Copyright © 1996 by Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/96 /5758—0503%$8.25

Continuous and Simultaneous
Fermentation and Recovery of Lactic Acid
in a Biparticle Fluidized-Bed Bioreactor

Eric N. KaurmaN,* STANLEY P. COOPER,
MARIA K. BUpNER, AND GERALD R. RICHARDSON

Bioprocessing Research and Development Center,
Chemical Technology Division, Oak Ridge National Laboratory,
Oak Ridge, TN 37831-6226

ABSTRACT

A continuous biparticle fluidized-bed reactor (BFBR) is developed for the simul-
taneous fermentation and recovery of lactic acid. In this processing scheme, bac-
teria are immobilized in gelatin beads and are fluidized in a columnar reactor.
Solid particles (weak-base resin IRA-35) with sorbent capacity for the product are
introduced at the top of the reactor and fall countercurrently to the biocatalyst,
effecting in situ removal of the inhibitory lactic acid while also controlling reactor
pH atoptimal levels. One-week-long fermentation trials using immobilized Lacto-
bacillus delbreuckii with sorbent addition demonstrated a volumetric productivity
(6.9 g/L-h) at least 16-fold higher than that of a free-cell batch fermentation with
base pH control and identical biomass concentration and medium composition.
Regeneration of the loaded sorbent from the BFBR has effected a 35-fold con-
centration of lactic acid compared with original levels in the fermentation broth
(70vs2g/L). Lactic acid concentrations as highas 610 g /L have been observed
when the loading solution contained 50 g/ Llacticacid. Rich medium formula-
tions did not seem to increase BFBR performance. The benefits of this reactor
system, as opposed to conventional batch fermentation, are discussed in terms of
productivity and process economics.

Index Entries: Lactic acid fermentation; resin; adsorbent; biparticle fluidized
bed; continuous.

INTRODUCTION

Lactic acid is a specialty chemical used in the food industry for the manufac-
ture of cheeses, pickles, and yogurt, and also as a preservative (1). It may also be
used as feed in plastics production and in the synthesis of other organic acids,
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acrylic acids, acetaldehyde, and ethanol (2), with a current price of $1.15/1b for
technical (88%) or food-grade lactic acid (3). Annual US consumption of lactic acid
totals over 30 million pounds (4). Biological production of lactic acid accounts for
approx 50% of the world’s production (5). Biological production is complicated
primarily owing to economic considerations arising from product inhibition and
the required downstream processing of dilute aqueous product streams. It is esti-
mated that lactic acid purification accounts for 50% of production cost (6). The
standard method of biological lactic acid production is the anaerobic fermentation
of glucose or sucrose by Lactobacillus in batch reactors. The conventional process
requires that thebase be added to thereactor to control pH(4,7), and / or that calcium
carbonate be added to buffer the reactor and to precipitate the lactate (8,9). These
processes produce the lactate salt, which must be reacidified (usually by sulfuric
acid [8-10]), and which yields sulfates, further adding to process chemical costs and
waste streams. The lactic acid productivity of these conventional processes are
reported in the open literature to be ~1.6 g/L-h (8).

It is postulated that it is the protonated form of lactic acid that is inhibitory
to the fermentation (5,11-13). Based on the kinetic modeling of L. delbreuckii by Yeh
etal. (11), Kaufman et al. (13) demonstrated how pH control alone is insufficient to
ensure maximal productivity, owing to the small but inhibitory amount of proto-
nated lactic acid that exists even with pH control to 6.0. For instance, according
to the kinetic constants of Yeh et al., the production rate of lactic acid is reduced by
50% when the broth concentration of lactic acid reaches 40 g/L at pH 6.0. Ata broth
concentration of 90 g/L, the fermentation is operating at only 10% of its maximum
production rate. It is evident that bioreactors employing in situ product removal
have the potential to realize great improvements in reactor productivity compared
to conventional batch production of lactic acid with pH control alone.

