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Description

[0001] The invention relates to a process for producing
organic acids, acid derivatives thereof and/or organic al-
cohols. In particular, the invention relates to a process
for culturing a butyric acid-producing micro-organism in
a culture vessel; transferring a portion of the butyric acid
which is produced in the culture vessel to a separate
compartment; and then reintroducing a portion of the ac-
ids from the second compartment in a controlled manner
into the culture vessel. The invention also relates to a
process for making butanol.
[0002] The fermentation of carbohydrates to organic
solvents such as acetone, ethanol and butanol has been
known for nearly 100 years. US 1,315,585 (1919) de-
scribes such a process using bacterial "found in soil and
cereals, e.g., maize, rice, flax, etc.". Such fermentation
has traditionally been carried out using Clostridium ace-
tobutylicum.
[0003] Clostridium acetobutylicum is a gram-positive,
sporulating, obligate anaerobe capable of naturally pro-
ducing acetone, butanol, and ethanol (ABE). C. aceto-
butylicum metabolism in early growth is geared toward
accumulation of the acids acetate and butyrate. Once
the cells reach stationary phase, these acids are con-
verted to acetone and butanol, respectively. A smaller
amount of ethanol also accumulates.
[0004] Up until the 1950s, commercial production of
ABE was economically competitive with petrochemical
production, but with the advent of low cost crude oil and
alternative cheaper production methods for ABE, meth-
ods involving Clostridium acetobutylicum became less
attractive.
[0005] With the current increased interest in non-pet-
rochemical means of producing ABE and an increased
global awareness of environmental issues, bacterial pro-
duction of ABE has recently become more popular. Nu-
merous different processes have or are being explored
in order to increase yield of the ABE solvent. Many meth-
ods are aimed at the removal of the solvents (ABE) as
the final products of fermentation. These include the re-
moval of solvent by gas stripping (e.g. US
2005/0089979), by pervaporation using silicalite (e.g. US
5,755,967) and by phase separation using fluorocarbons
(e.g. US 4,777,135). Two-stage fermentation methods,
where one bacterial culture is used to produce organic
acids that are then fed into a separate vessel where the
acids are converted to solvents by a different strain of
bacteria, are also known (US 5,753,474). Co-cultures of
Clostridium are also known, where one of the micro-or-
ganisms favours the production of butyric acid whilst the
other converts the butyric acid to butanol (e.g. US
4,539,293). Furthermore, genetically modified organ-
isms such as genetically modified E. coli have been used
to produce ABE (e.g. WO 2007/041269).
[0006] Holt et al. (Appl. Environ. Microbiol. (1984) 48:
1166-1170) describe the production of acetone and n-
butanol by Clostridium acetobutylicum NCIB 8052

(ATCC 824).
[0007] Qureshi et al. (Biotechnol. Prog (2006) 22:
673-680) describes the production of acetone, butanol,
and ethanol (ABE) from corn fiber arabinoxylan (CFAX)
and CFAX sugars (glucose, xylose, galactose, and ara-
binose) using Clostridium acetobutylicum P260.
[0008] The present inventors have now found that in-
creases in the yield of organic acids and organic alcohols
in fermentation vessels can be obtained by removing or-
ganic acids from the culture medium and then reintro-
ducing the removed acids in a controlled manner. Such
acids may be used to control the pH of the fermentation
media and also to control the growth and development
of the micro-organisms in the media. The "recycling" of
the acids also avoids the need to purchase other acids
which might be needed for example to control pH.
[0009] The present inventors have also found that fer-
mentation in a bioreactor though which a direct electric
current is being passed increases production of organic
acid and in particular ABE intermediates by appropriate
micro-organisms. Such bioreactors have previously
been described for use in the production of benzoic acid
from benzonitrile by Rhodococcus rhodococcus
(WO2004/046351) and for the production of lactic acid
by Lactobacillus (Li et al., Tetrahedron 60 (2004),
655-661).
[0010] The micro-organisms involved in the current in-
vention are those which are capable of producing the
appropriate organic acid, in particular butyrate. Option-
ally, the micro-organisms also have a solventogenic
growth phase, in which the organic acid is subsequently
converted to the corresponding alcohol.
[0011] In these micro-organisms, the production of ac-
id is an essential part of the growth cycle in order to pro-
duce energy for the cell. In organisms with a solventogen-
ic growth phase, the production of acids is (at least in
part) responsible for the switch to solventogenic growth
where the acids are converted to alcohols. Although the
acids are inhibitors of growth, they are required in order
to facilitate the onset of solventogenesis.
[0012] In the process of the invention, acid or acid de-
rivatives thereof are removed from the growth medium.
This would be counterintuitive to the skilled person be-
cause it deprives the micro-organism of an energy source
and, for micro-organisms with a solventogenic growth
phase, it delays or prevents the onset of the solventogen-
esis growth phase, and hence it delays the production of
the desired solvent.
[0013] The inventors have discovered, however, that
the removal of acids from the growth medium has the
adventitious effect of allowing cells to grow at their max-
imum rate in the absence of the acids. Optionally, on
reaching the maximum cell density (at an earlier time
than without acid removal) the acids which were previ-
ously removed are then added back to the culture vessel
in a controlled manner (with or without additional carbon
source) to induce the onset of solventogenesis and to
allow their conversion to alcohol with a higher overall
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yield.
[0014] In a first embodiment, the invention provides a
process for producing an acid of formula R-COOH,
wherein R is an aliphatic C3-C7 alkyl or alkenyl group, or
an acid derivative thereof, comprising: (i) culturing a mi-
cro-organism in a culture medium in a culture vessel,
wherein the micro-organism is a R-COOH-producing mi-
cro-organism; (ii) transferring a first portion of acids of
formula R-COOH or acid derivatives thereof which are
produced in the culture vessel to a separate compart-
ment; and (iii) introducing a second portion of the acids
of formula R-COOH or acid derivatives obtained from the
separate compartment into the culture vessel wherein
the acid or acid derivatives are reintroduced into the cul-
ture vessel at a rate which maintains a constant or sub-
stantially constant pH in the culture vessel, or wherein
the acid or acid derivatives are reintroduced into the cul-
ture vessel during an exponential growth phase in order
to slow the growth of the micro-organism and/or to induce
the onset of a solventogenic phase of a biphasic micro-
organism, and wherein acid or acid derivatives thereof
from the separate compartment and/or from the culture
vessel are subsequently converted into the correspond-
ing alcohol(s), wherein the acid derivatives are metal or
non-metal salts, esters or amides of the acids of formula
R-COOH.
[0015] Preferably, the acid of formula R-COOH is bu-
tyric acid, wherein the micro-organism is a butyrate-pro-
ducing micro-organism, and wherein the corresponding
alcohol is butanol.
[0016] The invention further provides a process for pro-
ducing an alcohol of formula R-CHOH, wherein R is an
aliphatic C3-C7 alkyl or alkenyl group, comprising: (i) cul-
turing a micro-organism in a culture medium in a culture
vessel, wherein the micro-organism is one which is ca-
pable of producing R-COOH and R-CHOH; (ii) transfer-
ring a first portion of acids of formula R-COOH or acid
derivatives thereof which are produced in the culture ves-
sel to a separate compartment; (iii) introducing a second
portion of the acids of formula R-COOH or acid deriva-
tives obtained from the separate compartment into the
culture vessel wherein the acid or acid derivatives are
reintroduced into the culture vessel at a rate which main-
tains a constant or substantially constant pH in the culture
vessel, or wherein the acid or acid derivatives are reintro-
duced into the culture vessel during an exponential
growth phase in order to slow the growth of the micro-
organism and/or to induce the onset of a solventogenic
phase of a biphasic micro-organism; and (iv) harvesting
an alcohol of formula R-CHOH from the culture vessel,
wherein the acid derivatives are metal or non-metal salts,
esters or amides of the acids of formula R-COOH.
[0017] Preferably, the alcohol of formula R-CHOH is
butanol and wherein the acid of formula R-COOH is bu-
tyric acid.
[0018] A number of means for transferring the first por-
tion of acid or acid derivatives thereof which are produced
in the culture vessel to a separate compartment are

known. Such means include using anion exchange resins
and precipitation by positively charged polymers. The
use of an electrochemical reactor is preferred. The sep-
arate compartment preferably contains a higher concen-
tration of the acids or acid derivatives thereof compared
to the concentration of the acids or acid derivatives there-
of in the culture vessel.
[0019] The invention particularly relates to a process
of the invention wherein the culture vessel is the first com-
partment of an electrochemical reactor, wherein step (ii)
comprises applying a direct current electric field across
the electrochemical reactor by means of an anode and
cathode, wherein the electrodes which are used to apply
the electric field are separated from the culture medium
such that any micro-organisms in the culture medium do
not come into contact with said electrodes, wherein the
electrochemical reactor further comprises a second com-
partment which is placed between the first compartment
and the anode and is separated from the first compart-
ment by an anion-selective membrane, wherein anions
in the first compartment are drawn through the anion-
selective membrane by the electric field into the second
compartment, from which they may be removed as acid
or acid derivatives thereof; and wherein step (iii) com-
prises introducing a second portion of the acid or acid
derivatives obtained from the second compartment into
the culture vessel.
[0020] The invention further relates to a process of the
invention wherein step (ii) comprises transferring at least
a first portion of the culture medium from the culture ves-
sel to the first compartment of an electrochemical reactor,
applying a direct current electric field across the electro-
chemical reactor by means of an anode and cathode,
wherein the electrochemical reactor further comprises a
second compartment which is placed between the first
compartment and the anode and is separated from the
first compartment by an anion-selective membrane,
wherein anions in the first compartment are drawn
through the anion-selective membrane by the electric
field into the second compartment, from which they may
be removed as acid or acid derivatives thereof; and
wherein step (iii) comprises introducing a second portion
of the acid or acid derivatives obtained from the second
compartment into the culture vessel.
[0021] In Step (iii), a portion of the acid or acid deriv-
atives thereof obtained from the separate or second com-
partment is reintroduced into the culture vessel, prefer-
ably in a controlled manner.
[0022] Before the acid or acid derivatives are reintro-
duced into the culture vessel they may or may not be
purified, fractionated or refined. Preferably, the acid or
acid derivatives are used in the form in which they were
present in the separate or second compartment. In other
embodiments, the acid or acid derivatives are purified,
fractionated or refined, for example to concentrate the
acid or acid derivatives or to remove inhibitors of micro-
organism growth.
[0023] The transfer of R-COO- anions from the culture
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vessel to the separate or second compartment or from
the first compartment to the second compartment has a
number of advantages:

(a) It removes feedback inhibition. In acid-producing
micro-organisms, the acid generally acts as a feed-
back inhibitor of micro-organism growth. Hence the
removal of at least some acid from the culture me-
dium promotes the growth of the micro-organism.
This means that the micro-organisms will grow at a
faster than normal rate to reach a high cell density.

