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ABSTRACT

Phenol is considered to be one of the major pollutants in effluents from various industries.
Biofilm reactors are the engineered systems extensively used for continuous biodegradation of
phenol in wastewater. Stable and efficient operation of any biofilm reactor depends on the biofilm
characteristics. The main components of biofilms are microorganisms and exopolymeric
substances (EPS). The knowledge of biofilm characteristics and the factors that influence its
formation and detachment behaviour would lead to better understanding, optimization, control
and stability of biofilm reactors. In the present study, the steady state and start-up performance of
pulsed plate bioreactor (PPBR) in continuous phenol degradation using Pseudomonas
desmolyticum (NCIM 2112) cells immobilized on granular activated carbon (GAC) as the cell
carrier material was investigated and the associated biofilm characteristics were evaluated under
various operating conditions of the bioreactor such as frequency and amplitude of pulsation, cell
carrier loading, dilution rate and influent phenol concentration. The physical characteristics of the
biofilm such as its morphology, thickness, density and biomass dry weight; chemical
characteristics such as the composition of EPS in terms of its protein, carbohydrate and humic
substance content were evaluated and the effect of shear inducing conditions was investigated.
Dynamics of biofilm in PPBR during the start up dominantly included three phases of accumulation,
compaction and plateau. The PPBR could be continuously operated under stable conditions for
degradation of phenol with influent concentration of upto 800 ppm with dilution rate of 0.33 h™ at
frequency of 0.08s™ and amplitude of 5 cm to achieve greater than 99.5% degradation. Though
stable operation of PPBR was possible at higher inhibitory concentrations of 1200 ppm, it is not
recommended to operate at these concentrations owing to lower efficiency of phenol degradation.
The characteristics of biofilm have been found to be influenced by the PPBR operating conditions
and they play a dominant role in controlling the biofilm structure and integrity thus leading to
stable operation of the bioreactor. Conditions which resulted in the formation of thinner, denser
and compact biofilms with uniform and smooth surfaces have always led to better performance of
PPBR in terms of phenol biodegradation. Artificial neural network model has been developed to
predict the biofilm characteristics at steady state and during the start-up. The present study has
successfully demonstrated that PPBR is an efficient biofilm reactor and can be employed in
wastewater treatment for phenol degradation without much operational difficulties associated
with controlling the biofilm thickness and stability.

Key words: biodegradation; biofilm; exopolymeric substances; phenol; pulsed plate bioreactor
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CHAPTER 1

INTRODUCTION

Phenol is considered as one of the major toxic pollutants present in effluents from various
industries viz., oil refineries, coal conversion, pharmaceutical and food industries etc.
(Passos et al. 2010; Nair et al. 2008; Yan et al. 2005; Tseng and Juang 2003). Phenol
containing effluents, if discharged into water bodies prior to its treatment, may pose
serious health and environmental problems. Phenol is harmful if enters the body by
ingestion, skin absorption or by inhalation. It causes severe eye irritation, mucous
membranes, respiratory tract if exposed directly and it damages kidney and liver too.
Presence phenol has serious effect on flora and fauna, animals, aquatic life and humans
too, even at very low concentration (Naresh et al. 2012 ; ATSDR 2008; Gad and Saad
2008).

Maximum allowable phenol concentration in the industrial effluent will be specified by
most of the countries. Phenol is listed as priority organic pollutant by US Environmental
protection agency (EPA 2014). Central Pollution Control Board (CPCB), India, has set
the maximum permissible phenol concentration as 1ppm to be discharged to water bodies
(The Environment (Protection) Rules 1986a) ; World Health Organization (WHO) has set
the permissible concentration of phenol as 1ug/l in drinking water (WHO 2011).

To prevent the ill effects of phenol caused by discharge of polluted water into water
bodies and to meet the discharge standards specified by the regulatory bodies, it is
important to treat phenol contaminated wastewaters prior to discharge. Various methods
are available to treat the effluent containing phenol viz. physical, chemical and biological
methods (Pishgar et. al. 2011). Some of the physical and chemical methods of phenol
removal are adsorption, incineration, extraction by using solvents, chlorination, oxidation
processes, ozonation, photocatalysis, sonochemical reaction, biological oxidation process

and electrochemical methods, etc. These methods seem to be either complex,



uneconomical or cause secondary pollution. In this context, biodegradation process
appears to be the more promising method over the conventional methods (Shetty et al.
2013 ; Hsien and Lin 2005 ). Biological method is advantageous over other methods as
complete mineralization of phenol can be achieved by this method and the process can
be carried out under ambient conditions, without the use of toxic chemicals (Dey and
Mukherjee 2010; Nair et al. 2008). In the biological methods, the various
microorganisms belonging to the class of bacteria (pseudomonas species, Anthrobacter
species etc.), fungi (candida species, Fusarium, Aspergillus etc.) or yeast
(Phanerochaete, Rhodococus etc.) are used to degrade phenol to simpler compounds
(Basha et al. 2010).

Microorganisms for degrading phenol may be used in suspended form (Naresh et al.
2012; Agarry et al. 2008; Seker et al. 1997) or in immobilized/attached growth form
(Dabhade et al. 2009; Nair et al. 2008; Shetty et al. 2007). The bioreactors for
wastewater treatment may be suspended or immobilized cell types. Attached growth or
biofilm systems are a type of immobilized cell systems. The use of biofilm reactors is
generally adopted in the process of wastewater treatment (Van Loosdretch et al. 1995).
Biofilm is a community of microorganisms enclosed in a polymeric matrix that are
adhered to living or nonliving surfaces. Biofilm reactors are advantageous compared to
suspended cell reactors as they provide high biomass retention and density, higher
resistance to toxicity, overcome dilution rate limitations and cell separation problems
(Pellicer and Smets 2014; Shetty et al. 2013; Shetty et al. 2007), and enhance the
stability of the process (Cheng et al. 2010) etc.

1.1 Biofilm formation

Biofilm formation is regulated by different genetic factors such as bacterial mobility, cell
membrane  proteins, extracellular polysaccharides, signaling molecules and
environmental factors such as nutrient availability, presence of oxygen, temperature ,

pH, and hydrodynamics ( Maric and Vranes 2007). There are number of biochemical and



genetic mechanisms involved in the process of biofilm formation. In recent studies it is
learnt that one of the reasons for the formation of biofilm is based on the assumption that
these structured associates are a means of protecting microorganisms from stress

conditions (Nikolaev and Plakunov 2007).

Microbial cells (living or dead) and exopolymeric substances (EPS) are the main
components of biofilm. Proteins, carbohydrates and humic subsnces are the major
components of EPS and they contribute as the key components in the biofilm structure
(More et al. 2014). The other components present in EPS are nucleic acids, lipids and
other polymeric compounds. Microorganisms produce EPS to protect themselves from
harsh environmental conditions and toxic substances. EPS binds the cells together
forming a complex structure (Kumar et al. 2011). EPS are mainly responsible for the
structural and functional integrity of biofilm and they play a major role in determining
the physical, chemical and biological properties of biofilms ( Denkhaus et al. 2007 ).
Protein contributes for the adhesion and cohesion of biofilm whereas carbohydrate
contributes for the structural stability and architecture of biofilm (Anderrson et al . 2009).

EPS significantly influences the structure, adsorption ability, dehydration of the biofilm.

EPS are responsible for the formation and structure of biofilm. The composition of EPS
depends on various factors viz., type of microorganisms, age of biofilm, nutrient
availability, environmental conditions, shear stress, bioreactor type etc. (Sheng et al.
2010; Pei Shi et al. 2008). In depth studies on EPS is important both in understanding the
biological processes and in improving the efficiency of such systems through variation of

operational parameters (Sheng et al. 2010).
1.2 Biofilm Shearing/Detachment

The attachment of microbial cells and the production of polymeric substances
helps in the formation of biofilm and the other side shear forces tend to remove certain
parts of biofilm termed as biofilm detmachment (Grany et al. 2008; Bakke et al. 1984).

The detachment force influences the production rate of microorgansims and hence the



balance between them is an important factor to be considered for the performance
(Coetser and Cloete 2005; van Loosdrecht et al. 1995; Characklis 1990).

It is shown by few of the authors that a higher detachment force would result in a
stronger biofilm, however biofilm tend to form heterogeneous, porous, weaker structure
when the detachment force is weak (Chen et al. 1998; Van Loosdrecht et al. 1995; Kwok
et al. 1998; Chang et al. 1991; Rittmann 1982a ). Liu and Tay (2001) discussed o the
effect of detachment forces on the structure and metabolic behaviour of biofilms in
biological systems and discussed the mechanism in response to detachment forces under
hydrodynamic conditions and reported that the formation of stable biofilm was possible
at higher detachment forces leading to denser biofilm. Iliuta and Larachi (2006) showed
that the detachment from a surface is induced by colloidal forces in case of Brownian
cells/aggregates or by the hydrodynamic forces in case of non-Brownian aggregates. Liu
et al. (2002) showed that biofilm structure and metabolism are closely related to the
interaction between detachment and growth forces. Certain components present in the
microbial cell environment may inhibit the production of extracellular polymeric
substances reducing microbial attachment and inducing the detachment ( Xu and Liu
2011).

Hydrodynamics greatly influences mass transfer mechanisms and also creates
stresses that impart direct action on biostructure deformation and detachment. The
balance between the growth and detachment of the cells govern the biofilm formation.
Shear and particle collision, along with growth rate of biofilms results in biofilm
detachment (Garny et al. 2008; Villasenor et al. 2000). Shear stress affects the biofilm
thickness, surface roughness and the biofilm density and thus is an important parameter
in bioreactors (Villasenor et al. 2000) . The adhesion of cells depends on hydrophobicity
of the microbial cells. The adhesion is poor for some of the microorganisms that are less
hydrophobic in nature compared to others. Surface charge is also one of the factors
influencing the attachment. Negative charge inhibits the adhesion of species whereas
presence of surface cations increases adhesion of some micro-organisms. Flow of liquid

is the main factor that affects behavior of micro-organisms. Oxygen concentration can
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also affect bacterial adhesion. Biotic factors contribute to the degree of adhesion; e.g. for
the culture of anaerobic bacteria, adhesive capacity is pronounced in early stage of
logarithmic phase, decreases with age , and becomes negligibly low with depletion of
nutrient in the medium (Nikolaev and Plakunov 2007).

In biofilm systems, a higher detachment force would result in a stronger biofilm,
however biofilm tend to form heterogeneous,porous,weaker structure when the
detachment force is weak (Chen et al. 1998; Kwok et al.1998; Van Loosdrecht et al.
1995; Chang et al. 1991 ; Rittmann 1982a). The formation, structure and metabolic
activity of the biofilms are closely associated with the detachment forces in the biofilm
process. A more compact, stable and denser biofilm can be formed at relatively higher
detachment forces. Liu and Tay (2001) worked on the effect of detachment forces on the
structure and metabolic behavior of biofilms in biological systems and discussed the
mechanism in response to detachment forces under hydrodynamic conditions.

Biofilm structure also depends on the type of substrate. The influence of different
substrates on biofilm formation has been reported by Villasenor et al. (2000). Thus
biofilm structure and characteristics vary with substrate, substratum (cell carrier)surface,

microorganism and shear conditions in the environment.

1.3 Biofilms in Bioreactors

Biofilms are widely important in nature and in engineered processes. So a
fundamental understanding of their growth and behavior is required. The Biofilm reactors
are the engineered processes extensively used in waste water treatment, since (1) large
volumes of dilute, agueous solutions are to be treated and in free cell systems, the flow
rates which can be handled are limited due to problems with cell washout , whereas cell
washout limitations are overcome in biofilm systems (Pellicer-Nacher and Smets 2014;
Shetty et al. 2013; Shetty et al. 2007; Lopes et al. 2000) in comparison with most of the
other industrial bioprocesses (2) natural microorganisms which readily form biofilms are
used and (3) the process can be operated at high biomass concentration without
requirement of separation of biomass and the treated effluent (Van Loosdrecht 1993).
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Submerged filters, land treatment systems, rotating biological contactors, biological
activated carbon beds and fluidized bed reactors are engineered processes that utilize
biofilms (Tanyolac and Beyenal 1998). Surprisingly the formation, structure and
metabolic activity of the biofilms are closely associated with the detachment forces in the
bioreactors. In a biological reactor, the detachment force resulting from hydraulic shear
and /or particle-particle collision is a key factor that influences formation, structure and
stability of biofilm under hydrodynamic conditions. In a biofilm reactor the detachment
forces are most often considered in relation to the mass transfer of the substrate. It is
generally considered that substrate flux inside the biofilm would be increased with the
increase of hydrodynamic conditions (Wasche et al. 2000 ; Furumai and Rittmann 1994;
Rittmann et al. 1992; Trulear and Charaklis 1982). A more compact, stable, thinner and
denser biofilm can be formed at relatively higher detachment force (Wasche et al. 2000 ;
Kwok et al. 1998 ; Van Loosdrecht et al. 1995 ; Ohashi and Harada 1994; Vieira et al.
1993).

