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ABSTRACT 

Effectiveness factor values corresponding to carrageenan immo- 
bilized yeast beads packed in a continuous tubular fermenter are ob- 
tained from the mathematical modellization of the reactor performing 
ethanol fermentation. Simultaneously, microscopical direct observa- 
tion of transversal sections corresponding to two different points in 
the fermenter is in good agreement with the calculated values: An 
effectiveness factor near to unity gives a uniform cell distribution in 
beads, as an effectiveness factor near to 0.75 corresponds to a non- 
uniform cell growth in beads. This observation gives a visual evidence 
of the validity of the approach used to treat diffusional limitations in 
biocatalytic particles. 

I n d e x  E n t r i e s :  Effectiveness factor; diffusion and reaction; etha- 
nol fermentation; immobilized cells. 

NOMENCLATURE 

Ds effective diffusivity of glucose in 
carrageenan gel 

Dp effective diffusivity of ethanol in 
carrageenan gel 

Kms external mass transfer coefficient for 
glucose 

cm 2 min- 1 

cm 2 rain- 1 

m s - 1  

*Author to whom all correspondence and reprint requests should be addressed. 
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Kmp external mass transfer coefficient for 
ethanol 

K~ kinetic constant 
K~ kinetic constant 
P ethanol concentration 
Pf ethanol concentration in the fluid phase 
Psur ethanol concentration in the bead surface 
R bead radius 
S glucose concentration 
Sf glucose concentration in the fluid phase 
Ssur glucose concentration in the bead surface 
X distance from the bead center 
Xp cell concentration in the geal beads 
Ysp fermentation yield 
v specific fermentation rate 

effectiveness factor, dimensionless 

ms-1 

gL -1 
gL-1 
gL-1 
gL-1 
gL-1 
mm 
gL-1 
gL-1 
gL -1 
mm 
gd.w. L -1 
g ethanol/g glucose 
h-1 

INTRODUCTION 

The analysis of simultaneous diffusion and reaction inside catalytic 
particles is one of the most significant examples in chemical engineering 
of how a problem that in first instance appears to be difficult can be solved, 
and how an adequate mathematical methodology can help in the compre- 
hension of what is physically happening in the system, thus enabling the 
prediction of future situations. 

From the well-known early works first describing this topic (1,2), a 
very large number of papers and books covering different aspects of such 
an exciting subject have appeared in the literature (3-6), for example, 
with some really singular contributions in which it is described as a Chemi- 
cal Engineering Symphony (7). 

The same methodology has been applied successfully in biochemical 
engineering, especially with the increasing research interest in that field 
since 1970, and thereafter, the usefullness of such approach has been 
demonstrated in the field of immobilized biocatalysts, either using en- 
zymes (8) or whole cells (9). 

In a system with cells immobilized into spherical gel beads, the effect 
of diffusion is reflected in a concentration gradient inside the particles, 
thus, the cells are not exposed to the same nutrient concentration and 
therefore their growth and fermentation rate should be different. The 
effectiveness factor in a bead is defined as the ratio between the observable 
actual reaction rate and the reaction rate if the nutrient concentration was 
uniform in all the beads and equal to that of its surface (in that case, no 
gradients would be found, and the reaction rate is maximum). Therefore, 
the presence of nutrient gradients inside the beads will be mathematically 
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reflected in an effectiveness factor value lower than one (although in some 
situation with substrate inhibitions, this may cause effectiveness factor 
values greater than 1). Physically, this situation should cause a nonuni- 
form cell growth inside the particles, as, for example, cells in the center of 
the bead can easily become nutrient limited, and will not grow. 

In this communication, the agreement found between calculation of 
the effectiveness factor and qualitative microscopical observation of cell 
growth inside beads is reported. The system in which the experiments 
were carried out was a tubular packed-bed fermenter with Saccharomyces 
cerevisiae cells immobilized in carrageenan beads, where glucose was con- 
tinuously fermented to ethanol. 

MATERIAL AND METHODS 

The characteristics of the immobilized cell fermenter have been previ- 
ously described (10). Basically, it is a tubular packed-bed reactor (2.54 cm 
internal diameter, 40 cm long) filled with 4% carrageenan gel beads (3.5 
mm average diameter) with four sample ports along it. The yeast strain 
used was identified as Saccharomyces cerevisiae Hansen. The fermenta- 
tion medium contained glucose, yeast extract, and mineral salts. Glucose 
and ethanol were analyzed by HPLC. To enable the microscopical obser- 
vation of bead transversal sections, the beads were first fixed with gluter- 
aldehyde, postfixed in OsO4, dehydrated, and embedded in epoxy resin 
to obtain solid blocks that could then be cut transversally into 2-/,m thick 
sections using an ultramicrotome. Then, these transversal sections could 
be observed by phase contrast microscopy. The details of this technique 
have already been reported (11). 

RESULTS AND DISCUSSION 

The mathematical model describing the reactor performance includes 
the following aspects. 

Intrinsic Fermentation Kinetics 

A kinetic model describing the fermentation rate as a function of sub- 
strate and product concentrations was obtained from batch experiments 
using free cell in well-shaked flasks to avoid any mass transfer limitations 
(12). Its equation is 

S K '  = ~, p (1) 
in 

K' + S K' + P 
S p 
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where the values of the kinetic parameters for an initial substrate concen- 
tration (So) of 71 g L -1 and 30~ were: Vm= 1.8 h -1, Iq= 1.9 g L -1, and 
K~=7.2 g L -1. 