[0024] Preferably, therefore, the acid is removed from
the culture medium throughout, or substantially through-
out, the exponential growth phase of the micro-organism.

(b) To provide a reservoir of acid as a potential prod-
uct per se. Acids can be sold per se or can be con-
verted into the corresponding alcohol by any suitable
means.

(c) To provide a reservoir of acid which can be re-
introduced into the culture vessel to control the pH
of the culture medium. In particular, if acid is reintro-
duced at the point at which a solventogenic micro-
organism’s growth rate drops (i.e. at the transition
phase), acid can be used to maintain the pH of the
culture medium in order to counteract the increase
in pH which is associated with solvent production.

[0025] Preferably, therefore, the portion of the acid or
acid derivatives is reintroduced into the culture vessel at
the late exponential phase (i.e. before the transition/sta-
tionary phase), during the transition phase or during the
stationary, preferably early stationary, phase of the mi-
cro-organism’s growth.
[0026] Preferably, the acid or acid derivatives are re-
introduced into the culture vessel at a rate which main-
tains a constant or substantially constant pH in the culture
vessel.

(d) To provide a reservoir of acid which can be re-
introduced into the culture vessel to control the
growth of the micro-organism in the culture vessel.

[0027] If acid is reintroduced during the exponential
phase of a solventogenic micro-organism, it can be used
to slow growth and induce the onset of the stationary
phase and solventogenesis. This method means that
growth is artificially halted by inhibition by acid. It is pos-
sible that if cells are allowed to go into transition or sta-
tionary phase the micro-organisms go beyond a "point
of no return" and may sporulate. It may be beneficial to
halt growth early to prevent micro-organisms going into
a natural transition phase.
[0028] In particular, it is desirable to maximise growth
rate in the absence of the acid or in the presence of a
reduced concentration of acid. However, the culture will

eventually move into stationary phase for different rea-
sons (e.g. nutrient starvation, cofactor limitation).
[0029] Adding the acid back at a controlled rate means
that the build-up of acid in the culture vessel never ex-
ceeds the inhibitory threshold of the micro-organism be-
cause the acid is converted to solvent.
[0030] Preferably, therefore, the acid or acid deriva-
tives are reintroduced into the culture vessel during the
exponential growth phase in order to slow the growth of
the micro-organism and/or to induce the onset of the sol-
ventogenic phase of a biphasic micro-organism.

(e) To provide a reservoir of acid which can be re-
introduced into the culture vessel to provide a sub-
strate for solventogenic micro-organisms to convert
to solvent.

[0031] In Step (iv), alcohol of formula R-CHOH (pref-
erably butanol) is harvested from the culture vessel. This
may be carried out by any suitable means. R-CHOH in
the culture medium may be removed on a continuous or
discontinuous basis. Examples of suitable means include
gas-stripping, pervaporation, distillation and solvent ex-
traction.
[0032] Additionally, other potential inhibitory products
(e.g. acetate, lactate, formate, propionate, ascorbate and
bicarbonate) may also be drawn into the second com-
partment and hence removed from the culture vessel.
Whether or not these products are indeed inhibitory prod-
ucts will vary from micro-organism to micro-organism.
[0033] The invention also provides a process for pro-
ducing an acid of formula R-COOH as claimed in claim
5, wherein R is an aliphatic C3-C7 alkyl or alkenyl group,
or an acid derivative thereof, comprising: (i) culturing a
micro-organism in a culture medium in a culture vessel,
wherein the micro-organism is a R-COOH-producing mi-
cro-organism, wherein the culture vessel is the first com-
partment of an electrochemical reactor, (ii) applying a
direct current electric field across the electrochemical re-
actor by means of an anode and cathode, wherein the
electrodes which are used to apply the electric field are
separated from the culture medium such that micro-or-
ganisms in the culture medium do not come into contact
with said electrodes, wherein the electrochemical reactor
further comprises a second compartment which is placed
between the first compartment and the anode and which
is separated from the first compartment by an anion-se-
lective membrane, and wherein R-COO- anions in the
first compartment are drawn through the anion-selective
membrane by the electric field into the second compart-
ment, from which they may be removed as R-COOH or
acid derivatives thereof.
[0034] The invention also provides a process for pro-
ducing butyric acid or acid derivatives thereof, as claimed
in claim 5, comprising: (i) culturing a micro-organism in
a culture medium in a culture vessel, wherein the micro-
organism is a butyrate-producing micro-organism, and
wherein the culture vessel is the first compartment of an
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electrochemical reactor, (ii) applying a direct current elec-
tric field across the electrochemical reactor by means of
an anode and cathode, wherein the electrodes which are
used to apply the electric field are separated from the
culture medium such that micro-organisms in the culture
medium do not come into contact with said electrodes,
wherein the electrochemical reactor further comprises a
second compartment which is placed between the first
compartment and the anode and is separated from the
first compartment by an anion-selective membrane, and
wherein butyrate anions in the first compartment are
drawn through the anion-selective membrane by the
electric field into the second compartment, from which
they may be removed as butyric acid or acid derivatives
thereof.
[0035] The micro-organisms may either be cultured in
the electrochemical reactor as discussed above or cul-
tured elsewhere for example, at a remote location. In the
latter case, culture medium, either with or without micro-
organisms, may be transported to the electrochemical
reactor in order to remove R-COO- anions or butyrate
anions.
[0036] In a further aspect, therefore, the invention pro-
vides process for producing an acid of formula R-COOH,
as claimed in claim 5, wherein R is an aliphatic C3-C7
alkyl or alkenyl group, or an acid derivative thereof, com-
prising: (ia) culturing a micro-organism in a culture me-
dium in a culture vessel, wherein the micro-organism is
a R-COOH producing micro-organism, (ib) transferring
at least a portion of the culture medium from the culture
vessel to the first compartment of an electrochemical re-
actor, (ii) applying a direct current electric field across
the electrochemical reactor by means of an anode and
cathode, wherein the electrochemical reactor further
comprises a second compartment which is placed be-
tween the first compartment and the anode and is sep-
arated from the first compartment by an anion-selective
membrane, wherein R-COO- anions in the first compart-
ment are drawn through the anion-selective membrane
by the electric field into the second compartment, from
which they may be removed as R-COOH or acid deriv-
atives thereof.
[0037] In a further aspect, therefore, the invention pro-
vides a process for producing butyric acid or acid deriv-
atives thereof as claimed in claim 5, comprising: (ia) cul-
turing a micro-organism in a culture medium in a culture
vessel, wherein the micro-organism is a butyrate-produc-
ing micro-organism,
(ib) transferring at least a portion of the culture medium
from the culture vessel to the first compartment of an
electrochemical reactor, (ii) applying a direct current elec-
tric field across the electrochemical reactor by means of
an anode and cathode, wherein the electrochemical re-
actor further comprises a second compartment which is
placed between the first compartment and the anode and
is separated from the first compartment by an anion-se-
lective membrane, wherein butyrate anions in the first
compartment are drawn through the anion-selective

