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Article Highlights  

• First report on Stenotrophomonas rhizophila culture using cheap molasses to produce 

PHB 

• High biomass and PHA yields were reached using an easy-to-construct airlift bioreactor 

• A feeding strategy based on replenishing the liquid loss resulted in high polymer 

accumulation 

 
Abstract  

Airlift-type bioreactors present advantages over conventional systems such 

as efficient mass transfer, simplicity of construction, and low energy 

consumption. Thus, they are a good alternative for the production of 

polyhydroxyalkanoates (PHAs) nevertheless, their use for that purpose has 

been barely studied. This work addresses the design, construction, and 

hydrodynamic characterization of a 2.4 L internal loop airlift bioreactor, 

evaluating the effect of the airflow, liquid volume, and disperser position, on 

the interfacial area and the mixing time. Then, it was used for the fed-batch 

production of PHB by Stenotrophomonas rhizophila from sugar cane 

molasses. It was found that the conditions to increase the interfacial area 

and minimize the mixing time were: airflow of 1.5 vvm, liquid volume of 2400 

mL, and disperser position of 5 mm (distance between the air disperser and 

the drag tube). Under that configuration, the maximum biomass 

concentration, PHB production, and PHB accumulation achieved (54 h of 

culture) were 65.4 g/L, 39.9 g/L, and 60.2 % (g of PHB/100 g dry biomass), 

respectively. The polymer was poly-3-hydroxybutyrate, with a melting 

temperature of 170°C, crystallinity of 56.4 %, and a Mw of 735 kDa. 

Keywords: airlift bioreactor; molasses; polyhydroxyalkanoates; 
Stenotrophomonas rhizophila. 

 

Polyhydroxyalkanoates (PHAs) are microbial 

bioplastics accumulated as intracellular granules by 

different microbial species under conditions of nutritio- 
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nal stress caused by an excess of a carbon source 

accompanied by a deficit of other nutrient (nitrogen, 

phosphorus, magnesium, among others) [1—2]. This 

kind of biopolyester can behave as thermoplastics or 

elastomers (depending on their chemical structure) with 

physical, chemical, and mechanical properties similar 

to those of petroleum-based plastics such as 

polypropylene [1—2]. PHAs, unlike plastics of 

petrochemical origin, are obtained from renewable 

carbon sources and are biodegradable, which is a great 

advantage. In addition, they are biocompatible and can 

be used in the biomedical field. The PHAs' production 

process has been focused on the use of stirred tank 

http://www.ache.org.rs/CICEQ
mailto:yolanda.ggarcia@academicos.udg.mx
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bioreactors. The airlift-type bioreactor has been less 

used for this purpose, though it is an interesting 

alternative as demonstrated by some reports, in which 

biomass production and polymer accumulation showed 

encouraging data [3—6]. Airlift reactors promote 

pneumatical agitation with flows in the defined cycle. 

Among their advantages are the absence of moving 

parts, low shear stresses, low energy consumption, 

good mixing, and efficient mass transfer. Moreover, 

they are easy to manufacture and scale up. The 

agitation and mixing in this type of reactor occurs using 

an internal or external loop. As for the internal loop 

airlift, the reactor consists of two concentric tubes, with 

an ascent zone of the liquid with gas, and a descent 

zone where the liquid is relatively gas-free. The 

enhanced performance of an airlift bioreactor for 

aerobic fermentation processes depends on its 

hydrodynamic behavior. This analysis is based on the 

evaluation of dynamic parameters such as the mixing 

time and the gas-liquid interfacial area (calculated from 

the bubble size and the gas retention value). The 

operation variables most important for the bioreactor 

performance include the disperser position (the 

distance on the y-axis between the air disperser and the 

drag tube), airflow, and volume of the liquid [7—10]. 

Besides the use of low-energy consuming 

bioreactors, such as the airlift-type for producing PHAs, 

another important fermentation strategy to achieve a 

competitive process, is based on the formulation of 

culture media from inexpensive carbon sources, such 

as sugarcane molasses.  

It is a sugar-rich viscous liquid generated after the 

sugar extraction from the sugarcane. The main 

carbohydrate in molasses is sucrose, followed by some 

fructose and glucose. In addition, molasses contains 

minerals and vitamins in small concentrations [11]. 

They are generated in many tropical countries, where 

sugarcane is a major crop. In Mexico (2018), 

51 sugarcane mills produced around 5.8 Mtons of 

sugar and 1.76 Mtons of molasses [12], so they are a 

promising, abundant, and available substrate for the 

cost-effective production of PHAs. This has been 

investigated using some bacteria such as 

Pseudomonas fluorescens A2a5, Bacillus megaterium 

ATCC6748, Cupriavidus necator DSM 545 [13], 

Bacillus cereus SS105, Ralstonia eutropha ATCC 

17699 [14], Pseudomonas corrugata, B. cereus SPV 

[15], B. subtilis AMN1, mixed cultures [16], 

B.megaterium BA-019, B. flexus AZU-A2, B. subtilis 

BPP-19, and Clostridium beijerinckii ASU10 [17]. 

