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Abstract: Due to the lack of suitable in-process sensors,
on-line monitoring of fermentation processes is re-
stricted almost exclusively to the measurement of physi-
cal parameters only indirectly related to key process vari-
ables, i.e., substrate, product, and biomass concentra-
tion. This obstacle can be overcome by near infrared
(NIR) spectroscopy, which allows not only real-time pro-
cess monitoring, but also automated process control,
provided that NIR-generated information is fed to a suit-
able computerized bioreactor control system. Once the
relevant calibrations have been obtained, substrate, bio-
mass and product concentration can be evaluated on-
line and used by the bioreactor control system to man-
age the fermentation. In this work, an NIR-based control
system allowed the full automation of a small-scale pilot
plant for lactic acid production and provided an excellent
tool for process optimization. The growth-inhibiting ef-
fect of lactic acid present in the culture broth is enhanced
when the growth-limiting substrate, glucose, is also pre-
sent at relatively high concentrations. Both combined
factors can result in a severe reduction of the perfor-
mance of the lactate production process. A dedicated
software enabling on-line NIR data acquisition and re-
duction, and automated process management through
feed addition, culture removal and/or product recovery
by microfiltration was developed in order to allow the
implementation of continuous fermentation processes
with recycling of culture medium and cell recycling. Both
operation modes were tested at different dilution rates
and the respective cultivation parameters observed were
compared with those obtained in a conventional continu-
ous fermentation. Steady states were obtained in both
modes with high performance on lactate production. The
highest lactate volumetric productivity, 138 g L−1 h−1,
was obtained in continuous fermentation with cell recy-
cling. © 2000 John Wiley & Sons, Inc. Biotechnol Bioeng 67:

147–156, 2000.
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product growth inhibition; cell-recycling; recycling of cul-
ture medium; automation

INTRODUCTION

Development and optimization of fermentation processes
are strongly dependent on accurate, real-time control of
chemical and physical process variables. Computer control
of such processes is in turn dependent upon continuous,
automated data acquisition. While several novel methods of
in situ measurement of chemical species inside bioreactors
are currently under development, a fundamental problem
remains to be solved, i.e., the potentially large numbers of
chemical parameters that would be desirable to measure
simultaneously on-line. Approaches based on specific sen-
sors, while solving specific analytical problems do not ad-
dress this basic requirement of fermentation monitoring and
control. Near infrared (NIR) spectroscopy offers consider-
able promise in this respect, but it has only recently been
considered as a possible tool in fermentation technology.
This is surprising in consideration of its well-proven versa-
tility, rapidity of response, and non-invasivity.

The absorption of near-infrared radiation (700–2500 nm)
by organic molecules is related to the overtone and combi-
nation bands of the -CH, -NH, and -OH fundamental mo-
lecular stretching and bending vibrations that are observed
in the mid-IR region of the electromagnetic spectrum. NIR
absorptions are generally 10–100 times weaker in intensity
than the fundamental mid-IR absorption bands. The weak-
ness of the absorptions is actually a benefit, providing direct
analysis of samples without dilution or the requirement of
short optical pathlengths or dispersion in non-absorbing ma-
trices used in traditional sampling techniques in UV/vis and
mid-IR spectroscopies. NIR absorption bands are also muchCorrespondence to:A. González-Vara
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broader and tend to be highly overlapped. Despite the intu-
itive disadvantage of broad and overlapping absorption
bands, sophisticated chemometric techniques can extract
meaningful information from the complex NIR spectrum
(Brimmer and Hall, 1993).

Nishinari et al. (1989) described on-line control of glu-
cose concentration during starch hydrolysis; Cavinato et al.
(1990) used an optical-fibre NIR instrument to monitor the
alcoholic fermentation; Picque et al. (1993) reported moni-
toring of the alcoholic and the lactic acid fermentations;
Brimmer and Hall (1993) and Yano and Harata (1994) de-
scribed the use of NIR to monitor nutrient concentrations;
Ge et al. (1994) described the monitoring of biomass con-
centration by NIR; Macaloney et al. (1994, 1997) used NIR
to monitor the glycerol fermentation and multiple compo-
nents in a high cell-density recombinantEscherichia coli
production process; and Hall et al. (1996) indicated direct
NIR-bioreactor interfacing as the way ahead in fermentation
process monitoring and control.

