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Abstract  Article Info 

The aim of our study was to study impact of immobilization technique on fermentation 

performance based on a comparative analysis of different mathematical structures 

known by far for modeling of batch alcoholic fermentation with free and immobilized 

cells of Saccharomyces carlsbergensis using real experimental data. Our study was 

focused on comparing three different immobilized brewing yeast fermentations with 

traditional free cell fermentation in experimental scale. The immobilization techniques 

used were: entrapment and capsulation method in alginate and gel immobilization in 

gelatin support. Fermentation performances were analyzed based on fermentation rate 

parameters, kinetic models and yeast cell physiology. Conclusions were drawn about 

the influence of cell immobilization on the batch process. Entrapment immobilized 

yeast fermentation was the closer one to the free cell fermentation. Due to the high 

diffusion inside the biocatalyst particles, inhibitory phenomena were avoided and the 

microbial activity was preserved. The vitality of the yeast cells, specific growth rate 

and the sugar uptake rate were directly related to the medium conditions and 

permeability of the immobilized capsule. Also immobilization based to kinetic 

parameters decrease the substrate and product inhibition phenomena compared to free 

yeast fermentation. 
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Introduction 

 

Yeast immobilization techniques are used to improve 

fermentation performance through physico-chemical 

fixation of cells in different solid matrix, protecting the 

cell from the surrounding medium. Choosing the right 

immobilization technique is very important, in order to 

protect cell activity, without changing the morphology 

and physiology of the cells (Kourkoutas  et al., 2004; 

Gorecka and Jastrzebska, 2011). The aim of this study is 

to choose the most suitable immobilization technique 

that protects the yeast cells providing a good 

fermentation performance compared to free yeast cell 

fermentation. For the heterogeneous systems, not only 

the value of the biochemical reaction rate is affected, but 

also the kinetic model is modified compared to the ideal 

models describing the substrate consumption or product 

formation. For these reasons, the kinetic parameters of 

the biochemical reactions with immobilized cells differ 

from those of homogeneous environments.  

 

In order to control inhibition caused by high 

concentrations of substrate and product as well as to 

enhance yield, cell immobilization approaches have been 

applied in ethanol production. The advantages of 

immobilized cell over free cell systems have been 

http://www.ijcrar.com/
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extensively reported. Immobilized cell fermentation has 

been shown to be more effective than the free yeast 

process, mainly due to the enhanced fermentation 

productivity, feasibility for continuous processing, cell 

stability and lower costs of recovery and recycling and 

downstream processing. However, immobilized cells still 

have limited industrial application. The process of 

immobilization changes not only the environment, but 

also the physiological and morphological characteristic 

of cells, and the catalytic activity of enzymes. Therefore 

the fermentation conditions (kinetics) of the free yeast 

fermentation and of the immobilized cell process are 

different (Georgi Kostov et al., 2012). 

 

Modeling batch fermentation process by the yeast 

Saccharomyces carlsbergensis immobilized in Na-

alginate gel beds were considered. Well known 

mathematical models were used for simulation 

investigations. Kinetic of glucose consumption, ethanol 

production and effect of substrate and product inhibition, 

were study based on batch fermentations performance. 

However there is no model universal structure that could 

perfectly suit glucose fermentation by all possible kinds 

of strains since each particular strain has its specifics that 

require an individual approach to kinetics modeling 

(Duarte, J. C et al., 2013; Snoep, J.L et al., 1999).  

 

Materials and Methods 

 

Cell immobilization  

 

There were used three different immobilization 

techniques that require yeast cells to be incorporated in a 

semi-permeable matrix. These techniques are based on 

incorporating the cells in a porous, semi-permeable 

matrix, which prevents cells from diffusing into the 

surrounding medium allowing the mass transfer of 

nutrients and metabolites. Were used three different bead 

sizes (4 mm, 5.3 mm and 7 mm) and three different 

immobilization techniques: 

 

Capsulation immobilization [Fig. 1(a)] 

Entrapment Immobilization [Fig. 2(b)] 

Gel immobilization [Fig. 3(c)] 

 
Capsulation Immobilization: A 1,3% calcium chloride 

CaCl2 and 1,3% of carboxymethylcellulose solution and 

a 0.6% solution of sodium alginate (Figure 1A) was 

prepared (Canaple, 2002; Rrathone et al., 2013).  

