In
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particular, the aliphatic alcohol may be selected from the group consisting of pentanol,
hexanol, heptanol and octanol. Even more in particular, the aliphatic alcohol may be selected
from the group consisting of butanol and hexanol. In particular, the aliphatic alcohol is a
hexanol.

In some examples, microorganisms capable of producing the aliphatic alcohol may be
cultivated with any culture media, substrates, conditions, and processes generally known in
the art for culturing bacteria. This allows for the aliphatic alcohel to be produced using a
biotechnological method. Depending on the microorganism that is used for aliphatic alcohol
10 production, appropriate growth medium, pH, temperature, agitation rate, inoculum level,
and/or aerobic, microaerobic, or anaerobic conditions are varied. A skilled person would
understand the other conditions necessary to carry out the method according to any aspect
of the present invention. In particular, the conditions in the container (e.g. fermenter) may be
varied depending on the microorganisms used. The varying of the conditions to be suitable
15  for the optimal functioning of the microorganisms is within the knowledge of a skilled person.

In one example, the method according to any aspect of the present invention may be carried

out in an aqueous medium with a pH between 5 and 8, or 5.5 and 7. The pressure may be

between 1 and 10 bar. The microonganisms may be cultured at a temperature ranging from
20 about 20° C to about 80° C. In one example, the microorganism may be cultured at 37° C.

In some examples, for the growth of the microorganism and for its production of aliphatic alcohol,
the aqueous medium may comprise any nutrients, ingredients, and/or supplements suitable for
growing the microorganism or for promoting the production of the aliphatic alcohol. In particular, the

25 aqueous medium may comprise at least one of the following: carbon sources, nitrogen sources,
such as an ammonium salt, yeast extract, or peptone; minerals; salts; cofactors; buffering agents;
vitaming; and any other components and/or extracts that may promote the growth of the bacteria.
The culture medium to be used must be suitable for the requirements of the particular strains.
Descriptions of culture media for various microorganisms are given in "Manual of Methods for

30  General Bacteriology”.

Accordingly, the method of extraction of an aliphatic alcohol according to any aspect of the
present invention may be used together with any biotechnological method of producing the
aliphatic alcohol. This is especially advantageous as usually during the fermentation process
35 to produce aliphatic alcohol using biological methods, the aliphatic alcohol would be left to
collect in the aqueous medium and after reaching certain concentrations in the fermentation
medium, the very target product (aliphatic alcohols) may inhibit the activity and productivity
of the microorganism. This thus limits the overall yield of the fermentation process. With the
use of this extraction method, the aliphatic alcohols are extracted as they are produced thus
40 reducing end-product inhibition drastically.

CA 03145276 2022-1-21
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The method according to any aspect of the present invention is also more efficient and cost-
effective than the traditional methods of removing aliphatic alcohols, particularly from a
fermentation method as they are produced, as there is no primary reliance on distillation
and/or a precipitation for recovering of aliphatic alcohols. Distillation or precipitation process
may lead to higher manufacturing costs, lower yield, and higher waste products therefore
reducing the overall efficiency of the process. The method according to any aspect of the
present invention attempts to overcome these shortcomings.

In one example, the aliphatic alcohol is hexanol. In this example, the hexanol may be
produced from at least one carbon source, for example, synthesis gas.

The synthesis gas may be converted to hexanol in the presence of at least one acetogenic bacteria
and/or hydrogen oxidising bacteria. In particular, any method known in the art may be used.
Hexanol may be produced from synthesis gas by at least one prokaryote. In particular, the
prokaryote may be selected from the group consisting of the genus Escherichia such as
Escherichia cofi, from the genus Clostridia such as Clostridium ljungdahlii, Clostriditun
autoethanogenum, Clostridium carboxidivorans or Clostridium kluyveri, from the genus
Corynebacieria such as Corynebacterium glutamicum; from the genus Cupriavidus such as
Cupriavidus necator or Cupriavidus metallidurans; from the genus Pseudomonas such as
Pseudomonas fluorescens, Pseudomonas putida or Pseudomonas oleavorans; from the genus
Delftia such as Deilftia acidovorans; from the genus Bacilius such as Bacillus subfillis; from the
genus Lactobaciiius such as Lacfobacillus delbrueckii, or from the genus Lacfococcus such as
Lactococcus lactis.

