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CHAPTER I

INTRODUCTION

1.1 Bioreactors In Hazardous Waste Treatment
Biological treatment of organic wastes is a technology 

which originated in older times primarily to treat domestic 
wastes. But, as it is true with any other technology, this 
field also needs to be developed for the present day needs 
and demands. Lately, the thrust in research has been to 
extend this technology to treat highly toxic, and much more 
complex industrial wastes. Biological treatment of numerous 
organic compounds has been realized in the last two decades 
but not many processes other than the conventional activated 
sludge treatment have been designed and implemented on a 
large scale for specific applications. Due to the complexity 
of the waste stream, the design and development of high 
efficiency bioreactors to treat industrial wastes has been 
difficult as well as challenging [1],

The kinetics of most biological processes can be 
described by the Monod model which states that at higher 
substrate concentrations, the reaction rate is maximum (zero 
order), while at a lower substrate concentration the 
reaction rate becomes slow (first order) [2]. Processes 
treating organic wastes require that the concentration of 
organic compounds in the effluent be low due to strict

1
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environmental regulations. To treat a highly concentrated 
organic waste stream down to such a low concentration with 
one reactor system requires long reaction and residence 
times, large reactor volumes, and is hence not economical. 
Primarily because of changing reaction rates, a combination 
of two or more reactors may be much more favorable. This 
combination may either be of the same reactors operated in 
different configurations (PFR, CSTR etc.) or in the case of 
reactors using immobilized microbes, the biomass may be 
immobilized in different ways in a series of reactors, or in 
a system of reactors using different biocatalyst altogether.

Technologies and concepts developed in the field of 
chemical reactor engineering can be applied for the design 
and control of these reactors. But, when dealing with 
bioreactors, theories and practice have to be adapted to the 
peculiarity of the biocatalyst.

1.2 Immobilization; Types and Advantages
One of the major changes in bioreactor designs in the 

last two decades has been the incorporation of 
immobilization techniques. Using immobilized microorganisms 
is more advantageous than using free microorganisms for 
numerous reasons [3-5]. The recovery and subsequent reuse of 
biomass is easily accomplished due to immobilization. Choice
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of different operating inodes for reactors is possible and 
most important, upon immobilization there may be a desirable 
change in biological and chemical activity of the biomass 
[6].

Several immobilization techniques of cells on the 
surfaces of solid inert supports, and cells inside semi- 
permeable polymeric membranes are in use. In general, 
enzymes and microbes can be immobilized in two ways. One is 
by entrapment in a gel or polymer matrix (like alginate, 
carageenan, and polyurethane) which is permeable to the 
nutrients, oxygen, and the substrates. A second is by 
attachment on the surface of inert supports such as 
diatomaceous earth, glass beads, and polymeric membranes 
[7-9].

Both methods have their advantages and disadvantages. 
When the biomass is entrapped, the external matrix protects 
it from high concentrations of organic compounds which could 
be inhibitory. The disadvantage is that in the region of low 
substrate concentration, the reaction rates decrease due to 
added resistance to mass transfer.

When biomass is attached on the external surface of a 
support, it is in direct contact with the bulk stream 
concentration of the substrate provided the biomass does not 
create a protective slimy coat. Such a system is unsuitable 
for treating high concentrations of an inhibitory compound.
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But in the low concentration regime this system can provide 
better degradation rates due to the absence of external mass 
transfer resistance.

k .  tA big disadvantage for systems using entrapped biomass 
is that the biomass grows, and eventually breaks open the 
matrix. This can be controlled by removing the fixed 
nitrogen from the stream that is being treated by some 
physical or chemical pre-treatment. By doing so the biomass 
growth will be minimized, but not eliminated, and this may 
also reduce the reaction rates.

When the biomass is attached on the external surface, 
the biofilm growth is self regulated. The biofilm increases 
to a point beyond which it cannot sustain additional growth. 
This is due to insufficient diffusive transport of the 
substrate for the maintenance energy of the bacteria. The 
excess biomass is also removed continuously through a 
process called "sloughing". Consequently the bioreactor will 
never collapse due to excessive growth as in the earlier 
case, and can be operated over a much longer time.