 

Entrapment Immobilization: Yeast cells were mixed with 

the Na-alginate 6% and poured drop by drop in the 

calcium chloride solution 0.1 M and left for 30 minutes 

in order to increase their stability (Figure 1B), (Duarte et 

al., 2013 and http://www.fao.org/docrep/w7241e/ 

w7241e0a.htm). 

 

Gelatin Immobilization: A 10% solution of gelatin was 

prepared and mixed with yeast cell suspension, providing 

a solid structure for the yeast. A 20% formaldehyde 

solution was added to increase the stability of the gel 

prepared. Once the stability was increased, the gel was 

stored in fridge in 4
o
C for 30 min (Figure 1C), (Lee, 

2008; Nam Sun Wang, 1988).  

 

Batch fermentation was carried out in 250 ml volume 

flasks, in three different fermentation environments. As 

fermentation medium was used beer wort in 12
0
 Plato, 

16
0
 Plato and 12

0
 Plato + 5% alcohol. Cell density used 

in the medium 1 g/l and 2 g/l. 

 

Mathematical models 

 

We chose simplified mass balance mathematical models 

that reflect only the kinetic rates of the main process 

reactions: biomass growth, ethanol production and 

substrate consumption for biomass and product 

formation (Aiba et al., 2000). The fermentation process 

kinetics was described with the ordinary differential 

equation (Di Serio et al., 2001): 

 

X / S P / S

dX
μX

dt

dP
qX

dt

dS 1 dX 1 dP

dt Y dt Y dt

=

=

= - = -

 (1) 

 

Where X was biomass concentration, P is ethanol 

concentration, S substrate concentration, YX/S and YP/S 

were yield coefficients, µ and q were specific growth and 

product accumulation rates (Panikov, 1995).  

 

The main kinetic parameters are:  

Maximal specific growth rate µmax,  

 

Monod constant, Ks value is the concentration of 

substrate when µ is equivalent to half of µmax 

 

The inhibitor constant, Ki is an indication of how potent 

an inhibitor is, it is the concentration required to produce 

half maximum inhibition. 

http://www.fao.org/docrep/w7241e/%20w7241e0a.htm
http://www.fao.org/docrep/w7241e/%20w7241e0a.htm
http://www.fao.org/docrep/w7241e/%20w7241e0a.htm
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In this research following models are used: 

 

Monod 
max

s

s
μ μ

s K
=

+
 (2a) 

 

Contois 
sxK

s
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S

S

e
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
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Product inhibition (Aiba) 

( )max i

s

s
μ μ exp K * p

s K
= -

+
 (2e) 

 

Results and Discussion 

 

Kinetic parameters  

 

To evaluate fermentation performance based on kinetic 

constant maxμ and Ks, we have used three linearization 

methods: 

 

Lineweaver – Burk 

s

max max

K1 1 1

μ μ s μ
= +

 (3a) 

 

Hans Woolf 

s

max max

Ks 1
s

μ μ μ
= +

 (3b) 

 

Eadie Hofslee 
s max

μ
μ K μ

s
= - +

 (3c) 

 

The highest correlation coefficient was chosen, and Ki 

was determined by the mathematical method trial and 

error.  

 

The maximum specific growth rate for entrapment yeast 

cells is almost the same compared to free yeast cell as 

high is the cell yeast density used in normal fermentation 

medium and smaller the bead size is. During 

fermentation, the diameter of immobilized beads 

increased and structure released more cells in the 

medium. In the present investigation, they were used in a 

very good yeast condition, up to six batches. Entrapment 

and capsulated immobilization techniques protected the 

morphology of cells, and supported cells growth and 

budding (Fig. 5). Gelatin immobilization techniques 

would be unrecommendable as cell growth is not 

supported.  

