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57 ABSTRACT

The present invention provides methods and systems for
extracting ethanol from an ethanol-water solution comprising
(1) extracting ethanol from an ethanol-water solution with a
first solvent comprising an esterified fatty acid, wherein the
esterified fatty acid comprises a hydroxylated fatty acid com-
ponent and an alcohol component such that the alcohol com-
ponent is a C;_g alcohol, such that the distribution coefficient
for ethanol in the mixture of the ethanol-water solution and
the first solvent is at least 0.02 favoring the transfer of ethanol
from the ethanol-water solution to the first solvent, thereby
extracting the ethanol from the ethanol-water solution into the
first solvent, and (2) extracting the ethanol-enriched first sol-
vent with carbon dioxide, such that the carbon dioxide is at a
liquid or near supercritical phase, wherein the distribution
coefficient for ethanol in a mixture of the first solvent and the
carbon dioxide is at least 0.1 favoring the transfer of ethanol
from the first solvent to the carbon dioxide.
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Figure 1
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ENERGY EFFICIENT SEPARATION OF
ETHANOL FROM AQUEOUS SOLUTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present invention is the U.S. National Phase
entry under 35 U.S.C. §371 of International Application No.
PCT/US08/63677, filed May 15, 2008, which claims priority
from and the benefit of U.S. Provisional Application No.
60/939,934, filed on May 24, 2007, the entire disclosure of
which is hereby incorporated herein by reference for all pur-
poses.

FIELD OF THE INVENTION

[0002] The present invention relates to the energy efficient
and selective extraction of ethanol from an aqueous solution.

BACKGROUND OF THE INVENTION

[0003] The notion of using a liquid solvent to extract etha-
nol from an aqueous solution has been pursued since the early
1980s. For example, in 1984, Munson and King published
“Factors Influencing Solvent Selection for Extraction of
Ethanol from Aqueous Solutions,” Industrial and Engineer-
ing Chemistry Process Design and Development, 23, p 109-
115. Munson and King examined solvents and solvent mix-
tures for the extraction of ethanol from dilute aqueous
solutions. Results were tabulated on the basis of capacity, as
represented by the distribution coefficient, and selectivity, as
represented by the separation factor. Munson and King
showed that an increasing distribution coefficient generally
correlates with a decreasing separation factor. Thus, as the
solvent become more effective for extracting ethanol, the
solvent, unfortunately, becomes less effective for rejecting
the water.

[0004] Previously disclosed methods of using an oil to
extract ethanol from a dilute aqueous solution have proven to
be energetically and economically inefficient. For example,
Metha and Fraser, “A Novel Extraction Process for Separat-
ing Ethanol and Water,” Industrial and Engineering Chemis-
try Process Design and Development, 24, 1985, p 556-560
detail a method to use light paraffin oil to extract ethanol from
water. Their method leverages the ternary phase behavior of
ethanol-water-paraffin oil system. The proposed process
scheme requires process temperatures in the range from 30°
C. to 115° C. The report does not provide the optimum pro-
cess conditions. Ethanol’s boiling point is 78° C. Further-
more, in order to have favorable energy input into the process,
the process requires that paraffin oil travel with the discharged
ethanol. Because paraffin oil is more valuable than ethanol, it
is not clear that the proposed process has an economic advan-
tage.

[0005] Numerous published methods for the extraction of
ethanol require a distillation step to remove ethanol from
water, which is energetically and economically inefficient,
and an unnecessary additional step. For example, U.S. Pat.
Nos. 4,409,406, 4,865,973;4,770,780; 5,036,005; and 5,215,
902 each disclose processes for the extraction of ethanol that
require a distillation step to remove ethanol from water.
[0006] Others have also proposed using carbon dioxide as a
primary extractant of ethanol from an aqueous solution. How-
ever, these methods are limited by the distribution coefficient
between ethanol-water and CO, that has been measured to be
on the order of 0.1 by numerous researchers, e.g. Krukonis
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(FI1G. 8.11, p. 173, McHugh, M., Krukonis, V., Supercritical
Fluid Extraction, 2nd Ed., Butterworth-Heinemann, 1994).
These processes have no energy advantage over a traditional
binary distillation process. See, for example, U.S. Pat. Nos.
4,842,693 5,160,044; and 4,770,780.

[0007] There remains a need for an energetically and eco-
nomically favorable extraction of ethanol from dilute aque-
ous solutions. The present invention addresses this and other
needs.

BRIEF SUMMARY OF THE INVENTION

[0008] The present invention provides methods and sys-
tems for extracting ethanol from an ethanol-water solution. In
some embodiments, the methods comprise:

[0009] a) mixing an ethanol-water solution with a first
solvent comprising an esterified fatty acid, wherein the
esterified fatty acid comprises a hydroxylated fatty acid
component and an alcohol component such that the alco-
hol component is a C3 6 alcohol, wherein the distribu-
tion coefficient for ethanol in the mixture of the ethanol-
water solution and the first solvent is at least 0.02
favoring the transfer of ethanol from the ethanol-water
solution to the first solvent, thereby extracting the etha-
nol from the ethanol-water solution into the first solvent;

[0010] b) separating the first solvent and the ethanol-
water solution;

[0011] c) contacting the first solvent with carbon diox-
ide, wherein the carbon dioxide is at a liquid or near
supercritical phase, wherein the distribution coefficient
for ethanol in a mixture of the first solvent and the carbon
dioxide is at least 0.1 favoring the transfer of ethanol
from the first solvent to the carbon dioxide, thereby
extracting the ethanol from the first solvent into the
carbon dioxide; and

[0012] d) converting the carbon dioxide to vapor phase,
thereby releasing the ethanol from the carbon dioxide,
yielding a solution of greater ethanol concentration than
the ethanol concentration in the starting ethanol-water
solution. In some embodiments, a substantially pure
ethanol solution is yielded.

[0013] In some embodiments, the ethanol-water solution
comprises less than 99% ethanol (v/v). In some embodi-
ments, the ethanol-water solution is a dilute ethanol solution.
In some embodiments, the ethanol-water solution is a fermen-
tation broth.

[0014] In some embodiments, the hydroxylated fatty acid
component of the esterified fatty acid is ricinoleic acid. In
some embodiments, the esterified fatty acid is a triglyceride.
In some embodiments, the triglyceride comprises 1 to 3 rici-
noleic acid substituents.

[0015] In some embodiments, the alcohol component is
glycerol.