membrane by the electric field into the second compart-
ment, from which they may be removed as butyric acid
or acid derivatives thereof.
[0038] In some embodiments of the invention, the por-
tion of culture medium is passed through the first com-
partment of the electrochemical reactor more than once,
e.g. 2, 3, or 4 times, in order to allow more acid to be
removed to the second compartment.
[0039] Optionally, the process additionally comprises
the step (iii) returning the (anion-depleted) portion of the
culture medium to the culture vessel.
[0040] In some embodiments of the above invention
where the culture vessel is remote from the electrochem-
ical reactor, the micro-organisms are retained in the cul-
ture vessel, i.e. they are prevented by appropriate means
from being transported to the electrochemical reactor.
Examples of ways to retain the micro-organisms in the
culture vessel include filters, sinters and cell recyclers.
[0041] In other embodiments of the invention, the cul-
ture medium which is transported to the electrochemical
reactor includes micro-organisms which are being cul-
tured in the culture vessel.
[0042] As used herein, the term "electrochemical re-
actor" refers to a vessel comprising a number of discrete
compartments, across which it is possible to pass an
electric field. The term "electrodes" refers to the anode
and the cathode.
[0043] In embodiments of the invention where micro-
organisms are transferred from a remote culture vessel
to the electrochemical reactor with the culture medium
or where the culture vessel is in the electrochemical re-
actor, the electrodes which are used to apply the electric
field in the electrochemical reactor are preferably sepa-
rated from the culture medium such that any micro-or-
ganisms in the culture medium do not come into contact
with said electrodes. (Contact with electrodes is known
to damage the cells of micro-organisms.)
[0044] Preferably, the separation of the electrodes
from the culture medium is achieved by using a semi-
permeable membrane or an ion-selective membrane.
Examples of the latter membranes include membranes
that selectively allow only anions to pass (i.e. anionic
membranes), only cations to pass (i.e. cationic mem-
branes) or neither anions or cations to pass (i.e. bipolar
membranes). In such cases, certain ions and micro-or-
ganisms in the culture medium will be restricted to certain
compartments.
[0045] Portions of the culture medium may be trans-
ferred from a remote culture vessel to the first compart-
ment of the electrochemical reactor continuously or dis-
continuously. For example, portions of the culture medi-
um may be pumped continuously to the first compartment
of the electrochemical reactor or portions of the culture
medium may be removed in batches from the culture
vessel to the first compartment of the electrochemical
reactor.
[0046] The transfer of portions of the culture medium
to the electrochemical reactor may start when the micro-
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organisms are first cultured in the culture vessel. Gener-
ally, however, portions of the culture medium will start
being transferred to the electrochemical reactor once the
micro-organism is in its exponential phase and butyrate
anions are being produced.
[0047] In the acid of formula R-COOH, R is an aliphatic
C3-C7 alkyl group or an aliphatic C3-C7 alkenyl group.
The acid may be branched or linear. Preferably, it is lin-
ear.
The acid may be saturated or unsaturated. Preferably it
is saturated.
[0048] Examples of acids of formula R-COOH include
methyl-propanoic, n-butyric, pentanoic, hexanoic, hep-
tanoic and octanoic acids. R is a preferably a C3 alkyl
group, most preferably CH3CH2CH2-. Preferably, the ac-
id of formula R-COOH is butyric acid.
[0049] As used herein, the term "acid of formula R-
COOH or an acid derivative thereof" includes acids or
acid derivatives of the acid, including metal and non-met-
al salts, esters and amides. Examples of metal salts in-
clude sodium, potassium and lithium salts. Examples of
non-metal salts include ammonium salts. Preferably, the
acids and acid derivatives thereof are subsequently con-
verted to the corresponding alcohol of formula R-CHOH.
[0050] As used herein, the term "butyric acid or an acid
derivative thereof" includes butyric acid or acid deriva-
tives of butyric acid, including metal and non-metal salts,
esters and amides. Examples of metal salts include so-
dium, potassium and lithium salts. Examples of non-met-
al salts include ammonium salts. Preferably, the acids
and acid derivatives thereof are subsequently converted
to butanol.
[0051] The micro-organism is one which is capable of
producing R-COOH, preferably butyrate. Preferably, the
organism is one which has the following genes, thus al-
lowing the conversion of acetyl-CoA to butyryl-CoA: thi-
olase (acetyl-CoA acetyltransferase), 3-hydroxybutyryl-
CoA dehydrogenase, crotonase and butyryl-CoA dehy-
drogenase.
[0052] Preferably, the micro-organism additionally
comprises genes for the following, thus allowing conver-
sion of butyryl-CoA to butyrate: phosphate butyltrans-
ferase (phosphotransbutyrylase) and butyrate kinase.
[0053] Examples of suitable micro-organisms which
are capable of producing R-COOH, preferably butyrate,
include bacteria and fungi, including Clostridium, Aci-
netobacter, Arthrobacter, Bacillus, Bifidobacteria, Buty-
rovibrio, Escherichia, Enterococcus, Eubacterium Flavo-
bacterium, Fusobacterium, Megaspheara, Nocardia,
Pseudobutyrovibrio, Rhizobium, Rhodococcus,Rose-
buria, Streptomyces, Ralstonia, Taleabrevis, Ureibacil-
lus,Thermoanaerobacter, Thermoanaerobacterium,
Geobacillus, Pichia and Saccharomyces species. In
some embodiments of the invention, the micro-organism
is not a Lactobacillus.
[0054] In other embodiments of the invention, the mi-
cro-organism may be a Zymomonas, Pseudomonas, Al-
caligenes, Klebsiella, Paenibacillus, Corynebacterium,

Brevibacterium, Pichia, Candida, or Hansenula species,
preferably one which does or may be modified to produce
butanol.
[0055] Particularly preferred micro-organisms include
Acinetobacter sp., Arthrobacter sp. Bacillus coagulans,
Bacillus sp., Bacillus thermoglucosidasius TN-T9, Bifido-
bacterium adolescentis, Butyrivibrio fibrisolvens, Butyr-
ivibrio hungatei, Butyrivibrio spp., Clostridium acetobutyl-
icum, Clostridium acetobutylicum, Clostridium aceto-
butylicum strain SA-1, Clostridium aurantibutyricum,
Clostridium beijerinckii, Clostridium beijerinckii, Clostrid-
ium butyricum, Clostridium celerecrescens, Clostridium
kluyveri, Clostridium jungdahlii, Clostridium pasteur-
ianum, Clostridium proteoclasticum, Clostridium saccha-
robutylicum, Clostridium tetanomorphum, Clostridium
thermobutyricum, Clostridium thermocellum, Clostridium
thermosaccharolyticum, Clostridium tyrobutyricum, Eu-
bacterium limosum, Eubacterium spp., F. nucleatum,
Flavobacterium sp., Fusobacterium prauznitzii, Fuso-
bacterium spp., Geobacillus thermoglucosidasius, Geo-
bacillus toebii, Lactobacillus fermentum, Lactobacillus
spp., Megasphaera elsdenii, Nocardia sp., Pseudobuty-
rovibrio ruminis, Pseudobutyrovibrio xylanivorans, Rose-
buria cecicola, Roseburia faecis, Roseburia hominis,
Roseburia inulinivorans, Taleabrevis butyricans, Ther-
moanaerobacter ethanolicus, and Thermoanaerobacte-
rium thermosaccharolyticum.
[0056] In some embodiments, the micro-organism is
preferably a bacterium, for example a gram-positive or
gram-negative bacterium. In some embodiments, the mi-
cro-organism is a spore-forming bacterium. In other em-
bodiments, the micro-organism is a saccharolytic bacte-
rium.
The micro-organism may be an aerobic or an anaerobic
micro-organism. Preferably it is an anaerobic micro-or-
ganism. Most preferably, it is an anaerobic bacterium.
The bacteria may be a thermophilic bacterium.
[0057] In yet other embodiments, the micro-organism
is a biphasic micro-organism..
As used herein, the term "biphasic" refers to a micro-
organism which has an acidogenic growth phase and a
solventogenic growth phase.
[0058] The term "acidogenic growth phase" refers to
the ability of the micro-organism to convert a substrate
into R-COOH, for example, into acetate and/or butyrate.
[0059] The term "solventogenic growth phase" refers
to the ability of the micro-organism to convert the RCOOH
into a solvent, preferably into one or more of acetone,
ethanol and/or butanol.
[0060] In other embodiments, the micro-organism is a
solvent-producing micro-organism.
As used herein, the term "solvent-producing" means that
the micro-organism is one which is capable of producing
a solvent, preferably a solvent such as acetone, ethanol,
propanol and/or butanol. In certain particularly preferred
embodiments, the micro-organism is a bacterium which
is capable of producing ethanol, acetone and butanol.
[0061] In some preferred embodiments, the micro-or-
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ganism is a micro-organism of the genus Clostridium.
Preferred Clostridium species include C. acetobutylicum,
C. aurantibutyricum, C. beijerinckii, C. thermocellum, C.
thermobutyricum, C. pasteurianum, C. kluyveri, C. sac-
charobutylicum, C. thermosaccharolyticum, C. saccha-
rolyticum, C. tyrobutyricum and C. butyricum, and bu-
tyrate-producing variants thereof.
[0062] In some preferred embodiments, the micro-or-
ganism is a micro-organism of the Geobacillus, Thermo-
anaerobacterium, Thermoanaerobacter, Thermus or
Ureibacillus. Preferred species of other genera include
Geobacillus thermoglucosidasius, Geobacullis toebii,
Thermoanaerobacter ethanolicus, Thermobacterium
thermosaccharolyticum.
[0063] In some embodiments of the invention, only one
species of R-COOH-producing micro-organism will be
present in the culture medium. In other embodiments,
the culture medium will comprise 2, 3, 4, 5 or more dif-
ferent species of R-COOH-producing micro-organisms.
[0064] The micro-organisms may be in non-immobi-
lised or immobilised form. For example, the micro-organ-
isms may be immobilised on a substrate or encapsulated.
If they are encapsulated, they may be encapsulated with-
in alginate beads or the like.
[0065] The culture medium is one which supports the
growth of the micro-organism. It will include a carbon
source which is capable of being converted by the micro-
organism to R-COOH, preferably butyrate. Many such
culture media are well known to those skilled in the art.
In embodiments of the invention wherein the micro-or-
ganism is Clostridium, examples of suitable culture me-
dia include RCM (Reinforced Clostridial Medium, Oxoid)
and industrial media containing molasses (such as that
used by Barber et al. (1979) Applied and Environmental
Microbiology 37:433-437; i.e. 134 parts molasses, 1 part
calcium carbonate, 1 part starch, and 2 parts ammonium
sulphate, by weight). Generally, the culture medium will
be a liquid medium.
[0066] The carbon source is one which is capable of
being converted by the micro-organism to an acid of for-
mula R-COOH, preferably butyrate. In general, the car-
bon source is a carbohydrate monomer, dimer or chain,
preferably of plant or animal origin.
[0067] Examples of suitable carbon sources include
sugars such glucose, sucrose, fructose, xylose, galac-
tose, mannose, mannitol, molasses (e.g. from the sugar
industry), glycerol (e.g. from biodiesel production),
starches (e.g. from food waste or maize), black liquor
(e.g. from the paper industry), hemicellulose, lignocellu-
lose and cellulose (e.g. from plant material). Preferred
carbon sources include glucose, sucrose, fructose, xy-
lose, mannose, mannitol, glycerol, cellulose and xylan.
[0068] The culture medium buffer will be one which is
appropriate for the chosen micro-organism(s). Appropri-
ate buffers will be known to the persons skilled in the art.
[0069] In some embodiments of the invention, the buff-
er is an anionic buffer, for example a phosphate buffer
(PO4

