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Abstract 

Cellulose is the most common biopolymer on earth and has been identified as a major building 

material of all plants. It is common not only in the higher order plants, but also in 

microorganisms. Plant Cellulose formed to be structural materials for higher order cell, while 

bacterial cellulose (BC) plays a protective action in its cell. Most common genera which produce 

BC are Acetobacter, Rizobium, Agrobacterium and Sarcina. It was found that Acetobacter 

xylinum has the highest capability to produce cellulose rather than other species performed in the 

same condition. BC could play a very important role as a versatile biomaterial in modern 

industries as it has high purity, high mechanical strength, high water holding capacity and high 

crystalline ability compared to plant cellulose. Most of the BC studies have been carried out with 

Static Fermentation (SF) techniques. However static systems have the drawback when it comes 

to an industrial usage, due to the reduction of dissolved oxygen (DO) and pH of the media with 

the increase of cell mass increment and cellulose production. Therefore agitated and aerated 

systems were developed to overcome the limitations of the SF. Rotating Biological Fermentor 

(RBF) could be considered as both an agitated and aerated system. This was developed to 

overcome problems which hindered BC production in SF system.  

In this research, lab scale RBF was designed and fabricated to operate in three different agitator 

speeds. Substrate media was prepared using sterilized coconut water inoculated with Acetobacter 

xylinum. pH and DO variations in RBF and in SF were recorded for 7 to 8 days. Yield of 

cellulose production and the cell mass was also investigated during the fermentation period for 

different agitator speeds on both systems. Initial pH of the SF and RBF was 5.3 and with time it 

reached a steady value of 3.4 whereas in SF the pH decreased further. In the case of DO, the 

initial value was 1.47 mg/l. There was a continuous drop of DO in SF while in RBF it fluctuated 

within the range of 0.25 to 0 .43 mg/l. Cellulose production was 0.889×10
-10

 g CFU
-1

 ml
-1

 for 

SF and 1.92x10
-10

 g CFU
-1

 ml
-1

 for RBF respectively after 8 days. These investigations indicate 

that the RBF system could supply air to the culture medium in a continuous manner and was 

able to regulate DO when compared to a SF system.  Further pH variation was also minimized in 

RBF compared to SF favoring the growth of cell mass and thereby yield of cellulose. A 

mathematical model for the synthesis of BC in a RBF system was also developed. The growth of 

cellulose is considered as a cellulose film from a mono culture. Glucose depletion, cellulose 

production and microbial growth in the fermentation medium were explained using the 

developed models. It was shown that the simulated and experimental results were in close 

agreement. In addition, the model was successful in predicting yield of cellulose at different 

rotational speeds of the RBF unit. On conclusion it could be said that RBF is a better system to 

generate cellulose when compared to SF and the developed model could explain the cell mass 

and cellulose growth profiles which could be useful in mass scale production.  

 

Keywords: Bacterial Cellulose, Acetobacter xylinum, Rotating Biological Fermentation, 

Mathematical model  
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1. INTRODUCTION 

1.1 Introduction  

Cellulose is an organic bio-polymeric material which is in abundance in almost all plants 

(Bielecki et al, 2005). Basic unit of cellulose biopolymers are glucose, bonded with 

glycosidic bonds to form cellulose micro fibrils (Crawford, 1981). Bacterial Cellulose 

(BC) is a form of cellulose which is produced by microorganism such as Acetobacter 

xylinum, Sarcina, and Rhizobium (Bielecki et al, 2005). The most effective producer of 

BC is gram negative aerobic, acetic acid producing bacteria, Acetobacter xylinum. 

Recently it was re-classified as Gluconacetobacter xylinus (Yamada et al, 1997). BC is a 

form of cellulose which has chemical and physical similarities to plant cellulose. It plays 

a protective function forming a coating over bacterial cells while plant cellulose plays a 

structural role.  

BC is considered important since it has unique characteristics. Plant cellulose is a 

mixture of cellulose, hemicelluloses and lignin where as BC consists of pure cellulose. 

Moreover, BC has a highly crystalline structure having high mechanical strength and 

high water holding capacity (Brown, 1989). Therefore, BC shows versatile application 

areas such as for wound dressing, for speaker diaphragm, for clothing, to make ultra 

strong paper, as food fibre supplements as a filler and a coating material for 

pharmaceutical tablets (Lina et al, 2005). 

Production of BC was initially experimented using coconut water in static culture 

fermentation technique. Coconut water is considered a waste material in desiccated 

coconut industry with high BOD and COD values (Jayakody et al, 2011). BC could be 

synthesized by using coconut water disposed by the DC industry in a sustainable 

manner. Various experiments have been conducted in Thailand and Indonesia, to 

produce BC from coconut water (Budhionoa et al, 1999 and Phisalaphong et al, 2008). 

Static Fermentation (SF) of coconut water inoculated with Acetobacter xylinum produce 

thin sheets of cellulose. However, since Acetobacter xylinum is an obligatory aerobic 

bacterium, cellulose synthesis in SF is limited by gradual depletion of dissolved oxygen 

(Verschuren et al, 2000).  In addition, in SF cellulose growth happens only on air-liquid 
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medium interface and nutrition movement for further growth of cellulose is hindered 

(Phunsri et al, 2003). In order to eliminate the shortcomings in SF and to achieve 

increased cellulose production, agitated and aerated fermentation systems were 

experimented (Yang et al, 1997). However, cellulose production in agitated systems is 

not generated in sheet form and therefore tensile properties are comparatively lower than 

SF system (Bielecki et al, 2005). Therefore, their application areas have been as for 

dietary fibre, paper reinforcement and for tablet coating.  

Several researchers have found that dissolve oxygen (DO) in the medium act as a 

limiting factor which influence growth of BC (Vandamme et al, 1998; Verschuren et al, 

2000; Phunsri et al, 2003; Tantratian et al, 2005). Researchers have also identified that 

Acetobacter xylinum cells attached to the static parts inside the reactor produce cellulose 

more rapidly (Vandamme et al, 1998; Krusong et al, 2005).   

Rotating biological contactor (RBC) models which are very commonly used in waste 

water treatment processes could be considered an agitated aerated system. Currently 

some researchers focus on RBC model to produce BC (Bungay et al, 1999). RBC could 

overcome DO depletion and the disc plates could provide a surface for the growth of 

cellulose to be attached. In addition, the supply of oxygen can be controlled by adjusting 

the rotating speed of the plates.  

 

1.2 Objectives  

1. To study the effect of pH, DO and growth of cellulose in the RBF 

2. To compare cellulose production in aerated, agitated and attached system with 

static   culture fermentation (SF) 

3. Mathematically model RBF system 
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1.3 Outline of the Thesis 

This thesis consists of six chapters. In the First Chapter, Introduction, Research 

objectives and Outline are given. Literature related with the study is given in the Second 

Chapter and Materials and Methods of the study is given in Chapter Three.  

Description of Mathematical model is given in Chapter Four and Results and Discussion 

is given in Chapter Five. Conclusions and Recommendations are given in Sixth Chapter. 

Published research papers and data sheets are attached in the annexure section.   
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2. LITERATURE REVIEW 

2.1 Introduction 

Cellulose is a bio-polymeric material which is used for numerous applications all over 

the world (Bielecki et al, 2005). The basic unit of cellulose biopolymers is glucose. 

Cellulose is very commonly found in all green plants and it is also excreted by micro 

organisms known as “Bacterial Cellulose” (BC). BC consists of pure cellulose where as 

plant cellulose is combined with hemicelluloses and lignin (Crawford, 1981). Moreover, 

BC has unique characteristics like high crystallinity, high mechanical strength and high 

mouldability. (Budhionoa, 1999; Amin, 2012). Due to these characteristics, numerous 

application areas of BC have emerged in food, pharmaceutical and cosmetic industries. 

Therefore researchers are now experimenting BC production using several developed 

fermentation techniques.    

 

2.2 Important aspects of BC 

Many researchers have produced BC using a synthetic media while most Asian 

researchers have produced BC using coconut water inoculated with Acetobacter xylinum 

in SF conditions. Macroscopic morphology of BC depends on culture condition 

(Watanabe et al, 1998; Yamanaka et al, 2000). In SF, BC accumulation could be 

observed as highly crystallized thin sheet, where as in agitation culture fermentation, 

cellulose accumulation occur as irregular granules form (Vandamme et al, 1998). 

The structure of BC is considered an un-branched polymeric material which has 1-4 

glycoside bonds. Single BC strains are approximately 1.5 nm in width and belong to 

thinnest natural occurring fibre category (Kudlicka, 1989). BC sub fibrils have high 

crystalline ability to form micro fibrils (Jonas and Farah, 1998), these fibres can form in 

to bundles and latter into ribbons (Yamanaka et al, 2000). General dimension of the 

ribbons are 3 - 4 nm in thickness and 70-80 nm in width according to Zaar‟s (1977) 

observation. Brown et al (1976) have observed 3.2 nm thick and 133 nm width cellulose 

ribbons, while Yamanaka et al, (2000) recorded ribbon dimension as 4.1 nm thick and 

117 nm in width.  
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BC produced by Acetobacter species, display unique properties, including high 

mechanical strength, high water absorption capacity, high crystallinity and an ultra-fine 

pure fibre network structure (Bielecki et al, 2005). 