[0016] Insome embodiments, the first solvent is castor oil.
[0017] Insome embodiments, the first solvent is contacted

with the carbon dioxide in a counter current column.
[0018] Insomeembodiments, the ethanol is extracted with-
out a distillation step to remove ethanol from water, i.e., no
distillation of the ethanol-water stream.
[0019] In a further aspect, the invention provides systems
for extracting ethanol from an ethanol-water solution. In
some embodiments, the systems comprise:

[0020] a liquid feed inlet to receive the ethanol-water

solution and a first solvent;
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[0021] a mixer configured to continuously mix the etha-
nol-water solution and the first solvent, wherein the
ethanol-water solution comprises ethanol and the first
solvent comprises an esterified fatty acid, wherein the
esterified fatty acid comprises a hydroxylated fatty acid
component and an alcohol component such that the alco-
hol component is a C3 6 alcohol, wherein the distribu-
tion coefficient for ethanol in the mixture of the ethanol-
water solution and the first solvent is at least 0.02
favoring the transfer of ethanol from the ethanol-water
solution to the first solvent, thereby extracting the etha-
nol from the ethanol-water solution into the first solvent,
the liquid feed inlet being configured for fluid commu-
nication with the mixer;

[0022] a separation vessel, being configured for fluid
communication with the mixer;

[0023] an extraction vessel configured to extract the
ethanol with carbon dioxide, wherein the carbon dioxide
is at a liquid or near supercritical phase, wherein the
distribution coefficient for ethanol in a mixture of the
first solvent and the carbon dioxide is at least 0.1 favor-
ing the transfer of ethanol from the first solvent to the
carbon dioxide, thereby extracting the ethanol from the
first solvent into the carbon dioxide, the extraction ves-
sel being configured for fluid communication with the
separation vessel;

[0024] avaporizer configured to convert the carbon diox-
ide to vapor phase, thereby releasing the ethanol from
the carbon dioxide, whereby the ethanol is extracted
from the ethanol-water solution, the vaporizer being
configured for fluid communication with the extraction
vessel; and

[0025] a collector configured to receive the ethanol, the
collector being configured for fluid communication with
the vaporizer.

[0026] Insome embodiments, the ethanol-water solution is
a fermentation broth.

[0027] In some embodiments, the liquid feed inlet is
selected from the group consisting of hose, piping and tubing.

[0028] Insomeembodiments, the mixer is an in-line mixer.
[0029] In some embodiments, the separation vessel is a
centrifuge.

[0030] In some embodiments, the extraction vessel is a

countercurrent column.

[0031] In some embodiments, the vaporizer further com-
prises a heat pump for the vaporization and recovery of liquid
carbon dioxide.

[0032] In some embodiments, the collector is a cyclone
separator.
[0033] In some embodiments, the separation vessel is in

fluid communication with the liquid feed inlet for recycling
the ethanol-water solution. In some embodiments, the extrac-
tion vessel is in fluid communication with the liquid feed inlet
for recycling the first solvent.

[0034] Insomeembodiments, the system further comprises
a condenser to convert the vapor phase carbon dioxide to the
liquid or near supercritical phase, the condenser being con-
figured for fluid communication with the collector.

[0035] In some embodiments, the condenser is in fluid
communication with the extraction vessel for recycling the
carbon dioxide.

[0036] In some embodiments, the system allows for con-
tinuous flow processing.
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[0037] Insomeembodiments, the ethanol is extracted with-
out a distillation step to remove ethanol from water, i.e., no
distillation of the ethanol-water stream.

DEFINITIONS

[0038] As used herein, the term “hydroxylated fatty acid”
refers to a carboxylic acid having 8 to 30 carbons and substi-
tuted with one or more hydroxy groups. Hydroxylated fatty
acids can be saturated, mono-unsaturated or poly-unsatur-
ated. Hydroxylated fatty acids useful in the present invention
also include branched hydroxylated fatty acids such as iso-
fatty acids. Examples of hydroxylated fatty acids useful in the
present invention, include, but are not limited to, hydroxy-
lated versions of the following fatty acids: capric acid (C10),
lauric acid (C12), myristic acid (C14), palmitic acid (C16),
palmitoleic acid (C16), stearic acid (C18), isostearic acid
(C18), oleic acid (C18), vaccenic acid (C18), linoleic acid
(C18), alpha-linoleic acid (C18), gamma-linolenic acid
(C18), arachidic acid (C20), gadoleic acid (C20), arachidonic
acid (C20), eicosapentaenoic acid (C20), behenic acid (C22),
erucic acid (C22), docosahexaenoic acid (C22), lignoceric
acid (C24) and hexacosanoic acid (C26). Other examples of
hydroxylated fatty acids useful in the present invention
include, but are not limited to, ricinoleic acid, dimorphecolic
acid, hydroxy-hexadecanoic acid and hydroxy-docosanoic
acid. The hydroxylated fatty acids of the present invention
can also be substituted with groups such as epoxy, ether, keto
and ester.

[0039] The term “alcohol component” refers to a straight or
branched, saturated, radical having 3-10 carbon atoms and
one or more hydroxy groups. The alkyl portion of the alcohol
component can be propyl, butyl, pentyl, hexyl, iso-propyl,
iso-butyl, sec-butyl, tert-butyl, etc. Alcohol components use-
ful in the present invention include, but are not limited to,
propanol, isopropanol, glycerol, butanol, isobutanol, t-bu-
tanol, pentanol and hexanol, among others. One of skill in the
art will appreciate that other alcohol components are useful in
the present invention.

[0040] The term “esterified fatty acid” refers to a hydroxy-
lated fatty acid, as defined above, that has been esterified with
an alcohol component, as defined above. The alcohol com-
ponent can have one or more hydroxyl groups, and thus can
esterify one or more hydroxylated fatty acids. One example of
an esterified fatty acid of the present invention is a triglycer-
ide, a glycerol esterified with three hydroxylated fatty acids.
The hydroxylated fatty acid component of the esterified fatty
acids of the present invention include, but are not limited to,
hydroxylated fatty acids such as ricinoleic acid. Examples of
esterified fatty acids of the present invention include com-
pounds of Formula I:

Y
0 OH

\[\41/\0)%;1/

wherein radical 1 is an integer of from 1 to 4, including, 1, 2,
3 and 4, and radicals m and n are separately integers of from
1 to 26, wherein the sum of m and n is at least 5 and no more
than 27. As described above, the alcohol component of the
esterified fatty acid can have additional hydroxy substituents.
As described above, the hydroxylated fatty acid component
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of the esterified fatty acids of the present invention can have
additional hydroxy substituents, be branched or unbranched,
and be saturated or unsaturated. Esterified fatty acids of the
present invention also include triglyceride compounds of For-
mula II:

