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Chapter 1 Bibliographies: 2.4 Microbial Biofilms

2.4 Microbial Biofilms

2.4.1 Overview: Biofilms are everywhere (Joe et al, 2005)

In nature, the majority of microorganisms live together in large numbers, attached to a
surface. Rather than living as lonely hermits in the so-called planktonic form, most bacteria
spend much of their lives in the microbial equivalent of a gated community-a biofilm.

A biofilm matrix is considered to be a hydrogel, a complex polymer hydrated with many
times its dry weight in water. The hydrogel characteristics of the slime confer fluid and elastic
properties that allow the biofilm to withstand changes in fluid shear within its environment.
So biofilms often form streamers-gooey assemblages or microbes that are tethered to a
surface. As running water passes over the biofilm, some pieces may break free and so spread
the microbial community downstream. Formation of a biofilm is analogous to the
development of a multicellular organism, with intercellular signals regulating growth and
differentiation. A typical biofilm is formed (follow arrow from the upper left) when free-
swimming planktonic bacteria are absorbed into a biotic or inanimate surface - an associtation
that is initially reversible, but then irreversible. Adhesion triggers the first physiological
changes on the path to a biofilm lifestyle. As the bacteria grow and divide, molecular signals
passed between the cells provide information on cell density - a process called quorum
sensing. In a maturing colony, the microbes produce an extracellular polymeric substance – a
matrix of polysaccharides, DNA and protein that encases the microcolony structure.
Planktonic cells may leave the biofilm to establish a new biofilm structure. Signals from the
collection may also recruit new microbial species to join the cortium (Figure 10).

Figure 10. Biofilm formation and development of a muticellular organism.
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Perhaps one of the most extraordinary environments where one can find a biofilm is in the
belly of a dairy cow. Biofilms are part of the normal complement of microbes in many
healthy animals, but the presence of these microbial communities in ruminants provides a rich
example of the interactions within a biofilm. A multispecies biofilm in a cow’s rumen
provides an example of the intricate relations between the cells in a microbial community, not
to mention the roles biofilms play in the nutrition of ruminants and others animals. The
colony begins with cellulose – degrading bacteria, which digest the grass eaten by the
ruminant, (A cow’s cud can be passed between its mouth and rumen several times before
these products are passed to its remaining stomach and intestines). The sample mono- and
disaccharide sugars produced by these cellulolytic bacteria attract fermenting
microorganisms, which covert the sugars into organic acids. In turn, the organic acids attract
methanogenic microbes that join the biofilm. The organic acids not neutralized by the cow’s
saliva would normally inhibit further growth in the biofilm, but the methanogens convert
these molecules into methane. The entire process produces a protein – rich microbial mass
that provides the bulk of the cow’s nutrients when digested by the animal (Figure 11).

Figure 11. Biofilm in a Cow’s rumen.

Animals are not the only living things that provide a home to biofilms. Microbial colonies
have been recognized on tropical plants and grocery-store produce since the 1960s, but it was
not until the past decade that the term biofilm was used to describe bacterial growth on the
plant’s surface. In this domain, life in a biofilm confers many advantages to the individual
cell, including protection from a number of environmental stress-ultraviolet radiation,
desiccation, rainfall, temperature variations, wind and humidity. The biofilm also enhances a
microorganism’s resistance to antimicrobial substances produced by competing
microorganisms or the host’s defenses.
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Figure 12 showed the relation between plants and biofilms run the gamut from healthy
(above, left side) to pathogenic (right side). Many biofilms are harmless. Saprophytes merely
digest dead leaves, whereas epiphytes often simply use the plant for mechanical support.
Some interaction may even be valuable. Bacteria that are filled nodules below ground enable
a plant to fix nitrogen, and certain fungal biofilms give the plant’s roots a greater surface area
for the absorption of water and nutrients. Some commensal bacteria release substances that
kill potential pathogens. Unfortunately, biofilms may overwhelm the plant’s defense
mechanisms, causing disease processes that attack the plant from below the ground or even
from the vasculature within the biofilm, Xylella  fastidiosa (right, a 25-micrometer-wide
segment is a problem for grape and citrus growers and others).