It is expected to be a new commodity with diverse applications, if its mass production 

process could be improved. Commercial application of BC has produced natural fibre 

rich supplements for food manufactures, biomaterial for cosmetic industry and wound 

dressing for the for the pharmaceutical industry (Ring et al, 1986; Lina et al, 2005; 

Amin, 2012). Presently BC research is carried out in making composites of BC to 

enhance its properties to be used in tissue engineering and in artificial blood vessels.  

 

2.3 History and evolution of BC 

BC was observed in 1886 by Brown A. J. (Brown, 1989) subsequently, several 

researchers have experimented BC synthesized from different microorganisms. In 1949, 

K. Muhlethaler identified the micro-fibril structure of BC using electron microscopy 

(Brown, 1989). In 1969, Lapuz et al experimented usage of BC for commercial food 

products. Identification of diversity of microbial cellulose was done by Dieneman and 

Zevenhuizen, (1971). Further, in 1976, first direct visualization of BC synthesis was 

done by Brown et al (1976). In 1985 characterization of cellulose synthesis was recorded 

and in 1987 BC was experimented for speaker diaphragm (Brown, 1989). Purification 

and characterization of BC was done by Lin and Brown (1989). In recent years, several 

researchers identified Acetobacter sp. as a very good producer of BC and studies were 

done to identify a suitable medium for the growth of it (Hwang et al, 1999; Chawla et al 

2009). 

Currently, several other researchers and research institutes work on optimization of 

synthesis of BC and they have been experimenting different culturing techniques. Static 

culture fermentation systems were used during the early stages of BC research. Later, 

researchers who have been working in the area of BC synthesis have found that aerated 

agitated culture fermentation gives comparatively higher yields (Verschuren et al, 2000). 
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2.4 Biochemical pathway of BC production  

BC synthesis could be categorized into two major pathways. The pentose phosphate 

cycle for the oxidation of carbohydrates is considered as one major pathway and the 

„Krebs cycle‟ for the oxidation of organic acids and related compounds is considered as 

the other pathway (Vandamme et al, 1998). Few researchers have described several 

specific enzyme activities involved in the synthesis of cellulose and observed the 

existence of phosphotransferase system for the fructose uptake in cellulose producing 

Acetobacter sp. culture (Yoshinaga et al, 1997; Vandamme et al, 1998; Bielecki et al, 

2005). Moreover, according to Vandamme et al (1998) gluconeogenesis or generation of 

glucose from non carbohydrates carbon sources could occur from oxaloacetate via 

pyruvate by means of the enzyme activity of oxaloacetate decarboxylase and pyruvate 

phosphate-di-kinase.   

From the first major pathway, glucose is known to be metabolized into glucose-6-

phosphate in the presence of glucose hexokinase. Later it gets converted to glucose-1-

phosphate by phosphoglucomutase. According to the findings, uridine diphosphoglucose 

(UDPG) is obtained when glucose-1-phosphate is decomposed using UDP-Glucose 

pyrophosphorylase. This enzymatic reaction does not affect by the presence of glucose 

or fructose in the culture medium.  

During these reactions cyclic diguanylic acid (c-di-GMP) acts as a key regulatory 

element and also act as an activator for the membrane bounded cellulose synthase 

(Vandamme et al, 1998). Therefore, in the absence of cyclic diguanylic acid, cellulose 

synthesis will be ceased (Vandamme et al, 1997). Synthesis of c-di-GMP is catalyzed by 

diguanylate cyclase from two molecules of guanosine triphosphate (GTP).  

Yoshinaga et al (1997), explained a simplified biosynthesis pathway for the metabolism 

of glucose through the pentose phosphate pathwayand the enzymatic conversions can be 

given as follows. 

In the first step, glucose get converted to glucose-6-phosphate using ATP energy. 
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C6H12O6 

(Glucose) 

 C6H13O9P 

(Glucose-6-phosphate) 

(1) 

 

 

Then, glucose-6-phosphate get divided into two pathways. In the cellulose production 

pathway glucose-1-phosphate is formed  in the presence of phosphoglucomutase enzyme 

whereas the second pathway is followed by bacteria to produce energy (Yoshinaga et al, 

1997).  

According to the study of Bielecki et al (2005); Chawla et al (2009); Glucose -6-

phosphate get converted into a volatile fatty acid (VFA) known as Phosphogluconic 

acid. Moreover  Yang et al (1997) mention, during the exponential growth of microbial 

cells in culture medium, glucose get metabolized into both gluconic acid and cellulose. 

Production of gluconic acid in the fermentation medium was identified as a major 

inhabitant of cellulose production (Keshk and Sameshima, 2005). This study has also 

found that the production of gluconic acid gets decreased and the production of cellulose 

gets increased when the medium consisted of lingo-sulphonate.  

According to the study of Yang et al (1997) and Verschuren et al (2000), glucose in the 

fermentation broth preferencially metabolise into gluconic acid at high glucose 

concentration. At the latter part of the fermentation, gluconic acid get converted to a 

form of substrate which could be consumed by the microorganisms and thereby produce 

additional cellulose (Yang et al, 1997). 

 

 

C6H13O9P 

(Glucose-6-phosphate) 

 C6H13O9P 

(Glucose-1-phosphate) 

(3) 

 

Then, 

C6H13O9P 

(Glucose-6-phosphate) 

 C6H13O10P 

(Phosphogluconic acid) 

(2) 
G-6-P dehydrogenase 

ATP ADP 

Phosphoglucomutase 
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C6H13O9P 

(Glucose 1 phosphate) 

 C15H24N2O17P2 

(UDP-Glucose ) 

(4) 

 

C15H24N2O17P2 

(UDP-Glucose) 

 (C6H10O5)n 

(Cellulose) 

(5) 

 

Similarly, fructose get converted into frcutose-6-phophate in the presence of fructose 

hexokinase. 

 

C6H12O6 

(Fructose) 

 C6H13O9P 

(Frcutose-6-phophate) 

(6) 

 

Then, a part of fructose-6-phophate is consumed for energy generation while the rest is 

utilized for cellulose production via Glucose-6-phosphate as discribed previously. 

 

 

C6H13O9P 

(Fructose-6-phosphate) 

 C6H13O9P 

(Glucose-1-phosphate) 

(7) 

 

The study of Yoshinaga et al (1997); Yang et al (1997); Verschuren et al (2000); Chawla 

et al (2008), can be summarized as follows: 

 

 

 

UGP 

Fructose hexokinase 

Phosphoglucose 

isomerase 



9 

 

 

      

(Glucose) 

C6H12O6 

    

 5 3  

 

C
el

lu
lo

se
 (

C
6
H

1
0
O

5
)n

 
 

 (Phosphogluconic acid) 

C6H13O10P 

   

  

 5    5    4   

 (UDP-

Glucose) 

 

C15H24N2

O17P2 

 (Glucose-1-

Phosphate) 

 

C6H13O9P 

 (Glucose -6- 

Phosphate) 

 

C6H13O9P 

  8    5   

 PGA  2  

 

E
n

er
g
y
 

     

 11  

     (Fructose-6-

Phosphate) 

C6H13O9P 

 

    

 1  

      

10  9 

  FDP   (Fructose-6-

Phosphate) 

 

C6H13O9P 

   (Fructose) 

C6H12O6 

  

    

Figure 2.1: Biochemical pathway of BC production 
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Table 2.1: Enzymes and pathways connected with biochemical pathway of BC 

production 

 

 

2.5 Effect of pH  

pH is considered a key factor which could influence the production of BC in 

fermentation broth. Several researchers have done various experiments to identify the 

effect of pH in BC synthesis and its characteristic properties (Verschuren et al, 2000; 

Phunsri et al, 2003).  

Production of gluconic acid in the fermentation broth is directly related to the drop in pH 

of the media and hence it inhibits the production of cellulose (Vandamme et al, 1998; 

Verschuren et al, 2000; Phunsri et al, 2003). Even Yang et al, (1997) explains that the 

change in pH is due to the same reason since they observed that an initial pH of 6 was 

dropped to pH 4 within 48 hours inhibiting the cell growth.  

Drop in pH in the fermentation broth was also studied by Verschuren et al (2000) where 

they identified an optimum pH range as within 4 to 5. It was also shown by the same 

researchers that BC pellicle growth and growth of viable cells were directly affected by 

the pH of the medium. In the same study, highest count of viable cells was observed in a 

pH range of 4 to 5, after 9 days of fermentation (Verschuren et al, 2000). A similar study 

done by Phunsri et al (2003) found that a pH of 4.75 gave the maximum yield of 

Number in figure 2.1 Related enzyme 

1 Fructose hexokinase 

2 Phospoglucose isomerase 

3 Glucose hexokinase 

4 Phosphoglucomutase 

5 Glucose 6-Phosphate dehydrogenase 

8 Pentose phosphate pathways 

9 Phospho transferace system 

10 Fructose-1-phosphate kinase 

11 Embden-myerhoff pathway 
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cellulose. In addition, Tantratian et al (2005) have studied that for an agitated system, 

the maximum pH for an optimum yield of cellulose was 4.9. 

