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The effects of aeration rate and agitation speed on the production of Polyhydroxyalkanoates (PHA’s) by 

Burkholderia cepacia B27 in a batch fermenter were investigated. Central composite design (CCD) technique 
was used to develop an empirical model to find the best hydrodynamic conditions to demonstrate the high 
influence of rheological culture over biomass production and PHA accumulation. The agitation speed and 
aeration rates were between 120 to 515 rpm and 4.3 to 22 𝐿  𝑚𝑖𝑛−1, respectively. This values range was 
selected due to the aeration and agitation restriction of bioreactor. A dynamic method was applied to measure 
the volumetric oxygen mass transfer, which has a critical influence on biomass development on the overall 
process. Results revealed the agitation was the most important factor to PHAs accumulation. Furthermore, 
other parameters including bacteria growth was affected by the mass transfer, dissolved oxygen and broth 
viscosity, therefore agitation speed and aeration rate had a significant effect over strain and its production 
efficiency. Maximum PHA’s concentration reached was 8.72 𝑔  𝐿−1 at 24 h of fermentation time with aeration 
rate and agitation speed at 13.5 𝐿  𝑚𝑖𝑛−1 and 310 rpm, respectively.  

1. Introduction 

The problems associated with plastic accumulation in the environment and rapid-depletion of natural 
resources used in their production are motivating factors for research into sources and tools for alternatives to 
petroleum-based polymers (Amache et al. 2013, Mendez et al. 2014). There are different biopolymer 
alternatives to replace petroleum based polymers among them the PHA’s, a family of biodegradable and 

biocompatible polyesters, synthesized and stored in intracellular granules by bacteria cells that use the 
biopolymer as a carbon and energy source under aerobically and usually under stress conditions. PHA’s have 
been produced in different scales via fermentation processes as environmentally friendly and sustainable 
plastics with high potential application in packaging, biomedical and agricultural industry (Bugnicourt et al. 
2014, Obruca et al. 2014). 
However wider use of PHA’s is limited mainly by their high production cost compared with petrochemical- 
derived plastics. With the aim of commercializing PHA’s, a substantial effort has been devoted to reducing 
production costs through the development of improved bacterial strains and a more efficient fermentation 
process (Yang et al. 2006). Mathematical modelling is an useful tool for optimization process reported by 
numerous authors (Mendez et al. 2016, Novak 2015), likewise Response Surface Methodology (RSM) is a 
collection of mathematical and statistical techniques that is applied for the modeling and analysis of various 
processes in which the response of interest is influenced by several factors and the response is optimized 
(Dayana Priyadharshini et al.2016, Lakshmikandan et al. 2014, Jabeen et al. 2015).  
Central Composite Design (CCD) used in RSM, is more advantageous over the classical approach in terms of 
the information gained and the accuracy of the experiment conducted (Ahmadi et al. 2006). Obtaining 
informative results depends on finding the effects between key parameters of the particular process and the 
combined effects of these controllable factors. The supply of oxygen as oxygen transfer rate (OTR) is chosen 
as the controlling footstep in many industrial bioprocess systems and also in its scale-up (Zafar et al. 2012a). 
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It is an important parameter for the design and operation of aeration and agitation systems of bioreactors. The 
aeration supplies, the oxygen demand of microbial population, and its efficiency depends on oxygen 
solubilization and diffusion rate into the medium broth along with the bioreactor capacity. The study of 
agitation and aeration rates on growth and PHA’s production is an important activity since oxygen is 
considered a limiting factor for PHA’s accumulation inside many bacterial cells (Alejandra de Almeida et al. 
2010). 
Oxygen transfer as a function of agitation and aeration to bioreactor vessel plays an important role, in order to 
obtain the appropriate volumetric oxygen transfer coefficient (𝐾𝐿𝑎) that can be correlated with the PHA’s 
productivity in defined culture medium. The rationale of 𝐾𝐿𝑎 values indicate a certain mass-transfer capability 
that can cope with the oxygen demand of the culture. It often serves as the scale-up criteria to compare the 
efficiency of bioreactors and mixing devices (Yaoyu Feng et al. 2002, Bandaiphet et al. 2006, Prasertsan 
2006). 
The objective of this study is determinate the 𝐾𝐿𝑎  for fermentation process through dynamic method, likewise, 
investigate the optimum combination of aeration and agitation through statistical optimization using central 
composite design and surface response that would yield the highest biomass and PHA’s production by 
Burkholderia cepacia B27. 

