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Alcohol Production Process

FIELD OF THE INVENTION

This invention relates generally to methods for increasing the productivity of processes of
making products by microbial fermentation of gases and carbohydrates. It more
particularly relates to processes for the production of alcohols, more particularly ethanol
and butanol, by fermentation of gaseous substrates containing carbon mbnoxide and

fermentation of carbohydrate substrates.

BACKGROUND OF THE INVENTION

Biofuels for transportation are attractive replacements for gasoline and are rapidly
penetrating fuel markets as low concentration blends. Biofuels, derived from natural plant
sources, are more environmentally sustainable than thosé derived from fossil resources
(such as gasoline), their use allowing a reduction in the levels of so-called fossil carbon
dioxide (CO,) gas that is released into the atmosphere as a result of fuel combustion. In
addition, biofuels can be produced locally in many geographies, and can act to reduce
dependencé on imported fossil energy resources. Two alcohols useful in biofuels are

ethanol and butanol.

Ethanol is rapidly becoming a major hydrogen-rich liquid transport fuel around the world.
Worldwide consumption of ethanol in 2002 was an estimated 10.8 billion gallons. The
global market for the fuel ethanol industry has also been predicted to grow sharply in
ﬁlture, due to an increased interest in ethanol in Europe, Japan, the USA and several

developing nations.

For example, in the USA, ethanol is used to produce E10, a 10% mixture of ethanol in
gasoline. In E10 blends the ethanol component acts as an oxygenating agent, improving
the efficiency of combustion and reducing the production of air pollutants. In Brazil,
ethanol satisfies approximately 30% of the transport fuel demand, as both an oxygenating
agent blended in gasoline, or as a pure fuel in its own right. Also, in Europe,

environmental concerns surrounding the consequences of Green House Gas (GHG)
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emissions have been the stimulus for the European Union (EU) to set member nations a

mandated target for the consumption of sustainable transport biofuels.

Thevv'ast majority of fuel ethanol is produced via traditional yeast-based fermentation
processes that use crop derived carbohydrates, such as sucrose extracted from sugarcane or
starch extracted from grain crops, as the main carbon source. However, the cost of these
carbohydrate feed stocks is influenced by their value as human food or animal feed, while
the cultivatién of starch or Sucrose-producmg crops for .etha_nol production is not
economically sustainablé in all geographies. Theféforé, itis of ihterest to develop
technologies to convert lower cost and/or more abundant carbon resources into fuel

ethanol.

COisa fnaj or free energy-rich.by-product of the incomplete combustion of organic
materials such as coal or oil and oil derived products. For example, the steel industry in
Australia is reported to produce-and release into the atmosphere over 500,000 tonnes of
CO annually.

It has long been recognised that catalytic processes may be used to convert gases
consisting primarily of CO and/or CO and hydrogen (H>) into a variety of fuels and
chemicals. However, micro-organisms may also be used to convert thesé gases into fuels
and chemicals. These biological processes, although generally slower than chemical
reactions, have several advantages over catalytic processes, including higher specificity,

higher yields, lower energy costs and greater resistance to poisoning.

The ability of micro-organisms to grow on CO as their sole carbon source was first
discovered in 1903. This was later determined to be a property of organisms that use the
acetyl coenzyme A (acetyl CoA) biochemical pathway of autotrophic growth (also known
as the Woods-Ljungdahl pathway). A large number of anaerobic organisms including
carboxydotrophic, photosynthetic, methanogenic and acetogenic organisms have been

shown to metabolize CO to various end products, namely CO, H, methane, n-butanol,
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acetate and ethanol. While using CO as the sole carbon source all such organisms produce

at least two of these end products.

Anaefobic bacteria, such as those from the genus Clostridium, have been demonstrated to
produce ethanol from CO, CO; and H; via the acetyl CoA biochemical pathway. For
example, various strains of Clostridium ljungdahfii that produce ethanol from gases are
described in WO 00/68407, EP 117309, US patent nos. 5,173,429, 5,593,886, and
6,368,819, WO 98/00558 and WO 02/0843.8. The bacterium Clostridium
autoethanogenum sp ié also known to pfoduce ethanol from gases (Aribini ef al, Archivés '
of Microbiology 161, pp 345-351 (1994)).

However, ethanol production by micro-organisms by fermentation of gases is always
associated with co-production .of acetate and/or acetic acid. As some of the available
carbon is converted into acetate/acetic acid rather than ethanol, the efficiency of production
of ethanol using such fermentation processes may be less than desirable. Also, unless the
acetate/acetic acid by-product can be used for some other purpose, it may pose a waste
disposal problem. Acetate/acetic acid is converted to methane by micro-organisms and

therefore has the potential to contribute to Green House Gas emissions.

Butanol may be used as a fuel in an internal combustion engine. It is in several ways more
similar to gasoline than it is to ethanol. Butanol can be produced by fermentation of

biomass. The process uses the bacterium from the genus Clostridium (such as Clostridium
acetobutylicum). It was Chaim Weizmann who first used thls bacterium for the production
of acetone from starch (with the main use of acetone being the making of Cordite) in 1916.

Butanol was a by-product of this fermentation. The process also creates recoverable

"amounts of ethanol, H; and CO; gases and a number of other by-products: acetic, lactic

and propionic acids, acetone and isopropanol. Indeed, processes for producing butanol by
fermentation are now widely referred to as Acetone Butanol Ethanol (ABE) processes, to

reflect three of the principal products of this fermentation.
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The ABE process was an industry standard until the late 1940s, when low oil costs drove
more efficient processes based on hydrocarbon cracking and petroleum distillation

techniques.

More recently, as interest in the production and application of environmentally sustainable
fuels has strengthened, interest in biological processes to produce butanol (often referred to
as bio-butanol) has increased. For example, in June 2006 BP announced collaboration with
Dupont and British Sugar to manufacture biobutanol using conventional technology in the
UK. BP provides a route for butanol into the transport fuel market and has stated that it
aims to blend butanol with petrol at its 1200 filling stations.

Itis an dbject of the present invention to go at least some way towards providing a process
of producing alcohols by fermentation of gaseous substrates and carbohydrate substrates
that has increased efficiency over prior art processes, or at least to offer the public a useful

choice.

SUMMARY OF THE INVENTION

In a first, broad aspect, the present invention provides a process for producing one or more
desired products, the process comprising carrying out first and second fermentations of
substrates in first and second bioreactors, wherein each fermentation produces one or more
desired products and/or one or more by-products that can be utilised in the other
fermentation, and the process further comprising the steps of (a) introducing one or more
products and/or by-products of the first fermentation that can be utilised by the second
fermentation into the second bioreactor during the fermentation, and (b) introducing one or
more products and/or by-products of the second fermentation that can be utilised by the

first fermentation into the first bioreactor during the fermentation.

In another aspect, the present invention provides a biological process for pfoducing.one or
more desired products selecteéd from alcohols and by-products of fermentation processes
that produce alcohols, the process comprising carrying out a first fermentation of gaseous

substrates in a first bioreactor, and a second fermentation of carbohydrate-containing
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substrates in a second bioreactor, wherein each fermentation produces one or more desired
products and/or by-products that can be utilised in the other fermentation, and the process
further comprising the steps of (a) introducing one or more products and/or by-products of
the flfst fermentation that can be utilised by the second fermentation into the second
bioreactor during the fermentation, and (b) introducing one or more products ahd/or by-
products of the second fermentation that can be utilised by the first fermentation into the

first bioreactor during the fermentation.

In a further aspect, the present invention provides a biological process for producing
ethanol, the process comprising carrying out a first fermentation of gaseous substrates in a
first bioreactor, and a second fermentation of carbohydrate-containing substrates ina
second bioreactor, wherein each fermentation produces ethanol or butanol or both, and one
or more by-products that can be utilised in the other fenhentation, and at least one
fermentation produces ethanol, and the pfocess further comprising the steps of (a)
introducing one or more by-products of the first fermentation that can be utilised by the
second fermentation into the second bioreactor during the fermentation, (b) introducing
one or more by-products of the second fermentation that can be utilised by the first
fermentation into the first bioreactor during the fermentation; and (c) recovering ethanol

from one or both fermentations.

In preferred embodiments, both fermentations produce ethanol and ethanol is recovered

from both fermentations.

In preferred embodiments, either or both fermentations produce butanol in addition to

ethanol, and the process further comprises recovering butanol from the fermentation(s).

In a further aspect, the present invention provides a biological process for producing
butanol, the process comprising carrying out a first fermentation of gaseous substrates in a
first bioreactor, and a second fermentation of carbohydrate-containing substrates in a
second bioreactor, wherein each fermentation produces butanol or ethanol or both, and one

or more by-products that can be utilised in the other fermentation, and at least one of the
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fermentations produces butanol, and the process further comprising the steps of (a)
introducing one or more by-products of the first fermentation that can be utilised by the
second fermentation into the second bioreactor during the fermentation, (b) introducing
one or more by-products of the second fermentation that can be utilised by the first
fermentation into the first bioreactor during the fermentation; and (c) recovering butanol

from one or both fermentations.

