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Abstract A two-stage process of nanofiltration and water-splitting electrodialysis was investi-
gated for lactic acid recovery from fermentation broth. In this process, sodium lactate is isolated
from fermentation broth in the first stage of nanofiltration by using an NTR-729HF membrane,
and then is converted to lactic acid in the second stage by water-splitting electrodialysis. To de-
termine the optimal operating conditions for nanofiltration, the effects of pressure, lactate con-
centration, pH, and known added impurities were studied. Lactate rejection was less than 5%,
magnesium rejection approximated 45%, and calcium rejection was at 40%. In subsequent wa-
ter-splitting electrodialysis, both the sodium lactate conversion to lactic acid and sodium hydrox-
ide recovery, were about 95%, with a power requirement of 0.9~1.0 kWh per kg of lactate.
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INTRODUCTION

Lactic acid is one of the most widely used food pre-
servatives and a very common substrate for chemical syn-
thesis. Fifty to 60% of the lactic acid produced worldwide
is manufactured by fermentation [1-4]. The cost for lac-
tate recovery and the conversion of lactate is an impor-
tant factor in determining the economic feasibility of a
fermentative lactic acid production process. Lactate or
lactic acid can be recovered and purified from the fer-
mentation broth by precipitation, extraction, adsorption,
distillation, nanofiltration (NF), and electrodialysis (ED)
[1,5-9]. Among these processes, ED is considered to be
the most environment-friendly.

The transport of lactic acid through NF membranes
was studied extensively by Horst et al. [10]. The purpose
of this study, however, was to develop a mass transfer
model for concentrating lactic acid out of a low concen-
tration (1~2%) broth. NF has also been studied as an
alternative to evaporation (EV) and to ED in industrial
processes for whey demineralization [10]. Whey was
concentrated by EV, followed by demineralization of the
concentrated whey using electrodialysis [10]. A hybrid
process of NF and ED has been developed for treating
waste water in the pulp and paper industry [11]. The
process was optimized to recover used water from the
highly pigmented effluent which also had a high content
of organic and organochlorinated compounds and salts.
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NF was selected for the removal of the organic com-
pounds and partial desalination; ED was used to reduce
the sodium chloride concentration.

As for lactic acid recovery methodologies, a 2-stage ED
process was proposed [12] where the first step of desalt-
ing ED was for recovery of lactate from the fermentation
broth and the second step of water-splitting ED (WSED)
was to convert lactate to lactic acid (Fig. 1). The desalted
broth usually contains a significant amount of hardness
ions (Ca?*, Mg?*, etc.) due to poor rejection of these ions
by the membranes used in desalting ED. These hardness
ions can severely foul bipolar membranes in WSED and
for this reason an ion-exchange step is required before
WSED. NF can be an alternative to desalting ED. The
major advantage of using NF for the recovery of lactate
from a fermentation broth would be a high hardness re-
jection, which could obviate the need for an ion-exchange
step before WSED, as demonstrated in Fig. 1. A NF
membrane has a more open structure than reverse osmo-
sis (RO) membranes and the mean pore size is somewhat
larger than that of low molecular weight salts [13]. With
NF membranes, ions in an electrolyte solution are re-
tained by the combination of size exclusion and electrical
interaction between the ions and the membrane. Impuri-
ties, including hardness ions in the fermentation broth,
can be retained while lactate is recovered to the permeate
in a NF process, especially if a membrane with a proper
pore size and electrical properties is used [14].

In this study, the surface properties of NTR-729HF
membranes were studied by FT-IR and zeta-potential
analyses. The recovery of lactate by NF was investigated
by using model solutions at various pressures, lactate
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Fig. 1. Lactic acid production by fermentation and membrane
separation.

concentrations, pHs and impurity concentrations, and
then some peculiar phenomena caused by high concen-
tration of lactic acid were analyzed. Finally, the recovery
of lactate by NF from an actual fermentation broth was
performed, and the nanofiltered broth then acidified by
use of WSED.,

MATERIALS AND METHODS
Chemicals

Lactic acid solutions (Purac Co., Spain) used in this
study contained oligomers. To decompose the oligomers
into monomers, the solutions were boiled for 5 h at
120°C before use. Feed solutions containing 10% lactic
acid were prepared and the pH adjusted to 5.5 by the
addition of sodium hydroxide. Magnesium sulfate (Sigma
Co., USA) and glucose (Difco Co., USA) were added to
the resulting sodium lactate solution to observe the possi-
ble effects of known impurities.