Y
0 OH

o)j\Mm)\Mn/
0 OH

o)w
0 OH

o)W

wherein radicals m, m', m", n, n' and n" are separately integers
of from 1 to 26, wherein the sum of m and n, the sum of m' and
n', and the sum of m" and n" is each separately at least 5 and
no more than 27. Additional examples of esterified fatty acids
of'the present invention include esters of ricinoleic acid, such
as in castor oil. One of skill in the art will appreciate that other
esterified fatty acids are useful in the present invention.
[0041] Theterm “first solvent” refers to a solvent capable of
extracting the ethanol from the ethanol-water solution. The
first solvent is preferably such that the ethanol has a distribu-
tion coefficient of at least 0.02, favoring the transfer of etha-
nol to the first solvent, and where the ethanol has a distribu-
tion coefficient of at least 0.1 favoring the transfer of ethanol
from the first solvent to the carbon dioxide. The first solvent
comprises an esterified fatty acid, wherein the esterified fatty
acid comprises a hydroxylated fatty acid, as described above.
Solvents useful as the first solvent of the present invention are
those solvents having a high percentage of a hydroxylated
fatty acid. One example of a suitable first solvent in the
present invention is castor oil, having a composition of from
about 85 to 95% ricinoleic acid. One of skill in the art will
appreciate that other solvents are useful in the present inven-
tion.

[0042] The terms “extraction,” “extracting” and
“extracted” interchangeably refer to the process of drawing
one component of a mixture into another mixture. In the
present invention, the ethanol of the ethanol-water solution is
first drawn from the ethanol-water solution into the first sol-
vent of esterified fatty acid, and then from the first solvent of
the esterified fatty acid into the carbon dioxide.

[0043] The phrase “converting to vapor phase” refers to the
step of altering the temperature and pressure of the carbon
dioxide apparatus to change the phase of the carbon dioxide
from liquid phase or near supercritical phase to the vapor
phase.

[0044] The term “liquid phase” refers to carbon dioxide
under the appropriate temperature and pressure conditions in
order to form a liquid phase. Provided the temperature and
pressure are below the critical point for carbon dioxide (30.
978° C. and 73.773 bar), the liquid phase of carbon dioxide
can be achieved through pressure alone, temperature alone, or
through a combination of temperature and pressure. One of
skill in the art will know what temperature and pressure are
appropriate to form the liquid phase of carbon dioxide.
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[0045] The term “supercritical phase” refers to carbon
dioxide under the appropriate temperature and pressure con-
ditions in order to form a supercritical phase or near super-
critical phase. This exists at a temperature and pressure that
exceeds the critical temperature of 30.978° C. and critical
pressure of 73.773 bar. One of skill in the art will know what
temperature and pressure are appropriate to form the super-
critical phase of carbon dioxide.

[0046] Theterm “recycle” refers to the processing of mate-
rials so that the materials can be used again. Following extrac-
tion of the ethanol and vaporization, the carbon dioxide is
condensed back to the liquid phase and returned to the step of
ethanol extraction with carbon dioxide. The recycling pre-
vents resources from being wasted, reduces the consumption
of raw materials and reduces energy usage.

[0047] The term “reuse” refers to the act of using for a
subsequent time, an item that has already been used and
discarded. In the present invention, the carbon dioxide used in
the extraction is converted to the vapor phase in order to
separate the ethanol. The vapor phase carbon dioxide is
recycled via condensation and supplied back to the extraction
apparatus, thus being used again to extract additional ethanol
from the first solvent.

[0048] The term “countercurrent column” refers to a col-
umn in which liquid-liquid separation occurs using counter-
current techniques. One of skill in the art will appreciate
which countercurrent techniques are useful in the methods of
the present invention.

[0049] The term “distribution coefficient” refers to the ratio
of concentrations of all forms of a compound (ionized and
unionized) in the two phases of a mixture of two immiscible
solvents at equilibrium. See, Leo, et al., Chem Rev (1971)
71(6):525-616. The distribution coefficient can be used as a
measure of how hydrophilic or hydrophobic a chemical sub-
stance is. The distribution coefficient describes the pH-depen-
dent hydrophobicity of compounds, and is related to P (the
partition coefficient), which describes the hydrophobicity of
neutral (i.e., unionized) compounds only. The distribution
coefficient can be symbolized as “K” or “D.” D (or K) is the
ratio of the sum of concentrations of the solute’s (e.g., etha-
nol, castor oil) various forms in one solvent, to the sum ofthe
concentrations of the solute’s forms in the other solvent,
where the units of the concentration can be weight percent,
mole percent, or g/ml., and can be calculated by the following
equation:

D,

[0050] The distribution coefficient can be measured using
any method known in the art. Exemplified methods include (i)
the shake flask or tube method and (ii) high performance
liquid chromatography (HPLC) or gas chromatography
(GC). In the shake flask method, the solute in question is
diluted or dissolved to equilibrium in equal volumes of a
mixture of organic phase solvent and water phase solvent,
then the concentration of the solute in each solvent is mea-
sured, for example, by HPLC, GC, UV/VIS spectroscopy. In
HPLC, the D of a solute can be determined by correlating its
retention time with similar compounds with known D values.
[0051] The term “separation factor” refers to a measure of
the fold-difference or ratio of two different distribution coef-
ficients in self-consistent units. A separation factor can be
symbolized as “a” and is calculated by dividing one distribu-
tion ratio by another. The separation factor is a measure of the
ability of a system to separate two solutes.

organiciwater [ SOE] organic/ [SOIULE],, azey
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[0052] The phrase “continuous flow process™ refers to a
process having constant input and output. For example, when
a fermentation is not rendered toxic by the solvent, the fer-
mentation will continuously produce ethanol, which can be
siphoned into an extraction process. The siphoning off of
ethanol maintains a low concentration of ethanol allowing
fermentation to continue indefinitely. A continuous flow pro-
cess is in contrast to a process that requires batch or discon-
tinuous processing.

[0053] Thephrase “ethanol-water solution” refers to a solu-
tion comprising water and ethanol. The solution can comprise
up to about 99% (v/v) ethanol, e.g., about 99%, 97%, 95%,
90%, 80%, 70%, 60%, 50%, 40%, 30%, 25%, 20%, 15%,
10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2% or 1% (v/v) ethanol.
One of skill in the art will appreciate that other amounts of
ethanol are possible in the ethanol-water solutions of the
present invention.

[0054] The phrase “dilute ethanol-water solution” refers to
a solution comprising water and about 20% (v/v) or less of
ethanol, for example, about 15%, 10%, 5%, 4%, 3%, 2% or
1% (v/v), or less of ethanol.

[0055] A “substantially pure ethanol solution” refers to a
solution comprising at least 99% ethanol.