In preferred embodiments, both fermentations produce butanol and butanol is recovered

from both fermentations.

In preferred embodiments, either or both fermentations produce ethanol in addition to

butanol, and the process further comprises recovering ethanol from the fermentation(s).

In a further aspect, the present invention provides a process for producing one or more
desired products selected from alcohols and by-products of fermentation processes that
produce alcohols, the process comprising the following steps, in any order:

(a) in a first bioreactor, carrying out a first fermentation process comprising
fermenting a gaseous substrate comprising carbon monoxide to produce

- reaction products comprising acetate and/or butyrate;

(b) introducing acetate and/or butyrate obtained from the first fermentation into a
second bioreactor;

() in the second bioreactor, fermenting a carbohydrate-containing substrate to
produce reaction products comprising one orvmore alcohols and hydrogen
and carbon dioxide gases;

(d)  introducing hydrogen or carbon dioxide, or both, obtained from the second

fermentation into the first bioreactor during the first fermentation.

In certain embodiments, step (a) produces reaction products comprising one or more

alcohols and acetate and/or butyrate.
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In certain embodiments, the desired products comprise ethanol. In other embodiments, the
desired products comprise butanol. In certain preferred embodiments, the desired products

comprise both ethanol and butanol.

In a further aspect, the present invention provides a process for producing ethanol, the
process comprising the following steps, in any order:

(a) in a first bioreactor, carrying out a first fermentation compi'ising fermenting a
gaseous substrate comprising carbon monoxide to produce reaction products
comprising ethanol and acetate;

(b) introducing acetate obtained from the first fermentation process into a second
bioreactor;

(c) in the second bioreactor, carrying out a second fermentation comprising
fermenﬁng a carbohydrate-containing substrate to produce reaction products
comprising butanol, ethanol, and hydrogen and carbon dioxide gases;

(d) introducing hydrogen gas or carbon dioxide, or both, obtained from the second
fermentation process into the first bioreactor during the first fermentation
process; and

(e) recovering ethanol from the first fermentation or second fermentation or both.

In preferred embodiments, ethanol is recovered from both fermentations. In certain
embodiments, the process further includes recovering butanol from the second
fermentation. In certain embodiments, the process includes recovering butanol and ethanol

from the second fermentation as a mixed alcohol stream.

In certain embodiments, the first fermentation is carried out by one or more strains of
anaerobic acetogenic bacteria in a liquid nutrient medium. In certain embodiments, the
acetogenic bacterium is selected from Clostridium, Moorella, Oxobacter,
Peptostreptococcus, Acetobacterium, Eubacterium, Desulfotomaculum, Arbhaeglobulus
and Butyribacterium. In one preferred embodiment, the acetogenic bacterium is

Clostridium autoethanogenum.
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In certain embodiments, the second fermentation is carried out by one or more bacteria of

the genus Clostridium. In one embodiment, the bacterium is Clostridium acetobutylicum.

Ina further aspect, the present invention provides a process for producing butanol, the
process comprising the following steps, in any order:

(a) in a first bioreactor, carrying out a first fermentation comprising fermenting a
gaseous substrate comprising carbon monoxide to pfloduce:" reaction products
comprising butanol and butyrate; | P |

(b) introducing butyrate obtained from the first fermentation process into a second
bioreactor;

(c) in the second bioreactor, carrying out a second fermentation comprising

- fermenting a carbohydrate-containing substrate to produce reaction products
comprising butanol, éthanol, and hydrogen and carbon dioxide gases;

(d) introducing hydrogen gas or cé.rbon dioxide, or both, obtained from the second
fermentation - process into the first bioreactor during the first fermentation
process; and

(e) recovering butanol from the first fermentation or second fermentation or both.

In preferred embodiments, butanol is recovered from both fermentations. In certain
embodiments, the process further includes recovering ethanol from the first or second
fermentation. In certain embodiments, the process includes recovering butanol and ethanol

from the first or second fermentation as a mixed alcohol stream.

In certain embodiments, the first fermentation is carried out by one or more strains of
Clostridium, Oxobacter, Peptostreptococcz)s,, Acetobaterium, Eubacterium,
Butyribacterium, Moorella, Desulfotomaculum, and Archaeoglobus bacteria in a liquid
nutrient medium. In a preferred embodiment, the bacterium is Clostridium

tetanomorphum.
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In certain embodiments, the second fermentation is carried out by one or more bacteria of
the genus Clostridium. In a preferred embodiment, the bacterium is Clostridium

acetobutylicum.

In certain embodiments, ethanol, butanol, acetate and/or butyrate are continuously
recovered from the first bioreactor and recovered acetate and/or butyrate are continuously

introduced into the second bioreactor.

In certain embodiments, the recovery of ethanol, butanol, acetate and/or butyrate
comprises continuously removing a portion of fermentation broth from the bioreactor and

recovering separately ethanol, butanol, acetate and/or butyrate from the removed portion of
the broth. |

In certain embodiments the recovery of éthanol, butanol, acetate and/or butyrate includes
passing the removed portion of the broth containing ethanol, butanol, acetate and/or
butyrate through a separation unit to separate bacterial cells from the ethanol, butanol,
acetate and/or butyrate, to produce a cell-free ethanol-, butanol-, acetate- and/or butyrate-
containing permeate, and returning the bacterial cells to the first bioreactor.

In the above embodiments, the recovery of ethanol, butanol, acetate and/or butyrate
preferably includes first removing ethanol and/or butanol from the cell-free permeate
followed by removing acetate and/or butyrate from the cell-free permeate, then i'eturning

the cell-free permeate to the first bioreactor.

In certain embodiments, the gaseous substrate is a waste gas obtained from an industrial
process. In certain embodiments, the industrial process is selected from the group
consisting of ferrous metal products manufacturing, non-ferrous products manufacturing,
petroleum refining processes, gasification of biomass, gasification of municipal waste,
gasification of coal, electric power production, carbon black production, ammonia
production, methanol production and coke manufactm'ing. In other embodiments, the

gaseous substrate may comprise automobile exhaust fumes.
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In certain embodiments, the gaseous substrate contains less than about 15% H; by volume,

such as less than about 10% Hj;_ such as less than about 5% H,.

In certain embodiments, the gaseous substrate comprises about 70% CO to about 95% CO

by volume.

In certain embodiments, the reaction products of the second fermentation include ethanol,

butanol, acetate, butyraté, acetdne,‘hydrogen and carbon dioxide.

In certain embodiments, step (d) comprises introducing hydrogen obtained from the second
fermentation into the first fermentation. In certain embodiments, step (d) comprises
introducing both carbon dioxide and hydrogen obtained from the second fermentation into

the first fermentation.

Although the invention is broadly as defined above, it is not limited thereto and also

includes embodiments of which the following description provides examples.
BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in more detail and with reference to the

accompanying figures, in which:

Figure 1: A schematic of an example of an integrated process according to the present
invention for producing mixed alcohols and ethanol, by fermentation of gaseous substrates
containing carbon monoxide (fermentation 1) and fermentation of carbohydrate substrates

(fermentation 2).

Figure 2: Production of butanol and ethanol by Clostridium acetobutylicum P262 in

media containing an initial concentration of acetate of 1.7 g /1 acetate;
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Figure 3: Production of butanol and ethanol by Clostridium acetobutylicum P262 in

media containing an initial concentration of acetate of 3.7 g /1 acetate; and

Figuré 4: Production of ethanol and acetate (product) by Clostridium
autoethanogenum cultures after 3 days incubation in the presence of different headspace

gases;

Figure 5: Production‘bf various products by C. acetobutylicum when butyrate or
acetate and butyrate are .added to the reaéﬁon (fermentation 2)‘. Sp1k1ng of Butyrate nr
Acetate and Butyrate mixture in a 50ml culture of C. acetobutylicum 824 growing on 50g/1
glucose, initial pH 7.3, in 234ml serum bottle. Headspace (184ml): 100% N2.

Figure 6: Prnduction of aéetate and ethanol by C. aﬁtoethanogenum when hydrogen is
added to the reaction (fermentation 1). S.piking of Hydrogen gas in a 50ml culture of
C.autoethanogenum growing at-pH 5.5. Initial composition of the 184ml headspace: 30
psig overpressure of a gas mixture made of 17% CO, 5% CO2 and increasing amounts of
H2 from 0% (Hydrogen partial pressure of 0.0 psig) to 13.7% (Hydrogen partial pressure
of 6.1 psig); and,

Figure 7: Production of butyrate by C. tetanomorphum when hydrogen is added to the
reaction (fermentation 1). Clostridium tetanomorphum (DSM 528) growing on 50ml
Media LM23 + 1 g/l Yeast extract with a 184ml headspace, 30 psig overpressure

Containing Carbon monoxide, Carbon Dioxide in presence or absence of Hydrogen.