Membrane

NTR-729HF (Nitto-Denko Co., Japan) membranes
were used for NF. The NTR-729HF membrane is made
of poly (vinyl alcohol) and polyamide, respectively.

Equipments and Experimental Conditions

The NF unit used in this study was composed of a
high-pressure pump (RUM-2, Japan), a stack (C10-T,
Nitto-Denko Co.), a feed reservoir and a cooling water
bath for temperature control. The total solution volume
in the system was 2 L and the circulation rate was main-
tained at 0.4 L/min. The retentates and permeates were
recycled to the feed reservoir to keep lactate concentra-
tions constant. The operating temperature was 30°C.

Analysis

A HPLC (Hitachi Co., Japan) with an Aminex HPX-
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Fig. 2. Rejection and flux of sodium lactate at different pres-
sures.

87H column (Bio-Rad Laboratories Inc., USA) was used
for analyzing lactic acid concentrations. lon concentra-
tion in model solutions and the fermentation broths were
measured by ion chromatography (Waters Co., USA)
with IonPac AS18 and CS18 columns (Dionex Co.,
USA) and an inductively coupled plasma method (PQ3,
VG elemental LTD., UK), respectively. The concentra-
tion of glucose was analyzed by an enzymatic method
(Glucose- E Kit, Yeongdong Pharmaceutical Co., Korea).
The chemical structures of the membrane surfaces were
characterized by Fourier transform infrared spectroscopy
(FTIR; model EQUINOX-55, Bruker Co, Germany) us-
ing the attenuated total reflectance (ATR) method. A
zeta-potential analyzer (ELS-8000, Otsuka Co., Japan),
based on electrophoresis, was used for measuring the
surface charge change of the membranes. In this method
a 10 mM NaCl solution containing polystyrene latex 504
nm particles at various pHs was used as a test solution.

RESULTS AND DISCUSSION
Effects of Pressure on Flux and Rejection

The rejection of lactic acid and the solution flux were
measured at four different pressures (80, 100, 120, and
140 psig). The lactate concentration and pH were 100
g/L and 5.5, respectively. As shown in Fig. 2, the pres-
sure increase from 80 to 140 psig resulted in a slight in-
crease in the rejection of lactate, but a 2-fold increase in
the solution flux.

Model equations which can describe the flux in NF
have been reported by various research groups
[10,15,17]. Generally, the solvent and solute fluxes can
be described by a function of pressure and osmotic pres-
sure differences and the extended Nernst-Plank equation,
respectively:

J oo = A(AP— A7) (1)

water
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Fig. 3. Rejection and flux of sodium lactate at different lactate
concentrations.
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where [, ... is water flux, A permeability, AP pressure dif-
ference, An osmotic pressure difference, J,,..... lactate flux,
D™ diffusivity, C™ lactate concentration at the membrane
surface, x coordinate in the flow direction, z valency, F
the Faraday constant, w™ electrical potential, R the gas
constant, T temperature, and K. the convective coupling
coefficient [16]. According to Eq. (1), the solvent flux is
proportional to the pressure difference, such linearity is
evident as shown in Fig. 2.

According to Eq. (2), the transport of lactate ions is
determined by the combination of diffusion and convec-
tion. At a low pressure the effect of diffusion is more
dominant than that of convection. But at a high pressure
it is reversed [10]. In this study, the increased effect of
convection with pressure resulted in an increased trans-
port of water, sodium and lactate, but the degree of in-
crease was higher for water than for sodium and lactate.
Therefore, the permeate was diluted and consequently

the rejection of solutes was seen to increase with pressure.

Effects of Lactate Concentrations

The rejection of lactate and the solution flux were meas-
ured at four different lactate concentrations (10, 50, 100,
and 200 g/L). As shown in Fig. 3, the increase in lactate
concentration resulted in decreased flux and rejection.

