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Simulations and experiments were carried out to explore the solvent extraction of ethanol from aqueous solution using a
series of seven 10-carbon alcohols. It is shown that configurational-bias Monte Carlo simulations in the Gibbs ensemble
coupled with the TraPPE-UA force field can be utilized for predictive screening of the different extraction abilities (in
terms of capacity factor and selectivity) of these alcohols. Analysis of the simulation trajectories indicates that
extraction capacity is connected to the stabilization of larger ethanol/water cluster in the organic solvent, whereas
selectivity is improved when smaller ethanol/water clusters are more prevalent. VC 2013 American Institute of Chemical

Engineers AIChE J, 59: 3065–3070, 2013
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Introduction

The separation of ethanol and other high-value chemicals
from fermentation broths has long been recognized as one of
the biggest obstacles to its economical use as a renewable
fuel source and chemical feedstock.1–7 In the case of ethanol,
distillation is currently the most common approach, but its
high-energy requirement makes the search for alternative
processes an extremely important area of energy research.

One alternative to distillation is liquid-liquid extraction
followed by a second, less energy intensive process to
remove the ethanol from the extracting fluid. Several publi-
cations have examined the ability of various organic solvents
and mixtures to extract ethanol from aqueous solution.8–13

High-molecular-weight, aliphatic alcohols have been pro-
posed as promising candidates for this purpose.

An effective solvent for ethanol extraction needs to pos-
sess two important qualities. The first is a high capacity fac-
tor for ethanol, which is frequently expressed in terms of the
distribution coefficient KDE

KDE 5
EtOH½ �org

EtOH½ �aq

where [EtOH]org and [EtOH]aq are the concentrations of
ethanol in the organic and aqueous phases, respectively, and
are usually expressed in terms of mass fractions.14 The sec-
ond important quality of an effective extraction fluid is a
high selectivity for ethanol over water. This property is usu-
ally expressed in terms of the separation factor a14

a5
KDE

KDW

where KDW is defined analogously to KDE. Large values of
the separation factor indicate that the solvent preferentially
extracts ethanol over water. Thus, the ideal solvent would
have large values for both KDE and a, but a high KDE is usu-
ally coupled to a low a and vice versa. Other extractant prop-
erties that influence the selection, but that are not considered
here, are low solubility in the broth, low toxicity, low reactiv-
ity, ease of separation of the extracted ethanol, and cost.

Stephenson et al.15,16 have performed molecular dynamics
simulations for neat solvents in an attempt to understand the
structural features that may lead to effective extraction of
ethanol. They observed that the number of hydroxyl groups
in the second and third solvation shells for neat alcohols cor-
relates with the extraction efficiency when the molecular
weight MW, is similar, but that this correlation is weaker than
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the previously observed simple correlation to the molecular
weight of the solvent (i.e., 1000/MW). Despite these efforts,
the picture of how structural details can affect extraction effi-
ciency remains incomplete.

Monte Carlo simulations of phase equilibria in the Gibbs
ensemble17–19 combined with configurational-bias Monte
Carlo (CBMC) moves20–23 have become routine for the com-
putation of vapor–liquid equilibria. This approach has also
been applied to the prediction of octanol-water partitioning24

and retention in reversed-phase liquid chromatography25

where in both cases the solutes are at infinite dilution. Here,
we applied this technique to calculate extraction efficiencies
in seven 10-carbon alcohols and examine the underlying
structures at finite concentration of the ethanol solute.

Simulation and Experimental Details

The extractants investigated were seven 10-carbon alco-
hols, including decan-1-ol, decan-2-ol, decan-3-ol, decan-
4-ol, 2-methylnonan-2-ol (2M2N), 3,7-dimethyloctan-3-ol
(37DM3O), and 4-propylheptan-4-ol (4P4H).

