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Notations: Bi: Biot number; CC: Cells concentration, kg d.w.kg-1;
CS: substrate concentration, kg.m-3; CSi: Substrate concentration at 
the biocatalyst particle surface, kg.m-3; CSL: Substrate concentration 
in the liquid bulk, kg.m-3; CSP: Substrate concentration inside the 
biocatalyst particle, kg.m-3; d: Impeller diameter, m; dP: Biocatalyst 
particle diameter, m; DSe: Effective diffusivity, m2.s-1; DSL: liquid phase 
diffusivity, m.s-1; KI: Inhibition constant, kg.m-3; kL: liquid phase mass 
transfer coefficient, m/s; KM’: Apparent Michaelis-Menten constant, 
kg.m-3; nL: External mass flow, kg.m-2.s-1; nP: Internal mass flow, 
kg.m-2.s-1; N: Rotation speed, s-1; RP: Biocatalyst particle radius, m; V: 
Maximum biochemical reaction rate, kg.m-3.s-1;

Greek Letters: φ: Volumetric fraction of biocatalyst particles; ϕ:
Thiele modulus; ηL: Liquid phase viscosity, Pa.s-1; ρL : Liquid phase 
density, kg.m-3

Introduction
The new concept of “white biotechnology” has been promoted at 

the International Conference “European Bioperspectives - En Route 
to a Knowledge-Based Bio-Economy” (Cologne, Germany, May 31 - 
June 1 2007) and proclaims that the use of renewable raw materials for 
biofuels production by low-expensive and ecofriendly biotechnologies 
constitutes one of the priorities of the industrial activities [1].

Included in the new biofuels class currently tested and used, 
bioethanol represents an attractive alternative to the conventional 
fossil fuels, its production by converting various substrates by free or 
immobilized cells of bacteria (Clostridium sp.) or yeasts (Saccharomyces 
sp., Zymomonas sp.) being intensively studied in the last two decades 
[2-4]. Glucose is the substrate with the fastest conversion rate in the 
bacterial or yeasts metabolic processes for bioethanol production. The 
bacteria or yeasts posses the ability to convert glucose under anaerobic 
conditions by Embden-Mereyhof-Parnas metabolic pathway, the 
main final products being the ethanol and carbon dioxide [5,6]. The 
efficiency of ethanol production by yeasts can be affected by glucose or 
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ethanol concentration, due to the specific phenomenon of substrate or 
product inhibition. In these circumstances, the viability of S. cerevisiae 
population, the substrate consumption and ethanol biosynthesis rates 
are directly controlled by the cultivation conditions. An interesting 
result has been obtained by Nagodawithana and Steinkraus, the authors 
concluding that the addition of ethanol in a culture of S. cerevisiae 
induces less toxic effect than that generated by ethanol biosynthesized 
during the fermentation, the cells death occurring with lower rate in 
the former case [7]. This result could be explained by the presence of 
other metabolic products beside ethanol, these secondary products 
contributing to the amplification of its inhibitory phenomenon.

As it was previously concluded, the fermentation with immobilized 
cells could avoid the substrate inhibitory effect, the use of higher 
concentration of carbohydrates becoming possible, allows the easier 
recovery of biocatalysts and attenuates the reduction of the microbial 
activity [1,4]. Therefore, the biocatalysts can be reused for many 
fermentation cycles. 

Among the bioreactors with immobilized biocatalysts, those 
with stirred/mobile beds are the most attractive ones, owing to their 
constructive and operational similitude to the well-known stirred 
bioreactors and, consequently, to the higher rates of heat and mass 
transfer that can be reached. But, as it can be observed from literature, 