In another example, hexanol may be produced from a carbon source, for example synthesis gas by
at least one eukaryote. The eukaryote used in the method of the present invention may be selected
from the genus Aspergillus such as Aspergillus niger; from the genus Saccharomyces such as
Saccharomyces cerevisiae; from the genus Pichia such as Pichia pastoris; from the genus
Yarrowia such as Yarrowia lipolytica; from the genus Issatchenkia such as Issathenkia orientalis;
from the genus Debaryomyces such as Debaryomyces hansenii, from the genus Arxula such as
Arxula adenoinivorans; or from the genus Kluyveromyces such as Kluyveromyces lactis.

The term "acetogenic bacteria” as used herein refers to a microorganism which is able to perform
the Wood-Ljungdahl pathway and thus is able to convert CO, CO2z and/or hydrogen to acetate.
These microorganisms include microorganisms which in their wild-type form do not have a Wood-
Ljungdahl pathway, but have acquired this trait as a result of genetic modification. Such
microorganisms include but are not limited to E. coli cells. These microorganisms may be also
known as carboxydotrophic bacteria. Curmrently, 21 different genera of the acetogenic bacteria are
known in the art (Drake et al., 2006), and these may also include some clostridia (Drake & Kusel,
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2005). These bacteria are able to use carbon dioxide or carbon monoxide as a carbon source with
hydrogen as an energy source (Wood, 1991). Further, alcohols, aldehydes, carboxylic acids as well
as numerous hexoses may also be used as a carbon source (Drake et al., 2004). The reductive
pathway that leads to the formation of acetate is referred to as acetyl-CoA or Wood-Ljungdahl
pathway. In particular, the acetogenic bacteria may be selected from the group consisting of
Acetoanaerobium notera (ATCC 35199), Acetornrema longum (DSM 6540), Acetobacterium
carbinolicum (DSM 2925), Acetobacterium malicum (DSM 4132), Acefobacterium species no. 446
(Morinaga et al., 1990, J. Biotechnol., Vol. 14, p. 187-194), Acetobacterium wieringae (DSM 1911),
Acetobacterium woodii (DSM 1030), Alkalibaculurm bacchi (DSM 22112), Archaeoglobus fulgidus
(DSM 4304), Blautia producta (DSM 2950, formerly Ruminccoccus productus, formerly
Peplosireptococcus productus), Buiyribacterium methylotrophicum (DSM 3468), Clostridium
aceticurm (DSM 14986), Clostridium autoethanogenum (DSM 10061, DSM 19630 and DSM 23693),
Clostridium carnboxidivorans (DSM 15243), Clostridium coskatii (ATCC no. PTA-10522), Clostridium
drakei (ATCC BA-623), Clostridium formicoaceticum (DSM 92), Clositridium glycolicum (DSM
1288), Clostridium ljungdahlii (DSM 13528), Clostridium ljungdahlii C-01 (ATCC 55988),
Clostridium fjungdahlii ER{-2  (ATCC 55380), Clostridium ljungdahlii O-52 (ATCC 559839),
Clostridium mayombei (DSM 6539), Clostridium methoxybenzovorans (DSM 12182}, Clostridium
ragsdalei (DSM 15248), Clostridium scatologenes (DSM 757), Clastridium species ATCC 29797
(Schmidt et al., 1986, Chem. Eng. Commun., Vol. 45, p. 61-73), Desulfotomaculum kuznetsovii
(DSM 6115), Desulfotomaculum thermobezoicum subsp. thenmosynitrophicum (DSM 14055),
Eubacterium limosum (DSM 20543), Methanosarcina acetivorans C2A (DSM 2834), Moorella sp.
HUC22-1 (Sakai et al., 2004, Biotechnol. Let., Vol. 29, p. 1607-1612), Moorelia thermoacetica
(DSM 521, formerly Clostridium thermoaceticum), Moorella thermoautotrophica (DSM 1974),
Oxobacter pfennigii (DSM 322), Sporomusa aerivorans (DSM 13326), Sporomusa ovafa (DSM
2662), Sporomusa silvaceflica (DSM 10669), Sporomusa sphaeroides (DSM 2875), Sporomusa
termitida (DSM 4440) and Thermoanaerobacter kivui (DSM 2030, formerly Acetogenium kivui).

