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Abstract — Liquid-liquid extraction (LLE) using various solvents was studied for recovery of acetic acid from a syn-
thetic ethanol fermentation broth. The microbial fermentation of sugars presented in hydrolyzate gives rise to acetic acid
as a byproduct. In order to obtain pure ethanol for use as a biofuel, fermentation broth should be subjected to acetic acid
removal step and the recovered acetic acid can be put to industrial use. Herein, batch LLE experiments were carried out
at 25°C using a synthetic fermentation broth comprising 20.0 g I acetic acid and 5.0 g I"' ethanol. Ethyl acetate
(EtOAC), tri-n-octylphosphine oxide (TOPO), tri-n-octylamine (TOA), and tri-n-alkylphosphine oxide (TAPO) were uti-
lized as solvents, and the extraction potential of each solvent was evaluated by varying the organic phase-to-aqueous
phase ratios as 0.2, 0.5, 1.0, 2.0, and 4.0. The highest acetic acid extraction yield was achieved with TAPO; however, the
lowest ethanol-to-acetic acid extraction ratio was obtained using TOPO. In a single-stage batch extraction, 97.0 % and
92.4 % of acetic acid could be extracted using TAPO and TOPO when the ratio of organic-to-aqueous phases is 4:1
respectively. A higher solvent-to-feed ratio resulted in an increase in the ethanol-to-acetic acid ratio, which decreased

both acetic acid purity and acetic acid extraction yield.
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1. Introduction

With the increasing global demand for energy and declining
resources of fossil fuels, renewable energy resources continue to gain
importance for energy production. In particular, bioethanol production
from various renewable sources, including agricultural residues,
woods, and cellulosic residues from pulp and paper production facil-
ities, through fermentation has great potential to replace the conven-
tional transportation fuel [1].

Acetic acid is a normal end-product of alcoholic fermentation in
the biorefinery process, and can also be formed by Saccharomyces
cerevisiae; additional amounts may be produced after alcoholic fer-
mentation by lactic acid bacteria [2-5] and/or acetic acid bacteria [6].
The concentration of acetic acid produced during alcoholic fermen-
tation may vary with the species of strains [7,8], the composition of
hydrolysates [9], and other physical factors [10,11]. Acetic acid is
projected to be recovered as a valuable coproduct using liquid-liquid
extraction followed by stripping and distillation. Acetic acid is an
important platform chemical in the synthesis of many valuable chemi-
cals, such as cellulose acetate, vinyl acetate, acetic acid esters, tere-
phthalic acid, and so on. The demand for acetic acid has accelerated
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in recent years [12] owing to increased demand for derivatives such
as the vinyl acetate monomer (VAM). Currently, acetic acid is produced
primarily from non-renewable feedstock, for example, by methanol
carbonylation [12,13]. Market prices of acetic acid ($1.2 kg™!, 2010
level) are considerably higher than the price predictions for ethanol
($0.05~0.15 kg'!, 2011 level). Therefore, if such a recovery process
could be integrated into the biorefinery process for biofuel produc-
tion, extraction and utilization of acetic acid from the fermentation
broth could significantly boost the economic attractiveness of whole
biorefinery process, in addition to improving the purity of main product,
ethanol.