Improvements in volumetric productivity for the lactic acid fermentation
have been reported by increasing biomass loading and by reducing product inhibi-
tion. High cell densities in reactors have been achieved by the use of cell aggregates
(14), growth of biofilm on activated carbon (15), cellimmobilization in gelatin beads
(for example, 16-19), cell growth in hollow fibers (20), and cell recycle using hollow
fiber membranes (21,22). Product inhibition has been reduced by moving toward a
plug flow reactor system through the use of staged CSTR reactors (23,24), such that
the product concentration is reduced in the initial stages and inhibition becomes
relevant in a smaller portion of the reactor volume. Removal of inhibitory product
has been achieved using both liquid extractants (10,19,25-27) and solid adsorbents
(25,28), either in a product-stripping side stream (29,30) or by adding directly to the
constantly stirred tank reactor (CSTR) (31). Product removal using ultrafiltration
(22) and electrodialysis have also been investigated (see ref. 27 for a review).

Combining the benefits of cell immobilization and in situ product separation,
Davison and Thompson (32) demonstrated the simultaneous fermentation and
separation of lactic acid in a BFBR. In this process, L. delbreuckii was immobilized in
alginate beads and fluidized by the upflowing liquid media in a tubular reactor.
Such fluidized beds have been shown to increase the productivity of fermentations
for a variety of processes (33,34). In the demonstration by Davison and Thompson
(32), the polyvinyl pyridine resin Reillex 425, which possesses affinity for the lactic
acid, was added batchwise to the top of the reactor, fell through the biocatalyst
bed, and was found to moderate reactor pH, adsorb the lactic acid product, and
increase lactic acid production nearly fourfold over a controlled fluidized-bed reac-
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tor without resin addition or pH control. In this proof-of-concept experiment, the
resin was added batchwise for a short period of time (7 h) and was added at a
constant schedule. Although resin addition moderated the decrease in reactor pH,
it did not control the pH at the optimal level. Recently, Kaufman et al. (35) screened
a series of resins for use in a lactic acid BFBR and demonstrated the potential eco-
nomic benefits of BFBR as opposed to batch production (13). Two-day-long fermen-
tations in the BFBR were conducted with manual resin addition and were compared
to similar runs without pH control or resin addition (13). A 12-fold increase in
productivity was reported in BFBR as opposed to immobilized cell fermentations
without pH control. In this article, we describe the further demonstration of the
BFBR by conducting longer term fermentation trials and providing more relevant
control runs in which pH control is utilized in free and immobilized cell reactors
with the same media and cell concentrations as the BFBR. This enables the assess-
ment of the impact of in situ product removal and cell immobilization on reactor
productivity. We also compare the use of rich vs lean media recipes in the BFBR.

METHODS

L. delbreuckii NRRL B445, now being reported as Lactobacillus rhamnosus (22)
and Lactobacillus casei subsp. rhamnosus (27), was used as the biocatalyst in all experi-
ments. Medium for both large-scale biomass growth and cell passaging contained
10 g/L SheftoneT,5g/LKH,PO,,5g/LKH,PO,,0.5g/L(NH,),5O,,0.3g/LMgSO,,
0.002 g/L FeSO,, and 0.10 g/L NaCl. Sheftone T (Sheffield Products, Norwich, NY)
is a low-cost alternative nitrogen source to yeast extract. Sheftone T has a 9.8% total
nitrogen content with 1.3% amino nitrogen compared to 10.9 and 6.0% for the
total and amino nitrogen content of yeast extract. Glucose concentrations varied
between 10 and 100 g/L, depending on the expected duration of growth in the given
vessel. The media were sterilized by autoclaving and had an initial pH of 6.0. For
biomass harvesting in bead production, inocula were grown in Fernbach flasks at
40°C for 2-4 d, after which the cells were used to inoculate a New Brunswick 75-L
fermentation system. The system was allowed to ferment for a period of about 3d,
after which the cells were harvested and concentrated using a continuous centri-
fuge. The resulting paste was washed with sterile water and recentrifuged before
adding to the gelling solution below. This step decreased gel viscosity and
improved the production of the beads. The bead production method has been
described in detail elsewhere (36). Briefly, the bacteria were immobilized into
uniform gel beads, 0.7 mm in diameter, using 1% low-viscosity alginic acid
(A-2158, Sigma, St. Louis, MO) and stabilized in a 0.2M CaCl, solution. To find the
average number of cells per volume of beads, approx 1 mL of beads was placed in
3 mL of water to determine the volume of beads by displacement. Sodium citrate
(0.5 g) was then added to dissolve the beads. Cells were counted microscopically
using a Petroff-Hausser counting chamber. Cell counts were typically 4 x 10" cells/mL
of bead, or 0.067 g dry wt/mL.

