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Abstract: 

A multi components biofilm model has been developed and discussed which 

accounts for all well established biological processes with biofilm(s): 

• Substrate utilization [ aerobically, anoxically and anaerobically]. 

• Denitrification process. 

• Nitrification process. 

• The effect of diffusion and mass transfer limitations. 

The model has predicted some important characteristics of biofilms such as:-

• Space distribution of substrate(s) within biofilms. 

• Weight or thickness of biofilm layer (aerobic layer, anoxic layer and anaerobic 

layer). 

The results indicates that the relative thickness of biofilm layers (aerobically, 

anoxically and anaerobic) is highly affected by the availability of the main electron 

acceptor (O2 and NQ3 and the organic load). 
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Introduction: 

The first biofilm models were very simple, not based on physical principles, and 

strictly used for reactor design purposes. Also that phenomenon took two directions 

which are the steady state and the dynamic modeling. 

Rittmann and McCarty introduced biofilm growth and loss in their single-substrate 

steady-state model (Rittmann and McCarty 1980). This model was extended to 

describe the dynamic behavior of the biofilm itself by allowing the biofilm thickness 

to vary in time depending on the balance between growth and a combination of decay 

and shear losses (Rittmann 1982, Rittmann and Brunner 1984). However, the 

concentration of the bacterial species considered in the biofilm was still assumed 

constant, and only one substrate was included in the model. 

A major step in biofilm modeling was taken when Kissel et al. (1984) and 

Wanner and Gujer (1984, 1986) presented their one dimensional multi-species 

models. 

Conceptually, their models are the same, but it is the work of the latter group that has 

been continued and resulted in the commercially available software AQUASIM 

(Reichert 1994). 

The dynamic model introduced by Wanner and Gujer (1986) a more accurate 

description of the system behavior, both in time and in space, which made it possible 

to predict microbial species development over the depth of the biofilm as a function 

of substrate flux. 

Transport of substrates through the biofilm is mostly described as a process alike 

molecular diffusion governed by the Fick law. Most models assume no advective 

transport is present, so only a new diffusion coefficient replaces the one in the liquid 

phase (Rittmann and McCarty, S980b; Wanner and Gujer, 5986, Wanner and 

Reichert, 1996) This so-called effective diffusion coefficient is used as a kind of 
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lumping parameter. This way, a highly heterogeneous diffusion-reaction system can 

be described as a homogeneous system. The concentration gradients in the biofilm 

are determined by this effective diffusion process description as well as by the rate of 

reaction and the stoichiometry in the biofilm. Multi-dimensional models with 

heterogeneous biomass and substrate distributions in two or three dimensions are 

focussed upon the modeling of the biofilm structure, Kreft et al. (2001). In these 

models is mostly accomplished by the implementation of cellular automaton models 

Wimpenny et al. (1997). 

A lot of authors have stated that the value of the effective diffusion coefficient in 

a biofilm should be about 80% of the value in pure water. Different values are 

however stated for different substrates (Characklis and Marshall, 1990). Techniques 

to determine these coefficients also differ from one study to another, so the results 

can differ quite significantly. 

Measurements have been done using filtered biomass on a membrane in a 

diffusion cell. Next to this measurement method, data-fitting techniques have been 

used (Zhang and Bishop, 1994b). The diffusion coefficient can be fitted using a 

diffusion-reaction model where of course measurements or estimates of the kinetic 

and stoichiometric coefficients are needed. Alternatively these reaction and diffusion 

coefficients can be fitted using concentration profiles measured in the biofilm -

mostly using microelectrodes. The use of micro-electrodes is relatively new in 

biotechnology. The last decade, enormous progress has been made in the application 

of micro-electrodes in biofilm research. 

Electrodes for the measurement of 02 , N20, pH, NH4+, NO.,", S2', H2S, N02 

CU, and C02 are available (de Beer and Schramm, 1999). Some years ago, only the 

0 2 sensor was relatively stable and could be used outside the laboratory. Nowadays 

increased shielding (Jensen et al., 1993) and the use of protein coatings (de Beer et 
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al., 1997) introduce solutions to these problems. Zhang and Bishop (1994ai 

determined the diffusion coefficients with techniques developed for porous catalysts, 

for which only a value for the porosity is needed. However, this method has some 

inherent errors. With this method, Zhang and Bishop (1994b) notice a lower diffusion 

coefficient in the lower and denser parts of the biofilm. Using data collected by Fu et 

al. (1994), they calculated a diffusion coefficient amounting to 75% of the pure water 

coefficient at the top of the biofilm and only 40% at the bottom of the film. Their 

calculation agrees quite well with the measurements of Fu et al. (1994), who used 3 

micro-electrode technique, with oxygen concentration measurements every 10 um in 

the biofilm. A lot of constrains still faces dynamic biofilm modeling , this due to the 

complexity and high heterogeneity of the process. 