 

Results of gel immobilization showed that the 

immobilization support is unstable and dissolves into the 

fermentation medium. Consequently, the immobilization 

technique did not have any impact on the fermentation 

process. Neither the entrapment method, nor the 

capsulation immobilization method showed differences 

between fermentation processes. However, there were 

differences compared to free yeast cell fermentation rate.  

 

Morphological characteristics of yeast cells in 

immobilized beads  

 

Inappropriateness of the gelatin immobilization 

technique is clearly depicted in the Figure 5B. No sign of 

budding phase was shown and cell growth stopped. In 

addition, contamination rate was very high. Compared to 

entrapment and capsulated immobilized yeast, cell 

growth could be noted (Figure 5A/5C). Cells were very 

good developed and multilateral or unilateral budding 

and pseudomycelium formation was shown. Cell 

counting performed by Thomas camera showed that cell 

vitality increases after fermentation in immobilized 

beads, compared to free cell suspension. 

 

Further investigation was done for immobilized yeast 

with entrapment method as the most similar one with 

traditional free yeast cell fermentation. Were used three 

different bead size and also different cell density in the 

medium.  

 

The system differential equations (1) is a classic 

description of various biotechnological processes. We 

tested 12 mathematical models obtained by different 

authors and applied for different biotechnological 

processes. The careful analysis of that work and our 

experimental results restricted our choise to 5 of these 12 

mathematical models. For some of the discarded models 

unsual and unexplained constant values, even from a 

biological point of view, were obtained, while in other 

models it was impossible to identify the parameters. The 

mathematical models chosen as a result of the pre-

selection are listed: equation (2a) – (2e). The obtained 

kinetic parameters for all the investigated models are 

given in Table 1 and 2.  
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Fermentation model simulation based on evaluated 

kinetic parameters 

 

Figure 6 shows the model simulation result comparison 

with experimental data for the specific growth rate 

modeling equation. As seen, all the identified models 

describe with relatively good accuracy the batch 

fermentation process in the both cases (with and without 

cell immobilization). In order to choose the best model, it 

is important to consider how well it fit experimental data 

with Monod model.  

 

Looking at Figure 6(b), we can conclude that in the case 

of free cell fermentation the model of Teisser do not fit 

in comparison to the rest of the rest of the models. In the 

case of the free cell fermentation, we have high values of 

the parameters Ks and YX/S. In low cell density Monod 

and Contois model fit well with experimental data, 

whereas in high cell density experimental data do not fit 

with any models.  

 

A similar analysis can be done for the models of the 

second case of immobilized cell fermentation, Figure 6a. 

Since immobilized cells growth inside beads pearls, they 

are restricted by diffusion resistances and have a lower 

maximum specific growth rate. The decreasing of the 

specific growth rate is due to the internal diffusion 

resistances rather than due to the external ones because 

the process is carried out with intensive stirring and 

hence the main resistance is due to the substrate diffusion 

through the alginate pores. In that case the models have 

lower value of Ks in comparison with those for the free 

cell fermentation. This could be explained with higher 

concentration of viable yeasts cells in the bioreactor 

working volume.  

 

In Figure 7 are given comparison of the mathematical 

models, in case of substrate inhibition. Figure 7(a), 

shows cell immobilized (4mm) and we see that Monod, 

Contois and Teisser models do not fit at all with 

experimental data. From the results obtained fit the 

equation (2d), which has an exponential dependence. In 

this case we have the impact of the inhibition constant 

Ki, that reduces the maximum specific growth rate and 

increases the semi saturation constant Ks. In the Figure 

7(b), performance is shown for the free cell fermentation 

and it also has an exponential dependence, due to the 

substrate inhibition maximum specific growth rate 

decrease more and the semi saturation constant Ks and 

inhibition constant Ki increase even more.  

 

In Figure 8, are given comparison of the mathematical 

models, in case of product inhibition. Figure 8(a), shows 

cell immobilized (4mm) and Monod, Contois and Teisser 

models are far from experimental data during the 

exponential cell growth. From the results the model fit 

the equation (2e), which has an exponential dependence.  

 

The values of K1 parameter are very low. This is because 

the obtained ethanol concentration is much lower than 

the concentration that causes complete cell growth 

inhibition for our experimental data. In the Figure 8(b), is 

represented free cell yeast fermentation performance 

which is exponential too. 