Further, Dimaguila (1967) mentioned that an optimum pH level in the fermentation 

medium is an important parameter that has an effect on the rate of microbial cell growth 

since it influences the enzymatic reactions and microbial cell division.  

 

2.6 Effect of DO 

DO in the fermentation broth play a very important role in the synthesis of BC. 

Verschuren et al (2000) have studied the influence of DO for cellulose growth in 

fermentation broths consisting of coconut water inoculated with Acetobacter xylinum 

when pH values of 3, 4, 5 and 6 were maintained. Then the steepest drop of oxygen 

profile was observed in pH 4 fermentation broth at a depth of 200 µm from air-liquid 

interface after 24 hours.  

On the third day, reaction zone was limited up to a depth of 100 µm s from air-liquid 

interface except in the pH 6 fermentation broth.  On the 7
th

 day oxygen profiles were at a 

depth of only 50 µm. However, beyond 7 days, no significant changes were observed in 

the study (Verschuren et al, 2000).  

Effect of depth and the surface area of a coconut water-agar culture medium on cellulose 

production were observed by Phunsri et al, (2003). The recorded initial DO level was 

4.3- 4.8 mg/l and it had got reduced to 0.2 mg/l in 6 hrs in broth. Further, they observed 

that utilization rate of reducing sugar and the formation of gluconic acid was high in the 

medium having the highest surface area of fermentation. Therefore, they confirmed that 

the increase in the medium volume by increasing the liquid air interface area has an 

effect on cellulose production but increase in the depth of fermentation medium does not 

affect significantly to the cellulose growth. 

Vandamme et al (1998) proposed that Acetobacter xylinum can produce cellulose if 

culture medium has a considerably large concentration of DO. In fact DO trigger the 

production of gluconic acid rather than production of cellulose but later gluconic acid 

get converted to cellulose as mentioned previously. 
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A similar study done by Tantratian et al (2005) showed that Acetobacter xylinum 

bacteria is an obligatory aerobic and oxygen supply for the culture medium is the 

limiting factor for the production of cellulose. They also noted that BC production is 

varied by the agitation of the culture media and at an optimum rotational speed of 100 

rpm, 5.67 g/l of dry cellulose was produced. 

The optimum depth of cellulose production which supply sufficient amount of oxygen to 

the liquid medium and the effect of surface area for the cellulose production were also 

determined by response surface methodology. According to this study, the highest 

cellulose production was observed at a depth of 2.5 cm from air-liquid interface when 

the area was 360 cm
2
 (Phunsri et al, 2003). 

Considering the previous studies, it shows that better oxygen supply to the culture 

medium could trigger production of BC. From the studies carried out by Yoshinaga et al, 

(1997); Verschuren et al (2000) and Tantratian et al (2005); it can be concluded that 

there is an optimum pH of 4-6 and a DO flux of 5.9×10
-6

 mol/m
2
. s  that needs to be 

maintained in the fermentation broth for the growth of Acetobacter xylinum and hence to 

obtain the highest yield of BC.  

 

2.7 Different fermentation media for the growth of Acetobacter xylinum  

Process of fermentation could be used broadly to express the bulk growth 

of microorganisms in an appropriate substrate medium. According to the definition of 

Dickinson (1997), fermentation does not necessarily have to be carried out in an 

anaerobic environment. As an example, yeast cells greatly prefer to ferment aerobically 

as long as nutrients are readily available for consumption (Dickinson, 1997). In 

fermentation, endogenous organic electron acceptors such as pyruvates get metabolized 

into various other products.  A similar fermentation occurs in BC production pathway 

too (Klein et al, 2006). Therefore the use of the term „fermentation‟ to express the 

growth of microbial culture that produces BC could be justified as mentioned by many 

researchers (Yang et al, 1997; Vandamme et al, 1998; Verschuren et al 2000; Phunsri et 
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al, 2003; Krusong et al 2005; Bielecki et al, 2005; Tantratian et al, 2005; Farah et al, 

2009; Bäckdahl et al 2011). 

Considering the fermentation medium, amount of nutrients present in the fermentation 

broth was considered vital to produce cellulose at a high rate. Studies have done to 

identify different nutrients that are essential for optimum growth of micro organism and 

growth of cellulose.  

Masaoka et al (1993) have studied the use and the impact of glucose, fructose maltose, 

xylose, starch, glycerol and sucrose as carbon sources. Among the carbon sources, 

glucose was recorded as the best which gives 4.16 g/l yield of cellulose. Ishihara et al 

(2002) have used xylose as a carbon source for the production of cellulose by 

Acetobacter xylinum and the yield was 3.0 g/l. Park et al (2003) have tested cellulose 

production using alcohol as a fermentation medium and Son et al, (2003) have done a 

similar study by adding ethanol to the fermentation medium. They also found that the 

cellulose production could be increased four times when alcohol percentage is 1.4 % in 

the fermentation medium. 

Bae and Shoda (2004) studied BC production using molasses as a fermentation medium. 

In their study, molasses were heat treated with sulphuric acid to be used as the media for 

fermentation. They have observed 76% more cellulose yield than untreated molasses. 

Accordingly, heat treating molasses with sulphuric acid has increased the sugar level of 

molasses and the yield of cellulose was 72 g/l while untreated molasses gave 23 g/l. A 

similar study carried out by Keshk and Sameshima (2006), have compared the growth of 

cellulose in molasses fermentation and glucose fermentation separately. According to 

their research findings, they have identified that molasses are a better source of sugar 

than glucose for microbial fermentations. Later Premjet et al (2007) studied the effect of 

sugar cane molasses components such as sucrose, fructose, nitrogenous compounds, 

nucleic acids, vitamins, minerals and black liquor separately. In their study each 

component was fermented with Acetobacter sp. separately and each component was 

combined with Hestrin-Schramm medium. It was observed that sucrose and fructose 

increased the production of cellulose in the fermentation broth and black liquor was the 
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most favorable substance that produced the highest yield of cellulose than other 

components.  

Bae and Shoda (2005), Sun et al (2005) and Kim et al (2006) have optimized the 

medium for the cellulose production in SF. Bae and Shoda (2005) identified the 

composition as 4.99% fructose, 2.85% corn steep liquor, 28.33% DO and 0.38% agar. 

On the other hand, Sun et al (2005) studied one factor at a time and an orthogonal array 

method was used to optimize the culture condition. According to the optimization study, 

medium composition was 5% sucrose, 1.5% protein peptone, 0.2% sodium hydrogen 

phosphate (Na2HPO4), 0.03% magnesium sulfate (MgSO4.7H2O), and 1% alcohol. In 

addition pH of the medium was maintained at 6.8 and cultivation temperature was kept 

at 28 ºC for 6 days.  

According to Kim et al (2006) study, optimized culture medium which gave the highest 

yield of cellulose contained 1.5% glycerol, 0.8% yeast extract, 0.3% potassium 

hydrogen phosphate (K2HPO4), 0.3% acetic acid. They observed 5.36 g/l of cellulose 

first after 144 hrs in an agitated culture and then after another 144 hrs later it was 4.59 

g/l. Further, the importance of nitrogen sources to produce cellulose in fermentation 

medium have been studied by several researchers since nitrogen was identified as an 

important component which should be present in fermentation broths (Matsuoka et al, 

1996). In their study, when the corn steep liquor fermentation medium was enriched 

with peptone, a considerably high cellulose growth was observed.  

An artificial culture medium which is currently well known as HS medium or Hestrin-

Schramm medium was developed by Hestrin-Schramm (1954). Glucose, yeast extract, 

peptone, Sodium hydrogen phosphate (N2HPO4) and citric acid were used in different 

ratios as necessary to produce this HS medium. Yang et al (1997); Premjet et al (2007); 

have used HS medium for microbial fermentations.  

Yang et al (1997) have done studies using HS medium to identify the best substrate 

which gives maximum cellulose production in an agitated system. According to their 

findings gluconic acid is not produced in fructose and sucrose media and the highest 

yield of BC was obtained from fructose medium. They also suggest that, 
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monosaccharide or mixture of glucose and fructose as a carbon source are important to 

produce cellulose. In their study they have observed lower cellulose growth rates at the 

very beginning and drastically increase in the production of cellulose after 48 hours of 

initial inoculation (Yang et al, 1997).   

On the other hand, production of BC was traditionally carried out by using a coconut 

water medium by several researchers (Verschuren al, 2000; Phunsri et al, 2003; 

Tantratian et al, 2005). In a Sri Lankan context, coconut water can be recognized as a 

waste material in desiccated coconut industry with high BOD and COD values and it 

could be considered as an environment pollutant agent (Jayakody et al, 2005). Therefore, 

coconut water is a very good source of culture medium to grow Acetobacter xylinum and 

produce BC in a sustainable manner. According to Jayakody et al (2005), the average 

sugar content of mature coconut water in Sri Lanka varies from 19.45 g/l to 32.5 g/l. 