Flux Model in the Reactor 

From residence time distribution experiments made in the reactor 
during active fermentation, it was determined that deviation from plug 
flow occurring in the fermenter (mainly resulting from the back-mixing 
caused by CO2 produced by fermentation) could be treated using the 
tanks in series model (13). Depending on each flow rate used, the hydro- 
dynamic behavior of the tubular fermenter was equivalent to that of a 
series of CSTR, from 25 for small flowrate values (approaching plug-flow 
behavior) to 4 for higher flowrates (maximum back-mixing). 

Mass Transfer and Reaction 
in the Gel Beads 

The simultaneous diffusion and reaction inside the immobilized cell 
particles in steady-state is described by the following differential equations 

D /d2 S + 2 d S h = 1 v (S P)X (2) 

X _ ~  # 
s ~k d 2 / p 

x d x Ysp 

Id 2 P 2 d P1 D ~ + = - ~  (S,P) X (3) 
P d x x d x P 

with the boundary conditions 

d S 
: 0 at X : 0 (4) 

d x 

d S 
D = k (Sf at x R (5) s d x ms - Ssur) = 

d P 
= 0 a t  x = 0 ( 6 )  

d x 

D d P = _ km p (Psua:- Pf) at x = R (7) 
P d x 
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Fig. 1. Results of continuous fermentation modeling for a series of ex- 
periments at T=30~ So=71 g L -1, and increasing flowrates of (1) 30, (2) 65, (3) 
110, and (4) 155 mL h -1. �9 and e,  experimental glucose and ethanol concentra- 
tions, respectively, - -  results of the modelization. 

The values for the diffusivity coefficients were  taken as those in water,  
according to the literature (14), Ds---4 10 -4 cm 2 min  -1, Dp = 7.68 10 -1 cm 2 
rain -1. The fermentation rate v(S,P) is given by equation (1). Values for 
km~ ranged be tween 5.6-8 10 -6 m s -1, and  kmp be tween  0.87-1.25 10 -s rn 
s-1 depend ing  on the liquid flowrate. 

The use of this model  made possible to describe with reasonable 
accuracy the steady-state concentration profiles for glucose and ethanol  
along the packed-bed fermenter  at various experimental  conditions.  In 
Fig. 1, the results obtained for 71 g L-1 initial glucose concentrat ion and  
30~ are shown.  Symbols correspond to experimental  data at various 
flow rates and solid lines, to the model  prediction. Moreover,  the effec- 
tiveness factor of the biocatalysts beads at any point along the reactor 
could be calculated by the following equation 

D d S I 4 II" R2 
s x--R Ysp 

3 
n = s " (8) 

X U Kp sur 
p m 

! K~ 4 S K~ 4-P 
sur sur 

which,  according to the previous definition of effectiveness factor, is the 
ratio be tween  the actual reaction rate (in steady-state the rate of substrate 
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Fig. 2. Microscopical observation of a transversal section of an immobi- 
lized cell bead from the fermenter bottom after the experiment in Fig. 1. An exter- 
nal layer with a higher cell density can be clearly observed. The corresponding 
effectiveness factor value calculated through the model is 0.74. 

Fig. 3. Microscopical observation of a transversal section of an immobi- 
lized cell bead from 20 cm of the fermenter after the experiment in Fig. 1. In this 
case, a uniform cell distribution can be observed, in agreement with an effective- 
ness factor calculated through the model of 0.94. 

c o n s u m p t i o n  is equal to the  rate of substra te  transfer f rom the l iquid 
m e d i u m  to the particle) and  the reaction rate calculated us ing  the concen-  
trat ions in the  surface for the whole  particle (that is, in the absence of  dif- 
fusional  l imitations).  Both can be calculated f rom the model .  The resul ts  
of ~ calculation for the  exper iments  already m e n t i o n e d  (Fig. 1) r a n g e d  
f rom 0.74 at the bo t tom section of the fe rmenter  to 0.94 at 15-cm he igh t ,  
r emain ing  cons tan t  at this value for the  rest of the fermenter .  
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Furthermore, the microscopical observations of the internal sections 
corresponding to beads at the bottom of the fermenter  and  at 20-cm height 
after the end  of the experiment in Fig. I are shown  in Figs. 2 and 3, respec- 
tively. It is interesting to see that in the first case (effectiveness factor 
0.74), there is a clear nonuniform distribution of cell densi ty in beads as a 
consequence of substrate concentration gradients (the grow near the sur- 
face was higher because there was more substrate available). However,  in 
Fig. 3, a uniform cell density can be observed, which is in agreement  with 
an ~ ~ 1, that is, in the absence of substrate gradients inside the particles. 

CONCLUSION 

The technique used to obtain transversal sections of immobilized cell 
beads to be observed microscopically makes it possible to qualitatively see 
the effect of diffusional limitations in the system. Furthermore, these 
observations are in agreement  with the effectiveness factor calculations 
made from the mathematical modelization of the fermenter,  thus making 
possible an empirical verification of such approach. 
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