 

Table.1 Kinetic constants maxμ and Ks for immobilized yeast with entrapment and capsulation method compared to 

free cell fermentation 

 
  Free cell Entrapment (4mm) Capsulation (4mm) 

12
0
 Plato fermentation KS (

0
P) 10.2 7.1 14.3 

µMAX (1/h) 0.48 0.4 0.11 

16
0
 Plato fermentation KS (

0
P) 22.4 7.1 26.2 

µMAX (1/h) 0.38 0.471 0.18 

20
0
 Plato fermentation KS (

0
P) 24 21.4 23.1 

µMAX (1/h) 0.22 0.32 0.26 

12
0
 Plato + 5% alcohol 

fermentation 

KS (
0
P) 18 15.6 16.1 

µMAX (1/h) 0.11 0.135 0.128 

12
0
 Plato + 20% alcohol 

fermentation 

KS (
0
P) 12.3 13.4 13.2 

µMAX (1/h) 0.0008 0.01 0.11 
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Table.2 Identified model parameters for immobilized entrapment yeast (1g/l), for three different bead diameter in 

inhibitory and non-inhibitory conditions 

 

  Bead Diameter μ
max

  K
s
  K

i
  Y

p/s
  Y

x/s
  R  

1/ore  °Plato  °Plato  -  -  %  

Fermentation 1: 

12
0
 Plato fermentation 

4 mm  0.593  12.01  -  0.5  0.00114  97.6  

5.3 mm  0.34  7.145  -  0.5  0.0021  82.8  

7 mm  0.385  10  -  0.5  0.0023  66.3  

Free yeast  0.711  14.413  -  0.5  0.09881  89.3  

Fermentation 2: 

16
0
 Plato fermentation 

  

4 mm  0.471  20.94  104.7  0.5  0.0117  93.8  

5.3 mm  0.839  42.718  213.6  0.5  0.0126  93.1  

7 mm  0.406  22.94  114.7  0.5  0.0127  97.3  

Free yeast 0.384  24.894  124.47  0.5  0.0669  91.6  

 Fermentation 3: 

20
0
 Plato fermentation 

4 mm  0.321  22.793  113.965  0.5  0.0101  95.17  

5.3 mm  0.425  29.701  148.505  0.5  0.0132  91.01  

7 mm  0.412  27.629  138.145  0.5  0.0134  87.58  

Free yeast 0.208  23.638  118.19  0.5  0.0624  95  

 Fermentation 4: 
 

12
0
 Plato + 5% alcohol fermentation 

4 mm  0.135  14.79  0.1  0.5  0.0143  98.3  

5.3 mm  0.018  9.316  0.09  0.5  0.0162  68.1  

7 mm  0.167  0.613  0.006  0.5  0.0217  80.7  

Free yeast 0.11  18.54  0.18  0.5  0.1148  97.1  

 Fermentation 5: 

12
0
 Plato + 20% alcohol fermentation 

4 mm  0.009  12.37  0.12  0.5  0.0059  99.9  

5.3 mm  0.005  11.84  0.11  0.5  0.0095  94.4  

7 mm  0.011  12.51  0.12  0.5  0.0064  99.6  

Free yeast 0.00008  12.3  0.12  0.5  0.1975  99  

 

Fig.1 Immobilized yeast: a-capsulation immobilization, b- entrapment immobilization, c- gelatine immobilization 

 

   
 

Fig.2 Example of linearization methods used for constant determinations 

 

 



Int.J.Curr.Res.Aca.Rev.2017; 5(10): 42-52 

  
 

47 

Fig.3 Comparison of maximum specific growth rate (μmax) for free cell fermentation, entrapment and capsulation 

immobilization fermentation in different medium conditions 

 

 
 

Fig.4 Comparison of half saturation constant for free cell fermentation, entrapment and capsulation immobilization 

fermentation in different medium conditions 

 

 
 

Fig.5 Microscopy images for immobilized yeast cells 

 