More in particular, the strain ATCC BAA-624 of Clostridium carboxidivorans may be used. Even
more in particular, the bacterial strain labelled "P7" and "P11" of Clostridium carboxidivorans as
described for example in U.S. 2007/0275447 and U.S. 2008/0057554 may be used.

The production of hexanol in Clostridiurn carboxidivorans from syngas containing CO: is especially
taught in Naveira et al., Journal of Chemical Technology & Biotechnology 92(4), April 2017.

Another particularly suitable bacterium may be Clostridium ljungdahiii. In particular, strains selected
from the group consisting of Clostridium ljungdahliif PETC, Clostridium ljungdahlii ERI2, Clostridium
lfungdahlii COL and Clostridium ljungdahlii O-52 may be used in the conversion of synthesis gas to
hexanol. These strains for example are described in WO 98/00558, WO 00/68407, ATCC 49587,
ATCC 55988 and ATCC 55989.
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The acetogenic bacteria may be used in conjunction with a hydrogen oxidising bacteria. In one
example, both an acetogenic bacteria and a hydrogen oxidising bacteria may be used to produce
hexanol from a carbon source, for example synthesis gas. In another example, only acetogenic
bacteria may be used for metabolising synthesis gas to produce hexanol from a carbon source, for
example synthesis gas. In yet another example, only a hydrogen oxidising bacteria may be used in
this reaction.

The hydrogen oxidising bacteria may be selected from the group consisting of Achromobacter,
Acidithiobacillus, Acidovorax, Alcaligenes, Anabena, Aquifex, Arthrobacter, Azospirillum, Bacillus,
Bradyrhizobium, Cupriavidus, Derxia, Helicobacter, Herbaspirilum, Hydrogenobacter,
Hydrogenobaculum, Hydrogenophaga,, Hydrogenophilus, Hydrogenothermus, Hydrogenovibrio,
Ideonelia sp. O1, Kyrpidia, Metalliosphaera, Methanobrevibacter, Myobacterium, Nocardja,
Oligotropha, Paracoccus, Pelomonas, Polaromonas, Pseudomonas, Pseudonocardia, Rhizobium,
Rhodococcus, Rhodopseudomonas, Rhodospirillum, Sireptomyces, Thiocapsa,
Treponerma,Variovorax, Xanthobacter and Wautersia.

In the production of hexanol from a carbon source, for example synthesis gas a combination of
bacteria may be used. There may be more than one acetogenic bacteria present in combination
with one or more hydrogen oxidising bacteria. In another example, there may be more than one
type of acetogenic bacteria present only. In yet another example, there may more than one
hydrogen oxidising bacteria present only. Hexanoic acid also known as caproic acid has general
formula CsH+1COOH.

In particular, the hexanoic producing method may comprise the step of:
- contacting a carbon source, for example synthesis gas with at least one bacteria
capable of carrying out the Wood-Ljungdahl pathway and chain elongation to
produce hexanol.

In particular, the microorganism may be
(i) a mixture of a first and a second microorganism and
- the first microorganism is an acetogenic microorganism capable of converting the
carbon source to acetate and/or ethanol; and
- the second microorganism is for carbon chain elongation and is selected from the
group consisting of Clostridium kluyveri, and C.Carboxidivorans and is capable of
converting the acetate and/or ethanol to form an acid; and
wherein the first microorganism is further capable of converting the acid to the
comresponding aliphatic alcohol, or
(i) C.Carboxidivorans capable of converting the carbon source to the aliphatic alcohol.
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The term “contacting”, as used herein, means bringing about direct contact between the aliphatic
alcohol in the medium with the extraction medium in step () and/or the direct contact between the
microorganism and a carbon source, for example synthesis gas. For example, the cell, and the
medium comprising the carbon source may be in different compartments. In particular, the carbon
source may be in a gaseous state and added to the medium comprising the cells according to any

aspect of the present invention.