The extraction of acetic acid from an ethanol fermentation broth
needs to be cost effective to compete with synthetic processes. Cur-
rent methods of extracting acetic acid from ethanol fermentation
broths are time consuming and costly. Various techniques for the separa-
tion of organic acids from complex mixtures have been reported,
examples of which include (catalytic) distillation [14], adsorption
using ion-exchange resins [15], and micro-emulsion liquid membrane
separation [16]. Successful extraction of acetic acid from aqueous
solution into an organic phase using the liquid-liquid extraction (LLE)
process has been achieved with various solvents in our laboratory [17].
Organophosphorus compounds and alkylamines with high molecu-
lar weight, dissolved in various diluents, have been explored for liquid-lig-
uid extraction (LLE) of acetic acid from dilute aqueous solution. The
partition coefficients for these systems vary between 3 and 5 [17,18-21].
A molar loading of greater than one was deduced by Senol [19] for
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the removal of carboxylic acids from water using alamine 336 in
halogenated hydrocarbon diluents. The use of trioctylphosphine oxide
(TOPO) as an extractant for the removal of fatty acids from aqueous
solutions is discussed in several papers [18,22-29]. Due to its high
hydrogen bonding acceptor basicity, TOPO undergoes strong com-
plexation with carboxylic acids in the organic phase, thereby enhancing
the transfer of the carboxylic acid into the extract phase. In addition,
TOPO is characterized by excellent stability, a high boiling point, and
low solubility in water. Al-Mudhaf et al. [28] reported the separation
of acetic acid from aqueous NaCl solutions into cyclohexane con-
taining various concentrations of TOPO (as an extractant) at 30 °C.
They concluded that optimized TOPO use is required for economic
organic acid recovery and that the sensitivity towards salts increases
with increasing distribution ratio based on the evident effect that free
TOPO is able to complex with a larger number of acetic acid mole-
cules when acetic acid salted out from the aqueous phase. The cur-
rent study utilizes a distillation process that facilitates recovery and
reuse of the solvents being studied from the organic phase contain-
ing acetic acid.

The primary objective of this study is to evaluate the separation
process of acetic acid from a synthetic ethanol fermentation broth by
using various solvents in a batch LLE. The effectiveness of the sol-
vents for separation and the optimal solvent-to-feed ratio are deter-
mined herein. Based on the objective to obtain pure acetic acid in the
extracted organic phase, the extraction yield of ethanol is also deter-
mined.

2. Materials and Methods

2-1. Fermentation broth preparation

A synthetic fermentation broth was prepared in the laboratory; a
solution of 2.0% (w/v) acetic acid (Cat No. 320099, >99.7% purity,
Sigma-Aldrich, St. Luis, MO, USA) and 0.5% (w/v) ethanol (Cat No.
459844, >99.5% purity, Sigma-Aldrich, St. Luis, MO, USA) was used
as a model fermentation broth. The pH of the solution was measured
to be 2.59. The concentration of each component corresponded to the
average values reported in the literature representing a typical ethanol
fermentation broth [30].

2-2. Extractant preparation

Tri-n-octylphosphine oxide solution (TOPO) (CYTEC Inc., 93.0%
purity, Woodland Park, NJ, USA) was diluted with alkane (Sigma-
Aldrich, >99.0% purity, St. Luis, MO, USA), i.e. diluent ratio of 37.0%
(w/w), that was heated to 60 °C in order to dissolve the TOPO. Tri-
octylamine (TOA) (Cat. No. T81000 >98.0% purity, Sigma-Aldrich,
St. Luis, MO, USA) was prepared by diluting the extractant in 1-
octanol (Alfa Aesar, 99.0% purity, Ward Hill, MA, USA), i.e. dilu-
ent ratio of 20.0% (w/w). Ethyl acetate (EtOAc) (Cat. No. 270989,
>99.5% purity, Sigma-Aldrich, St. Luis, MO, USA) and tri-n-alkyl-
phosphine oxide (TAPO) (CYTEC Inc., 93.0% purity, Woodland
Park, NJ, USA) were used as received. Table 1 summarizes the sol-
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vent/diluent percentages optimized in our previous work [17].