DETAILED DESCRIPTION OF THE INVENTION

Definitions
Unless otherwise defined, the following terms as used throughout this spec'iﬁcationv are

defined as follows:
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The term “acetate” includes both acetate salt alone and a mixture of molecular or free
acetic acid and acetate salt, such as the mixture of acetate salt and free acetic acid present
in a fermentation broth as described herein. The ratio of molecular acetic acid to acetate in

the fei'mentation broth is dependent upon the pH of the system.

The term “butyrate™ includes both butyrate salt alone and a mixture of molecular or free
butyric acid and butyrate salt, such as the mixture of butyrate salt and free butyric acid
present in a fermentation broth as described herein.  The ratio of molecular butyric acid to

butyrate in the fermentation brbfh is dependent upbn the pH of the system.

Tﬁe term “bioreactor” includes a fermentation device consisting of one or more vessels
and/or towers or piping arrangement, which includes the Continuous Stirred Tank Reactor
(CSTR), Immobilized Cell Reéétor (ICR), Trickle Bed Reactor (TBR), Bubble Column,
Gas Lift Fermenter, Static Mixer, or other vessel or other device suitable for gas-liquid

contact.

The term “mixed alcohols” or “alcohbls” includes but is not limited to butanol, ethanol,
and isopropanol present in a fermentation broth as described herein.

The terms “increasing the efficiency”, “increased efficiency” and the like, when used in
relation to a fermentation process, include, but are not limited to, increasing one or more of
the rate of growth of rnicroorgahisms catalysing the fermentation, the volume of desired
product (such as alcohols) produced per volume of substrate (such as sugar) consumed, the
rate of production or level of production of the desired product, and the relative proportion

of the desired product produced compared with other by-products of the fermentation.

The term “co-substrate” refers to a substance that while not being the primary energy and
material source for product synthesis, can be utilised for product synthesis when added in

addition to the primary substrate.
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The term “gaseous substrate” is used in a non-limiting sense to include substrates

containing or derived from one or more gases.
The term “limiting concentration” means an initial concentration of a given component in a
microbial fermentation medium that is sufficiently low to ensure that it will be depleted at

an early stage in the fermentation.

General methodology

In broad terms, the ﬁreseﬁt irivenﬁon relates to biolbéical processes for producing pfoduéfs
(preferably alcohols such as butanol and/or ethanol) and/or desired by-products of such
processes (Such as acetone, acetate, butyrate) involving two fermentations in separate
bioreactors. The two fermentations are linked by introducing one or more products and/or
by-products of each fermentation into the other fermentaﬁon. The products and/or by-
products introduced into each fermentation include substances that can be utilised by that
fermentation, for example as a co-substrate for the micro-organisms carrying out the
fermentation, and therefore have a beneficial effect on the fermentation. Accordingly, the
pfocesses of the present invention, at least in preferred embodiments, have an increased
efficiency when compared with the individual fermentations performed separately. As will
be apparent depending on the particular reactions involved, the products and by-products
will vary. Furthermore, a by-product of one reaction may be a product of another and vice

versa. Thus “product” and “by-product” are used in a non-limiting sense.

The following description focuses on embodiments in which each fermentation produces
one or more alcohols (such as ethanol and butanol) and one or more by-products (such as
acetate, butyrate, carbon dioxide and hydrogen) however, the invehtion is not limited
thereto. By way of example, in one preferred embodiment, alcohol is only or substantially
only produced in one of the fermentations (for example, the first fermentétion may produce

butyrate but no or substantially no butanol).

Methods for producing desired products including alcohols by fermentation of sugars and '

other substrates, including gaseous substrates containing CO, are known in the art. For
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example, many micro-brganisms are capable of fermenting Cs and/or Cg sugars to produce
fermentation products such as ethanol, glycerol; acetone, n-butanol, butanediol,
isopropanol, butyric acid, methane, citric acid, fumaric acid, lactic acid, propionic acid,
succ_ihic acid, itaconic acid, acetfc acid, acetaldehyde, 3-hydoxypropionic acid, glyconic
acid and tartaric acid, and amino acids such as L-glutaric acid, L-lysine, L-aspartic acid, L-
trypophan, L-arylglycines or salts of any of these acids. Microorganisms that can be used
in such fermentation processes can include, for example, yeasts such as Klyveromyces
species, Candida species, Pichia species, Brettanomyces species, Saccharomyces species
such as Sarféchorrﬁyce&4:'cerevz'sia.e‘ and Saccharomyces uvarum, Hansenula species and
Pachysolen species. Alternatively, the microorganism can be a bacterial species such as
Clostridium, Leuconostoc, Enterobacter, Klebsiella, Erwinia, Serratia, Lactococcus,
Pediococcus, Ace»tobacter, Gluconobacter, Lactobacillus, Aspergillus, Propionibacterim,
Rhizopus, Zymomonas mobilis, Moorella, Eubacterium, Oxobacter, Butyribacterium,

Desulfotomaculum, Archaeoglobus, and Peptostreptococcus .

In preferred embodiments of the present invention, the first fermentation involves
fermenting a gaseous substrate comprising carbon monoxide to produce one or more
desired products, preferably ethanol and/or butanol. In one embodiment, the first
fermentation preferably produces acetate as a by-product in addition to the alcohol(s), and
can also utilise hydrogen or carbon dioxide, or both, as a co-substrate in the fermentation.
In another embodiment, the first fermentation produces butyrate as a.by-product in
addition to the alcohol(s), and can also utilise hydrogen or carbon dioxide, or both, as a co-
substrate in the fermentation. In another embodiment, both acetate and butyrate are

produced in the first fermentation.

The second fermentation involves fermenting a carbohydrate-containing substrate to
produce reaction products comprising one or moré alcohols (preferably mixed alcohols
including ethanol and butanol). The second fermentation can also use é by?product-of the
first fermentation as a co-substrate, for example acetate and/or butyrate. The second
fermentation preferably also produces hydrogen and carbon dioxide as gaseous by-

products.
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In the above embodiments, the process of fhe invention involves introducing acetate and/or
butyrate produced by the first fermentation into the second fermentation process, in which
alcohbls, hydrogen and carbon dioxide are produced from sugars. The acetate and/or
butyrate can be utilised in the second fermentation, thereby increasing its efficiency.
Without wishing to be bound by theory, it is believed that in this fermentation the acetate
and/or butyrate is taken up by the organism and converted to a biochemical precursor of
alcohol production. The hydrogen and/or carbon dioxide by-product of the mixed alcohol
fermentation is also introduced into the first fermentation process. The introduced
hydrogen and/or carbon dioxide gas is then used as a co-substrate by the microorganisms
performing the fermentation, thereby increasing the efficiency of the first fermentation as

well.

‘An example of one embodiment of the present invention is illustrated in general schematic

form in Figure 1. In this figure, Reaction 1 is the conversion of carbon monoxide-
containing gas from a steel mill to ethanol and acetate, and Reaction 2 is the conversion of
carbohydrate sugars and the acetate by-prodﬁct from Reaction 1, to an alcohol or a mixture
of alcohols and hydrogen and carbon dioxide gases. Gas, produced by Reaction 2, is then
introduced back into Reaction 1. One or a mixture of alcohols, including ethanol and

butanol for example, are recovered as the desired end-products of the integrated process.

The process of the invention has particular applicability to the production of ethanol and/or
butanol from gaseous substrates in which the level of hydrogén is relatively low, such as
automobile exhaust gases and high volume CO-containing industrial flue gases. Examples
include gases produced during ferrous meté.l products manufactuﬁhg, non-ferrous products
manufacturing, petroleum refining processes, gasification of coal, electric power
production, carbon black production, ammonia production, methanol production and coke

manufacturing.

The present invention, by producing its own source of hydrogen (as a by-product of the

second fermentation) enables such gaseous substrates to be used to produce ethanol and/or
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butanol .by anaerobic fermentation, without the need to obtain hydrogen from another
source. Also, because acetate (and/or butyrate) produced as a by-product of the
fermentation is used as a co-substrate to increase the efficiency of the second fermentation
that also produces desired alcohol products, the invention avoids the need to develop

solutions for disposal of the by-product(s).

First Fermentation

A number of anaerobic bacteria are known to be capable of carrying out the fermentation
of CO to ethanol and acetic acid and are suitable for use in the process of the present
invention. Examples of such bacteria that are suitable for use in the invention include
those of the genus Clostridium, such as strains of Clostridium ljuﬁgdahlii, including those
described in WO 00/68407, EP 117309, US patent nos 5,173,429, 5,593,886, and
6,368,819, WO 98/00558 and WO 02/08438, and Clostri'dium autoethanogenum (Aribini
et al, Archives of Microbiology 161: pp 345-351). Other suitable bacteria include those of
the genus Moorella, including Moorella sp HUC22-1, (Sakai et al, Biotechnology Letters
29: pp 1607-1612). The disclosures of each of these publications are fully incorporated
herein by reference. In addition, other acetogenic anaerobic bacteria may be selected by a
person of skill in the art including, for example, bacteria of the genera Oxobacter,
Peptostreptococcus, Acetobacterium, Eubacterium, Desulfotomaculum, ‘Archaeglobulus

and Butyribacterium.