The reactor utilized in the fluidized-bed fermentations has been described
previously (13) and is shown schematically in Fig. 1. Briefly, the water-jacketed
reactor tapered from an inner diameter of 1/2 in. at its base to 1 in. at 23 cm above
the liquid entrance. This tapered region at the bottom allowed for efficient disen-
gagement of the denser adsorbent from the biocatalyst beads. A reservoir was
added at the reactor base for collecting adsorbent particles. The working volume of
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Fig. 1. Schematic of the BFBR. Inset: Resin delivery system in the BFBR. A pH controller
located at the reactor apex actuated a vibratory hopper that delivered resin into the BFBR at
a controlled rate to affect pH control and in situ product removal.

the reactor was 0.7 L, of which 0.2 L was occupied by the biocatalyst. However,
surge and resin collection flasks made the total volume of the reactor 2.6 L. A peri-
staltic pump fluidized the biocatalyst by the upflow of recirculating media at a rate
of 50 mL/min. A nitrogen sparge was added to the reactor base with a flow rate of
15 mL/min to improve resin/biocatalyst disengagement. In the envisioned larger
scale use of the BFBR, the glucose will be converted in a single pass, and medium
recycle will not take place. However, owing to the prohibitively large volume of
medium that would be needed to operate this laboratory-scale reactor in a once past
medium mode (72 L/d) and the low conversion rate achieved in a single pass, we
chose to operate the present reactor in a recycle mode with a small “make-up” feed.
The medium that was originally loaded into the BFBR with the biocatalyst beads
and recycled during the course of a given experiment consisted of 5 g/L glucose, 10
g/L Sheftone T,0.5g/L (NH,),SO,, 0.3 g/L MgSO,, 0.1 g/L CaCl,, 0.002 g/L FeSO,,
and 0.1 g/L NaCl. Prior to re-entering the reactor, the media were replenished with
glucose via a peristaltic pump drawing from a reservoir containing 250 g /L glucose,
5g/LSheftoneT,0.5g/L(NH,),S0,,0.3g/LMgs0,,0.1g/LCaCl, 0.002g/LFeSO,,
and 0.1 g/L NaCl. The glucose level in the reactor was controlled by manipulating
the rate of this pump (when the pump was on, the flow rate was typically <0.25mL/
min). The reactor was monitored for pH and temperature by probes placed at the
reactor apex. Glucose and lactic acid levels were monitored through the automated
sampling allowed by a model 2700 Dual Channel Biochemistry Analyzer (Yellow
Springs Instrument Co., Yellow Springs, OH). Bead cell counts as well as the bed
height were monitored on a daily basis.
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In one set of reactor trials, the columnar reactor with immobilized cells was
operated in the “biparticle mode” with continuous, automated addition of sorbent
particles added to maintain the reactor pH at 6.0 while simultaneously removing
lactic acid. For this operation, a pH probe at the reactor apex was attached to a pH
controller (Chem Cadet, Cole Parmer, Niles, IL), which, in turn, actuated a vibrating
tray /hopper delivery system (see Fig. 1 inset). This tray and hopper were custom
designed and manufactured by Eriez Magnetics (Erie, PA) to meet the particularly
challenging specifications of low volumetric feed of a self-agglomerating material.
When acutated, the hopper delivered resin at a rate of 2.2 dry g/min. The selection
of a resin sorbent for this application has been discussed previously (13,35). The
resin sorbent used in these studies was Amberlite IRA-35 (Rohm & Haas, Philadel-
phia, PA), a macroreticular weak-base anion exchanger with tertiary amine func-
tionality in anacrylic-divinylbenzene matrix. This resin possessed a capacity of ~0.2
g/ g under the conditions described. The resin was dried under a heat lamp prior to
use in the hopper system in order to convey the material in a controlled, reproduc-
ible manner. The resin quickly hydrated on addition to the reactor, and this drying
process did not affect the resin’s capacity. The residence time of a given resin par-
ticle under reactor conditions was typically 30 min. As described previously (13),
resin removed from the BFBR was regenerated by successive washings with 2M
sulfuric acid. The volume of eluent and its concentration were recorded on each
wash, and the total lactic acid bound to the resin was thus calculated. The resin
regenerated in this manner was for the purpose of quickly tabulating the total
amount of lactic acid produced and not necessarily for achieving the highest eluent
concentration possible. Regeneration experiments designed to achieve high eluent
concentration are described in the Results section. In order to assess how the selec-
tion of media components would affect lactic acid production in the BFBR, one
fermentation trial was conducted with a “rich” media formulation as opposed to
the rather lean mixture listed previously. Reactor operation was as described above,
except that the reactor media contained 10 g/L pancreatic digest of casein, 10 g/L
glucose, 5 g/L yeast extract, 3 g/L tryptose, 1 g/L sodium acetate, 0.2 g/L L-
cysteine, 1 mL/L Tween-80, 0.6 g/L MgSO,, 0.2 g/L MnSO,, 0.3 g/L FeSO,, and
0.1 g/L CaCl,. Since the reactor was operated with rich media for a period of about
24 h, no make-up glucose feed was used in this trial.