Abstract
The external and internal mass transfers of substrate have been analyzed for alcoholic fermentation using a 

bioreactor with mobile beds of immobilized yeast cells. The experiments have been carried out under glucose inhibition 
limitation for different sizes and concentrations of biocatalysts particle. By means of the substrate mass balance for 
a single particle of biocatalysts, considering the kinetic model adapted for the inhibitory effect of glucose, a specific 
mathematical model has been developed for describing the profiles of the substrate concentration in the outer and inner 
regions of biocatalysts and, implicitly, for estimating its mass flows in the liquid boundary layer surrounding the particle 
and inside the particle. The values of the mass flows are significantly influenced both by the internal diffusion velocity 
of substrate, and by the rate of the biochemical reaction of substrate consumption. These cumulated influences led to 
the appearance of “biological inactive region” near the particle centre, its magnitude varying from 0.34 to 1.22% from 
the overall volume of particles. The use of mixing diminished considerably the extent of this region compared to that 
recorded for similar substrate conversion in a fixed bed bioreactor.
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most of the experiments on alcoholic fermentation with immobilized 
cells have been carried out in fixed bed bioreactors in continuous, 
semi continuous or fed-batch systems [2-4,8-16]. The fixed beds of 
immobilized cells have been preferred due to the higher sensitivity of 
the immobilized cells or enzymes to the shear forces generated by the 
impellers. 

Our previous studies on alcoholic fermentation performed in a 
bioreactor with stirred beds of immobilized S. cerevisiae cells in alginate 
indicated that it is possible to reach very efficient mixing without or 
with minimum loss of biocatalysts physical integrity by selecting 
the optimum impellers combination [17]. These studies have been 
dedicated to the analysis of the medium hydrodynamics for different 
biocatalysts particles sizes and volumetric fractions using seven types 
of radial impellers. The results have been directly correlated with the 
shear effects on the immobilized cells particles.

The previous experiments are continued by investigating the 
external and internal mass transfer of glucose under substrate inhibition 
limitation and by developing a new mathematical model describing the 
distribution of substrate concentration inside the biocatalysts particle. 

Materials and Methods
Equipments

The experiments have been carried out in 5 L (4 L working volume) 
laboratory bioreactor (Biostat A, B. Braun Biotech International), with 
computer-controlled and recorded parameters [18,19]. 

The mixing equipment consists of two pitched bladed turbines 
of 64 mm diameter and three baffles. The inferior impeller has 
been placed at 64 mm from the bioreactor bottom. The superior 
impeller was placed on the same shaft at a distance of 32 mm from 
the inferior one. The rotation speed was maintained at 250 rpm, this 
value avoiding the “cave” formation at the broths surface, solid phase 
deposition at the bioreactor bottom and mechanical disruption of the 
biocatalysts particles. According to the previous results, these impellers 
combination and rotation speeds were found to be the optimum ones 
for the investigated fermentation system [17]. Any mechanical damage 
of the biocatalyst due to the shear forces was recorded during the 
experiments.

In the experiments, immobilized S. cerevisiae cells in alginate have 
been used. The immobilization has been carried out by cells inclusion 
into the alginate matrix, respecting the method given in literature [11]. 
The following diameters of the biocatalyst spherical particles have been 
obtained: 4, 4.6 and 5.2 mm. The volumetric fraction of the immobilized 
cells into the medium was varied between 0.07 and 0.40.

The composition of the medium was: glucose 100 g.L-1, KH2PO4 5 
g·L-1, (NH4)2SO4 2 g·L-1, MgSO4 0.2 g·L-1, yeast extract 2 g.L-1, tap water 
to the prescribed volume [20]. The fermentations have been carried out 
at 28oC. 

The process evolution has been analyzed by means of the variation 
of glucose concentration in the liquid during the fermentation. The 
glucose concentration has been measured by high performance 
liquid chromatography technique (HPLC) with a Phenomenex Rezex 
ROA column (7.8 mm diameter, 300 mm length), provided with the 
refractive index detector RID-10A. The mobile phase was a solution 
of 5x10-3 N sulfuric acid with a flow rate of 0.6 mL/min. The analysis 
temperature was of 65oC.

Theoretical aspects and mathematical models

Internal diffusion is important especially for the biocatalysts 
obtained by cells or enzymes immobilization inside of an inert matrix. 
In this case, the substrate has to migrate to the cells or enzymes through 
non-linear channels, its diffusion being described by the effective/
apparent diffusion coefficient or diffusivity. The rate of the biochemical 
reactions occurring inside the biocatalyst particle is inferior to that 
corresponding to the homogeneous system, due to the lower substrate 
concentration compared to its value in the liquid bulk.