However, molasses might contain high concentrations 

of growth inhibitors (phenolic compounds, melanoidins, 

metal ions, etc.), so this substrate must be pretreated 

before fermentation to reduce the inhibitory effect it has 

on many PHAs-producing bacteria [17—18]. Another 

issue about using molasses as a carbon source is that 

only a few PHA-producing bacteria can metabolize the 

sucrose contained in it. Thus, it is necessary to 

genetically modify such bacteria for them to express the 

gene that encodes for the enzyme -fructofuranosidase, 

which is responsible for the hydrolysis of sucrose (a 

critical step to metabolize this disaccharide) [18]. 

On the other hand, Stenotrophomonas rhizophila 

(a bacterium isolated by our group [19], used in the 

present research) has demonstrated the ability to 

assimilate sucrose (without requiring genetic 

modifications), and to grow in the presence of inhibitory 

compounds [20—22]. Therefore, it is expected to 

produce PHAs from molasses, without pretreatment. 

Considering the above, the present research is 

focused on the hydrodynamic characterization of an 

internal loop airlift bioreactor and its use for cultivating 

S. rhizophila using molasses as a low-cost substrate. It 

is expected that by changing the operation variables 

previously mentioned, an appropriate configuration for 

increasing the interfacial area and decreasing mixing 

time will be attained, which would favor the growth and 

biopolymer by S. rhizophila. 

 

 

MATERIAL AND METHODS 

Airlift bioreactor design and construction 

The stainless steel T304 airlift bioreactor built was 

an internal loop concentric tube type, designed to 

operate with a maximum working volume of 2.4 L. Its 

geometric ratios are 0.33 between the diameter of the 

drag tube and the diameter of the outer tube, 6.56 

between the height and diameter of the outer tube, and 

0.57 between the heights of the inner and outer tubes 

[23—25], as shown in Fig. 1. This design was conceived 

based on the recommended ratios for airlift reactors 

(less than 10 liters) found in the literature: 0.3, between 

the diameter of the drag tube and the diameter of the 

outer tube; 6, between the height and diameter of the 

outer tube; and 0.6, between the heights of the inner 

and outer tubes [24]. The versatility of the airlift 

reactor’s design makes it flexible because the 

modification of the drag tube is simple. Despite the ratio 

differences (with respect to that reported in the 

literature), the functionality of the airlift bioreactor built 

was considered appropriate according to the results 

obtained from the hydrodynamic analysis. It is worth 

mentioning that stainless steel polished surfaces 

influence gas retention and liquid velocity, as they 

contribute to a better performance of the pneumatic 

transport for the phases inside the bioreactor [24—27]. 

The airflow necessary for the pneumatic transport was  
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provided by compressed air at 2 bar, sterilized through 

a 0.2 µm pore size membrane filter. It was controlled 

with a rotameter varying from 0.5 to 1.5 vvm. The 

control of the temperature at 30 °C was achieved with 

a heating blanket. On the bioreactor top lid, a 

condenser was placed to reduce the amount of water 

lost due to evaporation during fermentation, while at the 

bioreactor base, there were two valves: one used to 

sample and another to discharge. 

 
Figure 1. Airlift reactor. (a) design; (b) stainless steel. 

Hydrodynamic characterization 

The hydrodynamic operation of the bioreactor 

was investigated according to a central composite 

design (CCD), which is a methodology used to explore 

the impact of independent variables (experimental 

factors) on response variables. Aeration flow, liquid 

volume, and disperser position, were the three 

independent variables studied, and their influence on 

two response variables was investigated: the interfacial 

area and mixing time. The CCD involves 23 factorial 

runs and a center point [28] (Table 1), resulting in nine 

experiments (Table 2). The confidence level used was 

95%. This response surface optimization technique 

was applied to maximize the interfacial area and 

minimize the mixing time. The STAGRAPHICS 

Centurion program was used for data analysis. 

Table 1. Factors and levels studied by the CCD experimental 

design. 

 Level 
Airflow Liquid volume Disperser position a 
(vvm) (mL) (mm) 

-1 0.5 2200 5 
0 1 2300 10 
1 1.5 2400 15 

a Distance on the y-axis between the air disperser and the drag tube 

The interfacial area Eq. (1) was calculated from 

Eq. (2), Eq. (3), and the equivalent bubble diameter [7]: 

Interfacial area: 
( )
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where A is the Interfacial area (cm2), ε is the volume 

expansion, 𝑑 is the bubble diameter (cm), ∆V is the 

liquid volume expansion (cm3), VL is the liquid volume 

(cm3), and V(G+L) is the volume of gas and liquid (cm3). 