The study work plan was based on developing a steady state biofilm model whicfi 

accounts for the processes within a biological biofilm such as aerobic, anoxic and 

anaerobic inaddition to diffusion and mass transfer limitations. In spite of steady state 

assumption the developed model can predict some of the basic biofilm characteristic 

such as thickness of aerobic, anoxic and anaerobic layers and space distribution of 

substrates and electron acceptors. The model is also easy to correlate biologica 

reactor configuration such as: BAF, Trickling filter and up flow filter. 

Mathematical Model for Soluble components: 

Model Description: 

Figure (1) shows the physical model which accounts for three biological 

degradation processes: 

* Aerobic process (i.e., molecular oxygen is present ) heterotrophic bacteria (those 

obtaining carbon from organic compounds ) oxidize dissolved organic matter ard 

particulate matte; to stable end products (C03+H20). The overall biological 
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conversion proceeds sequentially, with oxidation of carbonaceous material as the first 

step : 

Organic matter + 0 2 * C02+ H20 + new cells. 

Under continuing aerobic conditions, autotrophic bacteria (those obtaining carbon 

from inorganic compounds) then convert the nitrogen in organic compounds to 

nitrates according to the simplified equations 

Organic N NH3 (decompose) 

And 

NH3 + O2 N02- NO3" (nitrification) 

No further changes in the nitrates take place unless the process becomes anoxic 

(i.e., only bound oxygen is present).Under such conditions, heterotrophic bacteria 

convert the nitrates to odorless nitrogen gas: 

NO3 
Denitrifying 
bacteria NOj' "* N2 (Denitrification) 

In anaerobic biological processes (i.e., no oxygen is present) two groups of 

heterotrophic bacteria, in a two step liquidation /gasification process , covert organic 

matter present , initially to intermediates (partially stabilized end products ,including 

organic acids and alcohols) and then to methane and carbon dioxide gas 

(TT27) 
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Figure (1) Sketch iHustrating the biological process in filter bed. Khalaf(2002) 

Model assumptions; 

1. Steady State model. 

2. Homogenous activity within biofilms depth. 

3. Constant density, pH, temperature. 

That model accounts for 5 different variables: 

• Easy readily biodegradable Substrate (ERBS). 

• Slow biodegradable Substrate (SBS). 

• Dissolved Oxygen. 

• Nitrate. 

• Ammonia. 

The Model: 

1. Mass Balance on easy readily biodegradable Substrate (ERBS): 

The result of mass balance on a differential element within biofilm with respect to 

easy biodegradable substrate, is given by the following nonnalized equation: 
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(s,) •<t>2< 
s 2 + l c + 1 

The first term of the equation represents (ERBS) consumption in the aerobic 

zone, the second term of the equation represents (ERBS) consumption in the anoxic 

zone, and third term of the equation represents the depletion of ERBS within the 

anaerobic layer. The fourth, fifth and six parts of the the equation represent the 

(ERBS) production due the hydrolysis of SBS within aerobic zone, anoxic zone and 

anaerobic zone. 

Where: -

© 1 = _ J L _ A I J J _ \ 
' AvlKsl l,YhJ 

aWK„.—! 
ttvlKsl 

Boundary conditions: -

At© = 0 (ds/di) „=0 = 0 2 

At©= I 

ds\ 

dm 
SHsi*(sib-Sls). 

( 0 = I 

SHsi = Sherwood number of easy readily biodegradable Substrate = ! yv | j 

TESCE, Vol. 30, No.2 December 20A4 



2. Mass Balance on slow biodegradable Substrate: 

The result of mass balance on a differential element within biofilm with respect to 

slow biodegradable substrate is given by the following normalized equation: 

s2 +lJ_c + lXz + l 
+ ^3.ij2 

In the first term of the equation represents the degradation rate of (SBS) in the 

aerobic zone, second term represents (SBS) decreases in the anoxic zone and the third 

term represents the depletion of SBS within the anaerobic zone. 

Where: 

9,-^-35 DsZKs2 

Boundary conditions: -

At© = 0 (ds/doj) «,=o = 0 5 

At© = 1 

(JS2 

do 
= SHs2*(s2b-S2s). 

© = 1 

SHS2 = Sherwood number of slow substrate = ( ^ ] 

3. Mass Balance on Dissolved Oxygen: 

The result of mass balance on a differential element within biofilm with respect to 

dissolved oxygen is given by the following normalized equation: 

5l30) 
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fdl 
Kdco 

+ <f>f> 

2 
J 

= 04 

\ S' l 
S 2 + l _ 

" (&) 1 

c 

c 
.C + 1. 