One preferred micro-organism suitable for use in the present invention is Clostridium
autoethanogenum that is available commercially from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH‘ (DSMZ) and having the identifying
characteristics of DSMZ deposit number DSMZ 10061.

A number of anaerobic bacteria are known to be capable of carrying out the fermentation
of CO to butyrate or butanol and butyrate and are suitable for use in the prdcess of the
present invention. Examples of such bacteria include those of the genus Clostridium,
Oxobacter, Peptostreptococcus, Acetobaterium, Eubacterium, Butyribacterium, Moorella,

Desulfotomaculum, and Archaeoglobus, including those described in Henstra et al, 2007
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(Current Opinion in Biotechnology 2007, 18:200-206); for example, Clostridium

-carboxidivorans, Butyribacterium methylotrophicuin, Clostridium tetanomorphum,

Clostridium autoethanogenum, Clostridium ljungda_hlii, Clostridium carboxidivorans,
Clostfidium tetanomorphum, Oxobacter pfennigii, Peptostreptococcus proddctus,
Acetobacterium woodii, Eubacterium limosum, Butyribacterium methylotrophicum,
Moorella thermoacetica, Moorella thermoautotrophica, Desulfotomaculum kuznetsovii,
Desulfotomaculum thermobenzoicum, and Archaeoglobulus fulgidis. Ina preferred
embodiment, the bacterium is Clostridium tetanomorphum. Persons of skill in the art to
which the invention relates may appreciate additional bacteria of use in this embodiment of

the invention.

It should be appreciated that a mixed culture of two or more bacteria may be used in the

first fermentation.

Culturing of the bacteria used in the first fermentation may be conducted using any number
of processes known in the art for culturing and fermenting substrates using anaerobic
bacteria. However, by way of example, those process generally described in the following
articles using gaseous substrates for fermentation may be utilised in the present invention:
K. T. Klasson, M. D. Ackerson, E. C. Clausen and J. L. Gaddy (1991). Bioreactors for
synthesis gas fermentations resources. Conservation and Recycling, 5; 145-165; K. T.
Klasson, M. D. Ackerson, E. C. Clausen and J. L. Gaddy (1991). Bioreactor design for
synthesis gas fermentations. Fuel. 70. 605-614; K. T. Klasson, M. D. Ackerson, E. C.
Clausen and J. L. Gaddy (1992). Bioconversion of synthesis gas into liquid or gaseous
fuels. Enzyme and Microbial Technology. 14; 602-608; J. L. Vega, G. M. Antorrena, E. C.
Clausen and J. L. Gaddy (1989). Study of Gaseous Substrate Fermentation: Carbon
Monoxide Conversion to Acetate. 2. Continuous Culture. Biotech. Bioeng. 34. 6. 785-793;
J.L. Vega, E. C. Clausen and J. L. Gaddy (1989). Study of gaseous substrate
fermentations: Carbon monoxide conversion to acetate. 1. Batch culture. B'iotechnology
and Bioengineering. 34. 6. 774-784; J. L. Vega, E. C. Clausen and J. L. Gaddy (1990).

Design of Bioreactors for Coal Synthesis Gas Fermentations. Resources, Conservation and
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Recyling. 3. 149-160; and, Grethlein et al (1991). Evidence for production of n-Butanol
from Carbon Monoxide by Butyribacterium methylotrophicum. 71. 1.-58-60.

As deécribed above, in a preferred embodiment the carbon source for the first fermentation
reaction is a gaseous substrate comprising CO. The gaseous substrate may be a CO-
containing waste gas obtained from an industrial process. In certain embodiments, the
industrial process is selected from the group consisting of ferrous metal 'products
manufacturing, non-ferrous products manufacturing, petroleum refining processes,
gasification of coal, electric power production, carbon black production, ammonia
production, methanol production and coke manufacturing. Depending on the composition
of the gaseous substrate, it may be desirable to treat it to remove any undesired impurities,
such as sub-micron dust particles before introducing it to the fermentation. For example,

the gaseous substrate may be filtered or scrubbed using known methods.

Alternatively, in other embodiments of the invention, the CO-containing gaseous substrate

-may be sourced from the gasification of biomass. The process of gasification involves

partial combustion of biomass in a restricted supply of air or oxygen. The resultant gas
typically comprises mainly CO and H,, with minimal volumes of CO,, methane, ethylene
and ethane. For example, biomass by-products obtained during the extraction and
processing of foodstuffs such as sugar from sugarcane, or starch from maize or grains, or
non-food biomass waste generated by the forestry industry may be gasified to produce a

CO-containing gas suitable for use in the present invention.

It is generally preferred that the CO-containing gaseous substrate contains a major
proportion of CO, and more preferably at least about 70% to about 95% CO by volume.
However, in one embodiment it could contain from 15% to about 95% CO by volume. It
is not necessary for the gaseous substrate to contain any hydrogen. The gaseous substrate
also preferably contains some CQO;, such as about 1% to about 30% by volume, such as.
about 5% to about 10% CO,.
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It will be appreciated that for growth of the bacteria and CO-to-alcohol and/or acid
fermentation to occur, in addition to the CO-containing substrate gas, a suitable nutrient
medium will need to be fed to the bioreactor. Skilled persons will readily appreciate
appropriate nutrient media of use in the invention. However, briefly, a nutrient medium
will contain vitamins and minerals sufficient to permit growth of the microorganism used.
Anaerobic media suitable for the fermentation of ethanol using CO as the sole carbon
source are known in the art. For example, suitable media are described in US patent nos
5,173,429 and 5,593,886 and WO 02/08438 referred to above. Other suitable media are

described herein after.

The fermentation should desirably be carried out under appropriate conditions for the CO-
to-alcohol and/or acid fermentation to occur. Reaction conditions that should be
considered include pressure, teinperaﬂue, gas flow rate, 1iquid flow rate, media pH, media
redox level, agitation rate (if using a continuous stirred tank reactor), inoculum level,
maximum gas substrate concentrations to ensure that CO in the liquid phase does not

become limiting, and maximum product concentrations to avoid product inhibition.

The optimum reaction conditions will depend partly on the particular micro-organism
used. However, in general, it is preferred that the fermentation be performed at pressure
higher than ambient pressure. Operating at increased pressures allows a significant
increase in the rate of CO transfer from the gas phase to the liquid phase where it can be
taken up by the micro-organism as a carbon source for the production of alcohol. This in
turn means that the retention time (defined as the liquid volume in the bioreactor divided
by the input gas flow rate) can be reduced wheh bioreactors are maintained at elevated

pressure rather than atmospheric pressure.

Also, since a given CO-to-alcohol and/or acid conversion rate is in part a function of the
substrate retention time, and achieving a desired retention time in turn dictates the required
volume of a bioreactor, the use of pressurized systems can greatly reduce the volume of the
bioreactor required, and consequently the capital cost of the fermentation equipment.

According to examples given in US patent no. 5,593,886, reactor volume can be reduced in
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linear proportion to increases in reactor operating pressure, ie bioreactors operated at 10
atmospheres of pressure need only be one tenth the volume of those operated at 1

atmosphere of pressure.

The benefits of conducting a gas-to-alcohol fermentation at elevated pressures have been
described elsewhere. For example, WO 02/08438 describes gas-to-ethanol fermentations
performed under pressures of 30 psig and 75 psig, giving ethanol produi_:tivities of 150
g/l/day and 369 g/l/day pesPéc_ti_Vely. However, example fermentations performed using
similar media and mput 'gas" cbmpdsitions at zvitmospheficypress'ure were fouhd to produce

between 10 and 20 times less ethanol per litre per day.

It is also desirable that the rate of introduction of the CO-containing gaseous substrate is
such as to ensure that the concentration of CO in the liquid phase does not become
limiting. This is because a consequence of CO-limited conditions may be that the alcohol

product is consumed by the culture.

Second fermentation

As outlined above, in preferred embodiments, the process of the present invention involves
recycling of the acetate by-product of the CO-to-ethanol fermentation, and/or the butyrate
by-product of CO-to-butanol fermentation, by using them as an additional co-substrate in a
second fermentation in which alcohols are produced from carbohydrates. In doing so the
acetate and/or butyrate by-product serves to increase the volume of alcohols that can be
pr_oduced per volume of carbohydrate consumed. A by-product of this reaction is the
production of H; and/or CO, gases. These gases (H; and/or CO;) are then introduced into
the first fermentation bioreactor, for use 'as. a substrate by the fermentation micro-

organisms to increase the efficiency of alcohol production.

In one embodiment, the second fermentation is one that produces ethanol. In particularly
preferred embodiments, the second fermentation is one that produces butanol. In another
preferred embodiment, the second fermentation produces a mixture of alcohols, including

butanol and ethanol. In certain embodiments, the second fermentation is a fermentation in



10

15

20

25

.30

WO 2008/115080 PCT/NZ2008/000054

221 -

which three of the products include acetone, butanol and ethanol. Such processes are
known in the art, and are also referred to as Acetone Butanol Ethanol (ABE) processes, or
the Weizmann Process (after Chaim Weizmann who first developed such a process during
World War I). Briefly, these processes involve fermenting a suitable fermentable
carbohydrate-containing feedstock (such as molasses sugars or sugars derived from other
sources) in a suitable nutrient medium in the presence of Clostridium microorganisms

which convert the sugar to a solvent mixture containing butanol, ethanol and acetone.

