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ABSTRACT

The extraction of lactic acid from aqueous solution by a number of extractants
dissolved in different organic diluents was explored over a wide range of pH values.
Tri-n-octylmethylammonium chloride (TOMAC or QCI), dissolved in oleyl alcohol,
butyl acetate, and a mixture of hexane and oleyl alcohol, was found to be most
appropriate in terms of high extraction capacity and simplicity of operation. Biocom-
patibility between the extraction reagents and lactic-acid-producing microbes was
also examined. The results indicated that TOMAC was highly toxic, and both butyl
acetate and hexane exhibited some detrimental effects. However, oleyl alcohol exhib-
ited no toxicity and could, therefore, be considered the most suitable diluent. During
extractions with TOMAC concentrations no greater than 0.1 kmol'm~3, implementa-
tion of a cleaning column filled with oleyl alcohol seemed to effectively remove
trace amounts of TOMAC dissolved in the fermented broth; extractive fermentation
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of lactic acid was accomplished, despite a little decline in lactic acid production
relative to production obtained for a control experiment. However, higher TOMAC
concentrations are desired for better extraction of accumulated lactic acid to reduce
its own inhibitory effect. A cleaning column packed with the cation-exchange resin
Amberlite IR-120B was more effective. As a result, satisfactory extractive fermenta-
tion was achieved, thereby proving the feasibility of efficiently producing lactic acid
by extractive fermentation, with TOMAC dissolved in oleyl alcohol as the optimum
extraction system.

Key Words. Lactic acid; Quaternary ammonium salt; Solvent ex-
traction; Extractive fermentation; Biocompatibility

INTRODUCTION

Solvent extraction, accompanied by a reaction, has been recognized as a
promising alternative to conventional calcium-salt precipitation and to non-
reactive extraction processes for the separation and purification of fermented
organic acids (1-3). The fermentation process involving in situ extraction,
or extractive fermentation, has been receiving growing attention because it
is capable of relieving end-product inhibition and bringing about high produc-
tivity; in situ recovery of fermented products is also attractive economically
as a primary purification method (4-7). The extraction process can be carried
out inside the fermentor or in an external extraction unit.

In a pioneering study of extractive fermentation, Finn attempted to reduce
end-product inhibition of prodigiosin by extraction into kerosene, to no con-
clusive effect (8). Some success was achieved in extractive fermentations for
such alcohols as ethanol and butanol (9-13).

Bar and Gainer attempted to develop a process for the production of lactic,
citric, and acetic acids, but were hampered by poor extractions and highly
toxic extraction solvents (14). Yabannavar and Wang managed to apply ex-
tractive fermentation to the production of lactic acid at pH 4.2, using 15%
Alamine 336 dissolved in oleyl alcohol. To overcome toxicity of Alamine
336, they immobilized the lactic acid-producing bacteria Lactobacillus del-
brueckii in k-carrageenan, and later added soybean oil to the k-carrageenan
matrix and achieved higher productivity relative to a control run. However,
since the immobilized cells were to be brought into direct contact with the
extractant, relatively low extractant concentrations were necessary (4). Ye et
al. implemented multiple extraction stages in the production of lactic acid
with 40% Alamine 336 dissolved in oleyl alcohol. They used a hollow fiber
module to remove cells from the fermented broth prior to extraction in order
to keep cells from directly contacting the extractant (15). It is noteworthy
that in the latter two cases the process had to be operated at pH 4.2, a compro-
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mise value between the optimum extraction pH of Alamine 336 in oleyl
alcohol (ca. pH 3.0), and the optimum fermentation pH of 5.0-6.0.

A more efficient extractive fermentation process for organic acids should
be able to exploit both optimum pH values for the extraction and fermentation
processes (16, 17). Furthermore, many properties are required of potential
extraction reagents; for example, water-immiscibility, simplicity of operation,
and no or removable toxicity toward microbes. So far, the absence of an
adequate extraction system continues to be a major hurdle in the development
of efficient extractive fermentation processes for organic acids.