The simulations were performed using the NpT Gibbs en-
semble Monte Carlo approach17–19 (T 5 298 K and p 5 0.1
MPa), and utilized three thermodynamically connected simula-
tion boxes: an aqueous (water-rich) phase, a 10-carbon alcohol
(organic-rich) phase, and a vapor phase (to increase the rate of
particle transfers between the two liquid phases). Chemical
equilibrium was maintained by transferring particles between
the phases,17–19 while mechanical equilibrium with a constant
external pressure bath was maintained by performing volume
moves on each of the simulation boxes individually. The
remaining degrees of freedom were sampled using transla-
tional, rotational, and conformational moves. Since some of
the molecules possess a branched topology, the coupled-
decoupled (CD) CBMC algorithm23 was employed during par-
ticle transfer and partial regrowth (conformational) moves.
The particle transfer rate was also enhanced through the use of
CDACBMC identity switch26,27 moves which enable the per-
formance of swap moves for smaller molecules (for which the
acceptance rate is relatively high) followed by conversion to
larger, more difficult to swap molecules, e.g., a methanol mole-
cule is converted to an ethanol molecule in one phase and an
ethanol molecule is converted to methanol in another phase.

In a Gibbs ensemble simulation, one can only specify the
total number of molecules of each type (that can distribute
over the different simulation boxes), but not the equilibrium
composition for a given phase. Here, the entire three-box
system contained a total of 864 water molecules, 240
10-carbon alcohol molecules, two methanol molecules (used
for the identity switch moves), a variable number of ethanol
molecules, and 25 helium atoms. The number of ethanol
molecules to be used for a system with a particular
10-carbon alcohol was adjusted throughout a long pre-equili-
bration period to yield an aqueous ethanol weight fraction
within the range from 9.5 to 11 wt %, i.e., a larger number of
ethanol molecules is needed for solvents with a larger KDE.
The weight fraction range is close to the concentration range
found in the experimental setup after the ethanol molecules
distributed between the two phases. The number of helium
atoms was selected to yield a vapor-phase volume (p 5 0.1
MPa) that is sufficient to contain on average slightly more
than one water molecule and one ethanol molecule.

It was assumed that the solubility of the 10-carbon alco-
hols in water was negligible and swap/identity switch moves

were not performed on these molecules. Helium atoms were
likewise restricted to the vapor phase. For the rest of the
molecules, move types were selected randomly with a proba-
bility of 0.002 for volume moves, 0.098 for CDACBMC
identity switch moves, 0.4 for CDACBMC particle swap
moves, 0.1 for CDACBMC regrowth moves, 0.2 for transla-
tional moves, and 0.2 for rotational moves. The maximum
displacements for translational, rotational, and volume moves
were adjusted to give an acceptance rate of 50%.

The interactions of the water and alcohol molecules were
represented by the TIP4P and TraPPE-UA force fields with
Lorentz-Berthelot combining rules for all unlike Lennard-
Jones interactions,28–30 a combination that was previously
found to yield very accurate infinite-dilution transfer free
energies for partitioning between organic and aqueous
phases.31–33 Analytical tail corrections34 were added for Len-
nard-Jones interactions beyond a cutoff of 14 Å in the liquid
phases, and 30 Å in the vapor phase. Electrostatic interac-
tions were treated using an Ewald summation34 with a real
space cutoff of 14 Å and j 5 0.26 in the liquid phases (30
Å, j 5 0.09 in the vapor phase).

For each type of solvent molecule, eight independent simu-
lations were performed to estimate the statistical uncertainties
that are given as the standard error of the mean. Following
the pre-equilibration period during which the number of etha-
nol molecules was adjusted, an equilibration period of
200,000 Monte Carlo cycles was used for each independent
simulation, where a Monte Carlo cycle consists of N Monte
Carlo moves, and N is the total number of particles in the
system. The production periods consisted of 250,000 Monte
Carlo cycles for each independent simulation. Using the in-
house MCCCSAMN software, 20,000 Monte Carlo cycles
can be completed in 24 h on a single 2.8 GHz Intel Xeon
X5560 processor (i.e., the total CPU time required for the
production periods of 8 independent simulations for a given
10-carbon alcohol was 2400 h, but independent simulations
and different 10-carbon alcohol systems were run in parallel).