2-3. Experimental and analytical procedures

The liquid-liquid extraction (LLE) of acetic acid was run using
EtOAc, TOPO, TOA, and TAPO solvents at five different solvent-
to-feed ratios of 0.2, 0.5, 1.0, 2.0, and 4.0. The typical extraction pro-
cedure for each experiment was initiated by the addition of the
organic phase and aqueous solution into a 250 ml separatory funnel.
Extraction was conducted in batch mode with vigorous shaking for 6
seconds, and subsequent intermittent shaking a six minute intervals
at 25 °C. The sample was then allowed to settle at 25 °C for 20 min-
utes for separation of the two phases. Samples of both phases were
analyzed immediately after the phase separation. The concentration
of acetic acid in the aqueous phase was determined using HPLC. .
The Shimadzu model (LC-20AT Liquid Chromatogram, Shimadzu
Corp., Kyoto, Japan) HPLC used for carbohydrate measurement had
a Bio-Rad Aminex HPX-87H column (300 mm x 7.8 mm) and Cation
H micro-guard cartridge (30 mm X 4.6 mm), (Bio-Rad Laboratories
Inc., Hercules, CA), the HPLC column operation conditions were as
follows: column temperature: 65°C, flow rate: 0.6 ml min™!, mobile
phase: 0.005 M sulfuric acid. The concentration of acetic acid in the
organic phase was determined by means of GC (gas chromatography)
(Shimadzu model GC-2010, Shimadzu Corp., Kyoto, Japan), equipped
with a FID (flame ionization detector) and using a Rtx 5 column
(Restek Corp., Bellefonete, PA, USA). The GC injector and detector
temperatures were set at 280 °C and 340 °C, respectively. Helium
was used as a carrier gas at 30 ml min’.

2-4. Partition coefficient (P_) and extraction yield

The equilibrium partitioning of acetic acid between the two phases
was evaluated based on the partition coefficient (P,) under the vari-
ous evaluated conditions, where P, is defined as:

p, = {[HAC]W} )

[HACL,,

where [HAc] is the acetic acid concentration; the subscript “org”
denotes the concentration of acid extracted from the aqueous phase
into the organic phase; and the subscript “aq” denotes the con-
centration of acid remaining in the aqueous phase. An alternate
means of expressing the extraction efficiency is as percentage
extraction. The percentage extraction is defined as the fraction of
acetic acid removed from the aqueous phase into the organic phase in
one extraction step, as defined below:

[HAC]remaining aq

% Extraction = (1 ~HAC] ) x 100 ?)

initial ag
2-5. ASPEN HYSYS simulation
HYSYS software (Version 7.1) was used to simulate the liquid-
liquid extraction of acetic acid from a model fermentation broth
using ethyl acetate as a solvent. TOPO, TOA, and TAPO extractions
were not simulated because the chemical properties of these species
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are not programmed into HYSYS. The effectiveness of ethyl acetate
as an extraction solvent was determined from the simulation parame-
ters in terms of the counter-current liquid-liquid extraction simula-
tion and the recyclability of the solvent in the simulated distillation
process. The thermodynamic fluid package, UNIQUAC (universal
quasi-chemical), with the Soave-Redlich-Kwong (SRK) function
was used based on the use of organic compounds used in the simula-
tion. The LLE column was designed with zero pressure-drop and
defaulted to 10 trays, starting and ending at 121.6 kPa. The distilla-
tion column was set at 10 trays with no pressure drop. The reboiler
and condenser pressure was set at 200 kPa. The condenser was set to
collect the distillate after condensation back to the liquid phase at the
bottom of the condensate tank. The counter-current liquid-liquid
extraction simulation with solvent distillation was simulated to
observe both the effectiveness of EtOAc as a solvent in a counter
current liquid-liquid extraction procedure and the recyclability of
EtOAc. The fermentation broth feed stream was kept at a constant
mass flow rate of 50 kg h™!, with a fresh feed stream connected after
each recycle. The EtOAc solvent stream was initially set at a mass
flow rate of 206 kg h™! and contained 100.0% EtOAc. Both streams
were set at 25 °C and at 101.3 kPa. The fermentation broth consisted
of 20 g I acetic acid and 5 g I"! ethanol. The initial fermentation broth
feed stream and solvent feed stream were connected to a counter-cur-
rent liquid-liquid extraction reactor. The extractant stream was then
connected to a distillation column to recycle the solvent. The distillate
solvent stream was then connected to a new counter-current liquid-
liquid extraction reactor with a new fermentation broth stream set
at the initial conditions. This process was repeated 24 times. The
extractant solvent stream and raffinate stream were both analyzed
to determine the recyclability of the solvent as well as the effective-
ness of the recycled solvent. Figure 1 shows a process flow dia-
gram of the procedure used herein for acetic acid extraction using
ASPENHYSYS.

