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Abstract The influence of two key environmental factors, pH and oxygen transfer
coefficient (kLa), was evaluated on the lactic acid production as the main answer and, on the
size of cell pellets of the fungal strain Rhizopus oryzae KPS106, as second dependant
answer by response surface methodology using a central composite design. The results of
the analysis of variance and modeling demonstrated that pH and kLa had a significant effect
on lactic acid production by this strain. However, no interaction was observed between
these two experimental factors. pH and kLa had no significant influence on the pellet size.
Optimal pH and kLa of the fermentation medium for lactic acid production from response
surface analysis was 5.85 and of 3.6 h−1, respectively. The predicted and experimental lactic
acid maximal values were 75.4 and 72.0 g/l, respectively, with pellets of an average of
2.54±0.41 mm. Five repeated batches in series were conducted with a mean lactic acid
production of 77.54 g/l. The productivity was increased from 0.75 in the first batch to
0.99 g/l h in the last fifth batch.
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Introduction

Lactic acid (2-hydroxypropionic acid) and its salts are widely applied in food,
pharmaceutical, leather, textile industries, and as a chemical feed stock. Lactic acid is also
used as a basic component for the elaboration of biodegradable polylactate polymer, an
environmentally friendly plastic which is a substitute for plastic derived from petrochem-
icals [1, 2]. In 2005, global market for lactic acid production ranges at about 120,000 tons
per year and shows an annual 15% growth rate [3, 4]. Driven by the propitious business
climate in the cosmetic and biodegradable plastics end-use industries, the world market for
lactic acid is projected to reach over 200,000 metric tons by the year 2012. Lactic acid is
produced both chemically by the hydrolysis of lactonitrile and fermentation using lactic
acid bacteria or strains of the fungus Rhizopus oryzae. The filamentous fungus, R. oryzae,
has been extensively studied as a commercial producer of optically L(+)-lactic acid. It has
the advantages of synthesizing only L(+)-lactic acid, does not require organic nitrogen
sources and specific nutrients, and needs little pH maintenance. In addition, the fungal mass
can be easily separated from the culture broth at the beginning of the process recovery
leading to a cheap and easy downstream process [5, 6]. R. oryzae can grow as extended
filamentous form, mycelial mats, pellets, or clumps. Pellets are spherical or ellipsoidal
masses of hyphae ranging from loosely packed hyphae to compact bodies. The different
morphological forms can have a significant effect on the rheology of the fermentation, on
the oxygen supply, and on the level of lactic acid production. The pH is another key factor
influencing the synthesis of lactic acid in competition to ethanol and therefore, required a
control. Thus, several researchers attempted to use immobilization techniques for L(+)-lactic
acid production with R. oryzae [7, 8]. This technique is time-consuming for the entrapment
of fungal cells on matrixes and is limited in volume. Therefore, fungal growth in little
pellets is the preferable morphology for industrial fermentation process because it improves
rheology and mass transfer in culture broth in comparison to extended mycelial growth or
large clumps. Such small pellets can be utilized for continuous operations using repeated
batches [9].

Response surface methodology (RSM) is an efficient technique for the optimization of
processes containing multivariable. It can reduce the number of experiment runs compared
with the conventional “one factor at a time” and allow a modeling and the detection of real
optima [10]. Central composite design (CCD) is an experimental design based on factorial
design which are added axial and center points. It is the most frequently used RSM design.
This technique has been successfully applied to optimize fermentation processes, for
instance, the production of lovastin by Monascus ruber [11], the formation of conidia of the
fungal bioherbicide Septoria polygonorum [12], or for the determination of kinetic
constants (Vmax and Km values) of glucose oxidase [13].

The effect of medium composition on the lactic acid production by R. oryzae KPS
106 was reported in our previous study [14]; however, physical parameters, such as pH
and oxygen transfer efficiency (kLa), which play important role on conversion of
pyruvate to lactic acid, remain to be investigated. In this study, lactic acid production by
R. oryzae KPS 106 that has been reported to produce lactic acid using both filamentous
form and immobilized cell [14, 15] was grown as mycelial pellets in a 3-L airlift
bioreactor. The CCD of two factors was applied to evaluate the effect of pH and oxygen
transfer efficiency (kLa) of the fermentation media on lactic acid fermentation and pellet
formation and to determine their optimal values. Finally, five repeated batch fermentation
in series was used to decrease the total fermentation time and to enhance lactic acid
productivity.
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Materials and Method

Fungal Strain and Media

R. oryzae KPS106 was used throughout this study. The strain was cultivated at 35 °C on
potato dextrose agar slants for 5 days and maintained at room temperature. The pre-culture
medium consisted of 100 g glucose, 1.35 g (NH4)2SO4, 0.25 g MgSO4·7H2O, 0.3 g
KH2PO4, and 0.04 g ZnSO4·7H2O per liter [5]. The fermentation medium consisted of
120 g glucose, 3.2 g (NH4)2SO4, 0.25 g MgSO4·7H2O, 0.20 g KH2PO4, and 0.04 g
ZnSO4·7H2O per liter [14]. All medium were autoclaved at 121 °C for 15 min.