Such an approach has already been advocated by the
authors as the solution of choice for monitoring glucose to
lactic acid fermentation byLactobacillus caseisubs.casei
DSM 20011 (Dosi et al., 1996; Vaccari et al., 1994). Cali-
bration curves for glucose, lactic acid and biomass were
obtained, and the time-course of the fermentation was suc-
cessfully followed by interfacing the NIR instrument to the
bioreactor. The logical development of such study, namely
the direct control of the fermentation by means of NIR
interfacing, is reported in this work.

The growth-inhibiting effect of lactic acid present in the
culture broth has been previously reported (Gadgil and Ven-
katesh, 1997; Cachon and Divie`s, 1994; Gonza´lez-Vara et
al., 1996; Nikolajsen et al., 1991; Ohara et al., 1992a; Sri-
vastava et al., 1992). Moreover, the growth-inhibiting effect
is enhanced when the substrate, glucose, is also present at
concentrations higher than about 40 g L−1 (Åkelberg et al.,
1998; Gonc¸alves et al., 1991; Gonza´lez-Vara et al., 1996;
Vaccari et al., 1993; Venkatesh et al., 1993). Both combined
factors can result in a severe reduction of the performance
of the lactate production process.

Therefore, different strategies have been proposed to im-
prove the lactate production process: changes in medium
composition (Åkerberg et al., 1998; Goksungur and Gu-
venc, 1997; Venkatesh et al., 1993), immobilization of the
producing strain (Goksungur and Guvenc, 1999; Roukas
and Kotzekidou, 1996), use of particular bioreactors, like
filter-bed-type (Ohara et al., 1993), continuous membrane
(Tejayadi and Cheryan, 1995), or hollow fiber (Vick Roy et
al., 1982) bioreactors, extraction of lactic acid using ion-
exchange resins (Srivastava et al., 1992; Vaccari et al.,
1993), and continuous processes with cell-recycling
(Aeschlimann and von Stockar, 1991; Hjo¨rlefsdottir et al.,
1990; Kulozic and Wilde, 1999; Major and Bull, 1989; Vick
Roy et al., 1983; Xavier et al., 1995).

A combination of these two last techniques was used in
this work. A dedicated software enabling on-line NIR data
acquisition and reduction, and automated process manage-

ment through feed addition, culture removal, and/or product
recovery by microfiltration was developed in order to allow
the implementation of a continuous fermentation process
with recycling of culture medium (MRF) and a continuous
fermentation process with cell recycling (CRF). In the MRF
operation mode the fermentation broth was continuously fed
back into bioreactor after microfiltration and lactate extrac-
tion through ion-exchange columns, thus decreasing the lac-
tate concentration in the culture broth in order to prevent its
growth-inhibiting effect. In the CRF operation mode the
biomass was partially retained within the bioreactor to in-
crease its concentration, thereby increasing glucose con-
sumption. This allows to obtain, even at high dilution rates,
low residual concentrations of non-consumed substrate
which are desirable for minimizing feedstock and product
recovery costs. A high glucose concentration in the feed was
used in both operations modes.

The goals of this work were to test the proposed NIR-
based control system allowing the full automation of the
pilot plant and to value its usefulness for process optimiza-
tion by comparing the results obtained in MRF and CRF
operation modes with those observed in a conventional con-
tinuous fermentation.

MATERIALS AND METHODS

Microorganisms

The homofermentative strainL. casei subsp.casei DMS
20011 (ATCC 393), an L-(+) lactate producer, was used
throughout.

Cultivation Media

Stock cultures were stored in glycerol (20%) at −80°C. The
fermentation experiments were performed in MRS Broth
(Merck) and slightly modified GS Medium (Gonza´lez-Vara
et al., 1996) whose composition was as follows (gL−1):
glucose, 100; yeast extract, 30; MgSO4 ? 7H2O, 0.6; sodium
acetate, 1; FeSO4 ? 7H2O, 0.03; MnSO4 ? H2O, 0.03;
KH2PO4, 0.5; K2HPO4, 0.5; pH 6.5 after sterilization. The
media were sterilized in continuous mode by filtration
through membrane filters (0.2mm).