3. Results and Discussion

3-1. Extraction of acetic acid and ethanol

Table 2 shows the experimental yields and partition data for extraction
of acetic acid and ethanol from aqueous synthetic fermentation broth
at 25 °C upon the solvent-to-feed ratio of EtOAc, TOPO, TOA, and
TAPO.

3-1-1. EtOAc

With EtOAc extraction, the concentration of acetic acid that was
extracted into the organic phase increased from 17.1 g I'!, corre-
sponding to 17.1% extraction yield, at a ratio of 0.2 to a concentra-
tion of 4.43 g I'!, i.e. 88.6% extraction yield, at a ratio of 4.0. The
extent of extraction of ethanol from the fermentation broth as a func-
tion of the EtOAc solvent-to-feed ratio is also presented in Table 2.
The concentration of ethanol that was extracted to the organic phase
increased from 3.41 g I"! (13.7% extraction yield) at a ratio of 0.2 to a
concentration of 1.03 g I'! (82.4% extraction yield) at a ratio of 4.0.
The extraction yield of acetic acid increased roughly linearly over
the evaluated EtOAc-to-feed ratio, whereas that of ethanol increased
slightly at lower EtOAc-to-feed ratios (0.2-2.0), and then increased
rapidly at a feed ratio above 2.0.

3-1-2. TOPO
In case of extraction test using 37.0% (w/v) of TOPO (Table 2), the

Table 1. Solvent/diluent percentages used for the experiments

Concentration

Solvent Abbreviation  Diluent (wiw)
Tri-n-octylphosphine oxide TOPO Alkane 37
Tri-octylamine TOA 1-octanol 20
Tri-n-alkylphosphine TAPO ND“ 100
Ethyl ethanoate EtOAc ND 100

“ND: No dilution.

[rervrie |

Fermenistion broth

|RECYCLE —~
- 20 gl acetic acid, & g/l ethanaol i

- B0 kg, 25°C, 101.2kPa

T
ra

(e T

-10 ray; 1218 WPa
- Rieboiler, condenser (200kFa)

Fig. 1. Process flow diagram (simplified PFD by ASPEN) of acetic acid extraction process using ethyl acetate.
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Table 2. Extraction of acetic acid (AA) and ethanol (EtOH) from
fermentation broth upon various ratio of EtOAc, TOPO, TOA
and TAPO to feed

Table 3. Simulated counter-current LLE data for the extraction of acetic
acid (AA) and ethanol (EtOH) from fermentation broth feed
as a function of different EtOAc-to-feed ratios