In one example, the production of hexanol from a carbon source, for example synthesis gas may
involve the use of the acetogenic bacteria in conjunction with a bacterium capable of producing the
hexanol using bacteria capable of chain elongation. In one example, both an acetogenic bacteria
and a bacteria capable of chain elongation may be used to produce hexanol from a carbon source,
for example synthesis gas. For example, Clostridium ljungdahlii may be used simultaneously with
Clostridium Kluyveri. In another example, only acetogenic bacteria may be used for metabolising a
carbon source, for example synthesis gas to produce hexanol from a carbon source, for example,
synthesis gas. In this example, the acetogenic bacteria may be capable of carrying out both the
chain elongation and the Wood-Ljungdahl pathway. In one example, the acetogenic bacteria may
be C. carboxidivorans which may be capable of carrying out both the Wood-Ljungdahl pathway and
the chain elongation.

The organism that is capable of camnying out chain elongation may be selected from the group
consisting of Clostridiurn kluyveri, C. Carboxidivorans and the like. These microorganisms include
microorganisms which in their wild-type form do not have the ability to carry out chain elongation,
but have acquired this trait as a result of genetic modification. In particular, the microorganism may
be Clostridium kluyveri.

In one example, the bacteria used according to any aspect of the present invention is selected from
the group consisting of Clostridium kiuyveri and C.Carboxidivorans.

In particular, the cells are brought into contact with a carbon source which includes
monosaccharides (such as glucose, galactose, fructose, xylose, arabinose, or xylulose),
disaccharides (such as lactose or sucrose), oligosaccharides, and polysaccharides (such as starch
or cellulose), one-carbon substrates and/or mixtures thereof. More in particular, the cells are
brought into contact with a carbon source comprising CO and/or CO: to produce an aliphatic
alcohol.

With respect to the source of substrates comprising carbon dioxide and/or carbon monoxide, a

skilled person would understand that many possible sources for the provision of CO and/or COz as
a carbon source exist. It can be seen that in practice, as the carbon source of the present invention
any gas or any gas mixture can be used which is able to supply the microorganisms with sufficient
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amounts of carbon, so that acetate and/or ethanol, may be formed from the source of CO and/or
COa.

Generally for the cell of the present invention the carbon source comprises at least 50% by weight,
at least 70% by weight, particularly at least 90% by weight of CO2 and/or CO, wherein the
percentages by weight - 9% relate 1o all carbon sources that are available to the cell according to
any aspect of the present invention. The carbon material source may be provided.

Examples of carbon sources in gas forms include exhaust gases such as synthesis gas, flue gas
and petroleum refinery gases produced by yeast fermentation or clostridial fermentation. These
exhaust gases are formed from the gasification of cellulose-containing materials or coal
gasification. In one example, these exhaust gases may not necessarily be produced as by-products
of other processes but can specifically be produced for use with the mixed culture of the present
invention.

According to any aspect of the present invention, the carbon source, also for the production of
acetate and/or ethanol used in step (a) (see below) according to any aspect of the present
invention may be synthesis gas. Synthesis gas can for example be produced as a by-product of
coal gasification. Accordingly, the microorganism according to any aspect of the present invention
may be capable of converting a substance which is a waste product into a valuable resource.

In another example, synthesis gas may be a by-product of gasification of widely available, low-cost
agricultural raw materials for use with the mixed culture of the present invention to produce
substituted and unsubstituted organic compounds.

There are numerous examples of raw materials that can be converted into synthesis gas, as almost
all forms of vegetation can be used for this purpose. In particular, raw materials are selected from
the group consisting of perennial grasses such as miscanthus, corn residues, processing waste
such as sawdust and the like.