The bubble size was determined by taking 

photographic shots of the bubbles (dividing the drag 

tube into three zones, Fig. 1). Later, the equivalent 

diameter was calculated using the Regionprops in the 

MatLab program, for the analysis, the photograph was 

transformed into grayscale and then the image was 

transformed to binary [7]. It is worth mentioning that 

transparent glass tubes were adapted to the airlift 

fermenter, instead of stainless-steel tubes, to visualize 

and measure the bubbles, as well as to determine the 

mixing time, as follows. A tracer pulse method was 

used: A pulse of tracer (1 mL of 0.1 M NaOH or 1 mL of 

0.1 M HCl, depending on pH dissolution) was added to 

the bioreactor filled with distilled water with 

phenolphthalein as an indicator, at which point the time 

count was begun. The time was stopped when the color 

change was complete throughout the reactor. 

Molasses characterization 

Sugar cane molasses was chosen as the carbon 

source, due to its high availability and low cost, it was 

provided by a local sugarcane mill. It was characterized 

for total sugars by the phenol-sulfuric method [29] and 

specific sugars by HPLC, using a Waters equipment 

with an IR 2914 detector and an HPX87P column 

(Biorad) at 85 °C. Water was used as the mobile phase 

with a flow rate of 0.6 mL/min. A molasses volume of 20 

µL (previously diluted 1:200) was filtered through a 

0.45 µm pore size membrane and analyzed. Total 

nitrogen and phosphate content was also determined 

(Kjeldahl and Vanadate-molybdate method, 

respectively) [30]. 

Bacterial strain and inoculum preparation 

The fermentation process to produce PHAs, using 

the airlift bioreactor, was carried out by S. rhizophila, a 

PHA-producing bacteria with the ability to metabolize 

sucrose [19]. The inoculum was prepared using the 

next culture medium (sucrose medium): sucrose, 

20 g/L; NaCl, 2 g/L; KH2PO4, 2.25 g/L; 

(NH4)2SO4,10 g/L; MgSO4x7H2O, 0.5 g/L; CaCl2xH2O, 

0.02 g/L; yeast extract, 5 g/L; and peptone, 5 g/L. The 

pH was adjusted to 7. The inoculum was 
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prepared as follows: 6 to10 isolated colonies growing in 

solid sucrose medium (agar, 16 g/L) were transferred to 

10 mL of the same medium (120 mL Erlenmeyer flask) 

and incubated in a rotary shaker (24 h, 30 °C, and 

150 rpm). Then, it was transferred to 230 mL of fresh 

medium (1L Erlenmeyer flask) and incubated as 

previously mentioned. Finally, this culture was used to 

inoculate the bioreactor. 

Fed-batch culture using the airlift bioreactor and 
molasses 

The culture medium consisted of: molasses 

(20 g/L of total sugars); NaCl, 2 g/L; KH2PO4, 2.25 g/L; 

(NH4)2SO4, 10 g/L MgSO4x7H2O, 0.5 g/L; CaCl2xH2O, 

0.02 g/L; yeast extract, 5 g/L; peptone, 5 g/L. The 

amounts of major nutrients present in the diluted 

molasses were (in g/L) nitrogen 0.21 and phosphorus 

0.01. The pH was adjusted to 7. A volume of 2200 mL 

of molasses medium was sterilized and aseptically 

added to the airlift bioreactor (previously sterilized); 

then, 200 mL of inoculum was added. The working 

volume (2400 mL) was set according to the results from 

the hydrodynamic study, as well as the airflow 

(1.5 vvm), and the disperser position (5 mm). The air 

was filtered using a Midistart 2000 sterile filter (0.20 µm 

PTFE, Sartorius); temperature and pH were maintained 

at 30 °C and 7, respectively.  

Considering that a volume of 240 mL/day was lost 

(due to water evaporation and sampling) and that a 

nutrient imbalance condition was needed for PHA 

biosynthesis, a feeding strategy for gradually reaching 

a high C:N ratio, and simultaneously compensating the 

water loss was implemented (maintaining a constant 

volume). For that purpose, pulses of 120 mL of 

concentrated molasses (200 g/L), without any other 

culture medium’s component, were added every 12 h. 

Five samples per day (20 mL each) were withdrawn 

and analyzed to determine: total sugars, total biomass, 

polymer, and ammonium concentration. 

Quantification of fermentation products and substrates 

The determination of total carbohydrates was 

performed using the phenol-sulfuric method, and the 

specific sugars by HPLC as previously described.  

The ammonium concentration was measured with 

an ammonium electrode (Cole-Parmer, 27504), and 

then used to calculate the C:N ratio in the culture 

medium. 

For biomass quantification (denominated as total 

biomass), the samples were centrifuged for 30 min at 

2200 g, then, the biomass pellet was washed with a 

physiological solution and centrifuged again. The 

washed biomass was freeze-dried (Labconco) and 

weighed. The biomass resulting after PHB extraction 

was also weighted and represents the catalytic 

biomass (denominated as residual biomass in the 

present work). 