In this study the extraction behavior of lactic acid from aqueous solution
was investigated at various pH values and by using different extractants and
organic diluents, with the aim of harmonizing extraction pH with fermentation
pH. Lactic acid was selected because it is a typical fermentation-derived
organic acid. It is widely used in food processing and chemical industries.
Moreover, it is a feedstock for the production of biodegradable polymers and
environmentally “‘green’’ solvents, and its market is expected to expand as
a result of increasing concern about the environment (18-20).

MATERIALS AND METHODS
Chemicals, Strain and Culture Conditions

The extractants used were tri-n-octylmethylammonium chloride (TOMAC)
whose purity was 80.3%, dioctylamine (DOA), tri-n-octylamine (TOA), tri-
n-octylphosphineoxide (TOPO), and tri-n-butylphosphate (TBP). The organic
diluents used were oleyl alcohol (OleylOH), hexane, and butyl acetate
(BuAc). All chemicals except TOMAC were of AR grade and were used as
received except lactic acid which was heat-treated prior to extraction; it usu-
ally self-esterifies or dimerizes in aqueous solution concentrations over 20
wt%. The aqueous phase was prepared by dissolving the monomerized lactic
acid in deionized water, and the pH was adjusted using sulfuric acid or aque-
ous ammonia solution, The organic phase was prepared by dissolving the
extractants into the organic diluents. '

Lactobacillus rhamnosus IFO3863 was used to produce L(+)-lactic acid
from glucose. The composition (in kg-m™3) of the medium was as follows:
glucose, 100 and 225; KH,PO,, 0.5; NaCl, 0.1; MgS04-7H,0, 2.0; yeast
extract, 10.

Experimental Methods

Some extractants, like TOMAC, have been reported to be highly toxic to
lactic acid-producing bacteria. Initially, therefore, a bioassay was used to test
all extraction reagents for relative toxicity toward L. rhamnosus. The toxicity



11: 22 25 January 2011

Downl oaded At:

1442 TONG ET AL.

assays were carried out by placing 1.0 X 10~ m3 of a sample of extraction
reagent on the nutrient agar gel inoculated with lactic acid bacteria in a test
tube of 1.0 X 1072 m diameter. After incubation for 48 hours at 37°C, the
toxicity was evaluated by measuring the length of clear zone, i.e., the part
of agar gel in which bacterial colonies could not be observed (21). Generally,
the length of clear zone corresponds to the toxicity of the reagent against the
microbes, i.e., the longer the length, the higher the toxicity. The maximum
concentration of TOMAC guaranteeing appreciable growth of microbes (or
minimum inhibitory concentration) was determined by measuring the ODgg
with a spectrophotometer (Jasco Ubest-35, Japan Spectroscopic Co. Ltd.,
Japan) following fermentations in culture media containing different concen-
trations of TOMAC.

Removal of trace concentrations of toxic substances was also attempted
by passing the extracted broth through a column filled with organic solvent,
or packed with ion-exchange resin, before recycling back to the fermentor.

Equilibrium investigations were then carried out by varying the concentra-
tions of the composition of both the aqueous and the organic phases. An
aqueous solution of known concentration was well mixed with an equal vol-
ume of organic phase in a glass vial at 25°C for 24 hours. Then, as equilibrium
was attained, the lower aqueous phase was carefully pipetted out and analyzed
for residual lactic acid concenfration. The extraction equilibrium constant
could be determined when sufficient data had been acquired.

Fermentation was carried out at 42°C in a standard stirred-jar fermentor
(KMI-2B, Mitsuwa Rikagaku Co. Ltd., Japan) with a working volume of 1
X 1073 m? and stirred at 110 rpm. During fermentation, pH was maintained
at 6.0 by the automatic addition of 25 vol% aqueous ammonia solution. To
ensure anaerobic conditions, a small amount of nitrogen was sparged into
the fermentor. The complete extractive fermentation system is schematically
illustrated in Fig. 1. The broth was fiitered by a hollow fiber module (Cul-
tureflo L, L2042L, Asahi Medical Co. Ltd., Japan, see Table 1 for the specifi-
cations of the hydrophilic polyolefin hollow fiber membrane) which was
washed in ethanol and then in hot sterile water immediately before fermenta-
tion was initiated.