Garny et al. (2008) investigated biofilm development and detachment under
different hydrodynamic conditions and at different substrate loading in rotating annular
reactors. It was observed that the detachment rate was higher at higher substrate load than
at lower substrate loading. Speitel et al. (1987) used packed bed columns with granular
activated carbon as supporting material and studied biofilm shearing under dynamic
conditions. They found that at rapidly changing biodegradation rate, the biofilm shearing
is related to microbial growth than the amount of attached biomass. Sawyer and
Hermanowicz (2000) showed that the depletion of nutrient on Pseudomonas Aeruginosa
and Aeromonas hydrophilla lead to higher detachment. Knowledge of the composition of
biofilms and the factors that influence the biofilm formation and detachment behaviour
could lead to better understanding, optimisation and control of biofilm development or
the prevention of contamination or clogging of bioreactors (Garny et al, 2008).

There are a few studies on the effect of detachment forces on biofilm structure

and morphology in certain bioreactors like fluidized bed bioreactors (Alves et al. 2002;



Chang et al 1991; Rittmann 1982),differential fluidized bed biofilm reactor (Tanyolac
and Beyenal 1998; Sekar et al. 1995), Inverse fluidized bed biofilm reactor (Nikolov and
Karmanev 1990), Biofilm Airlift Suspension Reactor (Villasefior et al. 2000; Kwok et al.
1998), rotating annular reactors and packed bed or fixed biofilm reactors (Hsien and Lin
2005; Speitel et al. 1987 ; Rittmann 1982). The structure of biofilm is affected by factors
like detachment force and production of biopolymers in air suspension reactor as repored
by Kwock et al. (1998). Seker et al. (1995) have reported the effect of biofilm thickness
on density of biofilm and substrate consumption rate in differential fluidized bed reactor.
The interaction between biofilm structure, formation, and detachment in rotating annular
reactor has been reported by Garny et al. (2008). Pei-Shi et al. (2008) have found that
shear stress influences the biofilm morphology and EPS production through their studies
in suspended carrier biofilm reactor. Similar observations have been made by Mennit et
al. (2009) in membrane biofilm reactor. Lopes et al. (2000) reported on chemical
composition and activity of a biofilm during the Start up of an air lift reactor. Recently
Begum and Radha (2015) studied the hydrodynamic effects on the performance of
inverse fluidized bed biofilm reactor in terms of biofilm thickness, biofilm dry density,
attached and suspended biomass concentration, using low density polystyrene as support

material for the growth of bacterial Pseudomonas florescenes for degradation of phenol.

For a stable operation and performance of bioreactors, morphological
characteristics of the biofilm viz. biofilm thickness, biofilm density and surface
characteristics are the important factors to be considered. Kwok et al. (1998) and Sekar et
al. (1995) have reported that biofilm density and biofilm thickness often govern the
performance of bioreactors. It is important to have knowledge on biofilm structure as it
(1) helps in understanding, interpretation and prediction of the influence the biofilm may
have on a system (ii) provides an ability to manipulate the biofilm structure in order to
create a biofilm with the morphology and structure desired for certain applications
(Picioreanu et al. 2000).



Scope of the present study

Biofilm composition and biofilm characteristics (physical characteristics) greatly
influences the performance of a reactor. Extensive review of literature presented in
Chapter 2 indicates that, most of the research papers report the physical characteristics of
biofilm viz. biofilm thickness and biofilm density. Studies on biofilm morphology and
composition in bioreactors are scarce. There are a very few reports on the studies on
composition of biofilm and the influence of reactor conditions on the biofilm

composition.

Recently pulsed plate bioreactor (PPBR) with immobilized cells has been
reported to be very efficient in continuous degradation of phenol (Shetty et al. 2007).
This bioreactor has shown the potential to be used as a bioreactor for continuous
treatment of industrial effluents. It contains a reciprocating shaft with stack of perforated
plates, which may offer very high shear stress on the biofilm. Presence of moving parts
may impart high shear forces on the biofilm and hence may influence the biofilm
structure, characteristics and composition. The high shear inducing characteristics of this
bioreactor makes it an ideal candidate for studies on the effect of operating variables on
the biofilm characteristics. The bioreactor operational variables such as frequency and
amplitudes of pulsation may tremendously influence the shear conditions in the
bioreactor and hence may affect the biofilm characteristics. Understanding the effect of
these shear inducing operational variables on biofilm characteristics and its dynamics
adds a new knowledge in development and operation of pulsed plate bioreactor for
wastewater treatment applications and it may help in controlling the bioreactor
performance. The new knowledge base can also help in providing more understanding on
the influence of the operating variables on biofilm structure, morphology and

composition along with its dynamic behavior during reactor start-up.

Detailed literature review on the effect of various factors influencing the biofilm
formation, morphology, structure and composition in various reactors suggested that the

biofilm formation, morphology, structure and composition depend on the microbial



species forming the biofilm, the support material on which the biofilm is formed, the type
of substrate used and the type of bioreactor in which the biofilm is grown with the
utilization of the specific substrate. Thus, during the development of any bioreactor for a
specific duty of utilization of a given substrate with the cells of specific microbial species
grown as a biofilm on a selected support , a detailed study on the effect of bioreactor
operating variables on biofilm growth behavior in coordination with the substrate
utilization, dynamics of biofilm formation during start-up, steady state biofilm
characteristics is necessary (i) to facilitate a thorough understanding of the bioreactor
system (ii) facilitate interpretation and prediction of the influence the biofilm may have
on the bioreactor performance (iii) to provide useful information required to manipulate
the biofilm structure in order to create a biofilm with the morphology and structure
desired for the designated application

This thesis presents the investigations on the biofilm characteristics and the
factors influencing it in pulsed plate bioreactor during continuous biodegradation of
phenol by the cells of Pseudomonas desmolyticum strain (NCIM 2112) immobilized on
granular activated carbon. Pseudomonas desmolyticum cells were chosen owing to their
effectiveness in biodegradation of phenol as reported by Sridevi and Lakshmi
(2009).Granular activated carbon was used as a support material (carrier) for biofilm in
pulsed plate bioreactor, as it was earlier effectively used as a support matrix in cell
immobilization for phenol degradation by Dabhade (2009) in spouted bed reactor, Wang
and Li (2007) in immobilized membrane bioreactor.

The literature review also suggested that (i) the reports on the biofilm dynamics
during start-up of the bioreactors are scarce (ii) limited reports are available on the effect
of bioreactor operating variables on the chemical composition of the biofilm or EPS in
biofilm (iii) No study is available on the detailed physical and chemical characteristics of
biofilm at steady state and during start-up of pulsed plate bioreactor (iv) The studies on
biofilm growth behavior in coordination with phenol degradation by the cells of



Pseudomonas desmolyticum cells, a phenol degrading bacteria are not available in

literature.

Following research questions were raised based on the literature review

(i)

(ii)

(iii)

(iv)

v)

How effective is pulsed plate bioreactor with the cells of Pseudomonas
desmolyticum, NCIM 2112, immobilized on activated carbon in continuous
biodegradation of phenol under various pulsing and operating conditions

How does the influent phenol concentration and dilution rate as individual factors
and as combination factors in terms of substrate loading affect the physical and
chemical characteristics of the biofilm associated with phenol degradation during
start up and at steady state of pulsed plate bioreactor.

How does the conditions imparting high shear forces on the biofilm such as
frequency and amplitude of pulsation affect the physical and chemical
characteristics of the biofilm associated with phenol degradation during start up and
at steady state of pulsed plate bioreactor.

How does the cell carrier loading affect the physical and chemical characteristics of
the biofilm associated with phenol degradation during start up and at steady state of
pulsed plate bioreactor.

How biofilm formation dynamics is related to phenol biodegradation during the
start-up of the bioreactor.

The objectives of the research work were formulated based on extensive literature

survey and the research questions
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Research Objectives

The main objective of the research work is to study the degradation of phenol in

wastewater and to study the biofilm characteristics such as biofilm density, biofilm

thickness, biofilm structure, morphology and biofilm composition in a pulsed plate

bioreactor using the bacteria Pseudomonas desmolyticum (NCIM 2112) immobilized on

granular activated carbon.

Specific objectives are

To study the performance of pulsed plate bioreactor for biodegradation of phenol in
wastewater using Pseudomonas desmolyticum NCIM 2112 under various pulsing and
operating conditions

To study the individual and combined effect of dilution rate and influent phenol
concentration on biofilm characteristics at steady state and during start-up of pulsed
plate bioreactor

To study the effect of pulsing conditions such as frequency and amplitude of pulsation
on biofilm characteristics at steady state and during start- up of pulsed plate bioreactor
To study the effect of cell carrier loading on biofilm characteristics at steady state and
during start-up of pulsed plate bioreactor

To study the dynamics of biofilm formation and its characteristics in coordination with
the phenol biodegradation during the start-up of the bioreactor.

To develop models to predict (i) steady state biofilm characteristics and (ii) the biofilm
dynamics during the start-up of PPBR at different operating and pulsing conditions.

11



Organization of the thesis
The overview of the thesis is as follows

Chapter 1 presents the Introduction. In this chapter, the background of the research
work, need for the study, gaps identified from literature review and research questions

raised are presented.

Chapter 2 presents with the Literature Review. In this chapter, summary of the work
carried out by various researchers in the area of the current study highlighting the
research gaps in the existing literature is presented. The reports of various researchers
which have been used in analysis and interpretation of the results of the current study are

also discussed in this chapter.

Chapter 3 presents with the Materials and Methods. This chapter lists the materials
used, followed by description of the experimental methodologies and the analytical
procedures adopted in the current study.

Chapter 4 is on Results and Discussion. This chapter presents the results of experiments
conducted in the current study along with the analysis and interpretation of thpe results.

Chapter 5 presents the Modelling of Biofim Characteristics in pulsed plate bioreactor.

Chapter 6 presents the Summary of the significant findings of the present research work

along with the Conclusions drawn.
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CHAPTER 2

LITERATURE REVIEW

This chapter presents the extensive review of literature based on publications in
the area of biofilm characteristics, factors affecting the biofilm characteristics, various
types of biofilm reactors used for different applications, the influence of reactor
conditions on biofilm characteristics and the reactor performance, studies on phenol

degradation in biofilm reactors and pulsed plate column as a bioreactor.

2.1. Biofilm and its characteristics

Bacteria generally exists in planktonic form, freely existing in bulk solution and
in sessile form, attached to a surface or within the biofilm (Garrett et al. 2008).
Leeuwenhoek in 1684, was the first to investigate microbial aggregates on tooth surfaces
and this resulted in identification of biofilms. The advantages of biofilm formation for
the microorganisms include protection from antibiotics (Goldberg et al. 2002),

disinfectants (Peng et al. 2002), and dynamic environments (Chen et al. 1998).

The attachment of free floating cells onto biotic or abiotic surface aids biofilm
formation. Initially attachment occurs through weak, reversible adhesion with Van der
waals forces. These adhered cells produce extracellular polymeric matrix and are
embedded in the same. The formation of bioflms is a multistep process (Smirnova 2010;
Qureshi et al. 2005) and it involves various physicochemical and biological factors (Liu
and Wang 1996; Rouxhet and Mozes 1990; Calleja 1984; Daniels 1980; VanLoosdrecht
et al. 1987; Marshall et al.1971). The biofilm formation has been reported to be
described as a four-step process (Liu and Tay 2001). The first step is the physical
movement or transport of cells from liquid to the carrier surface. It happens through
hydrodynamics; diffusion; gravity force; Brownian movement and cellular mobility.

The second step is the retainment of the cells on the carrier surface by various attractive
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forces and promotion of stable multicellular contacts to form a monolayer of cells. The
attractive forces are (i) physical such as VVan der Waals force of attraction, attraction due
to opposite charges; surface free energy; hydrophobicity and surface tension (i)
Chemical forces such as hydrogen bonds or formation of ionic pairs. The third step
involves the maturation of attached cells, production of exopolymers, three dimensional
cellular cluster growth, metabolic changes and genetic signalling induced by the
environment to facilitate and strengthen the cell-cell interaction to form dense cell
clusters. In the fourth step, the three dimensional structure of the immobilized cells are
shaped by hydrodynamic conditions. The biofilms are finally shaped into structured
community by hydraulic shear force. However, very high shear force would cause

serious disaggregation and inhibition of development of biofilms.