[0056] A “solution of greater ethanol concentration” refers
to a solution of ethanol that has been subjected to an extrac-
tion process of the invention with a detectably greater con-
centration of ethanol in comparison to the feedstock solution
of ethanol. Determination of ethanol concentrations in an
ethanol solution (e.g., an ethanol-water solution) are well
known in the art. Ethanol concentrations can be determined
using any method known in the art, including for example, gas
chromatography or Karl-Fischer titration analysis. The
amount of change in concentration will typically depend on
the concentration of ethanol in the feedstock solution. Extrac-
tion of a feedstock ethanol-water solution of low ethanol
concentration will result in an end product with a relatively
larger amount of ethanol concentration. Known assays can
detect ethanol concentration changes of at least about 0.1%.
Using the extraction methods of the invention, the end prod-
uct solution can have an ethanol concentration that is at least
about 0.1%, for example at least about 0.5%, 1%, 2%, 5%,
10%, 20%, 30% greater than the feedstock ethanol-water
solution.

[0057] The phrase “fluid communication” refers to at least
two elements that are connected in such a way to allow for the
free flow of a fluid medium from the one element to the
second element. Two elements can optionally be connected
by a controller (e.g., a valve) of the flow of the fluid medium.

BRIEF DESCRIPTION OF THE DRAWINGS

[0058] FIG. 1 illustrates one embodiment of the present
methods for extracting ethanol from an ethanol-water solu-
tion.

[0059] FIG. 2 illustrates a flow chart of the processes of the
present invention.

DETAILED DESCRIPTION
1. Introduction

[0060] This invention is a process for efficiently separating
ethanol from an dilute solution of ethanol in water. The sepa-
ration is achieved by first using a primary fatty acid solvent,
for example a triglyceride fatty acid solvent, which has the
characteristics of a favorable distribution coefficient for etha-
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nol between the aqueous solution and the organic solvent and
is non-toxic to a fermentation bath. Castor oil or ricinoleic
acid possess these characteristics. In addition, the first solvent
has the added benefit of being non-toxic to the fermentation
broth.

[0061] When combined with an ethanol-water solution, the
first solvent dissolves a portion of the ethanol present and a
more limited portion of the water present. The first solvent
phase contains fatty acid solvent, ethanol, and water. The first
solvent phase is separated from the aqueous phase. This first
solvent phase containing ethanol is then mixed with carbon
dioxide at subcritical or supercritical conditions near the criti-
cal point. At these process conditions, carbon dioxide has a
very favorable distribution coefficient for the ethanol and a
very unfavorable distribution coefficient for the fatty acid and
the water. This enables a small solvent to feed ratio (CO, mass
to solvent stream mass) to be used to dissolve the ethanol from
the organic solvent. The CO, stream is separated from the
organic phase. The CO, pressure and temperature is adjusted
so that the CO, can be converted to the vapor phase and the
liquid ethanol can be recovered. This invention provides a
means to more energy efficiently separate the dilute ethanol
from water (as is typical of a fermentation bath) and to break
the ethanol-water azeotrope. The methods of the invention
can extract substantially pure ethanol and pure ethanol from
an aqueous solution in an energetically and economically
favorable manner and without the need for distillation of
ethanol from water.

II. Methods for Energy Efficient Extraction of
Ethanol

[0062] The present invention provides methods for the
extraction of ethanol from an ethanol-water solution in an
energy efficient manner that breaks the water-ethanol azeo-
trope, providing substantially pure ethanol (e.g., near 100%,
for example about 98% or 99% pure). The methods of the
present invention are able to break the azeotrope by first
extracting the ethanol from an ethanol-water solution using a
first solvent comprising an ester of a hydroxylated fatty acid,
and then extracting the ethanol from the ester of the hydroxy-
lated fatty acid using liquid or near supercritical carbon diox-
ide. In order for the extraction to favor the ester of the
hydroxylated fatty acid and then the carbon dioxide, ethanol
must have a favorable distribution coefficient for the ester of
the hydroxylated fatty acid over water, and then for carbon
dioxide over the ester of the hydroxylated fatty acid. By
employing first and second solvents with favorable distribu-
tion coefficients for ethanol and high separation factors for
the discarded phase, the present methods provide energeti-
cally and economically advantageous processes.

[0063] In preferred embodiments, the methods of the
invention are performed as a continuous flow process,
wherein materials are continuously flowing from one step to
the next, or from one element to the next in the present
systems. In some embodiments, materials (e.g., the first and
second solvents) are recycled and reused. The recycling and
reuse of materials provides several energy savings. Addi-
tional energy savings derive from the lack of a distillation step
in the separation of the ethanol from water and the ester of the
hydroxylated fatty acid. Instead of an energy inefficient pro-
cess requiring distillation of ethanol from water, the present
invention uses liquid carbon dioxide to extract the ethanol.
The carbon dioxide containing ethanol is then vaporized to
separate the ethanol, followed by recondensation of the car-
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bon dioxide in order to recycle and reuse the carbon dioxide.
The total energy required to achieve the ethanol separation
from water is much less than that required by conventional
distillation and dehydration via molecular sieve. Accord-
ingly, the methods of the present invention provide an energy
efficient process for extracting ethanol from an ethanol-water
solution.

[0064] 1. Mixing An Ethanol-Water Solution With A First
Solvent Comprising An Esterified Fatty Acid

[0065] a.First Solvent Comprising an Esterified Fatty Acid
[0066] The first step of the methods involve mixing an
ethanol-water solution with a first solvent comprising an
esterified fatty acid. The ethanol-water solution can be any
aqueous solution comprising ethanol. The ethanol-water
solution can also be a fermentation broth such as from the
fermentation of fruits, vegetables (e.g., corn and potatoes),
grains and cellulose. The ethanol-water solution can com-
prise up to about 99% (v/v) ethanol, e.g., 99%, 97%, 95%,
90%, 80%, 70%, 60%, 50%, 40%, 30%, 25%, 20%, 15%,
10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2% or 1% ethanol. In
some embodiments, the ethanol-water solution is a dilute
ethanol solution comprising about 20% (v/v) or less of etha-
nol, for example about 20%, 15%, 10%, 9%, 8%, 7%, 6%,
5%, 4%, 3%, 2% or 1% ethanol. The ethanol-water solution
can be from fresh feedstock, for example, from the fermen-
tation broth, and can be from recycling ethanol-water solution
and first solvent that is discarded during later portions of the
system.