After the fermentation had proceeded for a while, some broth was with-
drawn from the fermentor by a pump at a fixed rate and passed through the

TABLE 1
Specifications of the Microporous Hollow Fiber Membrane

ID (pm) OD (pm) Thickness (pm) Pore size (pm) Porosity (—)

350 430 40 0.5 0.7
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1. Fermentor 2. Circulation pump for fermented broth 3. Hollow
fiber module 4. Circulation pump for filtrated broth 5. Extractor
6, 14. Level controllers 7. Circulation pump for extracted broth
8. Cleaning column 9. pH controller 10. Feed pump for ammonia
solution 11. 10wi% ammonia solution 12. Organic solvent

13. Circulation pump for organic solvent 15. Stripping reagent

FIG. 1 Schematic diagram of extractive fermentation system.

hollow fiber module. The cells separated from broth were recycled to the
fermentor, and the cell-free filtrate was pumped into the extractor. The ex-
tracted broth, after passing through the cleaning column, or by-passing it in the
case of control fermentation, was recycled to the fermentor. A level controller
regulated the flow of fermented broth into the extractor. Concurrently, the
organic phase was circulated between the extraction unit and the stripping
unit in which lactic acid was recovered with 4 kmol-m™> sodium hydroxide
solution. The liquid level in the stripping unit was controlled by using a glass
tube.

Analytical Method

HPLC (LC-6A, Shimadzu, Co. Ltd., Japan) equipped with a refractometric
detector (Jasco 830-RI, Japan) and a UV detector (SPD-6A, Shimazu Co.
Ltd., Japan, wavelength set at 210 nm) was used to measure glucose and/or
lactic acid concentrations, the former for samples taken from fermented broth,
and the latter for samples of the raffinate after extraction and from the strip-
ping phase, respectively. A TSK-Gel column (ODS-80Ts, Tosoh. Co. Ltd.,
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Japan) was utilized with the mobile phase of aqueous ammonium dihydrogen
phosphate solution (2.5 mol-m~3, adjusted to pH 2.0 with orthophosphoric
acid) flowing at a rate of 1.0 X 107 m*>min~".

RESULTS AND DISCUSSION
Effect of pH on Extraction of Lactic Acid

To enable smooth implementation of extractive fermentation, it is necessary
to find an extraction system whose optimum pH corresponds to the fermenta-
tion pH. Therefore, initial efforts were directed at elucidating the pH effect
on lactic acid extraction by a variety of extractants and diluents.

Before using the extractants, extraction of lactic acid (LA) with oleyl alco-
hol and butyl acetate was attempted. Neither of the two diluents gave good
extraction, which could be attributable to the fact that they could only extract
lactic acid by interacting with it through hydrogen bonding and other weak
electrostatic forces.

Reactive Extraction with Extractants Dissolved
in Oleyl Alcohol

Figure 2 illustrates the effect of pH on extraction with TOMAC, DOA,
TOA, TOPO, and TBP diluted in oleyl alcohol. Apparently the degrees of
extraction with TOPO and TBP were very low around the optimum fermenta-
tion pH 6.0; the fact that extraction improved with falling pH shows that
they are solvation extractants (22). As for TOA, its extraction power was
considerably high at about pH 4.5 but fell before pH 6.0. DOA exhibited its
highest extraction power around pH 6.0, followed by TOMAC. Here, the
high extraction capacity of TOMAC at high pH value is consistent with the
fact that it is an anion-exchange extractant. Therefore, with oleyl alcohol as
the diluent, DOA and TOMAC proved to be appropriate extractant candidates.