In general, synthesis gas may be obtained in a gasification apparatus of dried biomass, mainly
through pyrolysis, partial oxidation and steam reforming, wherein the primary products of the
synthesis gas are CO, Hz and CO:z. Syngas may also be a product of electrolysis of COaz. A skilled
person would understand the suitable conditions to carry out electrolysis of COz to produce syngas
comprising CO in a desired amount.

Usually, a portion of the synthesis gas obtained from the gasification process is first processed in
order to optimize product yields, and to avoid formation of tar. Cracking of the undesired tar and
CO in the synthesis gas may be carried out using lime and/or dolomite. These processes are
described in detail in for example, Reed, 1981.



10

15

20

25

30

35

40

CA 03145276 2022-1-21

WO 2021/018715 PCT/EP2020/0T0765

12

The overall efficiency, aliphatic alcohol productivity and/or overall carbon capture of the method of
the present invention may be dependent on the stoichiometry of the COz, CO, and Hz in the
continuous gas flow. The continuous gas flows applied may be of composition CO= and Hz. In
particular, in the continuous gas flow, concentration range of CO2 may be about 10-50 %, in
particular 3 % by weight and Hz would be within 44 % to 84 %, in particular, 64 to 66.04 % by
weight. In another example, the continuous gas flow can also comprise inert gases like Nz, up to a
Nz concentration of 50 % by weight.

Mixtures of sources can be used as a carbon source.

According to any aspect of the present invention, a reducing agent, for example hydrogen may be
supplied together with the carbon source. In particular, this hydrogen may be supplied when the C
and/or CO: is supplied and/or used. In one example, the hydrogen gas is part of the synthesis gas
present according to any aspect of the present invention. In another example, where the hydrogen
gas in the synthesis gas is insufficient for the method of the present invention, additional hydrogen
gas may be supplied. In one example, hydrogen may be a product of electrolysis of water.

In one example, the aliphatic alcohol is hexanol. More in particular, the carbon source comprising
CO and/or CO:z contacts the cells in a continuous gas flow. Even more in particular, the continuous
gas flow comprises synthesis gas. These gases may be supplied for example using nozzles that
open up into the aqueous medium, frits, membranes within the pipe supplying the gas into the
aqueous medium and the like.

A skilled person would understand that it may be necessary to monitor the composition and flow
rates of the streams at relevant intervals. Control of the composition of the stream can be achieved
by varying the proportions of the constituent streams to achieve a target or desirable composition.
The composition and flow rate of the blended stream can be monitored by any means known in the
art. In one example, the system is adapted to continucusly monitor the flow rates and compositions
of at least two streams and combine them to produce a single blended substrate stream in a
continuous gas flow of optimal composition and means for passing the optimised substrate stream
to the fermenter.

The term *an aqueous solution™ or “medium™ comprises any solution comprising water, mainly
water as solvent that may be used to keep the cell according to any aspect of the present
invention, at least temporarily, in a metabolically active and/or viable state and comprises, if such is
necessary, any additional substrates. The person skilled in the art is familiar with the preparation of
numerous aqueous solutions, usually referred to as media that may be used to keep and/or culture
the cells, for example LB medium in the case of E. cofi, ATCC1754-Medium may be used in the

case of C. ljungdahlii. It is advantageous to use as an aqueous solution a minimal medium, i.e. a
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medium of reasonably simple composition that comprises only the minimal set of salts and
nutrients indispensable for keeping the cell in a metabolically active and/or viable state, by contrast
to complex mediums, to avoid dispensable contamination of the products with unwanted side
products. For example, M9 medium may be used as a minimal medium. The cells are incubated
with the carbon source sufficiently long enough to produce the desired product. For example for at
least 1, 2, 4, 5, 10 or 20 howurs. The temperature chosen must be such that the cells according to
any aspect of the present invention remains catalytically competent and/or metabolically active, for
example 10 to 42 °C, preferably 30 to 40 °C, in particular, 32 to 38 °C in case the cellis a C.
lfungdahlii cell. The agueous medium according to any aspect of the present invention also
includes the medium in which the aliphatic alcohol is produced. It mainly refers to a medium where
the solution comprises substantially water. In one example, the aqueous medium in which the cells
are used to produce the aliphatic alcohol is the very medium which contacts the extraction medium
for extraction of the aliphatic alcohol.