A number of species of Clostridia are suitable for use in ABE femieritétions. These
include, but are not limited to, Clostridium acetobutylicum, Clostridium butylicum,
Clostridium formicaceticum, Clostridium aerotolerans, Clostridium cellulolyticum,
Clostridium thermocellum, Clostridium butyricum and Clostridium beijerincki. It will also
be appreciated that mixed cultﬁres of two or more different species of bacteria may be
used. In a preferred embodiment the bacferia is Clostridium acetobutylicum, for example
C. acetobutylicum P262. 1t is noted that Clostridium acetobutylicum P262 may also be
known as C. saccharobutylicum (for example C. saccharobutylicum DSM 13864, DSMZ,

Germany).

Culturing of bacteria used in the second fermentation of the invention may be conducted
using any number of processes known in the art for culturing and fermenting carbohydrate

containing substrates using anaerobic bacteria. Examples are also provided herein after.

As described above, the second fermentation also produces cérbon dioxide and/or
hydrogen gases. In the process of the present invention, either one or both of these gases
(preferably hydrogen or a mixture of carboh dioxide and hydrogen) is recycled back into
the first fermentation. This is exemplified in figure 1. Acetate and/or butyrate by-product
is recovered from the first fermentation and introduced into the second fermentation. This

in turn increases the efficiency of the second fermentation.

Without wishing to be bound by any theory, the uptake of acids such as acetate from the

medium has been shown to be direcﬂy coupled to the production of alcohol via
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acetoacetyl-coenzyme A (CoA): acetate/butyrate: CoA-transferase (CoA-transferase).
CoA-transferases activate carboxylic acids to the respective CoA thioester at the expense
of the CoA thioester of another species of carboxylic acid. Thus, the mechanism of acid
utili_zattion by means of the CoA-transferase is energetically favorable because the energy
of the thioester bond is conserved and transferred to the acids without the requirement for
ATP hydrolysis. CoA-transferases show relatively broad substrate specificities, but each
enzyme has characteristic preferred substrates. The uptake of acids by the CoA-
transferases of Clostridium acetobutylicum serves as a detoxification mechanism by

reduciitg the inhibitory effects of acids on cell growth.

Réactors

The first and second fermentations may be carried out in any suitable bioreactor, such as a
continuous stirred tank reactor (CTSR), a bubble columh reactor (BCR) or a trickle bed
reactor (TBR). Also, in some preferred émbodiments of the invention, the bioreactor may
comprise a first, growth reactor in which the micro-organisms are cultured, and a second,
fermentation reactor, to which broth from the growth reactor is fed and in which most of

the fermentation product (ethanol and acetate, for example) is produced.

Product Recovery

The first and second fermentations will result in fermentation broths comprising one or
more desirable products (such as ethanol and butanol) and/or one or more by-products

(such as 'acetate and butyrate), as well as bacterial cells, in a nutrient medium.

An alcohol, such as ethanol or butanol, or a mixed alcohol stream containing ethanol and
butanol for example, may be recovered frotn the fermentation broth by methods known in
the art, éuch as fractional distillation or evaporation, pervaporation, and extractive
fermentation. By-products such as acetate and butyrate may also be recovered from the
fermentation broth using methods known in the art. For example, an adsofption system

involving an activated charcoal filter or electrodialysis may be used.
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Exemplary methods for the recovery of products and/or by-products of the invention
include those described in PCT/NZ2007/000072, US 6,340,581, US 6,136,577, US
5,593,886, US 5,807,722, US 6,368,819, US 6,753,170 and US 5,821,111.

In certain preferred embodiments of the invention, alcohols and acids are recovered from
the fermentation broth by continuously removing a portion of the broth from the first
fermentation bioreactor, separating microbial cells from the broth (convéniently by ‘
filtration), and recovering first alcohol and then acid from the broth. The alcohol may .
conveniently be recovered fof example by distillation, and the acid may be recovered for
example by adsorption on activated charcoal. The separated microbial cells are preferably
returned to the fermentation bioreactor. The cell free permeate remaining after the alcohol
and acid have been removed is also preferably returned to the fermentation bioreactor.
Additional nutrients (such as B vitamins) may be added to the cell free permeate to
replenish the nutrient medium before it ié returned to the bioreactor. Also, if the pH of the
broth was adjusted during recovery of acids and/or alcohols, the pH should be re-adjusted
to a similar pH to that of the broth in the fermentation bioreactor, before being returned to

the bioreactor.

Where a mixed alcohol stream is recovered from one fermentation reaction, the one or
more alcohols can subsequently be separated and mixed with one or more of the alcohols
that is recovered from the other fermentation. In the embodiment illustrated in Figure 1 for
example, ethanol may be separated from the mixed alcohol stream of the second

fermentation and pooled with ethanol recovered from the first fermentation.

Once recovered from the first fermenter, by-products such as acetate and butyrate, may be
fed to the second fermenter using any standard methods or apparatus. The by-products
may be fed in a batch, fed batch or continuous manner to the second fermenter. By-
products such as acetate and butyrate may be added to the second fermenter in any
appropriate concentration or amount as will be appreciated by skilled person. However, by

way of example, acetate and/or butyrate may be added to a concentration of approximately
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0.1 to approximately 10 g/L of fermentation broth, more preferable approximately 0.1 to
approximately 5 g/L of fermentation broth.

The Agé.seous by-products produced by the second fermentation can be captured and fed to
the first fermentation by any known process. However, by way of example gas may be
extracted in a batch or continuous manner from the headspace of the second fermentation
and fed to the first reaction in a batch, fed batch or continuous manner at a desired rate. |
The gas recoveréd from the second fermentation may be fed directly to tﬁe first fermenter
or alternatively, could be combined with a gaseous substrate comprising-CO and then fed
to the first fermenter. Gaseous by-products may be introduced to the first fermenter in any
appropriate concentration or amount as will be appreciated by skilled person. However, in
a preferred embodiment, hydrqgen gas is introduced to a concentration of approximately
1% to approximately 50% by volume (of total gas volumé), more preferably approximately
1% to approximately 25%, and carbon dibkide gas may be introduced to a concentration of
approximately 5% to approximately 20%, more preferably approximately 5% to

approximately 15%.

The invention will now be described in more detail with reference to the following non-

limiting examples.

EXAMPLES

Example 1
The aim of the following set of experiments was to demonstrate that acetate, a co-product

formed during microbial gas-to-ethanol production with gas mixtures lacking hydrogen,
could be used as a co-substrate in a second microbial system that produced hydrogen. The
effect of acetate addition as a co-substrate increases the volume of alcohol (measured as
butanol) production in the hydrogen producing culture. The hydrogen, when recycled to a

gas-to-ethanol production unit, resulted in improved gas-to-ethanol performance.
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The research goal was to demonstrate that the acetate co-product could be used as a co-
substrate, with glucose in the production of alcohol, primarily butanol, in a fermentation
that produced hydrogen gas as a co-product, and the hydrogen could be used to improve
the gas-to-ethanol reaction with Clostridium autoethanogenum‘ growing on otherwise
hydrogen-free gas mixtures. Acetate was added to serum bottle cultures of Clostridium
acetdbutylicum culture, and the degradation of acetate and production of butanol was
measured over time. After a defined culture period, headspace gas collected from cultures
of Clostridium acetobutylicum was pumped into the headspace of reaction vessels |

containing Clostridium autoethanogenum' and the effect on ethanol production determined.

The benefit of effecting a linkage between processes for the production of ethanol from
gases containing CO and processes for the production of mixed alcohols from sugars is
demonstrated. Acetate, a by pfoduct of processes for the production of ethanol from gases
containing CO can be used as a substrate allowing enhanced butanol production in a
process for producing mixed alcohols from sugars. Gases produced as a result of mixed
alcohol production from sugars can in turn be used to obtain increased levels of ethanol

production from CO.

Methods

Growth of Clostridium acetobutylicum strain P262 (accession no. DSM 13864, DSMZ,
Germany) involved methods familiar to those experienced in the art of using this bacterial
species. Cells were maintained in 15 ml Hungate tubes in SmL of media with 10mL
héadspace on basal media (details below) containing acetate at concentrations of either 1.7
g/land 3.7 g /1 for 8 days at 37°C.

Samples of culture media were taken at regular intervals. Cells were maintained in 15 ml
Hungate tubes in SmL of media with 10mL headspace. Hungate tubes were gas tight with
all additions of media, gases and culture through the use of syringes and needles.

To determine the impact of evolved hydrogen gas, 50 ml cultures under a CO; gas head

space in sealed 234ml serum bottles were grown and maintained. Gas, evolved as a result
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of production of alcohol by Clostridium acetobutylicum P262 was displaced from the
serum bottle with culture media and collected in evacuated serum bottles with a

background CO,.