Figure 12. Biofilm in plants.

The appreciation of the biofilms’ importance in plant disease has only just begun, and it will
probably take some time for the idea to be applied in plant microbiology. However, the
benefits could be significant. A better understanding of the associations between plants and
biofilm may lead to more efficacious and environmentally friendly treatments for disease. It
may also lead to the development of commercial application that could improve the beneficial
interaction between plants and microorganisms. Indeed, various rhizobia are now being used
on commercial farms as a biotic fertilizer.

Biofilms have been associated with a wide range of problems in various fields (Table 8 and
Figure 13), and utilized for various processes (Table 9). The new perspective of how a
microorganism lives will have fundamental consequences for medicine, industries, ecology
and agriculture.
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Table 8. Problems associated with biofilms.

(Dirk de Beer et Paul stoodley see at http://141.150.157.117/prokPUB/chaptm/267/COMPLETE.htm)

Figure 13. Biofilm impacts on human health and industries. (http://www.erc.montana.edu)

Problems Consequences

Fouling of heat exchangeers Loss of heat exchange efficiency and reduction of flow capacity

Fouling of ships Energy loss

Oil reservoirs H2S souring by sulfate-reducing bacteria

Industrial and drinking water Energy loss, pitting and general corrosion, product contamination,
pipelines pathogen reserooirs

Dental plaque Dental caries

Medical infection Colonisation of indwelling devices (catheters, artificial joints, 
Contact lenses) - endocarditis
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Table 9. Processes that utilize biofilms.

(Dirk de Beer et Paul Stoodley see at http://141.150.157.117/prokPUB/chaptm/267/COMPLETE.htm)

2.4.2 Definition of Biofilm

Biofilm is an assemblage of microbial cells that is irreversibly associated (not removed by
gentle rinsing) with a surface and enclosed in a matrix of primary polysaccharide material.

2.4.3 Biofilm Structure

Biofilm structure is the spatial arrangement of bacteria, cell cluster, EPS and particulates.
Since the structure can influence transport resistance, it is a significant determinant in the
activity of the biofilm. Various conceptual and mathematical models have been proposed to
describe the structure and function of biofilms (Characklist and Marshal, 1990; Rittmann and
Manem, 1992; Wanner and Gujer, 1986). Mathematical models describing transport,
conversion, cell growth and biofilm development are based on conceptual models. Biofilms
were initially considered as planar structures (Figure 14), impermeable and with
homogeneous cell distribution. Mass transfer through the mass boundary layer and within the
biofilm was assumed to be diffusional and perpendicular to the surface to which it was
attached (the substratum).

Processes Uses

Wastewater  treatment Bioremoval of pollutants

Biobarriers Immobilisation of ground water contaminants;
microbially enhanced oilfield recovery (MEOR)

Metal leaching Enhanced recovery of metals
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Figure 14. Conceptual model for biofilm structure proposed at the 1988 Dahlem conference
(Wilderer and Characklis, 1989).

The model divided the biofilm system into specific compartments; the substratum, the
biofilm, the bulk liquid and a possible head space. The biofilm compartment was subdivided
further into a base film and surface film. Although the model recognized a certain degree of
biofilm roughness, it was essentially a planar layered model.

In the past, microbiologists assumed that biofilms contained disorderly clumps of bacteria
located in no particular structure or pattern. New techniques to magnify biofilms without
destroying the gel-like structure have enabled researchers to discover the complex structure of
biofilms as if viewing a city from a satellite. This structure is described in the recent article
“Slime City” (Coghlan, 1996).

In most cases, the base of the biofilm is a bed of dense, opaque slime 5 to 10 micrometers
(197-394 microinch) thick. It is a sticky mix of polysaccharides, other polymeric substances
and water, all produced by the bacteria. Soaring 100 to 200 micrometers (3940-7870
microinch) upwards, colonies of bacteria are shaped like mushrooms or cones. Above street
level, more slime comes, but this time with a more watery makeup and variable consistency
and a network of channels through which water, bacteria garbage, nutrients, enzymes,
metabolites and oxygen travel. Some microcolonies are a simple conical structure, while
others are mushroom-shaped. Water currents (arrows) flow in channels between the colonies
carrying nutrients and wastes (Figure 15) (Costerton et al., 1995).
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Figure 15. Conceptual model of the architecture of single-species biofilm based on direct
observations using a confocal microscope.

