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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. 

A typical approach to overcome above-mentioned problem, a low product concentration because of severe product inhibition, is the use of a plug flow reactor, which can be approximated by several continuous stirred tank reactors (CSTRs) in series. The advantages of the CSTRs-in-series against single CSTR especially in lactic acid production were revealed by others in two- and three-stage CSTRs3,4,5: increased productivity and concentration of lactic acid via partly separating cell growth and lactic acid production phase; increased lactic acid yield at the expense of biomass formation at a latter stage; high purity of the lactic acid isomer, L(+)-lactic acid via increased population of fresh cells; reduced usage of a costly nutrient, yeast extract. 

In this study, performance of a new bioreactor configuration, two MRB in series, was investigated aiming at the highest volumetric productivity ever obtained along with the lactic acid concentration as high as possible.

Materials and Methods

A microorganism, Lactobacillus rhamnosus (ATCC 10863), and culture conditions are previously described6. In the experiments of single-stage MRB, a 400-mL water-jacketed glass reactor was employed, which was equipped with a hollow-fiber filtration unit UFP-100-H-4X2TCA (100 k NMWC, 0.065 m2 filtration area, A/G Technology Corporation, Massachusetts, USA). A peristaltic pump, 07090-40 (Cole-Parmer, Illinois, USA) was used to circulate the culture broth through the membrane unit with a flow rate of ca. 100 mL/min. For the two-stage operations, two identical MRBs were serially connected. Each MRB consisted of a one-liter glass reactor attached with a plate-and-frame filtration unit, Pellicon 2 BIOMAX 100V (100 k NMWC, 0.1 m2 filtration area, Millipore, Massachusetts, USA), and a diaphragm pump, P-07090-40 (Cole-Parmer) for cell recycle with a flow rate of ca. 600 mL/min. The MRB was sterilized with 50 % (v/v) ethanol and washed thoroughly with sterile water before inoculation.

Results and Discussion
Preliminary Experiment with single MRB

The results from the two single MRB runs with 180 g/L glucose and 15 g/L yeast extract are shown in Figure 1, in which the working volumes were adjusted to 260 mL. In experiment I, a productivity of 35.5 gL-1h-1 was obtained, and 33 gL-1h-1 was obtained in experiment II. With reduced B the cell concentration in the experiment II was maintained much higher than experiment I, but lactic acid concentration could not be increased significantly as indicated in the figure. The lactic acid concentrations in the both experiments were almost the same, 51 g/L. It was recognized that simulation study is necessary to facilitate the procedure to have the optimal operation conditions for each target performance. 

In Figure 2, another fermentation result with 105 g/L glucose is shown, which was operated at the near optimal values of D and B from simulation study to have a 90 g/L lactic acid along with a highest productivity7. While the cell and remaining glucose concentration were maintained around 120 g/L and 4 g/L, respectively, 83 g/L lactic acid could be produced with a productivity of 21.6 gL-1h-1. Increasing lactic acid concentration higher than 83 g/L with single MRB was not achieved by any attempts in this study. When a larger-volume CSTR was attached next to the MRB, increased conversion could be obtained from 180 g/L glucose and 15 g/L yeast extract (Figure 3). Lactic acid concentration of 87 g/L was obtained with a productivity of 7 gL-1h-1. The culture volumes of the MRB and CSTR were 200 mL and 1.8 L, respectively, and B at the MRB was 0.091. Flow rates of ammonia water and reactor outflow were 12 mL/h and 160 mL/h, respectively. Specific growth rate of the cells in the first reactor was 0.073 h-1 whereas no growth occurred in the second reactor. However, lactic acid formation in the second reactor was maintained. It was presumed from this result that if additional MRB took the place of CSTR, much higher volumetric productivity (> 35 gL-1h-1) with higher lactic acid concentration (> 87 g/L) would be obtainable as confirmed in the next experiments. 