[0067] The first solvent of the method of the present inven-
tion comprises an esterified fatty acid. The esterified fatty acid
of the first solvent comprises an alcohol component and a
hydroxylated fatty acid component. The alcohol component
can be any alcohol, preferably a C;_4 alcohol. The alcohol
component can be substituted with another hydroxy, an ether
and an ester. The alcohol component can have more than one
hydroxy group. When the alcohol component has three
hydroxy groups, the alcohol component can be glycerol.
[0068] The hydroxylated fatty acid component of the
esterified fatty acid comprises one or more hydroxy groups on
fatty acids such as capric acid (C10), lauric acid (C12), myris-
tic acid (C14), palmitic acid (C 16), palmitoleic acid (C16),
stearic acid (C18), isostearic acid (C18), oleic acid (C18),
vaccenic acid (C18), linoleic acid (C18), alpha-linoleic acid
(C18), gamma-linolenic acid (C18), arachidic acid (C20),
gadoleic acid (C20), arachidonic acid (C20), eicosapen-
taenoic acid (C20), behenic acid (C22), erucic acid (C22),
docosahexaenoic acid (C22), lignoceric acid (C24) and hexa-
cosanoic acid (C26). The hydroxy groups are preferably at the
C3 position or greater. More preferably, the hydroxy groups
are at the C7 position or greater. Most preferably, the hydroxy
group are at the C11 position or greater. The hydroxylated
fatty acids of the present invention are can be saturated,
mono-unsaturated or poly-unsaturated. In addition, the
hydroxylated fatty acids of the present invention can be
branched or straight-chain. The hydroxylated fatty acids of
the present invention can also be substituted with groups such
as epoxy, ether, keto and ester. Other examples of hydroxy-
lated fatty acids useful in the present invention include, but
are not limited to, ricinoleic acid, dimorphecolic acid,
hydroxy-hexadecanoic acid and hydroxy-docosanoic acid.
[0069] Esterified fatty acids of the present invention are
available commercially from a variety of commercial sources
including Sigma-Aldrich (Milwaukee, Wis.), Fischer Scien-
tific (Waltham, Mass.) and AcrosOrganics (Geel, Belgium).
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Alternatively, the esterified fatty acids of the present inven-
tion can be prepared from a suitable alcohol component and a
suitable hydroxylated fatty acid component under esterifying
conditions known to one of skill in the art.

[0070] The composition of the first solvent is such that the
distribution coefficient for ethanol in the mixture of the etha-
nol-water solution and the esterified fatty acid is at least 0.02
(wt. %), for example, 0.04, 0.06, 0.08, 0.10, favoring the
transfer of ethanol from the ethanol-water solution to the first
solvent, and atleast 0.1 (wt. %), for example, 0.2,0.3,0.4, 0.5,
favoring the transfer of ethanol from the first solvent to the
carbon dioxide.

[0071] Insome embodiments, the first solvent comprises a
triglyceride wherein at least one of the fatty acid components
of the triglyceride is a hydroxylated fatty acid, including
those described above. The triglyceride can also have all three
fatty acid components be hydroxylated fatty acids. In some
embodiments, the hydroxylated fatty acid is ricinoleic acid.
The triglycerides of the present invention can be prepared
from glycerol and suitable fatty acid components, including
at least one hydroxylated fatty acid component, under esteri-
fying conditions known to one of skill in the art.

[0072] The triglycerides of the present invention are such
that ethanol has similar distribution coefficients to those
described above.

[0073] In some embodiments, the first solvent of the
present invention is castor oil. Castor oil can be purchased
from a variety of commercial sources including JODL Inc.
(Warminster, Pa.), Sigma-Aldrich (Milwaukee, Wis.), Fis-
cher Scientific (Waltham, Mass.) and AcrosOrganics (Geel,
Belgium). Commercial grade castor oil is sufficient for the
process.

[0074] b. Mixing the Ethanol-Water Solution with the First
Solvent
[0075] The mixing of the ethanol-water solution and the

first solvent can be accomplished using any known means for
mixing including those discussed below. In some embodi-
ments, the mixing of the ethanol-water solution and the first
solvent of the present invention is accomplished using an
in-line mixer. The mixing is typically carried out at ambient
temperature, for example in the range of about 20-35° C., for
example, about 25-30° C., but can be performed at superam-
bient (i.e., temperatures requiring heat input) or subambient
(i.e., temperatures requiring cooling input) temperatures.
Mixing is performed for an amount of time to sufficient to
uniformly mix the ethanol-water phase and the first solvent
phase.

[0076] 2. Separating the First Solvent and the Ethanol-
Water Solution
[0077] The first solvent and the ethanol-water solution can

be separated by any known method in the art. Separation can
be accomplished, for example, by density, magnetic proper-
ties or electrical characteristics. Separation by density, for
example, can be accomplished using any method known in
the art, for example, a centrifuge, a funnel, and the like. The
oil-rich phase is less dense than the water-rich phase.

[0078] After separation of the first solvent and the ethanol-
water solution, the ethanol-enriched first solvent is recovered
for further extraction of the ethanol in a second solvent,
carbon dioxide. The ethanol-water solution can be discarded
or can be returned to the fermentation broth. Recycled etha-
nol-water solution (i.e., ethanol-water solution that has been
subject to at least one extraction) can be pooled with unex-
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tracted (i.e., “fresh™) ethanol-water solution before being
exposed to further extraction with the first solvent.

[0079] 3. Contacting the First Solvent with the Second Sol-
vent, Carbon Dioxide

[0080] Following separation from the ethanol-water solu-
tion, the ethanol-enriched first solvent is contacted with a
second solvent, carbon dioxide. The carbon dioxide can be in
any phase suitable for extraction of the ethanol from the first
solvent. Depending on the pressure and temperature, carbon
dioxide can exist in any of several different phases, e.g. vapor
phase, liquid phase, near supercritical phase, or supercritical
phase, and dry ice, among others. The carbon dioxide is in a
phase such that the distribution coefficient for ethanol in a
mixture of the first solvent and the CO, is at least 0.1 favoring
the transfer of ethanol from the esterified fatty acid to the
CO,. In some embodiments, the carbon dioxide can be in a
liquid phase or near supercritical phase in order to extract the
ethanol from the first solvent and into the carbon dioxide.
[0081] The ethanol is extracted into the carbon dioxide
using any known means in the art. In some embodiments, the
ethanol can be extracted by the carbon dioxide using a coun-
tercurrent column (CC), such as described below.