Concentration [g 1] Extraction yield

Concentration [g I'T] Extraction yield

Ff[:frf] .rrfflt]‘]os AA EtOH [%] F‘Efri,rr?ltl‘]"s AA EtOH [%]
' aq? org’ aq’ org’ AA EtOH ' aq” org? aq’ org” AA EtOH
EtOAc 0.6 14.7 89 3.8 2.1 26.6 24.8
0.22:10] 16.6 17.1 4.32 341 17.1 13.7 0.7 14.0 8.6 3.6 2.0 30.2 28.0
0.5[5:10] 123 15.4 348 3.03 38.5 30.3 0.9 12.7 8.1 33 1.9 36.5 34.0
1[10:10] 8.06 11.9 2.58 242 59.7 48.4 1.0 12.1 7.9 32 1.8 39.5 36.6
2[20:10] 4.38 7.81 1.61 1.69 78.1 67.7 1.1 11.6 7.7 3.0 1.8 42.1 39.2
4140:10] 227 443 0.88 1.03 88.6 82.4 13 10.6 7.3 2.8 1.7 472 43.8
TOPO 14 10.1 7.1 2.7 1.6 49.5 46.0
0.2 2:10] 15.7 213 4.27 3.67 213 14.7 1.5 9.7 6.9 2.6 1.6 51.6 48.0
0.5[5:10] 11.0 18.1 342 3.15 45.2 31.5 1.7 8.9 6.5 24 1.5 55.7 51.8
1[10:10] 6.67 133 2.53 247 66.7 49.5 1.8 8.5 6.4 2.3 1.5 57.5 53.6
2[20:10] 3.39 8.31 1.57 1.71 83.1 68.6 2.0 7.8 6.1 22 14 60.8 56.8
4140:10] 1.53 4.62 0.84 1.04 92.4 83.2 22 72 5.8 2.0 14 63.8 59.6
TOA 23 7.0 5.7 2.0 1.3 652 61.0
0.2 [2:10] 13.5 32.6 4.06 4.71 32.6 18.8 2.5 6.5 54 1.8 1.3 67.6 63.4
0.5[5:10] 6.89 26.2 3.03 3.94 65.5 394 2.7 6.1 52 1.7 1.2 69.7 65.6
1[10:10] 3.28 16.7 2.03 297 83.6 59.3 2.8 59 5.1 1.7 1.2 70.7 66.6
2[20:10] 1.52 9.24 1.15 1.92 92.4 77.0 3.0 55 4.8 1.6 1.1 72.6 68.6
4140:10] 0.73 4.82 0.56 1.11 96.3 88.8 32 5.1 4.6 1.5 1.1 74.4 70.4
TAPO 33 5.0 4.5 14 1.1 75.1 71.2
0.2 2:10] 11.6 422 4.03 4.86 422 19.5 35 4.7 44 14 1.0 76.6 72.8
0.5[5:10] 5.80 284 2.87 4.27 71.0 42.7 3.6 45 43 1.3 1.0 774 73.6
1[10:10] 2.88 17.1 1.79 3.21 85.6 64.3 3.8 4.1 42 1.2 1.0 79.8 75.8
2[20:10] 1.32 9.34 0.91 2.05 93.4 81.8 39 32 43 1.1 1.0 84.3 78.2
4140:10] 0.60 4.85 0.39 1.15 97.0 92.1 4.0 22 4.5 0.8 1.0 89.1 83.4

-EtOAc extraction: acetic acid (AA)and ethanol (EtOH) determined by
calculation® and GC?

-TOPO, TOA, and TAPO extractions: acetic acid (AA)and ethanol (EtOH)
determined by HPLC? and calculation”

concentration of acetic acid that was extracted to the organic phase
increased from 21.3 g I"! (21.3% extraction yield) at a ratio of 0.2 to a
concentration of 4.62 g I'! (92.4% extraction yield) at a ratio of 4.
The extent of extraction of ethanol as a function of the TOPO-to-feed
ratio is also presented in Table 3. The concentration of ethanol extracted
to the organic phase increased from 3.67 g "' (14.7% extraction yield)
at aratio of 0.2 to 1.04 g I'! (83.2% extraction yield) at a ratio of 4.0.
A similar trend was observed for the extraction yield of acetic acid
when the LLE was performed using EtOAc. Increasing the TOPO-to-
feed ratio from 2.0 to 4.0 improved not only the acetic acid extraction
yield from 83.1% to 92.4%, but also the ethanol yield from 68.6% to
83.2%. Based on these results, it was speculated that the liquid
extraction is significantly influenced by the concentration of undis-
sociated acid in the aqueous phase.