For PHB quantification, the freeze-dried total 

biomass was suspended in 96% ethanol, at a 1:5 ratio 

(w/v), with agitation for 24 h. Subsequently, it was 

recovered by centrifugation and allowed to dry at room 

temperature for 24 h. The dry total biomass was 

resuspended in chloroform (1:5 w/v) in a glass flask 

with a magnetic stirrer (24 h). After that, the residual 

biomass was removed by filtration, and the chloroform 

was evaporated until a PHB film was formed and 

weighed (this step was performed twice). Finally, the 

remaining PHA inside the cells was determined by the 

crotonic acid method [31]. 

The biomass production data along the culture 

was fitted to a modified Gompertz equation (Eq. 4) to 

determine the kinetic parameters, using the Nonlinear 

Least Squares method to calculate the curve in MatLab 

[32]. 

( )maxB t
eX L C e

− −
−= +      (4) 

where X is the biomass (g/L). L is the lower asymptote 

value, C is the difference between the curve 

asymptotes, B is the relative growth rate, t is the time 

(h) and µmax is the maximum growth rate (1/h). 

An exponential equation (Eq. 5) was used to 

predict the behavior of PHB production [33—34]. 
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where PHA0 is the initial PHA (g/L), PHAm is the 

maximum PHA (g/L), α is the accumulation rate (1/h) 

and t is the time (h). 

Polymer characterization techniques 

Nuclear Magnetic Resonance (NMR) 

NMR proton (1H) and carbon (13C) spectra of the 

polymer were obtained using a benchtop Magritek 

Spinsolve 80 (80 MHz) spectrometer. The PHAs 

sample (5 mg) was dissolved in deuterated chloroform 

(0.7 mL) in a 5 mm diameter NMR tube and measured 

at room temperature. 

Differential scanning calorimetry (DSC) 

DSC analysis was performed by placing 5.67 mg 

of PHAs sample in aluminum capsules. The test was 

conducted at a heating rate of 10 °C/min from -20 to 

182°C under nitrogen flow using a Discovery DSCQ  



75 

CLIFTON-GARCÍA et.al.: USE OF AN INTERNAL LOOP AIRLIFT… 

 

Chem. Ind. Chem. Eng. Q. 31 (1) 71—82 (2025) 
 

 

 

200 equipment. From the thermograms, the peak of the 

melting temperature (Tm) was obtained after a second 

melt of the sample, and the crystallinity (Xc) was 

calculated Eq. (6): 

( )
100

% PHA
C

ref

H
X

H

 
=


   

 (6) 

where XC is the Crystallinity percentage (%), ∆Hm is the 

experimental heat of fusion and ∆Href is the heat of 

fusion (146 J/g) of fully crystalline PHA [35]. The cooling 

of the sample was obtained at the crystallization 

temperatures of the sample. 

Molecular weight 

For molecular weight determination, the PHB 

sample was dissolved in chloroform (1.5 mg/mL) and 

then filtered (0.45 μm). The equipment used was a 

Waters HPLC with an IR 2914 detector, using the GPC 

HR4 styragel column at 40°C. The mobile phase was 

NN-dimethylformamide (flow of 1 mL/min) and a 

sample volume of 20 μL was injected. The calibration 

curve was performed using polystyrene standards 

(Fluka 81437) with a molecular weight of 400 to 

2,000,000 Da. 

 

 

RESULTS AND DISCUSSION 

Hydrodynamic characterization 

In Table 2, the results from each experiment for 

the response variable, interfacial area, are presented. 

The airflow and the volume of liquid had a significant 

effect individually (Fig. S1a, Supplementary material): 

a greater interfacial area was found when setting the 

airflow or the volume of liquid at a high level (+1) which 

is a favorable response for the oxygen transference. On 

the other hand, the disperser distance does not have a 

significant effect by itself, but it does when interacting 

with the liquid volume (Fig. S1a): at disperser position 

(-1)  combined with liquid volume (+1), the highest 

interfacial area is achieved. Thus, an increase in the 

airflow and liquid volume results in a rise in the 

interfacial area, which favors the oxygen transference, 

given the greater area for mass transference. 

Table 2. Interfacial area and mixing time results according to the CCD experimental design (two replicates). 

