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Environmental Biotechnology 

Main syllabus of the course 

1- Basics of microbiology. 

2- Stoichiometry and bacterial energetic. 

3- Microbial Kinetics and modeling. 

4- Biofilms kinetics. 

5- Bioreactors design. 

6- Aerobic transformation processes by mixed microbial community. 

7-Anaerobic transformation processes by sulfate reducing bacteria, metal reducing 

bacteria, and Methanogensis.  

 

 

Introduction 

Biotechnological processes to protect the environment have been used for almost a 

century now, even longer than the term „biotechnology‟ exists. Municipal sewage 

treatment plants and filters to purify town gas were developed around the turn of 

the century. They proved very effective although at the time, little was known 

about the biological principles underlying their function. Since that time our 

knowledge base has increased enormously.  

Biotechnology can also be used to develop products and processes that generate 

less waste and use less non-renewable resources and energy. In this respect 

biotechnology is well positioned to contribute to the development of a more 

sustainable society, a principle which was advocated in the Brundtland Report in 
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1987 and in Agenda 21 of the second Earth Summit in Rio de Janeiro in 1992 and 

which has been widely accepted in the meantime.  

 

Biotechnology for Bioremediation 

Bioremediation is the use of biological systems for the reduction of pollution from 

air or from aquatic or terrestrial systems. Microorganisms and plants are the 

biological systems which are generally used. Biodegradation with micro-organisms 

is the most frequently occurring bioremediation option. Micro-organisms can break 

down most compounds for their growth and/or energy needs. These biodegradation 

processes may or may not need air. In some cases, metabolic pathways which 

organisms normally use for growth and energy supply may also be used to break 

down pollutant molecules. In these cases, known as co-metabolism, the 

microorganism does not benefit directly. 

Researchers have taken advantage of this phenomenon and use it for 

bioremediation purposes. A complete biodegradation results in detoxification by 

mineralizing pollutants to carbon dioxide, water and harmless inorganic salts. 

Incomplete biodegradation will yield breakdown products which may or may not 

be less toxic than the original pollutant. Incomplete biodegradation of tri- or 

Tetra-chloroethylene for instance can yield vinyl chloride, which is more toxic and 

carcinogenic than the original compounds. 

Biodegradation may occur spontaneously, in which case the expressions 

“intrinsic bioremediation” or “natural attenuation” is often used. In many cases 

however the natural circumstances are not favorable enough for this to happen due 

to the lack of enough nutrients, oxygen or suitable bacteria. Such situations may be 

improved by supplementing one or more of these prerequisites.  
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The future trend in bioremediation increasingly is to look at the speed of 

unaided biodegradation first and act only if there is insufficient activity to remove 

the pollutant quickly enough to prevent any expected risks of the pollutant. 

Bioremediation techniques can be Bioremediation techniques can be used to 

reduce or to remove hazardous waste which has already polluted the environment. 

They can also be used to treat waste streams before they leave production facilities: 

end-of-pipe processes. 

 

The Major difference between the environmental biotechnology and other 

disciplines that feature biotechnology is that environmental applications 

almost always are considered with mixed cultures and open, non-sterile 

systems. Success depends on how:  

- Individual microorganisms with desired characteristics can survive in 

competition with other organisms,  

- Desired functions can be maintained in complex ecosystems, and  

- The survival and proliferation of undesired microorganisms can be 

prevented. 
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Microbial Kinetics 

While it is informative to discuss microbial metabolism, and all its facets, as 

engineers, we need to know how to model that metabolism. Our main interest is 

how fast will those bugs metabolize, or degrade, our contaminant substrate and 

how can we maximize that degradation rate.  