Biofilms are complex structure composing of cells and extracellular polymeric
products viz. protein, polysacchaides, DNA and humic substances (Nicolella et al. 2000;
Charaklis 1990; Lettinga et al. 1980). The growth and activity of microorganisms are
enhanced when adhered to some solid surface. Attachment of a cell to a substratum
surface is termed adhesion, and cell-to-cell attachment is termed cohesion. Adhesive and
cohesive forces exhibited a biofilm are determined by the mechanism behind these forms
of attachment (Garrett et al. 2008).

Bacterial biofilms are ubiquitous in nature and found on any hydrated surface. They
can be used in the production of valuable products or for wastewater treatment
(Vanysacker et al.2013). The attachment of biofilm depends upon various factors viz.,
solid support, hydrodynamics condition, medium characteristcs etc. (Maric and Vranes
2007; Donlan 2002).

2.1.1. Biofilm characteristics and the factors influencing them

Biofilms are composed of microbial cells and exopolymeric substance (EPS) that
vary in physical and chemical characteristics (Smirnova 2010; Idris and Moustafa 2004).

Each biofilm community was found to be unique except having some inherent
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characteristics and is composed of heterogeneous structure with mixture of high
molecular weight polymers (More et al. 2014; Sheng et al. 2010; Tolker-Nielsen and
Molin 2000). The microbial cells in biofilms are said to communicate through the
regulatory mechanism called quorum sensing (QS) in which they exchange information
through a specific signal molecules, auto inductors (Smirnova 2010; Barbara et al. 2009;
Maric and Vranes 2007; Miller et al. 2001). Biofilms are generally controlled by
environmental and genetic factors in which the mobility of bacteria, cell membrane
proteins, extracellular polysaccharides and signaling molecules are the important factors
(Maric and Vranes 2007). The Exopolymeric substances (EPS) are produced by
microorganisms in order to protect themselves from various environmental conditions
and toxic substances and they bind together with complex structure (Liu et al. 2004).
Thus, the main function of EPS is to aid cell attachment on to surface of solids and
protect against any environmental stress and dehydration. EPS are mainly responsible for
the structural and functional integrity of biofilm and are considered as key components
that determine the physicochemical and biological properties of biofilms (Denkhaus et al.
2007). Exopolymeric substances produced by microbial cells are mixture of complex
polymers mainly consisting of proteins, polysaccharides, humic substances and lipids and
these EPS components are present in the space between microbial aggregates, providing

the structure and architecture of biofilms.

Various physical, chemical and biological characteristics of the biofilm play a
very important role in their application in biofilm systems. The important physical
characteristics of the biofilm such as biofilm density, biofilm thickness (Rim et al. 2004;
Tanyolac and Beyenal 1998; Kwok et al. 1998; Payton 1996; Sekar et al. 1995),
biofilm surface roughness and biofilm porosity which define the biofilm structure along
with substratum surface coverage (Alves et al. 2002) influence the performance of the
biofilm. The major component in the biofilm matrix is water which comprises up to 97
% (Zhang et al. 1998). The characteristics of the solvent trapped within the biofilm
matrix are determined by the solutes dissolved in it. All major classes of macromolecules,

i.e. polysaccharides, proteins, nucleic acids, peptidoglycan, and lipids can be present in a
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biofilm. However, EPS are the major structural components of the biofilm matrix
(Lembre et al. 2012). Thus, the chemical characteristics such as composition of biofilm
and EPS (Bala Subramanian et al. 2010) along with the biological characteristics such as
microbial diversity and their spatial distribution, differences in activity in terms of rates
of growth, EPS production, cell death (Bishop 1995), biomass and quorum sensing also
influence the performance of the biofilm in biofilm systems (Barbara et al. 2009; Yu Liu
2002; Liu and Tay 2001).

The structure of biofilm is a unique feature of the environment in which it develops.
They are affected by various factors viz., physical factors such as hydrodynamic shear,
properties of support material; environmental factors like tembperature, pH; chemical
factors like concentration of nutrients etc. The biological parameters are the physiology
of cells, microbial population and EPS, which are related to the physical and chemical
factors (Gong et al. 2011; Beneyal and Lewandowski 2002; Liu and Tay 2001; Van
Loosdretch et al. 1995; Rittmann 1982). Nutritional and physical conditions greatly affect
the nature of biofilms (Stoodley et al . 1999a) and the biofilm structure is largely
determined by the concentration of substrate. (Wimpenny and Colasanti 1997).
Researchers worldwide have worked in order to understand the physical and chemical
characteristics of biofilms. Various environmental factors (shear stress, surface
roughness, temperature, oxygen, nutrient concentration) and genetic factors (Quorum
sensing signals, activity) affect the biofilm formation and its characteristics (Kim et al.
2012; Chavant et al. 2002). The nature of support (carrier) material greatly influences the
biofilm growth, oxygen mass transfer and reactor hydrodynamics. The size, shape,
density and surface roughness are the most important physical characteristics of the
carrier particles (Lazarova and Manen 1994; Jian-an and Nieuwstad 1992). The surface
property plays an important role in the initial attachment of the cells. Pham et al. (2003)
in their studies on the adhesion property of strain St. guttiformis, have found that the
tendency of bacterial cells to adhere to hydrophobic surfaces to form biofilm in
multilayers was greater as compared to that on hydrophilic surfaces. The hydrophilic

nature of the surface along with the planktonic EPS layer adsorbed on it were reported to
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inhibit the cell attachment. However, Chavant et al. (2002) have found the biofilm

formation by negatively charged bacterial cells to be faster on hydrophilic substratum.

Substrate loading was reported to influence the density of biofilm.  Higher
substrate loading was found to favor the growth rate (Wijeyekoon et al. 2004; Van
Loosdrecht et al. 1995 ). Van Loosdrecht et al. (1995) have reported that high substrate
loading results in the the formation of less dense biofilm with more protuberances.
Trulear and Characklis (1982) have reported that rate of biofilm accumulaton and density
increase with the increase in substrate loading. They have also reported that low density
biofilms exhibit filamentous structure and high density biofilms exhibit non filamentous

structure.

However, Wijeyekoon et al. (2004) have reported that though biofilm growth rate
is positively influenced by substrate loading rate, increasingly high substrate
concentrations produce increasingly compact biofilms with lower porosity. They also
demonstrated that biofilm internal microstructure is affected by substrate loading.
Higher specific activity was observed at slowly growing biofilms having porous
structure. High substrate loading reduced the nitrification process. Their research work
suggested that substrate loading is the key parameter in determining biofilm structure

and function.

The effective diffusivity in the biofilm, which signifies the biofilm microstructure
related parameters such as porosity and tortuosity was also found to increase with the

increase in the concentration of carbon source (Beyenal and Lewandowski 2000) .

Rochex and Lebeault (2007) have shown that increasing the nutrient (carbon,
nitrogen and phosphorous) concentration increases the rate and extent of biofilm
accumulation. However, higher nutrient concentration above a certain limit reduced
biofilm accumulation rate because of a higher detachment. Zhnag et al. ( 2014) have
shown that nutrient depletion triggers EPS matrix production in B.subtilis biofilms and

EPS production increases at a critical biofilm thickness and it depends on initial carbon
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concentration in the environment. Tait et al. (1986) observed that high C: Nand C : P
ratios in the medium were associated with high levels of polymer production. Kwok et
al. (1998) have reported that increase in substrate loading increases the biofilm
thickness.

Detachment forces have been demonstrated to play a key role (Beyenal and
Lewandowski 2000; Speitel and DiGiano 1987; Van Loosdrecht et al. 1995 ; Trulear
and Characklis 1982) in the formation of biofilms. It was shown that the relationship
between shear stress and biofilm formation was strongly linked with each other and the
metabolism was influenced by the physical stress (Park et al. 2011). Shear stress is one
of the major factors that influences the formation of stable biofilm (Fernendez et al.
2014; Park et al. 2011; Rochex et al. 2008; Liu and Tay 2002).

Characklis et al. (1990a) suggested that the detachment of biofilms could be
categorised into three types, namely: erosion, sloughing and abrasion. The removal of
small clusters of cells from the biofilm surface is referred as abrasion and erosion. Shear
of the moving fluid on the biofilm surface causes erosion, while collision between the
biofilm carrier particles as in moving bed bioreactors cause abrasion. Sloughing, refers to
the detachment of relatively large portions of the biofilm wherein a fraction of the
biofilm is removed down to the substratum (Morgenroth et al. 2000). Characklis (1990
b) referred to detachment as an interfacial transfer process, which involved the transfer of
cells and other components from the biofilm compartment to the bulk liquid, with the
detachment of microbial cells and related biofilm material occurring from the moment of

initial attachment.

Van Loosdrecht et al. (1995) through their studies on Airlift suspension reactor
have postulated an hypothesis saying that the structure of biofilm is determined by the
ratio between the substrate surface loading on to the biofilm to shear rate and reported
that a smooth and stable biofilm can be achieved with a right balance between substrate

loading and shear rate. According to them, when detachment forces are relatively high
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patchy biofilms are developed, whereas at low detachment forces, the biofilm becomes

highly heterogeneous with many pores and protuberances.

Kwok et al. (1998) in their studies on airlift suspension reactor confirmed the
hypothesis postulated by Van Loosdrecht (1995). They showed that increase in carrier
loading decreased the biofilm thickness. They attributed it to increased detachment
forces and decrease in biomass surface production rate, i.e higher carrier loading
provides higher biofilm surface area. These studies showed that the formation, structure
and stability of biofilm is influenced greatly by detachment forces resulting from

hydraulic shear or collision between the particles.

Horn and Hampel (1998) found that high substrate loading decreased biofilm
density and maximized substrate conversion rate and shear effect was found to be
reversed and the surface structure was influenced by shear and substrate loading. Liu et
al. (2001) found that the biofilm detachment rate was higher at higher substrate loading

and was related to changes in biofilm production rate, structure and composition.

Herbert-Guillou et al. (2001) investigated on the formation of biofilm and its
mechanical properties. They found the biofilm to be elastic under the laminar and
turbulent conditions. They also found that the biofilm deformation depended upon

development conditions and mechanical properties of biofilm.

Beneyal and Lewandowski (2002) reported on the effect of internal and external
mass transfer in biofilms that are grown at various flow velocities. Based on their
investigation on the variation of effective diffusivities in the biofilm along the depth, they
hypothesized that the biofilms arrange their internal architecture, that depends upon flow
velocities, to control (i) rate of mass transport of nutrient and (ii) the resistance of shear
stress of water flowing past them. Among these conditions, the later one will be tried by
biofilms to enhance mehanical strength that can be obtained at the expense of former one.

They inferred that low velocity leads to biofilms with low density and high effective
diffusivity which does not resist high shear stress, whereas high flow rate led to denser

biofilm that resisted high shear stress but had lower effective diffusivity.
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Flow cells that are imitation of industrial pipes were used for finding the influence
of mass transfer of nurtrients and shear stress on the development of biofilm (Moreira et
al.2013). The biofilm formation was found to be favoured at lowest flow rates. Shear
stress and mass transfer increased with increase in flow rates. It was found that shear
stress was the one which controlled the biofilm and it resulted in erosion/sloughing of

biofilm, whereas mass transfer promoted biofilm formation.

The initial attachment of microbial cells is an important factor and is considered as
critical for the formation of biofilm. Lopes et al. (2000) in their studies on an airlift
bioreactor with Pseudomonas fluorescens biofilm on basalt support have observed high
production of EPS during the initial stages of biofilm formation and the majority of the
protein in biofilm was mainly intracellular, thus they have reported that the bacteria
produce more of exopolymeric substances when subjected to high shear stress in order to
promote initial cell adhesion.The bacterial cells in biofilm rely on the interaction between
them to the surface of the solid for their survival (Palmer et al. 2007) during the initial
attachment. The factors involved in cell attachment are surface charge, mass transport,
surface roughness, hydrophobicity etc. (Di Bonaventura et al. 2008). Substratum
characteristics play an important role especially in early stages of biofilm formation.
Roughness of carrier surface promotes bacterial colonisation (Gjaltema et al. 1997).
Fox et al. (1990) in their studies on expanded bed reactor have hypothesized that biofilm
starts growing in the crevices as they are protected from shear forces in these regions.
Further the biofilm fills the crevices, forms clusters by joining with the group of cells
from the neighbouring crevices. According to them, the biofilm thus matures and the

rough surface is completely covered.

Various researchers have investigated on the formation of EPS in recent years
(Park etal. 2011; Kumar et al. 2011). Simulation of a nitrifying biofilm with ammonia
and nitrite oxidizing species to elucidate effects of EPS on biofilm structure and function
was carried out by Kreft and Wimpenny (2001). They found that EPS production
influenced the biofilm structure and function significantly. EPS production stimulated the

growth of non producers, but decreased the growth of producers owing to energy
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utilization for EPS production. Thus, the accumulation of EPS reduced with an increase
in rate of production. It was observed that the roughness of biofilm with patchy area

decreased and there was an increase in porosity due to EPS production.