Reactive Extraction with Extractants Dissolved
in Hexane with and without Phase Modifier

Figure 3 presents the results of extraction with nonpolar hexane as a diluent.
It is clear that each extractant showed poor extraction at pH 6.0, indicating
that hexane does not qualify in this instance as a suitable diluent. This result
corresponds to other findings that nonpolar diluents are less favorable than
polar diluents, as shown in previous studies on the extraction of citric (3) and
lactic acids (23). On the other hand, TOPO appeared to extract very well in
the vicinity of pH 2.0, suggesting that the combination of TOPO with hexane
would be suitable for extractions in fermentations of low optimum pH.
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Extractions with TOMAC in hexane were not performed since the solubility
of TOMAC in hexane is low. The weak extractions of DOA can also be
attributed to its low solubility in hexane. However, low solubilities could be
overcome by adding a small amount of oleyl alcohol as a modifier to hexane.
Extraction of lactic acid with TOMAC in a mixture consisting of 92.5 vol%
hexane and 7.5 vol% oleyl alcohol was attempted by varying concentrations
of the organic phase at pH 6.0. The results are presented in Fig. 4; they are
interesting because the degree of extraction is comparable to that for TOMAC
in oleyl alcohol or in butyl acetate.

Reactive Extraction with Extractants Dissolved
in Butyl Acetate

In order to further explore the influence of the diluent’s polarity on extrac-
tion, butyl acetate was employed for its strong polarity. As shown in Fig. 5,
the results followed patterns similar to those for oleyl alcohol, i.e., DOA and
TOMAC achieved the best extractions around pH 6.0, at degrees comparable
to those for oleyl alcohol. Hence, polar diluents can also give satisfactory
extractions.

A significant feature is that the degree of extraction with TOMAC was
insensitive to pH until around pH 2.0. This implies that the extraction mecha-
nism at low pH differs from that in a relatively high pH range. A further
point is that, unlike TOMAC, the pH after extraction with DOA could rise
as high as 3 because DOA is a fairly strong basic extractant. A change of
such magnitude is likely to result in poor extractions if the final pH value
should exceed 7.0.

Thus far, it can be concluded that TOMAC dissolved in oleyl alcohol or
butyl acetate, or a mixture of hexane and alcohol, are suitable for extractive
fermentation.

Toxicity of Extraction Reagents toward Microbes
and lts Countermeasures

Toxicity of extraction reagents to microbes was investigated and evaluated
as described above. However, it is noteworthy that the length of the clear
zone functions only as a rough measure of toxicity since it is actually an
overall outcome of the intrinsic toxicity, solubility, and diffusivity of the
reagent. From the results presented in Fig. 6, TOMAC and DOA appear to
be the most toxic. Butyl acetate and hexane exhibit a degree of toxicity. Oleyl
alcohol does not, and this may be partially accounted for by its low solubility
in the fermented broth-and simply by its lower toxicity as a compouud. Conse-
quently, oleyl alcohol was chosen as the most suitable diluent.
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FIG. 6 Toxicity of extraction reagents toward Lactobacillus rhamnosus.

Since oleyl alcohol is biocompatible with the lactic acid-producing bacteria,
and solubility of TOMAC in it is high, it was investigated as a rinsing solvent
for fermentation broths, following extraction and prior to recycling into the

fermentor, to relieve the toxicity of TOMAC. The results presented in Fig.

7, were evidently quite successful relative to those without implementing
the cleaning column. Production was a little bit lower than that in control
fermentation without extraction, and can be ascribed to the toxicity of traces
of TOMAC remaining in the fermented broth. However, simultaneous recov-
ery of lactic acid was achieved in extractive fermentation, which is its advan-
tage over fermentation without extraction. It is noteworthy that this column
had a limited effect when the concentrations of TOMAC employed were
greater than 0.2 kmol-m ™3, Higher concentrations of TOMAC extracted more
lactic acid and better relieved product inhibition. The concentration limit of
TOMAC for appreciable growth of microbes was found to be 1 X 1073
mol-m™2 from separate experiments specifically on the toxicity of TOMAC,
as shown in Table 2. This limit is obviously beyond the cleaning capability
of oleyl alcohol based on simple distribution. Experiments with a cleaning
column packed with the cation-exchange resin Amberlite IR-120B were suc-
cessful, as shown in Fig. 8. Lactic acid was produced smoothly and continu-
ously with 0.2 kmol-m~3 TOMAC. Simultaneous removal of nutrients in the
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FIG.7 Comparison of extractive fermentations with oleyl alcohol treatment (marked with an

asterisk) against those without.

medium was assumed to be negligible since no decline in growth rate was

observed.