To model microbial degradation rates of chemicals, we have to have some 

knowledge of: 

Substrate unlimited growth 

Substrate limited growth  

Substrate disappearance due to both growing and non-growing organisms 

Substrate "unlimited" growth 

Usually bacterial cultures grow by binary fission in presence of unlimited food 

 

O ----> OO ----> OOOO 
 

Cell increase rate differential Eq:  dX/dt = µX 

 

 

Sol:  X = Xo e
µt 

 

Where:  X = cell number or concentration  

 

µ = specific growth rate 

 

Xo = cell number at t = 0 

(With growth requirements in excess)  

 

µ= µm and is characteristic of a particular bacterial species 
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Substrate disappearance rate can be described as follows: 

U = 
 

 

  

  
 

 

where  

 U = specific substrate utilization rate  

 

S = substrate concentration 

Furthermore 

Substrate concentration and cell growth are obviously interrelated.  

As cells grow, they use the substrate so it disappears. We can write the expression:  

  

  
     

  

  
 

Where the right-hand side is negative to denote disappearance as the left-hand side 

increases, Y is a yield factor (dimension-less or rather in mass cells/mass substrate)  

Not all substrate goes into cells for synthesis, some must go for energy end 

products of CO2, H2O or CH4  

Therefore Y < 1 

But, we know in reality, a substrate runs out and we get a growth cycle 

Several kinetic models have been developed to describe this type of substrate-

based growth.  
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Logistic Growth Model 

Used from beginning of exponential phase through end of max population (or 

stationary phase) 

Modification of unlimited growth Equation 

  

  
         

 

  
  

(Terms same as before) 

Xf = Max population size or concentration 

the term (1 - X/Xf) describes reduction of specific growth rate as exponential 

growth phase gives way to retardation phase  

Monod Growth Model 

µ = µmS/ (Ks + S) 

All terms described previously except Ks = half saturation constant or substrate 

concentration, S, at which µ= 1/2µmax.  

Combine above Eqs: 

  

  
   

  

 

  

       
  

 

(µm/Y) replaced with K 

 

 
   

  
 

   

      
 

Another form of the Monod equation  

-dS/dt = µmax S (So + X'o - S) / (Ks + S) 
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They took extreme ratios of X and S in the above equation as special cases of 

Monod equation and divided these cases into Non-growth and Growth situations  

Non-growth - when bacterial cell density is high relative to substrate concentration 

i.e. X'o > > So and term (So + X'o - S) can be approximated by X'o 

Three cases of non-growth kinetics arise:  

 

1. Case 1 - zero order kinetics (X'o > > So and Ks << So) 

-dS/dt = Ko 

Where Ko= µmaxX'o 

 

2. Case 2 - "Michaelis - Menten" kinetics (X'o > > So) 

-dS/dt = KoS/ (Ks + S) 

3. Case 3 - 1st - order kinetics (X'o > > So and Ks >>So) 

-dS/dt = K3S 

Where K3 = µmaxX'o/Ks  

 

These three cases are analogous to Michaelis - Menten enzyme kinetics except I 

replaced Km with Ks 

Difference between the two types of kinetics (Monod and Michaelis-Menten)  

- Michaelis-Menten - quantity of reactive material (enzyme) is constant 

- Monod - quality of reactive material (cells) is increasing ……………………… 

and so, by convenience, we refer to three situations of cellular kinetics the same as 

enzyme kinetics because concentration of cells (hence enzyme) is essentially 

constant - no growth. 
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Growth - when cells are increasing in density or number (No particular 

approximations of (So + X'o - S) term) 

Three cases again arise (based on relation of Ks and S) 

1. Case 4 - Logistic growth (Ks >> So) 

-dS/dt = K4 S (So + X'o - S) 

Where K4 = µmax/Ks 

 

 

2. Case 5 - Monod (No Conditions) 

-dS/dt = µmaxS(So + X'o - S)/(Ks + S) 

 

3. Case 6 - Logarithmic Growth (Ks << So) 

-dS/dt = µmax(So + X'o - S) 
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Fig. 5 Graphical Description of Non Growth and Growth Kinetics 

In conclusion, the relationship most frequently used to represent bacterial growth 

kinetics is so-called Monod equation, which was developed in the 1940s by a 

French microbiologist Monod. His original work related the specific growth rate of 

fast-growing bacteria to the concentration of rate-limiting, electron-donor 

substrate, 

µsyn = (
 

  