3-1-3. TOA

Aliphatic amines in TOA solvent extract carboxylic acids from an
aqueous phase by forming an acid-amine complex (acid-TOA com-
plex) with the undissociated acid. The fraction of remaining acetic acid
is defined as the ratio of the acetic acid concentration after extraction
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to the initial acetic acid concentration in the aqueous phase. In our
previous study, it was found that the extraction of acetic acid is critically
influenced by the pH of the aqueous phase [17]. With the extraction
experiments using TOA, the initial concentration of acetic acid in the
aqueous phase was 20 g I"! (pH =2.59 and the TOA concentration in
the organic phase was 20.0% (w/v) (Table 1). The concentration of
acetic acid that was extracted to the organic phase increased from
32.6 g I'! (32.6% extraction yield) at a ratio of 0.2 to a concentration
of 4.82 g I'! (96.3% extraction yield) at a ratio of 4.0. In case of etha-
nol extraction using TOA, the concentration of ethanol extracted to the
organic phase increased from 4.71 g I"' (extraction yield of 18.8%) at
aratio of 0.2 to a concentration of 1.11 g 1! (extraction yield of 88.8%) at
a ratio of 4.0. It was also observed that the extraction yield of acetic
acid increased almost linearly over the range of evaluated TOA-to-
feed ratios, whereas that of ethanol increased slightly at lower ratios
of TOA-to-feed (0.2-2.0). Increasing the TOA-to-feed ratio beyond
2.0 did not result in substantial increase in terms of acetic acid recov-
ery, whereas it improved the ethanol yield from 77.0% to 88.8%.

3-1-4. TAPO

A trend found in this test was similar to the other three tests using
EtOAc, TOPO, TOA, TAPO; i.e. a significant amount of acetic acid
was extracted into the organic phase in response to an increasing vol-
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ume fraction of extractant. The concentration of acetic acid that was
extracted into the organic phase increased from 422 g I'' (42.2%
extraction yield) at a ratio of 0.2 to a concentration of 4.85 g I’!
(97.0% extraction yield) at a ratio of 4.0. The concentration of etha-
nol extracted to the organic phase was 4.86 g I'', corresponding to an
extraction yield of 19.5%, at a ratio of 0.2 and moved to a concentra-
tion of 1.15 g I'' (extraction yield 0f 92.1%) at a ratio of 4.

The LLE test results shown in Table 2 indicated that TAPO seems
to be more effective than other solvents. Acetic acid extraction was
largely completed at a low TAPO-to-feed ratio; that is, 71.0%, 85.6%,
and 93.4% of acetic acid was extracted at TAPO-to-feed ratios of 0.5,
1.0, and 2.0, respectively, which are significantly lower ratios than
required for with LLE using other solvents. The remaining acetic acid
in the aqueous phase was the minimum (0.60 g/L) when the ratio of
organic to aqueous phase exceeded 4:1.

3-2. Overall effects of various solvents on LLE of acetic acid

The choice of a suitable extraction solvent for LLE process depends
primarily on the solvent’s extractive capacity and the equilibrium
characteristics as well as its stability, favorable density, viscosity, and
interfacial tension properties and a sufficient difference in the boil-
ing point of the solute and the solvent [16]. Figure 2 shows the data
acquired for the equilibrium between the concentration of acetic acid
in the organic phase and that in the aqueous phase during extraction
using different solvents for 36 minutes at 25 °C and pH = 2.59. In the
acetic acid extraction tests using EtOAc, TOPO, TOA, and TAPO, as
the solvent-to-feed ratio increased from 0.2 to 4.0, P, of acetic acid
increased from 1.03 to 1.95, from 1.35 to 3.02, from 2.42 to 6.56, and
from 3.65 to 8.12, respectively. The parameters affecting the parti-
tioning were evaluated by plotting all of the obtained P, values for
acetic acid extraction at various solvent-to-feed ratios (Fig. 2a). The
P, of acetic acid in EtOAc, TOPO, TOA, and TAPO increased lin-
early as the solvent-to-feed ratio was increased to 4.0. The P, of ace-
tic acid in TAPO increased logarithmically as the solvent-to-feed
ratio was increased to 4.0 (Fig. 2a). The extraction effect became
more pronounced as the ratio increased. In view of the high associa-
tion constant of acetic acid in these solvents, a very low concentration of
the free solvents is present in the organic phase at low [solvent]/[ace-
tic] aqueous ratios, thereby significantly altering the partition equi-
librium due to the limited capacity of the solvent to accept the transfer
of more acetic acid molecules from the aqueous phase. On the other
hand, an appreciable amount of free solvent is available at higher
ratios, and these free solvent molecules are able to complex with addi-
tional acid molecules extracted from the aqueous phase, giving rise
to a high partition coefficient.