In particular, the mixture of the microorganism and the carbon source according to any aspect of
the present invention may be employed in any known bioreactor or fermenter to camy out any
aspect of the present invention. In one example, the complete method according to any aspect of
the present invention that begins with the production of the aliphatic alcohol and ends with the
extraction of the aliphatic alcohol takes place in a single container. There may therefore be no
separation step between the step of producing aliphatic alcohol and the step of extracting the
aliphatic alcohol. This saves time and costs. In particular, during the fermentation process, the
microorganism may be grown in the agqueous medium and in the presence of the extraction
medium. The method according to any aspect of the present invention thus provides for a one pot
means of producing aliphatic alcohols. Also, since the aliphatic alcohol is being extracted as it is
produced, no end-product inhibition takes place, ensuring that the yield of aliphatic alcohol is
maintained. A further step of separation may be carried out to remove the aliphatic alcohol. Any
separation method known in the art such as using a funnel, column, distillation and the like may be
used. The remaining extracting medium and/or the cells may then be recyded.

In another example, the extraction process may take place as a separate step and/or in another
pot. After fermentation has taken place, where the desired aliphatic alcohol to be extracted has
already been produced, the extracting medium according to any aspect of the present invention
may be added to the fermentation medium or the fermentation medium may be added to a pot
comprising the extracting medium. The desired aliphatic alcohol may then be extracted by any
separation method known in the art such as using a funnel, column, distillation and the like. The
remaining extracting medium may then be recycled.

Another advantage of the method is that the extracting medium may be recycled. Therefore, once
the aliphatic alcohol is separated from extraction medium, the exiraction medium can be recycled
and reused, reducing waste,
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According to another aspect of the present invention, there is provided a use of at least one
trialkyl-phosphine-oxide, preferably trioctyl-phosphine-oxide (TOPO), and optionally at least
one alkane for extracting an aliphatic alcohol from an aqueous medium wherein the alkane
preferably comprises at least 12 carbon atoms. In particular, the alkane may comprise 12 to
18 carbon atoms. More in particular, the alkane may be hexadecane. Even more in
particular, the aliphatic alcohol is selected from the group consisting of aliphatic alcohols with
5 to 16 carbon atoms. In one example, the aliphatic alcohol may be hexanol.

In a preferred method according to the instant invention ethanol and/or acetate is used as a
starting material.

This preferred method according to the instant invention exiracts the aliphatic alcohol
produced from ethanol and/or acetate comprises step (0) before step (a):

{0) contacting the ethanol and/or acetate with at least one microorganism capable of
carrying out carbon chain elongation in the aqueous medium to produce the aliphatic
alcohol from the ethanol and/or acetate.

According to a preferred method according to the instant invention the aqueous medium
after step (b) of separating the aliphatic alcohol, may be recycled back into step {0). This
step of recycling allows for the microorganisms to be recycled and reused as the extracting
medium according to the present invention is not toxic to the microorganisms. This step of
recycling the aqueous medium in the method according to the present invention has the
further advantage of enabling the residue of the aliphatic alcohol, which was not at first
instance extracted from steps (@) and (b) in the first cycle, to be given a chance to be
extracted a further time or as many times as the aqueous medium is recycled.

The microorganism in (0) capable of carrying out carbon chain elongation to produce the
aliphatic alcohol may be any organism that may be capable of carbon-chain elongation
(compare Jeon et al. Biotechnol Biofuels (2016) 9:129). The carbon chain elongation
pathway is also disclosed in Seedorf, H., et al., 2008. The microorganisms according to any
aspect of the present invention may also include micreorganisms which in their wild-type
form are not capable of carbon chain elongation, but have acquired this trait as a result of
genetic modification. In particular, the microorganism in {0) may be selected from the group
consisting of Clostridium carboxidivorans, Clostridium kluyveri and C.pharus. In particular,
the microorganism according to any aspect of the present invention may be Clostridium
kluyveri.