Fermentation Equipment and Conditions

A BM-PPS3 3000 bioreactor (Bioindustrie Mantovane,
Italy) having a working volume of 2 L was used under
chemostat conditions in the following operation modes:
conventional continuous fermentation (CF), culture medium
recycling (MRF), or complete cell recycling (CRF). The
bioreactor was thermostated at 36°C, and pH was main-
tained at 6.4 by automatic titration with 4N NaOH. Con-
stant stirring (120 rpm) was kept during the fermentation.
Anaerobic conditions were maintained by means of nitrogen
that was sparged into the culture and used to flush the head-
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space of the bioreactor before inoculation. No antifoaming
agents were used. The bioreactor was inoculated with a 10%
(v/v) inoculum from a 16 h flask culture grown in MRS
broth. Glucose, lactic acid, and biomass concentration in the
culture were monitored on-line by NIR spectroscopy.
Steady state was considered to be attained when all these
parameters remained constant for at least two residence
times. As a minimum, four residence times were allowed to
elapse following a change in the cultivation conditions.
Samples were collected during steady state and analyzed
conventionally to test the reliability of NIR measurements.
For each dilution rate, the mode of operation was changed
following the sequence: CF→ MRF → CRF. Changeover
to a new mode was effected once the steady state had been
attained with the previous mode.

In MRF mode the fermentation broth was continuously
filtered and the cell-free permeate was completely fed back
into the bioreactor after lactate extraction through ion-
exchange resins. The loss of biomass or glucose and other
nutrients present in the medium as a consequence of recycle
proved to be negligible. In other words, the cell-free stream
being recirculated to the bioreactor represented a source of
dilution of lactic acid but not of other culture components,
including biomass. When saturated, the columns containing
the ion-exchange material were replaced while maintaining
aseptic conditions in the feed-back loop. The cell-free
stream being recirculated to the bioreactor represented a
source of dilution of lactic acid but not of other culture
components, including biomass. The ratio of the recircula-
tion flow to the total culture volume was therefore regarded
as a dilution rate with respect to lactic acid, indicated asd.
The value ofd was adjusted automatically by the NIR-based
control system in order to reduce the lactic acid concentra-
tion to a preset value. This was achieved by automatic ad-
justment of the flow rate of peristaltic pump Pp2 (Fig. 1),
determining the permeate flow rate.

In CRF mode, a fraction of the outflow from the biore-
actor was continuously filtered and the retentate was fed
back to the culture to increase the biomass concentration in
the bioreactor. The cell-free stream leaving the system, rep-
resenting a fractionc of the total outflowF, was percolated
through ion-exchange resins to recover lactate, and was then
discarded. Figure 2 shows a schematic view of the stream
flow rates in the CRF mode. The value ofc was automati-
cally set by the NIR-based control system in order to re-
duce—as a consequence of the increased biomass concen-
tration and, thus, of the increased substrate consumption—
the residual concentration of nonconsumed glucose in the
culture to a preset value. This was achieved by automatic
adjustments of the flow rate of peristaltic pump Pp2 (Fig. 1),
determining the permeate flow rate.

Microfiltration

The high-efficiency micro-filtration system was composed
of two tangential cross-flow units, in situ sterilizable by
steam (121°C), containing ceramic modules (pore size of

0.2 mm) with a total filtering surface of 0.24 m2 and
equipped with a counter-current cleaning system to prevent
fouling due to biomass accumulation (Bioindustrie Manto-
vane; Mantova, Italy). The two units were installed in par-
allel and were used alternatively to allow simultaneously the
normal filtration function and the operations of cleaning and
sterilization. The flow of fermentation broth was diverted
from one to the other filtration unit when an inlet gauge
pressure higher than 0.6 bar was detected. The maximum
recirculation flow was approximately 10 L min−1, which
corresponds to a tangential velocity of about 4 m s−1. The

Figure 1. Scheme of the pilot plant. (BR) bioreactor, (Ci) ion-exchange
resin columns, (Control) computerized control system, (CRF) continuous
fermentation with cell recycling, (Fi) microfiltration units, (Feed) fresh
medium reservoir, (fs) safety sterilizing filters, (Lactic acid) product re-
covery, (loop) measurement loop, (MRF) continuous fermentation with
medium recycling, (NIR) NIR spectroscopy central unit, (Ppi) perislaltic
pumps, (Waste) production discard; (F) feed flow rate, (f) permeate flow
rate, (fr) retentate flow rate, (Fs) flow rate out of bioreactor to microfil-
tration units F1 and F2; (solid lines) piping, (dotted lines) interfacing, (solid
arrows) flow direction, (large gray arrows) product recovery from ion-
exchange resin columns.
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volume of culture contained in the recycling loop was 0.24
L for CRF mode and 2.28 L for MRF mode (of which, 2 L
in the ion-exchange column), respectively.