A series of extraction experiments was also carried out to
measure the equilibrium constants and separation factors for
the seven extraction solvents so that the simulation predic-
tions can be validated with a set of experimental data per-
formed at the same conditions. 2 mL of 12 wt % ethanol
solution in water was transferred to a 6 mL glass vial. 2 mL
of one solvent was added to the ethanol solution in the vial,
and then the vial was shaken vigorously for 10 min with a
vertical shaker to thoroughly mix the contents. After shak-
ing, the sample was incubated at 25

�
C overnight. After the

incubation, 1-mL samples from the aqueous and solvent
phases were collected and analyzed by gas chromatography
(HP 6890 system) equipped with a thermal conductivity de-
tector and a wax column (DB-WAX, J&W Scientific) to
quantify ethanol and water concentrations in both phases.
Extraction measurements were done in triplicate and the
standard deviation of the data is about 3%.

Results and Discussion

The KDE and a values obtained from the simulations are
shown as a function of the experimental values in Figure 1. For
perfect agreement between simulation and experiment, the
data would lie on a line with a slope of unity and an intercept
of zero. As indicated by least-squares fits, the absolute values
for KDE and a and the dynamical range for KDE are overesti-
mated by the simulations. However, the experimental ordering
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of the different extraction solvents, both for KDE and a, is well
reproduced by the simulation data. The scatter in a is some-
what smaller, but this could be related to its larger dynamical
range. It should be noted that an over prediction of KDE by a
factor of 1.5 corresponds to an error of only 1 kJ/mol in the
transfer free energy.

The simulations correctly capture the decline in KDE from
decan-1-ol, over decan-2-ol to decan-4-ol (but the value for
decan-3-ol is over predicted), and both the simulation and
experiment predict the lowest KDE value for 4P4H. Further-
more, both the simulations and experiments put the branched
alcohols in the descending order of 2M2N, 37DM3O, and
4P4H. The major discrepancy in the ordering of the KDE val-
ues is the relative values of the linear and branched alcohols.
The simulation data for all alcohols with linear backbone lie
above the best-fit line, whereas those for the branched
alcohols fall below.

The ordering of the separation factors a is also predicted
quite accurately. For the primary and secondary alcohols, the
simulations correctly predict that the a values increase from
decan-1-ol to decan-4-ol, and the trend within the series of
tertiary alcohols is also reproduced. The simulations cor-
rectly place 2M2N between decan-1-ol and decan-2-ol, but
somewhat under predict the a values of the other two tertiary
alcohols and overpredict the value for decan-2-ol.

Another difference is that the simulations yield an a value
for decan-2-ol that is closer to that for decan-3-ol than that
for decan-1-ol, whereas the experiments give a larger differ-
ence between the two secondary alcohols than between
decan-2-ol and decan-1-ol. Despite these discrepancies, the
trends for the different alcohols are reproduced satisfactorily,
suggesting that our simulation approach can be used to
screen solvents for extraction and draw accurate conclusions
about which solvents are more effective.

While the use of KDE and a is common in the description
of ethanol extraction solvents, a more general quantity that
is frequently encountered in the study of partitioning is the
Gibbs free energy of transfer which can be obtained
from35,36

DGtrans 52RTln
qorganic Xð Þ
qaqueous Xð Þ

where R is the gas constant, T is the absolute temperature,
and qorganic and qaqueous are the number densities of ethanol
in the organic and aqueous phases, respectively. The Gibbs
free energies of transfer for water and ethanol have been
computed from the simulations and are listed in Table 1.

In general, the DGtrans values are positive (indicating a
preference for the aqueous phase) for both ethanol and
water, but those for water are about 8 kJ/mol larger than for
ethanol. The trends in the DGtrans values for ethanol match
fairly closely with those observed for KDE, with transfer to
the organic phase becoming more unfavorable along the
series decan-1-ol to decan-4-ol and going from 2M2N to
37DM3O and 4P4H. The placement of the transfer free ener-
gies for the branched alcohols with respect to the linear alco-
hols is slightly different, but these differences are within the
range of the statistical uncertainties.

The trends in the transfer free energies for water match
well with what would be expected from the selectivity val-
ues. As decan-1-ol has the lowest selectivity, the DGtrans for
water is also the lowest for this solvent. The transfer free
energies increase with a going from decan-1-ol to decan-4-
ol, and the values for the branched alcohols agree also quite
well with the trends in a.

Figure 1. Comparison of KDE (panel a) and a (panel b)
values predicted from simulation and meas-
ured experimentally.