2-) such as phosphate buffered saline, or a citrate-

based buffer.
[0070] In other embodiments of the invention, the buff-
er is a cationic buffer, for example bis-Tris.
[0071] The use of a cationic buffer has a number of
advantages. These include an increase in the efficiency
of removal of butyrate, because such a buffer does not
contain anions which compete with R-COO- anions for
carrying the current. If appropriate ion-selective mem-
branes are incorporated into the electrochemical reactor,
loss of buffer can be prevented and hence pH can be
controlled by adjusting the applied DC current; and the
buffer can be retained within the first compartment of the
electrochemical reactor. One disadvantage of cationic
buffers, however, is their higher cost compared to anionic
buffers.
[0072] The direct current electric field is applied across
the electrochemical reactor by an anode and cathode,
the latter electrodes being positioned such that the elec-
tric field is applied across all compartments of the elec-
trochemical reactor.
[0073] The anode maybe of any suitable metal. Pref-
erably, the anode is platinised titanium, tantalum/iridium
oxide coated titanium or platinum.
[0074] The cathode may be of any suitable metal. Pre-
ferred examples include stainless steel, titanium and plat-
inised titanium.
[0075] The current density should be one that is ap-
propriate to draw the anions which are produced from
the first compartment into the second compartment. The
current density is preferably at a level which does not
produce any detrimental effect on the physiology of the
micro-organism or on the stability of the culture medium.
[0076] Examples of suitable current densities include
10-30 mA/cm2 direct current, preferably 15-25 mA/cm2

and most preferably about 20 mA/cm2.
[0077] The electric field is preferably applied constant-
ly, i.e. all of the time, but in some embodiments of the
invention, it is applied intermittently, e.g. there are peri-
ods of time when the electric field is applied and also
periods of time when the electric field is not applied. Pref-
erably, the field is applied for at least 50%, 75%, 90% or
95% of the time that the process is being carried out.
[0078] There may also be times when it is desirable to
reverse the polarity of the current flow thought the elec-
trochemical reactor, for example to remove build-up of
products on the membranes.
[0079] The electrochemical reactor and/or culture ves-
sel preferably comprises means for monitoring the pH
level of the culture medium. Suitable means include pH
probes and indicator solutions.
[0080] Preferably, the culture medium in the first com-
partment and/or in the culture vessel is stirred, by any
suitable means. Examples include magnetic stirring, gas
sparging and mechanical stirring.
[0081] The bioreactor and/or culture vessel preferably
also comprises means to test for levels of various gases,
such as O2, CO2, H2 and H2S.
[0082] The bioreactor and/or culture vessel also pref-
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erably comprises means for monitoring the temperature
of the culture medium.
[0083] The first compartment of the electrochemical re-
actor is separated from the second compartment by an
anion-selective membrane. Examples of such mem-
branes include Tokuyama Soda Neosepta.
[0084] When the electric field is applied, the R-COO-

anions, preferably butyrate anions, which are produced
by the micro-organisms are drawn (by virtue of their neg-
ative charge) from the first compartment through the an-
ion-selective membrane to the second compartment
where they accumulate.
[0085] In some embodiments of the invention, a cation-
selective membrane is positioned between the second
compartment of the electrochemical reactor and the an-
ode. This prevents the movement of anions in the second
compartment towards the anode.
[0086] Examples of cation-selective membranes in-
clude Nafion 450.
[0087] Other suppliers of ion-selective membranes are
Fumatec and Eurodia.
[0088] In further embodiments of the invention, a bipo-
lar membrane is positioned between the first compart-
ment of the electrochemical reactor and the cathode. This
prevents the passage of cations and anions from the first
compartment towards the cathode. Furthermore, water
hydrolysis within this bipolar membrane produces hy-
droxyl ions which may move into the first compartment
thereby maintaining the pH in the first compartment by
neutralizing the acid.
[0089] In other embodiments of the invention, a bipolar
membrane is placed between the anode and the cathode
immediately adjacent to the anode or immediately adja-
cent to the cathode or separate bipolar membranes are
placed immediately adjacent to the anode and the cath-
ode.
[0090] Examples of bipolar membranes include those
by Tokuyama Co. Ltd. BP-1.
[0091] In other embodiments, a separation membrane
(e.g. a microporous membrane or an ion exchange mem-
brane) is used to separate the electrodes from the other
compartments.
[0092] In some embodiments of the electrochemical
reactor, an anolyte chamber is positioned between the
anode and cathode, immediately adjacent to the anode.
[0093] In other embodiments of the electrochemical re-
actor, a catholyte chamber is positioned between the
cathode and anode, immediately adjacent to the cathode.
[0094] The buffer in the anolyte and catholyte cham-
bers provides electrical conductivity between the elec-
trodes and the compartments of the electrochemical re-
actor. The buffers in the anolyte and catholyte chambers
may be the same as that in the first compartment or may
be different. Preferably, the buffer in the anolyte and
catholyte chambers and the second compartment is the
same, e.g. Tris Borate buffer (TBB).
[0095] Salt solutions can also be used in the anolyte
and catholyte chambers. For example, sodium sulphate

or acetate (100mM) may be used.
[0096] The process of the invention may be operated
in any suitable manner. For example, it may be operated
as a batch process, fed-batch process or any form of
continuous process.
[0097] In batch or fed-batch processes, R-COOH
(preferably butyrate) may be harvested at any suitable
time point after the start of the process, preferably at a
time point when maximum yield of R-COOH (preferably
butyrate) has been reached.
[0098] If portions of culture media are removed, it will
generally be desirable to add new media to the culture
vessel. Such media might have the same composition
as the initial (starter) culture media, or it might have a
different composition. For example, it might be supple-
mented with additional carbon sources, e.g. glucose, su-
crose, fructose, xylose, mannose, mannitol, etc.
[0099] In another embodiment, the invention provides
a process for producing an acid of formula R-COOH, as
claimed in claim 5, wherein R is an aliphatic C3-C7 alkyl
or alkenyl group, or an acid derivative thereof, compris-
ing: (i) culturing a micro-organism in a culture medium in
a culture vessel, wherein the micro-organism is a R-
COOH-producing micro-organism, and wherein the cul-
ture vessel is the first compartment of an electrochemical
reactor, (ii) applying a direct current electric field across
the electrochemical reactor by means of an anode and
cathode, wherein the electrodes which are used to apply
the electric field are separated from the culture medium
such that any micro-organisms in the culture medium do
not come into contact with said electrodes, wherein the
electrochemical reactor further comprises a second com-
partment which is placed between the first compartment
and the anode and is separated from the first compart-
ment by an anion-selective membrane, wherein R-COO-

anions in the first compartment are drawn through the
anion-selective membrane by the electric field into the
second compartment, from which they may be removed
as R-COOH or acid derivatives thereof; and (iii) reintro-
ducing a portion of the R-COOH acid or acid derivatives
thereof obtained from the second compartment into the
culture vessel.
[0100] The invention also provides a process for pro-
ducing an acid of formula R-COOH, as claimed in claim
5, wherein R is an aliphatic C3-C7 alkyl or alkenyl group,
or an acid derivative thereof, comprising: (ia) culturing a
micro-organism in a culture medium in a culture vessel,
wherein the micro-organism is a R-COOH-producing mi-
cro-organism, (ib) transferring at least a portion of the
culture medium from the culture vessel to the first com-
partment of an electrochemical reactor, (ii) applying a
direct current electric field across the electrochemical re-
actor by means of an anode and cathode, wherein the
electrochemical reactor further comprises a second com-
partment which is placed between the first compartment
and the anode and is separated from the first compart-
ment by an anion-selective membrane, and wherein R-
COO- anions in the first compartment are drawn through
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the anion-selective membrane by the electric field into
the second compartment, from which they may be re-
moved as R-COOH or acid derivatives thereof; and (iii)
reintroducing a portion of the R-COOH acid or acid de-
rivatives thereof obtained from the second compartment
into the culture vessel.
[0101] In some embodiments of the invention, the acid
or acid derivatives thereof are stored in a reservoir before
a portion is reintroduced into the culture vessel.
[0102] Preferably, the acid of formula R-COOH is bu-
tyric acid.
[0103] In a further aspect, the micro-organism is one
which is also capable of producing R-CHOH and the proc-
ess additionally comprises the step (iv) harvesting an al-
cohol of formula R-CHOH from the culture vessel.
[0104] In particular, the invention provides a process
for producing an alcohol of formula R-CHOH, as claimed
in claim 5, wherein R is an aliphatic C3-C7 alkyl or alkenyl
group or an acid derivative thereof, comprising: (i) cul-
turing a micro-organism in a culture medium in a culture
vessel, wherein the micro-organism is one which is ca-
pable of producing R-COOH and R-CHOH, and wherein
the culture vessel is a first compartment of an electro-
chemical reactor, (ii) applying a direct current electric field
across the electrochemical reactor by means of an anode
and cathode, wherein the electrodes which are used to
apply the electric field are separated from the culture me-
dium such that any micro-organisms in the culture me-
dium do not come into contact with said electrodes,
wherein the electrochemical reactor further comprises a
second compartment which is placed between the first
compartment and the anode and is separated from the
first compartment by an anion-selective membrane, and
wherein RCOO- anions in the first compartment are
drawn through the anion-selective membrane by the
electric field into the second compartment, from which
they may be removed as R-COOH acid or acid deriva-
tives thereof; (iii) reintroducing a portion of the acid of
formula R-COOH or acid derivatives thereof obtained
from the second compartment into the culture vessel;
and (iv) harvesting an alcohol of formula R-CHOH from
the culture vessel.
[0105] A further aspect of the invention provides a
process for producing an alcohol of formula R-CHOH, as
claimed in claim 5, wherein R is an aliphatic C3-C7 alkyl
or alkenyl group, or an acid derivative thereof, compris-
ing: (ia) culturing a micro-organism in a culture medium
in a culture vessel, wherein the micro-organism is one
which is capable of producing R-COOH and R-CHOH,
(ib) transferring at least a portion of the culture medium
from the culture vessel to the first compartment of an
electrochemical reactor, (ii) applying a direct current elec-
tric field across the electrochemical reactor by means of
an anode and cathode, wherein the electrochemical re-
actor further comprises a second compartment which is
placed between the first compartment and the anode and
is separated from the first compartment by an anion-se-
lective membrane, and wherein RCOO- anions in the first