1.3 Operating Windows
Efficient bioreactor designs must achieve optimal 

interactions between the cells and the culture media by 
providing good heat and mass transfer between the different



5
phases. As a result of poor or inefficient heat and mass 
transfer, a reactor can be operated within many operating 
windows.

Forca bioreactor treating organic wastes under aerobic 
conditions, three important parameters which govern the 
intrinsic kinetics are the concentration of dissolved oxygen 
(DO), the biomass concentration, and the substrate 
concentration. Figure 1.1 shows conceptually, the dependence 
of dissolved oxygen and substrate concentration on the 
reaction rate assuming that biomass concentration is high. 
For a concentration of 50 ppm organic substrate, the 
reaction rate increases as the concentration of DO is 
increased initially. This region corresponds to an operating 
regime limited by DO. In such a situation a kinetic model 
using organic substrate alone as a rate limiting parameter 
cannot be used, and will not represent the true kinetics. 
After a certain point, the reaction rate maximizes and is no 
more influenced by the DO. At this stage the reaction rate 
is limited by substrate concentration, which if increased 
from 100 to 250 ppm for example, will result in higher 
reaction rates.

A similar relationship exists between the biomass 
concentration and DO when a non-inhibitory substrate is 
present in excess. As seen in Figure 1.2, an initial 
increase in biomass concentration increases the reaction
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rates indicating a biomass limited operating window. The 
reaction rates do not increase after a point, where the 
system becomes DO limited. At this point the reaction rates 
can be enhanced by increasing the concentration of DO. If 
the substrate is in excess and DO is limiting, a change in 
DO source from air to pure oxygen should increase the 
reaction rates by five times.

In all of the above cases, the rate limiting compound 
may be either present in small quantities or its 
availability at the reaction site may be limited by external 
transport effects and/or internal diffusional effects. The 
availability of both nutrients and the oxygen can be made 
possible by proper design of the biocatalyst and optimal 
design and operation of the bioreactor. In general, the 
modeling and subsequent scale-up of bioreactors has been 
more complex due to poor understanding of the rate limiting 
steps which keep changing as the micro-environment near the 
biocatalyst changes.

1.4 External Transport Effects
External transport effects depend strongly on linear 

velocity or the superficial mass velocity of the feed to the 
reactor. This parameter controls the rate of transfer of 
nutrients from the bulk phase to the surface of the



7
biocatalyst. Depending on the type of substrate and its bulk 
concentration, the linear velocity can be varied to operate 
under a high mass transfer resisting environment (for high 
substrata' concentrations) or a low mass transfer resisting 
environment (for lower concentrations of substrate).

For a system operating under the limitation of 
external mass transfer, an increase in linear velocity will 
increase the substrate concentration on the surface of the 
biocatalyst, and this in turn will increase the reaction 
rates (Figure 1.3, curve A, 50 ppm). Here it is assumed that 
internal diffusional effects within the pellet are minimal. 
The rate will increase up to a point where the solid-liquid 
film resistance around the bead is completely eliminated, 
and a maximum rate is obtained. At this stage the reaction 
is kinetically controlled if internal resistance is 
negligible, and further increases in reaction rates can be 
obtained by increasing the bulk concentration of DO or 
concentration of a non-inhibitory substrate (Figure 1.3, 
curve B, 100 ppm).

In the case of an inhibitory compound like 
monochlorophenol, a high bulk concentration combined with 
high linear velocity will increase the substrate 
concentration at the biocatalyst surface to a point where 
inhibition may come into play [10]. This will decrease the 
reaction rates as seen in Figure 1.3, curve C (500 pm).
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1.5 Internal Diffusional Effects

Assuming that the external transport resistance has 
been overcome, transport inside the biocatalyst may still be 
a rate limiting factor. In general conventional biological 
processes treating organic wastes are slow processes, and 
are not limited by external and internal transport effects. 
But, when the biomass is immobilized the local cell density 
increases by more than an order of magnitude. Consequently 
the internal transport effects become important in reactor 
design. The substrates and the nutrients have to diffuse 
across the external matrix, and into the biofilm. This 
depends on the characteristics of the substrate, the 
physical and chemical properties of external matrix, and the 
biofilm thickness.