Pei-Shi et al. (2008) through their studies on suspended carrier biofilm reactor,
have shown that EPS secreteion would be due to defensive physiological response to
higher shear stress by the microorganism. In this case the sudden increase in shear stress
increased the EPS-polysacchraide secreteion, but had little effect on secreteion of EPS-
protein. Higher shear stress reduced the roughness of the biofilm thus forming flatter
biofilm. Increase in shear resulted in compact and dense biofilm owing to continuous

changes in pore structures and bacterial growth.

The higher shear stress reduces the surface roughness making the biofilm more
compact and in turn more denser having less protuberances and the biofilm maturation
slows down keeping them young when subjected to high shear stress (Rochex et al.
2008). Rochex et al. (2008) through their studies on a conical Couette-Taylor Reactor
(CTR) have also shown that high shear stress reduced the biofilm diversity, slowed down
the maturation of biofilm thus maintaining young biofilm. Their results also indicated the
temporal variation in biofilm composition with variation in shear stress. Ochoa et al.
(2007) have also observed the similar results in CTR and have found that the values of
local shear stress were high near the wall than at the middle of the reactor which caused
detachment of biofilm and hence reduction in residual biomass near the wall.

Kumar et al. (2011) investigated on the production of biofilm by isolated bacteria
from marine water and found that a strain which showed higher production of EPS was
found to possess strong adsorption bond of —-OH and COOH. It was found that the

attachment and growth of biofilm were dependent upon environmental conditions.

Park et al. (2011) in their studies on the bacterial strain P.aerugenosa found that
morphology and dynamics of biofilm along with bacterial metabolism were altered by
influence of fluid shear stress on biofilm formation. They have also reported that there

exists an optimum shear stress for the formation of stable biofilm. Wang et al. (2011)
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observed loose structure of mature biofilms at low flow rate and high substrate
concentration in their studies on hydrogen production using a photosynthetic bacteria,
Rhodopseudomonas palustris CQKO1 immobilized on a glass slide in a lab-scale
photoreactor. High production of hydrogen was possible with high dry weight of biofilm

and at optimal porous structure.

One of the factors that influence the initial cell attachment of microbial cells is
the environmental temperature to which the microorganisms are exposed. Fletcher
(1977) reported that the decrease in temperature lowered the adhesive strength of a
marine Psudomonas sp. In contrast to this, the bacterial attachment was reported to be
better at lower temperature than at high temperature for the bacteria Listeria
monocytogenes on the surface of steel (Herald and Zottola 1988). As reported by them,
the adhesion at low temperature could be due to transition from an ordered state in the
presence of ions. However, as reported by Van Loosdrecht et al. (1995) temperature
does not influence the biofilm formation on rough support material; while elevated
temperature favors the biofilm formation on a smooth quartz surface. They have also
concluded that, rougher the surface the stronger the attachment of biofilm and lesser the
chance of detachment from the surface. The biofilm formation by the negatively charged
bacterial cells was negatively correlated with growth temperature (Chavant et al. 2002).
He et al. (2015) in their studies on anaerobic-anoxic-aerobic bioreactor have found that
the physical characteristics viz. biofilm thickness and biofilm density on suspended
carrier and the production of EPS decreased with decrease in temperature and the effect

of temperature was more profound on biofilm thickness than the biofilm density.

Pellicer-Nacher and Smelts (2014) in their studies on membrane-aerated biofilm
reactor have found that oxygen loading affected the biofilm parameters. At high oxygen
load, increase in biofilm cohesiveness was observed, which depended on the mass of
EPS and the type of shear applied. Higher content of protein in EPS was observed with
increase in shear indicating strongest biofilm structure, whereas the carbohydrate content
was found to be low. Also, it was observed that the outermost EPS present in strongest

biofilm was hydrophobic in nature distributing around dense microbial aggregates. But in
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weaker biofilm strata they were homogeneously distributed. It was observed that the
oxygen penetrated fully into the depth of biofilm which avoided the anoxic biofilm zone
and thinner biofilm was obtained. A porous biofilm with rough surface and lower density
was observed with high oxygen load. However the higher oxygen loading did not

influence the detachment rate of biofilm.

During any physical or chemical fluctuations in any biological systems,
microorganisms evolve a complex decision making mechanism in response to the
environmental changes and match their behaviour accordingly (Popat et al. 2015). In
other words communication between bacteria occurs through chemical signalling
molecules. Generally, bacteria senses the environmental effects and to overcome such
effect they generate a mechanism of sensing called quorum sensing (QS), during which
the bacteria releases some molecules to overcome such environmental changes. They are
extremely fast decision makers in response to multiple environmental (both biotic and

abiotic) challenges with gene expression.

Very few researchers have studied on the chemical composition of biofilms.
Lazarova et al. (1998) treated primary and secondary effluent for nitrification process
using three-phase circulating bed reactor. They observed thin biofilm formation which
was below 100 um indicating controlled development during the process. The biofilm
thus formed had the composition of protein upto 35% , 58% of the biopolymers, where
as the polysaccharide content was as low as less than 3%. The high nitrification was
obtained during the process that could be resulted from controlled biofilm during the
process by developing the bacterial cells and minimizing the production of

exopolysaccharides.

Lopes et al. (2000) reported on the chemical composition of  bacterial
(Pseudomonas florescens) biofilm during start up of a concentric tube air lift reactor.
High exopolymeric substances production was observed during early stage of biofilm
formation that promoted initial cell adhesion and biofilm cohesion as well. The protein
content was found to be small and the total protein was found to be intracellular. The
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substrate consumption rate was reduced that could be due to reduction in cellular density

within the biofilm.

Andersson et al. (2009) reported about the composition of extracellular polymeric
substances of the denitrifying bacteria Comamonas denitrificans that were grown in
different culture media and found that EPS consisted of 3 to 37 percent of protein, 9 to
50 percent of nucleic acids and 3 to 21 percent of carbohydrates. The release of
nucleic acid was attributed to cell lysis during the extraction process. However
extracellular DNA has been identified to be one of the components that provides

structural strength to the biofilm.

The biofilm growth is observed since few years in industries as well domestic
domains. Detrimental effects of biofilm has been observed in industries such as spoilage
of food, infection etc. and blockage of pipes in various industries such as dairy (Yoo et
al. 2002), food (Kumar et al. 1998), water systems (Bott et al. 1998), oil (Nemati et al.
2001), paper (Klahre et al. 2000), health sectors (Liesegang et al. 1997; Marotta et al.
2002; Halabi et al. 2001) and in households ( Barker et al. 2000). However, the
usefulness of biofilms is well known, especially in the field of bioprocesses for the
production of high added value biomolecules ( Zune et al. 2013), ethanol (Demirci et al.
1997), microbial fuel cells (Read et al. 2010), bioleaching (Olivares et al. 2010) and
bioremediation. The microorganisms as biofilms to remove contaminants, such as metals
and radio nuclides (Le et al. 2003; Li et al. 2003), oil spills (Radwan et al. 2002),
nitrogen compounds (Zafarzadeh et al. 2010) and for the purification of industrial waste
water (Sekoulov et al.1999), are being used commonly. Biofilm characteristics majorly
influence their application potential in the above said areas, thus making the study on

biofilm characteristics essential.
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2.2. BIOFILM REACTORS

Bioreactors play an important role in the biochemical industry. The rate of
reaction and the period of operation affect the reactor productivities and the process
economics (Qureshi et al. 2001; Maddox et al. 1989. Reaction rate can be increased by
increasing cell mass concentration in the reactor. Cell mass concentrations can be
increased with immobilized cell reactors and thus they offer high reaction rates (Tyagi et
al. 1982).

Cells can be immobilized by entrapment and covalent bond formation, but it
increases the cost of production. The adsorption technique for cell immobilization is of
natural origin as cells "adsorb/and adhere™ to the support naturally and firmly (Qureshi et
al. 1987 ; Forberg et al. 1985; Tyagi et al. 1982). Adsorbed cells form layers on the
support and cell mass in the bioreactor grows over time (Qureshi et al. 1988) to form
biofilms. Formation of biofilm is an important factor to be considered in various fields
viz. biotechnology, biomedical, and industrial biotechnology (Barbara et al. 2009; Pham
et al. 2003; Ascon and Lebeault 1999). The biofilm reactors are engineered processes
extensively used for the treatment of wastewater, production of value added products,
bioremediation etc. Biofilm systems are used in various industrial applications such as
in bioreactors for production of ethanol (Demirci et al.1997; Kunduru and Pometto
1983; Ogbonna et al. 1989), Butanol (Napoli et al. 2010), Cellulase (Hui et al. 2010),
vinegar or acetic acid (Crueger and Crueger 1989) and wastewater treatment (Botchkova
et al. 2014; Seyed 2011; Borkar et al. 2013).

Biofilm reactors are highly advantageous over suspended cell reactors in terms of
(i) high cell retention, (ii) prevention of substrate inhibition and toxic effects thus
allowing high substrate loading and resistance to toxic shock loading (iii) elimination of
sludge formation and separation problems, (iv) preventing dilution rate limitations thus
allowing for operation under high flow rate (Burghate et al. 2013; Shirazi 2011; Basha
et al. 2010; Rabah et al. 2004; Van Loosdrecht and Heijnen 1993). In environmental
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processes large quantities of dilute streams have to be treated in which biofilm process

are advantageous.

From the research work carried out by Pishgar et al. (2011), on the biodegradation
of phenol using suspended cell as well immobilized cells , it was reported that the time
required for the degradation was shorter when immobilized cells were used and also at
higher concentration of phenol (1000 mgL-1), the degradation was enhanced upto 40% as
compared to suspended cells. Comparison between a suspended biomass (Sequential
Batch Reactor ‘SBR’) and immobilized biofilm reactor (Sequential Batch Biofilm
Reactor ‘SBBR’) was carried out by Sowinska et al.(2016) for the treatment of
wastewater. SBBR showed slower biofilm growth than SBR. The immobilized reactor

improved the efficiency of sewage wastewater treatment.

Dixon and Abbas (2016) used aerated magnetic biofilm reactor with flat ring
magnets as the carrier material for activated sludge in a novel aerated magnetic biofilm
reactor for treating wastewater. The reactor was fed with seeding activated sludge along
with Fe;O,4 powder that acted as magnetite. A uniform magnetic biofilm was observed in
reactor and the biofilm was not affected by shear due to air bubble during operating
cycles. The second seeding resulted in increase of biofilm thickness which was also
unaffected by shear stress due to air bubble. They attributed it to the strengthening effect
of magnetite that prevented detachment of solids from the biofilm. The performance of
the magnetic biofilm reactor was found more efficient than suspended growth bioreactor

in nitrogen removal.

In biofilm bioreactors, microorganisms are immobilized on solid support.
Different types of biofilm reactors have been wused by various researchers, for the
production of value added products or for waste water treatment. Biofilms can be used in
various types of reactors (Cheng et al. 2010) such as continuous stirred tank reactors
(Tyagi et al. 1982), packed bed reactors (Qureshi et al. 1988), trickling filter reactor
(Wik 2003), fluidized bed reactors (Shieh et al. 1986), airlift reactors (Viggiani et al.
2006), upflow anaerobic sludge blanket (Lettinga et al. 1980; Lettinga et al. 1983 )
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reactors , expanded granular sludge bed (Seghezzo et al. 1998) reactors, rotating —disc
reactor (Oliveira et al. 2000), spouted bed reactor (Dabhade et al. 2009) and membrane
biofilm reactor (Clara et al. 2005). Table 2.1 presents various biofilm reactors used for
different biotechnological applications.

Support (carrier) material for the biofilm is an important parameter to be
considered in the design of biofilm reactors (Sancineti et al. 2012). Biofilm formation
starts with adhesion that depends on the physicochemical characteristics of the support
material and its nature is considered as the design parameter to enhance biofilm
formation (Habouzit et al. 2014). It was shown that the carrier surface roughness
increased biofilm formation and this factor is dominant than the physico-chemical
characteristics ( VanLoosdrecht 1998; Mulder et al. 1988; VanLoosdrecht 1995). Choice
of support material plays vital role for the successful operation of the bioreactor (Garcia
et al. 2008).

Different inert carrier materials for cell immobilization were used by various
researchers viz. granular activated carbon (Dabade et al. 2009 ; Fan et al. 1987 );
hydrophobic polystyrene, charged SiO, plate, hydrophilic Duropore (Shreve et al. 1991);
polyvinyl chloride (PVC), polyethylene terepthalate (PET) (Sancinetti et al. 2012);
plastic composite-support made of agricultural material like oat hulls or soybean hulls
(Demirci et al. 1997); glass beads and activated alumina beads (Shetty eta I. 2007) and
calcium algenate beads (Pishgar et al. 2011; Abd-El-Haleemet al. 2003).