compartment are drawn through the anion-selective
membrane by the electric field into the second compart-
ment, from which they may be removed as R-COOH or
acid derivatives thereof; and (iii) reintroducing a portion
of the R-COOH acid or acid derivatives thereof obtained
from the second compartment into the culture vessel;
and (iv) harvesting an alcohol of formula R-CHOH from
the culture vessel.
[0106] In the above processes, R is a preferably a C3
alkyl group, most preferably CH3CH2CH2-.
[0107] In another embodiment, the invention provides
a process for producing butyric acid or acid derivatives
thereof, as claimed in claim 5, comprising: (i) culturing a
micro-organism in a culture medium in a culture vessel,
wherein the micro-organism is a butyrate-producing mi-
cro-organism, and wherein the culture vessel is the first
compartment of an electrochemical reactor, (ii) applying
a direct current electric field across the electrochemical
reactor by means of an anode and cathode, wherein the
electrodes which are used to apply the electric field are
separated from the culture medium such that any micro-
organisms in the culture medium do not come into contact
with said electrodes, wherein the electrochemical reactor
further comprises a second compartment which is placed
between the first compartment and the anode and is sep-
arated from the first compartment by an anion-selective
membrane, wherein butyrate anions in the first compart-
ment are drawn through the anion-selective membrane
by the electric field into the second compartment, from
which they may be removed as butyric acid or acid de-
rivatives thereof; and (iii) reintroducing a portion of the
butyric acid or acid derivatives thereof obtained from the
second compartment into the culture vessel.
[0108] The invention also provides a process for pro-
ducing butyric acid or acid derivatives thereof as claimed
in claim 5, comprising: (ia) culturing a micro-organism in
a culture medium in a culture vessel, wherein the micro-
organism is a butyrate-producing micro-organism, (ib)
transferring at least a portion of the culture medium from
the culture vessel to the first compartment of an electro-
chemical reactor, (ii) applying a direct current electric field
across the electrochemical reactor by means of an anode
and cathode, wherein the electrochemical reactor further
comprises a second compartment which is placed be-
tween the first compartment and the anode and is sep-
arated from the first compartment by an anion-selective
membrane, and wherein butyrate anions in the first com-
partment are drawn through the anion-selective mem-
brane by the electric field into the second compartment,
from which they may be removed as butyric acid or acid
derivatives thereof; and (iii) reintroducing a portion of the
butyric acid or acid derivatives thereof obtained from the
second compartment into the culture vessel.
[0109] In some embodiments of the invention, the bu-
tyric acid or acid derivatives thereof are stored in a res-
ervoir before a portion is reintroduced into the culture
vessel.
[0110] In a further aspect, the micro-organism is one
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which is also capable of producing butanol and the proc-
ess additionally comprises the step (iv) harvesting buta-
nol from the culture vessel.
[0111] In particular, the invention provides a method
of producing butanol as claimed in claim 5, comprising:
(i) culturing a micro-organism in a culture medium in a
culture vessel, wherein the micro-organism is capable of
producing butyrate and butanol, and wherein the culture
vessel is a first compartment of an electrochemical reac-
tor, (ii) applying a direct current electric field across the
electrochemical reactor by means of an anode and cath-
ode, wherein the electrodes which are used to apply the
electric field are separated from the culture medium such
that any micro-organisms in the culture medium do not
come into contact with said electrodes, wherein the elec-
trochemical reactor further comprises a second compart-
ment which is placed between the first compartment and
the anode and is separated from the first compartment
by an anion-selective membrane, and wherein butyrate
anions in the first compartment are drawn through the
anion-selective membrane by the electric field into the
second compartment, from which they may be removed
as butyric acid or acid derivatives thereof; (iii) reintroduc-
ing a portion of the butyric acid or acid derivatives thereof
obtained from the second compartment into the culture
vessel; and (iv) harvesting butanol from the culture ves-
sel.
[0112] A further aspect of the invention provides a
process for producing butanol as claimed in claim 5, com-
prising: (ia) culturing a micro-organism in a culture me-
dium in a culture vessel, wherein the micro-organism is
capable of producing butyrate and butanol, (ib) transfer-
ring at least a portion of the culture medium from the
culture vessel to the first compartment of an electrochem-
ical reactor, (ii) applying a direct current electric field
across the electrochemical reactor by means of an anode
and cathode, wherein the electrochemical reactor further
comprises a second compartment which is placed be-
tween the first compartment and the anode and is sep-
arated from the first compartment by an anion-selective
membrane, and wherein butyrate anions in the first com-
partment are drawn through the anion-selective mem-
brane by the electric field into the second compartment,
from which they may be removed as butyric acid or acid
derivatives thereof; (iii) reintroducing a portion of the bu-
tyric acid or acid derivatives thereof obtained from the
second compartment into the culture vessel; and (iv) har-
vesting butanol from the culture vessel.
[0113] In Step (iii), a portion of the butyric acid or acid
derivatives thereof obtained from the second compart-
ment is reintroduced into the culture vessel, preferably
in a controlled manner.
[0114] The transfer of butyrate from the first compart-
ment to the second compartment has a number of ad-
vantages:

(a) It removes feedback inhibition. In butyrate-pro-
ducing micro-organisms, butyrate generally acts as

a feedback inhibitor of micro-organism growth.
Hence the removal of at least some butyrate from
the culture medium promotes the growth of the mi-
cro-organism. This means that the micro-organisms
will grow at a faster than normal rate to reach a high
cell density.

(b) To provide a reservoir of butyrate as a potential
product per se. Butyrate can be sold per se or can
be converted into butanol by any suitable means.

(c) To provide a reservoir of butyrate which can be
reintroduced into the culture vessel to control the pH
of the culture medium. In particular, if butyrate is re-
introduced at the point at which a solventogenic mi-
cro-organism’s growth rate drops (i.e. at the transi-
tion phase), butyrate can be used to maintain the pH
of the culture medium in order to counteract the in-
crease in pH which is associated with solvent pro-
duction.

(d) To provide a reservoir of butyrate which can be
reintroduced into the culture vessel to control the
growth of the micro-organism in the culture vessel.

[0115] If butyrate is reintroduced during the exponen-
tial phase of a solventogenic micro-organism, it can be
used to slow growth and induce the onset of the stationary
phase and solventogenesis. This method means that
growth is artificially halted by inhibition by butyrate. It is
possible that if cells are allowed to go into transition or
stationary phase the micro-organisms go beyond a "point
of no return" and may sporulate. It may be beneficial to
halt growth early to prevent micro-organisms going into
a natural transition phase.
[0116] In particular, it is desirable to maximise growth
rate in the absence of the butryate or in the presence of
a reduced concentration of butyrate. However, the cul-
ture will eventually move into stationary phase for differ-
ent reasons (e.g. nutrient starvation, cofactor limitation).
[0117] Adding the butyrate back at a controlled rate
means that the build-up of butyrate in the culture vessel
never exceeds the inhibitory threshold of the micro-or-
ganism because the butyrate is converted to solvent.

(e) To provide a reservoir of butyrate which can be
reintroduced into the culture vessel to provide a sub-
strate for solventogenic micro-organisms to convert
to solvent.

[0118] In Step (iv), butanol is harvested from the cul-
ture vessel. This may be carried out by any suitable
means. Butanol in the culture medium may be removed
on a continuous or discontinuous basis. Examples of suit-
able means include gas-stripping, pervaporation, distil-
lation and solvent extraction.
[0119] Additionally, other potential inhibitory products
(e.g. acetate, lactate, formate, propionate, ascorbate and
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bicarbonate) may also be drawn into the second com-
partment and hence removed from the culture vessel.
Whether or not these products are indeed inhibitory prod-
ucts will vary from micro-organism to micro-organism.

BRIEF DESCRIPTION OF THE FIGURES

[0120]

Figure 1 shows the effect of the electokinetic biore-
actor on the growth of Clostridium acetobutylicum
(2L fermentation, pH 6.6, 2 x CGM, 150 rpm mixing).
Dashed line shows the growth of the culture without
the electrokinetic bioreactor; solid line shows the ef-
fect of the electrokinetic bioreactor on growth.

Figure 2 shows a batch fermentation process where
the micro-organisms are grown in a fermenter at-
tached to an electrokinetic bioreactor. A = medium
containing acid; B = acid depleted medium; C = acid.

Figure 3 shows a continuous fermentation process
of the invention, where fresh media is introduced into
the fermenter and a outflow containing the product
(solvent) is harvested. A = medium containing acid;
B = acid depleted medium; C = acid.

Figure 4 shows a continuous fermentation process
of the invention, where acid is reintroduced into the
fermenter in a controlled manner. A = medium con-
taining acid; B = acid depleted medium; C = acid.

Figure 5 shows a continuous fermentation process
of the invention, where acid is removed in the outflow.
A = medium containing acid; B = acid depleted me-
dium; C = acid.

Figure 6 shows a two stage continuous process of
the invention. A = medium containing acid; B = acid
depleted medium; C = acid ; D = medium containing
solvent; E = solvent-depleted medium.

Figure 7 shows growth curves of the effect of acid
removal and reintroduction into the fermenter at dif-
ferent growth stages. Solid lines show growth, large
dashed lines show solvent production, dotted line
shows acid production (acid production is not seen
in experiments where acid is removed). Lines plotted
with squares show the effect of removing the acid
throughout the exponential growth phrase and add-
ing it back later (Arrow A- during transition or station-
ary phase). Triangles show the predicted effect of
removing acid during the growth phase and adding
it back during later during the exponential growth
phase (Arrow B - before transition/stationary phase).
Circles show the observed growth characteristics in
a fermentation carried out without acid removal.

[0121] The present invention is further defined in the
following Examples, in which parts and percentages are
by weight and degrees are Celsius, unless otherwise
stated. It should be understood that these Examples,
while indicating preferred embodiments of the invention,
are given by way of illustration only.