2.4.4 Exopolysaccharides Composition in Biofilms, Floc and Related Structures

The exopolysaccharides (EPSs) of the contributing microbial flora provide a major part of the
dry matter of biofilms, flocs and related structures. These polymers also play major roles in
determining the physical properties and structures of the microbial agglomerations. When
biofilms or flocs are established, the polysaccharide components of microbial origin may
exhibit phenotypic differences from plaktonic bacteria of the same species. However, it is
more likely that the micro-organisms secrete exopolysaccharide indentical in composition and
probably also in physical properites, with those formed by the same bacteria when grown in
planktonic culture. Another possibility is that the polymers formed may be of identical
composition to those formed by the free-living bacteria, however, due to minor structural
differences such as the degree of acylation or the molecular mass, they differ in their physical
properties. These differences may results in altered viscosity or gel-forming capacity. The
impetus of signals generated within the complex biofilm or floc habitat and adaptation to
some of the unique physiological conditions that prevail, might stimulate the bacteria to
synthesis polymers of novel composition and physical properties, which are totally dissimilar
from those found in the free-living state, or more probably derepress synthesis of a polymer
found only in highly specialised environmental conditions. Most microbial polysaccharides
are either homopolysaccharides composed of a single sugar unit, or heteropolysaccharides in
which regular repeat units are formed from 2-8 monosaccharide. Bacterial polymers are
mainly found to contain hexoses or methylpentoses, together with uronic acids of D-
glucuronic acid, which are the most common. The polysaccharides may be either neutral or
polyanionic. The latter owe their charge to one of uronic acids, inorganic substituents, or
pyruvate ketals or succinyl half-esters (Sutherland, 1990).
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Biofilms are composed primarily of microbial cells and EPS. EPS may account for 50% to
90% of the total organic carbon of biofilms (Flemming et al., 2000) and can be considered the
primary matrix material of the biofilm. EPS may vary in chemical and physical properties, but
it is primarily composed of polysaccharides. Some of these polysaccharides are neutral or
polyanionic, as is the case for the EPS of gram-negative bacteria. The presence of uronic acids
(such as D-glucuronic, D-galacturonic, and mannuronic acids) or ketal-linked pyruvates
confer the anionic property (Sutherland, 2001). This property is important because it allows
association of divalent cations such as calcium and magnesium, which have been shown to
cross-link with the polymer strands and provide greater binding force in a developed biofilm
(Flemming et al., 2000). In the case of some gram-positive bacteria, such as Staphylococci,
the chemical composition of EPS may be quite different and primarily cationic. EPS is also
highly hydrated because it can incorporate a large amount of water into its structure by
hydrogen bond. EPS may be hydrophobic, although most types of EPS are both hydrophilic
and hydrophobic. EPS may also vary in its solubility (Sutherland, 2001).

Water and nutrient diffusion into the interior of a biofilm is highly limited. As biofilm
matures, water channels can develop that allow water and nutrient access deeper into the
biofilm. These channels partially relieve the diffusion limitation within the biofilm. The
architecture of the biofilm develops in response to shear forces. In low shear environments
biofilms can form as thick mushroom like masses. In high shear environments, biofilms may
be flatter or form long strands (Costerton et al., 1995).

It has been documented that surface, nutrients, and hydrodynamics may all influence biofilm
structure but it remains unclear whether the biofilm structure is merely a consequence of
environmental conditions and forces acted upon it or whether biofilm can organize its
structure to optimize growth conditions in a certain environment (Stoodley et al., 1999).