Ion-Exchange Resins

The extraction of lactic acid from the filtered culture stream
was carried out by using a strong anion exchange resin bed
(Amberlite IRA-420, Rohm and Haas, USA) in the carbon-
ate form (Vaccari et al., 1993). The culture filtrate was
percolated through suitable columns containing 10 L of
resin. The amount of broth treated per litre of resin de-
pended on the concentration of lactic acid present in the
broth. Saturation of the resin was monitored by testing the
resin effluent for the presence of lactic acid. The lactic acid
contained in saturated resin columns was recovered, after
washing with water, by elution with a solution of 5% am-
monium carbonate at a flow rate of 30 L/h. This solution
regenerated at the same time the resin which, after washing
with water, was ready to be reutilized.

NIR Apparatus

The NIR instrument used was an InfraAlyzer 450 (Bran &
Luebbe Co., Norderstedt, Germany) equipped with a cell for
liquid samples (diameter, 27 mm; 0.2 mm thick, 114 mm3

volume, gold-plated bottom). After calibration curves were
prepared for glucose, lactic acid, and biomass, the sample
cell was connected with the bioreactor through a loop (Dosi
et al., 1996; Vaccari et al., 1994). Data acquisition and
reduction were carried out every 3 min and the results were
transferred, through an interface, to the bioreactor control
system.

NIR-Bioreactor Interface

Interfacing of the NIR spectrometer with the bioreactor was
achieved by means of a RS232 serial communication link.

At the end of each measurement cycle, the NIR spectrom-
eter transmitted the absorbance values obtained at a number
of selected wavelengths to the bioreactor control system.
The control system then converted this set of absorbance
measurements to corresponding values of concentration of
biomass, glucose, and lactic acid utilizing sets of coeffi-
cients entered by the operator at the end of calibration runs.
The calculated values of process variables were used by the
control system to implement the control strategies previ-
ously described.

Conventional Analyses

Samples were taken from the bioreactor at irregular inter-
vals and analyzed by conventional methods to check the
reliability of NIR measurements. Glucose and lactic acid
were determined by HPLC under isochratic conditions us-
ing an Aminex HPX-87H column (300 × 7.8 mm) at 25°C
with 0.01 N H3PO4 as eluent (flow 0.6 mL min−1) and a
refractive index detector. Biomass dry weight was deter-
mined by collecting the cells contained in 10 mL of the
fermentation broth onto membrane filters (0.45mm), wash-
ing them with distilled water, drying at 100°C for 24 h and
weighing. The net dry cell weight was obtained subtracting
the weight of the empty filters.

Calculations

The overall lactate volumetric productivity (R), the lactate
specific productivity (qp) and the specific consumption rate
of glucose (qs) were calculated as follows.

CF Mode

In the steady state of a CF,

m = D (1)

thus

R = qp x (2)

and, in accordance with the Luedeking-Piret’s model for
lactic fermentation (Leudeking and Piret, 1959):

qp = yp/x ? D + mp (3)

qs =
D

yx/s
+ ms (4)

whereD is the dilution rate (h−1), x the biomass concentra-
tion in the steady state (g L−1), yp/x andyx/s are, respectively,
the lactate/biomass and the biomass/consumed glucose
yields (g g−1), mp is the non-growth associated term for
product formation (g g−1 h−1), andms is the substrate con-
sumption term for maintenance (g g−1 h−1).

Figure 2. Schematic view of the stream flow rates in the pilot plant
running in CRF mode. (F) feed flow rate, (f) permeate flow rate, (c)
fraction of outflowing culture stream filtered or recycling factor, (fr) re-
tentate flow rate, (Fs) flow rate out of bioreactor to microfiltration system;
(solid lines) piping, (solid arrows) flow direction.
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MRF Mode

In the MRF mode used, the mass balance for product was

dP

dt
= yp/x x m + mp x − d p − D p (5)

where p is the product concentration (g? L−1), t is the
fermentation time (h), andd is the dilution rate due to re-
cycling loop (h−1).

At the steady state,

dP

dt
= 0 (6)

thus:

qp =
p

x
~D + d! (7)

D =
F

V
; d =

f

V
(8)

where p and x are, respectively, the lactate and biomass
concentrations in the culture during the steady state (g L−1),
F is the input feed flow rate (L h−1), V is the culture volume
(L), andf is the permeate flow rate (L h−1). OverallRcan be
calculated by means of Eqs. (2) and (7). The loss of glucose
in broth as a consequence of recycle though ion-exchange
resins was proved to be negligible. Thus,qs could be esti-
mated by Eq. (4).

