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Introduction
For the production of lactic acid, the efficiency of membrane recycle bioreactor (MRB) was successfully demonstrated in a number of previous studies1,2. With greatly increased density of biocatalysts, i.e. microbial cells, the volumetric productivity of lactic acid could go up to 160 gL-1h-1, which is higher than twenty times of that in the conventional batch and chemostat processes1. The high productivity, however, is not the only requirement for the economic feasibility of the process. In case lactic acid concentration is significantly low, the energy cost for water removal in the downstream process offsets the benefits of the increased productivity. From this point, MRB has an important problem to be tackled: the concentrations of lactic acid are significantly low when compared with batch processes where the lactic acid concentration above 120 g/L is easily attainable. This problem of MRB arises from the severe inhibition of the product, lactate, on cell growth. There is a “trade-off” between volumetric productivity and lactate concentration because lactic acid is produced mainly in “growth associated” manner: it is not possible to have the high growth-rate together with high lactate concentration. 

In this article we investigated the effect of product inhibition on the performance of MRB with modeling and simulation study. Most of others’ results previously reported could be explained in fairly good agreement with the model resulting in a practical estimation of MRB performance for lactic acid production.

Materials and Methods

Microorganism and Culture Conditions: A microorganism, Lactobacillus rhamnosus (ATCC 10863), and other experimental conditions were reported previously3. In the feed media 180 g/l of glucose 15 g/l of yeast extract were included with other basal medium components. A 250-ml glass bioreactor was employed in the chemostat experiments to find the model parameters: fresh media was continuously fed into the reactor along with pH-control stream while culture broth was pumped out simultaneously to have constant working volume of 150 ml.

Numerical Methods: The least squares regression was used in estimation of the parameters in fermentation kinetics. Numerical integration to find steady state values, and constrained multivariable optimization to find the optimal operation variables were performed with the help of a software package, Matlab 5.0 (The Mathworks, Inc., USA). The constraints utilized in the optimization were the maximum cell density (Xm < 140 g/l) and the maximum remaining glucose concentration (S < 1 g/l).

Model Development

Overall Mass Balance in an MRB: A schematic diagram of a cell-recycle bioreactor system is shown in Figure 1. The rate equations for the concentrations of cell (X), product (P), and substrate (S) can be built as: 
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where ( is calculated incorporating a titration constant, (, which depends on the composition and concentration of base solution in an assumption that pH drop in the reactor is affected only by the lactic acid formation: 
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And, ( could be determined by experiment. In this work, 8 N ammonia water was used for pH control and ( was found to be 8.4 ( 10-4 (L-ammonia water consumed) per (gram-lactic acid produced).
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Figure 1. Schematic diagram of an MCRB to build mass balance equations including the additional flow for pH control.

Cell Growth Kinetics: For the inhibition by lactic acid on cell growth, the Levenspiel’s model with Monod equation was used4: 
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where KS value of the strain for glucose is previously given as 0.3 g-glucose/L6 by Wang, et al. (1995). The toxic power (c = 2.68), the maximum specific growth rate ((m = 0.633 h-1), and the highest lactic acid concentration where cell growth could occur (Pm = 114 g/l) were calculated from a series of chemostat cultivation as presented in Figure 2-a.  In the experiment, as the glucose concentration was maintained sufficiently high, above 87 g/L, the Monod kinetics term could be neglected in the calculation as previously revealed4. 

Lactic Acid Formation: For the rate of product formation Luedeking-Piret equation, which explains it with growth rate and concentration of cells, was used here5:
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where the growth-associated product formation parameter (a), and cell density related parameter (b) could be found in the previous experiment, Figure 2-b. The linear correlation between the specific growth rate, (, and the specific production rate, (, turned out showing two parallel straight lines. The slopes of the lines were equal to 6.6 g/g while the intercepts are 0.38 and 0.1 gg-1h-1 in the range of low and high lactic acid concentration, respectively. From this plot, a was determined by the slope, and b could be approximated as a bi-level function of lactic acid concentration: 
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Glucose Consumption: The rate of glucose consumption by the cell growth and lactic acid production was simply set as: 


[image: image11.wmf]S

P

P

S

X

X

S

Y

r

Y

r

r

/

/

-

-

=



(8)

where the both yield coefficients, Yx/s and Yp/s, are set as constants, 1.0 g/g. 
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Figure 2. Estimation of model parameters in cell growth and lactic acid formation kinetics from a series of chemostat cultivation.

Results and Discussion
As lactic acid production is strictly related to the cell growth Luedeking-Piret model was adopted for the expression of product formation. For the cell growth kinetics, among the previously reported kinetic model, Levenspiel’s inhibition model found best fit into the conventional chemostat data (Figure 2-a). During the procedure of parameter estimation in Luedeking-Piret model by graphical method in Figure 2-b, a peculiar property was observed in the cell-density related parameter (b), which has been used as constant. It was found here dependent on lactic acid concentration: in the range of low lactic acid concentration b had a higher value of 0.38 g/g; and b was 0.1 g/g in the range of high lactic acid concentration. This can be explained from the specific lactic acid production rate of the resting cells, which decreases with the increase of lactic acid concentration, and also, from the decrease in ATP requirement for cell maintenance in a high lactic acid concentration, i.e. low cell growth. Then, b was approximated as a continuous function of lactic acid concentration, equation (9). By this analysis, the drastic change in the performance of continuous bioreactor for the production of lactic acid in a high concentration observed in others’ studies could be explained. In order to have a lactic acid concentration across the critical range (55 g/L) the operation conditions, D and B, should be adjusted abruptly.

The results of the simulation studies and current experiments were presented in Figure 3 with the previous reports dealing with the MRB in various operation conditions. It seems that the model shows reasonable estimates of optimal reactor performance along with a desired lactic acid concentration. Most of the previous reports had a lesser productivity than the simulation optimization result (the data points are underside of solid line in Figure 3-a.  They also failed to have lactic acid concentrations above 60 g/L and this can be explained with the abrupt drop of optimal productivity as lactic acid concentration increases over 55 g/L. If the cell concentrations in the reports could be increased to 140 g/L, the performances would increase as shown at Figure 3-b.  Some of the data had higher productivities than the simulation, which is because higher concentration of yeast extract was used and also, the data were taken where glucose concentration was above 7 g/L. It is noteworthy there were only four results that obtained lactic acid concentration above 85 g/L with greater productivities than the simulation, which might be roughly reasoned from the difference in the strains employed or, the data were taken before steady state.
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Figure 3. Simulated performance of single MCRB with the constraint of Xm (= 140 g/L) and its comparison to others’ experimental data.
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