Vigliar et al (2006) have done a similar analysis on coconut water and have found that 

the coconut water contains 340 mg/l (34 g/l) sucrose content. In addition to sucrose, 

coconut water is also rich in nutrients, minerals and vitamins (Jackson et al, 2004; 

Vigliar et al, 2006). Considering the level of natural sugar content in coconut water and 

its availability, it has been used directly as a culture medium to produce BC (Gamage, 

2012). Characterization of coconut water was given in table 2.2 according to the study of 

Jackson et al, 2004; Vigliar et al, 2006: Jayakody et al, 2005. 

 

Table 2.2: Characterization of coconut water 

content of mature coconut water  Weight (mg) % 

Total solids 540  

Reducing sugars 20 

Minerals 50 

Protein 10 

Fat 10 

Acidity  60.0 

Potassium  247.0 
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Sodium  48.0 

Calcium  40.0 

Magnesium  15.0 

Phosphorous  6.3 

Copper  26.0 

Iron  79.0 

pH  5.2 

 

2.8 Acetobacter xylinum growth in fermentation media 

Significant growth of Acetobacter xylinum in fermentation broth was considered very 

important to obtain high cellulose yields. Researchers have experimented to identify the 

relationship of the growth of Acetobacter xylinum in different culture broths and yield of 

cellulose. Ashikawa et al (1995) have investigated the increment number of Acetobacter 

xylinum cells in SF broth that gives high cellulose yield. They have also introduced 

genetically engineered cells to the culture medium to increase cell growth and ultimately 

to produce higher cellulose yields. Vandamme et al (1998) have identified that para-

amino benzoic acid (PABA) promotes Acetobacter xylinum cell growth with 40 % more 

yield in SF and it also acts as a mutant resistance compound. Further, Lin et al (2000) 

have clearly described the microbial cell growth and decay in a batch reactor. 

On the other hand, Yang et al (1997) have done a study on cellulose production using 

HS media in an agitated system having a 150 rpm. According to their findings, an 

exponential cell growth was observed after 24 hours, when the culture grown medium 

temperature was maintained at 30 C for 6 days. Further they estimated the specific 

growth rate of Acetobacter xylinum as 0.068 h
-1

.  

 

2.9 BC production in static and agitated fermentation systems 

BC production was first practiced using static culture fermentation broths (Verschuren et 

al, 2000). In static culture fermentation, DO and pH reduction in culture broth with time 

are considered major drawbacks for BC production as discussed in section 2.5 and 2.6. 
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Therefore, researchers have focused on developing methods to overcome these 

limitations and thereby to increase the yield of cellulose (Shezada, 2010).  Yoshinaga et 

al (1997) noted that the growth of cell mass has a direct correlation to the yield of 

cellulose. In this respect, Yoshinaga et al (1997) and Vandamme et al (1998) have 

experimented agitated culture systems with the objective of increasing DO levels and 

were able to obtain increase in growth of microbial cells as well as high yield of 

cellulose. 

 

2.10 BC production in attached culture 

In the study of Vandamme et al (1998), they have identified that Acetobacter cells 

attached to static parts inside the reactor produce cellulose more rapidly. They added 

water insoluble particles such as silica, sea sand and small glass beads to the culture 

medium and observed a cell growth three times higher than the normal. However, this 

behavior of BC contradicts the explanation given by Schramm and Hestrin (1954), 

which stated that the microbial cells produce cellulose at oxygen rich air-liquid interface.  

Further, Krusong et al (2005) have done a similar analysis using a continuous stirred 

tank reactor (CSTR) consisting of a vertical stainless steel 2 cm×2 cm screen for the 

attachment of Acetobacter xylinum. When the culture medium was stirred at 100 rpm 

and maintained at a temperature of 30 
º
C for 7 days they observed that cellulose gel was 

attached to the screen confirming the study of Vandamme et al (1998).   

Currently researchers are experimenting on aerated and agitated culture systems for 

cellulose production, considering the role of oxygen as well as the importance of an 

attachment for microbial cell growth. Due to this increase in interest, RBC was 

introduced to BC production and several researchers have experimented RBC for 

cellulose production (Bungay et al, 1999; Kim et al, 2007). RBC is considered an 

agitated and aerated system which provides a surface for microbial cells to attach. As 

attached culture is capable of producing more cellulose than suspended culture, RBC 

was able to produce considerably large, 5.67 g/l of cellulose compared to SF (Kim et al, 

2007).  
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2.11 Mass scale continuous production approach  

Due to numerous potential application areas, usage of BC has expanded and application 

of BC in different industries have widened in the last decade. Therefore, requirement of 

mass scale and continuous production are being tested and research is still in progress.   

Farah et al (2009) have introduced a novel method using SF which can harvest multiple 

cellulose sheets without replacing the fermentation medium. On the other hand, 

Yoshinaga et al (1997) mentioned that aerated and agitated systems for cellulose 

production could be identified as a more viable method for mass scale industrial 

applications. This was further reinforced by other researchers who worked in the area of 

agitated/aerated systems for BC production (Yang et al, 1997 and Cheng et al, 2009). 

Novel fermentation techniques with agitation and aeration have been introduced by 

Naritomi et al (2000) and Kouda et al (2000). RBC and continuous SF concept are now 

established worldwide. 

 

2.12 Importance of mathematical model forecast for biological systems 

Mathematical prediction of any biological system could improve efficiency and could 

reduce fixed and operation cost of industries. In general, experiments are carried out 

initially at laboratory scale and later it is converted to pilot scale and finally to real time 

industrial application. In each step mathematical modeling is essential to optimize 

production capacities and save time and cost. When biological systems are used for large 

scale productions, mathematical model could predict the rate of production, microbial 

culture inhibitions due to varies reasons such as accumulation of organic acid, and total 

time needed to complete one fermentation cycle. Thus preventive action and maintaining 

parameters such as temperature, flow rate, concentration of nutrients and critical control 

points which technicians should be aware, could be known early before operation of real 

plant.   

An expression for microbial growth in culture medium was put forward by Monod 

(1949). He developed a model „Monod equation‟ to explain the growth of micro 

organism. Growth of microorganism in RBF system could be also explained by Monod 
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equation. In the system, produced cellulose attaches to the inert rotating discs and later it 

develops as a cellulose film. In generally, it is a group of microorganism in which cells 

attach together on an inert surface and adherent cells are embedded within a self 

producing matrix of extracellular polymeric substances.   

Wanner et al (2003) described a simple form of biofilm growth and has mathematically 

modeled the film formation. Meanwhile simple biofilm model of bacterial growth on 

attached surface was developed by Tsunoa et al (2002). They simulated the microbial 

attachment and detachment on a surface and validated their data with experimental data 

using a batch culture (Tsunoa et al, 2001). Erkmen and Alben (2001) have modeled 

microbial biomass increment and product formation for citric acid using Aspergiller 

niger. Lee and Park (2007) have developed a one dimensional mixed culture biofilm 

model and in their study, mass transfer concept with boundary conditions and mix 

culture growth have been explained. Wanner et al (2003) used AQUASIM software for 

the simulation of a biofilm model. In their study, formation of a biofilm over a period of 

time was simulated and film thickness was modeled.  

More specifically, mass transfer rate and substrate utilization of BC production process 

was studied by Hornung et al (2006). In their model, diffusion of glucose through the 

growing cellulose layer was considered. Solutions of this model have been able to 

identify the increase resistance for the diffusion of glucose with the growth of cellulose. 
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3. MATERIALS AND METHODS 

3.1 System design  

This study projected to design a system which could achieve three objectives in BC 

synthesis, i.e. a system that could allow a continuous air supply, a continuous agitation 

to the fermentation medium and to supply a medium for microorganism attachment.  

Therefore, to fulfill these objectives, it was decided to design a reactor unit. Fabrication 

of reactor was done by considering the RBC design. Then it was renamed as Rotating 

Biological Fermentor (RBF) to represent the biological fermentation reaction that occurs 

in the reactor.  

3.1.1 RBF design 

The major considerations for the design, development and operation of the RBF unit 

were the immobilization of BC synthesized by Acetobacter xylinum on a suitable 

support material and for the provision of an aerated surface area for their growth. Based 

on these requirements, a RBF unit was designed. In the RBF system, culture broth is to 

be filled till it covers half of the discs so that microorganisms in the inoculated culture 

could attach to the rotating discs. When the discs rotate, attached microorganism will go 

through culture broth absorbing the nutrients and moisture. In addition, more 

microorganisms could get attach to the discs. Moreover, when one half of the discs get 

exposed to the atmosphere, air can get dissolved in the wet surface of discs. 

Subsequently during the other half cycle, the absorbed oxygen could be supplied to the 

culture medium. 