The P, of ethanol in each of the solvents increased linearly as the
solvent-to-feed ratio was increased to 4.0 (Fig. 2b). In the ethanol
extraction tests using EtOAc, TOPO, TOA, and TAPO, as the sol-
vent-to-feed ratio increased from 0.2 to 4.0, P, of acetic acid increased
from 0.79 to 1.17, from 0.86 to 1.24, from 1.16 to 1.99, and from 1.21
to 2.92, respectively. Of the solvents evaluated, the highest acetic acid

10

| -o- EtOAc --3- TOPO (@)
[ —A—TOA - > TAPO
8
6
o
o
4
2
0 ——t
0 1 2 3 . .
Solvent:Feed Ratio
5 -
r —0--EtOAc -i3- TOPO (b)
[ —&—TOA - > TAPO
4 +

Pc

0 1 2 3 4 5
Solvent:Feed Ratio

Fig. 2. Partition coefficients (P_) results in LLE tests for (a) acetic
acid and (b) ethanol using various solvents (as organic/aque-
ous solution ratio).

extraction P, was achieved with TAPO; however, the data also revealed
that the lowest ethanol-to-acetic acid extraction ratio was achieved
with TOPO, giving rise to higher purity of the acetic acid extract. The
acetic acid extraction P, was similar for TAPO and TOPO; however,
the highest ethanol-to-acetic acid extraction ratio was achieved with
TAPO among the evaluated solvents.

3-3. ASPEN HYSYS simulation

To assess the commercial feasibilities of the proposed processes,
complete process simulations were carried out. The UNIQUAC (uni-
versal quasi-chemical) with the Soave-Redlich-Kwong (SRK) program
of the HYSYS simulation software were used to estimate the parti-
tion coefficient (P,) for the feed concentration (=20.0 g I acetic acid
and 5.0 g I'! ethanol) and mixed solvent (EtOAc) in a counter-cur-
rent LLE. The calculated P, values were compared with batch exper-
imental results (Fig. 3). The HYSY'S simulation of a counter-current
LLE using EtOAc as a solvent revealed a steady linear increase in
the acetic acid P, until the solvent-to-feed ratio reached 3.9 witha P,

Korean Chem. Eng. Res., Vol. 53, No. 6, December, 2015
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Fig. 3. Partition coefficient (P,) profiles determined from the batch
experiment (symbol) and from ASPEN HYSYS simulation
(dashed line: continuous mode): (a) acetic acid and (b) ethanol.

of 1.37; the P, increased sharply to 2.03 at a solvent-to-feed ratio of
4.0. In the batch extraction of acetic acid using EtOAc, however, the
maximum P, was only 1.95 at a solvent-to-feed ratio of 4.0 for the
batch mode extraction. Additionally, with the extraction of ethanol,
P, of ethanol increased from 0.55 to 1.26 as the ratio increased from
0.6 to 4.0. The simulation results indicated the P, of 1.26 at a solvent-
to-feed ratio of 4.0, compared with the maximum P, of only 1.17 ata
ratio of 4.0 for the batch experimental data.

This large discrepancy between the P, of the continuous counter-
current and batch LLE processes shown in Fig. 3 was due to differ-
ent extraction conditions and solvent uses. The fresh solvent was used
in batch LLE tests, while recycled solvent was used for the simula-
tion study. The result indicated that a trade-off between the batch and
continuous extraction process associated costs of an acetic acid sepa-
ration mechanism, which is related to the efficiency. However, our
future research should thoroughly evaluate the feasibility of LLE in
an industrial setting given that the counter-current extraction is cur-
rently believed to be the most apposite method for separation. In
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addition, future studies should also focus on the effect of contact time
between the solvents and fermentation broth to maximize the effec-
tiveness of acetic acid extraction in the counter-current LLE using
relevant solvents.

