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INTRODUCTION 

The kinetics of substrate consumption in biofilm reactors depends on several processes 
such as external and internal mass transfer and biochemical reaction. Diffusion through 
microbial films - which are complex gelatinous structures containing microorganisms and 
polysaccharides - is often the limiting step controlling the overall rate of consumption. The 
use of diffusion-reaction models to predict biofilm behaviour and, therefore, bioreactor 
performance, is only possible if the values of the diffusion coefficient (or diffusivity) of the 
substrate are known. However, there is too much dispersion in the values published in the 
literature : for instance, molecular diffusivities of glucose in mictobial films appear to vary 
between I 0'% and l 00% of the corresponding diffusivities in water (Harremoes, 1978 ; 
Libiclci et al,, 1988 ; Fan et al, 1990) and, in a limited number of cases, the effective 
diffusivities in the biofilms even exceeded those in water. The lilct tha1 some of the 
biofilms were not produced by the same microbial species explains only a part of the 
problem. Most of the values reported were determined in diffiltent operating condrtions 
(dilferent substrate concent!ations, dilferent hydrodyruunic environmems) which, in tum, 
may result in films with considerably diJfei ent physical properties that will certainly afi'ect 
the rransport of substances through the microbial layers. The purpose of the present wotk 
is to assess the effects of fluid velocity in the mass transfer of an inert substance (lithium 

-·-·'; clhoride) within biofllms formed by Pseudomonas jluorescms, undet turbulent !low. 

MATERIALS AND METHODS 

Figme 1 shows the continuous !low experimental system where an aqueous suspension of 
Pseudomonas jluoresce1TS circulated. The culture was grown in the mmenter, at 27 °c 
and pH 7, fed with a nutrient solution containing glucose, peptone and yeast extract. In 
the mixing vessel, the bacrerial suspension coming form the mmenter was diluted in water 
at 27 °c in order to obtain a suspension with 6 x 107 cells/ml, Glucose concentration in 
the mixing vessel and in the test cell was 20 ppm. The mass transfer test cell had two 
compartments (I and II) separated by a I 0 cm long membrane of 0.22 !"" pore diameter 
tha1 prevented bacteria to pass through, but was permeable to the test solute (LiCl). The 
biological suspension flowed across compartment I (tangentially to the membrane) and the 
biofilm deve!oped on the membra.ne surface. Non-contaminated water~ similar to the one 
used in the microbial suspension., circulated in compartment Il. A test was also carried out 
with a suspension containing bacteria and clay particles (150 ppm). 



The mass transrer meaairements were performed by continuously introducing LiCl in the 
mixing vessel during fixed intervals of time (usually, during one hour, every day}. LiCl 
concentrations were measured in the two compartments during the experiments ( 5,.3 days, 
each) and overall mass transfer coefficients could be calculated according to the procedure 
described by Vieira et al. ( 1993 ). These coefficients (kT) include liquid, membrane and 
biofilm resistances to mass transfer. In the beginning of the experiments (t = 0), there was 
no biofilm on the membrane and the overall coefficient represented only the mass transfer 
resistances of the liquid and of the clean membrane : kT(t-0). The mass transfer 
coeflieient in the biofilm (lq,) could therefure be evaluated by the following equation : 
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lq, q. kT (t={)) 
Biofilm thickness and density were measured at the end of the tests. A rew tests were also 
carried out in a beat transfer cell (see Vieira et al., !993), where the biofilm developed on 
metallic surfaces under conditions otherwise idenrical to those used in the mass transrer 
experiments. T emperawres were measured both in the fluid and in the deposition surfilce, 
allowing the cslculation of the thennal resistance of the biofilm as it developed. After the 
biofilm thickness (or thermal resistance) reached its maximum value, the substrate (mainly, 
glooose) was excluded from the biological suspension. These experiments were performed 
with both a "pure" bacterial suspension and a 'mixed" bacteria-particle suspension. 

RESULTS A.'ID DISCUSSION 

Figure I shows the mass transfer coefficient of LlC! in the biofilm as a function of time, 
for biofilms grown under two different Reynolds numbers. The coefficient is higher for 
higher V<Olocities during the first phase of biofilm development, but it presents similar 
values when the biofilm fellciles its maximum thickness (after 5-8 days). 
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Figure l - :Vlass transfer coe.'ficient ofLiCl in biofilms of Pseudonwnas fluorescens 



On the other hand, Tlli;ile I indicates that higher velocities result in thinner biofilms or 
lower thermal resistances. Since the mass transfer coefficient can be considered as the 
ratio between an efl\:ctive average diffusivity of LiCl and the thickness of the biofilm, it 
may be concluded that the internal diffusivity has lower values when the microbial Laver is 
grown under higher shear stress conditions (higher Reynolds numbers). This may be 
explained by di!'rerent physical structures of the biofilms ( diffurent densities or 
compactnesses, for exampie}, depending on the hydrodyoamic conditions they experienced 
during their fonnation, as shown in Table L 

TABLE l - Effect of fluid velocity oo biofilm density and thicl<ness 

Reynolds 
Number 

7 800 
13 100 

710 
500 

50 
76 

Thermal Rt<istanee 
of!liafilm (m1K.w-l) 

25x10 
16 x 10-4 

Figure 2 compares the internal mass transfer coefficient of~l in a "pure' biofilm to that 
of u{a 'mixed' biofilm grown under similar conditions. Diffiision is favoured by the 
presence of clay particles in the biofilm. The latter, as sugested by Bott and Melo (1992), 
may al\uire a more 'open' strocrure that illcilitates the diffusion <Yf substanees through it. 
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Figure 2 • Mass transfer coefficients in biofilms of Pseudomonas jhmrescens funned 
with and without inorganic particles 

This expianation is consubstanl:iated by the data obtained in the tests where the substrate 
was excluded from the biological lluid once the biofilm reached it1s maximum thickness. In 
fact, it was observed that the biofilm collapsed (its thennal resistance decreased} 
sometime after the exc!usion of substrllte. However,the :nixed deposit (bacteria:+clay 



particles) maintained q,. structure intact for a longer period than the biofilm formed only 
by bacteria (25 days agoinst I day), as reported by Bott and Melo (1993). Furthermore, 
clay particles may act as reservoirs of substrate in the biofilm, since they adsorb organic 
molecules. 

CONCLUSIONS 

The average diffi.tsivity through biofilms depends not only on the type of microorganisms 
that produce the biofilm and on the nature of the substrate. but also on the hydrodynamic 
conditions under which the biofihn develops Such conditions affect the internal 3t!'Ucture 
of the biolayer, making it more or less dense (or compact) and reducing or enhancing 
internal diffi.tslon of substances throlll!h it. Changes in biofilm structure may also explain 
the increased diffusivity ofLiCI when clay particles were incorporated in the biofilm. 
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