The flux is dependent on the osmotic pressure differ-
ence when the operating pressure is fixed. The osmotic

pressure difference is represented by the van’t Hoff equa-
tion.

Az = RT(C™ - CP) (3)

where CP is lactate concentration in the permeate. As the
bulk lactate concentration increases, the lactate concen-
tration on the membrane surface (C™) and thus (C™—-C?)
increases, resulting in an osmotic pressure difference (in-
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Fig. 4. FT-IR photograph of NTR-729HF membrane surface by
attenuated total reflectance method.

crease). It is in this way that the reduced flux at high lac-
tate concentrations can be described (Fig. 3). The de-
crease in rejection with lactate concentration can be ex-
plained in two ways. Firstly, the acceleration of diffusion
by the increased concentration gradient which is propor-
tional to (C™—(CP), where the accelerated lactate diffusion
together with the reduced flux will result in a decreased
rejection at high lactate concentrations and, secondly a
screening effect due to a confined space surface charge of
the membrane. As the lactate concentration increases, the
confined space surface charge is screened by counter ions
(sodium ions) in the feed. This screening effect can facili-
tate the transport of lactate ions through the membrane.

The recovery rate (= solution flux x permeate concen-
tration) is an important factor for evaluating the per-
formance of the NF process. It will be profitable to have a
low rejection (high permeate concentration) and a high
flux. But the two factors change with lactate concentra-
tion in the opposite manner of cach other, implying that
there may exist an optimum feed lactate concentration.
However, the recovery rate monotonically increased with
lactate concentration in the range tested in this study
(10~150 g/L) (Table 1).

Effects of pH

The pH of a lactate solution is very important in de-
termining the transport of lactate ions since the extent of
dissociation of sodium lactate and the membrane surface
charge change with the pH. The surface layer of NTR-
729HF membrane and its electrostatic properties were
investigated at different pHs. As shown in Fig. 4, the
membrane surface was observed to have hydroxyl (1),
acyl (II), and amide (III) groups, and the surface charge
changed from slightly positive to large negative values as
pH changed from 2.5 to 6.5 (Fig. 5).

The solution flux and the lactate rejection were meas-
ured at different lactate concentrations (10, 50, 100, and
150 g/L) and pH values (2.5, 3.5, 4.5, 5.5, and 6.5) (Fig.
6); the operating pressure was maintained at 120 psig. In
the cases of 10 and 50 g/L of lactate concentration, the
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Table 1. Recovery rate of lactate at different lactate concentra-
tions

Feed' con- Permeate con- Flux Recovery
centration (C)* centration (CP)? (L/m?h) rate
(g/L) (g/L) (g/m’h)
10 2.0 19.5 38.7
50 37.0 5.33 197.4
100 88.9 2.67 2371
150 140.4 2.17 304.1

“Lactic acid equivalent.

rejection increased and the flux decreased with pH as
expected. The fraction of dissociated lactate ions in-
creased as the pH increased, and thus more lactate ions
were rejected by the negatively charged membrane. The
increase in rejection resulted in an osmotic pressure dif-
ference which made, in turn, the sotution flux decrease.
In the cases of 100 and 150 g/L of lactate concentration,
the flux decreased with pH, however, the lactate rejection
also decreased with pH on the contrary in cases of low
lactate concentration. This unexpected phenomenon can
be explained by the effect of total salt concentration. In the
cases of high lactate concentrations, a very large amount of
NaOH needs to be added to raise the solution pH (Fig. 7).
This implies that the total salt concentration is very high in
a high-pH solution. The decrease in rejection due to the
high total salt concentration (as evidenced by Fig. 3) at a
high pH was considered to be more than enough to
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Fig. 5. Zeta potential of NTR-729HF membrane surface at
different pHs.

counter balance the increase in rejection due to the intrin-
sic effect of a high pH on rejection.

Overall, especially in the cases of 100 and 150 g/L lac-
tate concentration, the effect of the pH on the rejection
and flux was insignificant over pH 5.5. Lactate fermenta-
tion in this study was carried out at pH 5.5, and for this
reason, the subsequent experiments were carried out at
pH 5.5.