Table 3 presents the simulation data for the extent of acetic acid
extraction upon various EtOAc solvent-to-feed ratio in a continuous
counter-current LLE. The concentration of acetic acid that was extracted
into the organic phase increased from 8.9 g I"! (26.6% extraction yield)
at aratio of 0.6 to a concentration of 4.45 g I"' (89.1% extraction yield)
at a ratio of 4.0. Table 3 also presents the simulation data for the
extent of ethanol extraction upon various EtOAc solvent-to-feed ratios
in a counter-current LLE. The concentration of ethanol extracted into
the organic phase increased from 2.1 g "}, a 24.8% extraction yield,
at a ratio of 0.6 to a concentration of 1.0 g I"!, an 83.4% extraction
yield, at a ratio of 4.0.

In addition, the recyclability of the solvent is the one of most
important factors in determining the optimal solvent for industrial use.
Tables 4 summarize the EtOAc recyclability evaluation with proposed
use over 24.0 cycles. The HYSYS program was set to obtain a final
acetic acid purity of 94.0% for the 20.0 g I"! acetic acid feed concen-
tration (data not shown). The simulation was programmed with the
addition of heat until an acetic acid purity of 94.0% was reached.
Given that the minimum solvent-to-feed mass flow ratio was around
1:1, the recycling was discontinued after 24.0 runs when the ratio
finally reached a value of 0.6. The data also revealed an approximately

Table 4. Simulation input data for EtOAc recycling as a function of
number of recycle events

Number of recycling Concentration of EtOAc [%] EtOAc:Feed ratio

0 100.0 4.1
1 98.4 4.0
2 95.5 3.9
3 92.2 3.8
4 88.4 3.6
5 84.5 3.5
6 80.6 33
7 76.6 32
8 72.6 3.0
9 68.6 2.8
10 64.5 2.7
11 60.5 2.5
12 56.5 23
13 52.6 22
14 48.6 2.0
15 44.8 1.8
16 41.1 1.7
17 374 1.5
18 33.8 1.4
19 304 1.3
20 27.1 1.1
21 23.8 1.0
22 20.7 0.9
23 17.6 0.7
24 14.7 0.6
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3-4% linear reduction of the original EtOAc solvent stream with each
run as it was recycled by distillation, with a consequent reduction of
the solvent-to-fermentation broth ratio from 4.1 to 0.6 during the
24.0 recycling runs. Overall, the acetic acid did not significantly affect
the solvent recovery based on the low level of contamination.

4. Conclusion

The solvent extraction equilibria of acetic acid and ethanol were
evaluated using various solvents. The highest percentage acetic acid
extraction was achieved with TAPO; however, the lowest ethanol-to-
acetic acid extraction ratio was achieved with TOPO among the sol-
vents studied. The optimal solvent-to-feed ratio for both TAPO and
TOPO was determined to be 2.0, with respective extraction yields of
93.4% and 83.1% for acetic acid. For initial concentrations on the
order 0f 20.0 g I'! acetic acid, the extraction percent is little improved
when the ratio of solvent-to-feed phase rises above 2:1. Accordingly, a
higher solvent-to-feed ratio resulted in an increase in the ethanol -to-
acetic acid ratio, which decreased the acetic acid purity.

Considering the composition of alcohol fermentation broths derived
from bacterial fermentation, selective removal of other acids such as
formic acid and lactic acid, recovery of ethanol from the organic phase,
and recyclability test of the solvents need to be further studied. How-
ever, this study should furnish fundamental data and provide an insight
into the complex and conflicting parameters governing the batch and
continuous LLE processes.
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