CRF Mode

In the steady state of a CRF,

m = D ~1 − c! (9)

thus

qp = D ~1 − c! ? yp/x + mp
(10)

qs =
D ~1 − c!

yx/s
+ ms (11)

c =
f

F
(12)

wherec is the fraction of outflowing culture stream filtered
or recycling factor. OverallRcan be calculated by means of
Eqs. (2) and (3).

RESULTS

The real-time data acquisition and reduction of the proposed
NIR-based control system permitted the design of two op-
erational strategies for both MRF and CRF. The NIR system
controlled the flow of culture broth filtered, according to
data of glucose (s), biomass (x), and lactate (p) concentra-
tions in the culture. The dilution rate with respect to lactic
acid achieved in MRF mode as a consequence of recycling
(d) was automatically set by the NIR-based control system

in such a way as to maintain lactic acid concentration in the
culture below growth-inhibitory levels (Gonza´lez-Vara et
al., 1996). To achieve this the set-point ofp was adjusted to
8.5 ± 0.2 g L−1.

When in CRF mode, the cell recycle factor,c, was modu-
lated in order to reduce the residual concentration of non-
consumed glucose in the culture (set-points 4 0.2 ± 0.1 g
L−1) as a consequence of the increased biomass concentra-
tion and, thus, of the increased substrate consumption. In
other words, biomass feedback through cell recycle in-
creased the biomass concentration in the culture, while the
substrate input rate and, thus, the total outflow rate,F, was
kept constant. The resulting decrease in the biomass specific
growth rate,m, allowed the virtually complete utilization of
glucose as long as the specific growth rate did not exceed
about 0.1 h−1 (Table I). The parameters of the PID algorithm
used to modulate permeate flow were tuned to provide a
stable control. In addition, the value of the biomass concen-
tration was used to modulate the output of the controller in
order to prevent biomass wash-out. The phase to attain the
steady-state was longer in MRF than in CRF mode. The
reason was presumably the doubled residence time of the
former due to the increased total liquid volume resulting
from the presence of recycled medium contained in the
ion-exchange column, viz. 2 L.

The results obtained in the steady states at different di-
lution rates (D) for CF, MRF, and CRF modes are shown in
Fig. 3. At D higher than 0.2 h−1 a progressive decrease inx
andp and a concomitant increase ins were observed in CF
mode, whereas a similar effect was evident for MRF mode

Table I. Values of specific growth rate calculated by Eq. (9) in the
experiments conducted in continuous culture with cell recycling.a

(h−1) (h−1)

D c m

0.05 0.00 0.05
0.10 0.00 0.10
0.15 0.40 0.09
0.20 0.56 0.09
0.24 0.64 0.09
0.29 0.72 0.08
0.35 0.76 0.08
0.41 0.79 0.09
0.46 0.82 0.08
0.49 0.83 0.08
0.55 0.84 0.09
0.60 0.84 0.10
0.65 0.84 0.10
0.69 0.84 0.11
0.75 0.84 0.12
0.91 0.84 0.15
1.21 0.84 0.19
1.41 0.84 0.23
1.62 0.84 0.26
1.84 0.84 0.29
2.12 0.84 0.34

aNomenclature:D, dilution rate;c, fraction of culture stream filtered;m,
specific growth rate.
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only at values ofD close to wash-out point (D > 0.91 h−1).
However, it should be pointed out thatd was not allowed to
drop below at a minimum value of 1 (f 4 2 L h−1) in the
MRF experiments carried out atD 4 0.91 h−1 and D 4
1.21 h−1. Such minimum value ofd was imposed because
the lactate concentration measured on broth for these values
of D was lower than the set point of 8.5 ± 0.2 g L−1 and
NIR-based control system would have stopped the recy-
cling, excluding from the bioreactor the medium contained
in recycling loop.

Regarding the CRF mode, the maximum value ofx was
obtained in the rangeD 4 0.55–1.21 h−1. Appreciable

amounts of nonconsumed glucose were detected in the cul-
ture whenD > 1.21 h−1. In this region the product concen-
tration,p, decreased, after remaining at a constant value of
about 98 g L−1 for lower values ofD. It is worth noting that
c was not allowed to exceed a maximum value of 0.84 in
order to prevent biomass fouling of filtering unit. This is the
reason why the concentration factorc remained constant at
this value forD higher than 0.65 even if the substrate con-
centration,s, had exceeded the set point of 0.2 ± 0.1 gL−1.