Wilderer et al. (2000) used four types of biofilm carrier materials such as: clay
granules, GAC, zeolite and plastic rings in SBBR and found that substrate was
temporarily stored in the carrier material by means of adsorption, ion exchange and
absorption processes. They have reported that as the reaction phase proceeded, the bulk
liquid concentration dropped leading to dominance of desorption processes followed by
metabolic reactions. They concluded that thick biofilms and the biofilm carrier particles
with high adsorption capacities are favorable to withstand fluctuations in peak loads and
to keep the effluent concentrations within stipulated levels.
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Table 2.1 Biofilm reactors used for different applications.

Reactor Support Substrate used | Application Organism Reference
type Material Used
Packed bed | Polypropylene | Glucose Ethanol Zymomonas Khunduru
reactor production mobilis and
Pometto
(1983)
Fluidized Sand Acetic acid Bio- Bacteria from | Fidel
bed reactor methanation of | methane Toldra et al.
acetic acid fermenter (1986)
Packed Granular Phenol, Biomass loss Not specified Spietel et
column activated pareanitro- due to shearing al. (1987)
carbon Phenol effect study
Trickle bed | Beech wood Ethanol Acetic acid Acetic acid Crueger and
reactor shavings production bacteria Crueger
(1990)
Fermenter | Plastic Ethanol Saccharomyces | Demirci
composite production Cerevisia (1997)
support
Rotating Plexiglass disc | Molassess Denitrification | Secondary Boaventur
disc biofilm effluent a.and
reactor inoculum Rodrigues
(1997)
Differential | Activated Phenol Phenol Pseudomonas | Tanyolac
fluidized carbon degradation putida (1998)
bed reactor and Prediction
of average
biofilm density
of bioparticle
Bioreactor | Flexible brush | Activated oxidation of Anammox Botchkova
sludge ammonia bacteria et al. (2014)
Fixed Polyeurathane | Phenol Biodegradation | Bacteria from | Hsien and
biofilm foam sponge of phenol recycled sludge | Lin (2005)
reactor cube
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Reactor Support Substrate used | Application Organism Reference
type Material Used
Pulsed Glass beads Phenol Degradation of | Nocardia Shetty et al.
plate phenol hydrocarbonox | (2007)
column ydans
Packed bed | Silicon coated | Glycerol Di- Glucono Hekmat et
bubble rings hydroxyacetone | bacteroxydans | al. 2007
column Production
Tubular Silicon tubing | Styrene S-Styrene Pseudomonas | Gross et al.
membrane oxide species (2007)
reactor
Stirred None; bacteria | D-alanine Pyruvic acid Recombinant Setyavati et
vessel create production acetobacter al. (2009)
cellulose xylinum
granules
Spouted Granular Phenol Phenol Nocardia Dabhade et
bed activated degradation hydrocarbonox | al. (2009)
contactor carbon ydans
Packed bed | Tygon rings Synthetic Butanol Clostridium Napoli
bioreactor cheese whey manufacture acetobutylicum | etal.
(2010A)
Moving Polyethylene | Glucose Partial Heterotrophs Zafarzadeh
Bed cylinders nitrification/ and nitrifiers etal. (2010)
Biofilm denitrification
Reactor process
Gas lift Pumice stone | Semi- removal of Sulfate Pizarro et
reactor synthetic organic waste reducing al. (2011)
effluent and sulphate bacteria and
methanogenic
archaea
Fixed-Bed | Woven Synthetic Nitrification nitrifying Elawwad et
Biofilm polypropylene | wastewater biofilms. al. (2012)
Reactors (PP) fiber with
sheets ammonium
chloride and
sodium
acetate
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Reactor Support Substrate used | Application Organism Reference
type Material Used
Horizontal | horizontal Methane and Methane methanotroph-
flow plastic sheets | Liquid removal from rich biomass K v et
biofilm nutrient feed gas mixture capable of ennetly €
al. 2012
reactor methane
oxidation
fixed bed plastic media | Biodegradable | Ozonation McNaught
biofilm 0zonation byproduct etal. 2015
reactors byproducts removal
Moving- Simulated Biodegradation | ---- Dong et al.
Bed wastewater of 2015
Biofilm containing Polychlorinated
Reactor PCBs Biphenyls
(PCBs)
Packed bed | Tygon rings glucose and Butanol Clostridium Raganati et
biofilm lactose production acetobutylicum | al. 2016
reactor
Moving Cubic-shaped | Organics in Domestic Microbial Zhang et al.
bed biofilm | polyurethane | waste water wastewater consortia 2016
reactor sponges treatmenet

Dimitrov et al. (2007) through their studies on growth of two bacterial strains viz.,
Pseudomonas aeruginosa O1 and Bacillus subtilis CIP 5265 on powdered activated
carbon with polymer coating have found that the biofilm development rate can be

improved by modifying the surface properties of the carrier material with polymers.
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Yotova et al. (2009) studied on the dynamics of the formation of biofilm by the
strain Artrobacter oxydans 1388 immobilized on two newly synthesized carrier
materials. The immobilization was done using two methods viz. covalent bonding and
adhesion to different polymeric matrixes. The base of copolymer acrylonytrile with
acrylamide was mixed with cellulose acetate butyrate to obtain the matrices of high
mechanical stability. The covalent binding was proved to be more effective among the
two types of immobilization. The formation of biofilm was better on the polymer matrix

composed of Polyacrylonytrile and polyacryl amide.

Habouzith et al. (2014) studied the effect of solid support material on biofilm
development during start up with methanogenic bacteria in anaerobic biofilm reactor
using different solid support materials such as polypropylene, polyethylene and polyvinyl
chloride. They found that the composition of biofilm was dependent upon the size of
inoculum irrespective of nature of support material or organic loading, but archael
population were dependent highly on the support material. The start-up of reactor was

shown to be affected by the nature of the support material.

Xiao and Chu (2015) developed a novel biofilm carrier (Bamboo Fibre Biofilm
Carrier,BFBC) material using bamboo fibre as raw material and used in bio-contact
oxidation reactor (BCOR) to investigate the characteristics, specific surface area,
hydrophobicity, and adsorption capacity of carrier material that was prepared. For
comparison purpose, in another set a combined carrier material support made of bamboo
fibre mixed with polyester fiber was used in the reactor. The reactor started more rapidly
when filled with BFBC than when filled with combined carrier and also the efficiency of
the reactor was significantly higher in case of BFBC than combined carrier loading.
BCOR was more efficient in removing pollutant and was resistant to load variations and
more efficient to remove total nitrogen and to reduce COD to a required level in

municipal waste water treatment plant.

Granular activated carbon (GAC) is generally used as an adsorbent in wastewater
treatment and considered as one of the most efficient adsorbent due to availability of
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large surface area and well developed pores which provides more active sites for
adsorption (Annadurai et al. 2000b). Herzberg et al. ( 2004) through their studies on
atrazine degradation using Pseudomonas sp. strain in a fluidized bed biofilm reactor
have reported higher stability with GAC as a biofilm carrier as compared to a reactor
with non-adsorbing carrier. Internal flux of desorbed atrazine from the GAC to the base
of the biofilm was found to increase the active biofilm surface area.Formation of biofilm
on GAC was reported to provide better efficiency in removal or biodegradation of
organic compounds (Gibert et al. 2013). Several researchers (Dabhade et al. 2009;
Prieto et al. 2002 Pai et al. 1995) have shown that the microbial cells immobilized on
Granular activated carbon could degrade phenol very efficiently. Thus, in the present
investigation Pseudomonas desmolyticum (NCIM 2112) was immobilized on GAC and
used in the bioreactor.

Biofilm reactors have found numerous applications in recent years. In several cases
the principles of their design and operation are known or are largely based on several
thumb rules. But, the systematic information is lacking. The structure and composition of
biofilm are crucial for (i) better understanding, interpretation and prediction of the
influence a biofilm may have on a system (Stoodley et al. 1997) and (ii) the ability to
manipulate the biofilm structure, in order to create the biofilm desired in a certain
application. The performance of a biofilm reactor is affected by the biofilm structure and
composition. The studies on structure and composition of biofilm are important to ensure

the formation of biofilm and its applicability .

According to Picioreanu et al. (2000), the biofilm structure can affect the (i) Overall
transformation rates in a bioreactor.(ii) Stability of bioreactor operation(iii) Fluid
frictional resistance(iv) Biofilm detachment and (v) Biofilm ecology.

The morphological characteristics of biofilms such as: biofilm thickness, biofilm
density and biofilm surface shape affect the biomass hold-up and mass transfer in a
biofilm reactor (Garrido et al. 1997; Tijhuis et al. 1995) and play a significant role in

determining the overall performance of a biofilm reactor. Biofilm density affects the

32



achievable biomass concentration and the overall substrate conversion rate. For aerobic
processes, thin biofilms (< 150 um) are favorable (Tijhuis et al. 1994). Thick biofilms
lead to presence of a high fraction of non-active biomass in the reactor due to limited
substrate penetration depth. The shape of biofilm surface affects the external mass
transfer resistance and thus influences the mass transfer of nutrients to biofilm cells
(Bishop et al. 1997; De Beer et al. 1994, 1995, 1996; Yang and Lewandowski 1995;
Zhang et al. 1994;). Porosity of the biofilm and compositon of the matrix affect the
resistance to transport of solutes wihin the biofilm interiors by influencing the effective
diffusivities within the biofilm matrix (Stewart 1998).

The control of biofilm thickness is an important aspect for a stable operation of
biofilm reactors, as phenomena like sloughing may occur with thicker biofilms (Beeftink
1987). In particle biofilm processes such as fluidized bed bioreactors, may become
unstable due to fluffy biofilms and outgrowth which may cause difficulties in separation
of biofilm particles from water (Tijhuis et al. 1995). Thus, biofilm surface shape is also
an important parameter for the stability of reactor. Formation of filamentous biofilms or
very thick biofilms and the sloughing of parts of the biofilms from the carrier surface

often results in lower effluent quality.

Stooley et al (1999b) through their studies on biofilms in flow channels,
proposed that in the event of the presence of isolated cell clusters on the surface, the
velocity profile in the visinity of the cell cluster resembles that of the empty channel.
When cell clusters are close enough, each cluster is influenced by the flow wakes
generated by other clusters. However, no vortices are formed when the biofilm
completely covers the carrier surface, and thus the flow "skims™ over the biofilm surface.
In turbulent conditions, filamentous structures may be developed in the biofilm and these
filamentous forms freely oscillate in flowing conditions (Stoodley et al. 1998). Stoodley
et al. (1999b) hypothesized that the detachment of individual clusters from the biofilm
may be dependent on their shape and location. Continuous superficial erosion may lead to

loss of biomass from uniform and thick biofilms (Picioreanu 1999 ). Ohashi and Harada
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(1994, 1996) and Ohashi et al. (1999) found that increase in biofilm dry density increases
the biofilm strength. If due to starvation and ageing, the cells decay in deep biofilm
layers, the adhesive strength of the biofilm reduces leading to faster biofilm detachment

rates.

Biological characteristics of microorganisms forming a biofilm affect the biofilm
accumulation in biofilm reactors. Biofilm characteristics viz. biofilm density and biofilm
thickness, are important parameters and the overall reaction critically depends on these
parameters (Karel et al. 1985; Grady 1985; Andrews 1982). According to Bhamidimarri
(1988), the general consensus is that the biofilm dry density increases as the biofilm
thickness increases up to a certain thickness beyond which it begins to decrease and with
different reactor configuration and substrates, the biofilm thickness varied between 0.01-

0.1 cm and a biofilm dry density from 0.033 to 0.11 g/cm?.

Under similar of temperature and shear in airlift reactor, the slow growing
nitrifiers were found to form biofilms with higher density than the fast growing
heterotrophs (Tijhuis et al. 1994, 1995). However, hydrodynamics is reported to
influence the emerged structures more profoundly. The flow pattern determines the rate
of external mass transfer of nutrients and products to and from the biofilm. The higher the
liquid velocity, the higher the mass transfer rate which leads to the faster rate of biofilm
accumulation. Higher liquid velocities also imply larger shear forces at the biofilm
surface, leading to higher biofilm detachment rate. The experiments by Stoodley et al.
(1999a) demonstrated that the polymeric matrix of Pseudomonas biofilms underwent
permanent strain when subjected to variable fluid shear. The balance between the rate of
biofilm growth and detachment determines the biofilm formation. Thus, it is important to
analyze the effects of availability of nutrients and hydrodynamics on biofilm structure
together.

Fennell et al. (1992) developed a biofilm of Methane utilizing bacteria on
diatamaceous earth and granular activated carbon in a fluidized bed bioreactor and
obtained a steady growth of biofilm in spite of low influent methane concentration. They
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obtained biofilm thickness of 160 um and biofilm densities of 120 to 190 g VSL™.

The total suspended solids varied from 5 to 74 mgL™.