In step (0) according to any aspect of the present invention, ethanol and/or acetate is
contacted with at least one microorganism capable of carrying out carbon chain elongation to
produce the aliphatic alcohol fromn the ethanol andfor acetate. In one example, the carbon
source may be ethanol in combination with at least one other carbon source selected from
the group consisting of acetate, propionate, butyrate, iscbutyrate, valerate and hexanoate. In
particular, the carbon source may be ethanol and acetate. In another example, the carbon
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source may be a combination of propionic acid and ethanol, acetate and ethanol, isobutyric
acid and ethanol or butyric acid and ethanol. In one example, the carbon substrate may be
ethanol alone. In another example, the carbon substrate may be acetate alone.

The source of acetate and/or ethanol may vary depending on availability. In one example,
the ethanol and/or acetate may be the product of fermentation of synthesis gas or any
carbeohydrate known in the art. In particular, the carbon source for acetate and/or ethanol
production may be selected from the group consisting of alcohols, aldehydes, glucose,
sucrose, fructose, dextrose, lactose, xylose, pentose, polyol, hexose, ethanol and synthesis
gas. Mixtures of sources can be used as a carbon source.

Even more in particular, the carbon source may be synthesis gas. The synthesis gas may be
converted to ethanol and/or acetate in the presence of at least one acetogenic bacteria.

In one example, the production of the aliphatic alcohol is from acetate and/or ethanol which
is from synthesis gas and may involve the use of the acetogenic bacteria in conjunction with
a microorganism capable of carbon chain elongation. For example, Clostridium ljungdahtlii
may be used simultaneously with Clostridium kluyveri. In another example, a single
acetogenic cell may be capable of the activity of both organisms. For example, the
acetogenic bacteria may be C. carboxidivorans which may be capable of cammying out both
the Wood-Ljungdahl pathway and the carbon chain elongation pathway.

The ethanol and/or acetate used in step (a) according to any aspect of the present invention
may be a product of fermentation of a carbon source, for example synthesis gas or may be
obtained through other means. The ethanol and/or acetate may then be brought into contact
with the microorganism in step (a).

The term “contacting”, as used herein, means bringing about direct contact between the
microorganism and the ethanol and/or acetate. In one example, ethanol is the carbon source
and the contacting in step (a) involves contacting the ethanol with the microorganism of

step (a). The contact may be a direct contact or an indirect one that may include a
membrane or the like separating the cells from the ethanol or where the cells and the ethanol
may be kept in two different compartments etc. For example, in step (a) the aliphatic alcohol,
and the extracting medium, may be in different compartments.

According to any aspect of the present invention, where the extraction is carried out in

step (a) as fermentation takes place in step (0), the time for extraction may be equivalent to
the time of fermentation.

EXAMPLES
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The foregoing describes preferred embodiments, which, as will be understood by those
skilled in the art, may be subject to varations or modifications in design, construction or
operation without departing from the scope of the claims. These variations, for instance, are
intended to be covered by the scope of the claims.

Example 1

General description of extraction of hexanol:

A solution of hexanol (4 g/Kg) in distilled water was prepared. An ammonium acetate buffer
(ammonium acetate 0.6 g/Kg adjusted to pH 5.8 by addition of acetic acid) was added to the

10 solution to keep the pH close to 5.8 during extraction. The aqueous solution was placed in a
separation funnel and vigorously mixed with an organic mixture of a trialkylphosphine (TAPO) in
alkane or pure trialkylphosphine. The mass ratio of aqueous phase to organic phasewas 9to 1.
After intense mixing the phases were allowed to separate and individually analysed by HPLC or 'H-
NMR to determine the concentration of hexanol in each phase. The distribution of hexanol is

15 indicated by the distribution constant Kd, whereat Kd is the ratio of the concentration in the organic
phase divided by the concentration in the aqueous phase.