The profile of the substrate concentration in this system is plotted 
in Figure 1.

The values of glucose concentrations at the particle surface and 
inside the particle can be obtained by means of its mass balance 
related to a single biocatalyst particle. In this purpose, the following 
assumptions have been considered:

- the kinetics of the biochemical reaction includes the substrate 
inhibitory effect;

- the biocatalyst particle is spherical;

- the yeast cells are uniformly distributed inside the particle;

- there are no interactions between the substrate or products and 
support;

- the internal diffusion is described by Fick law and effective 
diffusivity.

The kinetic model for the bioethanol production is described by the 
Michaelis-Menten model modified for substrate inhibition [21]:
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Figure 1: Profile of substrate concentration for a single biocatalyst particle.



Citation: Galaction A, Turnea M, Cascaval D (2012) Glucose Mass Transfer in Alcoholic Fermentation Using Stirred Beds of Immobilized S. Cerevisiae 
Cells. Single Cell Biol 1:101. doi:10.4172/ 2168-9431.1000101

Page 3 of 6

Volume 1 • Issue 1 • 1000101
Single Cell Biol, an open access journal
ISSN: 2168-9431

Therefore, the expression for the mass balance of glucose related to the 
biocatalyst particle is:
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Considering the steady-state conditions, the equation (2) becomes:
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and can be solved under the following boundary limits:
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In these circumstances, the solution of equation (3) describes the 
glucose concentration profile inside the biocatalyst particle:
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The substrate concentration at the particle surface is obtained using 
the following relationship:
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The Thiele modulus, ϕ, and the Biot number, Bi, quantify the 
influence of the internal diffusion. Thus, the Thiele modulus indicates 
the magnitude of the influence of internal diffusion on the biochemical 
reaction rate [22]. For the studied system, it is defined by the expression:

3 '
P

M Se

R V
K D

φ = ⋅
⋅

                                                                           (6)

The Biot number represents the ratio between the resistance to 
the diffusion in the boundary layer surrounding the particle and that 
corresponding to the internal diffusion [22]:

L P

Se

k R
Bi

D
⋅

=                     (7)

By means of the substrate concentration values in the liquid bulk and 
inside the biocatalyst particle, the external and internal mass flows of 
glucose can be calculated. Therefore, the substrate flux from the liquid 
phase to the particle surface is:
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where kL represents the mass transfer coefficient in the boundary layer 
at the particle surface, being calculated with the expression [23]:
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The internal mass flow can be obtained by combining the Fick law:
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with expression (4), resulting the following expression adequate for the 
fermentation system under substrate inhibition:
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The values of the parameters used for calculating the external and 
internal mass transfers have been previously established and are given 
in Table 1 [24-26].

Results and Discussion
External mass transfer

Besides the direct influence of glucose concentration in the liquid 
bulk on its concentration at particle surface, equation (5) suggests 
that the value of the superficial concentration depends on the size 
and volumetric fraction of biocatalyst particles. These two parameters 
exhibit their influences through the consumption rate of substrate. 

According to the Figure 2, the increase of the particle diameter 
leads to the reduction of the ratio between the glucose concentrations 
at the particle surface and in the liquid bulk, due to the increase of the 
thickness of the liquid boundary layer and, implicitly, of the resistance 
to the diffusion towards the particle surface.

This influence is valid only for biocatalysts concentrations up to 
25% vol., over this level the increase of the particle size inducing the 
increase of the glucose concentration at its surface. In this case, the 
increase of the biocatalysts concentration determines the increase of 
the yeast cells concentration and, consequently, the acceleration of 
the substrate bioconversion rate, effect that is more important for the 
smallest biocatalyst particles. For this reason, the diminution of the 
value of superficial concentration of glucose due to the more important 
resistance to diffusion is partially counteracted by the slower rate of the 