Two-Stage MRB

After the investigation of the kinetics of lactic acid fermentation7 to find the optimal operation conditions, the high performance of two-stage MRB could be achieved as shown in Figure 4. With 110 g/L glucose and 13 g/L yeast extract, two serially connected MRBs were utilized for the experiment. When the lactic acid concentration in reactor outflow reached 50 g/L, after about 20 hours of start-up operation (not shown in the figure), overall dilution rate was set to 0.62 h-1 with the same bleed ratios for both the reactors (= 0.053). As a result, the cell concentrations were maintained around 100 g/L and 120 g/L in the first and second reactor, respectively, and 92 g/L of lactic acid was produced with a productivity of 57 gL-1h-1. During the fermentation the glucose concentration in feed stream was reduced to 105 g/L in order to have a remaining glucose concentration less than 3 g/L.

In Table I the highest productivities obtainable in the four types of bioreactor configuration with MRB are listed in comparison with experimental results. Only a simulation was conducted in this study for type C. The experiments of 2-stage configurations (type A and B) gave a higher lactic acid concentration than which the single MRB could obtain, implying that multi-stage configuration is helpful for the higher conversion. This might be reasoned that the presence of fresh cells in the first reactor in a lower lactic acid concentration: the fresh cells have a higher level of ATP than the less active cells in a high lactic acid concentration as described above. When the fresh cells were transferred to the second reactor containing lactic acid in a high concentration, they would become less active in growth but still active in lactic acid production. Probably the cells fully adapted in the single stage MRB would be less efficient both in cell growth and in lactic acid production. This makes possible higher lactic acid conversion in the two MRBs in series than in the single MRB.

 As a conclusion, an MRB system with multi-staged operation was successfully carried out to produce lactic acid in a high concentration with greatly increased volumetric productivity. 

	Table 1. Performances of four different types of MRB and their comparison to the simulation optimization results.

	Reactor configuration
	Simulated maximum productivity**
	Experiment result

	
	
	Productivity

(gL-1h-1)
	Lactic acid conc. (g/L)

	Single MRB
	21.9
	33

36

22
	51

51

83

	Two-stage (type A)*
	44.2
	57
	92

	Two-stage (type B)*
	< 21.9
	7
	87

	Two-stage (type C)*
	29.0
	np
	np

	* Types of two-stage MRB configuration are: A: Two serially connected MRBs; B: 2-stage reactor, in which the first reactor is MRB; C, 2-stage reactor, in which the second reactor is MRB and cells in the MRB recycled back to the first CSTR.

** Maximum reactor productivity when 90 g/L lactic acid is produced7
np: experiment not performed
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	Figure 1. Figure 4. Continuous runs of single-stage MRB: ((,(), lactic acid; ((,(), glucose; ((,(), dry cell. Open symbols represent data from the operation with values of D and B, 0.69 h-1 and 0.079, respectively (experiment I), while closed symbols are with 0.66 h-1 and 0.042 of D and B, respectively (experiment II).
	
	Figure 2. MRB operation to find maximum possible lactic acid concentration with high productivity with near optimal values of D (= 0.26 h-1) and B (= 0.033) in the period indicated with an arrow. (, lactic acid; (, glucose; (, dry cell
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	Figure 3. Continuous run of two-stage bioreactor with cell-recycle at the first stage: ((,(), lactic acid; ((,(), glucose; ((,(), dry cell. Open symbols represent concentrations in the first reactor (MRB), and closed symbols are from the second (CSTR).
	
	Figure 4. Two-stage MRB operation with 110 g/L glucose and 13 g/L yeast extract in feed stream. Open symbols represent data from the first MRB while closed symbols are data from the second: ((,(), lactic acid; ((,(), glucose; ((,(), dry cell. Overall dilution rate was maintained at 0.62 h-1 and culture volumes of the first and the second MRBs were 500 mL and 600 mL, respectively (Rv = 0.55). Glucose concentration in feed media was reduced to 105 g/L at 35 h as indicated.
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