  Response variables  
Experiment Experimental Factors and levels Interfacial area (mm2) Mixing time (s) 

 Airflow Liquid volume 
Disperser 
position 

R1 R2 R1 R2 

1 0 0 0 2489 2031 11.8 11.3 
2 -1 -1 -1 697 705 15.9 16.1 
3 1 -1 -1 3363 3650 8.1 7.8 
4 -1 1 -1 1174 1301 11.2 11.2 
5 1 1 -1 4506 4073 5.4 5.2 
6 -1 -1 1 1001 975 15.4 17.4 
7 1 -1 1 4099 3963 8.8 12.2 
8 -1 1 1 1198 1157 12.2 12.1 
9 1 1 1 3706 3927 6.1 6.4 

 

Eq. (7), is the multiple regression equation that 

relates the response variable, interfacial area (A), to 

the three independent variables: flow (F), volume (VL), 

and disperser distance (Dd). The lack of fit test for this 

equation confirms a linear association between the 

independent and response variables 

2474 1472 173.8 64.84 7.681

8.045 156.0 69.15

L d L

d L d L d

A F V D FV

D V D FV D

= + + + − +

− −
 (7) 

where A is the Interfacial area (cm2), F is the airflow 

(volume of air per volume of liquid per minute (vvm), VL 

is the liquid volume (cm3), and Dd is the disperser 

distance (mm). 

Thus, it was found that, with the values of airflow 

(+1), volume of liquid (+1), and disperser position (-1), 

an area value of 4266 mm2 was achieved. The main 

effect was attributed to the airflow (Fig. S1a). A similar 

result was reported by García-Albuín et al. [7]: an 

increase in the airflow increased the interfacial area. 

Since the interfacial area (Eq.1) depends on the 

retained volume (Eq. 2) and the bubble size, those 

were analyzed. As for the retained volume behavior 

(Fig. 2), it is directly proportional to the airflow [26—27, 

36—37]: the experiments in which the airflow used was 

at the low level (-1) (two, four, six and eight) presented 

a lower retained volume than the experiments where 

the airflow was set at the high level (+1) (three, five, 

seven and nine). Meanwhile, in experiment one, the 

retained volume was an intermediate value since the 

airflow was set at the center point (0). 

Regarding the bubble size, pictures were taken in 

the different reactor zones (lower, middle, and upper) 

(Fig. 1a). A change in the size of the bubbles as they 

ascended the drag tube was observed, it increased in 

the upper zone due to coalescence. The distribution of 

the equivalent diameters of the bubbles in each 
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Figure 2. Behavior of the volume of retained air in each 

experiment (Table 2). 

experiment is shown in Fig. 3. The bubble size 

distribution was more uniform between the different 

levels of the response factors, compared to those 

obtained by García-Abuín et al. [7] reporting bubble 

diameters of 6.2 and 9.5 mm (with airflows of 0.07 and 

0.17 vvm), in 3.5 L airlift reactor (gas flows of 15 L/h 

and 36 L/h, respectively). The difference in the bubble 

diameter between the three zones is significant 

compared to the variation between the replicates of the 

different experiments. 

 
Figure 3. Bubble size distribution resulted in each experiment 

(Table 2). 

Concerning the other response variable studied, 

mixing time, the results obtained from each experiment 

are shown in Table 2. The three independent variables 

tested individually (aeration flow, liquid volume, and 

disperser position) have a significant effect on this 

variable (Fig.S1b). The airflow is the factor that exerted 

the main influence (Fig. S1b), although liquid volume 

and disperser distance are also important for achieving 

a homogeneous system in the shortest time (Fig. S1b). 

Increasing the airflow (+1) results in improved 

homogeneity, conversely, using a larger liquid volume  

(+1) decreases the mixing time within the tested range. 

About the disperser position, better mixing is favored 

when it is closer to the drag tube (-1), indicating that 

positioning the disperser close to the inlet of the drag 

tube is more efficient. The interaction between the 

independent variables on the mixing time was not 

significant (Fig. S1b).  

Eq. (8), is the multiple regression equation that 

relates the three independent variables: flow (F), 

volume (VL), and disperser distance (Dd), to the 

response variable, mixing time (tm). The lack-of-fit test 

for this equation confirmed a linear relationship 

between the independent and response variables. 

10.8 3.22 1.99 0.603 0.264

0.257 0.137 0.266

2474 1472 173.8 64.84 7.681

8.045 156.0 69.15

m L d L

d L d L d

L d L

d L d L d

t F V D FV

FD V D FV D

F V D FV

D V D FV D
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− −

+ + + − +

− −

 (8) 

where tm is the mixing time (s), F is the airflow (volume 

of air per volume of liquid per minute (vvm)), VL is the 

liquid volume (cm3), and Dd is the disperser distance 

(mm). 

The faster mixing time (5.4 s) occurred in the next 

variables configuration: airflow (+1) 1.5 vvm, liquid 

volume (+1) 2400 mL, and distance between the 

disperser and the drag tube (-1) 5 mm. On the other 

hand, the slowest mixing time (16.4 s) was obtained in 

the following combination: airflow 0.5 vvm, liquid 

volume 2200 mL, and disperser position 15 mm 

(Table 2). The best results for both response variables, 

the interfacial area and mixing time, were obtained with 

high airflow (+1), corresponding to experiments three, 

five, seven, and nine (Table 2). 