EXAMPLES

Example 1

Effect of removing acid from a fermentation of ABE 
clostridia

[0122] A 0.5 ml stock of spores of C. acetobutylicum
strain ATCC 824 (obtained from a commercial supplier
and obtainable from the ATCC) was activated by heating
at 80°C for 10 minutes, then cooled on ice for 5 minutes.
Activated spores were then aseptically transferred to a
serum bottle containing 30 ml of sterile RCM (Reinforced
Clostridial Medium, Oxoid) and incubated overnight at
37°C.
[0123] 100 ml of RCM in a serum bottle was then in-
oculated with lml of the overnight culture and incubated
at 37°C until the culture turned cloudy and bubbles ap-
peared on the surface of the culture medium. A 2 L fer-
mentation vessel containing 2 L of 2xCGM (’Clostridial
Growth medium’, preheated to 37°C, stirred at 150 rpm
and maintained at pH 6.6) was then inoculated with 40
ml of the overnight culture.
[0124] Samples were taken periodically over the
course of the experiment and the optical density was
measured (attenuance of light at 600 nm).
[0125] The fermentation procedure was repeated a
second time, but an electrokinetic bioreactor (the ’stack’,
Eurodia, France) was connected to the fermentation ves-
sel on a loop via a pump. The pump was switched on
after the onset of growth to pump the fermentation me-
dium through the stack. A potential difference that gen-
erated a current equivalent to 20 mA/cm2 (of anion ex-
change membrane) was applied to the ’stack’ to allow
passage of negatively charged species (e.g. butyrate,
acetate) across the positively charged anion exchange
membrane from the fermentation medium to the collec-
tion channel, where the acid can be removed and stored.
The collection channels contained 100 mM Na2SO4.
[0126] Again, samples were taken periodically over the
course of the experiment and the optical density was
measured (attenuance of light at 600 nm).
[0127] The results showed that the bacteria grown in
the fermentor attached to the stack grew at a faster rate
than those grown without the stack (Figure 1).
[0128] The removal of acids from a fermentation vessel
during the growth of a culture of a solventogenic micro-
organism therefore leads to an increase in the growth
rate of the organism.
[0129] Improved growth rate will lead to shorter fer-
mentation times and therefore could improve productivity
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of solvent by solventogenic bacteria. The maximum op-
tical density will be achieved faster than by conventional
means. Acids removed from the vessel may be stored
separately and added back to the fermentation when the
maximum optical density has been achieved (or when
the pH of the culture starts to rise).

Example 2

[0130] A batch fermentation process where the micro-
organisms are grown in an electrokinetic bioreactor (or
in a fermenter attached to an electrokinetic bioreactor).
The reactor consistently strips the acid from the culture
allowing improved growth. At the point at which the
growth rate drops (transition phase), the acids are slowly
reintroduced, and controlled at a rate that maintains a
steady pH (a slow increase in pH is associated with sol-
vent production). (See Figure 2).

Example 3

[0131] A batch fermentation process where the micro-
organisms are grown in an electrokinetic bioreactor (or
in a fermenter attached to an electrokinetic bioreactor).
The reactor consistently strips the acid from the culture
allowing improved growth (and therefore a longer expo-
nential phase). At a point during exponential phase, the
acids are slowly reintroduced in order to slow growth and
induce the onset of solventogenesis (see Figure 3).

Example 4a

[0132] A continuous fermentation process that is start-
ed in a fermenter without the application of an electrok-
inetic bioreactor, but when solventogenesis has started
the process is maintained in a steady-state (acids and
solvents are produced at the same time) and continued
indefinitely. Acids are continuously stripped from the fer-
mentation vessel in order to allow improved growth (see
Figure 4).

Example 4b

[0133] Alternatively, for strains that produce solvent
during the early stages of growth, a continuous fermen-
tation process may be used that is started in a fermenter
attached to an electrokinetic bioreactor and maintained
in a steady-state and continued indefinitely. Acids are
continuously stripped from the fermentation vessel in or-
der to allow improved growth (see Figure 4).

Example 5

[0134] A continuous fermentation process that is start-
ed in a similar manner to Example 4b, so that acids are
removed during the early growth phases. At a point during
growth the acids are reintroduced to create and maintain
the acidic conditions required for solvent production. The

acids will also be converted to butanol (see Figure 4).

Example 6

[0135] A continuous fermentation process similar to
Example 5, but acid removal occurs in the outflow. Acids
can then be fed back into the fermentation to lower the
pH of the fermentation vessel to allow optimised solvent
production (see Figure 5).

Example 7

[0136] A two-phase continuous process that is started
in a manner similar to Example 4b, but divided into aci-
dogenic and solventogenic process phases (see Figure
6).
[0137] During the acidogenic process phases, cells are
allowed to grow at a maximal rate to establish a high rate
of acid production and maximum conversion of sugars
to acid; at this stage acids are stripped and stored in a
separate vessel. Media containing a carbon source is fed
into the fermentation vessel and outflow (containing re-
duced amounts of the carbon source, but increased
amounts of acid) is passed through the electrokinetic bi-
oreactor. Dilution rate of the vessel is adjusted to max-
imise growth and acid production.
[0138] At any given time the input of fresh medium con-
taining the carbon source and the outflow are stopped
(dilution rate = zero) to allow transition to a solventogenic
process phase. During the solventogenic process phase,
some of the acids are reintroduced to the fermenter for
conversion to solvent, the solvent is removed by an un-
determined method (e.g. gas-stripping, pervaporation,
distillation), to allow maximal solvent production. It may
also be necessary to add a low percentage of carbon
source at this stage. Once the acids are reintroduced the
pH will drop, but when solvent production starts the pH
will begin to rise so the rate of addition of reintroduced
acids is controlled by maintaining the low pH (preferably
pH 4-5) of the vessel.
[0139] Solvent can be stripped from the fermenter ves-
sel during the solventogenic phase in order to help pre-
vent inhibition of growth or solvent could be allowed to
accumulate in the solventogenic phase and removed
from the outflow in the acidogenic phase as it is diluted
by fresh media.
[0140] After complete conversion of the acid or at a
point when conversion of acid to alcohol ceases (as in-
dicated by a slow but consistent fall in pH), the fermen-
tation vessel is returned to an acidogenic phase by re-
starting the carbon source feed and acid stripping (in-
crease dilution rate). Cells will recover and grow expo-
nentially after a lag phase.
[0141] Solvent extraction can be carried out either on
the outflow during the acidogenic process phase or in
the solventogenic process phase or during both process
phases.
[0142] Repeated phases of acidogenesis and solven-
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togenesis would constitute a continuous process.

Example 8

[0143] A batch or continuous fermentation where acids
are stripped from a fermentation (that produces butanol)
and used as a carbon source or intermediate for another
non-solventogenic fermentation process (that can utilise
butyrate/acetate as a carbon source). At the same time
the bacteria in the fermentation vessel also produce sol-
vents that can be removed by an undetermined process
(e.g. gas-stripping, pervaporation, distillation).

Claims

1. A process for producing an alcohol of formula R-
CHOH, wherein R is an aliphatic C3-C7 alkyl or alke-
nyl group, comprising:

(i) culturing a micro-organism in a culture medi-
um in a culture vessel, wherein the micro-organ-
ism is one which is capable of producing R-
COOH and R-CHOH;
(ii) transferring a first portion of acids of formula
R-COOH or acid derivatives thereof which are
produced in the culture vessel to a separate
compartment;
(iii) introducing a second portion of the acids of
formula R-COOH or acid derivatives obtained
from the separate compartment into the culture
vessel,

wherein the acid or acid derivatives are re-
introduced into the culture vessel at a rate
which maintains a constant or substantially
constant pH in the culture vessel,
or
wherein the acid or acid derivatives are re-
introduced into the culture vessel during an
exponential growth phase in order to slow
the growth of the micro-organism and/or to
induce the onset of a solventogenic phase
of a biphasic micro-organism;

and
(iv) harvesting an alcohol of formula R-CHOH
from the culture vessel,

wherein the acid derivatives are metal or non-metal
salts, esters or amides of the acids of formula R-
COOH.

2. A process for producing an alcohol of formula R-
CHOH as claimed in claim 1, wherein the alcohol of
formula R-CHOH is butanol and wherein the acid of
formula R-COOH is butyric acid.

3. A process for producing an acid of formula R-COOH,
wherein R is an aliphatic C3-C7 alkyl or alkenyl group,
or an acid derivative thereof, comprising:

(i) culturing a micro-organism in a culture medi-
um in a culture vessel, wherein the micro-organ-
ism is a R-COOH-producing micro-organism;
(ii) transferring a first portion of acids of formula
R-COOH or acid derivatives thereof which are
produced in the culture vessel to a separate
compartment; and
(iii) introducing a second portion of the acids of
formula R-COOH or acid derivatives obtained
from the separate compartment into the culture
vessel;

wherein the acid or acid derivatives are re-
introduced into the culture vessel at a rate
which maintains a constant or substantially
constant pH in the culture vessel,
or
wherein the acid or acid derivatives are re-
introduced into the culture vessel during an
exponential growth phase in order to slow
the growth of the micro-organism and/or to
induce the onset of a solventogenic phase
of a biphasic micro-organism,

and wherein acid or acid derivatives thereof from the
separate compartment and/or from the culture ves-
sel are subsequently converted into the correspond-
ing alcohol(s),
wherein the acid derivatives are metal or non-metal
salts, esters or amides of the acids of formula R-
COOH.

4. A process for producing an acid of formula R-COOH
as claimed in claim 3, wherein the acid of formula R-
COOH is butyric acid, wherein the micro-organism
is a butyrate-producing micro-organism, and where-
in the corresponding alcohol is butanol.

5. A process as claimed in any one of the preceding
claims:

(a) wherein step (ii) comprises using anion ex-
change resins, precipitation by positively
charged polymers or using an electrochemical
reactor;
or
(b) wherein the culture vessel is the first com-
partment of an electrochemical reactor,
wherein step (ii) comprises applying a direct cur-
rent electric field across the electrochemical re-
actor by means of an anode and cathode,
wherein the electrodes which are used to apply
the electric field are separated from the culture
medium such that any micro-organisms in the
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culture medium do not come into contact with
said electrodes,
wherein the electrochemical reactor further
comprises a second compartment which is
placed between the first compartment and the
anode and is separated from the first compart-
ment by an anion-selective membrane,
wherein anions in the first compartment are
drawn through the anion-selective membrane
by the electric field into the second compart-
ment, from which they may be removed as acid
or acid derivatives thereof, and
wherein step (iii) comprises introducing a sec-
ond portion of the acid or acid derivatives ob-
tained from the second compartment into the
culture vessel;
or
(c) wherein step (ii) comprises transferring at
least a first portion of the culture medium from
the culture vessel to the first compartment of an
electrochemical reactor, and applying a direct
current electric field across the electrochemical
reactor by means of an anode and cathode,
wherein the electrochemical reactor further
comprises a second compartment which is
placed between the first compartment and the
anode and is separated from the first compart-
ment by an anion-selective membrane,
wherein anions in the first compartment are
drawn through the anion-selective membrane
by the electric field into the second compart-
ment, from which they may be removed as acid
or acid derivatives thereof, and
wherein step (iii) comprises introducing a sec-
ond portion of the acid or acid derivatives ob-
tained from the second compartment into the
culture vessel.