The physical parameter critical here is the biofilm 
thickness. In the case where the biomass is entrapped inside 
a bead, the biofilm thickness can be changed by varying the 
bead diameter. The diffusion path across the biofilm for the 
substrates and the nutrients can be reduced, and the 
reaction rates can be increased as seen in Figure 1.4. 
Finally at a critical biofilm thickness internal diffusion 
is not a limiting factor, and the reaction becomes 
kinetically controlled.

Other factors which affect internal transport are the 
porosity of the external matrix, and the diffusivity of the
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substrate in the gel. The choice of gel matrix depends on 
the molecular weight, and other physical and chemical 
properties of the substrate.

1.6 Biofilm Reactors
Many biofilm reactors and biofilm models have been 

studied to understand the kinetics of substrate utilization, 
and biofilm development. Most of these reactors use inert 
inorganic supports like silica, activated carbon, and 
diatomaceous earth to grow the biofilm on the surface. These 
biocatalysts are then used in conventional-packed bed or 
fluidized-bed reactors for biodegradation.

In fluidized-bed configuration the shear rates are 
high, and significantly effect the biofilm development. This 
has been one of the factors which has been overlooked in 
developing models for steady-state biofilms. Moreover, the 
rate of biofilm loss due to shear increases as the total 
mass increases, and is also a function of particle size and 
density. In packed-bed configuration the losses are 
significant but not as high as in fluidized-bed 
configuration due to low linear velocities.

In view of the above limitations a design which will 
provide tangential flow of medium across the biofilm will 
help reduce the losses due to shear. A spiral cross section 
for flow like the one used in this study will reduce the



loss and improve reactor performance.
10

1.7 PesigVT Considerations
The performance of immobilized cell bioreactors 

depends not only on the relevant microbial or enzymatic 
kinetics, but also on the physical process parameters. The 
reaction kinetics depend on parameters like biomass 
concentration, DO, and substrate concentration. These 
parameters, among others, control the inherent kinetics, and 
have been investigated in this research.

Even though the reaction kinetics are 
maximized/optimized, the process efficiency is dictated by 
choice of appropriate reactor configurations, and residence 
times. These are the other parameters which have been 
investigated.
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FIG. 1.1 CONCEPTUAL OPERATING WINDOW: 
REACTION RATE AS A FUNCTION OF 
SUBSTRATE AND DISSOLVED OXYGEN 
CONCENTRATIONS
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FIG. 1.2 CONCEPTUAL OPERATING WINDOW: 
REACTION RATE AS A FUNCTION OF BIOMASS 
AND DISSOLVED OXYGEN CONCENTRATIONS
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FIG 1.3 CONCEPTUAL OPERATING WINDOW: 
EFFECT OF FLOW RATE AND SUBSTRATE 
CONCENTRATION ON REACTION RATE
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FIG. 1.4 CONCEPTUAL OPERATING WINDOW: 
EFFECT OF BEAD SIZE AND FLOW RATE 
ON REACTION RATE
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CHAPTER II

LITERATURE SURVEY
\ ,

S

Scientists and engineers have exploited their fields 
of expertise in developing high performance bioreactors. The 
literature survey for this work was done to identify and 
cite approaches taken by members of both the communities in 
design and development of high efficiency bioreactors. 
Engineers with new and improved reactor configurations and 
more realistic mathematical models have contributed in 
developing designs which can be easily scaled and put into 

flT commercial applications.
Biochemists and scientists on the other hand have 

probed into more fundamental aspects of this technology, and 
have developed better biocatalysts, and have defined 
appropriate environments for the biological catalysts to 
perform specific functions. In the present work a literature 
review was concentrated in the area of bioreactors which use 
immobilized biocatalysts.

Immobilization by entrapment within a semi-permeable 
membrane, and by attachment to the surface of an inert 
support are two major categories of immobilization. When the 
biocatalyst is entrapped inside a matrix, the selection
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