Parameter Value
DSL 6.47 x 10-10 m2.s-1

DSe 4.39 x 10-10 m2.s-1

KM’ 18.14 kg.m-3

KI
117.82 kg.m-3 for φ < 0.25
  89.48 kg.m-3 for φ ≥ 0.25

V

6.35 x 10-4 kg·m-3· s-1 for dP = 4.0 mm and φ < 0.25
8.68 x 10-4 kg·m-3· s-1 for dP = 4.0 mm and φ ≥ 0.25
4.46 x 10-4 kg·m-3· s-1 for dP = 4.6 mm and φ < 0.25
5.79 x 10-4 kg·m-3· s-1 for dP = 4.6 mm and φ ≥ 0.25
2.27 x 10-4 kg·m-3· s-1 for dP = 5.2 mm and φ < 0.25
3.16 x 10-4 kg·m-3· s-1 for dP = 5.2 mm and φ ≥ 0.25

Table 1: Parameters used for calculations.
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biochemical reaction for particles with diameters of 4.6 and 5.2 mm. 
This conclusion is demonstrated by the highest value of the ratio CSi/
CSL obtained at φ = 0.40 for biocatalyst particles with 5.2 mm diameter.

The negative influence of the amount of biocatalyst particles 
in the medium on the substrate concentration at the solid surface is 
the result of the acceleration of the biochemical reaction rate. From 
Figure 2 it can be observed that by increasing the volumetric fraction of 
biocatalysts from 0.07 to 0.40, the ratio CSi/CSL is reduced from 0.84 to 
0.16 for the particles with diameter of 4 mm, from 0.65 to 0.19 for the 
particles with diameter of 4.6 mm, respectively from 0.40 to 0.23 for the 
particles with diameter of 5.2 mm.

The dependence between kL and the biocatalysts size and 
concentration is graphically presented in Figure 3.

Figure 3 indicates the negative effect of the particle diameter on the 
mass transfer coefficient through the liquid boundary layer surrounding 
the particle, owing to the increasing of this layer thickness. The particles 
concentration exhibits a contrary influence, its increase leading to the 
increase of kL. This result can be attributed to the acceleration of glucose 
bioconversion rate at higher amount of biocatalysts and, therefore, to 
the increase of the glucose concentration gradient between the liquid 
bulk and particle surface.

The external mass flow of glucose has been calculated by 
introducing the values of the above discussed parameters in equation 
(8), considering the glucose concentration in liquid equal with its 
initial concentration (100 g.L-1). In this context, Figure 4 underlines the 
decisive role of the volumetric fraction of biocatalysts on the variation 
of glucose mass flow with biocatalysts diameter.

Therefore, at volumetric fraction below 0.25, the mass flow 
increases with the increase of particles size, due to the amplification 
of the substrate concentration gradient inside the liquid boundary 
layer. The sense of this variation is modified for more concentrated 
suspensions of biocatalysts, as the result of the increase of substrate 
superficial concentration and, implicitly, of the diminution of its 
concentration gradient for larger particles.

Internal mass transfer

Because the glucose concentration inside the biocatalyst particle 
depends strongly on its concentration at the particle surface, the 
variation of the ratio between these two concentrations with the 
particle radius can describe more accurately the influence of the 
internal diffusion. From Figure 5 it can be seen that the ratio CSP/CSi 
is significantly reduced to the particle centre, this effect being more 
pronounced for biocatalyst particles with higher diameters.

Thus, the value of this ratio decreases from 1 to 0.048 for the smallest 
particles, to 0.042 for the medium particles, and to 0.035 for the largest 
ones, respectively. This variation is not affected by the modification of 
biocatalysts concentration in the medium.

In this circumstances, function of the superficial concentration 
of glucose and biocatalysts concentration, the glucose concentration 
at the particle centre could reach a very low value compared to that 
from the liquid bulk, this becoming an important threat for the normal 
alcoholic fermentation process. Due to the increase of the magnitude 
of diffusional resistance for the larger particles, at low volumetric 
fraction (φ=0.07), the central substrate concentration for particles with 
4 mm diameter is for about 1.4 times greater than that for particles 
with 4.6 mm diameter, respectively for about 2.8 times greater than 
that corresponding to the particles having the diameter of 5.2 mm. 
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Figure 3: Influence of biocatalyst particles size and volumetric fraction on 
kL.
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Figure 4: Influence of biocatalyst particles size and volumetric fraction on 
external glucose mass flow.