6. A process as claimed in any one of the preceding
claims wherein the acid is removed from the culture
medium throughout, or substantially throughout, the
exponential growth phase of the micro-organism.

7. A process as claimed in any one of claims 1 to 6:

(a) wherein the acid or acid derivatives obtained
from the second compartment are stored in a
reservoir prior to reintroduction into the culture
vessel; and/or
(b) wherein a portion of the acid or acid deriva-
tives is reintroduced into the culture vessel at
the late exponential phase, during the transition
phase or during the stationary phase of the mi-
cro-organism’s growth.

8. A process as claimed in any one of claims 1, 3 or
5-7, wherein R is a C3-C7 alkyl group.

9. A process as claimed in claim 8, wherein R is a C3
alkyl group.

10. A process as claimed in claim 8, wherein R is
CH3CH2CH2-.

11. A process as claimed in any one of claims 1-10:

(a) wherein the micro-organism is a bacteria or
a fungi; and/or
(b) wherein the buffer in the culture vessel is a
cationic buffer.

12. A process as claimed in any one of claims 1-10:

(a) wherein the micro-organism is an anaerobic
bacterium; and/or
(b) wherein the micro-organism is a biphasic
bacterium.

13. A process as claimed in claim 11, wherein the micro-
organism is selected from Clostridium, Acineto-
bacter, Arthrobacter, Bacillus, Butyrovibrio, Es-
cherichia, Enterococcus, Eubacterium, Flavobacte-
rium, Fusobacterium, Megaspheara, Nocardia,
Pseudobutyrovibrio, Rhizobium, Rhodococcus,
Roseburia, Streptomyces, Ralstonia, Taleabrevis,
Ureibacillus, Thermoanaerobacter, Thermoanaero-
bacterium, Geobacillus, Pichia or Saccharomyces
species, or Zymomonas, Pseudomonas, Alcali-
genes, Klebsiella, Paenibacillus, Corynebacterium,
Brevibacterium, Pichia, Candida or Hansenula spe-
cies.

14. A process as claimed in any one of claims 1-10,
wherein the micro-organism is of the genus Clostrid-
ium.

15. A process as claimed in claim 11, wherein the micro-
organism is Clostridium acetobutylicum.

Patentansprüche

1. Verfahren zur Produktion eines Alkohols mit der For-
mel R-CHOH, bei der R ein aliphatisches C3-C7Alkyl
oder eine Alkenylgruppe ist, umfassend:

(i) das Züchten eines Mikroorganismus auf ei-
nem Nährboden in einem Zuchtgefäß, wobei der
Mikroorganismus ein Organismus ist, der in der
Lage ist, R-COOH und R-CHOH zu produzie-
ren;
(ii) das Übertragen eines ersten Teils der Säuren
mit der Formel R-COOH oder Säurederivate da-
von, die in dem Zuchtgefäß in einem separaten
Abteil produziert werden;
(iii) das Einführen eines zweiten Teils der Säu-
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ren mit der Formel R-COOH oder Säurederivate
in das Zuchtgefäß, die aus dem separaten Abteil
erhalten werden,
wobei die Säure oder Säurederivate in das
Zuchtgefäß bei einer Rate eingeführt wird/wer-
den, die in dem Zuchtgefäß einen konstanten
oder im Wesentlichen konstanten ph-Wert hält
oder
wobei die Säure oder Säurederivate während
einer exponentiellen Wachstumsphase wieder
in das Zuchtgefäß eingeführt werden, um das
Wachstum der Mikroorganismen zu verlangsa-
men und/oder um die Entstehung einer solven-
togenen Phase eines zweiphasigen Mikroorga-
nismus zu induzieren;
und
(iv) das Ernten eines Alkohols mit der Formel R-
CHOH aus dem Zuchtgefäß, bei dem die Säu-
rederivate Metall- oder Nicht-Metallsalze, Ester
oder Amide der Säuren mit der Formel R-COOH
sind.

2. Verfahren zur Produktion eines Alkohols mit der For-
mel R-CHOH gemäß Anspruch 1, bei dem der Alko-
hol mit der Formel R-CHOH Butanol ist und bei dem
die Säure mit der Formel R-COOH Buttersäure ist.

3. Verfahren zur Produktion einer Säure mit der Formel
R-COOH, bei der R ein aliphatisches C3-C7-Alkyl
oder eine Alkenylgruppe oder ein Säurederivat da-
von ist, umfassend:

(i) das Züchten eines Mikroorganismus auf ei-
nem Nährboden in einem Zuchtgefäß, bei dem
der Mikroorganismus ein R-COOHproduzieren-
der Mikroorganismus ist;
(ii) das Übertragen eines ersten Teils der Säuren
mit der Formel R-COOH oder Säurederivate da-
von, die in dem Zuchtgefäß in einem separaten
Abteil produziert werden; und
(iii) das Einführen eines zweiten Teils der Säu-
ren mit der Formel R-COOH oder Säurederiva-
te, die aus der separaten Abteilung in das Zucht-
gefäß erhalten werden;
wobei die Säure oder Säurederivate bei einer
Rate wieder in das Zuchtgefäß eingeführt wer-
den, die in dem Zuchtgefäß einen konstanten
oder im Wesentlichen konstanten ph-Wert hält,
oder
wobei die Säure oder Säurederivate während
einer exponentiellen Wachstumsphase wieder
in das Zuchtgefäß eingeführt werden, um das
Wachstum des Mikroorganismus zu verlangsa-
men und/oder um die Entstehung einer solven-
togenen Phase eines zweiphasigen Mikroorga-
nismus zu induzieren und wobei die Säure oder
die Säurederivate davon aus dem separaten
Abteil und/oder aus dem Zuchtgefäß anschlie-

ßend in den/die entsprechenden Alkohol(e) um-
gewandelt werden,
wobei die Säurederivate Metall- oder Nicht-Me-
tallsalze, Ester oder Amide der Säuren mit der
Formel R-COOH sind.

4. Verfahren zur Produktion einer Säure mit der Formel
R-COOH gemäß Anspruch 3, bei dem die Säure mit
der Formel R-COOH Buttersäure ist, bei dem der
Mikroorganismus ein Butyrat produzierender Mikro-
organismus ist und bei dem der entsprechende Al-
kohol Butanol ist.

5. Verfahren gemäß einem der voranstehenden An-
sprüche:

(a) bei dem Stufe (ii) die Verwendung von Ani-
onenaustauschharzen, die Fällung durch positiv
geladene Polymere oder die Verwendung eines
elektrochemischen Reaktors umfasst;
oder
(b) bei dem das Zuchtgefäß das erste Abteil ei-
nes elektrochemischen Reaktors ist,
bei dem Stufe (ii) die Anwendung eines Gleich-
stromfeldes durch den elektrochemischen Re-
aktor mittels einer Anode und einer Kathode um-
fasst,
bei dem die Elektroden, die zur Anwendung des
elektrischen Feldes verwendet werden, von
dem Nährboden derart getrennt sind, dass jeder
Mikroorganismus auf dem Nährboden nicht mit
den genannten Elektroden in Kontakt kommt;
bei dem der elektrochemische Reaktor weiter-
hin ein zweites Abteil umfasst, das zwischen
dem ersten Abteil und der Anode platziert ist und
von dem ersten Abteil durch eine anionenselek-
tive Membran getrennt ist,
bei dem Anionen in dem ersten Abteil mittels
des elektrischen Feldes durch die anionense-
lektive Membran hindurch in das zweite Abteil
gezogen werden, aus dem sie als Säure oder
Säurederivate davon entfernt werden können
und
bei dem Stufe (iii) das Einführen eines zweiten
Teils der Säure oder der Säurederivate in das
Zuchtgefäß umfasst, die aus dem zweiten Abteil
erhalten wurden;
oder
(c) bei dem Stufe (ii) die Übertragung wenigs-
tens eines ersten Teils des Nährbodens von
dem Zuchtgefäß in das erste Abteil eines elek-
tromechanischen Reaktors und das Anwenden
eines Gleichstromfeldes durch den elektrome-
chanischen Reaktor hindurch mittels einer An-
ode und einer Kathode umfasst,
bei dem der elektromechanische Reaktor wei-
terhin ein zweites Abteil umfasst, das zwischen
dem ersten Abteil und der Anode platziert ist und
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von dem ersten Abteil durch eine anionenselek-
tive Membran getrennt ist,
bei dem Anionen in dem ersten Abteil durch die
anionenselektive Membran mittels des elektri-
schen Feldes in das zweite Abteil gezogen wer-
den, von dem sie als Säure oder Säurederivate
davon entfernt werden können, und
bei dem Stufe (iii) die Einführung eines zweiten
Teils der Säure oder Säurederivate in das Zucht-
gefäß umfasst, die aus dem zweiten Fach er-
halten wurden.

6. Verfahren gemäß einem der voranstehenden An-
sprüche, bei dem die Säure aus dem Nährboden
während der gesamten oder im Wesentlichen der
gesamten exponentiellen Wachstumsphase des Mi-
kroorganismus entfernt wird.

7. Verfahren gemäß einem der Ansprüche 1 bis 6:

(a) bei dem die Säure oder Säurederivate, die
aus dem zweiten Abteil erhalten werden, vor
dem erneuten Einführen in den Zuchtgefäß in
einem Behälter gespeichert werden;
und/oder
(b) bei dem ein Teil der Säure oder Säurederi-
vate in der späten exponentiellen Phase wäh-
rend der Übergangsphase oder während der
stationären Phase des Wachstums des Mikro-
organismus wieder in das Zuchtgefäß einge-
führt wird.