[0082] Inorderto maintain the carbon dioxide in the appro-
priate liquid phase or near supercritical phase, the vessel (e.g.,
countercurrent column) is maintained at the appropriate tem-
perature and pressure. Following extraction, the first solvent
is separated from the ethanol enriched carbon dioxide. In
some embodiments, the first solvent is recycled back to the
mixer that is mixing the first solvent and ethanol-water solu-
tion. Using this strategy, any ethanol not extracted from the
first solvent by the carbon dioxide, can be reintroduced into
the system so that later exposure to carbon dioxide can extract
the ethanol. The recycling of the first solvent allows the first
solvent to be reused, and reduces the loss of the first solvent.
[0083] 4. Separating the Ethanol from the Carbon Dioxide
[0084] The ethanol enriched carbon dioxide is then sepa-
rated from the ethanol using any means known in the art. For
example, the carbon dioxide can be separated via vaporiza-
tion. Vaporization is accomplished by changing the tempera-
ture and pressure in order to change the carbon dioxide from
the liquid or near supercritical phase to the vapor phase.
Preferably separation of ethanol is accomplished with mini-
mal heat input. For example, separation of the ethanol from
the carbon dioxide can be accomplished by maintaining the
pressure of the carbon dioxide a few bar below the critical
point (e.g., 68, 69, 70, 71, or 72 bar) and heating the process
stream. At the critical point, the heat of vaporization of carbon
dioxide is zero. At pressures infinitesimally below the critical
point, the heat of vaporization of carbon dioxide is low and
much, much lower than the heat of vaporization of water.
[0085] The ethanol can be collected using any means
known in the art. For example, the ethanol can be collected
using a cyclone separator during the vaporization of the car-
bon dioxide, as in the present invention. Membrane filtration
techniques are also possible. Other suitable methods for col-
lecting ethanol are known.

[0086] Carbon dioxide that has been vaporized can be col-
lected, condensed back to the appropriate phase by changing
the temperature and pressure, and then reinjected into the
countercurrent column. The recycling of the carbon dioxide
allows the carbon dioxide to be reused. The energy efficiency
of'the vaporization-condensation cycle of the recycled carbon
dioxide can be increased by the concurrent use of a heat

pump.
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[0087] Through the combination ofthe castor oil extraction
and carbon dioxide extraction using the countercurrent col-
umn, the method of the present invention breaks the water-
ethanol azeotrope. In preferred embodiments, the ethanol is
separated from the carbon dioxide without requiring distilla-
tion of ethanol or water.

III. Systems

[0088] FIG. 1 shows one embodiment of a system, 100, for
extracting ethanol from an ethanol-water solution. The sys-
tem comprises a liquid feed inlet for receiving the ethanol-
water solution and a first solvent, a mixer configured to con-
tinuously mix the ethanol-water solution with the first
solvent, a separation vessel for separating the first solvent and
the ethanol-water solution, an extraction vessel configured to
extract the ethanol with carbon dioxide, a vaporizer for con-
verting the carbon dioxide to vapor phase, and a collector
configured to receive the ethanol.

[0089] The system of the present invention extracts ethanol
from an ethanol-water solution by breaking the water-ethanol
azeotrope and providing ethanol of near 100% purity. In
preferred embodiments, the systems of the invention allow
for a continuous flow process, wherein materials are continu-
ously flowing from one step of the system to the next. The
systems preferably allow for the recycling and reuse of the
first and second solvents. The recycling and reuse of materials
provides several energy savings. Additional energy savings
stem from the lack of a distillation step in the separation of the
ethanol from water and the ester of the hydroxylated fatty
acid. Instead of an energy inefficient process such as distilla-
tion, the present invention uses liquid carbon dioxide to
extract the ethanol. The carbon dioxide-containing ethanol is
then vaporized to separate the ethanol, followed by reconden-
sation of the carbon dioxide in order to recycle and reuse the
carbon dioxide. Accordingly, the system of the present inven-
tion provides an energy efficient process for extracting etha-
nol from an ethanol-water solution.

[0090] The ethanol-water solution is typically a fermenta-
tion broth, for example, from the fermentation of fruits and/or
vegetables. In particular, corn is useful to prepare the fermen-
tation broth of the present invention. The ethanol is extracted
from the ethanol-water solution through the use of a first
solvent.

[0091] The first solvent (see additional description above)
of'the system of the present invention comprises an esterified
fatty acid. The esterified fatty acid of the first solvent com-
prises an alcohol component an a hydroxylated fatty acid
component. The alcohol component can be any alcohol, pref-
erably a C, ¢ alcohol. The alcohol component can be substi-
tuted with another hydroxy, an ether and an ester. The alcohol
component can have more than one hydroxy group. When the
alcohol component has three hydroxy groups, the alcohol
component can be glycerol. In some embodiments, the first
solvent is castor oil.

[0092] The ethanol-water solution and the first solvent are
provided to the system of the present invention via a liquid
feed inlet, 102, such as piping, hosing, tubing, reservoirs. The
ethanol-water solution can be fresh feedstock, for example,
from the fermentation broth, and can be from recycling etha-
nol-water solution and first solvent that is discarded during
later portions of the system. One of skill in the art will appre-
ciate that other input means are useful in the present inven-
tion.
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[0093] The ethanol-water solution and first solvent are
mixed in a mixer, 104, using any known means for mixing.
Mixing can be accomplished using mechanical means such as
paddles and a motor. Mixing can also be accomplished using
static mixers. Static mixers, or motionless mixers, are fins,
obstructions, or channels mounted in pipes, designed to pro-
mote mixing as fluid flows through the mixer. Most static
mixers use some method of first dividing the flow, then rotat-
ing, channeling, or diverting the flow, before recombining it.
Other static mixers create additional turbulence to enhance
mixing.

[0094] In some embodiments, the mixing of the ethanol-
water solution and the first solvent of the present invention is
accomplished using an in-line mixer. Other mixers can be
used, such as those described above. The mixing can be
performed at a variety of temperatures and pressures, e.g.,
ambient temperature and pressure. In addition, the mixing
can be performed for any amount of time, depending on the
degree of mixing desired, such as mixing to homogeneity, in
order to allow extraction of the ethanol by the first solvent
from the ethanol-water solution.

[0095] The first solvent and the ethanol-water solution are
then separated in separation vessel 106, using any known
method in the art. Separation can be accomplished by differ-
ences in density. Separation by density, for example, can be
accomplished using a centrifuge. In the centrifuge, the lighter
phase of the first solvent and ethanol rises to the top where it
is recovered and forwarded to the second extraction step.
Alternate embodiments that could be utilized are settling
tanks or hydrocyclone separators. The heavier phase of the
aqueous solution and ethanol, is separated and recycled back
to the mixer where it is mixed with additional fermentation
broth and in order to continue removing ethanol from the
ethanol-water solution, 116. Recycling of the ethanol-water
solution allows continued extraction of the remaining ethanol
from the ethanol-water solution in order to increase the
amount of ethanol extracted from the ethanol-water solution.
[0096] Following separation from the ethanol-water solu-
tion, the ethanol enriched first solvent is placed in extraction
vessel 108 where the first solvent is contacted with carbon
dioxide in a liquid phase, or near a supercritical phase. The
carbon dioxide is in a phase such that the distribution coeffi-
cient for ethanol in a mixture of the first solvent and the CO,
is at least 0.1 favoring the transfer of ethanol from the esteri-
fied fatty acid to the CO,, thereby facilitating extraction of the
ethanol from the first solvent by the carbon dioxide. The
phase of the carbon dioxide can be controlled by the appro-
priate selection of temperature and pressure.