It is reported that in rotating cylinder and in tubular reactors under steady state
conditions with constant substrate loading rate, the biofilm density increased (Christensen
and Characklis 1990; Characklis et al. 1982) and biofilm thickness decreased (Characklis
1981) with increasing fluid shear stress. Under constant shear conditions, the biofilm
density (Characklis et al. 1982) and maximum biofilm thickness (Characklis 1981)

increased with an increasing substrate loading rate.

Trulear and Characklis (1982) through their studies on annular reactor have found
that detachment increases with fluid velocity and mass of biofilm. Higher fluid velocities
led to reduction in hydraulic retention time which caused a high biomass loss coefficient
due to shearing forces during biomethanation of acetic acid in fluidized bed bioreactor
(Fidel Toldra et al. 1986).

Fan et al. (1987) used immobilized cells of mixed microbial cells with
Pseudomonas putida as dominant microorganism on polymethylmethacrylate as support
material in a draft tube gas-liquid-solid fluidized bed reactor for degrading phenol and
studied the dynamics of biofilm. It was observed that the biofilm thickness increased
steadily till certain time and later the increase in thickness was drastic with bulky and
loose filamentous matrix that could be due to the switch over of activity of
microorganism from non-filamentous to filamentous with decrease in rate of phenol
degradation. At the same time the density increased with increase in thickness and
decreased with further increase in biofilm thickness indicating loose structure of biofilm
when the activity changed from non filamentous to filamentous. The necessity of biofilm

control in the reactor when the thickness increased drastically was evident in their work.

Chang et al. (1991) have reported that the particle-particle collision and

hydrodynamics influences the biofilm detachment rate. On comparison of biofilms in
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fluidized and non-fluidized reactor systems, they found the formation of smoother
biofilms in non fluidized reactor and rougher biofilms in fluidized reactor. Their studies
also showed higher detachment rates in fluidized systems, confirming influence of shear
and hydrodynamics on biofilm structure and detachment. Their studies showed that
increased particle-particle collision and turbulence resulted in thin and dense biofilms.
Hence the turbulence and attrition between particles during fluidization was considered to

be a dominant detachment mechanism.

The detachment rate was related directly to biofilm growth rate by Peyton and
Charaklis (1993) in their studies on a Rotor Torque Biofilm reactor with glucose as a
substrate for the growth of Pseudomonas aeruginosa and mixed population of
microorganisms and they found the detachment rate to be lower at the factors which

limited the growth rates.

Tijhues et al. (1994) observed three stages of biofilm formation during the studies
on dynamics in concentric-tube Biofilm Airlift Suspension Reactor (BAS reactor) using a
mixed culture grown on basalt carrier. During first stage, initial attachment occurred by
adsorption on surface and in the cavities in which shear was lower. It helped in the
formation of micro colonies during second stage and thirdly, continuous development of
microcolonies that led to a continuous biofilm covering the entire surface at steady state.
It is reported that for continuous biofilms and for high biomass concentration, a hydraulic
retention time should be lower than the inverse of maximum growth rate of suspended
biomass. When retention time was longer, lesser quantity of attached biomass can be
present as patchy biofilm. The amount of biomass per biofilm particle remained constant
on reducing the bare carrier concentration during start up at short hydraulic retention
times(HRT). Substrate loading rate affected only the amount of biomass on biofilm
particles. Thicker biofilms were formed at higher substrate loading. During start up
studies it was found that the detachment rate per biofilm area to be independent of
substrate loading rate, but dependent on the concentration of bare carrier material. Choi
and Tijhuis et al. (1994) have studied the effect of HRT in a biofilm airlift suspension
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reactor with heterotrophic biofilms and found that to achieve high biomass
concentrations in the reactor and for the formation of biofilms, HRT must be shorter

than the reciprocal of the maximum growth rate of suspended bacteria.

Choi et al. (1995) studied the effect of hydraulic loading on biofilm characteristics
in Inverse fluidized bed reactor . The reactor was stable for HRT of 2 h and for 4.5 kg
COD m™ day™ and they observed abrupt growth of filamentous microorganisms beyond
this value. It was found from the experiments that the optimum thickness to be 200 pum
and biofilm dry density to be 0.08 g cm™.

The performance of Biofilm Airlift Suspension reactor was found to be good at
shorter retention time than maximum growth rate of suspended microorganisms to
washout suspended microorganisms, where a stable continuous biofilm was formed
(Tijhuis et al. 1994).

Sekar (1995) studied the effect of biofilm thickness on biofilm density and
substrate consumption rates under pseudo-steady state in differential fluidized bed
biofilm reactor. They observed parabolic increase in the substrate consumption rates with
increase in biofilm thickness. The consumption rates increased with increase in biofilm
density due to enhanced rate of reaction, but decreased after 78 g/dm?® of biofilm density.
The critical thickness of biofilm in their work was found to be 90 pm and the biofilm

density increased up to critical biofilm thickness and then decreased slowly.

Zhang et al. (1995), investigated the influence of the structure of biofilm on mass
transport and transformation processes in a laboratory scale rotating drum biofilm
reactors during biodegradation with autoropic and heterotrophic biofilms . Experiments
revealed non-uniform spatial distribution of biofilm properties. The substrate/nutrient
transformation and diffusion processes were affected by decrease in metabolically active
biomass and increase in porosity within the depth of biofilm. Through the biofilm
modelling studies, they found that the ratio of effective diffusivtity to that in bulk of
liquid (D¢/Dy) could decrease from 50-81% at the top of biofilm layer and 20-50% at the
bottom of the layer. This reduction was found to be dependent on various factors like
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density of biofilm, porosity, etc. They found that the biofilm structure and the
performance was affected by biofilm thickness. Biofilm thickness was found to be
strongly influenced by the biofilm density. However, the relationship was found to be

non-unifrom.

Peyton (1996) studied the effect of substrate loading and shear stress on the biofilm
thickness, density and roughness using Pseudomonas aeruginosa in an annular reactor.
It was found from this study that the biofilm thickness showed significant increase up to a
value of 30um with an increase in substrate loading, but shear stress did not show any
change in thickness. It was observed that there was an increase in roughness with

increase in thickness.

Tanyolac and Beneyal (1996) studied the degradation of phenol in a continuous
fluidized bed bioreactor using Pseudomonas putida. The cells were pre immobilized on
granular activated carbon under batch conditions for the formation of a biofilm layer and
then used in continuous reactor. They reported biofilm thickness as the main parameter
that affected the degradation of phenol. They have found an increase in the performance

of fluidized bed reactor with optimum average density of biofilm.

Boaventura et al. (1997) used Rotating Disk Biofilm Reactor to study
denitrification using inoculum from secondary effluent of a domestic sewage treatment
plant. They obtained biofilms of varying thickness and density with variations in feed
nitrate concentration and feed flow rates. They found biofilm wet density decreasing
linearly with the biofilm
thickness, upto 622 um thickness and then remain constant with further increase in
thickness. The biofilms were found to be fully penetrated in cases with kinetic controlled
regime and partially penetrated biofilms in diffusion controlled regime.

Kwok et al. (1998) observed the dependencies of biofilm structural parameters
with varying substrate loading rates in terms of COD and carrier concentration in

biofilm airlift suspension reactor (BAS) with basalt carrier particles. High biomass
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content and low biomass yield were obtained at lower substrate loading. Biofilm
thickness decreased with a decreasing substrate loading rate and with increasing carrier
concentration signifying higher detachment forces generated by particle-particle
collisions. They found that with growing biofilms the detachment of biomass is lower at
higher carrier concentration. In growing systems, the detachment decreased with
increasing detachment force. Smoother, denser, thinner and compact biofilms were
formed as the biomass surface production rate decreased and/or shear force increased.
Their results also showed the formation patchy biofilm at high detachment forces and
highly heterogeneous biofilm with more voids and protuberances at low detachment
force. Their results contradicted the general belief that high detachment force is not
desirable for a stable biofilm formation. They hypothesized that by a high detachment
force, the surface growth is controlled and thus more substrate diffuses into the biofilm
and leads therefore, to a higher biofilm density. Higher resistance of dense biofilms
against detachment forces was attributed by Kwok et al. (1998) to the fact that a dense
biofilm is generally smoother and therefore less susceptible for detachment forces. They
concluded that a higher carrier loading, which results in higher biofilm density and higher
biomass concentration is desirable. Increase in biofilm density with increasing carrier
concentration have been observed in BAS reactors ( Kwok et al. 1998) with
heterotrophic organisms, in fluidised bed reactors (Chang et al. 1991) and in BAS
reactors with nitrifying biofilms (VVan Benthum et al. 1997).

Horn and Hempel (1998) studied on mass transfer and substrate utilization in the
boundary layer of biofilm systems during biodegradation of acetate and succinate and
their studies showed the limitation of biofilm thickness to be 800pm in the reactor for the
Reynolds No. exceeding 3000-4000 and also it was shown that there is a decrease in
biofilm density and maximum conversion rate with increase in substrate loading,

whereas with high shear the density had increased.
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Casey (1999) has reported a faster growth of biofilm in terms of its thickness at
higher oxygen concentration and at higher flow velocity, during biofilm development in

membrane-aerated biofilm reactors.

Hirata et al. (1999) studied the dynamics of completely mixed three phase
fluidized bed reactor for waste water treatment with coal ash as support material with a
mixed culture of microorganisms for step change in the influent concentration. The
sudden shock to the microorganisms in terms of change in initial concentration of feed
slowed down the activity of microbial cells during which the concentration of BOD
accumulated in the reactor and hence the outlet concentration reached a peak value under
transient conditions. Once the cells regained their activity, the concentration reduced and
reached a new steady state value. However, they observed that the biofilm surface area
remained almost constant during the transient period following a step increase or

decrease in the influent concentration.

Biofilm characteristics such as the activity in terms of substrate consumption rate
and composition in terms of exopolymeric substances (polysaccharides and proteins),
attached biomass and thickness were studied by Lopes et al. (2000), during the start-up in
an Airlift Reactor. Pseudomonas fluorescens bacteria was used in this study with glucose
as a substrate. Extracellular proteins and polysaccharides increased with time to reach a
peak in the beginning of the start-up period, but further decreased to reach a lower and
more stable value. High polymer production during initial stages of biofilm was found
favourable in promoting initial cell adhesion and cohesion. They attributed it to high
turbulence and strong abrasion condition in the reactor during the initial stages. Decrease
in exopolymer production in later part was attributed to diminishing of abrasion effect of
particle collisions. The total protein content was found to be very high compared to
extracellular proteins, thus indicating that biofilm proteins were mainly intracellular. The
biofilm accumulation caused high activity, however the activity was found to be
decreased due to reduction in cell density within the biofilm. The biofilm formation
included three stages starting with a bare carrier with initial cell attachment, formation of

microcolonies with patchy biofilm and then a continuous biofilm on the carrier surface.
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Nam et al. (2000), worked on fluidized bed reactors to study the effect of sand size
and location on biofilm characteristics. The effective diameter of sand used for their
study was 0.23 and 0.60 mm. A thinner and smoother biofilm was observed in the sand
size of 0.6mm which was due to the higher shear environment and a thick, rough, and
porous biofilm was observed on 0.23 mm sand particles. Also, variations in biofilm
thickness were observed with distance in the reactor. A thinner biofilm was observed at
the base of the reactor that had high turbulence than the samples that were taken from
less turbulence regions. However it was observed that the biofilm surface area per unit

biofilm volume remained almost constant irrespective of sand size and sampling location.

The effect of different substrates (Formate, formaldehyde, and methanol) on
biofilm formation was studied using air lift suspension reactor by Villasenor (2000) and
they reported that the biofilm formation depends upon the type of substrate. The
biofilms were denser with low substrate concentrations and the detachment of bioflms
was larger in growing biofilms than in non-growing biofilms subjected to same

detachment forces.

Liu and Tay (2001) reported on the effect of shear stress on metabolic response of
biofilm in terms of growth yield and dehydrogenase activity and biofilm structure using
rotating disc annular reactor. The bacteria for the growth of biofilm was obtained from a
steady state laboratory scale, aerobic-settling-anaerobic reactor. High shear stress led to
dense, smooth and stable biofilm and at the same time the dehydrogenase activity was
higher and on the other hand increase in shear stress decreased the growth yield. The
authors concluded that biofilms may respond to shear stress by regulating metabolic
pathways associated with the substrate flux . Dissociation of catabolism from anabolism
would occur at high shear stress. They proposed a hypothesis that the proton translocation
across the cell membrane is stimulated by shear-induced energy spilling, which favours

formation of a stronger biofilm.

Liu and Tay (2002) have also reported that aerobic biofilms can metabolically

respond to hydrodynamic shear force, in turn favouring the formation of a strong and
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stable biofilm under stressful hydrodynamic conditions. They concluded that shear force
has significant influences on the structure, mass transfer, production of
exopolysaccharides, metabolic/genetic behaviours of biofilms and recommended that a
biological process can be engineered by manipulation of hydrodynamic shear force, as a

control parameter to enhance process efficiency.