2. Materials and methods 

2.1. Microorganism and Fermentation Process 

Burkholderia cepacia B27 was obtained from genetically modified process of random mini-Tn5 transposon 
mutagenesis (Florez et al 2014), to increase the accumulation of intracellular PHA’s, using vegetable oil as 

carbon source .The strain was maintained in cryovials with L.B., and 40% of glycerol; culture conditions and 
fermentation process, were developed according to previous research (Méndez et al. 2016) with a bioreactor 
BioFlo®/CelliGen® 115 with capacity of 7 L (5 L of work volume), and control system of aeration and agitation. 
The reactor dimensions has: 7.7 cm diameter Rushton impeller, 17.3 cm of internal diameter, 4 baffles with 
1.6 cm width and operating conditions given by 22.6 cm of height of medium. The concentration of vegetal oil 
(20 𝑔  𝐿−1) and ammonium sulfate (2.8 𝑔  𝐿−1), was the same for each experiment.  

2.2. Experimental design 

Central composite design (CCD) and response surface methodology (RSM) were performed to study the 
significant effects and interactions between aeration (X1) and agitation (X2), selected as independent variables 
(Santos Danyelle et al. 2014) for oxygen transfer coefficient, ammonium consumption, PHA’s and biomass 
production considered as responses (Y). The mathematical relationship of the responses (Y) to independent 
variables X1 and X2 were analyzed using the Eq(1) quadratic  polynomial equation (Dayana Priyadharshini et 
al. 2016) :  

𝑌 = 𝛽0 + 𝛽1 𝑋1 + 𝛽2 𝑋2 + 𝛽12  𝑋1 𝑋2 + 𝛽11 𝑋1
2 + 𝛽22 𝑋2

2   
               

(1) 

 

Where β0 is a constant term; β1 and β2 are linear regression coefficients; β11 and β22 are quadratic regression 
coefficients and β12 is the interactive regression coefficient. The range of independent variables under study 
given in Table 1, were determined according to the stirring capacity of the engine (between 100 to 515 rpm) 
and the air flow depending on compression capacity (between 4 to 23 𝐿  𝑚𝑖𝑛−1). Experimental data were 
analyzed using statistical software STATGRAPHICS Centurion XVI. 

2.3. Measurement of oxygen uptake rate (OUR) and volumetric mass transfer coefficient (𝐾𝐿𝑎) 

The measurement of dissolved oxygen was made with a gas phase oxygen sensor InPro 6950i G (Mettler 
Toledo, Urdorf, Switzerland). The first step according to Doran, (2013) was the determination of critical 
concentration of oxygen in culture media which is related with strain respiration starts to be limited. 
Subsequently as suggested by Nadja Ranchenkova et. al, (2014) to estimate the volumetric oxygen transfer 
coefficient, the dynamic method was applied. It consists of aeration until the dissolved oxygen concentration is 
stabilized; then suspending the oxygen supply generating a decrease in concentration due to the respiration 
rate of the microorganisms present in the reactor.  
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Table 1: Central composite design to evaluate the oxygen consumption of the B. B27 strain to PHA’s 

production  

Experim
ent  

Agitati
on 

(rpm) 

Airflow    
 (𝐿  𝑚𝑖𝑛−1) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

310 
120 
500 
310 
310 

105.1 
514.8 
120 
500 
310 

 13.5 
5.0 
5.0 

22.6 
4.3 

13.5 
13.5 
22.0 
22.0 
13.5 

 
The next step, is evaluate the increase of dissolved oxygen concentration in the medium with respect to the 
time, represented by Eq(2). 

𝐶 = −
1

𝐾𝐿𝑎
∗ (

𝑑𝐶

𝑑𝑡
+ 𝑥 ∗  𝑂2) + 𝐶∗  

               

(2) 

 

where C is the dissolved oxygen concentration, 𝑥 ∗  𝑂2  is the respiration rate, 𝐾𝐿𝑎 is the oxygen transfer 
coefficient, 𝑑𝐶

𝑑𝑡
 shows the concentrations changes versus time. Determine the constant 𝐾𝐿𝑎 for the reactor and 

proposed conditions, is possible plotting C vs(
𝑑𝐶

𝑑𝑡
+ 𝑥 ∗  𝑂2), where the negative inverse of the slope is the 

volumetric oxygen transfer coefficient. 