[0097] The ethanol is extracted into the carbon dioxide
using any known means in the art. For example, the ethanol
can be extracted by the carbon dioxide using countercurrent
column (CC). Within the CC, one can consider that three
processes are occurring in conjunction: mixing, coalescing,
and separation (although they often occur continuously).
Mixing of the phases is necessary so that the interface
between them has a large area, and the analyte can move
between the phases according to its partition coefficient. The
mobile phase is mixing with and then settling from the sta-
tionary phase throughout the column.

[0098] Inorderto maintain the carbon dioxide in the appro-
priate liquid or near supercritical phase, the countercurrent
column is maintained at the appropriate temperature and
pressure. Within the countercurrent column, the castor oil-
rich phase 118 moves down the column and the carbon diox-
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ide-rich phase 109 rises within the column. After passage
through the countercurrent column, castor oil phase 118 has
been depleted of ethanol and the carbon dioxide phase 109
has been enriched with ethanol. The depleted castor oil phase
118 can be returned for blending with dilute ethanol solution.
All or a portion of the carbon dioxide phase can be subject to
vaporization to separate the ethanol from the carbon dioxide.
In some embodiments, this carbon dioxide stream can be
reintroduced into the column through a reflux valve. The
recycling of the first solvent allows the first solvent to be
reused and increases the efficient use of the first solvent.
[0099] The use of the countercurrent chromatography
breaks the water-ethanol azeotrope and enables the system of
the present invention to extract ethanol at close to 100%
purity.

[0100] The carbon dioxide is then separated from the etha-
nol in vaporizer 110, by converting the carbon dioxide to the
vapor phase and collecting liquid ethanol in collector 112.
Any separation means are useful in the system of the present
invention. For example, the carbon dioxide can be separated
via vaporization. Vaporization is accomplished by changing
the temperature and pressure in order to change the carbon
dioxide from the liquid or near supercritical phase to the
vapor phase.

[0101] The ethanol is collected using collector 112. The
collector can be a cyclone separator, among others.

[0102] Carbon dioxide that has been vaporized is recycled
by first condensing the vaporized carbon dioxide using con-
denser 114 by changing the temperature and pressure. Con-
densation of the carbon dioxide is followed by reinjecting the
carbon dioxide into the extraction vessel via 120. The recy-
cling of the carbon dioxide allows the carbon dioxide to be
reused, and minimizes the energy required for the extraction
by minimizing materials used and energy consumed.

[0103] Through the combination ofthe castor oil extraction
and carbon dioxide extraction using the countercurrent col-
umn, the method of the present invention breaks the water-
ethanol azeotrope without requiring any distillation of etha-
nol or water. Furthermore, the inclusion of a heat pump in the
carbon dioxide vaporization provides added energy efficien-
cies in the vaporization and condensation cycle.

EXAMPLES

[0104] The following examples are offered to illustrate, but
not to limit the claimed invention.

Example 1

Extraction of Ethanol from An Ethanol-Water Solu-
tion

[0105] The exemplified process describes the adsorption of
ethanol into castor oil and the subsequent extraction of the
ethanol from the castor oil with near-critical carbon dioxide.
[0106] Referring to FIG. 1, a dilute ethanol-water solution
from a fermination broth is combined with the recycled water
from the first stage separator (centrifuge) and the castor oil
saturated with water. The ethanol-water solution would nomi-
nally be in the range of 3 to 8 wt % ethanol in water. The
recycled water will retain ethanol and some castor oil. The
stream of ethanol water and castor oil is well-mixed and then
subsequently separated into a light phase and heavy phase.
While a settling tank separator could be employed, process
economics favor the use of a centrifuge to accelerate the phase
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separation. The heavy phase is primarily water with some
remaining ethanol and an inevitable contamination of castor
oil.

[0107] The heavy phase is returned to the fermination
broth. The light phase is castor oil rich with ethanol and water
in solution. According to Offeman (JAOCS, Vol. 83, No. 2
(2006), p. 153-157), the K,,,~[EtOH],,,/[EtOH] ,, 0f 0.193
and a separation factor, 0=K /K 1,;,7K ,/([H,0],,,/[H,0]
age Of 15.9 for with a starting ethanol concentration in the
aqueous solution of 5 wt % at 33° C.

[0108] A 100 kg of 6 wt % ethanol/water solution is com-
bined with 700 kg of neat castor oil. The feed material has 6
kg ethanol combined with 94 kg water. In a single stage cross
flow extractor, the resulting castor oil/ethanol solution has
3.538 kg of ethanol, and the water-rich raffinate has 2.462 kg
of ethanol. If four stages of countercurrent extraction are
employed, then the castor oil/ethanol solution has 5.489 kg of
ethanol and the water-rich solution has 0.511 kg of ethanol.
Thus, the discharged raffinate is 0.54 wt % ethanol. This
water-rich solution is returned to the fermentation broth. The
castor oil/ethanol solution is subject to subsequent extraction
by carbon dioxide.

[0109] The second stage of extraction uses a countercurrent
column to extract the ethanol from castor oil with near-critical
CO,. The CO, could be at liquid or near supercritical condi-
tions; however, preferably is liquid CO, at a pressure of 68 to
71 bar. The process conditions are established such that the
density of CO, is lower than the density of the castor oil. Thus,
the castor oil tends to move down the countercurrent column
and be contacted with the rising near-critical CO,. The etha-
nol is extracted from the castor oil to the liquid carbon diox-
ide. The castor oil, now depleted of ethanol and still nearly
fully saturated with water, is returned to be combined with the
stream from the fermentation bath. In this manner, the castor
oil is nearly all fully recycled. At near critical conditions, CO,
has limited solubility for water, so a limited quality of water
is dissolved by the CO,. The majority of the CO, solvent is
removed to recover the ethanol. A smaller portion of the CO,
stream may be returned to the column through the reflux
valve. The side stream process cycle enables the CO, to be
converted to a vapor at modest temperatures relative to the 78°
C. boiling point for ethanol. As shown in FIG. 1, this includes
a pressure reduction valve and a vaporizing heat exchanger.
The CO, vapor and ethanol liquid is passed into a cyclone
separator where the ethanol is removed and the CO, vapor is
permitted to pass overhead. The CO, vapor is then condensed
and pumped back into the process, so that the major of the
CO, solvent is full recycled.