   
A (entrapment)  B (gel support)  C (capsulation) 
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Fig.6 Comparison of mathematical models for specific growth rate in the cases of immobilized cell (4mm) (a) and free 

cells (b), in 12
0
Plato fermentation 

 

 
(a) 

 
(b) 

 

Fig.7 Comparison of mathematical models for specific growth rate in the cases of immobilized cell (4mm) (a) and free 

cells (b), in the second fermentation 

 

 
(a) 
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(b) 

 

Fig.8 Comparison of mathematical models for specific growth rate in the cases of immobilized cell (4mm) (a) and free 

cells (b), in the fourth fermentation 

 

 
(a) 

 
(b) 
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Fig.9 Constant comparison for inhibitory and non-inhibitory conditions for different cell density in the medium 

(Entrapment immobilized method, 4mm bead size) 

 

 
 

From Figure 9, based on kinetic parameter analyses it is 

very clear that substrate and product inhibition decrease 

significantly μmax. This effect is stronger for product 

inhibition compared to substrate inhibition. The opposite 

is for half saturation constant. Increasing cell density in 

the medium by an increase in μmax value and there are no 

notable differences at half saturation constants.  

 

This study investigated free and immobilized 

Saccharomyces carlsbergensis growth kinetics and 

fermentation performance based on different kinetic 

models, Monod, Contois, Teisser and other models 

which present the substrate and product inhibition. 

 

Entrapment and capsulation immobilization techniques 

are applicable, effective and of economic benefit. We 

recommend to use the entrapment immobilization 

technique because the beads are easier to obtain, more 

uniform, stable and smaller in size.  

 

Immobilized yeast is easier to handle than the free cells. 

In addition, it could be reused both in batch and 

continuous processes. Gelatin immobilization techniques 

would be unrecommendable as cell growth is not 

supported. During fermentation, the diameter of 

immobilized beads increased and structure released more 

cells in the medium. Entrapment and capsulated 

immobilization techniques protected the morphology of 

cells, and supported cells growth and budding.  

 

Microscopic surveys of immobilized yeast cells, shows 

notable differences in cell growth performance of gelatin 

immobilization technique compared to free and two other 

immobilization techniques. Budding, pseudomycelium 

formation, vitality and contamination was better in 

entrapment and capsulated immobilized yeast, compared 

to free cell suspension. 

 

Even with slightly small differences, the entrapment 

immobilization technique is better compared to 

capsulation technique. This is due to the smaller, uniform 

and consistent breads, insuring a more stable 

fermentation process. This conclusion is sustained also 

referring to the kinetic constants.  

 

Capsulation method in normal fermentation condition is 

less effective than entrapment and free yeast cell 

fermentation, but is more effective in inhibitory 

conditions. Impact of substrate and product inhibition 

decreased due to the immobilization techniques. 

 

From the obtained results it is easy to choose a single 

best fitting model. Good approximation potential was 

shown by the models of Monod, Teisser, in non-
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inhibitory condition. Due to diffusion resistances 

fermentation performance is better with immobilized 

cells. Mathematical models both for substrate and 

product inhibition are exponential.  

 

Entrapment and capsulation immobilization techniques 

are applicable, effective and of economic benefit. These 

techniques protected the morphology of cells, and 

supported cells growth and budding. In normal 

fermentation conditions entrapment immobilization is 

similar with free yeast cell fermentation. In inhibitory 

condition both immobilized methods are more effective 

than free yeast cell traditional fermentation. Better 

results gives capsulation immobilization method. This 

results are supported also by kinetic parameter 

investigation.  

 

Kinetic parameters investigation of free and immobilized 

Saccharomyces carlsbergensis was done based on 

growth kinetics, ethanol productivity and substrate 

consumption (glucose) using computer simulation for 

different kinetic models, Monod, Contois, Teisser and 

other models which present the substrate and product 

inhibition. 

 

Eleven of the most popular cultivation model structures 

were investigated. Good approximation potential was 

shown by the model of Monod, Teisser and Aiba. For 

substrate and product inhibition the most approximate 

models were exponential. Non-inhibitory fermentations 

fits with the Monod model, while product and substrate 

inhibition fermentation fits with exponential models. 
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