2.4. Measurement of biomass and polymer concentration  

Biomass and polymer concentration was quantified by centrifugation according to the methodology proposed 
by Méndez Daniel et al., (2016). Sample was taken from culture media and centrifuged with successive 
washes, then dried and weighed, to know the biomass concentration. For polymer concentration, a digestion 
procedure was made with sodium dodecyl sulphate (SDS) as reagent with thermal process, allowing the 
separation of the polymer from biomass. The samples are immersed in a thermostated bath to 70°C for one 
hour, then is used conventional gravimetric method.  

Table 2: The CCD matrix showing actual experimental values along with the predicted values of bioprocess 

under different condition of agitation and aeration. 

Exps.  𝐾𝐿𝑎 
Exp (s-1)       

𝐾𝐿𝑎 
rsm* (s-1)   

Biomass  
Exp(𝑔 𝐿−1) 

Biomass 
rsm* 
(𝑔 𝐿−1) 

Polymer 
 Exp (𝑔 𝐿−1) 

Polymer 
rsm* (𝑔 𝐿−1) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.012 
0.030 
0.014 
0.022 
0.021                                                                                                                                                                            
0.034 
0.007 
0.040 
0.013 
0.012 

0.011 
0.030 
0.022 
0.023 
0.019 
0.032 
0.008 
0.039 
0.013 
0.011 

12.00 
6.94 
7.33 
9.24 
4.83 

11.38 
11.43 
5.30 

13.00 
12.34 

11.89 
7.42 
5.83 
9.47 
5.88 

10.61 
12.77 
6.21 

12.37 
11.89 

8.72 
1.99 
3.59 
2.00 
2.05 
9.59 
6.11 
2.40 
4.00 
7.60 

8.20 
3.97 
1.60 
2.11 
1.69 
8.42 
7.58 
4.07 
2.16 
8.22 

*rsm= response surface methodology 

3. Results and discussion 

From previous research carried out by Méndez Daniel et al., (2016), it was considered that the strain B. B27 is 
in exponential phase at the 24th hour of fermentation, a factor of great importance because at this stage, B. 
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B27 has its higher oxygen consumption and therefore was the appropriate phase to estimate the oxygen 
transfer coefficient. Table 2, shows the response of the principal variables depending on experimental design 
proposed. 
In terms of the experimental design used, a stepwise regression analysis to estimate the two factors evaluated 
(agitation and aeration rates) on 𝐾𝐿𝑎 was made, resulting in a polynomial equation of second order. The main 
interaction and quadratic effects of variables for 𝐾𝐿𝑎 determination is represented in Equation 3:  

𝐾𝐿𝑎 = 5.31450𝑒−2 − 1.34304𝑒−4 ∗ 𝑋1 − 1.71794𝑒−3 ∗ 𝑋2 + 1.58670𝑒−7 ∗ 𝑋1
2 − 1.73684𝑒−6 ∗ 𝑋1 ∗ 𝑋2

+ 9.08905𝑒−5 ∗ 𝑋2
2 

(3) 

 

where 𝐾𝐿𝑎 is Oxygen Transfer Coefficient (𝑠−1), 𝑋1 and 𝑋2 are the factors agitation speed (RPM) and aeration 
rate ( 𝐿  𝑚𝑖𝑛−1), respectively. The equation 3 had a correlation coefficient (𝑅2) value of 98 %. It is possible 
estimate the 𝐾𝐿𝑎 within the experiments limits with a high reliability (Figure 1). Pareto analysis suggested that 
agitation was the most important effect over 𝐾𝐿𝑎 values, likewise aeration had the least effects within the mass 
transfer compared the interactions and quadratic effects showed in Equation 1. 