RBF schematic diagram is shown in Figures 3.1.  
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Figure 3.1 Schematic diagram of the reactor 

 

3.1.2. Reactor basin 

Reactor basin was fabricated by folding 1.5 mm thick stainless steel sheet cylindrically 

to form a 15 cm diameter cylinder. The cylinder was then split into two portions length 

wise. One half of the cylinder was fixed to the horizontal axis as a trough and the other 

half was made as the lid to the reactor basin. The effective liquid volume of the reactor 

was 2750 ml. 

 

3.1.3 Arrangement of the discs 

The cylindrical reactor consisted of five 13 cm diameter circular plates of 2 mm 

thickness providing a total surface area of 1368 cm
2
. The discs were mounted on a 

horizontal shaft that is fixed to a motor and a gear system so that it could be operated at 

different rpm levels. 

 

 

Supporting 

structure 

Shaft 

Discs  

Motor  

Gear system 

  



22 

 

 

 

Figure 3.2: Disc for the reactor 

 

3.1.4 Constant mesh gearbox 

Gearbox was a simple “constant mesh” type gear box with straight-cut, gear sets, which 

is constantly "fixed" together, and a dog clutch was used for gears change (Uicker et al, 

2003). Gearbox could reduce the rpm of the DC motor to three different rotational 

speeds. Output shaft operate at 15, 25 and 30 rpm. Output shaft is connected to the 

horizontal shaft where the discs are mounted. 

Disc arrangement 
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Figure 3.3: Reactor system with Gear box 

 

3.2 Experiments 

3.2.1 Preparation of media for cell growth quantification 

In this study initial and final Acetobacter xylinum cell count was taken using a dilution 

series. 100 ml of UV treated coconut water was inoculated with a pure Acetobacter 

xylinum culture that was obtained by previous studies of BC that were conducted at 

University of Moratuwa. Exactly 1 ml from this mix was taken out and 9 ml of distilled 

water was added in a test tube. From this mix, a dilution series was prepared up to 10
-8

 

dilution. Dilution from10
-4

 to 10
-8

 was taken for plate inoculation procedures. Agar 

plates were prepared using a method that was developed by Gamage (2012).  

Exactly 1 ml from each dilution was added to the surface of prepared agar plates. Then 

they were placed in an incubator at a temperature of 35 ºC which is the optimum 

temperature for the growth of Acetobacter xylinum. Colonies were counted in each Petri 

dish after 2 days/ 48 hours. Numbers of cells were calculated by assuming that one 

colony was formed by a single microbial cell. Then it was multiplied by the dilution 

factor to get the total number of cells presented in the sample.  
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3.2.2 RBF and SF media preparation and operation 

In three different trials, the initial count of micro organisms was taken and 10 ml of 

microbial culture was used for the inoculation of each trial. Reactor final volume was 

adjusted while considering the culture volumes which were taken for the inoculation 

2750 ml of coconut water was transferred to the RBF unit. It was operated at three 

different rpm settings of 15, 25 and 30 rpm continuously for 8 days. In parallel, a SF 

system was operated with two separate 1100 ml of media in two rectangular trays where 

each tray has an area 330 cm
2
. At the end of the fermentation period, the yield of 

cellulose and biomass weight was measured. 

 

3.2.3 pH and DO measurement 

pH of the media of both RBF and SF units were recorded at the beginning of the 

experiment and the changes of the pH was measured every 8 hours for 8 days using pH 

meter (lon-510, CyberScan™). Similarly, DO in the RBF unit was recorded 

continuously during the 8 days of operation for the 3 different rpm settings using the DO 

meter (YSI-55, 55-12 FT). DO variations were also recorded for the SF unit as well.  

 

3.2.4 Cellulose measurement 

The growth of BC film was observed and the produced cellulose wet weight was 

measured using the electronic analytical balance (Mettler™, PM 4000) at the end of the 

fermentation period in both RBF and SF system.  

 

3.2.5 Cellulose growth factor  

The growth of cellulose in each system was measured and cellulose specific growth 

factor was calculated by using the following equation to reflect per cell, per milliliter 

cellulose growth. Then it could be used to compare cellulose growth in both systems.  

 

Cellulose specific growth factor =
weight  of  cellulose   g 

Volume  of  the  sample   ml    ×  initial  MO  cell  count   CFU     (8)       
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4. MATHEMATICAL MODEL DEVELOPMENT 

4.1 Model description  

RBF unit is considered as a batch reactor. The unit is considered to be fed with coconut 

water inoculated with Acetobacter xylinum and operated for 8 days continuously. The 

unit which is considered an aerated, agitated and an attached system, allowed for the cell 

mass to grow while simultaneously to attach microbially synthesized BC to get attached 

as a cellulose film on the disc surfaces. 

4.2 Assumptions 

1. Bacteria consume only DO as the source of oxygen   

2. For a given microorganism, metabolic reaction rate is depends on one single rate 

limiting substrate.  

3. Even though liquid is prominent in the system, solid cellulose is the main focus 

on modeling 

4. System is a completely mixed system with batch type reactor 

5. Density of the system is assumed to be constant. 

 

4.3 Model parameters 

Table 4.1: Reactor variables 

Symbol Notation Values/ 

Units � �   Mass inflow 

 

g day
-1

 �   

 

Mass outflow g day
-1

 

  Glucose weight g 

�  Weight of microorganism g 

  Cellulose weight g 

  Concentration of Glucose g l
-1
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� �  Initial glucose concentration  32.567 g l
-1

 

(Jayakody et al, 2011) �  

 

Micro organism concentration g COD l
-1

  

��  Initial microorganism concentration 1500 

g COD l
-1

 
 

(Grady et al, 1972) 

  Concentration of cellulose g l
-1

  �  Rotational speed rpm 

  Thickness of cellulose film mm 

,�  Thickness of cellulose film with 

agitation 

mm  rpm
-1

 �  Density of cellulose g  l
-1

 

a Constant specific for RBF unit  0.009 rpm
-3

 

b Constant specific for RBF unit 1 rpm
-2

 

c Constant specific for RBF unit 0.36 rpm
-1

 

 

Table 4.2: kinetic variables 

Symbol Notation Values/ 

Units � � � � �   

 

Growth of microorganism  g COD l
-1

 day
-1

  � � �   Decay of microorganism g COD l
-1

 day
-1

  

�  

 

Decaying rate g COD l
-1

 day
-1

 

  First-order rate 0.336 day
-1  

(Alpkvist et al, 2006) 

  Concentration giving one half of the 

maximum rate 

20 g l
-1

  

 

  

 

Decay rate constant 0.1 day
-1  

(Alpkvist et al, 2006) �  Flux of DO  rpm
-1

 

�,� Rate of DO due to disc rotation rpm
-1
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�, � �   DO in very low rpm rpm
-1

 

 

  Proportional constant mm
4 
l g

-2
 � � ,   Maximum specific cellulose growth 

rate 

0.475 day
-1

 � � ,�  Maximum specific growth of 

microorganism 

4.707 day
-1  

(Alpkvist et al. 2006) 

  Cellulose film attachment g l
-1

 day
-1

 

  Cellulose film detachment g l
-1

 day
-1

 

  

 

Rates  

  

 

Rate of glucose depletion g l
-1

 day
-1

  

�  

 

Rate of micro organism generation g COD l
-1

 day
-1

  

�,�  

 

Rate of micro organism generation 

with agitation 

g COD l
-1

 day
-1

 rpm
-1

 

  

 

Rate of cellulose production g l
-1

 day
-1

  

,�  

 

Rate of cellulose production with 

agitation 

g l
-1

 day
-1

 rpm
-1

 

 

Table 4.3: Stoichiometric coefficients (Lee and Park 2007, Wanner et al, 2003) 

Reaction Stoichiometric coefficients 

Microbial growth 0.01 

Cellulose growth 0.8 

 

4.4 Model  

For this batch reactor, a general mass balance can be given as; 

 

dm

dt
= massin − massout + R                  (9) 

If the system density is assumed to be constant, then;  
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dm G

dt
=

dC G

dt
= RG                             (10) 

For a batch reactor, massin − massout  is equal to zero. In other words net flux is zero. 

Similarly, the microbial growth in the system can be given as; 

 

dm X

dt
=

dC X

dt
= RX                     (11) 

Therefore rate of biomass generation can be shown as  

 

dC X

dt
= Biomassgeneration − Biomassdecay                 (12) 

Biomassdecay  can be seen in microbial culture as due to endogenous respiration.   

 

Cellulose growth in the system can also be represented by using a similar kind of 

equation 

dm C

dt
=

dC C

dt
= RC                        (13) 

Rates of the three different reactions can be modeled for the system as given below.  

 

BC production is affected by DO in the fermentation medium. Therefore, a new 

parameter   KDO  that considers the variation in DO in the system due to the rotational 

speed of discs  ω  was defined.  

 

Since, KDO  depends on ω ; 

KDO ∝  ω                    (14) 

At low rotational speeds, the flow streams in the substrate medium would behave in the 

laminar region. However, increase in rotational speeds will create turbulence that would 
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disturb cellulose attachment to the discs while supplying excessive DO to the system. 

Therefore this explains that the rotational speed that changes the flow regimes would 

give the maximum cellulose production. 