The optimization (according to the statistical 

analysis, within the ranges studied) to increase the 

interfacial area and decrease the mixing time resulted 

in the following conditions: airflow of 1.5 vvm 

(3.6 L/min); liquid volume of 2400 mL; and disperser 

distance of 5 mm (Fig. S2). 

Chemical composition of molasses 

The characterization of molasses (raw, not 

diluted) shows a total sugar content of 456.3 g/L 

(sucrose, 91%; fructose, 6%; and glucose, 3%); and 

the total nitrogen and phosphorous concentrations 

were (g/L): 4.8 and 0.28, respectively. Those values 

are within the range reported for sugarcane molasses: 

total sugars 200–500 g/L, nitrogen 2.5—8.5, and 

phosphorus 0.25—1.8 [38—41]. It was important to point 

out that molasses was diluted to reach a final 

concentration of 20 g/L of total sugars and then used 

as a base for the culture medium. Therefore, the 
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amounts of phosphorous and nitrogen in such 

molasses were (g/L) 0.21 and 0.01, which are low 

values to be considered as an interference for the PHB 

accumulation process. 

Fed-batch culture using the airlift bioreactor and 
molasses 

In Table 3, the results from the fermentation, 

including major kinetic parameters are shown, as well 

as those from other similar studies, using other strains, 

carbon sources, and bioreactor types. Fig. 4a shows 

the total biomass production and the PHB 

accumulation kinetics of S. rhizophila growing in the 

airlift bioreactor with molasses as a carbon source. As 

described in the materials and methods section, 

molasses were fed in pulses every 12 h, the added also 

compensated for the water lost due to evaporation 

caused by aeration, maintaining a constant volume 

within the reactor. A modified Gompertz equation (Eq. 

4) was used to fit the biomass production experimental 

data (Fig. 4c), obtaining an R-square value of 98.3%. 

For PHB accumulation, a fitting to an exponential 

equation (Eq. 5) was performed (Fig. 4d), with an R-

square value of 96.1%. 

Table 3. PHAs production from sugarcane molasses or sucrose, in airlift and stirred tank bioreactors. 

Bioreactor 
Type/Volume 

(L) 

Carbon source Strain Total 
biomass 

(g/L) 

PHAs 
(g/L) 

PHAs 
(%) 

Productivity 
(PHAg/Lh) 

Yx/s 

(g/g) 
μmax 

(1/h) 

Reference 

Airlift  2.4 Molasses Stenotrophomonas 
rhizophila 

65.4 39.3 60 0.73 0.39 0.27 This work 

7 Starch hydrolizate Halomonas boliviensis 9.2 5.2 56 0.21 0.43 0.45 [5] 
10 Glucose+fructose Ralstonia eutropha 4.1 1.5 37 0.6  - 0.32 [6] 
4 Sucrose Azohydromonas australica  10.8 7.8 73 0.21 0.43 0.45 [3] 
8 Sucrose Burkholderia sacchari 150.0 63.0 42 1.07 0.4 0.4 [4] 

Stirred 
tank  

7 Sucrose Azohydromonas australica 27.9 20.6 73 0.3 0.28 - [42] 
3 Sucrose Burkholderia sacchari 36.5 20.4 56 1.29 0.18 0.23 [43] 
- Sucrose Azohydromonas lata  142.0 68.4 50 3.97  -  - [44] 
3 Sucrose Burkholderia sacchari  74.6 53.7 72 1.29 0.38 0.18 [43] 
5 Molasses Pseudomonas fluorescens 32.0 22.4 70 0.23  -  - [45] 
3 Molasses Azohydromonas lata  - 5.7 68 0.16  -  - [46] 

10 Molasses Bacillus megaterium 32.5 8.8 26.9 0.73 0.69 0.29 [47] 

 

 
Figure 4. Kinetic profile for biomass production and PHA accumulation by S. rhizophila growing in the airlift bioreactor (fed-batch). 
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It is observed (Fig. 4a) that during the first 24 h, 