The influence of the composition of the medium, in terms of carbon/nitrogen ratio
and sulfur concentration, on characteristics of biofilm used for denitrification using
Alcaligenes denitrificans (Alves et al. 2002) was studied in a fluidized bed reactor. It was
observed that there was steady increase in biofilm thickness even after the attainment of
steady state. The biofilm density was found to be independent of loading conditions and
it was observed that there was composition of proteins and polysaccharides in biofilm
with change in C/N ratio and phosphorous concentration. The higher denitrifying activity
and higher production of protein was observed with increase in phosphorus concentration
since there was shifting of metabolism from carbohydrate to protein content. The biofilm
thickness and density were related to shear stress in the reactor. Choi et al. (2003) in
their studies on annular reactor have reported that the bifilm strength is governed to a
significant degree by the very recent history of shear conditions.

Rabah et al.(2004) reported on the characteristics of biofilm (biofilm thickness
and bed porosity) and biomass concentration with varying height in a fluidized bed
biofilm reactor (FBBR). The biomass concentration in the reactor decreased with
increase in nitrogen loading rate and the highest biomass concentration was observed at
the bottom of the column, whereas the biofilm thickness increased from the bottom to the
top signifying the stratification of the growth medium in the reactor and increase in bed
porosity from bottom to top of the reactor. It was reported that the variation in biofilm
dry density could be due to variations in physical conditions and the characteristics of
microorganisms in the reactor. Also the average biomass concentration per unit volume

of reactor decreased with increase in superficial velocity which was attributed to increase
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in bed porosity leading to lower concentration of bioparticles per unit volume of reactor

and due to high shear that could have resulted in detachment of biomass.

Ebrahimi and Picioreanu (2005) observed biofilm formation at high shear region
initially in honeycomb monolith which they attributed to the balance between biofilm
growth and detachment due to shear stress induced erosion. According to them, in the
early stages, the biofilm growth in the low shear regions was strongly limited by external
substrate transfer resistance. As the biofilm grows in thickness , the passing gas bubbles
induce mechanical forces which leads to the formation of a more regular biofilm shape

even in the low shear regions.

Cresson et al. (2006) studied biofilm formation during the start-up of an anaerobic
three phase inverse turbulent bed biofilm reactor for COD removal to reduce the time of
colonization during start-up phase. In their work, low density particles were used as
support material for biofilm formation. Organic loading rate was increased stepwise from
0.5 to 20 gCOD L-1 day-1 and the COD removal rate was maintained at 80%. They
recommended the operation of the reactor at short hydraulic retention time, so that the
suspended cells wash out and only the attached cells grow to favour biofilm

accumulation.

The rotating annular reactor was used by Garny et al. (2008) in order to understand
the interaction between biofilm development, structure, and detachment of biofilm. In
their experiments, they varied nutrient load keeping constant hydrodynamic condition. A
larger impact on biofilm structure was observed for mixed culture than single ones. The
detachment was found to be higher at high substrate loading and it was related with

biofilm production rate, structure and composition.

Andersson et al. (2009) used denitrifying organism Comamonas denitrificans for
waste water treatment and studied the characteristics of exopolymeric substances. Their
results showed lower production of exopolysaccharides when the organisms were
provided with lower concentration of limiting nutrients indicating higher cell

concentration in biofilm matrix in contrast to normal belief on the production of high EPS
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at low concentrations of limiting nutrient. They found that the production of EPS was
less with more cells leading to thinner biofilm when treated with wastewater that was rich
in nitrogen content and poor in carbon content. The extracellular protein was found to be

abundant in EPS from biofilm.

Pizarro et al. (2011) used a gas lift reactor for the removal of organic waste and
sulphate and proposed a strategy to obtain a well-established biofilm . The performance
of the reactor was evaluated in terms of shear force. Biogas recirculation was provided
for shear effects. During the first stage of start-up, colonization was observed along with
the presence of extracellular polymeric substances. The biofilm development did not
have any adverse effect with increase in gas flow. According their strategy, gradual
increase in gas flow and organic loading rate leads to well established active biofilm and

it is essential to have a proper start-up procedure for better performance of a reactor.

Sarti et al. (2011) studied the biofilm characteristics and performance of a full scale
anaerobic sequencing batch biofilm reactor used for sulfate rich waste water treatment
with mineral coal as support material for the growth of microorganisms. Operational
stability (sulfate removal) was achieved after 71 cycles (steady-state period) following
the changes in operating conditions, thus indicating the high capacity of the mineral coal
to retain the biomass. The biofilm formation was found to have two different patterns,
one initial colonization and other one of a mature biofilm. Low adhesion of microbial
cells on support material and low suspended solids removal efficiency was observed
during the start-up period. The higher efficiencies were attained by increasing the
recirculation flow rate and the COD/sulfate ratio. According to them, the strategy of high
COD/sulfate ratio and high recirculation flow rate allowed a greater availability of
organic matter or electron donor for sulfate reduction and a reduced influence of the

liquid-phase mass transfer resistance respectively.

Langer et al. (2014) studied dynamics of biofilm formation during anaerobic
digestion of organic waste in biogas reactor. The maturation and maintenance of biofilms

was found to vary during the batch fermentation process due to decreasing substrate
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availability. This study demonstrated that the digestion of organic waste can be enhanced
and positive effects on biogas production could be brought about with biofilms of high

cell densities.

Fernendez et al. (2014) grew pseudomonas floroscence bacteria on polyvinyl
chloride surface in a simple flow cell reactor and found that the fluid shear stress and
salinity influenced Anammox biofilm formation. The high ionic strength was said to
cause the reduction in electrostatic repulsive forces that encouraged strong Anammox

biofilm formation without appreciable biofilm detachment.

The effect of low carbon to nitrogen (C/N) ratio and temperature on microbial
structure and biofilm was investigated by He et al. (2015) in a suspended carrier biofilm
reactor with polypropylene spheres as the carrier material. The objective of the study was
to assess how design and operation of the bioreactor might improve pollutant removal
and maintain the stability of biofilm structures. The production of extracellular polymeric
substances, biofilm thickness and biofilm density decreased with increase in temperature
and low temperature favored the EPS production. Low temperature rather than low
nutrient supply stimulated the filamentous bacteria growth as indicated by bulking and
dispersed growth at lower temperatures. Stable operation of the reactor was found to be
beneficial in terms of lower carbon requirements for the removal of organics and

nitrogen.

Tang et al. (2016) studied the adhesion characteristics of a biofilm in an integrated
moving bed biofilm reactor-membrane bioreactor. They found that the maturity of a
biofilm may be evaluated by its roughness and the stability of biofilm is determined by
tightly-bound protein and polysaccharide. They have also reported three stages in the
development of a biofilm.

Application of biofilms in bioreactors are beneficial and are becoming more popular
for wastewater treatment and for the production of desired products (Ochoa 2007,
Rittmann 1982; Cheng et al. 2010). The biofilm structure depends on physical

phenomena (substrate transport, biomass production , shear stress) and  chemical
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processes (metabolism) occurring in the reactor and are governed by the concentration of
substrate, composition of biofilm, EPS production, shear force etc. (Cheng et al. 2010).
Hydrodynamics strongly affects the structure and activity of biofilm (Ochoa et al 2007;
Liu and Tay 2002 ;VVan Loosdrecht 1995; Rittmann 1982). Literature indicates that the
biofilm thickness and biofilm density are the main design parameters which evaluate the
rate of consumption of substrate and in turn the performance of a bioreactor (Andrews et
al. 1982). For stable operation of any bioreactor, parameters such as biofilm thickness,
biofilm density should be controlled (Alves 2000).

The operating conditions which influence the performance of any biofilm reactors
are influent concentration, flow rate of liquid and air, cell carrier loading and the speed of
moving parts which bring about the mixing and mass transfer. Grabow and Hamoda
(1998) have studied the performance of a pilot-scale four-stage aerated submerged fixed
film (ASFF) process for treating domestic wastewater in terms of the organic removal
rates and reported that the organic (BOD and COD) removal rate was influenced by the

hydraulic loadings applied.

Kargi and Eker (2003) treated high strength synthetic wastewater in a Rotating
Perforated Tubes Biofilm Reactor at different operating conditions and studied the effect
of flow rate of wastewater and COD concentration on the performance of the reactor in
terms of COD removal.COD removal efficiency increased with the specific biofilm
surface area and the rotational speed, but decreased with increasing COD loading rate in

rotating perforated tubes biofilm reactor during biological wastewater treatment.

Sokol et al. (2003) worked on three phase fluidized bed bioreactor for treating
refinery wastewater with inoculum from activated sludge grown on propylene solid
support and optimized the ratio of bed volume to reactor volume and air velocity for

maximum COD removal.

Rabah and Dahab(2004) investigated denitrification of waste water containing

high-nitrate with specific emphasis on the effect of nitrogen loading rate and the
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superficial velocity. The maximum efficient loading rate to meet the required effluent
quality was found to be dependent on the superficial velocity. With increase in
superficial velocities, the optimum maximum loading rate dropped and higher
denitrification rates were achieved at relatively lower velociteis. However,they found that

below a particular minimum superficial velocity biomass agglomeration would occur.

The performance of anaerobic, packed-bed bioreactors treating leachate from potato
waste was evaluated in terms of organic loading rate (OLR) as well as the recirculation
flow rate by Mshandete et al. (2004). The bioreactor with the lower recirculation flow
rate showed operational stability when a high OLR was applied, while the one with high
recirculation flow rate became overloaded.

Effect of major operating variables such as hydraulic retention time (HRT), disc
submergence and disc rotational speed on COD removal in Rotating biological contactor
(RBC) were examined by Najafpour (2006) for the treatment of food canning
wastewater. COD removal efficiency was increased with increase in  HRT, disc
submergence and rotational speed. The rotational speed helps in enhancing the oxygen
and nutrient transfer required for the cell growth in the biofilm. Rotational speed of the
discs can be manipulated to control the biofilm thickness and the dissolved oxygen (Del
Borghi et al. 1985). However, the treating capacity is not always changed by changing e
rotational speed but it affects the power requirement. Thus, high power economy can be
obtained by operating the RDC at minimum rotating speed (Fujie et al. 1983).
Optimization of rotational speed is thus necessary.

Aygun et al. (2008) studied the performance of moving bed biofilm reactor
(MBBR), and found that the organic removal efficiency decreased with increase in

organic loading rate.

El-Naaz et al. (2010) worked on degradation of phenol present in waste water
using Spouted bed reactor with Pseudomonas putida immobilized on polyvinyl alcohol.
It was found that the rate of degradation of phenol increased with increase in air flow rate
upto certain limit , which could be due to mass transfer resistance in bulk of the liquid at

lower flow rates and also increase in dissolved oxygen when flow rate was increased .
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On the other hand when the flow rate was higher than a certain limit, the degradation

reduced with increase in air flow rate due to air bubble coalescence.

A fluidized bed reactor with low density polypropylene as support material was
used by Haribabu and Sivasubramanian ( 2014) for treating wastewater. They reported
that the percentage COD reduction increased with increase in superficial gas velocity and
decreased with increase in inlet concentration. The decrease in percentage reduction with
increase in inlet concentration of wastewater would be due to increase in organic loading
that leads to increase in viscosity of wastewater providing less air holdup. On the other
hand, increase in COD reduction with superficial gas velocity was attributed to increase

in air holdup which enhances the rate of mass transfer.

Barwal and Chowdhary (2014) through their studies on moving bed biofilm
reactor (MBBR) , have found that the reactor performance depends on the amount and
surface area of biocarrier, organic loading and disolved oxygen. The performance of
MBBR interms of BOD and COD removal has been reported to be dependent on

retention time.

Literature review suggests that the performance of any continuous bioreactor
depends upon various operating conditions, mainly. (i) influent concentration of substrate
which determines the substrate (organic) loading and substrate limitation conditions
governing the growth rate of the microorganisms, (ii) influent stream flow rate which
determines the dilution rate or hydraulic retention time (HRT) of the liquid in the reactor,
substrate availability, the mass transfer characteristics and biofilm detachment rate in the
reactor (iii) cell carrier loading which determines the detachment rate by attrition and
biomass hold up and (iv) the speed of motion of the shear inducing components in the
reactor which determine the biofilm detachment rates in the bioreactor and the mass
transfer characteristics in the reactor. These operating conditions in turn influence the
biofilm characteristics viz. physical characteristics like biofilm thickness, biofilm density,
bifilm morphology and chemical composition of EPS (protein, carbohydrate, humic

substance etc.) and these biofilm characteristics govern the overall biochemical reaction
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(Karel et al. 1985; Grady 1983; Andrews 1982) and the performance of the bioreatcor.
The nature of the substrate strongly affects the production of exopolymeric substances
that play key role in biofilm formation. Thus, studies on biofilm characteristics (physical
and chemical) are important in biofilm reactors Hence in the studies pertaining to any
bioreactor, the investigations on the effect of operating conditions on biofilm
characteristics should be carried out to understand how the performance of the reactor

may be improved by controlling these characteristics.