5 Base media used to grow Clostridium acetobutylicum P262

P\ledia Component | Concentration per 1.0L
of Media

ID Glucose . 500 g '

Y east extract : 5.00 g

Ammonium acetate 2.00g

IL-cystenine . 0.50 g

INaCl 1.00 g

MgSO, 0.20g

FeSO,.7TH,O . 0.01g

IDeionised H,O TolL

Growth of Clostridium autoethanogenum (accession no. DSM 10061, DSMZ, Germany)
was undertaken using methods previously described (Phillips, Klasson, Clausen and

Gaddy, Applied Biochemistry and Biotechnology, 39/40 pp 559-571 (1993)).

10 Media Composition for Clostridium autoethanogenum
_ Concentration
Media (LM23) Component per 1.0L of
Media
MgCl, . 6H,0 0.5¢g
NaCl _ 0.2g
CaCl, 0.2g
100mM sodium phosphate buffer 160 ml
NH,4Cl 0.6¢g
85% H3PO, 0.05 ml
KCl ' 0.15

Composite trace metal solution (LSO6) 10 ml
Composite B vitamin Solution (L.S03) 10 ml

Resazurin (1000 mg/L stock) 1 ml
FeCls 0.0025¢
Cystine HCL 0.75g

Distilled water To 1 litre |
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Composite B vitamin Solution (LS03) per L of
| Stock
Biotin , 20.0 mg
Folic acid 20.0 mg
Pyridoxine hydrochloride - 10.0 mg
-[Thiamine . HCl ' ‘ 50.0 mg
Riboflavin , 50.0 mg
Nicotinic acid ' 50.0 mg
Calcium D-(*)-pantothenate 50.0 mg
Vitamin B12 ‘ ' 50.0 mg
p-Aminobenzoic acid _ 50.0 mg
Thioctic acid 50.0 mg
Distilled water ' To 1 Litre.
Composite trace metal solution (LSO6) per L of
stock
Nitrilotriacetic Acid 1.5¢g
MgS0,4.7H,0 3.0g
MnS0O4.H,0 0.5¢g
NaCl 1.0g
FeS04.7H,0 0.1g
Fe(SO4)2(NH4),. 6H,O 0.8g
COClz. 6H20 0.2g
ZnSO4.7H20 . - O.2g
‘ CuClz. 2H20 . ‘ 0.02g
AIK(S04),.12H,0 0.02g
H3;BO; _ 0.30g
NaMo04.2H,0 0.03g
*NaZSeO3 0.02g
*NiCl,. 6H,O 0.02¢
*Na, W0O,.6H,0 0.02¢

Clostridium autoethanogenum cells were maintained in 234 ml serum bottles in 50mL of
media with 184mL headspace. Serum bottles were gas tight with all additions of media,
gases and culture through the use of syringes and needles. Serum bottles were continuously -

agitated to increase gas-to-liquid mass transfer.
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Acetate, butanol and ethanol determinations:
Gas Chromatograph HP 5890 series II -Utilizing a flame ionization detector (FID),

removable, deactivated glass, injection port liner, associated regulators, gas lines, and

éepta.

Capillary GC Column EC1000- Alltech EC1000 30m x 0.25mm x 0.25um column
Autoinjector HP 7673A.

The Gas Chromatograph was operated in Split mode with a total flow of hydrogen of 50

mL/min with 5 mL purge flow (1:10 split), a column head pressure of 10 PIS resulting in a
linear velocity of 45 cm/sec. The temperature program was initiated at 60 degrees C, hold
for 1 minute then ramped to 170 degrees at 30 degrees per minute, then held for 3 minutes.
This resulted in a.total run timé of 11.8 minutes. Injector.temperature was 180 degrees and

the detector temperature was 225 degrees.

Reagents used were Propan-1-ol-Reagent grade. Scharlau AL0437; Min assay by GC
99.5%; Butanol, Ethanol absolute- Scharlau ET0015, Min assay by GC 99.9; Acetic acid
100% glacial- BDH 100015N, Min assay by GC 99.8%; Orthophosphoric acid-BDH
294214Q, Min assay by GC 99.0%; Nitrogen — BOC Oxygen Free-GC make up gas;
Hydrogen — BOC Oxygen Free-GC carrier gas and FID fuel; Zero air-FID oxidant; Water-

deionized.

Results

Impact of acetate on alcohol production by Clostridium acetobutylicum P262 cultures
An experiment was performed to deterrniné the impact of acetate on butanol production,
when added at various initial concentrations to batch fermentations of Clostridium

acetobutylicum P262 over time.

Three concentrations of acetate in the initial innoculum media of a Clostridium
acetobutylicum P262 culture were contrasted to determine the impact of acetate as a co-

substrate in the production of butanol. For each initial acetate concentration ten Hungate
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tubes were prepared. Cultures containing initial acetate concentrations of,1.7g/1and 3.7

g /1 were compared over 7 days.

The results, depicted in figures 2 and 3, indicate that an increased level of butano]
5 production over the culture period is correlated with an increased initial concentration of
acetate in the culture media. Acetate concentrations in the media were observed to fall

over the culture period in correlation with butanol production.

Impact of headspace gases from Clostridium acetobutylicum cultures on Clostridium

10  autoethanogenum cultures |
To determine the impact of gases evolved by a fermentation to produce mixed alcohols, 50
ml cultures of Clostridium ace_tobutylicum P262 under an initial gés headspace of CO; in
sealed 234ml serum bottles were grown and maintained for 7 days. Gas, evolved as a
result of production of alcohol by Clostridium acetobutylicum was displaced from the

15 serum bottle with culture media and collected in evacuated serum bottles with a gas
background of CO,. Established, 50 ml Clostridium autoethanogenum cultures were in

sealed 234ml serum bottles in the presence of the following gases at 37°C for 3 days:

Headspace gas Abbreviation
100% CO, at 35 psig ' - CO,
95% CO /5% CO,at 35 psig Cco

Headspace gas collected from a Clostridium

acetoblutylicum culture. Gas was injected into the
evacuated headspace with a background gas of ~ ABE
CO,. Headspace gas pressure was adjusted to 35

| psig with CO,

20 Ethanol and acetate production by Clostridium autoethanogenum cultures was measured
~ using a Hewlett Packard 5890 (IT) Gas chromatograph. The results are presented in figure
4.



10

15

20

25

.30

WO 2008/115080 PCT/NZ2008/000054

-30-

The results shown graphically in figure 4 contrast the production of ethanol and acetate by
cultures incubated with a culture headspace containing either CO/CO, (CO), CO, ( CO3)
with those incubated with gases evolved by the Clostridium acetobutylicum culture plus
CO, (ABE gas) under the conditions used. When incubated in the presence of ABE gas,
Clostridium autoethanogenum cultures produced elevated levels of both acetic acid and
ethanol as compared to cultures incubated with a headspace containing CO gas. In
addition, the ratio of these produced (ethanol and acetate) was observed .-to be altered in
favour of ethanol production in cultures that were incubated in the presence of ABE gas.
In the case of cultures that were incubated in the presence of ABE gas the ethanol:acetate
ratio was 0.4, while in cultures that were incubated in the presence of CO the
ethanol:acetate ratio was 0.1. No ethanol or acetate was produced by control cultures

incubated with a headspace of CO, alone.

Example 2
The aim of the following experiment was to demonstrate that: 1) butyrate formed during

microbial fermentation of a carbon monoxide containing substrate, could be used as a co-
substrate in a second microbial system that produced hydrogen; and/or, 2) butyrate and
acetate, co-products formed during microbial fermentations of a substrate to ethanol and/or .
butanol, could both be used as co-substrates in a second microbial system that produced
hydrogen. The effect of butyrate, or butyrate and acetate, addition as co-substrate(s)

increases the volume of butanol production in the hydrogen producing culture.

Methods

Growth of Clostridium acetobutylicum strain 824 (accession no. DSM 792, DSMZ,
Germany) involved methods familiar to thdse experienced in the art of using this bacterial
species. . Cells were maintained in 234 ml serum bottles in 50mL of media with 184mL
headspace on basal media containing butyrate, or acetate and butyrate, at increasing
concentrations ranging from 0 to 2.6 g/l for acetate and 0 to 2.3 g/1 for butyrate for 5-days
at 35°C. ‘
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Base media used to grow Clostridium acetobutylicum 824

Media Component Concentration per 1.0L
of Media

D Glucose 50.0g .
\Yeast extract ) 5.00 g

- Ammonium chloride 2.00 g
IL-cystenine 0.25g
NaCl 1.00 g
K,HPO, _0.75g
KH,PO, 0.75g
MgSO, - 020g
MnSO,.7H,0 ' 001lg
FeSO,.7H,0 . 00lg
IDeionised H,O » TolL

Samples of culture media were taken at regular intervals. Serum bottles were gas tight

with all additions of media, gases and culture'through the use of syringes and needles.