Increment of DO in coconut water without inoculation was tested for three different 

rotational speeds and data was plotted. Mathematical equation of the graph was taken 

and relationship for the KDO  was derived. It could be written as a quadratic equation 

which describes the influence of DO which is given in equation 15. 

 

KDO = −aω2 + bω + C                            (15) 

 

KDO = KDO ,ω + KDO ,static                             (16) 

 

At very low rpm it can be assumed,  

 

KDO ,ω = 0                          (17) 

 

Then,  

 

KDO = KDO ,static  = c                            (18) 

 

Value of „c‟ can be experimentally obtained. Values of „a‟ and „b‟ were coefficients 

which describe the contribution from other factors such as disc and container 

characteristics in the system are given in Table 4.1. 

 

Rate of glucose depletion in the system is considered as behaving as first order kinetics.  

 

RG = −KG × CG                          (19) 

Negative sign is due to the depletion of glucose with time. 
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Increase in biomass and formation of cellulose depends largely on glucose and DO level. 

In addition to the major dependent factors pH, concentration of growth inhibitors and 

concentration of byproducts can have an effect on cellulose growth. However for the 

modeling purposes only major components were taken into account. Then as the initial 

step in the derivation, the rates of biomass and cellulose could be taken as proportional 

to glucose substrate utilization  so that; 

 

RX ∝ RG   and  RC ∝  RG                                        (20) 

 

Further, rate of biomass generation can be expressed using Monod equation (1949). 

However, Monod equation was modified to express heterotrophic micro organism 

growth with heterotrophic decay and the dependency of DO by including the term KDO , 

as defined previously. Then, rate of biomass generation in dynamic system could be 

expressed as,  

 

RX =   μ
max ,X

 CG

KS +CG
 CX − Ddecay                      (21) 

 

RX,ω =   μ
max ,X

 CG

KS +CG
 CX − Ddecay  KDO              (22) 

 

Ddecay   kinetics could be given by  

 

Ddecay = KD × CX                           (23) 

 

An expression for the cellulose production can be derived similar to Eq. 20 -24. 

Development of model for cellulose production was taken as an ordinary concentration 

of culture which contains mix of both living and dead cells where heterotrophic 

decaying has been eliminated. Moreover, Monod equation can be used to describe a 
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microbial system with byproduct formation. However rate of maximum production of 

byproduct is obviously a lower value than the rate of maximum heterotrophic 

microorganism growth. Rate of maximum production of byproduct; cellulose, is 

represented by μ
max ,C

. Then  μ
max ,X

 in general Monod equation (1949) could be 

replaced with μ
max ,C

. Further, BC production too is affected by DO and glucose 

concentration in the fermentation medium. Then the growth of BC in the dynamic 

system could be given as; 

 

RC =  μ
max ,C

  CG

KS +CG
   CC                                                       (24) 

 

RC,ω =   μ
max ,C

  CG

KS +CG
 CC  KDO                                         (25) 

In the RBF system, generated cellulose continuously attach to the discs. Attached 

cellulose can be considered as a thin film. According to Wanner et al (2003) growth of 

cellulose film is proportional to the cellulose film attachment rate and detachment rate. 

Then; 

RC,ω ∝  BFA − BFD                                         (26) 

Then; 

dBF L

dt
= ρ

C
× KBF (−BFD + BFA )                                      (27) 

For a batch reactor, inflow and out flow net fluxes are equal to zero. Then   BFD  can be 

neglected as produced cellulose that is retained on dices or sedimented inside the reactor 

liquid volume. Then; 

 

BFA = RC,ω                                  (28) 

Then increment of thickness of cellulose film can be written as; 
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dBF L ,ω

dt
= ρ

C
× KBF  × RC,ω                                          (29) 

The physical meaning of  KBF  is mm of cellulose film growth per unit concentration per 

unit density. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 

 

5. RESULTS AND DISCUSSION 

5.1 Comparison of SF and RBF                        

5.1.1 Acetobacter xylinum cell count 

The results of the initial Acetobacter xylinum colony count that was measured for a 

dilution series using nutrient agar plates as described in section 3.2.1 for three different 

trials is given in Table 5.1. 

Table 5.1: Initial microbial cell count in RBF and SF systems 

  10
-4 

ml 10
-5 

ml 10
-6 

ml 10
-7

ml 10
-8

ml 

Average cell 

count 

(CFU) 

1
st
 trial Enormous Enormous 234 19 2.00 2.08×10

8  
 

2
nd

 trial Enormous Enormous 90 12 3.00 1.7×10
8
   

3
rd

 trial Enormous Enormous 30 15 0.00 1.5×10
8  

 

 

The average cell count as indicated in Table 5.1 gives the initial number of cells that 

were inoculated to the coconut water in three different trials on both RBF and SF 

systems. The gentle agitation in the RBF unit provided a homogenous media for the 

continuous cell growth which is essential to get an improved yield of BC. Further, the 

mesh like discs together with its rotation provided the aeration as required for 

Acetobacter xylinum.  

 

5.1.2 pH changes in SF and RBF 

The medium pH of the RBF unit was plotted against time as shown in Figure 5.1 for the 

three different rpm settings. It showed that the initial pH of the media was 5.4 and it 

dropped to about pH 3.4 and was maintained in that range in the RBF system. The drop 

in pH is because; Acetobacter xylinum has the ability to produce gluconic acid 

consuming the carbon sources present in coconut water other than producing cellulose 
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(Vandamme et al, 1998). Further, 15 rpm had the highest drop in pH when compared 

with higher rotational speeds. 

 

 
Figure 5.1:  pH variation in RBF unit at three different rotating speeds  

 

Meanwhile pH variation in the SF system is as shown in Figure 5.2. Here, the pH has 

continuously decreased from initial pH 5.5 to pH 3.1. This behavior will reduce the 

cellulose growth as Acetobacter xylinum operates in an optimum pH around 4.98 

(Masaoka et al, 1993). According to Phunsri et al (2003) the growth of cellulose pellicle 

hinders the oxygen penetration into the medium. Tantratian et al (2005) also confirms 

that this might be because of the absence of adequate amount of oxygen for cell 

activities and cellulose production. 
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Figure 5.2: average pH variations in SF unit  

 

5.1.3 DO variation 

Similarly, DO variation with time for the RBF system is as given in Figure 5.3. 

 

 
Figure 5.3: DO variations in RBF unit during 3 trials. 
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Accordingly, the initial DO of 1.47 mg/l has rapidly dropped to around 0.25 mg/l. 

Tantratian et al (2005) study obtained a similar DO variation. They mentioned that the 

DO act as a proton accepter in biochemical reaction pathways of producing BC. In 

addition, oxygen was used to form gluconic acid by oxidizing glucose present in the 

medium. When the 3 rotational speeds are analyzed, 15 rpm, showed a continuous 

decrease of DO throughout the experiment. Further, DO variation in the SF unit as 

shown in Figure 5.4 was very much similar to the RBF during the initial hours, but 

gradually showed a continuous decrease until the least value became 0.11 mg/l. Phunsri 

et al (2003) mentions that in static conditions the oxygen penetration is blocked by the 

cellulose pellicle which was also proved in the SF unit of this study.  

Figure 5.4: Average DO variations in SF unit  

 

5.1.4 Average pH and DO Variations 

Average values of pH and DO variation for the two fermentation conditions were plotted 

in Figures 5.5 and 5.6 respectively. 
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Figure 5.5: Average pH variations during the 3 trials 

 

Figure 5.6: Average DO variations during the 3 trials 
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system. Eventually, the layers of cellulose that were formed on the discs after 8 days are 

as shown in Figure 5.7. Compared to the RBF system, SF formed only a small thin sheet 

of cellulose. Yoshinaga et al (1997) also confirmed that in agitated systems, BC is 

produced in the form of a gelatinous suspension whereas in SF it is produced as a 

gelatinous membrane. This is because the sheer stress arising from the agitation of the 

culture medium disturbs the formation of the gelatinous membrane resulting in the 

accumulation of small aggregates of BC. However when a RBF system is used, the 

surface of the discs act as a less disturbed environment so that BC could get immobilized 

to either side of the disc surfaces . Further, Yoshinaga et al (1997) mention that even the 

structure of cellulose crystals and molecular chains are different in static and agitated 

systems giving rise to less strong fibre network in the latter. However, BC in the RBF 

unit is a mix of thin layers closer to the surface of the discs and aggregates as moving 

away from the discs and appears to be having a considerably strong fibre network 

structure. 