The columnar reactor was also operated with pH control, but with no in situ
product removal in order to assess better how product removal can augment
productivity in addition to the augmentation afforded by pH control alone. This
reactor run utilized the same biocatalyst and normal or “baseline” media recipe
used in the BFBR experiment. The pH controller, however, rather than actuating
the resin delivery system, actuated a peristaltic pump, which delivered 4M ammo-
nium hydroxide.

A control fermentation was performed in a batch, 75-L free-cell reactor (New
Brunswick Scientific, Edison, NJ), with pH control via the addition of 4M ammo-
nium hydroxide. With the, exception of 100 g/L of glucose, the media were identical
to that loaded into the BFBR. In order to operate this reactor with a biocatalyst
density similar to that used in the immobilized cell reactors, the batch reactor was
operated for a week, and cells were harvested and reintroduced into fresh media in
the 75-L reactor. In this manner, the initial cell concentration for the batch reactor
runwas5 x 10° cells/mL. Liquid samples were removed daily to allow for cell counts
as well as glucose and lactic acid measurements.

Applied Biochemistry and Biotechnology Vol. 57/58, 1996



508 Kaufman et al.

Table 1

Media Formulations Used in Screening Experiments”
Component, g/L #1 #2 #3 #4 Baseline
Glucose 20 20 20 20 20
Sheftone T 10 10 10 10 10
(NH,),SO, 0.5 0 0.5 0 0.5
MgSO, 0.3 0.2 0.3 0.3 0.3
Ca(l, 0.1 01 0.1 0.1 0.1
Peptone 0 10 0 10 0
Sodium acetate 0 5 0 5 0
MnSO, 0 0.1 0.1 0 0
FeSO, 0 0.002 0.002 0 0.002
NaCl 0 0.1 0.1 0 0.1

“Four different media formulations, varied according to their salt, protein, and buffer
content, were assayed along with the baseline media formulation used in the BFBR. Con-
centrations of the various components are given in grams/L.