The characteristics of biofilms mostly in terms of biofilm thickness and density in
different types of bioreactors are reported in literature. Although EPS is an important
factor to be considered for the better performance and for design aspects, they are poorly
understood, especially in terms of chemical composition of biofilm matrix (Marvasi et al.
2010). To the best of our knowledge, the research on the behavior/characteristics of
biofilm in terms of chemical composition in biofilm reactors are scarce. High shear
bioreactor such as pulsed plate bioreactor is a true candidate for studies on biofilm
characteristics. The study on the behaviour of biofilms in this bioreactor may be useful in

the design and analysis of this bioreactor when used for waste water treatment.

2.3. PHENOL BIODEGRADATION IN BIOFILM REACTORS

2.3.1. Biodegradation of Phenol

Phenol is considered as one of the major organic pollutants. Industries that are
producing the phenolic wastes are steel plants, petroleum refineries, synthetic chemicals,
pulp and paper industries, etc. Phenol greatly affects the plants, animals, human beings,
aquatic animals and microorganisms even at lower concentrations (Pishgar et al. 2011).
Hence there is a need to treat industrial waste water for the removal of phenol and to
reduce the concentration below the permissible limits before its discharge into the

environment.
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Various methods for treatment of phenol containing waste are classified as
physical, chemical and biological processes. The methods for removal of phenol include
processes like adsorption (Yousef et al. 2011), incineration (Medel et al. 2012),
extraction by using solvent (Yang et al.2006), photocatalysis (Choquette-Labbé et al.
2014), sonochemical reaction (Lesko et al. 2006), oxidation processes (Yavuz et al.
2007), biological oxidation process (Scott and Ollis 1995), electrochemical methods
(Pimentel et al. 2008), ozonation (Moussavi et al. 2009) etc. The processes such as
adsorption and extraction do not lead to mineralization of phenol, but transfer it from one
phase to another (Shah 2014). Incineration of phenolic waste leads to generation of toxic
gaseous compounds (Medel et al. 2012). Wet oxidation process needs high temperature
and pressure conditions (Fajerwerg et al. 1997). Electrochemical or Fenton oxidation
processes lead to sludge generation and thus sludge disposal problems arise (Pimentel et
al 2008). Photocatalysis process encounter scale up difficulties (Wang et al. 2005 ). Most
of these processes are either of high cost or cause secondary pollution. Among these
biological degradation is considered most effective due to low cost, complete
mineralization of phenol producing innocuous end products and can be brought about
under ambient conditions (Shetty et al. 2013; Dey and Mukherjee 2010; Dabhade et al.
2009; Goudar et al. 2000; Chang et al. 1998). Biodegradation method is based on
microbial activity that requires carbon and energy source. Thus the majority of organic
chemicals, serve as carbon and energy source and they may be specific to certain types of
microorganisms. In this method the organic pollutants are mineralized to carbon dioxide,
water and other inorganic forms. Biological degradation of phenol follows either aerobic
or anaerobic pathways (Basha et al. 2010; Krug et al. 1985). The aerobic process, unlike
the anaerobic process utilizes oxygen during metabolism. The aerobic process for
degradation is more preferred than anaerobic (Basha et al. 2010; Shetty et al. 2007) due
to certain advantages viz. low cost, fast growth of microbial cells, etc. (Al-Khalid and
Muftah 2012).

It is observed by many researchers that the efficiency of degradation depends not

only on the type of pollutant and nature of microorganism but also on mechanism of
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degradation. The mechanism depends on aerobic or anaerobic degradation conditions
(Sridevi et al. 2012). In aerobic condition, phenol ring is first monohydroxylated by
monooxygenase phenol hydroxylase at ortho position to form catechol which is the main
intermediate (Gauthami and Vidya 2016). Then the catechol undergoes cleavage either at
ortho or meta position. Thus, metabolic pathway for phenol degradation follows either
ortho (Paller et al. 1995) or meta (Shetty et al. 2016, Mahiudddin and Fakhruddin 2012)
cleavage path way to accomplish complete mineralization into CO, and HO.

Many microorganisms like bacteria, fungi, algae and yeasts use phenol as a sole
source of carbon and degrade them. A large number of phenol degrading microorganisms
are isolated and characterized at the genetic level. Aerobic biodegradation of phenol has

been studied as early as in the 19" century (Chang et al. 1998; Garcia et al. 1997).

Studies have shown that phenol can be aerobically degraded by a wide variety of
microorganisms of genera Pseudomonas (Ahmed et al. 1995), Acinetobacter (Ying et al.
2007), Alcaligenes (Jiang et al. 2007), Arthrobacter (Unell et al. 2008; Karigar et al.
2006; Kar et al. 1997), Bacillus (Banerji et al.2010), Nocardia (Shetty et al. 2007;
Dabhade et al 2009) , Candida ( Chang et al. 1998), Fusarium sp. ( Cai et al. 2007) ;
Phanerochaete chrysoporium (Kennes and Lema 1994) and fungus Rhodococcus (Prieto
et al. 2002; Hidalgo et al. 2002). However, bacteria of the genera Pseudomonas has been
widely reported based on their versatility to use wide range of aromatic substrates which
makes their selection more impressive for wastewater treatment systems (Sridevi et al.
2012; Basha et al. 2010; Nair et al. 2008; Annadurai et al. 2000). They have been used
for aerobic phenol biodegradation (Kotresha and vidyasagar 2007; Annadurai et al.2007;
Monteiro et al. 2000) and has been found to be very efficient phenol degraders.
Pseudomona desmolyticum has also been reported to degrade phenol effectively. Effect
of temperature, carbon source, pH and inoculum size on phenol degradation by
Pseudomona desmolyticum (NCIM 2028) has been reported by Sridevi and Chandana
Lakshmi (2009). However, to date no study has been reported on continuous
biodegradation of phenol using Pseudomona desmolyticum cells.
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2.3.2. Phenol biodegradation with immobilized cells

Several researchers have studied phenol biodegradation both in suspended cell
systems (Chen et al. 2007; Liu et al. 2009) and in immobilized cell or biofilm systems
(Chen et al. 2007; Prieto et al. 2002; Shetty et al.2007). Immobilized cell systems have
always been preferred over the suspended cell systems in continuous biodegradation.
Immobilization is an approach in utilizing cell biomass in engineering systems
(Annadurai 2000). Substrate inhibition of microbial growth occurs when cells are used in
suspension during phenol degradation and immobilization is one of the methods to
overcome substrate inhibition. Some of the advantages of cell immobilization are high
productivity, tolerance to high toxic substances, blockage problems, downstream process
like separation, repeated use of cells, cell stability, low cost, etc. (Shreve et al. 1991;
Kourkoutas et al. 2004). Immobilization is proved to be more effective (Liu et al. 2009 )
over suspended cells in terms of degradation (Pishgar et al. 2011; Liu et al. 2009 ).

Immobilized cell systems can overcome dilution rate limitations.

Gonzalez et al.(2001) studied on biodegradation of phenol using pure culture
immobilized by entrapment in calcium alginate gel beads in both batch and continuous
mode. It was possible to degrade phenol concentration up to 1000 mgL-1, when
microorganisms are adopted to the toxic compound. It was found that immobilized cells
performed better than the suspended biomass.

Prieto et al. (2002) used suspended and immobilized cells of Rhodococcus
erythropolis UPV-1 for degrading phenol both under discontinuous and continuous mode
in an air stirred reactor. In this work, diatamaceous earth was used as support material on
which acclimated cells were immobilized. It was found that the immobilized cells were
able to degrade phenol completely in synthetic waste water containing phenol at a

volumetric loading of 11.5 kg m™ day™.

Acinetobacter sp. Strain W-17 (Abd-El-Haleem et al. 2003), degraded phenol
completely in suspended cell condition up to 500 mgL™ after incubation of 120 h using
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mixed nitrogen sources. When the same strain was immobilized, the time for degradation
reduced to 24 h in minimal salt medium and to 15 h in simulated wastewater. The strain
was tolerant to high concentrations of ammonium and Nitrate sources. The immobilized

cells were used five times without loss of activity.

Karigar et al. (2006) isolated Arthrobacter citreus from hydrocarbon contaminated
site and used for phenol degradation studies. The organism was immobilized in alginate

and was found to be efficient.

Ying et al.(2007) isolated phenol degrading bacteria from activated sludge of a
waste water treatment plant in china. The bacteria in free suspended form was efficient to
remove 99.6% of phenol within 9 h and could metabolize phenol up to 1100 mgL™. It
was found that the immobilized strain was tolerant to higher phenol concentration,
indicating good potential in the treatment of phenol containing waste water.

2.3.3. Biofilm reactors for phenol biodegradation

Biofilm systems with the cells immobilized on solid support seems to be more
popular due to its simplicity (Dabhade et al. 2009; Kourkoutas et al. 2004) and these
biofilm systems may offer less diffusional transfer resistance than the entrapped cell

systems. Thus biofilm reactors are widely used for continuous phenol biodegradation.

Molin and Nilsson(1985) grew Pseudomonas putida (ATCC 11172) in a
continuous culture in which phenol was used as the only carbon and energy source.
Experiments were conducted on phenol removal rate without and with biofilm formation
at different surface area/volume ratios. The biofilm increased the maximum phenol
removal rate keeping maximum suspended cell concentration to be almost same in the
effluent at 5.5 cm? of biofilm surface per millilitres of reactor volume. The biofilm
tolerated higher value of influent phenol concentration upto 3 gL™ whereas the non-

biofilm tolerated upto 2.5 gL™ indicating that biofilms can tolerate higher phenol
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concentrations than the suspended cells in continuous culture and it enhances the aerobic

degradation of phenol compound.

Mixed culture having Pseudomonas putida as predominant species immobilized
on spherical activated carbon as support material was used for degradation of phenol in a
draft tube gas-liquid-solid fluidized-bed bioreactor (Fan et al. 1987). It was observed
from their experiments that the biofilm formed was thin, uniform and dense. The biofilm
dry density increased during initial stages of biofilm formation reaching a maximum and
decreased further with increase in biofilm thickness thus indicating loose and bulky

matrix of filamentous microorganisms.

Tang et al. (1987) studied biofilm characteristics in terms of biofilm dry density and
thickness along with volumetric oxygen mass transfer coefficient and phenol removal
rates in a draft tube gas-liquid-solid fluidized bed reactor(DTFB) under different
operating conditions. It was concluded that DTFB was able to degrade phenol efficiently
at the rate as high as 18 kg/m*-day with an effluent phenol concentration less than 1

g/m3.

Speitel et al. (1987) studied biofilm shearing under dynamic conditions in a
packed column with granular activated carbon as support used for phenol and para
nitrophenol (substrates) degradation. The biofilm shearing was found to be closely related
to the microbial growth rate than the amount of attached biomass under the condition of
rapid biodegradation rate. Through model development and simulation they found that
the value of the growth-related shearing parameter significantly depended on the
substrate. Substantial biofilm shearing occurred during periods of rapid biodegradation,
which demonstrated the importance of biofilm shearing in attached growth reactors.

Livingstone and Chase (1989) studied phenol degradation by bacteria
immobilized onto particles of calcined diatomaceous earth in a draft-tube, three-phase
fluidized-bed reactor. They used the data on steady-state degradation to calculate biofilm
substrate diffusivities which were found to decrease as the biofilm density increased.
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They also determined a critical ratio of phenol/dissolved oxygen concentration at which a

transition from phenol to oxygen-limiting biofilm Kinetics occurred.

A mixture culture isolated from soil was used by Koch et al. (1991) for degradation
of mixture of 22 phenols in an air lift loop bioreactor. The culture was immobilized on
particles of sand and activated carbon. During experimentation the dissolved organic
carbon (DOC) was varied. The removal of DOC was constant when sand particles were
used as support material, whereas the biomass concentration was increased
proportionately with DOC loading rate and reached a plateau at loading rates above 200
mgL™ h™. The biomass concentration was higher when activated carbon was used as
carrier support under the same conditions. However the removal of DOC decreased

during operation.

Seker et al. (1995), studied the effect of biofilm thickness on biofilm density and
substrate consumption rate in a differential fluidized bed biofilm reactor (DFBBR 1995)
during biodegradation of substrates viz. glucose and ammonium chloride and oxygen . In
their studies biofilm of Zoogloea ramigera was developed on spherical activated carbon
support material. Biofilm thickness was estimated 