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ABSTRACT 
 
 Chlorella minutissima was investigated for biomass production under different growth conditions. Box 
Behnken design was employed to study the effect of different growth variables. Three variables light intensity, 
nitrate concentration and cultivation time were identified as having significant effects and interactions during 
batch cultivation of the alga in a stirred tank bioreactor. Using the experimental data a second order regression 
model was developed. It was found that the biomass production by Chlorella minutissima was strongly affected 
by the variations in light intensity, nitrate concentration and cultivation time. The experimental values were in 
good agreement with the predicted values, correlation coefficient was found to be 0.9212. The optimized 
conditions for the enhancement of the biomass production by C. minutissima were determined to be light 
intensity (8153.85 lx), nitrate concentration (2.5 g/l) and cultivation time (9 days). 
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Introduction 
 
 Biological fixation of carbon dioxide using algae is a promising way for complete sequestration of carbon 
dioxide and generation of biomass, leading to many value added products. This method has several 
technological advantages like mild conditions for fixation and non requirement for further disposal of carbon 
dioxide. Algal systems have been found to have higher rates of carbon dioxide fixation than land plants. They 
can also adapt to different energy conditions in varying environments exhibiting different types of metabolic 
patterns (ZhaoSheng Li et al., 2011). Considerable amount of work has been carried out using different algal 
strains based on their tolerance to salinity, alkalinity, temperature, CO2 concentration, nutrients and light 
intensities (Shuler and Affens 1970; Anna Maria Nuutila et al., 1997; Jin-Suk Lee et al., 2002; Ning Zou et al., 
2003; Eduardo Jacob-Lopes et al., 2009). Our previous work demonstrated that Chlorella minutissima was 
capable of utilizing up to 15%CO2 under varying environmental and process engineering conditions and 
concluded that the strain was a potential candidate for the production of SCP, biofuel, chlorophyll and 
carotenoids (Vani Sankar et al., 2011). However, there was a significant change in the algal morphology which 
contributed to the rheological behaviour of the algal suspension in stirred tank bioreactors (Nihit Madireddi et 
al., 2012). In this context, the optimization of the growth conditions involving multiple factors could be very 
complex. Besides, conventional methods and single factor experiments often cannot accurately depict the 
interaction between the dependent variables of the multiple factors (Ferriera S.L.C. et al., 2007). Therefore in 
the present work, to simplify the process of experiments, the Box-Behnken experimental design method was 
adopted which has been widely used in microalgae production optimization (Azma M. et al., 2011; Patil P.D. et 
al., 2011). This work focuses on the search for the optimal combinations of light intensity, nitrate concentration 
and cultivation time for enhancing the biomass production during batch cultivation of Chlorella minutissima in a 
stirred tank bioreactor. The response surface methodology which generates contour plots from the linear, 
interaction and quadratic effects of variables was used to calculate the optimal response of the system and the 
predicted optimized values obtained were validated.  
 
Materials and Methods 
 
Microorganism,Media and Culture conditions: 
 
 Chlorella minutissima donated by Indian Agricultural Research Institute, Pusa, New Delhi was used in the 
present work. The strain was maintained at 25ºC in shake flasks and sub cultured every three weeks. M4N 
media used for the maintenance and cultivation of Chlorella minutissima consisted of the following composition 
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per litre: KNO3 5.0g; MgSO4.7H2O 2.5g; KH2PO4 1.25g; FeSO4.7H2O 3.0mg; H3BO3 2.86mg; MnSO4.7H2O 
2.5mg; ZnSO4.7H2O 0.222mg; CuSO4.5H2O 0.079mg; and Na2MoO4 0.021mg. The pH of culture was adjusted 
to 6.0 before autoclaving at 120ºC and 15psi for 20min (Yanagi M. et al., 1995). The cultures were grown in 
250ml Erlenmeyer flasks containing 100ml of media at 25°C, 100rpm and with light intensity of 6000lx for 
14:10 light to dark hour cycles. These cultures were used as inocula for the various experiments.  
 
Bioreactor experiments: 
 
 Algal cultivation was carried out in a laboratory scale stirred tank reactor having a working volume of 1.8 l. 
Air flow rate was maintained using a dust and oil free compressor. Aeration was achieved by means of a ring 
sparger. Aeration rate was maintained at 0.56 vvm. A centrally mounted shaft with impellers was used for 
agitation. The pH, dissolved oxygen and temperature of the culture medium were monitored by using probes. 
The initial pH of the culture medium was 6.0 and was left uncontrolled throughout the cultivation. The 
temperature was maintained at 25ºC by the water jacket around the reactor. A photoperiod of 14 h light/10 h 
dark cycles was maintained for each experimental run. Samples were collected at regular intervals of time and 
used for biomass measurements. 
 