Constant yield factors of produced lactate/consumed glu-
cose (yp/s) and produced biomass/consumed glucose (yx/s)
were observed in all operation modes throughout the range
of D explored, with the exception ofyx/s in CRF mode.
Average values ofyp/s and yx/s were calculated by linear
regression ofqp againstqs and x against (sr − s), respec-
tively, wheresr is the substrate concentration in the feed.
The correlation coefficients were≈0.99 in all cases. The
results were as follows: CF,yp/s 4 0.99 g(lactate) g(glu-
cose)−1 andyx/s 4 0.12 g(biomass) g(glucose)−11; MRF, yp/s

4 0.98 g(lactate) g(glucose)−1 andyx/s 4 0.12 g(biomass)
g(glucose)−1; CRF,yp/s 4 0.98 g(lactate) g(glucose)−1. The
value of yp/s calculated for the MRF mode was also con-
firmed by an overall mass balance of lactic acid produced
(direct determination of total lactic acid present in the sys-
tem at the end of the experiment,p ? Vtot, plus lactic acid
recovered from the ion-exchange resins) and of total glu-
cose consumed. A value ofyp/s 4 0.98 g(lactate) g(glu-
cose)−1 was obtained, that was in agreement with the value
calculated by linear regression over theD range explored.
Regarding the value ofyx/s in the CRF mode, it decreased by
increasingD. This effect was purely a consequence of the
physical concentrating effect of CRF. Hence, ifyx/s is cal-
culated as growth yield, i.e., taking into account the recy-
cling factor by fitting of a linear regression ofx(1 − c) vs (sr

− s)—wheresr is the glucose concentration in the feed—an
average value of 0.12 g g−1 is obtained, with a correlation
coefficient of 0.99.

The trends of the specific consumption rate of glucose
(qq) and of the lactate specific production rate (qp) through-
out the range ofD explored were nearly identical in CF and
MRF modes, whereas in CRF mode the values of both
variables were lower than those obtained in CF and MRF
modes for a givenD, because of the increased biomass
concentration (Fig. 3).

Figure 4 shows the overall volumetric productivities of
lactic acid (R) obtained in the different operation modes.
The maximum value ofR (137.6 g L−1 h−1) was obtained in
CRF mode withD 4 1.62 h−1. In CF and MRF modes,
maximumR values of 18.2 g L−1 h−1 (D 4 0.20 h−1) and
72.2 g L−1 h−1 (D 4 0.75 h−1), respectively, were obtained.

DISCUSSION

The usefulness of the proposed system was particularly evi-
dent when growth inhibition effects were present, i.e., atD
higher than 0.15–0.2 h−1. As shown in Fig. 3, in CF mode
x and p decreased ands increased gradually asD was in-

Figure 3. Results of the experiments conducted in continuous culture:
(CF) chemostat; (MRF) recycling of culture medium; (CRF) cell recycling;
(D) dilution rate (h−1); (x) biomass concentration in the culture at steady
state (g L−1); (s) glucose concentration on broth at steady state (g L−1); (p)
lactic acid concentration in the culture at steady state (g L−1); (qs) specific
glucose consumption rate (g g−1 h−1); (qp) lactic acid specific productivity
(g g−1 h−1); (d) dilution rate with respect to lactic acid due to extraction
through ion-exchange resins (h−1); (c) fraction of culture stream filtered
(dimensionless).
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creased above 0.2 h−1. Such a trend onx, p, and s is in
accordance with the characteristic profile of noncompetitive
growth inhibition, clearly different from the ideal behaviour
of the simple Monod model (Gonza´lez-Vara et al., 1996;
Pirt, 1975). In non-competitive product inhibition, if prod-
uct formation is growth-linked (i.e.,yp/x is constant irrespec-
tive of m) a plot of steady-statex vs D−1 should give a
straight line at high values ofD, and the intercept with the
abscissa corresponds to the critical dilution rate,Dcrit, while
the intercept with the ordinate is equal to the quantity,
−yx/sKiyp/x

−1, where Ki is the growth inhibition constant
(Pirt, 1975). The plot is shown in Fig. 5, and the parameters
calculated areDcrit 4 1.27 h−1; Ki 4 146.4 g L−1. The
validity of the underlying assumption of a constantyp/x (i.e.,
growth-linked product formation) is shown in Fig. 6, where

the specific rate of lactic acid formation,qp, is plotted
against the dilution rateD (4m in the CF mode at steady
state). The excellent linearity of the plot, in conjunction
with the absence of a significant intercept, show that in this
system lactic acid production is totally growth-linked. At
low dilution rates, i.e.,D <0.2 h−1, the values ofx, p, ands
were similar in the three operation modes (except of course
the increasedx in CRF mode due to biomass feedback)
showing that product inhibition was not apparent in this
region. On the other hand, the profiles ofx ands observed
in MRF mode were similar to those predicted by the Monod
model throughout the entire range ofD explored, clearly as
a consequence of the decreased concentration of the inhibi-
tory product brought about by the dilution of the culture by
the lactate-free recycle stream obtained after ion-exchange
extraction.