An experiment was also performed with immobilized biocatalyst in serum
bottles with various media recipes in order to screen these recipes for use in the
BFBR. In this experiment, beads were prepared as described, and 8 g of beads were
placed in duplicate 125-mL serum bottles containing 75 mL of the medium formu-
lations shown in Table 1. Flasks were incubated in a rotary shaker at 40°C and 80
rpm, and were assayed daily for glucose and lactic acid concentrations.

RESULTS

Plots of broth lactic acid concentration and cumulative lactic acid produced for
the three fermentation runs in different reactor arrangements with the baseline
media recipe are shown in Fig. 2 (A and B). The data in Fig. 2B have been normalized
to reflect the lactic acid that would be produced in a reactor with an active volume
of 0.7 L in order to compare the productivities of various sized reactors. In the
batch free-cell bioreactor, the high initial cell loading of 5 x 10° cells/mL plateaued
at1x 10" cells/mL after 1 d. Thelactic acid concentrations in the broth approached
alevel of 80 g/L after nearly 10 d of operation. The reactor’s productivity was
0.55 g/L-h after 66 h, 0.30 at 162 h, and 0.23 after 234 h of fermentation.

The immobilized-cell reactor with chemical pH control and no lactic acid
removal was operated for a period of 62 h. During this time, a lactic acid concentra-
tion of 15 g/ L was reached, with a reactor productivity of 1.30 g/L-h. The fact that the
broth concentration was lower in this case than the free-cell reactor is attributable
to the low ratio of active reactor volume to total reactor volume. This allows dilution
of the lactic acid produced in the active volume. The cell density remained constant
at 4 x 10" cells/mL biocatalyst, and there were 200 mL of biocatalyst in the reactor;
thus, the immobilized- and free-cell reactors had nearly the same amount of bio-
mass per working reactor volume (7 x 10*and 8 x 10'* cells /700 mL working volume
for the immobilized and free-cell reactors, respectively).

The BFBR was operated with continuous resin addition for a period of 1 wk.
During this time, the broth lacticacid concentration was kept below 2 g /L. by adsorp-
tion onto the resin. This simultaneous fermentation and separation minimized the
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Fig. 2. Fermentation trials in free-cell batch, immobilized-cell fluidized-bed, and BFBRs
for the production of lactic acid. (A) Broth concentrations of lactic acid as a function of time.
The BFBR maintains reactor pH and low-broth concentrations to decrease product inhibi-
tion. (B) Cumulative lactic acid produced as a function of time. The BFBR outperforms the
free-cell fermentation by a factor of 16. Reactor productivities (g/L-h), are shown in paren-
theses at various times during the fermentation.

product inhibition that occurred in the above fermentation schemes even when
the pH of the reactor was controlled to pH 6.0. The cell density in the biocatalyst
remained constant during the reactor run at 4 x 10 cells/mL biocatalyst, and there
were 200 mL of biocatalyst in the reactor. Typically, 19 dry g/h of resin were added
to the reactor to maintain the pH at 6.0. On regeneration of the resin with 2M
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Fig. 3. Lactic acid production by biocatalyst beads in serum bottles as a function of media
composition. In conditions in which the pH is not controlled and the inhibitory product
is not removed, media formulations with increased buffer and amino acid content yield
improved lactic acid production when compared to our baseline medium.

sulfuric acid, product concentrations as high as 70 g/L were achieved, comparable
to those obtained in batch fermentations. When the cumulative lacticacid produced
as a function of time is studied for this reactor, it is seen that the BFBR far outper-
forms the conventional bioprocessing schemes. The BFBR exhibited nearly constant
volumetric productivity with 5.4 g/L-h after 51 h, and 4.82 after 160 h of operation.