Example 2

Extraction of Ethanol from An Ethanol-Water Solu-
tion

[0110] A 10 kg of 50 wt % ecthanol/water solution was
combined with 20 kg of neat castor oil. The feed material had
5 kg ethanol combined with 5 kg water. A two stage counter
countercurrent extraction was employed, thus creating a cas-
tor oil/ethanol solution with 3.795 kg of ethanol and the
water-rich solution had 1.205 kg of ethanol. The resultant
phases were separated with a centrifuge. The castor oil rich
extract was 16.5% ethanol and the water-rich raffinate was
19.42% ethanol. The castor oil/ethanol solution was subject
to subsequent extraction by carbon dioxide.
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[0111] The second stage of extraction used a countercur-
rent column to extract the ethanol from castor oil with liquid
CO,. The liquid CO, was at 95 bar and 22° C. with a density
010.836 kg/L. At this density, CO, is less dense than the castor
oil. Castor oil was injected into a countercurrent column near
the upper elevation of the countercurrent column. CO, was
introduced near the bottom of the countercurrent column. The
castor oil moved down the countercurrent column and was
contacted with the rising near-critical CO,. The column had a
height equivalent to two theoretical stages. The ethanol was
extracted from the castor oil to the liquid carbon dioxide. The
CO, and ethanol stream was vaporized and the ethanol col-
lected in a separator. The energy per unit quantity of the
ethanol was 1821 kl/kg. Using an Aspen distillation model,
the same feed stream into a 20 theoretical stage distillation
column with a reflux ratio of 2 and no preheat would be 3500
kl/kg. Thus, the process demonstrated offered significant
energy savings over known processing methods (e.g., at least
about 1679 kl/kg).

[0112] Itis understood that the examples and embodiments
described herein are for illustrative purposes only and that
various modifications or changes in light thereof will be sug-
gested to persons skilled in the art and are to be included
within the spirit and purview of this application and scope of
the appended claims. All publications, patents, and patent
applications cited herein are hereby incorporated by refer-
ence in their entirety for all purposes.

What is claimed is:

1. A method for extracting ethanol from an ethanol-water

solution comprising:

a) mixing an ethanol-water solution with a first solvent
comprising an esterified fatty acid, wherein the esteri-
fied fatty acid comprises a hydroxylated fatty acid com-
ponent and an alcohol component such that the alcohol
component is a C,_ 4 alcohol, wherein the distribution
coefficient for ethanol in the mixture of the ethanol-
water solution and the first solvent is at least 0.02 favor-
ing the transfer of ethanol from the ethanol-water solu-
tion to the first solvent, thereby extracting the ethanol
from the ethanol-water solution into the first solvent;

b) separating the first solvent and the ethanol-water solu-
tion;

¢) contacting the first solvent with carbon dioxide, wherein
the carbon dioxide is at a liquid or near supercritical
phase, wherein the distribution coefficient for ethanol in
a mixture of the first solvent and the carbon dioxide is at
least 0.1 favoring the transfer of ethanol from the first
solvent to the carbon dioxide, thereby extracting the
ethanol from the first solvent into the carbon dioxide;
and

d) converting the carbon dioxide to vapor phase, thereby
releasing the ethanol from the carbon dioxide, yielding a
solution of greater ethanol concentration than the etha-
nol concentration in the starting ethanol-water solution.

2. The method of claim 1, wherein the ethanol-water solu-

tion comprises less than 99% ethanol (v/v).

3. The method of claim 1, wherein the ethanol-water solu-

tion is a fermentation broth.

4. The method of claim 1, wherein the hydroxylated fatty

acid component of the esterified fatty acid is ricinoleic acid.

5. The method of claim 1, wherein the esterified fatty acid

is a triglyceride.

6. The method of claim 5, wherein the triglyceride com-

prises 1 to 3 ricinoleic acid substituents.
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7. The method of claim 1, wherein the alcohol component
is glycerol.

8. The method of claim 1, wherein the first solvent is castor
oil.

9. The method of claim 1, wherein the first solvent is
contacted with the carbon dioxide in a counter current col-
umn.

10. A system for extracting ethanol from an ethanol-water
solution comprising:

aliquid feed inlet to receive the ethanol-water solution and
a first solvent;

a mixer configured to continuously mix the ethanol-water
solution and the first solvent, wherein the ethanol-water
solution comprises ethanol and the first solvent com-
prises an esterified fatty acid, wherein the esterified fatty
acid comprises a hydroxylated fatty acid component and
an alcohol component such that the alcohol component
is a C;_¢ alcohol, wherein the distribution coefficient for
ethanol in the mixture of the ethanol-water solution and
the first solvent is at least 0.02 favoring the transfer of
ethanol from the ethanol-water solution to the first sol-
vent, thereby extracting the ethanol from the ethanol-
water solution into the first solvent, the liquid feed inlet
being configured for fluid communication with the
mixer;

a separation vessel, being configured for fluid communi-
cation with the mixer;

an extraction vessel configured to extract the ethanol with
carbon dioxide, wherein the carbon dioxide is at a liquid
or near supercritical phase, wherein the distribution
coefficient for ethanol in a mixture of the first solvent
and the carbon dioxide is at least 0.1 favoring the transfer
of ethanol from the first solvent to the carbon dioxide,
thereby extracting the ethanol from the first solvent into
the carbon dioxide, the extraction vessel being config-
ured for fluid communication with the separation vessel;

a vaporizer configured to convert the carbon dioxide to
vapor phase, thereby releasing the ethanol from the car-
bon dioxide, whereby the ethanol is extracted from the
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ethanol-water solution, the vaporizer being configured
for fluid communication with the extraction vessel; and

a collector configured to receive the ethanol, the collector

being configured for fluid communication with the
vaporizer.

11. The system of claim 10, wherein the ethanol-water
solution is a fermentation broth.

12. The system of claim 10, wherein the liquid feed inlet is
selected from the group consisting of hose, piping and tubing.

13. The system of claim 10, wherein the mixer is an in-line
mixer.

14. The system of claim 10, wherein the separation vessel
is a centrifuge.

15. The system of claim 10, wherein the extraction vessel is
a countercurrent column.

16. The system of claim 10, wherein the vaporizer further
comprises a heat pump for the vaporization and recovery of
liquid carbon dioxide.

17. The system of claim 10, wherein the collector is a
cyclone separator.

18. The system of claim 10, wherein the separation vessel
is in fluid communication with the liquid feed inlet for recy-
cling the ethanol-water solution.

19. The system of claim 10, wherein the extraction vessel is
in fluid communication with the liquid feed inlet for recycling
the first solvent.

20. The system of claim 10, further comprising a condenser
to convert the vapor phase carbon dioxide to the liquid or near
supercritical phase, the condenser being configured for fluid
communication with the collector.

21. The system of claim 20, wherein the condenser is in
fluid communication with the extraction vessel for recycling
the carbon dioxide.

22. The system of claim 10, wherein system allows for
continuous flow processing.

23. The system of claim 10, wherein the ethanol is
extracted without requiring distillation of ethanol from water.
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