   

  
)syn = µmax 

 

   
 

in which,  

µsyn = specific growth rate due to synthesis (T
-1

) 

Xa = concentration of active biomass (Mx L
-3

) 

t = time (T) 

S = concentration of the rate-limiting substrate (Ms L
-3

)  

µmax = maximum specific growth rate (T
-1

) 

K= concentration giving one-half the maximum rate (Ms L
-3

) 
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Biofilm kinetics 

A biofilm is a layer-like aggregation of microorganisms attached to a solid surface. 

In many natural aquatic systems, especially those having a high specific surface 

area and low nutrient concentrations, biofilms constitute 90 to 99.9% of the 

bacteria. Biofilms are found in or on streambeds, groundwater aquifers, Lake 

Benthos, water pipes, ship hulls, piers, and aquatic plants and animals.  

Engineered processes that utilize films of bacteria include trickling filters, 

rotating biological contactors, biological activated carbon beds, submerged filters, 

and land-treatment systems. Because biofilms are of widespread importance in 

nature and engineered processes, a fundamental understanding of their growth and 

the transformations they bring about is a prerequisite to evaluating the fate of 

aquatic pollutants. 

 

In recent years, great strides have been made in understanding and modeling 

biofilm kinetics. Most of the progress has been achieved by idealizing the 

processes of substrate utilization, molecular diffusion, and mass transport as 

simultaneous differential equations for a homogeneous layer of bacteria. 

Experimental work with artificially produced films has verified that these three 

concepts constitute the essentials of biofilm kinetics of substrate utilization. 

Despite their validity, fundamental models of biofilms often cannot be used 

because they do not include any consideration of the growth and decay of the 

bacteria composing the biofilm. The rate of substrate utilization is dependent on 

the mass of biofilm present, and biofilm growth must be included in a model if the 

time variation of biofilm mass is to be determined. It is intuitive that the mass of 

biofilm will be large when the substrate concentration in the bulk liquid is high, 

since the bacteria will be able to capture chemical energy and convert it partially to 
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cell mass at a fast rate. Conversely, when the substrate concentration is low, the 

rate of energy capture must be low; in fact, at sufficiently low substrate 

concentration, the rate of energy capture may be less than the rate of energy 

expenditure required to sustain the viability of the bacteria. The task required is to 

find an expression for the interdependence between substrate utilization and 

biofilm mass. 

 

Model of Steady-State-Biofilm Kinetics 

A steady-state biofilm is defined as one that has neither net growth nor decay over 

time. The model, developed for steady-state-biofilm kinetics with a single 

substrate, couples the flux of substrate into a biofilm to the mass (or thickness) of 

biofilm that would exist at steady-state for a given bulk substrate concentration.  

The model presented below couples substrate utilization to biofilm growth for a 

steady-state biofilm, which is defined as one that, for a given bulk-liquid substrate 

concentration, has neither a net growth nor decay. In the model, the rate of 

substrate utilization and the biofilm mass are determined simultaneously from the 

bulk liquid concentration and the appropriate fundamental parameters. 

Development of a general solution for substrate flux into a steady state biofilm 

requires three steps. The first two define substrate flux for extreme cases, for which 

explicit solutions can be derived. The third step provides a general solution that is 

applicable for situations between the two extremes. 

 

Three specific questions are raised during development of the steady-state model: 

1) What is the minimum bulk substrate concentration required to develop and 

support a steady-state biofilm in general?  
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2) What is the minimum bulk substrate concentration required to support a steady- 

biofilm which is practically deep (i.e., where substrate concentration approaches 

zero within the biofilm)? 

3) What is the substrate flux into a steady-state biofilm over the concentration 

range between these two limits? 