As seen in Fig. 3, “rich” media formulations containing additional buffers and
protein extracts resulted in improved lactic acid production when immobilized
biocatalyst was incubated in serum bottles without pH control or in situ product
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Fig. 4. Cumulative lactic acid produced as a function of time in the BFBR when operated
with rich, as opposed to baseline, media formulations. Media recipes are described in the
text. Although rich media recipes containing additional buffers and amino acids augment
production in a system that is strongly inhibited, they do not seem to impact production in
a BFBR in which the pH is controlled and the inhibitory product is continuously removed.

removal. One reason for this improvement is obviously the increased buffering
capacity of the media, which allows the biocatalyst to exist at the optimal pH for
a longer period of time. It also appears that constituents, such as peptone and
tryptose, serve to protect the biocatalyst from the inhibitory effects of lactic acid,
which continue to persist even when the pH of the reactor is controlled. Figure 4
demonstrates the cumulative lactic acid produced and the volumetric productivity
achieved when the BFBR was operated on rich, as opposed to normal, medium
formulations. The three fermentation trials were all performed with identical bio-
catalyst concentrations. Although the productivity of the BFBR for the 30-h run on
rich medium (6.9 g/L-h) was higher than that achieved in the week-long run with
normal medium (4.8 g/L-h), this augmentation is believed to be insignificant, since
additional fermentation trials with normal medium also exhibited productivities of
6.9 g/L-h (see Fig. 4).

Although the BFBR does offer several advantages over batch fermentation in
terms of product separation and purification, more research on the selection of an
optimal adsorbent and adsorbent regeneration processes is needed in order to real-
ize the full potential of the BFBR system. Owing to the in situ product removal, the
BFBR does not require separation of the fermentation broth from the biomass as
required by batch fermentations. Using a packed column of IRA-35, we have previ-
ously demonstrated a 68-fold increase in product-to-substrate ratio over the inlet
solution, and a 1734-fold increase over the ratio found in the column effluent (13).
In the current study, we have attempted to minimize the volume of eluent in order
to achieve higher product concentrations.

To simulate regeneration of resin that is loaded with BFBR fermentation broth,
220 g of IRA-35, as supplied by the manufacturer, wereloaded into a 1-in. id packed
column and contacted with a single pass (1 L at 5 mL/min) of medium at 40°C.
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The baseline media as described was “spiked” with 5 g/L glucose and 5 g/L lactic
acid to approximate the concentrations that may be present in the broth from a
BFBR. The column was washed with a single volume of water at 40°C followed
by 40 mL (at 5 mL/min) of 2M H,SO, at 90°C. These 40 mL represent 80% of the
column void volume. Eluent was collected in 2-mL fractions and reached a peak
concentration of 70 g/L lactic acid, a 14-fold concentration over the loading solu-
tion. This single pass of sulfuric acid eluted 75% of the lactic acid loaded onto the
column. In order to demonstrate more fully the resin’s ability to concentrate lactic
acid, this above experiment was repeated using media that contained 10 g/L glu-
cose and 50 g/L lactic acid. On regeneration, lactic acid concentrations reached as
high as 610 g/L (~50% [w/v}]), a 12-fold concentration of the loading solution. This
experiment yielded 72% of the lactic acid originally loaded onto the column.
Clearly more research is needed in the area of resin selection and regeneration.
Resins with high capacity and specificity are needed in order to decrease the volume
of resin required in the reactor at a given time. Improved chromatographic-like
techniques need to be developed in order to effect increased product concentra-
tions to decrease downstream processing costs.

DISCUSSION

This study has demonstrated that the BFBR is a viable long-term, continuous
method of lactic acid production with several advantages over conventional batch
fermentation. The BFBR exhibited volumetric productivities at least 16-fold higher
than that of a free-cell reactor with identical biomass concentration and medium com-
position. On resin regeneration, the BFBR yielded identical product concentrations as
the free-cell reactor and has the potential to achieve much higher concentrations with
reduced processing cost. Rich media formulations are not needed in the BFBR system,
for the cells are already protected from the inhibitory product owing to in situ product
removal. The BFBR offers considerable economic advantage over batch processing
owing to the increased reactor productivity and continuous nature of the process.