+ ̂ 5 c 

...7 

In the first term of the equation represents dissolved oxygen consumption rate due 

to ammonia depletion within aerobic zone, the second term of the equation represents 

the depletion of dissolved oxygen due to (ERBS) decrease consumption within 

aerobic zone and in the third part of the equation represents the depletion of dissolved 

oxygen due to the aerobic hydrolysis process of (SBS) within aerobic zone. 

Where:-

,<*6 = 

p.L2iu 

DcKc rB"-
p.L2Kh 

DcKc) 'cl 

p.l?t* 
DcKcYc\ 

Boundary conditions: -

I 
Atco = 0 (dc/dco) „=o = 0 8 

AtCO = 1 

dc/dco = SHc [(Cb)-(Cs)] 9 

SHc = Sherwood number of oxygen = kgc.L/Dc 

4. Mass Balance on nitrate: 

The result of mass balance on a differentia! element within biofilm with respect to 

nitrate is given by the following normalized equation. 

—___^'n3r> — - — 
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^dco2 j 
= $7 _MJfJ_ 

jl + lic + l. 
S2 

S2 + 1 C + l 2 + 1 

L2 + l_ 

-(j>9 
c + 

c W 
.10 

the first term of the equation represents nitrate consumption rate due to (ERBS) 

consumption in the anoxic zone, second term of the equation represents mtrate 

consumption due to (SBS) consumption within anoxic zone and the third part of the 

equation represents nitrate production due to ammonia consumption within aerobic 

zone. 

Take: 

DzKz {YA) 

Boundary conditions: -

At fi> = 0 (dz/dco) =0 

At co = I 

K» 
DzKz Yz 

.11 

dz 
do 

|=SHSz*(szb-Szs). 

co = l 

SHS/. = Sherwood number of Nitrate = kg..-/. 
Dz 

12 
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5. Mass Balance on ammonia: 

The result of mass balance on a differential element within biofilm vvith respect to 

ammonia is given by the following normalized equation: 

v dco2 = ̂ 10 ( * ) 

l_ SA 1 C + l 
n 

Ammonia is consumed only within the aerobic zone. 

Take: 

4>\0 = 
^SA^SA 

.fu.p. 
YA 

Boundary conditions: -

At© = 0 (dsA/d|o) W=(, = 0 14 

A t CD = 1 

dsA/d© = SHsA [(sAb'-SAs')] 15 

SHsA = Sherwood number of ammonia = kg^/DsA 

Results and Discussion: 

The following figures (3-12) show some of the important biofilm characteristics 

the effect of 



BIOFILM CHARACTERISTICS 
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Figure (3) Biofilm Characteristic (Biofilm Thickness) 

Fig.3. represents the effect of biofilm thickness on the weight of each of the three 

biofilm layers (aerobic, anoxic and anaerobic) .It is clear that when the thickness 

increases the aerobic layer decrease and the anoxic layer increases until the thickness 

150 Dm then it decreases and the anaerobic layer increases. 
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Figure (4) Effect of D.O Concentration in bulk phase mg/Iit 

Fig.4. represents the effect of the D.O concentration on the weight of each of the 

three biofilm layers (aerobic, anoxic and anaerobic). It is clear that when D.O 

concentration increases the aerobic layer increases, the anoxic and anaerobic layer 

decreases. 
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BIOFILM CHARACTERISTICS 

\>: 
^ T 

» . . ^ . . • • « • • • - » » «-»» i 

^ > < • » » » '»"»•» > »•• ' » • * " • ' • 

• „- -• «.- »• *• <• v- *• .• 

Eflect of Substrate Concentration in bu& 

I- • -AEROBIC -"-ANAEROBE-*- ANOXIC I 

Figure (5) Effect of Substrate Concentration m balk phase mg/lit 

Fig.5. represents the effect of the Substrate concentration on the weight of each of 

the three biofilm layers (aerobic, anoxic and anaerobic), when Substrate 

concentration increase then the aerobic layer slightly decreases then it remains 

constant, the anoxic layer decreases then it remains constant and the anaerobic layer 

increases then it remains constant. All the layers remain constant when the Substrate 

concentration reaches 200 mg/lit. 
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Figure (6) Effect of Ammonia Concentration in bulk phase mg/lit 

Fig.6. Ammonia concentration has little effects on the weight of each of the three 

biofilm layers (aerobic, anoxic and anaerobic). These little effects may be noticed at 

ammonia concentration less than 2 mg/lit. 
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BIOFILM CHARACTERISTICS 
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Figure (7) Effect of Nitrate Concentration in bulk phase mg/lit 