Lactic Acid Production

Spore suspension containing 2×107spores/ml, obtained from a 7-day-old culture on agar,
was inoculated into a 250-ml flask containing 50 ml of pre-culture medium. This starter-
culture was incubated on a rotary shaker at a speed of 150 rpm, at 35°C for 24 h and then
was used as inoculum for the production.

Lactic acid fermentation was performed in a 3-L airlift bioreactor with 2-L working
volume. The experimental setup was according to [16]. The fermenter has a diameter of
185 cm, a height of 632 mm, and is surrounded by a water jacket for temperature control
(35 °C). Air was distributed by an air sparger with multi-porous plate with 10 mm in
diameter, located at a bottom of the fermenter. The dissolved oxygen probe, pH probe, and
antifoam sensor were positioned at the top of the fermenter and controlled automatically.
The pH medium was controlled using 10% NH4OH. A 10% (v/v) pre-culture was
inoculated into the airlift bioreactor containing the production medium, and the duration of
the fermentation was 96 h.

Repeated batch culture was performed with optimized batch cultivation. Cells from a
previous fermentation were used to start the next production directly. The pellets were
settled after aeration was stopped; then, the fermentation medium was withdrawn, and 2-L
fresh sterilized medium was added aseptically for the next batch.

Experimental Design

The effect of pH and kLa on lactic acid production by R. oryzae was evaluated according to
CCD of two factors at five different levels. The CCD contains an imbedded factorial matrix
with center points and “star points” around the center point that allow estimation of the
curvature. A total of 11 combinations (four factorial points, four axial points, and center
point in triplicate) were carried out (Table 1). Lactic acid concentration was used as the
main dependent output variable. The secondary answer was the diameter of the fungal
pellets. Statistic analysis and modeling were conducted with the Design-Expert 7.1.6
software.

Analytical Method

Cell-free fermentation broth was used for determination of residual glucose and lactic acid
concentration by HPLC using Aminex® HPX-87H ion exclusion column with refractive
index detector (Shimadzu, Japan). Sulfuric acid (0.05 N) was the elution solvent. The
temperature of the column was maintained at 40 °C with a flow of 0.8 ml/min. The
diameter of the pellets was measured using an Olympus microphotograph system (Tokyo,
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Japan). Fungal growth in fermenter was measured by the oxygen uptake rate (OUR) using
dynamic method [17].

Results

The matrix design with the coded and the real values of the two experimental factors
(pH and kLa) are given in Table 1 with the corresponding values of the two responses, lactic
acid production, and size of pellets. Combination numbers 9–11 were the same experiments
under the same conditions (triplicates). The low variation at the center point of the results
indicates a low experimental error and the accuracy of the experiments.

The quadratic models explaining the relationship between the experimental variables and
the lactic acid production (YL) and the pellet size (YP) are given below:

YL g=lð Þ ¼ 73:63� 5:07X1 þ 5:26X2 � 21:75X 2
1 � 16:34X 2

2 � 0:44X1X2 ð1Þ

YP mmð Þ ¼ 2:69þ 0:05X1 þ 0:32X2 � 0:48X 2
1 � 0:23X 2

2 þ 0:32X1X2 ð2Þ
Table 2 presents the analysis of variance of the quadratic models and their levels of

significance. The validity of the model for the lactic acid production [YL (g/l)] is excellent
as demonstrated by the high confidence level of the F test and the low value of the term
“lack of fit”. The R2 coefficient of correlation is a statistical measure of how well the
regression line approximates the real data points. The value should be close to 1.0. The high
value (0.962) of this coefficient demonstrates the fitness between developed model and
experimental data; only 3.8% of the total lactic acid is not explained by the quadratic
model. The quadratic model with the second answer, size of mycelial pellets, is of
insignificant validity as shown by the F test for regression and the low value of R2. Such a
quadratic model cannot explain the result “size of pellets” obtained and has to be rejected.

Table 1 Experimental results of lactic acid production by R. oryzae KPS106 in 3-L airlift bioreactor at 96 h
of fermentation time.