Experiment design and statistical analysis: 
 
 The levels of the significant parameters and the interaction effects between them which influence the 
biomass production significantly were analyzed and optimized by the Box-Behnken methodology (Box and 
Behnken, 1960). In this study, the experimental design contained 17 trials and the light intensity, nitrate 
concentration and time of cultivation were chosen as independent variables at three different levels, low(-1), 
medium (0) and high (+1). The Box-Behnken design levels are summarized in Table 1.  
 
Table 1: The levels of variables chosen for the trials 

Light Intensity Nitrate Concentration Time 
2000 (-1) 0 (-1) 5 (-1) 
6000 (0) 1.25 (0) 7 (0) 
10000 (1) 2.5 (1) 9 (1) 

 
 For statistical calculations the relation between the coded values and the real values were described as 
follows. 
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where ki XXXX .....,, 32 were the input variables which influenced the response Y. i ,0  (i=1,2,3…) 

ij (i=1,2,3…k; j=1,2,3….k) were known parameters and   was the random error. All the other parameters 

were kept constant throughout the investigation. The experimental plan and levels of the independent variables 
are shown in Table 2. X1 (light intensity) had a lower limit of 2000 lx and upper limit of 10000 lx. X2 (Nitrate 
concentration) was varied between 0 and 2.5 g/l. The lower and upper limits of X3 (time) were 5 days and 9 days 
respectively. Response surface methodology was used to analyse the experimental design. The response variable 
was fitted by a second order model in order to correlate the response variable to the independent variables. The 
statistical analysis of model was performed in the form of analysis of variance which included the Fisher’s F-test 
(overall model significance), its associated probability, correlation coefficient R and determination coefficient 
R2. For each variable the model was represented as a two dimensional contour plot and the optimal combination 
was determined from these plots. 
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Results and Discussion 
 
Optimization of the factors: 
 
 The conventional one-factor-at-a-time design technique for investigating the effects of a single factor on 
algal growth while fixing the levels of the other factors has been widely used (Liang Y. et al., 2009, Grady and 
Morgan 2010, Shi X.M. et al., 1999).Although this design is easy to operate and analyse it involves large 
number of experiments which are time consuming. Moreover when the interactions among different factors are 
significant, the optimal conditions identified cannot be guaranteed. Response surface methodology in this 
context has been widely accepted by researchers as a useful tool for developing, improving and optimizing a 
process (YouWen Z. and Chen F. 2001; Mandenius C.F.and Brundin A., 2008; Abou-Elela et al., 2009; 
Hammam A.M., 2009; Wefky S.H. et al., 2009; Parveen Jamal et al., 2011; Saniah Abdul Karim et al., 2012). 
Preliminary investigations in our laboratory indicated that the light intensity, nitrate concentration and time of 
cultivation had a significant effect on the biomass production during the growth of Chlorella minutissima. 
Therefore these three factors were considered as the major variables affecting the growth of C. minutissima and 
further optimized using response surface methodology. In the present study, the Box-Behnken model for three 
variables was used. Light intensity (2000 – 10000 lx), nitrate concentration (0 – 2.5 g/l) and time of cultivation 
(5 – 9 days) were taken as the input variables. Each independent variable was tested at three levels, a high (+1), 
medium (0) and a low (-1) level. According to the implemented design seventeen experimental runs were 
performed. The biomass concentration (g/l) was taken as the response of the system and estimated in different 
experimental conditions based on the experimental design (Table 3).  
 
Table 2: The Box-Behneken design for the three independent variables. 

Experiment No. Light Intensity Nitrate          Concentration Time 
1 -1 -1 0 
2 1 -1 0 
3 -1 1 0 
4 1 1 0 
5 -1 0 0 
6 1 0 -1 
7 0 0 -1 
8 0 0 1 
9 0 -1 1 
10 0 1 -1 
11 0 -1 -1 
12 0 1 1 
13 0 0 0 
14 0 0 0 
15 0 0 0 
16 0 0 0 
17 0 0 0 

 
Table 3: Box-Behnken design matrix with experimental and predicted values for algal biomass. 

Experiment 
No. 