The biofilm initiation and structure development process have not been widely studied. It is
well known that biofilm differs metabolically and physiologically from their planktonic cells.
This proposes that the mechanism for the different spatial arrangement at each stage involves
competition of diffusion controlled autoinducer and nutrient transport. Initially, nutrient
concentration is the limiting factor. However, as the cell population density increases and
diffusion is limited autoinducer accumulates, especially between neighboring networks of
cells. Researchers found that there are two patterns of biofilm structure formation in Listeria
monocytogenes: i) Branched network, the diffusion of nutrient is the limiting factor. Cells
grow towards the region of highest nutrient and fewer neighboring cells and, ii) Clumped
network was subjected to reaction limited kinetics. Cells engage in group type behavior since
nutrient availability is low and there are many neighboring cells. There is communication
within the microcolonies (Figure 16). All networks eventually participated in the increase of
networking by way of a bridge to form a huge population of cells (biofilm).
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Figure 16. Pattern of biofilm strucutre and development in Listeria monocytogenes.

(http://www.foodsci.rutgers.edu./takhistov/Research/initial_formation_of_biofilm_str.htm)

Biofilm structure and function may be altered by a change in microbial population caused by
the attachment of microbial species new to a biofilm, or vise versa. A quantitative
understanding of the biofilm structure is essential for predicting mass transport phenomena
and consequently microbial conversion rates, namely biofilm performance.

2.4.5 The physical properties and function of polysaccharides in biofilms, flocs and
related structures

Because of their macromolecular nature, many microbial polysaccharides from viscous,
aqueous and other solutions may act from gels either per se or in the presence of multivalent
cations, or when mixed with other polysaccharides. In either case, the polysaccharide may act
by trapping and perhaps immobilising the microbial cells from which they are produced, as
well as other heterologous cells and their macromolecular products. Gelation is a common
feature of water-soluble microbial polysaccharides, frequently involving coil to helix
transition. A duplex or more rarely triple helix may be formed, as with the fungal polymer
schizophylan (Fuchs et al., 1997). The physical properties of the polysaccharide will depend
on the polymer composition and structure (Table 10) and also the interactions with other
macromolecules and ions. Much may also depend on whether the polysaccharide is tightly
associated with the microbial cells in the form of discrete capsules or whether it is excreted as
slime unattached to the cell surface. Many microbial polysaccharides undergo transition from
an ordered state at lower temperature and in the presence of ions, to a disordered state at
elevated temperature in a low ionic environment (Nisbet et al., 1984).
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In the case of some polymers, this represents change from gel to a sol state. Slight changes
may cause considerable differences in physical properties. Even for relatively simple
structures such as galactogucans, charged residues may be found mainly on the exterior of the
extended molecules and may, thus, readily promote interaction with ions and macromolecules
(Chandrasekaran et al., 1994).

Table 10. Effect of polysaccharide composition on physical properties.

Normally, the amount of cation bound is relatively small and the binding non-selective, and
the models of galactoglucans fail to indicate how selectivity might be achieved. However,
some polysaccharides have been found to preferentially bind ions from a mixture. Altenation
to physical properties may also occur within the complex. Thus, if heterologous bacterial
species produce enzymes modifying the polysaccharide structure, changes may be observed
(Sutherland, 1999a). Acetyl groups play a major role in determining some of the physical
properties of bacterial exopolysaccharides (Sutherland, 1997, 1999b). As many of the
bacterial polysaccharides possess side-chains of varying structure and length, they can also be
expected to participate in intramolecular and interchain reactions, causing differences in the
physical properties of polymers with extensive structural similarities (Talashek and Brant,
1987).

Polysaccharide component Effect Properties affectecd Example

Neutral sugars Uncharged polymerInsoluble Cellilose, Biofilm EPS

Uronic acids Polyanionic Solubility, Ion binding Xanthan, Alginates

Pyruvate Polyanionic  Ion binding, Transition Xanthan, Galactoglucans

Methylpentoses Lipophilicity Solubility Biofilm EPS

Acetylation Solubility Gelation, Reduced ion binding Alginates, Gellan, etc,

Side-chain Various Solubility Scleroglucan, xanthan

1,3 or 1,4 Linkages Rigidity (In)Solubility Curdlan, Cellulose

1,2 Linkages Flexibility Solubility, Stability Dextrans
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Biopolymers also play a major role in wastewater treatment (Houghton and Quarmby, 1999).
This may involve divalent cations, and the hydrophobicity of some of the molecules almost
certainly plays a significant role, perhaps acting as a focus for flocculant particle formation
and propagation. The nature of the cell structure and their exposed macromolecules also
affects the outcome. Thus, studies on the fine structure of different Gram negative bacteria
revealed that the capsules were comprised of densely packed fine fibres, and they themselves
varied in thickness from 10-160 nm (Amako et al., 1998).