 
Figure 5.7: Cellulose production at the harvesting stage 

The summarized results of initial cell count, growth of cellulose and calculated growth 

factor of cellulose of both RBF and SF systems are as given in Table 5.2. 
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Table 5.2: Summarized results of growth of cellulose in RBF and SF systems 

  

Experiment rpm 

Initial cell 

count 

Volume  

(ml) 

Wet 

cellulose 

weight 

with 

biomass 

(g) 

Cellulose 

growth 

(g CFU
-1

 ml
-1

) 

1
st
 

trial 
RBF 30 2.08×10

9  
 2750 1098.25 1.92×10

-10
  

SF   2.08×10
9  

 2200 407.26 0.889×10
-10

  

2
nd

 

trial 
RBF 25 1.7×10

9
   2750 892 1.91×10

-10  
 

SF   1.7×10
9
  2200 336 0.898×10

-10  
 

3
rd

 

trial 
RBF 15 1.5×10

9  
 2750 721 1.75×10

-10  
 

SF   1.5×10
9  

 2200 198 0.60×10
-10  

 

 

Accordingly, 30 rpm gave the maximum cellulose production of 1.92×10
-10

 g CFU
-1

ml
-1

. 

Therefore a modified production process like RBF explored to increase the oxygen rich 

surface area to reactor volume ratio, which improves BC production. On the other hand, 

Bungay et al (1999) showed 16 rpm was the best operating condition for maximum 

cellulose growth in a newly designed RBC system. It was shown that 15 rpm closely 

resembles a SF system, and its cellulose production was the least compared to other two 

rotational speeds. Moreover, Tantratian et al (2005) obtained the highest yield of 

cellulose at 100 rpm using coconut water with magnesium sulfate (MgSO4) and 

ammonium bi-phosphate (NH4HPO4). Further, high frequency agitated culture 

conditions could give rise to the appearance of non-producing Acetobacter xylinum 

strains from cellulose producing types making systems non sustainable (Yang et al, 

1997). These varied results probably show that the yield of cellulose would depend on 

the operating parameters of the fermentation unit as well as the media composition. 
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5.2 Results from mathematical model 

5.2.1 Glucose depletion  

Simulated numerical solution that was obtained by solving equation 19, which describes 

glucose depletion in the system, is as shown in Figure 5.8. This result was compared 

with the experimented results of Yang et al (1997). According to Yang et al (1997), 

depletion of glucose starts after 10-15 hours of inoculation and then it begins to decrease 

drastically. At the end of the 3
rd

 day of inoculation, glucose concentration becomes 

closer to a zero level. Similarly, simulated results were derived with an initial glucose 

concentration (CGini ) of 32 g l
-1

 which is the case in coconut water. Then it shows the 

continuous depletion of glucose in the media until the 14
th

 day where it becomes zero. 

The two conditions have given similar trends with a shift in time scale. This could be 

due to the difference in the systems, culture volume and the specific microbial culture 

strain used.   

Figure 5.8: Simulated results of depletion of Glucose in the RBF unit 
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5.2.2 Microbial cell growth in the system  

Figure 5.9 shows the simulated microbial growth with time which was obtained by 

solving equation 22. It shows an initial lag phase and an exponential growth phase which 

closely resembles Monod kinetics. A similar bacterial growth pattern was observed in 

the modeled results of Erkmen and Albane (2002). Moreover, Hammes et al (2006) 

investigated a monoculture micro organism and used a cellulose film model to simulate 

the experimented results successfully. Even though growth rates and other parameters 

vary in different experiments (Erkmen and Albane, 2002; Hammes et al, 2006), a 

generalized growth curve was derived in this study and made it specific for the 

bioprocess under consideration. Further, Yang et al (1997) and Verschuren et al (2000) 

experimentally proved that microbial growth can be increased by increasing the 

dissolved oxygen in the media through aeration and agitation. In this study, this effect 

was proved through mathematical modeling of the microbial growth at different 

rotational speeds of the RBF system.  

Figure 5.9: Microbial growth in RBF system for 30, 25, 15 rpm 
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5.2.3 Cellulose growth 

Further, it is important to understand the yield of cellulose when the RBF system is 

operated at different rotational speeds. The simulated results obtained by solving 

equation 25 which gives the yield of cellulose when the rotational speeds are 30, 25, and 

15 rpm for a batch volume of 2.75 liters are given in Figure 5.10. Initial cellulose 

concentration was considered as very small at the beginning of the experiments. 

Hornung et al (2009) did a similar study for SF where they derived a model and verified 

with experimental results. They too showed that the yield of cellulose increase with time 

and reaches a maximum.  

 
Figure 5.10: Simulated results of cellulose growth at three different rotational speeds in 

the RBF system 
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because the growth of Acetobacter, a typical aerobic BC producer, is dependent on 

oxygen and supply of oxygen is directly associated with BC productivity in an aerated 

and agitated culture system.  

Therefore, the simulated and experimentally validated results support this argument. 

However, there is a significant percentage error when the rotational speed was 15 rpm. 

At low rotational speeds, the experimental system behaves similar to a static medium. 

Hence it could be that the developed mathematical model does not take into account the 

limitations in diffusion of oxygen and glucose at low rpm values to the disc surface 

where the growth of cellulose occurs. This could also be the reason, for simulated results 

to show a maximum yield of cellulose on 10
th–11

th
 day, although the experimental 

maximum and simulated values that are compared after 8 days are coherent. 

 

Table 5.3: A comparison of simulated results of yield cellulose with experimented 

results at 8 days 

rpm Experimented 

results (g) 

Simulated 

results (g) 

Difference Error % 

30 1098.25 1065 33.25 3.02 

25 892 915.1 -23.1 (-2.58) 

15 721 516.7 204.3 (-28.33) 

 

Further, the derived model was tested to obtain the yield of cellulose at five different 

rotational speeds as given in Figure 5.11. Accordingly it shows that there is an optimum 

rotational speed 55- 65 rpm that would give a maximum yield of cellulose. Tantratian et 

al (2005) who studied the effect of DO on cellulose production by Acetobacter Sp. in an 

agitated system has also experienced similar results. They have obtained a maximum 

cellulose yield at an optimum rotational speed of 100 rpm and further increase in 

rotational speed have resulted in low yields of cellulose. According to Tantratian et al 

(2005), the excess oxygen that dissolves in the medium increases the accumulation of 

gluconic acid and adversely affects the cellulose production. On the other hand, too low 
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an amount of dissolved oxygen content in the medium could not provide enough oxygen 

for the culture to grow and that caused the reduction of cellulose production. Further, 

Kouda et al (1997) mention that microbial cells could oxidize due to excessive aeration. 

Thus these explanations are clearly in line with the simulated results.  

 

Figure 5.11: Simulated results of yield of cellulose at different rotational speeds  
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6. CONCLUSION AND FUTURE WORKS  

6.1 Conclusion   

6.1.1 Comparison of RBF and SF  

 Analysis of RBF and SF system for cellulose production revealed that the RBF 

system is capable of producing a higher yield of cellulose than the SF system.  

 In the RBF system, it showed an auto buffering capacity which may be due to the 

continuous agitation and aeration when compared to SF.  

 In the latter, agitation is not present and aeration is hindered due to the gradual 

growth of pellicle. Further studies are required to analyze the properties of BC 

that is produced by RBF system and to apply them in suitable application areas.   

6.1.2 Conclusion from model 

 The mathematically derived model to explain the synthesis of BC in a RBF 

system is closely related to the experimented values.  

 Cellulose growth and microbial reaction decrease when turbulence flow occurs. 

 Defined variables and the developed model could be used to describe depletion 

of glucose, Acetobacter xylinum growth and cellulose production in a coconut 

water based culture medium.  

 This also means that the assumptions that were made in deriving the model are 

within acceptable limits.  

 Model on the other hand could be used to predict the yield of cellulose, at any 

given rotational speed.  

 However, there were limitations in using the model when the RBF unit closely 

resembles a SF system.   

 

6.2 Future works 

 Model was initiated for a continuously mixed, batch type reactor. However 

production of cellulose on rotating disc surfaces could be considered as a biofilm 
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growth. Further development should be done to model the development of 

biofilm growth so that the thickness of cellulose film could be predicted.  

 Model validation part could be studied further with more trials. 

 Formation of gluconic acid, other organic acid with pH changes can be analyzed 

further. 

 Growth factor calculations have to be verified by several experimental results. 
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Appendix A 

 

A.1:  Average pH and DO measurement  

 
Time (Hours) static pH static DO 

0 5.34 1.46 

8 4.2 0.72 

16 3.25 0.29 

24 3.27 0.25 

40 3.3 0.25 

48 3.32 0.26 

64 3.4 0.27 

72 3.44 0.27 

88 3.62 0.21 

96 3.51 0.21 

112 3.42 0.19 

120 3.1 0.19 

136 3.2 0.18 

144 3.12 0.18 

160 3.12 0.17 

168 3.11 0.15 

184 3.11 0.12 

192 3.1 0.13 
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Appendix B 

 

B.1 Reactor drawing 
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Appendix C 

C.1 Mathematical model 

*********************************************************************** 

 

AQUASIM Version 2.0 (win/mfc) - Listing of System Definition 

 

*********************************************************************** 

 

Date and time of listing:  10/07/2013  10:28:17 

 

*********************************************************************** 

Variables 

*********************************************************************** 

A:             Description: 

               Type:                 Constant Variable 

               Unit: 

               Value:                0.0099 

               Standard Deviation:   1 

               Minimum:              0 

               Maximum:              10 

               Sensitivity Analysis: inactive 

               Parameter Estimation: inactive 

------------------------------------------------------------------------ 

A_Monod:       Description:          Middle part of Monod Equation for rate limiting 

substrate 

               Type:                 Formula Variable 

               Unit: 

               Expression:           C_G/(K_S+C_G) 

------------------------------------------------------------------------ 

B:             Description: 

               Type:                 Formula Variable 

               Unit: 

               Expression:           1 

------------------------------------------------------------------------ 

Bio_F:         Description: 

               Type:                 Dyn. Volume State Var. 