The dashed lines represent weighted linear least squares

fits: y 5 (20.2 6 0.2) 1 (2.4 6 0.5)x (for KDE), and

y 5 (5 6 3) 1 (1.5 6 0.2)x (for a). [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table 1. Gibbs Free Energies of Transfer for Ethanol and

Water from the Aqueous to the Organic Phase (with

Standard Errors of the Mean), and the Average Number of

Molecules and Mass of Ethanol/Water Clusters

Extractant
DGtrans(E)

[kJ/mol]
DGtrans(W)

[kJ/mol] Nclust

Mclust

[g/mol]

Decan-1-ol 0.34 1 0.14 8.02 1 0.13 3.1 99
Decan-2-ol 0.58 1 0.14 9.75 1 0.19 2.1 77
Decan-3-ol 0.36 1 0.13 9.96 1 0.13 2.0 74
Decan-4-ol 0.94 1 0.12 10.81 1 0.18 1.8 68
2M2N 0.91 1 0.12 9.24 1 0.10 2.3 78
37DM3O 1.11 1 0.12 9.80 1 0.09 2.0 71
4P4H 1.57 1 0.18 10.84 1 0.15 1.7 64
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In order to explain the different performance of these
10-carbon alcohols for ethanol extraction, we have calculated
radial distribution functions (RDFs). As our goal here is to
identify the structural characteristics leading to differences in
extraction efficiency between the different solvents, our
focus is on the organic phase. The oxygen-oxygen RDFs for
ethanol/ethanol and for ethanol/solvent are shown in the top
two panels of Figure 2. For both RDFs, there is a general
trend toward increasing height of the first peak with decreas-
ing KDE. This information can be somewhat misleading,
however, as the number of ethanol molecules in the organic
phase for the different extraction solvents can be quite dif-
ferent and, due to the normalization, the height of this first
peak is a strong function of the density of ethanol in that
phase. The more illuminating information is at intermediate
separations, from about 3–9 Å. This range typically includes
the second and third solvation shells. For alcohols that have
high values of KDE, the RDF in this range is higher as well.
This suggests that these alcohols have larger amounts of
ethanol in solvation shells beyond the first for both ethanol
and the solvent. This strongly implies that the solvents most
effective at extracting large amounts of ethanol do promote
ethanol clustering in the organic phase.

It is not surprising that this type of structure promotes the
transfer of ethanol to the organic phase, as ethanol would
be much more soluble in this relatively polar cluster than in the
alkyl region of the solvent. However, the same structure that
makes a solvent effective for extracting ethanol also makes
it less selective. RDFs for water/water and ethanol/water are
shown in the bottom two panels of Figure 2. The formation
of water clusters in the organic phase for the same solvents
that favor the formation of ethanol clusters is indicated by
the higher values for the water/water RDF in the distance
range corresponding to the second and third solvation shells.

Furthermore, the ethanol/water RDFs suggest that these
clusters contain significant amounts of both components. This
is the primary reason that those alcohols showing high values
of KDE also tend not to be very selective for ethanol. The
driving force for the extraction of ethanol is the formation of
relatively polar regions in the alcohol phase, and these regions
are favorable locations for both water and ethanol.

The oxygen-oxygen RDFs and corresponding number inte-
grals for the solvent are shown in Figure 3. In general, we
see a similar correlation to that observed by Stephenson
et al.15,16 with the number of oxygen atoms within the dis-
tance range corresponding to the second and third peaks
matching well with trends in KDE and a. Combined with the
structural information for ethanol and water, it appears that
the ability of the solvent to form large hydrogen-bonded
aggregates with itself is necessary to stabilize large ethanol/
water clusters. If it is significantly more favorable for an
alcohol to form small aggregates with only a few first shell
neighbors, only a few small clusters of ethanol and water
can be formed, reducing KDE and increasing a.