However, in wastewater, interactions between all types of macromolecules-polysaccharides,
proteins, nucleic acids and lipids can be expected and will contribute to floc formation,
stabilisation and sedimentation. The presence of a wide range of enzyme activities associated
with the polymeric materials in the sludge (Frølund et al., 1997) also means that these
interactions are likely to be constantly changing. Sutherland (2001) noted that two important
properties of EPS may have a marked effect on the biofilm. First, the composition and
structure of the polysaccharides determine their primary conformation. For example, many
bacterial EPS possess backbone structure that contains 1, 3- or 1, 4-�E-linked hexose residues
and they tend to be more rigid, less deformable, and in certain cases poorly soluble or
insoluble. Other EPS molecules may be readily soluble in water. Second, the EPS of biofilms
are not generally uniform, but may vary spatially and temporally.

Biofilm and floc stability is an area in which there is still little understanding of many of the
factors involved. In many processes, the stability of such aggregates is very important (Mayer
et al., 1999). It is clear that in both biofilms and flocs, poysaccharides synthesised by the
component microbial cells, play a key role in maintaining stability. However, considerable
differences have been found between different bacterial mixtures, clearly indicating that some
strains and polysaccharides may a play dominant role in maintaining the integrity of the
structure. Examination of a wide range of microbial mixed biofilms and improved probes to
determine the heterogeneity or otherwise of biofilms and floc microstructure should also
prove fruitful.

2.4.6 Biofilm development

Biofilm development is influenced by various processes, including adsorption and desorption
of microorganisms to and from the solid surface, attachment of microorganisms to the
surface, biofilm growth and biofilm detachment (Characklis, 1990). In a steady state, the
balance between biofilm growth and detachment determines the physical structure of the
biofilm (van Loosdrecht et al., 1995), and thereby the settling and fluidization characteristics.

The development of the biofilm occurs in the following steps:

�x Step 1. Surface conditioning

The first substances associated with the surface are not bacteria but trace organics. These
organics are said to form a “conditioning layer”, which neutralizes excessive surface charge
and surface free energy that may prevent a bacteria cell from approaching near enough to
initiate attachment. In addition, the adsorbed organic molecules often serve as a nutrient
source for bacteria (Figure 17).
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Figure 17. Adsorption of organic molecules on a clean surface forms a conditioning film.

�x Step 2. Adhesion of “pioneer” bacteria

Some of the planktonic (free-floating) bacteria will approach the substratum and become
entrained within the boundary layer, the quiescen zone at the substratum where flow velocity
falls to zero. Some of these cells will strile and adsorb to the surface for some finite time, and
then desorb. This is called reversible adsorption. This initial attachment is based on
electrostatic attraction and physical forces, not because of any chemical attachments. Some of
the reversible adsorbed cells begin to make preparation for a lengthy stay by forming
structures, which may permanently adhere to the surface. These cells become irriversibly
adsorbed (Figure 18).

Figure 18. Transport of bacteria cells for adsorption, desorption, and irreversible adsorption to
the conditioned surface.
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�x Step 3. Glycocalyx or “slime” formation

Biofilm bacteria excrete extracellular polymeric substance, or sticky polymers, which hold the
biofilm together and cement it. In addition, these polymer strands trap scarce nutrient and
protect bacteria from biocides. According to Mittleman (1985), the attachment is mediated by
extracellular polymers that extend outward from the bacteria cell wall (much like the structure
of a spider’s web). This polymeric material, or glycocalyx, consists of a charged and neutral
polysaccharide group that not only facilitates attachment, but also acts as an ion-exchange
system for trapping and concentrating trace nutrients from the overlying water. The
glycocalyx also acts as a protective coating for the attached cells, which mitigates the effects
of biocides and other toxic substances (Figure 19 and 20).