With regard to the CRF mode, the increased lactic acid
volumetric productivity can be ascribed to the increased
biomass concentration, and thus, to the decreasedm,
brought about by cell recycling. As a consequence of the
increasing values of the recycling factor,c, the specific
growth rate was kept below 0.1 h−1 up to D 4 0.65 h−1

(Table I), but increased thereafter because the recycling
factor was not increased above 0.84. As a result, the con-
centrations of residual glucose and of lactic acid in the CRF
mode at values ofD up to 0.65 h−1 were comparable to
those obtained in the CF mode atD 4 0.1 h−1. In conclu-
sion, the product inhibition exerted by lactic acid was elimi-
nated, or limited, in the MRF mode through removal of the
product, whereas it was circumvented in the CRF mode
through the decrease in the specific growth rate.

To investigate further the growth-inhibitory effect of lac-
tic acid an experiment was carried out in the MRF mode at
several values ofD, with the imposed operational condition:
s # 0.2 ± 0.1 g L−1, i.e., maintainings near to total con-
sumption. The action of the NIR-based control system to
maintain such set point was the same as in the previous
experiments in MRF mode, i.e., by varyingd. The results
are summarized in Table II. WhenD > 0.6 h−1, the require-
ments ford exceeded the capability of both the microfiltra-
tion unit and the ion-exchange columns. ForD <0.16 h−1, no
recycling was required to obtain the practically complete
consumption of glucose. On the other hand, the values ofp
observed in steady state forD > 0.16 h−1 were the concen-
tration of the inhibitory product corresponding to the set
values ofsandD. This was confirmed by pulse-experiments
with lactate imposed on the steady state, but maintaining
constant the value ofd (Table II). In all the cases, a slight
increase (<2%) inp resulted in an almost instantaneous
decrease (significant difference by Student’st-test) ofx as
well as in an increase ins (data not shown).

Several factors have been described as limiting for the
application of CRF to lactate fermentation. For instance, the
specificity on the production of optically pure L-(+)-lactate
isomer, which is of great importance for the synthesis of
polylactic acid polymers (Gonza´lez-Vara et al., 1996; Vac-
cari et al., 1993), could be affected byD or by the operation

Figure 4. Volumetric productivities (R) calculated forL. caseifermen-
tations carried out at different dilution rates (D) in the operation modes:
conventional continuous fermentation (CF), continuous fermentation with
recycling of medium (MRF), and continuous fermentation with cell recy-
cling (CRF).

Figure 5. Non-competitive product inhibition by lactic acid in chemostat
culture (mode CF). Calculated values:Dcrit 4 1.27 h−1; Ki 4 146.42 g L−1.
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mode (Aeschlimann and von Stockar, 1991; Hjo¨rlefsdottir
et al., 1990; Steffen et al., 1973). This effect was not ob-
served in this study because the strain used does not possess
a racemase (Gonza´lez-Vara et al., 1996). On the other hand,
Major and Bull (1989) have described the unfavourable in-
fluence of cell recycling on lactate production perfor-
mances. They showed that increasing the recycling factor
for a givenD led to decrease of yield factorsyx/s (expressed
as growth yield), andyp/x, as well as a shift in product
profile, with an increased production of minor products such
as acetate and ethanol. The reduction in growth yield was
described by the authors in terms of a specific rate of con-
sumption of glucose for non-anabolic purposes, namely
maintenance requirements. The reason proposed for this ef-
fect as well as for the change in product profile was the
stringent glucose limitation imposed by the increase of the
recycling factor. They concluded that while low residual
substrate concentrations are desirable for minimizing feed-
stock and product recovery costs, such stringent glucose
limitation of lactic fermentation must be avoided if maxi-
mum reactor performance is to be achieved in the CRF
process (Major and Bull, 1989). In the present study, the
plot of qs againstD can be interpolated with a straight line
passing through the origin (Fig. 3), which suggests that the
substrate consumption term for maintenance is negligible,
in discrepancy with the classic model of Luedeking–Piret
for lactic fermentation (Luedeking and Piret, 1959). This is
also confirmed by the constant slope and negligible inter-
cept of the plot in Fig. 6, showing negligible non-growth
linked energy production by lactate fermentation. Similar
results were obtained by Åkerberg et al. (1998), Major and
Bull (1989), Ohara et al. (1992b), Parente et al. (1994), and
Venkatesh et al. (1993), among others. In the present ex-
periments, the decrease inyx/s was a consequence of the
purely physical concentrating effect of CRF, maintaining

the growth yield at a constant value throughout the entire
range ofD assayed. In fact, the NIR-based control system
avoided the stringent glucose limitation and this resulted in
the optimization of CRF process, allowing the exploitation
of the full genotypic potential ofL. casei for lactate pro-
duction.