Results of hexanol extraction with buffer in aqueous phase:

Org.
Aq. Hexanol 9
Added TAPO Equilibrium Hexanol Kd**
Entry conc. [g/Kg]
type* pH conec. hexanol
(beforefafter)
[o/kg]l
none
1 {100% 5.77 415/2.75 12.44 4.5
tetradecane)
c8/C10
2 (6% in 577 4.15/1.40 24 .42 17
tetradecane)
3 c8/C10 577 4.15/0.19 36.33 190

20 * Carbon number indicates the length of the alkyl chain. If two carbon numbers are shown, the
corresponding trialkylphosphine exhibits both chain length in a statistic distribution.

** Kd is the ratio of the concentration in the organic phase divided by the concentration in the
aqueous phase.

CA 03145276 2022-1-21
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Results of hexanol extraction without buffer in aqueous phase:

PCT/EP2020/0T0765

Aq. Hexanoic

Org. Hexanol

Added TAPO Equilibrium acid conc. Kd**
Entry conc.
type* pH [a/Kg] lo/kal hexanol
(before/after)
none
1 {100% 7.01 3.70/2.40 11.65 4.9
tetradecane)
c8/C10
2 (6% in 6.83 3.70/1.25 22.47 18
tetradecane)
3 C8/C10 823 3.70/017 3048 180

* Carbon number indicates the length of the alkyl chain. If two carbon numbers are shown, the
corresponding trialkylphosphine exhibits both chain length in a statistic distribution.

** Kd is the ratio of the concentration in the organic phase divided by the conceniration in the

aqueous phase.

As can be seen by the tables above, the trialkylphosphine can be applied over a broad pH range.

CA 03145276 2022-1-21
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CLAIMS

A method of extracting an aliphatic alcohol containing 5 to 16 carbon atoms, from an
aqueous medium, the method comprising:

{a) contacting the aliphatic alcohol in the aqueous medium with at least one
extracting medium for a time sufficient to extract the aliphatic alcohol from the
aqueous medium into the extracting medium,

(b) separating the extracting medium with the extracted aliphatic alcohol from the
aqueous medium

wherein the extracting medium comprises:

- at least one trialkyl-phosphine-oxide and

wherein the aqueous medium is a fermentation medium where the aliphatic alcohol is
produced from a carbon source by contacting the carbon source with at least one
microorganism capable of converting the carbon source to the aliphatic alcohol and

wherein the fermentation medium is recycled.

The method according to claim 1, wherein the microorganism is:
(i) a mixture of a first and a second microorganism and
- the first microorganism is an acetogenic microorganism capable of converting
the carbon source to acetate and/or ethanol; and
- the second microorganism is for carbon chain elongation and is selected from
the group consisting of Clostridium kluyveri, and C.Carboxidivorans and is capable

of converting the acetate and/or ethanol to form an acid; and

wherein the first microorganism is further capable of converting the acid to the
corresponding aliphatic alcohol, or
(ii) C.Carboxidivorans capakle of converting the carbon source to the aliphatic

alcohol.

The method according to any one of the preceding claims, wherein the extracting medium
further comprises at least one alkane and wherein the alkane comprises 12 to 18 carbon

atoms.

The method of claim 3, wherein the alkane is hexadecane.

The method of claim 3 or claim 4, wherein the alkane is a branched alkane.

The method according to any one of the preceding claims, wherein the aliphatic alcohal is

a hexanol.
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The method according to any one of the preceding claims, wherein the weight ratio of at

least one trialkyl-phosphine-oxideto alkane is between 1:100 to 1:10.

The method according to any one of the preceding claims, wherein the pH of the aqueous

medium is maintained between 5.5 and 7.

The method according to any one of the preceding claims, wherein the trialkyl-phosphine-

oxide is tri-octyl-phosphine oxide.

The method according to any one of the preceding claims, wherein the extracting medium
is recycled.
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