Run pH (X1) kLa (X2), in h−1 Lactic acid (g/l) Pellet diameter (mm)

Coded value Uncoded value Coded value Uncoded value

1 0 6 −1.414 1.056 34.9 2.22±0.65

2 1 7 −1 1.8 20.3 0.69±0.20

3 −1 5 −1 1.8 38.0 1.98±0.47

4 1.414 7.41 0 3.6 29.3 2.44±0.66

5 −1.414 4.59 0 3.6 31.6 1.27±0.17

6 1 7 1 5.4 31.6 2.42±0.34

7 −1 5 1 5.4 51.1 2.43±0.48

8 0 6 1.414 6.12 47.6 2.49±0.52

9 0 6 0 3.6 73.5 2.54±0.41

10 0 6 0 3.6 74.0 2.91±0.80

11 0 6 0 3.6 75.4 2.63±0.19

All data except run 9–11 are the mean of two replicates
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Table 3 gives the value of the various coefficients of the two models with their statistical
significance. The independent variables, pH and kLa, have a significant effect on the lactic
acid production. The ANOVA analysis of the optimization study indicates that the model
terms X1, X2, X 2

1 ;X
2
2 are significant in terms of lactic acid production. The high negative

value of the quadratic terms for this response demonstrates the strong curvature and the
presence of a maximum in the experimental domain studied. The term of interaction, X1X2,
has little value and is statistically insignificant. That means that the effects of pH and
aeration on the lactic acid production are only additive; the level of one factor does not

Table 2 Analysis of variance (ANOVA) for the quadratic model.

Sources of variation SS DF Mean square F value Probability (P)>F

Lactic acid

Regression 3,822.27 5 764.44 25.14 0.001

Residual 152.06 5 30.41

Lack of fit 150.07 3 50.03 50.31 0.019

Pure error 1.99 2 0.99

Total 3,974.95 10

R2=0.962

Pellet diameter

Regression 2.56 5 0.51 1.54 0.324

Residual 1.66 5 0.33

Lack of fit 1.59 3 0.53 14.23 0.066

Pure error 0.074 2 0.037

Total 4.2 10

R2=0.606

Table 3 Result of the regression analysis for lactic acid production and pellet diameter.

Model Coefficient Standard error t value p value

Lactic acid

(Constant) 73.63 3.24 22.69 0.00a

X1 −5.07 1.98 −2.55 0.05a

X2 5.26 1.98 2.65 0.04a

X 2
1 −21.75 2.36 −9.19 0.00a

X 2
2 −16.34 2.36 −6.91 0.00a

X1X2 −0.44 2.81 −0.16 0.88

Pellet diameter

(Constant) 2.69 0.33 8.09 0.00a

X1 0.05 0.20 0.22 0.83

X2 0.32 0.20 1.57 0.18

X 2
1 −0.48 0.24 −1.96 0.11

X 2
2 −0.23 0.24 −0.93 0.40

X1X2 0.32 0.29 1.11 0.32

a Significant at 95% confidence level
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affect significantly the influence of the other one on the lactic acid production by this strain
of Rhizopus under the chosen media conditions. All coefficients of the quadratic model for
the response “pellet diameter” are insignificant. It is impossible to predict accurately this
second answer in response to pH and kLa. The smallest pellets were obtained at pH 7.0 and
kLa of 1.8 h−1 but with lowest lactic acid production. The optimal lactic acid production is
achieved with relatively large pellets (around 2.7 mm)

Resolution of the quadratic model allows the determination of the position of the optima.
The maximum predicted lactic acid yield, 75.2 g/L, occurred at an optimal pH and kLa of
5.85 and 3.9 h−1, respectively. The pellet diameter is 2.73 mm. The optimal values are close
to the center point.

Figure 1 presents 3-D response surface as well as the contour plots of lactic acid
production and pellet formation. As shown in Fig. 1a, at pH 6 and kLa of 3.6 h−1, the
maximum of lactic acid with average 74.3 g/l was produced and average pellet size of
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Fig. 1 The response surface plots of lactic acid production (a) and cell pellet diameter (b) as a function of
pH and kLa based on central composite design experiment
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2.68±0.21 mm in diameter was observed. The R. oryzae KPS 106 formed smooth pellets
under tested conditions but different in size.