The BFBR was operated continuously for a period of 1 wk and demonstrated a
productivity that was 16-fold higher than that of a free-cell, pH-controlled reactor
with identical media composition and biomass concentration operated for the same
period of time. The BFBR exhibited a productivity that was fourfold higher than a
pH-controlled, immobilized-cell reactor, again with identical biomass concentration
and media composition, but without in situ product removal. Although the immo-
bilized-cell reactor appears to have a higher productivity than the free-cell reactor, we
believe that this is owing to the “buffering capacity” afforded by the dead volume of
the immobilized-cell reactor. The columnar reactor had a total volume of 2.6 L with
only 0.2 L of biocatalyst. This dead volume served to dilute the lactic acid produced
(15 g/L as opposed to 80 g/L for the free-cell reactor) and minimize product inhi-
bition in this manner. It appears that immobilization of the biocatalyst does not have
anadverse effect on activity, in that the biocatalysts in the immobilized-cell reactor are
atleastas productive as their counterparts in the free-cell reactor. Yield measurements
were difficult to obtain in the immobilized-cell systems owing to the aseptic produc-
tion of the beads and eventual reactor contamination owing to the open configura-
tion of the resin addition system. Product yields on glucose for L. delbreuckii have
been reported between 74 and 90% (16,30,37). The batch free-cell fermentation
reported here exhibited a product yield on glucose of 85%.
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Rich media formulations may be considered to assuage product inhibition
that exists even when the pH of the reactor is controlled. These rich media contribute
significant additional chemical cost to the process, but may pay for themselves in
terms of increased productivity. Although rich media were demonstrated to cause
increased lactic acid production in serum bottles with no pH control or product
removal, these constituents did not increase productivity in the BFBR, presumably
because product inhibition was already alleviated owing to the in situ product
removal afforded by the resin. Since the low-cost medium recipes provide competi-
tive reactor productivities, the BFBR is seen to possess a potential economic advan-
tage in terms of decreased chemical costs.

Since product separation and purification accounts for 50% of lactic acid pro-
duction costs, the output product concentration of a given fermentation process has
tremendous impact on the economic viability of the process. In this article, we
demonstrated that the product stream from the BFBR is as concentrated as that
from the free-cell batch fermentation (70 g/L). We have also demonstrated
that concentrations as high as 610 g/L can be obtained, depending on how the
resin is loaded and regenerated. We believe that continued efforts in resin inves-
tigation (6,25,28,30, 35,38-40) for increased capacity, specificity, and regenerability
will lead to great strides in reduced production cost.

Although formal economic assessment of the BFBR process (as opposed to con-
ventional batch fermentation of lactic acid) has yet to be performed, we have pre-
viously published a rough comparison of the two processes (13). In this assessment,
we demonstrated how increased productivity owing to cell immobilization and in
situ product removal, increased on-line production time because of the continuous
nature of the process, decreased capital costs, and equal raw material, operating,
and overhead costs should render the BFBR an attractive alternative to conventional
batch fermentation. For a given lactic acid output, the BFBR will be smaller, have
increased on-line time, and have equal or decreased chemical costs compared to
batch fermentations. Improved resin regeneration will provide further economic
advantage. Formal collaboration with alacticacid producing industrial partner should
enable a more complete economic evaluation of this technology.

CONCLUSIONS

A BFBR for the fermentation and simultaneous separation of lactic acid has
been demonstrated at the laboratory scale. This reactor has demonstrated a 16-fold
increase in volumetric productivity over control experiments in a free-cell, batch
reactor. This increased productivity is achieved by providing high cell density and
in situ removal of the inhibitory product. Rich media formulations are not needed
to achieve higher reactor productivity owing to the decreased product inhibition
with low broth lactic acid concentrations. Initial economic assessment of this bio-
processing scheme has revealed the potential for cost reduction owing to decreased
reactor size, increased on-line production time, and equal chemical, operating, util-
ity, and overhead costs. Further improvements to resin regeneration are expected
to reveal additional economic advantages of the BFBR over conventional batch
fermentation of lactic acid. The BFBR is a generalized processing scheme that may
be applied to any fermentation. It will have the greatest impact on rapid fermenta-
tions that yield a strongly inhibitory product.
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