Acetate, butyrate, butanol and ethanol determinations were determined using HPLC and/or
GC as follows:

HPLC

HPLC System Agilent 1100 Series. Mobile Phase: 0.0025N Sulphuric Acid. Flow and
pressure: 0.800 mL/min. Column: Alltech IOA; Catalog # 9648, 150 x 6.5 mm, particle
size 5 pm. Temperature of column: 60°C. Detector: Refractive Indéx. Temperature of
detector: 45°C. |

Method for sample preparation: 400 uL of sample + 50 uL of 0.15M ZnSO4 + 50 pL of
0.15M Ba(OH); into an eppendorf tube. Centrifuge 10 min at 12,000rpm, 4°C. Transfer
200 pL supernatant into an HPLC vial and inject into the HPLC instrument SuL.

Gas Chromatography

Gas Chromatograph HP 5890 series II utilizing a flame ionization detector (FID).
Capillary GC Column: EC1000- Alltech EC1000 30m x 0.25mm x 0.25um. The Gés
Chromatograph was operated in Split mode with a total flow of hydrogen of 50 mL/min
with 5 mL purge flow (1:10 split), a column head pressure of 10 PIS resulting in a linear
velocity of 45 cm/sec. The temperature program was initiated at 60°C, hold for 1 minute
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then ramped to 170°C at 30°C per minute, then held for 3 minutes. This resulted in a total
run time of 11.8 minutes. Injector temperature was 180°C and the detector temperature
was 225°C. |

Method for sample preparation: Centrifuge 500 pL sample for 10 min at 12,000rpm, 4°C.
Transfer 25 pL supernatant into an GC vial containing 450 pL water and 25 pL of internal
standard spiking solution (10 g/L propan-1-ol, 5 g/L iso-butyric acid, 650 mM phosphoric
acid). Inject 1 pL into the GC instrument.

Results

Impact of butyrate or butyrate and acetate on alcohol productibn by Clostridium
acetobutylicum cultures | '

An experiment (see figure 5) was performed to determine the impact of butyrate or acetate
and butyrate on butanol production, wheh added at various initial concentrations to batch

fermentations of Clostridium acetobutylicum 824 over time.

The culture not spiked with acetate nor butyrate produces low final concentration of
butanol (0.6g/1) and a final overpressure in the headspace of 26 psig. When increasing
amounts of butyrate (from 0.8g/1 to 2.3 g/1) are added at the start of the culture, increasing
amounts of butanol (1 g/l to 1.5 g/l) and gas (overpressure increases frofn 27 psig to 34
psig) is produced. This indicates that ihcreasing amounts of Hydrogen and Carbon dioxide
gas are béing produced. Ethanol final concentration remains unchanged. Similar results
are obtained when spiking the culture with increasing amounts of a mixture of acetate and
butyrate: there is an increased butanol production (67 to 150% increase for butanol
production compared to unspiked culture) and enhanced Hydrogen.and Carbon dioxide gas
production (from 26 psig overpressure for the unspiked control to a maximum 42 psig

overpressure for the culture spiked with 2.6 g/l acetate and 2.1 g/l butyrate).

The results, depicted in figure 5, indicate that an increased level of butanol production over
the culture period is correlated with an increased initial concentration of butyrate and/or

butyrate and acetate in the culture media.
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Example 3
The following experiment was designed to demonstrate that: 1) the addition of hydrogen

gas _cduld be used to improve the gas-to-ethanol reaction with Clostridium
autoethanogenum growing on a substrate containing carbon monoxide; and, 2) the addition
of hydrogen gas could be used to improve the gas-to-butyrate reaction with Clostridium

tetanomorphum (DSM 528) growing on a substrate containing carbon monoxide.

Methods

Growth of Clostridium autoethanogenum was undertaken as per example 1.

Clostridium tetanomorphum (DSM 528) cells were maintained in maintained in 234 ml
serum bottles in 50mL of media (media as per example 1 for Clostridium
autoethanogenum, supplementéd with 1 g/l Yeast Extracf) with 184 mL headspace (95%
CO in CO2, 30psig overpressure). Seruni bottles were gas tight with all additions of
media, gases and culture through the use of syringes and needles. Serum bottles were

continuously agitated to increase gas-to-liquid mass transfer.

Acetate, butyrate, butanol and ethanol determinations were determined using methodology

and apparatus as per Example 2.

Results -

Impact ofhydro_gen on product formation in the fermentation of a Carbon monoxide
containing substrate by Clostridium tetanomorphum and Clostridium autoethanogenum
cultures

An experiment (see figure 6) was performed to determine the impaét of Hydrogen, when
added at various initial concentrations to batch fermentations of Clostridium
autoethanogenum, on acetate and ethanol production from a Carbon monoxide containing

substrate, over time.

Hydrogen gas was added into the headspace of serum bottles at the start of the carbon |

monoxide containing substrate fermentation to reach a final overpressure of 30 psig and a
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gas composition of 17% CO, 5% CO2 and increasing hydrogen concentration from 0%

(Hydrogen partial pressure of 0.0 psig) to 13.7% (Hydrogen partial pressure of 6.1 psig).

By the end of the experiment all the CO gas supplied at the start of the culture was
depleted, except for the control culture not spiked with hydrogen gas. The unspiked control
shows low ethanol specific production of 1.2 gram per gram of cell dry weight (g/g CDW).
When increasing amounts of hydrogen are spiked in the headspace of the cultures, there is
an increase of acetate (to 14.5 g/ g CDW) and ethanol specific production (to 4.7 g/g
CDW). When comparing the partial préssure of hydrogen gas at the start and end of the
experiments, a decrease can be observed, suggesting that a level of hydrogen is consumed
in all cases where hydrogen is available. These results show that the presence of hydrogen
in the headspace strongly promotes ethanol production and allows the full utilisation of the

CO gas in the headspace.

A further experiment (see figure 7) was performed to determine the impact of hydrogen,
when added at the start of a batch fermentations of Clostridium tetanomorphum, on
butyrate production from a carbon monoxide containing substrate, over time. Two
different gases were tested; one containing 95% CO in CO2 and another containing 20%
H2, 20% CO and 8% CO2 in N2.

At the end of the fermentation, the culture containing hydrogen shows enhanced butyrate
specific production (from 1.9 to 4.8 g/g CDW). '

Taken together, examples 2 and 3 demonstrate the benefit of effecting a linkage between
processes which produce the likes of one or more of acetate, ethanol, butyrate and/or
butanol from CO containing gases and processes for the production of alcohols from
sugars. In particular, butyrate or butyrate and acetate produced from fermentation on gases
containing CO can be used as a substrate allowing enhanced butanol production in a
process for producing mixed 'alcoholé from sugars. Gases produced as a result of mixed
alcohol production from sugars can in turn be used to obtain increased levels of ethanol,

acetate, and butyrate. The inventors also believe such gases can be used to obtain
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increased levels of butanol in those bacterial cultures adapted to produce butanol from

gaseous substrates containing CO.

The ‘speciﬁc methods and compositions described herein are representative of preferred
embodiments and are exemplary and not intended as limitations on the scope of the
invention. Other objects; aspects and embodiments will occur to those skilled in the art
upon consideration of this specification, and are encompassed within the scope and spirit
of the invention: It will be readily apparent to one skilled in the art that varying
substitutions and modifications may be made to the invention disclosed herein without
departing from the scope and spirit of the invention. The invention illustratively described
herein suitably may be practised in the absence of any element or elements, or limitation or
limitations, which is not specifically disclosed herein as essential. Thus, for example, in
each instance herein, in embodiments or examples of the ‘present invention, the terms

“comprising”, “including”, “containing” efc are to be read expansively and without

limitation.

The entire disclosures of all applications, patents and publications, cited above and below,

if any, are hereby incorporated by reference.

The reference to any prior art in this specification is not, and should not be taken as, an
acknowledgment or any form of suggestion that that prior art forms part of the common

general‘knowledge in New Zealand or any other country.
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CLAIMS:

A process for producing one or more desired products, the process comprising

carrying out first and second fermentations of substrates in first and second

-bioreactors, wherein each fermentation produces one or more desired products and/or

one or more by-products that can be utilised in the other fermentation, and the process
further coinprising the steps of (a) introducing one or more products and/or by-
products of the first fermentation that can be utilised by the second fermentation into
the second bioreactor during the fermentétion, and (b) introducing one or more
products and/or by-products of the second fermentation that can be utilised by the first

fermentation into the first bioreactor during the fermentation.

A process as.claimed in claim 1 wherein the process comprises carrying out a first

fermentation of gaseous substrate comprising carbon monoxide in a first bioreactor.

A process as claimed in claims 1 or 2 wherein the process comprises carrying out a

second fermentation of carbohydrate-containing substrates in a second bioreactor.

A process as claimed in any one of claims 1 to 3 further comprising the step of

recovering one or more desired products from one or both fermentations.

A proéess as claimed in any one of claims 1 to 4 wherein the desired product is one or

more alcohol.

A process as claimed in claim 5 wherein the desired products comprise ethanol or

butanol or both ethanol and butanol.