 

Figure 1: 3D response surface plot showing the effect of agitation and aeration factors in Oxygen Transfer 

Coefficient (𝐾𝐿𝑎)   

The regression analysis between dependent (𝐾𝐿𝑎 value) and independent variables (Agitation and aeration 
rates) reveals that the mass transfer is strongly affected by agitation speed, aeration rate, (p value < 0.05) and 
different agitation rates also had a strong affect in 𝐾𝐿𝑎 values. Furthermore, the relations between this factors 
showed an inverse behavior over 𝐾𝐿𝑎. When reactor works with high agitations the aeration should be low, in 
the same way, high aeration and low agitation improve the overall productivity. The mass transfer is reduced 
at measured time for high biomass concentration reached, might be due to initial conditions with high values of 
agitation and aeration. According to Zafar et al. (2012b) in addition to agitation and aeration rates, many other 
factors such mixing, broth viscosity, product formation, and biomass may also influence the mass transfer 
during the bioprocess; this behavior could be explained for the increase of biomass and PHA’s contain (Figure 

1A). The Oxygen Transfer Coefficient is affected for high cell concentration the mass transfer of the Oxygen. 
In order to study the effect of the factors evaluated (aeration and agitation) on biomass and PHA’s production, 
experiments were fitting using Response Surface Methodology approach with a quadratic polynomials, 
represented in Equations 4 and 5 respectively.  

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 = 2.36563 − 7.01701𝑒−3 ∗ 𝑋1 + 1.24992 ∗ 𝑋2 − 2.40938𝑒−6 ∗ 𝑋1
2 + 1.13220𝑒−3 ∗ 𝑋1 ∗ 𝑋2

− 5.32433𝑒−2 ∗ 𝑋2
2 

(4) 

 

 

𝑃𝑜𝑙𝑦𝑚𝑒𝑟 = −4.68506 − 3.33066𝑒−3 ∗ 𝑋1 + 1.96114 ∗ 𝑋2 + 4.63146𝑒−6 ∗ 𝑋1
2 − 7.28275𝑒−2 ∗ 𝑋2

2 (5) 

 
Where 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 is the concentration of B. B27 (𝑔 𝐿−1), 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 is the concentration of PHA’s (𝑔 𝐿−1),  𝑋1 and 
𝑋2 are the factors agitation speed (RPM) and aeration rate ( 𝐿  𝑚𝑖𝑛−1), respectively. The equations 4 and 5 
had a correlation coefficients (𝑅2) values of 90 % and 87.8 %, respectively. Pareto analysis suggest that the 
most important effect for variation on value of Polymer accumulation was agitation as mains effects. However, 
a mayor significant negative quadratic effect of aeration rates on mass transfer is reported between all of 
those effects showed in Equation 5.   
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Figure 2: 3D response surface plots showing the effect of agitation and aeration factors in Biomass (A) and 

PHA’s production (B) 

According to the results, the experimental condition that maximizes PHA’s production was 105.1 rpm and 13.5 
𝐿  𝑚𝑖𝑛−1 (Experiment 6). This could be due the bacteria genetical modification to increase PHA’s accumulation 
which could have a negative effect on cell wall strength, therefore a higher agitation could break it, and cause 
the microorganism decease. Additionally, B. B27 was not limited or stressed by oxygen resulting in a higher 
productivity. Moreover, in the case of low aeration experiments: 2, 3 and 5 there was a low biopolymer 
accumulation, which is consistent with the research carried out by Chun Ping Xu et. al, (2005) due to a 
reasonable aeration rate ensures an increased dissolved oxygen level that is required for an optimal 
biopolymer production. 

4. Conclusion 

The aeration and agitation values that maximizes PHA’s production by Burholderia cepacia B27 was 105.1 
rpm and 13.5 𝐿  𝑚𝑖𝑛−1 due to bacteria is not limited by oxygen and is not subjected to a strong mechanical 
stress.  
The agitation was the most influential parameter, affecting negatively the oxygen mass transfer according to 
the results evaluated in the response surface method. On the other hand, aeration has a greater influence 
within the polymer production than agitation. Then, it is recommended when the agitation speed is high 
(around 500 rpm), the aeration rate should be in the range between 15 to 20 𝐿  𝑚𝑖𝑛−1 . The results indicate 
that high values of oxygen mass transfer coefficient have an inverse behavior as regards to PHA’s production 
and biomass growth. The results obtained in this work are an important tool to carry out the scale up of the 
bioprocess taking into account constant 𝐾𝐿𝑎 criteria.  
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