Fig.7. represents the effect of the nitrate concentration on the weight of each of 

the three biofilm layers (aerobic, anoxic and anaerobic), when nitrate concentration 

increases the aerobic layer slightly increases then it remains constant, the anoxic 

layer increases and the anaerobic layer decreases. 
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Figure (8) Biofihn Characteristic (Basic Profile) 

Fig.8. Along the biofilm thickness SI (easy biodegradable substrate) deceases to 

11.31 % of the bulk si concentration, S2 (slowly biodegradable substrate) deceases 

to 47.75%. and ammonia deceases to 93.98% at the support material. Also the nitrate 

concentration decrease to reach almost zero at 20% from the biofilm layer and the 

dissolved oxygen decrease to reach zero at 74% from the biofilm layer. 
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Figure (9) Biofllrrt Characteristic (Almost aerobic) 

Fig.9. Along the biofiim thickness SI (easy biodegradable substrate) deceases to 

61.96 % of its bulk value, S2 (slowly biodegradable substrate) deceases to 78.71% 

and ammonia decease to 94% at the support 'OiL;,^!. Also the nitrate concentration 

decreases to reach almost zero at 18.97 % from the biofilm solid support and the 

dissolved oxygen decreases to reach zero at 50% from the biofilm solid support. 
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Figure (10) Biofilm Characteristic (Almost anoxic) 

Fig. 10. Along the biofilm thickness S! (easy biodegradable substrate) deceases to 

13.65% of its bulk value, S2 (slowly biodegradable substrate) deceases to 49.57% 

and ammonia deceases to 99.8% at the support material. Also the niuate 

concentration decrease to reach almost zero at 28% from the biofilm solid support 

© TESCE, Vol. 30, No.2 December 2004 



and the dissolved oxygen decreases to reach zero at 78% from the biofilm solid 

support. 
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Figure (11) Biofilm Characteristic (% almost anaerobic) 

Fig. 11. Along the biofilm thickness S1 (easy biodegradable substrate) deceases to 

21.5% of its bulk value, S2 (slowly biodegradable substrate) deceases to 54.62% and 

ammonia deceases to 99.8% at the support material. Also the nitrate concentration 

decreases to reach almost zero at 54% from the biofilm solid support and the 

dissolved oxygen decreases to reach zero at 88% from the biofilm solid support. 
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Figure (12) Biofilm Characteristic with nitrate production 
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Fig. 12. Along the biofilm thickness SI (easy biodegradable substrate) deceases to 

21.96% from its bulk value, S2 (slowly biodegradable substrate) deceases to 54.9% 

and ammonia deceases to 99.83% at the support material. Also the nitrate 

concentration increases to 104.55 % from its bulk value, this due to the fact that the 

rate of nitrate production due to nitrification process within the aerobic layer is 

greater than the rate of nitrate consumption due to the denitrification process within 

the anoxic layer. 

CONCLUSIONS: 

In this paper a mathematical biofilm model for the biofilm characteristics has 

been developed. The mathematical description of biochemical processes is largely 

based on the background given in the IAWQ activated sludge model No. 1 in order to 

ensure compatibility with the state of the art in describing biochemical conversion 

processes. Substrate utilization of carbonaceous matter according different metabolic 

pathways (aerobic, anoxic and anaerobic) was considered, nitrification and 

denitrification is taken into account as well as hydrolysis of particulate organic 

material. 

The results represent the capability of the proposed model to predict some of the 

structural activities of the biofilm in terms of the weight of each biofilm sub layers: 

aerobic, anoxic and anaerobic layers. The results indicate also the effects of the main 

important environmental conditions (bulk concentrations of substrates and electron 

acceptors) on the structure of the biofilm. 
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Table 1 Nomenclature 

jih." Specific growth rate for heterotrophic biomass T"1 

YH : Yield for heterotrophic biomass 

S1: Concentration of easy degradable substrate (mg/1). 

S2: Concentration of slowly degradable substrate (mg/1). 

C: Concentration of oxygen dissolved (mg/1). 

Z: Concentration of nitrate (mg/1). 

SA : Soluble ammonia nitrogen concentration in wastewater (mg/1). 

ksi; Equilibrium constant of easy degradable substrate. 

ks2: Equilibrium constant of slow degradable substrate. 

Kc: Equilibrium constant of oxygen. 

KI; Equilibrium constant of nitrate. 

KsA: Equilibrium constant of ammonia. 

uA: Specific growth rate for autotrophic biomass T1 

YA : Yield for autotrophic biomass 

gm of casv subsirslc consumed 
Yci - : , 

gm of oxygen consume! 

v gm of slow substrate conversion 

gm of o\> gen consumed 
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