The highest lactate productivity obtained, 138 g L−1 h−1

(CRF mode,D 4 1.84 h−1), was greater than those reported
by other authors (Goksungur and Guvenc, 1997, 1999; Ku-
lozik and Wilde, 1999; Roukast and Kotzekidou, 1996;
Ohara et al., 1993; Tejayadi and Cheryan, 1995; Vick Roy
et al., 1982, 1983; Xavier et al., 1995). By comparing the
values ofR obtained in CF, MRF, and CRF modes, it is
possible to conclude that the results obtained were very
similar in all three modes atD # 0.20 h−1, very close in

Figure 6. Relationship between the specific rate of lactic acid produc-
tion, qp, and the dilution rate,D, in chemostat culture (CF mode). Calcu-
lated value:yp/x4 8.49 g(lactate) g(biomass)−1.

Table II. Results of the experiment carried out in the MRF mode at several values ofD, with the
imposed operational conditions # 0.2 ± 0.1 g L−1.a

(h−1) (g L−1) (g g−1 h−1) (g L−1 h−1) (h−1)

D x s p qs qp R d

0.02 11.56 0.02 97.69 0.17 0.17 1.95 0.00
0.04 11.52 0.04 97.67 0.35 0.34 3.91 0.00
0.06 11.58 0.06 97.66 0.52 0.51 5.86 0.00
0.08 11.55 0.12 97.62 0.69 0.68 7.81 0.00
0.12 11.54 0.30 97.42 1.04 1.01 11.69 0.00
0.16 11.55 0.16 43.36 1.38 1.35 15.61 0.20
0.20 11.59 0.12 32.56 1.72 1.74 19.52 0.42
0.24 11.56 0.12 18.86 2.07 2.04 23.42 1.01
0.30 11.52 0.16 19.51 2.60 2.54 29.27 1.20
0.40 11.54 0.20 12.00 3.46 3.34 39.01 2.81
0.52 11.54 0.24 7.80 4.50 4.49 50.69 6.12
0.60 11.52 0.32 6.82 5.19 5.12 58.44 8.04

aNomenclature:D, dilution rate;x, biomass concentration in the culture at steady state;s, glucose
concentration on broth at steady state;p, lactic acid concentration in the culture at steady state;qs,
specific glucose consumption rate;qp, lactic acid specific productivity;R, overall volumetric pro-
ductivity; d, dilution rate with respect to lactic acid due to extraction through ion-exchange resins;c,
fraction of culture stream filtered.

154 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 67, NO. 2, JANUARY 20, 2000



MRF and CRF but lower in CF at 0.20 h−1 # D # 0.75 h−1,
and higher in CRF only atD > 0.75 h−1, where wash-out
effects become serious in the CF and MRF modes. Hence,
the choice of the operation mode in terms ofR should be
done taking into account the value ofD. Within the range
0.20 h−1 # D # 0.75 h−1, MRF could be the mode of choice
because the recycling flow required is lower than in the
CRF mode, decreasing the fouling of the microfiltration
system. Nevertheless, saturation of the ion-exchange col-
umns would impose periodic substitutions, which would
prevent extension of the process to a long fermentation pe-
riod maintaining the steady state. In an industrial environ-
ment this problem could be easily solved by means of
proper automatic systems for diverting the permeate stream
from saturated to regenerated columns as well as for lactate
recovering.

To conclude, the NIR-based control system utilized in
this work has allowed the full automation of a small-scale
pilot plant and set the ground for further process optimiza-
tion. High performances of lactate production were obtained
employing control strategies based on fundamental process
variables measured in real-time. The stability imparted the
fermentation process by NIR-based control system and the
reliability of NIR measurements are remarkable features
that should allow the development of more advanced con-
trol system such as those based on expert control protocols
and fuzzy controllers.

The authors express their sincere thanks to the Associate Editor,
Professor John Villadsen of the Technical University of Den-
mark, for his critical review and his expert help in the revision of
the manuscript.
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