 

 

 

Fig. 6 Substrate concentration profile 

 

The idealized biofilm has a uniform cell density of Xf (Mx L
-3

) and a locally 

uniform thickness of Lf. Substrate concentration within the biofilm changes only in 

the z direction, which is normal to the surface of the biofilm. It is assumed that all 

required nutrients are in excess concentration, except one which is herein called the 

rate-limiting substrate, or simply the substrate 

The substrate utilization at any point in the biofilm is assumed to follow a Monod 

relation,  

(
   

  
)       

     

     
                                                                                         (1) 
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Where S, is the rate-limiting substrate concentration at that point in the biofilm (Ms 

L
-3

), Ks is the half-velocity coefficient (Ms L
-3

), k is the maximum specific rate of 

substrate utilization (MS Mx
-1

T
-1

), and t is time. Molecular diffusion, which is the 

only means of mass transport within the biofilm, is related to the substrate 

concentration by Fick‟s second law: 

 

(
   

  
)
    

    
    

                                                                                    (2) 

 

Where D, is the molecular diffusivity of the substrate in the biofilm  

Summing equations (1) and (2) gives the total  
   

  
  for any point in the biofilm. 

Assuming that the substrate concentration profile is at steady state (i.e.,  
   

  
  = 0) 

yields the ordinary differential equation for substrate concentration within the 

biofilm, 

  
    

   
  

     

     
                                                                                             (3) 

 

Because eq. (3) is nonlinear cannot be solved explicitly. Numerous scientists have 

presented analytical solutions when the Monod relation reducers to the first and 

zero-order approximations. Although not solving eq. (3) for Sf, Atkinson and co-

workers have presented solutions for the flux (J) of substrate into the biofilm for 

the general Monod reaction. 
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(A)                                                                    (B) 

 Fig. 7 Physical concepts for biofilm model 

Figure 7 (B) illustrates the three characteristic substrate-concentration profiles. 

Within a deep biofilm, the substrate concentration decreases asymptotically to 

zero. The deep biofilm has the maximum possible substrate flux for a given Ss the 

substrate concentration at the liquid/biofilm interface. For a fully penetrated 

biofilm, Ss exist throughout the full thickness of the biofilm. All cases between 

fully penetrated and deep-0 < Sf < Ss at the solid surface-are called shallow 

biofilms. For all three cases, the substrate-concentration gradient becomes zero at 

or before the solid-surface boundary. 

An important part of the biofilm model is the explicit incorporation of mass 

transport resistance from the bulk liquid to the biofilm surface using an effective 

diffusion layer,‟ as indicated in Figure 7(A). Here the entire resistance to mass 

transport from the bulk liquid to the surface is assumed to occur in a layer of depth 

L; L is defined as the equivalent depth of liquid through which the actual turbulent 

mass transport can be described by molecular diffusion alone. 
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Across the diffusion layer, Fick's first law is applied to give, 

 

     
  

  
  

    

 
                                                                                      (4) 

 

where S and Ss, are the bulk and interfacial concentrations, respectively, J is the 

substrate flux per unit area parallel to the concentration gradient (M,L
-2

T
-1), and D 

is the molecular diffusivity of the substrate in the liquid (L'T-I). The value of L is 

related to the mass transport coefficient, km (LT
- 1

), according to 

 

km = D/L                                                                                                      (5) 

 

Williamson & McCarty and Rittmann & McCarty have presented methods for 

directly coupling substrate utilization within the biofilm to the diffusion-layer mass 

transport. The new contribution of the steady-state model is biofilm growth. 

The net growth rate of bacterial mass in a differential section of biofilm is 

represented by the theory of Herbert et al. as modified by Van Uden: 

 

      

  
   

   

      
 AXf dz – bAXf dz                                                            (6) 

 

Where Y is the true yield of bacterial mass per unit of substrate utilized (MxMs
-1

), b 

is the specific decay or maintenance-respiration coefficient (T
-1

), A is the cross-

sectional area of the biofilm section (L
2
), and dz is the thickness of the biofilm 

section (L). The model uses the assumption that the kinetic parameters are the 

same in the bulk liquid and for a biofilm. 
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Figure 8 shows graphically how steady-state biofilms respond to changes in 

substrate concentration (S). The horizontal axis is the logarithm of the bulk-liquid 

substrate concentration, and the vertical axis is the logarithm of the substrate flux. 