bacterial growth is slow. Then, the exponential growth 

phase begins and continues until 30 h of culture. After 

this point, bacterial growth slows down because of the 

progressive depletion of nutrients other than the carbon 

source, as only concentrated molasses (without any 

other nutrient) was periodically fed into the bioreactor, 

as pulses. From 30 h of culture, the increment in total 

biomass observed is mostly due to the increment in 

PHB accumulation within the cell (Fig. 4a). This is more 

clearly observed in Fig. 4b. where the residual biomass 

concentration (catalytic biomass) remains almost 

constant from the 30 h to 54 h of culture,  while the 

percentage of PHB rises, from 31 (at 24 h) to 60.2. It is 

interesting to point out that S.rhizophila synthesizes the 

polymer before a low nitrogen concentration in the 

culture medium occurs (0—24 h)(Fig. 4b), though the 

accumulation increased considerably upon nitrogen 

limitation (high C:N due to the feeding/consumption of 

molasses and the continuous ammonia intake). The 

behavior observed in Fig. 4b is very similar to that 

presented by A. latus DSM1123: a high polymer 

content at nitrogen-sufficient conditions (around 50%), 

and an even higher accumulation of  (90%) under 

nitrogen-limiting conditions [48]. Related to the above, 

Kiselev et. al [49] (using hydrolyzed sugar beet 

molasses to produce PHB by C. necator) reported that 

the amount of polymer accumulated before nitrogen 

depletion was around 30% (24 h), which is similar to 

our results. Likewise, after that point the C:N ratio 

raised, triggering a higher intracellular PHB content 

(75%) [49]. In this regard, studies on the effect of the 

C:N ratio on the PHAs accumulation by different 

bacteria, confirmed that the polymer biosynthesis is 

stimulated when the C:N ratio rises: A. australica, from 

41.6 to 60 (PHAs 73%) using sucrose [3]; Azotobacter 

chroococcum 6B, from 68.9 to 137.7 (PHB 63.5%) 

using glucose [50]; and Cupriavidus necator; from 36.1 

to 360 (PHAs 80%) on the use of rice hydrolysates [51]. 

In Fig. 4b, it is observed that the C:N ratio changed 

from 7:1 (initial condition) to 107:1 (48 h) due to 

nitrogen source consumption in combination with the 

carbon source accumulation (which is a regular feature 

of PHAs production in fed-batch culture). For 

S.rhizophila, the PHB accumulation increased at C:N 

ratios around 100. 

The maximum total biomass concentration, PHB 

production, and PHB accumulation were: 65.4 g/L, 

39.3 g/L, and 60.2 (g PHB/100 g dry biomass). 

Compared to the same bacterium, the only result 

reported is from flask cultures: 1.7 g/L of biomass and 

a PHB content of 13.7% [19]. The results from the 

present research are higher than those reported for 

other strains cultivated in similar culture systems (airlift 

bioreactor, fed-batch culture), such as Halomonas 

boliviensis, Ralstonia eutropha and Azoydromonas 

australica [3, 5—6], as observed in Table 3. On the other 

hand, are lower than those presented by Burkoderia 

sacchari growing from sucrose, in an airlift 

bioreactor [4] (Table 3). However, it is important to 

remark that in that research; an aeration rate of 

12.6 vvm was used, which is notably higher (8 times) 

than that used in the present research (1.5 vvm).  

S. rhizophila presented a μmax of 0.27/h, a total biomass 

and PHB yields on substrate (YX/S and YP/S ) of 0.39 g/g, 

and 0.23 g/g, respectively. Those values are within the 

range reported for other PHAs-producing strains 

cultivated in airlift bioreactors, such as R. eutropha and 

A. australica (Table 3) [3,6], yet it has to be mentioned 

that it was achieved at a low aeration rate. The PHB 

accumulation rate was 0.1151/h, and the PHAsm (the 

maximum PHB accumulation expected) was 43.64 g/L, 

according to the results from the exponential equation 

used to fit the experimental data (Eq. 5).  

As for the use of sugar cane molasses or sucrose 

as the carbon source to produce PHAs by other 

bacteria (but cultured in stirred tank reactors) the 

ranges of biomass production and polymer 

accumulation are variable (Table 3), yet the production 

of PHB by S. rhizophila from molasses is in the higher 

range, with the advantages of using a low-energy 

consuming airlift bioreactor. 

Polymer characterization 

In Fig. 5a, it is shown the 1H NMR spectrum of the 

polymer obtained (see chemical structure). Here, PHB 

repeat unit presence is observed by its classical 

hydrogen signals pattern of CH at 5.5, CH2 at 2.5 and 

CH3 at 1.3 ppm (in the corresponding integration ratio 

of 1:2:3). Although CH and CH3 signals showed the 

expected multiplicity as sextet and doublet, signal of 

CH2 did not split as a doublet of quartet (as reported) 

[52—55] due to the low magnetic field (80 MHz NMR 

spectrometer) used in the measurement. However, in 

this case, the important data already demonstrated the 

identity of the polymer produced: poly-3-

hydroxybutyrate. This identity is also corroborated by 

four carbon signals shown in the 13C NMR spectrum of 

Fig. 5b. Here, the signal at 168 ppm corresponded to 

carbonyl carbon from the ester group (C1), and its 

aliphatic carbon backbone is demonstrated in the 

signals at 66 (C3), 39 (C2) and 18 ppm (C4) associated 

to methine, methylene, and methyl groups, 

respectively. 

The results of melting temperature (Tm) were 

170 °C (∆H=82.3 J/g) and the percentage of 

crystallinity (XC) was 56.4. The thermograms obtained 

were as those reported in other PHB production 

studies, indicating a similar thermal behavior. The  
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Figure 5. 1H NMR (a) and 13C NMR (b) spectra of the PHAs 

obtained. 

values obtained match those reported for PHB. The Tm 
is from 164—180 °C and for crystallinity, the range is 
from 50% to 80% [34,56—58]. 