8. Verfahren gemäß einem der Ansprüche 1, 3 oder 5
- 7, bei dem R eine C3-C7-Alkylgruppe ist.

9. Verfahren gemäß Anspruch 8, bei dem R eine C3-Al-
kylgruppe ist.

10. Verfahren gemäß Anspruch 8, bei dem R
CH3CH2CH2- ist.

11. Verfahren gemäß einem der Ansprüche 1 - 10:

(a) bei dem der Mikroorganismus eine Bakterie
oder ein Pilz ist; und/oder
(b) bei dem der Puffer in dem Zuchtgefäß ein
kationischer Puffer ist.

12. Verfahren gemäß einem der Ansprüche 1 - 10:

(a) bei dem der Mikroorganismus eine anaerobe
Bakterie ist; und/oder
(b) bei dem der Mikroorganismus eine zweipha-
sige Bakterie ist.

13. Verfahren gemäß Anspruch 11, bei dem der Mikro-
organismus aus Clostridium, Acinetobacter, Arthro-
bacter, Bacillus, Butyrovibrio, Escherichia, Entero-

coccus, Eubacterium, Flavobacterium, Fusobacteri-
um, Megaspheara, Nocardia, Pseudobutyrovibrio,
Rhizobium, Rhodococcus, Roseburia, Streptomy-
ces, Ralstonia, Taleabrevis, Ureibacillus, Thermoa-
naerobacter, Thermoanaerobacterium, Geobacil-
lus, Pichia oder Saccharomyces Species oder Zy-
momonas, Pseudomonas, Alcaligenes, Klebsiella,
Paenibacillus, Corynebacterium, Brevibacterium,
Pichia, Candida oder Hansenula Species ausge-
wählt ist.

14. Verfahren gemäß einem der Ansprüche 1 - 10, bei
dem der Mikroorganismus von dem Stamm Clostri-
dium ist.

15. Verfahren gemäß Anspruch 11, bei dem der Mikro-
organismus Clostridium Acetobutylicum ist.

Revendications

1. Processus pour produire un alcool de formule R-
CHOH, dans lequel R est un groupe alkyle ou alcé-
nyle aliphatique en C3-C7, comprenant :

(i) la culture d’un micro-organisme dans un mi-
lieu de culture dans un récipient de culture, dans
lequel le micro-organisme est un qui est suscep-
tible de produire R-COOH et R-CHOH ;
(ii) le transfert d’une première partie d’acides de
formule R-COOH ou de dérivés acides de ceux-
ci qui sont produits dans le récipient de culture
vers un compartiment distinct ;
(iii) l’introduction d’une seconde partie des aci-
des de formule R-COOH ou de dérivés acides
obtenus à partir du compartiment distinct dans
le récipient de culture,
dans lequel l’acide ou les dérivés acides sont
réintroduits dans le récipient de culture à un taux
qui maintient un pH constant ou sensiblement
constant dans le récipient de culture,
ou
dans lequel l’acide ou les dérivés acides sont
réintroduits dans le récipient de culture pendant
une phase de croissance exponentielle afin de
ralentir la croissance du micro-organisme et/ou
d’induire le début d’une phase solvantogène
d’un micro-organisme biphasique ;
et
(iv) la récolte d’un alcool de formule R-CHOH à
partir du récipient de culture,
dans lequel les dérivés acides sont des sels mé-
talliques ou métalloïdes, des esters ou des ami-
des des acides de formule R-COOH.

2. Processus pour produire un alcool de formule R-
CHOH selon la revendication 1, dans lequel l’alcool
de formule R-CHOH est du butanol et dans lequel
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l’acide de formule R-COOH est de l’acide butyrique.

3. Processus pour produire un acide de formule R-
COOH, dans lequel R est un groupe alkyle ou alcé-
nyle aliphatique en C3-C7, ou un dérivé acide de ce
dernier, comprenant :

(i) la culture d’un micro-organisme dans un mi-
lieu de culture dans un récipient de culture, dans
lequel le micro-organisme est un micro-organis-
me produisant du R-COOH ;
(ii) le transfert d’une première partie d’acides de
formule R-COOH ou de dérivés acides de ceux-
ci qui sont produits dans le récipient de culture
vers un compartiment distinct ; et
(iii) l’introduction d’une seconde partie des aci-
des de formule R-COOH ou de dérivés acides
obtenus à partir du compartiment distinct dans
le récipient de culture ;

dans lequel l’acide ou les dérivés acides sont réin-
troduits dans le récipient de culture à un taux qui
maintient un pH constant ou sensiblement constant
dans le récipient de culture,
ou
dans lequel l’acide ou les dérivés acides sont réin-
troduits dans le récipient de culture pendant une pha-
se de croissance exponentielle afin de ralentir la
croissance du micro-organisme et/ou d’induire le dé-
but d’une phase solvantogène d’un micro-organisme
biphasique,
et dans lequel un acide ou des dérivés acides de ce
dernier en provenance du compartiment distinct
et/ou du récipient de culture sont transformés par la
suite en alcool (s) correspondant(s),
dans lequel les dérivés acides sont des sels métal-
liques ou métalloïdes, des esters ou des amides des
acides de formule R-COOH.

4. Processus pour produire un acide de formule R-
COOH selon la revendication 3, dans lequel l’acide
de formule R-COOH est de l’acide butyrique, dans
lequel le micro-organisme est un micro-organisme
produisant du butyrate, et dans lequel l’alcool cor-
respondant est du butanol.

5. Processus selon n’importe laquelle des revendica-
tions précédentes :

(a) dans lequel l’étape (ii) comprend l’utilisation
de résines échangeuses d’anions, la précipita-
tion par des polymères positivement chargés ou
l’utilisation d’un réacteur électrochimique ;
ou
(b) dans lequel le récipient de culture est le pre-
mier compartiment d’un réacteur électrochimi-
que, dans lequel l’étape (ii) comprend l’applica-
tion d’un champ électrique à courant continu à

travers le réacteur électrochimique au moyen
d’une anode et d’une cathode,
dans lequel les électrodes qui sont utilisées pour
appliquer le champ électrique sont distinctes du
milieu de culture de sorte que n’importe quels
micro-organismes dans le milieu de culture
n’entrent pas en contact avec lesdites
électrodes ;
dans lequel le réacteur électrochimique com-
prend en outre un second compartiment qui est
placé entre le premier compartiment et l’anode
et est séparé du premier compartiment par une
membrane sélective en ce qui concerne les
anions,
dans lequel des anions dans le premier compar-
timent sont absorbés à travers la membrane sé-
lective en ce qui concerne les anions par le
champ électrique dans le second compartiment,
à partir duquel ils peuvent être enlevés en tant
qu’acide ou dérivés acides de ce dernier, et
dans lequel l’étape (iii) comprend l’introduction
d’une seconde partie de l’acide ou de dérivés
acides obtenus en provenance du second com-
partiment dans le récipient de culture ; ou
(c) dans lequel l’étape (ii) comprend le transfert
d’au moins une première partie du milieu de cul-
ture depuis le récipient de culture vers le premier
compartiment d’un réacteur électrochimique, et
l’application d’un champ électrique à courant
continu à travers le réacteur électrochimique au
moyen d’une anode et d’une cathode,
dans lequel le réacteur électrochimique com-
prend en outre un second compartiment qui est
placé entre le premier compartiment et l’anode
et est séparé du premier compartiment par une
membrane sélective en ce qui concerne les
anions,
dans lequel des anions dans le premier compar-
timent sont absorbés à travers la membrane sé-
lective en ce qui concerne les anions par le
champ électrique dans le second compartiment,
à partir duquel ils peuvent être enlevés en tant
qu’acide ou dérivés acides de ce dernier, et
dans lequel l’étape (iii) comprend l’introduction
d’une seconde partie de l’acide ou des dérivés
acides obtenus à partir du second compartiment
dans le récipient de culture.

6. Processus selon n’importe laquelle des revendica-
tions précédentes dans lequel l’acide est enlevé du
milieu de culture tout au long, ou sensiblement tout
au long, de la phase de croissance exponentielle du
micro-organisme.

7. Processus selon n’importe laquelle des revendica-
tions 1 à 6 :

(a) dans lequel l’acide ou les dérivés acides ob-
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tenus à partir du second compartiment sont
stockés dans un réservoir avant réintroduction
dans le récipient de culture ; et/ou
(b) dans lequel une partie de l’acide ou des dé-
rivés acides est réintroduite dans le récipient de
culture à la dernière phase exponentielle, pen-
dant la phase de transition ou pendant la phase
stationnaire de la croissance du micro-organis-
me.

8. Processus selon n’importe laquelle des revendica-
tions 1, 3 ou 5 à 7, dans lequel R est un groupe alkyle
en C3-C7.

9. Processus selon la revendication 8, dans lequel R
est un groupe alkyle en C3.

10. Processus selon la revendication 8, dans lequel R
est CH3CH2CH2-.

11. Processus selon n’importe laquelle des revendica-
tions 1 à 10 :

(a) dans lequel le micro-organisme est une bac-
térie ou une moisissure ; et/ou
(b) dans lequel le tampon dans le récipient de
culture est un tampon cationique.

12. Processus selon n’importe laquelle des revendica-
tions 1 à 10 :

(a) dans lequel le micro-organisme est une bac-
térie anaérobie ; et/ou
(b) dans lequel le micro-organisme est une bac-
térie biphasique.

13. Processus selon la revendication 11, dans lequel le
micro-organisme est sélectionné à partir des espè-
ces Clostridium, Acinetobacter, Arthrobacter, Bacil-
lus, Butyrovibrio, Escherichia, Enterococcus,
Eubacterium, Flavobacterium, Fusobacterium, Me-
gaspheara, Nocardia, Pseudobutyrovibrio, Rhizo-
bium, Rhodococcus, Roseburia, Streptomyces,
Ralstonia, Taleabrevis, Ureibacillus, Thermoanae-
robacter, Thermoanaerobacterium, Geobacillus, Pi-
chia ou Saccharomyces, ou des espèces Zymomo-
nas, Pseudomonas, Alcaligenes, Klebsiella, Paeni-
bacillus, Corynebacterium, Brevibacterium, Pichia,
Candida ou Hansenula.

14. Processus selon n’importe laquelle des revendica-
tions 1 à 10, dans lequel le micro-organisme est du
genre Clostridium.

15. Processus selon la revendication 11, dans lequel le
micro-organisme est Clostridium acetobutylicum.
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