A process as claimed in any one of claims 1 to 6 wherein each fermentation produces

ethanol or butanol or both.

A process as claimed in any one of claims 1 to 7 wherein the product or by-product

introduced in step (a) is acetate.
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A process as claimed in any one of claims 1 to 7 wherein the second fermentation

produces butanol and the product or by-product introduced in step (a) is butyrate.

A process as claimed in any one of claims 1 to 7 wherein the product or’by-pr(‘)ducts

introduced in step (a) are actetate and butyrate.

A process as claimed in any one of claims 1 to 10 wherein the products or by-products

introduced in step (b) are hyrodgen or carbon dioxide or both.

A process for prbducing one or more desired products selected from alcohols and by-
products of fermentation processes that produce alcohols, the process comprising the
following steps, in any order: | _

(a) in a first bioreactor, carryihg out a first fermentation process comprising
fermenting -a gaseous substrate comprising carbon monoxide to produce
reaction products comprising acetate and/or butyrate;

(b) introducing acetate and/or butyrate obtained from the first fermentation into a
second bioreactor;

(c) in the second bioreactor, fermenting a carbohydrate-containing substrate to

\ produce reaction prodﬁcts comprising one or more alcohols and hydrogen and
carbon dioxide gases;

(d) introducing hydrogen or carbon dioxide, or both, obtained from the second

fermentation into the first bioreactor during the first fermentation.

A process as claimed in claim 12 wherein step (a) produces reaction products

comprising one or more alcohols and acetate and/or butyrate.

A process as claimed in claim 12 or 13 wherein the desired products 'comprise'one or

both of ethanol and butanol.
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15. A process for producing ethanol, the process comprising the following steps, in any

16.

17.

18.

19.

order: .

@)

(b)

©

(d)

(¢)

in a first bioreactor, carrying out a first fermentation comprising fermenting a
gaseous substrate comprising carbon monoxide to produce reaction products
comprising ethanol and acetate;

introducing acetate obtained from the first fermentation process into a second
bioreactor; .

in the second bioreactor, carrying out a second fermentation comprising
fermenting a carbohydrate-containing substrate to produce reaction products
comprising butanol, ethanol, and hydrogen and carbon dioxide gases;
introducing hydrogen gas or carbon dioxide, or both, obtained from the second
fermentation process into the first bioreactor during the first fermentation
process; and |

recovering ethanol from the first fermentation or second fermentation or both.

A process as claimed in claim 15 wherein the first fermentation is carried out by one

or more strains of anaerobic acetogenic bacteria.

A process as claimed in claim 16 wherein, the acetogenic bacterium is selected from

Clostridium, Moorella, Oxobacter, Peptostreptococcus, Acetobacterium,

Eubacterium, Desulfotomaculum, Archaeglobulus and Butyribacterium.

A process as claimed in claim 17 wherein the acetogenic bacterium is Clostridium

autoethanogenum.

A process for producing butanol, the process comprising the following steps, in any

order:

(a) 1in a first bioreactor, carrying out a first fermentation comprising fermenting a

gaseous substrate comprising carbon monoxide to produce reaction products

comprising butanol and butyrate;
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(b) introducing butyrate obtained from the first fermentation prbcess into a second
bioreactor; |

(c¢) in the second bioreactor, carryirig out a second fermentation comprising

| fermenting a carbohydrate-containing substrate to produce reaction products
comprising butanol, ethanol, and hydrogen and carbon dioxide gases;

(d) introducing hydrogen gas or carbon dioxide, or both, obtained from the second
fermentation process into the first bioreactor during the first fermentation
process; and |

(e) recovering butanol from the first fermentation or second fermentation or both.

A process as claimed in claim 19 wherein the first fermentation is carried out by one
or more strains of Clostridium, Oxobacter, Peptostreptococcus, Acetobaterium,
Eubacterium, Butyribacterium, Moorella, Desulfotomaculum, and Archaeoglobus

bacteria.

A process as claimed in claim 20 wherein the bacterium is Clostridium

tetanomorphum.

A process as claimed in any one of claims 15 to 21 wherein the second fermentation

is carried out by one or more bacteria of the genus Clostridium.

A process as claimed in claim 22 wherein the bacterium is Clostridium

acetobutylicum.

A process as claimed in any one of claims 14 to 23 wherein ethanol, butanol, acetate
and/or butyrate are continuously recovered from the first bioreactor and recovered

acetate and/or butyrate are continuously introduced into the second bioreactor.

A process as claimed in claim 24 wherein the recovery of ethanol, butanol, acetate

and/or butyrate comprises continuously removing a portion of fermentation broth
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from the bioreactor and recovering separately ethanol, butanol, acetate and/or

butyrate from the removed portion of the broth.

‘ A process as claimed in claims 24 or 25 wherein the recovery of ethanol, butanol,

acetate and/or butyrate includes passing the removed portion of the broth containing
ethanol, butanol, acetate and/or butyrate through a separation unit to separate
bacterial cells from the ethanol, butanol, acetate and/or butyrate, to produce a cell-
free ethanol-, butanol-, acetate- and/or butyrate- containing permeate, and returning

the bacterial cells to the first bioreactor.

A process as claimed in any one of claims 23 to 26 wherein the recovery of ethanol,
butanol, acetate and/or butyrate preferably includes first removing ethanol and/or
butanol from the cell-freé permeate followed by refnoving acetate and/or butyrate
from the cell-free permeate, then refurning the cell-free permeate to the first

bioreactor.

A process as claimed in any one of claims 2 to 27 wherein the gaseous substrate is a

waste gas obtained from an industrial process.

A process as claimed in claim 28 wherein the industrial process is selected from the
group consisting of ferrous metal products manufacturing, non-ferrous products
mahufactun'ng, petroleum refining processes, gasification of biomass, gasification of
municipal waste, gasification of coal, electric power production, carbon black

production, ammonia production, methanol production and coke manufacturing.

A process as claimed in any one of claims 2 to 27 wherein the gaseous substrate

comprises automobile exhaust fumes. -

A process as claimed in any one of claims 2 to 30 wherein the gaseous substrate
contains less than about 15% H, by volume, such as less than about 10% H,, such as
less than about 5% H,.
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A process as claimed in any one of claims 2 to 31 wherein the gaseous substrate

comprises about 70% CO to about 95% CO by volume.

A process as claimed in any one of claims 12 to 32 wherein the reaction products of
the second fermentation include ethanol, butanol, acetate, butyrate, acetone,

hydrogen and carbon dioxide.

A process as claimed in any one of claims 12 to 33 wherein step (d) comprise‘s‘
introducing hydrogen obtained from the second fermentation into the first

fermentation.

A process as claimed in any one of claims 12 to 34 wherein step (d) comprises
introducing both carbon dioxide and hydrogen obtained from the second

fermentation into the first fermentation.
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In assessing whether there is more than one invention claimed, I have given consideration to those features which can
be considered to potentially distinguish the claimed combination of features from the prior art. Where different claims
have different distinguishing features they define different inventions.

This International Searching Authority has found that there are different inventions as follows:

e Claims 1-11 are directed to a process for producing one or more desired products comprising carrying
out first and second fermentations of substrates in first and second bioreactors, wherein each
fermentation produces one or more desired products and/or one or more by-products that can be

" utilised on the other fermentation.

e C(Claims 3 (when dependent on claim 2) and 12-35 are directed to a process for producing comprises a
second distinguishing feature producing one or more desired products comprising carrying out first
and second fermentations of substrates in first and second bioreactors, wherein each fermentation
produces one or more desired products and/or one or more by-products that can be utilised on the
other fermentation wherein the process comprises carrying out the first fermentation of gaseous
substrate in a first bioreactor and second fermentation of carbohydrate-containing substrates in a
second bioreactor. :

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship
among the claimed inventions involving one or more of the same or corresponding special technical features. PCT
Rule 13.2, second sentence, defines a special technical feature as a feature which makes a contribution over the prior
art.

Each of the abovementioned groups of claims has a different distinguishing feature and they do not share any feature
which could satisfy the requirement for being a special technical feature. Because there is no common special technical
feature it follows that there is no technical relationship between the identified inventions. Therefore the claims do not
satisfy the requirement of unity of invention a priori.

Form PCT/ISA/210 (extra sheet)(April 2007)
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International application No.

PCT/NZ2008/000054

!

This Annex lists the known "A" publication level patent family members relating to the patent documents cited in the
above-mentioned international search report. The Australian Patent Office is in no way liable for these particulars

which are merely given for the purpose of information.

Patent Document Cited in Patent Family Member
Search Report

Us 2003211585 AU 77103/01 BR 0112251 CA 2416500
CN 1444658 | EP 1303629 HU 0301388
MX  PA03000711 NZ 523484 PL 368906
us 7285402 WO 0208438 ZA 200300325

US 2003106437

US- 6136577 AU 63441/96 BR 9612653 CA 2259492
CN 1228124 EP 0909328 uUsS 5593886
uUsS 5807722 us 5821111 us 6340581

WO 9800558

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

END OF ANNEX
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