The vertical axis also is proportional to the biomass accumulation per unit surface 

area, as Xf Lf = YJ/b. Both axes are plotted on logarithmic scales in order to show 

the full range of response. The key points or trends shown in Fig. 8 are: 

 

1- For S < Smin, the value of log10 J goes to negative infinity. This means that J = 0 

and Xf Lf = 0. As with any steady-state biological process, having S < Smin gives a 

negative growth rate and no possibility for sustaining steady-state biomass. So, Smin 

remains a very key factor for steady-state biofilms. Smin is defined with the total 

biomass loss rate coefficient, b: 

 

         

 

    
 

 

2- J (and Xf Lf) increases very sharply as S increases slightly above Smin. This rapid 

escalation in J occurs because J and Xf Lf increase together. A small increase in S 

allows greater J, which allows greater Xf Lf ; however, greater Xf Lf also increases J. 

Thus, the positive feedback among S, J, and Xf Lf allows a very rapid increase in J 

and S slightly above Smin. 

 

3- At some value of S > Smin, the slope of J versus S declines from near infinity and 

approaches 1. 

  

4- For S large enough, the flux becomes equal to that of a deep biofilm. This 

occurs when S is approximately equal to 0.11 mg/cm
3
 in Fig. 8, which is noted 
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Sdeep. For all S ≥ Sdeep, the steady-state biofilm is deep, or Sf approaches zero before 

the attachment surface. The practical significance of having a deep biofilm is that J 

no longer depends on Xf Lf , because additional biomass does not increase the 

reaction rate (for the same S) when all of the added thickness has Sf = 0. On the 

other hand, J (and Xf Lf) increases for larger S, because the substrate concentrations 

inside the biofilm rise in response to a higher S. 

 

5- For every large S, the slope of J versus S declines gradually and eventually 

approaches the limiting case of one-half-order kinetics, or J = k1/2S
1/2

. Half-order 

kinetics is a well-known special case for deep biofilms. The practical impact of a 

declining reaction order is that increases in S give less than proportional increases 

in J, and marginal increases in substrate removal go down when the system is 

operated well into the deep region. 

 

The pseudo-analytical solution of Sáez and Rittmann (1992) is the latest and most 

accurate version. The solution is expressed using three dimensionless master 

variables: S
*
min, K

*
, and S

*
. Besides consolidating the information of eight variables 

(k, Ks, Y, b, Df, D, L, and S) into only three variables, the dimensionless variables 

also provide insight into kinetic properties of the biofilm system. 

The three dimensionless variables are: 

 

S
*
min = 

 

    
  

    

  
                                                                             (2) 

  

S
*
min represents the growth potential; S

*
min much less than 1 indicates a very high 

growth potential, as the maximum net positive growth rate (Yk-b) is much greater 
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than the loss rate (b). S
*
min > 1 indicates very low growth potential and difficulty to 

maintain stable, steady-state biomass.  

 

K
*
s = 

 

 
 [

  

     
  ½ 

 

K
*
s compares external mass transport (D/L) to the maximum internal utilization and 

transport potential. A small value of K
*
s  (e.g., less than 1) means that external 

mass transport is slow and exerts significant control on the flux. 

 

S
*
= S/Ks 

S
*
 is the dimensionless substrate concentration, normalized to Ks. a large value of 

S
*
 (i.e., >> 1) indicates that the utilization reaction is saturated, at least in the outer 

portions of the biofilm. The pseudo-analytical solution is expressed in the form: 

 

J = f Jdeep       in which, 

 

J = the actual steady-state flux, with typical units being mgs/cm
2
-d 

Jdeep= the flux into a deep biofilm having the same Ss concentration, mgs/cm
2
-d 

f = the ratio expressing how much the actual flux is reduced because the steady-

state biofilm is not deep. The range is 0 ≤ f ≤ 1. 
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