               Unit: 

               Relative Accuracy:    1e-006 

               Absolute Accuracy:    1e-006 

------------------------------------------------------------------------ 

C:             Description: 

               Type:                 Constant Variable 
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               Unit: 

               Value:                0.36 

               Standard Deviation:   1 

               Minimum:              0 

               Maximum:              10 

               Sensitivity Analysis: inactive 

               Parameter Estimation: inactive 

------------------------------------------------------------------------ 

C_C:           Description:          Concentration of Cellulose 

               Type:                 Dyn. Volume State Var. 

               Unit:                 g/l 

               Relative Accuracy:    1e-006 

               Absolute Accuracy:    1e-006 

------------------------------------------------------------------------ 

C_Cin:         Description:          Concentration of Cellulose 

               Type:                 Constant Variable 

               Unit:                 g/l 

               Value:                0.01 

               Standard Deviation:   1 

               Minimum:              0 

               Maximum:              10 

               Sensitivity Analysis: inactive 

               Parameter Estimation: inactive 

------------------------------------------------------------------------ 

C_G:           Description:          Concentration of glucose  

               Type:                 Dyn. Volume State Var. 

               Unit:                 g/l 

               Relative Accuracy:    1e-006 

               Absolute Accuracy:    1e-006 

------------------------------------------------------------------------ 

C_Gin:         Description:          Intial Concentration of Glucose  

               Type:                 Constant Variable 

               Unit:                 g/l 

               Value:                32.567 

               Standard Deviation:   1 

               Minimum:              0 

               Maximum:              50 

               Sensitivity Analysis: inactive 

               Parameter Estimation: inactive 

------------------------------------------------------------------------ 

C_X:           Description:          Concentration of Biomass 

               Type:                 Dyn. Volume State Var. 

               Unit:                 CFU/l 

               Relative Accuracy:    1e-006 
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               Absolute Accuracy:    1e-006 

------------------------------------------------------------------------ 

C_Xin:         Description:          Initial Concentration of Biomass 

               Type:                 Constant Variable 

               Unit:                 CFU/l 

               Value:                1.5e+008 

               Standard Deviation:   1 

               Minimum:              0 

               Maximum:              1e+009 

               Sensitivity Analysis: inactive 

               Parameter Estimation: inactive 

------------------------------------------------------------------------ 

De:            Description:          Decay 

               Type:                 Formula Variable 

               Unit:                 CFU/d 

               Expression:           -K_D*C_X 

------------------------------------------------------------------------ 

F_W:           Description:          Ist part 

               Type:                 Formula Variable 

               Unit: 

               Expression:           -A*W^2+B*W+5 

------------------------------------------------------------------------ 

K_D:           Description:          Decaying Rate 

               Type:                 Formula Variable 

               Unit:                 1/d 

               Expression:           0.1 

------------------------------------------------------------------------ 

K_G:           Description:          Rate of glucose depletion 

               Type:                 Formula Variable 

               Unit:                 g/l d 

               Expression:           0.336 

------------------------------------------------------------------------ 

K_S:           Description:          Concentration giving one half of the maximum rate 

               Type:                 Formula Variable 

               Unit:                 g/l 

               Expression:           20 

------------------------------------------------------------------------ 

U:             Description:          Maximum Cellulose Growth 

               Type:                 Formula Variable 

               Unit:                 g/l 

               Expression:           0.475 

------------------------------------------------------------------------ 

U_Xmax:        Description:          Maximum Specific Growth  

               Type:                 Formula Variable 
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               Unit:                 CFU/d 

               Expression:           4.707 

------------------------------------------------------------------------ 

W:             Description:          Omega/ Rotational speed 

               Type:                 Formula Variable 

               Unit:                 RPM 

               Expression:           30 

*********************************************************************** 

 

*********************************************************************** 

Processes 

*********************************************************************** 

Biomass_Growth:Description:          Growth of Biomass 

               Type:                 Dynamic Process 

               Rate:                 ((U_Xmax*A_Monod*C_X)-De)*F_W 

               Stoichiometry: 

                 Variable : Stoichiometric Coefficient 

                 C_X : 0.01 

------------------------------------------------------------------------ 

Cellulose_Growth: 

               Description:          Growth of Cellulose 

               Type:                 Dynamic Process 

               Rate:                 (U*A_Monod*C_C)*F_W 

               Stoichiometry: 

                 Variable : Stoichiometric Coefficient 

                 C_C : 0.8 

------------------------------------------------------------------------ 

Glucose_Depletion: 

               Description:          Depletion of Glucose 

               Type:                 Dynamic Process 

               Rate:                 -K_G*C_G 

               Stoichiometry: 

                 Variable : Stoichiometric Coefficient 

                 C_G : 1 

*********************************************************************** 

 

*********************************************************************** 

Compartments 

***********************************************************************

Glucose_Depletion: 

               Description: 

               Type:                 Mixed Reactor Compartment 

               Compartment Index:    0 

               Active Variables:     C_G, C_X, C_C 
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               Active Processes:  Biomass_Growth, Cellulose_Growth, Gucose_Depletion 

               Initial Conditions: 

                 Variable(Zone) : Initial Condition 

                 C_G(Bulk Volume) : C_Gin 

                 C_X(Bulk Volume) : C_Xin 

               Inflow:               0 

               Loadings: 

               Volume:               2.75 

               Accuracies: 

                 Rel. Acc. Q:        0.001 

                 Abs. Acc. Q:        0.001 

                 Rel. Acc. V:        0.001 

                 Abs. Acc. V:        0.001 

*********************************************************************** 

 

*********************************************************************** 

Definitions of Calculations 

*********************************************************************** 

Glucose_Depletion: 

               Description:          Depletion of Glucose 

               Calculation Number:   0 

               Initial Time:         0 

               Initial State:        given, made consistent 

               Step Size:            1 

               Num. Steps:           20 

               Status:               active for simulation 

                                     inactive for sensitivity analysis 

********************************************************************** 

 

*********************************************************************** 

Plot Definitions 

*********************************************************************** 

Biomass_Growth:Description:          Growth of Biomass 

               Abscissa:             Time 

               Title:                Microorganism Growth 

               Abscissa Label:       Time [day] 

               Ordinate Label:       Concentration of Microorganism [CFU/d] 

               Curves: 

                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 

                 Value : C_X [0,Glucose_Depletion,Bulk Volume,0] 

------------------------------------------------------------------------ 

Biomass_Growth_Sp: 

               Description:          Growth of Biomass 

               Abscissa:             Time 
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               Title:                Microorganism Growth 

               Abscissa Label:       Time [day] 

               Ordinate Label:       C_X/C_Xin 

               Curves: 

                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 

                 Value : C_X [0,Glucose_Depletion,Bulk Volume,0] 

                 Value : C_X [0,Glucose_Depletion,Bulk Volume,0] 

------------------------------------------------------------------------ 

Cellulose_Growth: 

               Description:          Growth of Cellulose 

               Abscissa:             Time 

               Title:                Growth of Cellulose 

               Abscissa Label:       Time [day] 

               Ordinate Label:       Cellulose Growth [g] 

               Curves: 

                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 

                 Value : C_C [0,Glucose_Depletion,Bulk Volume,0] 

------------------------------------------------------------------------ 

Glucose_Depletion: 

               Description:          Depletion of Glucose 

               Abscissa:             Time 

               Title:                Depletion of Glucose 

               Abscissa Label:       Time [day] 

               Ordinate Label:       Concetration of Glucose [g/l] 

               Curves: 

                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 

                 Value : C_G [0,Glucose_Depletion,Bulk Volume,0] 

*********************************************************************** 

 

*********************************************************************** 

Calculation Parameters 

*********************************************************************** 

Numerical Parameters:    Maximum Int. Step Size:  1 

                         Maximum Integrat. Order: 5 

                         Number of Codiagonals:   1000 

                         Maximum Number of Steps: 1000 

------------------------------------------------------------------------ 

                         Fit Method:              secant 

                         Max. Number of Iterat.:  100 

*********************************************************************** 
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*********************************************************************** 

Calculated States 

*********************************************************************** 

Calc. Num.  Num. States  Comments 

0           41           Range of Times: 0 - 40 
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Appendix D 

D.1 Determination of  � 

 

Data point:  

rpm    (�) DO (mg/l) 

15 4.47 

25 6.48 

30 7.21 

50 8.67 

70 7.34 

 

 
 

Plot of the graphs = −aω2 + bω + C     

From the graphs, 

 

a= 0.009 

b=1 
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