For concentrated suspensions (φ=0.40), the values of the central 
concentrations for the three sizes of biocatalysts are comparable, 
owing to the high bioconversion rate of glucose which compensates the 
differences between the substrate diffusion velocities in these particles.

By means of the equation (11) and using the above presented data, 
the values of the internal mass flow of glucose have been estimated. The 
variation of internal mass flow with the biocatalyst radius is plotted in 
Figure 6.

The primary analysis of the plotted curves indicates that the 
values of the internal mass flow are for about 106 times lower than 
those recorded for the external mass flow. Moreover, Figure 6 shows 
the direct correlation between the internal mass flow and substrate 
concentration; both being significantly reduced nearly the particle 
centre. Indifferent of the particle size, for certain inner position and 
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biocatalysts concentration, the highest levels of internal mass flow have 
been reached for the smallest particles, owing to the lowest resistance 
to the substrate internal diffusion. This order of variation has been 
maintained also at higher concentration of biocatalysts, but with 
the pronounced reduction of the mass flow, for the above discussed 
reasons (at a distance of 1.5 mm from the particle centre, the mass flow 
estimated for φ=0.40 was lower than that for φ=0.07 for about 4.9 times 
for particles with 4 mm diameter, 3.4 times for particles with 4.6 mm 
diameter, 1.8 times for particles with 5.2 mm, respectively).

Taking into consideration the order of magnitude of effective 
diffusivity, it can be assumed that for values of internal mass flow lower 
than 4x10-10 kg.m-2.s-1 the mass transfer of glucose is insignificant. 
Therefore, the glucose mass flow becomes negligible for the largest 
particles in a region with radius of 0.1 mm for φ=0.07, respectively in a 
region with radius of 0.6 mm for φ=0.40. For the smaller particles, only 
at a volumetric fraction of 0.40 the internal mass flow reaches values 
below 4x10-10 kg.m-2.s-1, in a region with radius of 0.3 mm for particles 
with 4 mm diameter, and with radius of 0.5 mm for particles with 4.6 

mm diameter. In all these cases, a region representing between 0.34 
and 1.22% from the overall particles volume could be considered as 
a “biological inactive region”. Because the experimented bioreactor is 
with mobile beds of immobilized biocatalysts, the extent of this region 
is significantly diminished compared to that previously reported for 
similar fermentation using a fixed bed bioreactor (due to the reduced 
substrate concentration at the biocatalyst particle surface for the second 
type of bioreactor, as the result both of the increased turbulence around 
the particles for the stirred bed bioreactor and to the diffusion inside 
the packed bed for the fixed bed bioreactor) [22].

Conclusions
The alcoholic fermentation using a bioreactor with mobile beds 

of immobilized S. cerevisiae cells on alginate has been analyzed under 
substrate inhibition conditions. The studies have been focused on the 
external and internal mass transfer of glucose and, implicitly, on the 
influence of the internal diffusion on the transfer and biochemical 
processes. The experiments have been carried out for different sizes and 
concentrations of biocatalysts particle.

In this purpose, a specific mathematical model has been developed 
taking into account the substrate mass balance for a single particle 
and its inhibitory effect, being used for calculating the glucose 
concentrations at the surface and inside the biocatalyst. Using these 
concentration values, the glucose mass flows through the liquid 
boundary film surrounding the particle and inside the particle have 
been estimated. The influence of the particles size on the substrate mass 
flows has to be analyzed in direct relation with the volumetric fraction 
of the particles in the medium, due to the significant dependence 
between the biochemical reaction rate and biocatalysts concentration.

The variation of internal mass flow of glucose with particle radius 
indicated that it is possible to be reached very low values of mass flow 
nearly the particle centre, values that could be negligible. The region 
inside the particle corresponding to the insignificant mass transfer of 
glucose could be considered “biological inactive region”, its magnitude 
varying from 0.34 to 1.22% from the overall volume of particles. But, 
this extend of the dead region is considerably lower than that observed 
in the bioreactor with fixed bed of immobilized yeast cells. 
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Figure 6: Variation of internal glucose mass flow with distance from the 
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