Effects of Residual Glucose

It is important to know how impurities in fermentation
broth influence the recovery of lactate. The rejection and
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Fig. 6. Lactate rejection and solution flux at different pHs and concentrations.
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Table 2. Recovery of lactate from fermentation broth

C Feed con-  Rejection NF45
omponents . o -
centration (4)) Re]ectlon (%)
Lactate (g/L) 90.0 4.9 20.0
Glucose (g/L) 0.42 45.9 60.9
Magnesium (ppm) 99.8 453 83.5
Calcium (ppm) 45.2 40.0 65.0

the solution flux were measured in the presence of glu-
cose. The rejections of lactate and glucose were meas-
ured under four different glucose concentrations (0.5, 1,
2, and 4 g/L) when the lactate concentration was main-
tained at 100 g/L, as shown in Fig. 8. The rejection of
glucose decreased slightly from 38 to 34% with its con-
centration, while the rejection of lactic acid and the solu-
tion flux were not influenced by glucose concentration.

Hardness Rejection

The lactate concentration was varied from 10 to 90
g/L and, the operating pressure and pH were 120 psig
and 5.5, respectively. As shown in Fig. 9, the rejection of
magnesium ions (0.01 M) showed high values, although
they decreased from 97.2 to 78.4% with lactate concen-
tration, implying that an ion-exchange step can be omit-
ted or at least minimized by using nanofiltration for the
recovery of lactate.

Recovery of Lactate from Fermentation Broth

The recovery of lactate from actual fermentation broth
with a sodium lactate concentration of 90 g/L was then
performed. As noted in Table 2, the rejection of lactate
was less than 5% and the solution flux was at 2.8 L/m’h.
This result was comparable to that of model solutions
(data not shown). The rejection of glucose, magnesium
and calcium were 45.9, 45.3, and 40.0%, respectively.
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Fig. 8. Rejection of sodium lactate and glucose and solution
flux at different concentrations of added glucose.
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The lower magnesium rejection in actual fermentation
broth in comparison with that in a model solution (Fig.
9) is considered to be due to the influences by the various
impurities in the fermentation broth. The level of hard-
ness rejection is significantly higher than that of elec-
trodialysis. However, careful optimization of culture me-
dium to minimize hardness ions concentration is needed
in the stage of lactate fermentation when the NTR-
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Table 3. Lactate conversion and sodium hydroxide recovery by
WSED

Sodium Energy
Experi- Feed lacta}tea Time® hydroxide Cur.rent consump-
concentration . efficiency .
ments (/L) (min) recovery %) tion
(%) 7 (kWh/kg)
1 72 65 97.4 77.3 1.00
2 72 60 94.1 83.7 0.91

Lactic acid equivalent.
*Stopping conditions: pH< 1.5 and conductivity<3 mS/cm.
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Fig. 10. Water splitting electrodialysis of nano-filtered fermen-
tation broth.

729HF membrane is used for nanofilltration.

A second membrane (NF45) was tested as an alterna-
tive to NTR-729HF which was known to have a high
hardness rejection. As can be seen in Table 2, the rejec-
tions of magnesium and calcium ions (83.5 and 65.0%,
respectively) were much higher than those with NTR-
729HF membrane, demonstrating the possibility of omit-
ting the ion-exchange step through the use of the NF45
membrane. But, the major drawback of using the NF45
membrane was found to be the much higher rejection of
lactate (20%) than the NTR-729HF membrane (5%).

Acidification of the Nano-Filtered Broth by WSED

Nano-filtered fermentation broth was treated by
WSED to convert the lactate to lactic acid and simulta-
neously to recover the sodium hydroxide which is to be
recycled to the fermentation process for the control of
culture pH (Table 3 and Fig. 10). A constant-current
mode operation was performed at a current of 15 A.
During the course of collecting a large amount of nano-
filtered fermentation broth for the lactate solution, a
rather diluted lactate solution of 72 g/L was obtained.
With the stopping conditions of pH<1.5 and conductiv-
ity<5 mS/cm, the necessary operation time was in the
range of 60~65 min. The sodium hydroxide recovery
was 94~97%, and the power requirement was 0.9~1.0
kWh per kg of lactate.
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