Light 
Intensity 

Nitrate 
Concentration 

Time Y 
Experimental 

Y 
Predicted 

1 2000 0 7 0.355 0.262 
2 10000 0 7 0.442 0.362 
3 2000 2.50 7 0.471 0.534 
4 10000 2.50 7 0.692 0.770 
5 2000 1.25 7 0.469 0.497 
6 10000 1.25 5 0.425 0.424 
7 6000 1.25 5 0.650 0.681 
8 6000 1.25 9 0.902 0.841 
9 6000 0 9 0.374 0.481 
10 6000 2.50 5 0.756 0.661 
11 6000 0 5 0.443 0.503 
12 6000 2.50 9 1.051 1.003 
13 6000 1.25 7 0.802 0.802 
14 6000 1.25 7 0.802 0.802 
15 6000 1.25 7 0.802 0.802 
16 6000 1.25 7 0.802 0.802 
17 6000 1.25 7 0.802 0.802 

 
 By applying multiple regression analysis, on the experimental data, the following second order polynomial 
equation was established to explain the biomass production. 
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Y= 0.802 + 0.084* X1 + 0.170* X2 + 0.080* X3 - 0.221* X1* X1 - 0.099* X2* X2 
          - 0.041* X3* X3 + 0.034* X1* X2 + 0.091* X2* X3 + 0.120* X1* X3                (3) 
 
where Y was the predicted response, i.e. the biomass concentration (g/l) and X1, X2 and X3 were the coded 
values of the test variables, light intensity, nitrate concentration and cultivation time respectively. The analysis 
of variance (ANOVA) was conducted to test the significance of the fit of the second order polynomial equation 
for the experimental data and is shown in Table 4. 
 
Table 4: Analysis of variance (ANOVA). 

Source Sum of squares Degrees of 
freedom 

Mean squares F-value p-value 

Regression 0.661 9 0.073 9.057 0.004 
Linear 0.324 3 0.108 13.310 0.003 

Quadratic 0.295 3 0.098 12.144 0.004 
Interaction 0.042 3 0.014 1.717 0.250 

Residual error 0.057 7 0.008   
Total error 0.718 16    

 

 
 

 
 
Fig. 1: 3D response surface and contour line of the influence of light intensity, nitrate concentration and time to 

biomass, (a and b) displayed the effects of light intensity and nitrate concentration on biomass: (c and d) 
showed the effects of nitrate concentration and time on biomass: (e and f) demonstrated the effects of 
light intensity and time on biomass. 

 
 This statistical significance of the second order model equation was evaluated by the F-test analysis of 
variance (ANOVA) which revealed that this regression is statistically significant at 95% confidence level. The 
model F value of 9.057 indicated that the model was significant. The fit of the model was checked by the 
coefficient of determination (R2) which was 0.9212, indicating that 92.12% of the variability in the response 
could be explained by the model. It indicates a good agreement between experimental and predicted values and 
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implies that the mathematical model proposed is very reliable for biomass production in the present work. With 
the help of Design Expert software (trial version 8.0.7.1, Stat-Ease Inc., Minneapolis, MN) the response surface 
plots and contour plots were established as shown in figure 1, which depicts the interaction between two 
variables by keeping the other variable at their zero levels for biomass production. As shown in the figure 1, the 
biomass was affected dramatically by the light intensity and nitrate concentration. With the light intensity 
increasing from 2000 lx to 10000 lx, the biomass increased gradually and reached its maximum value of 1.067 
g/l with the light intensity of 8153.848 lx. With the nitrate concentration increasing to 2.5 g/l in the medium, the 
biomass increase was not significant in the initial period after which it was increasing. The peak in biomass 
appeared with the nitrate concentration of 2.5 g/l. The effect of time on biomass was not significant during the 
initial cultivation period, however considerable change in biomass was observed after the fifth day for all the 
experimental runs. The optimal combination of the major parameters for biomass production evaluated from 
contour plots were as follows: light intensity 8153.848 lx, nitrate concentration 2.5 g/l, number of days 9. The 
predicted optimum yield of biomass was 1.067 g/L. With these optimize conditions the experimental biomass 
yield was found to be 1.2366 g/l. A 16 % increase in the biomass yield was observed after optimization with 
response surface methodology. In literature the reports available on the systematic approach for process 
optimization of the effective production of biomass from algal cultures is scarce. The conventional process 
formulation studies are usually time consuming and expensive. To overcome these problems we have used 
response surface methodology for the optimization of process parameters for the production of biomass from 
Chlorella minutissima. From the present study, it is evident that the use of response surface methodology not 
only helped us in identifying the significant parameters and locating their optimum levels with minimum 
amount of resources and time but also proved to be useful in increasing the algal biomass production. 
 
Conclusion: 
 
 To enhance the biomass production, the effects of light intensity, nitrate concentration and cultivation time 
were investigated during growth of Chlorella minutissima in a stirred tank bioreactor using Box-Behneken 
design. The quantitative effect of these factors at different levels was predicted by using polynomial equations. 
Response surface methodology was then adopted to predict the levels of light intensity, nitrate concentration and 
cultivation time required to obtain an optimum combination with maximum biomass production. The observed 
responses were found to be in close agreement with the predicted values of the optimized combinations of the 
factors, thereby demonstrating the effectiveness of response surface design in optimizing the influencing factors. 
Chlorella minutissimma was proved to be a potential microalgal species for biomass production. 
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