Repeated Batch Fermentation

Results of repeated batch production performed using recovered pellets were shown in
Fig. 2. The five repeated batches were successfully operational with a total fermentation
duration of 444 h and a total lactic acid production of 387.72 g/l. Kinetic characteristics of
each batch cycle summarized in Table 4 showed that the lactic acid concentration (P),
product yield (YP/S), productivity (QP), and substrate consumption rate (QS) were enhanced
during the process. Three distinct stages of growth were divided based on OUR
measurement; lag, exponential, and decrease phases. In each batch fermentation, OUR
was increased in the first 48 h of cultivation and then gradually declined until ending of
cultivation. The highest lactic acid production rate was observed at the late exponential

0

20

40

60

80

100

120

140

0 100 200 300 400 500
Time (h)

C
on

ce
nt

ra
ti

on
 (

g/
l)

0

5

10

15

20

25

30

35

40

45

50

O
xy

ge
n 

up
ta

ke
 r

at
e 

(h
-1

)

Fig. 2 Repeated batch culture of lactic acid by R. oryzae KPS 106 in 3-L airlift bioreactor under the
optimized condition. Symbol: (filled circle) glucose, (filled square) lactic acid, (filled triangle) ethanol, and
(open diamond) OUR

Table 4 Repeated-batch fermentation for lactic acid production by R. oryzae KPS106 in 3 l airlift bioreactor.

Cycle Fermentation time (h) Residual glucose (g/l) Qs Lactic acid

P YP/S Qp

1 96 7.6 1.3 72.0 0.6 0.75

2 96 0 1.3 72.6 0.6 0.76

3 84 1.0 1.4 79.7 0.6 0.83

4 84 0.5 1.5 82.8 0.7 0.99

5 84 3.8 1.4 80.6 0.7 0.96

QS Substrate consumption rate (g/l h), P product concentration (g/l), YP/S product yield per substrate used (g/g),
Qp production rate (g/l h)
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phase. In a comparison between each batch cultivation, the highest OUR gradually declined
up to the 3rd repeated batch and then was consistent throughout this experiment.

In the last three batches, fermentation time became shorter in 84 h. Substrate
consumption rate reached to 1.5 g/l h in the fourth cycle associated with high lactic acid
concentration, yield, and production rate which were 82.8 g/l, 0.7 g/g, and 0.99 g/l h,
respectively.

Discussion

The influences of pH and kLa of fermentation media on lactic acid and size of pellet were
investigated using response surface analysis. The response surface method with CCD and
regression analysis was effective to find the optimum conditions of pH and aeration for lactic
acid production by R. oryzae. However, it was not possible to obtain a clear and significant
model for the size of the mycelia pellets in relation to pH and kLa. The optimum condition
was estimated as pH 5.85 with a kLa of 3.9 h−1 for lactic acid production. pH is one of the
most crucial factors affecting lactic acid production. It was found that production of lactic acid
decreased as pH decreased from 6.0 to 4.0 [18] and that the optimal pH is located between 6.0
and 6.5 [19, 20]. Our results confirm that the optimal pH is located near 6.0.

The pH of media had been reported as an important factor for various fungi in the
formation of pellets. However, in the present study of R. oryzae KPS 106, smooth pellets
were formed in the whole range pH tested (4.59–7.41). This is in agreement with the
observations of [21]; they reported that a pH range of 3.0–7.0 does not induce significant
differences on pellet formation of R. oryzae. The smallest pellets were observed at pH 7.0
with kLa of 1.8 h−1, but even if it is a prerequisite for adequate mass and heat transfer [22],
the titer of lactic acid produced was only 20.3 g/l.

Fermentation by Rhizopus strains is an aerobic process, and thus, oxygen supply plays a
key role in lactic acid production. The aeration rate impacted fungal morphology and
product yield by improving the mass transfer which is beneficial to microbial growth and
performance of microbial cells [23, 24]. The limitation of R. oryzae for lactic acid
production is the side-product ethanol which is mainly synthesized under oxygen-limiting
condition [25]. Excess aeration rate affects the fungal morphology, and increasing aeration
rate [26] stimulates the formation of large pellets. Our results demonstrated that kLa of
3.9 h−1 was beneficial to both formation of middle-size pellets and lactic acid production.
The smaller pellets were formed at low kLa value with lower lactic acid titer. This indicated
that oxygen-limiting condition inhibits fungal growth and lactic acid formation.

Fungal pellets as natural immobilized cells were reused in repeated batch cultivation.
The operation with cell recycling was promoted cell adaptation to the medium. This
extended the lactic acid production phase of the culture [27]. During repeated batch
cultivation, OUR was lower than that in normal batch fermentation. In addition, OUR
decreased slightly with cycles in the earlier three cycles but approached a constant in the
following cycles. The lactic acid concentration and productivity were improved, and it
might be concluded that fermentation using pellet recycling is an efficient process.
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