The high viscosity of TOMAC in oleyl alcohol hinders the achievement
of fast extraction rates. TOMAC can dissolve in a mixture of 92.5 vol%
hexane and 7.5 vol% oleyl alcohol, as mentioned earlier. Since hexane is of
low viscosity and volatile, an extraction system of TOMAC in hexane with
oleyl alcohol as a phase modifier may, in this case, be a better candidate,
although hexane is rather toxic. Therefore, further work needs to be done to

optimize the system.

TABLE 2
Toxicity of TOMAC on Lactobacillus rhamnosus
Concentration (kmol-m~3) Growth?®
0 ++ +
2 x 1077 ++ +
6 X 1077 +++
1 X 1076 + +
2 % 1076 +
6 x 1076 -

? + + + = average growth; + + = less satisfac-
tory growth; + = slight growth; — = no growth.
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Extraction Equilibrium of Lactic Acid
with TOMAC/Oleyl Alcohol

Equilibrium studies were carried out at 25°C by varying the concentrations
of both the organic and aqueous phases; the pH of the latter was adjusted to
6.0 with aqueous ammonia solution. In this case, lactic acid can be assumed
to completely disassociate into L™, If it is assumed the extraction of lactic
acid with TOMAC proceeds in the following manner:

Lag + Q"Clry 2 QLiorp + Cliag M
then the extraction equilibrium constant can be given as
Kex = CopouCiaa-/CiL-Cligoa )
and thus
log CdeqL/CliL- = log Cdpac/Clic- + log Kex (3)

Based on Eq. (3), the experimentally measured equilibrium data were plotted
as Fig. 9; a straight line of unit slope was obtained. This result provides
evidence for the above assumption about the stoichiometry of lactic acid
extraction with TOMAC. From the intercept, the equilibrium constant of
extraction K, at 25°C for TOMAC/oleyl alcohol was determined to be 0.073.

2
- o Glucose
=1 " { m Total lactic acid n
3 B Lactic acid in broth] -
E 1.5 p ] ||
tv] a®
- [
~ ] ] o o g0
g oO g O a
g 'f o = "
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FIG. 8 Extractive fermentation with cation-exchange resin treatment (Corgromac = 0.2
kmol'm™3).
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FIG. 9 Double logarithmic plot to obtain extraction equilibrium constant.

CONCLUSIONS

The nonreactive extraction of lactic acid with pure organic solvents was
extremely poor. The effect of pH on extraction with assorted extractants was
elucidated, indicating that TOMAC in oleyl alcohol, butyl acetate, or a mix-
ture of the two diluents was most appropriate becatise of high extraction
capacity and simplicity of operation.

However, TOMAC was found to be highly toxic to lactic acid-producing
bacteria and butyl acetate was also fairly toxic, whereas oleyl alcohol was not.
Implementation of a cleaning column filled with oleyl alcohol was effective in
removing some trace amount of TOMAC entrained in the fermented broth
during extraction with as low as 0.1 kmol-m~3 concentration of TOMAC.
Extractive fermentation of lactic acid was accomplished in spite of a small
decline in production in comparison with the control run. At higher TOMAC
concentrations, a cleaning column packed with the cation-exchange resin Am-
berlite IR-120B was more adequate, giving a satisfactory extractive fermenta-
tion of lactic acid. Consequently, TOMAC dissolved in oleyl alcohol was
considered to satisfactorily meet the criteria for lactic acid extractive fermen-
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tation. The equilibrium constant of extraction with TOMAC in oleyl alcohol
was determined to be 0.073 at 25°C. Recovery of lactic acid from the organic
phase was found to be possible with aqueous solutions of such inorganic salts
as sodium chloride and will be reported in a later paper.

NOMENCLATURE
C concentration (kmol-m~3)
Kex equilibrium constant of extraction (—)

L~ lactate anion
QCl tri-octylmethylammonium chloride (TOMAC)
QL lactate—TOMAC complex

Superscripts

0 initial

* in equilibrium
Subscripts

aq aqueous phase
ext extractant

LA lactic acid

org organic phase
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