This can be confirmed by considering the size distribution
of the hydrogen-bonded aggregates in the organic phase (see
Figure 4), where a set of geometric criteria37 (i.e., O••H dis-
tance being less than 2.5 Å and cosine of O2H••O being
less than 20.1) was used to define an H-bond. Within an
H-bonded aggregate, each molecule is required to form an
H-bond to at least one other molecule in the aggregate. The
aggregate size is defined to be the number of molecules in a
contiguous H-bond network. The aggregate size distribution
can be determined by considering all types of molecules
(10-carbon alcohol, water, and ethanol) or only the solute
molecules. The aggregate size distribution for the decan-1-ol
phase shows the presence of very large aggregates, some-
times containing virtually all of the molecules in the simula-
tion box. This suggests that the primary alcohols are capable
of participating in H-bonds with ethanol and water without
significantly disrupting the H-bonding network between
those molecules. When the hydroxyl group is located nearer
to the center of the chain, as in decan-3-ol and decan-4-ol,
or for tertiary alcohols, the aggregate size distribution is
shifted to smaller sizes, suggesting that these alcohols are
less capable of forming large H-bonded aggregates. To illus-
trate the dramatic differences in the extent of aggregation,
snapshots of the organic phase for decan-1-ol and 4P4H are
shown in Figure 5. The largest H-bonded aggregate for the
1-decanol system percolates over the entire simulation box

Figure 2. Oxygen-oxygen RDFs for ethanol/ethanol (top
left), ethanol/solvent (top right), water/water
(bottom left), and ethanol/water (bottom
right).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. Oxygen-oxygen solvent/solvent RDFs (left),
and number intergrals (right).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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(i.e., one might expect even larger aggregates for simulations
of larger systems), whereas the much smaller H-bonded moi-
eties in 4P4H are highly compact and well separated by
alkyl-rich regions.

The formation of these clusters highlights the importance
of considering this system at the finite concentrations

encountered in fermentation broths. The mechanism
controlling capacity and selectivity are tied to the formation
of finite size ethanol/water aggregates. In general, these
aggregates are not pure, well-defined, ethanol/water clusters,
but rather have significant amounts of the solvent
interspersed between small ethanol/water clusters. As shown
in Table 1, the average size of the pure ethanol/water
aggregates is quite small, containing two molecules or fewer
for all but decan-1-ol.

While a general trend of high KDE solvents forming large
aggregates is observed, the trend in aggregate sizes does not
match exactly with KDE, as the tertiary alcohols tend to form
smaller aggregates than any of the primary and secondary
alcohols, even though they have similar KDE values than
decan-4-ol and also lead to larger water/ethanol aggregates.
For the tertiary alcohols, while the RDFs in Figure 3 are the
lowest for the branched alcohols for the second and third
solvation shells, the second peak is shifted toward shorter
distances and is higher than the second peak for some of the
secondary alcohols. This suggests that the tertiary alcohols
are forming clusters that are different in structure than those
in the linear alcohols.

The middle panel of Figure 4 shows the size distribution
for clusters containing only water and ethanol. Even though
the branched alcohols generally form smaller aggregates
overall and the RDFs suggest that these solvents lead to the
formation of ethanol/water clusters of a relatively small spa-
tial extent, the ethanol/water clusters formed in 2M2N and
37DM3O contain more molecules than those formed in
decan-3-ol and decan-4-ol. As shown in the bottom panel,
none of the solvent molecules have any significant prefer-
ence to selectively form pure ethanol aggregates rather than
ethanol/water aggregates, but overall smaller ethanol/water
aggregates are significantly richer in ethanol.

Conclusions

We have demonstrated that CBMC-GEMC simulations
with the TraPPE force field can predict the ability of various
alcohols to extract ethanol from aqueous solution. Further-
more, we have shown that the formation of ethanol/water
clusters is the primary driver for the extraction of ethanol,

Figure 4. Aggregate size percentiles (fraction of aggre-
gates equal to or smaller than a particular
size) for all hydrogen-bonding molecules
(top), and for aggregates containing only
water and ethanol (middle), and ethanol mole
fraction in the ethanol/water aggregates
(bottom).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Snapshots of the organic phase for simulations involving decan-1-ol and 4P4H are shown on the left and
right, respectively.

Carbon tails are shown as cyan lines and hydrogen atoms are shown as white spheres. Oxygen atoms in the largest cluster (regard-

less of molecule type), water, the 10-carbon alcohol, and ethanol are shown in magenta, red, green, and blue, respectively. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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but that these structures also make the solvents less selective.
The ability to accommodate a larger number of smaller
ethanol/water clusters leads to a more efficient solvent with
reasonable capacity and high selectivity.
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