The number average molecular weight (Mn), 

weight average molecular weight (Mw), and the 

polydispersity index of the PHB produced by 

S. rhizophila were: 310 kDa, 735 kDa, and 2.37. This 

characteristic depends on several factors, such as the 

activity and type of PHAs synthetase present in the 

strain, the type and concentration of the carbon source 

used, and even the polymer extraction process and 

purification [59]. Thus, the molecular weight of PHAs 

produced by different strains under their specific 

culture conditions is variable. For example, PHAs 

produced by Halomonas sp. weigh 124 kDa (glycerol) 

in contrast to the 957 kDa of the polymer from 

C. necator DSM 545 (glycerol). Therefore, because the 

Mw of the polymer synthesized by S. rhizophila from 

molasses was 735 kDa, it is within the reported ranges 

previously mentioned. The molecular weight of PHAs 

is directly related to other mechanical and physical 

characteristics. Depending on their intended use, it will 

be their desirable molecular weight. 

 
 

CONCLUSION 

 

The hydrodynamic characterization of the airlift 

bioreactor allowed a configuration to minimize the 

mixing time and maximize the interfacial area. Under 

such conditions, using a low airflow, and a feeding 

strategy based on liquid loss compensation, 

S. rhizophila achieved a relevant biomass production 

with a high polymer accumulation. Thus, these results 

confirmed that the low-energy consuming airlift 

bioreactors are suitable for PHA production and that 

S. rhizophila is a promising bacterium to produce PHB 

from molasses. The next step is to evaluate its ability to 

produce copolymers. Further studies are necessary to 

enhance this process: the effect of increasing the 

molasses concentration; optimization of the culture 

medium and culture conditions (i.e. pH and 

temperature); the PHB accumulation under different 

nutrient-limiting conditions (i.e phosphorous); and the 

implementation of other operation modes 

(i.e., perfusion). In addition, the modeling and 

simulation of the bioreactor, as well as the scale-up 

studies are also important aspects to consider. 
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NOMENCLATURE 

 
A Interfacial area (cm2) 
B Relative growth rate 
C Difference between the curve asymptotes 
Dd Disperser distance (mm) 
d Bubble diameter (cm) 
F Airflow (volume of air per volume of liquid per minute 

(vvm)) 
L Lower asymptote value 
PHA0 PHA initial (g/L) 
PHAm PHA maximum (g/L) 
t Time (h) 
tm Mixing time (s) 
VL Liquid volume (cm3) 
V(G+L) Volume of gas and liquid (cm3) 
X Biomass (g/L) 
XC Crystallinity percentage (%) 
Greek letters 
α Accumulation rate (/h) 
ε Volume expansion (Holdup) 
µmax Maximum growth rate (/h) 
∆HPHA Experimental fusion enthalpy (J/g) 
∆Href Reference melting enthalpy (146 J/g) 
∆V Liquid volume expansion (cm3) 
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NAUČNI RAD 

UPOTREBA AIRLIFT BIOREAKTORA SA 
UNUTRAŠNJOM PETLJOM ZA 
PROIZVODNJU 
POLIHIDROKSIJALKANOATA POMOĆU 
Stenotrophomonas rhizophila 

 
Bioreaktori tipa air-lifta imaju prednosti u odnosu na konvencionalne sisteme, kao što su 

efikasan prenos mase, jednostavnost konstrukcije i niska potrošnja energije. Zbog toga 

su oni dobra alternativa za proizvodnju polihidroksialkanoata (PHA), ali njihova upotreba 

u tu svrhu skoro da nije proučavana. Ovaj rad se bavi dizajnom, konstrukcijom i 

hidrodinamičkom karakterizacijom bioreaktora tipa air-lifta sa unutrašnjom petljom od 2,4 

lL, procenjujući efekat protoka vazduha, zapremine tečnosti i položaja disperzatora na 

međufaznu površinu i vreme mešanja. Zatim je korišćen za proizvodnju PHB pomoću 

Stenotrophomonas rhizophila iz melase šećerne trske. Utvrđeno je da su uslovi za 

povećanje međufazne površine i minimiziranje vremena mešanja bili: protok vazduha od 

1,5 vvm, zapremina tečnosti od 2400 ml i pozicija distributora od 5 mm (udaljenost 

između distributora vazduha i centralne cevi). U toj konfiguraciji, maksimalna 

koncentracija biomase, proizvodnja PHB i akumulacija PHB (54 h kulture) bili su 65,4 g/l, 

39,9 g/l i 60,2 % (g PHB/100 g suve biomase), redom. Dobijeni polimer je poli-3-

hidroksibutirat, sa tačkom topljenja od 170 °C, kristaliničnošću od 56,4 % i molekulskom 

masom od 735 kDa. 

Ključne reči: airlift bioreaktor; melasa; polihidroksialkanoati; Stenotrophomonas 
rhizophila. 