Figure 19. Wild bacteria are “hairy” cells with extracellular polymers that stick to the surface.

Figure 20. Biofilm is made up of microbes and a “spider’s web” of extracellular polymer.
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�x Step 4. Secondary Colonizers

As well as trapping nutrient molecules, the glycocalyx net also snares other types of microbial
cells through physical restraint and electrostatic interaction. These secondary colonizers
metabolize wastes from the primary colonizers as well as produce their own waste, which
other cells then use in turn. According to Borenstein (1994), these other bacteria and fungi
become associated with the surface following colonization by the pioneering species over a
matter of days.

�x Step 5. Fully Function Biofilm-a cooperative “consortia” of species

The mature, fully function biofilm is like a living tissue on the substratum surface. It is a
complex, metabolically cooperative community made up of different species, each living in a
customized microniche. Biofilms are even considered to have primitive circulatory systems.
Mature biofilms are imaginatively described in the article as “Slime City”. A summary of the
principle steps involved in the development of microbial biofilms is shown in Figure 21.

Figure 21. Development of a bacterial biofilm: a model.

The biofilms are permeated at all levels by a network of channels through which water,
bacterial garbage, nutrients, enzymes, metabolite and oxygen travel to and fro. Gradients of
chemicals and ions between microzones provide the power to shunt the substances around the
biofilm (Coghlan, 1996).

Bacterial biofilm is a structured community of baterial cells enclosed in a self-produced
polymeric matrix, and is adherent to an inert or living surface, which constitutes a protected
mode of growth that allows survival in a hostile environment. A greater understanding of the
mechanism of their formation and survival under a sessile environment may help in devising
control strategies.
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2.4.7 Factors enhancing biofilm formation

Several parameters affect how quickly biofilms form and mature, including surface, cellular,
and environment factors. The surface onto which cells will attach has an important impact on
biofilm formation. Rough surfaces tend to enhance biofilm formation (Characklis et al.,
1990). Shear force is lower near a rough surface, and there is a larger surface area to which
cells can adhere. Porous materials also work well for biofilm formation. Shear force is very
low inside pores even under conditions where bulk fluid velocity is high. Pores provide a
protected environment for cells to attach and grow. Porous materials such as brick and
bonechar have been used to immobilize Clostridium cells used in biofilm reactor (Qureshi and
Maddox, 1990; Qureshi et al., 2004). Biofilm forms much more rapidly on Teflon and other
plastic compare to glass or metal. Its formation also tends to increase with the hydrophobicity
of the surface material. This is possibly due to differences in hydrophobicity of the surface
and ionic charges (Donland and Costerton, 2002).

The amount of nutrients present in the medium can affect the rate of biofilm formation.
Biofilms tend to form more steadily in the presence of ample nutrients (Cowan et al., 1991).
One function of the biofilm is to anchor cells in a friendly, nutrient rich environment.
Phosphorus is a particularly important nutrient. Cells saturated with phosphate have a higher
tendency to flocculate and adhere, due to their increased hydrophobicity, while those cells
depleted in phosphate are more hydrophilic and less likely to adhere (Bücks et al., 1988).

Temperature can have an effect on biofilm formation. Temperature at the high end of a
culture’s growth range can enhance biofilm formation. Depending upon the species involved,
high temperature increases the rate of cell growth, EPS production, and surface adhesion, all
of which enhance biofilm formation (Annachhatre and Bhamidimarri, 1992). Cellular factors
may affect biofilm formation. A hydrophobic cell will be more able to overcome the initial
electrostatic repulsion with the solid surface and adhere more readily. The presence of
fimbriae, proteinaceous bacterial appendages high in hydrophobic amino acids, can increase
cell surface hydrophobicity (Donland, 1992; Donland and Costerton, 2002). Flagellated cells
show increased ability to attach to surfaces. Flagellar motility may serve to overcome initial
electrostatic surface repulsion.

2.4.8 Effects of biofilm over growth

A problem with particulate biofilm reactors is that biofilm has a tendency to change in
density, thickness, and shape over the cycle of peorating life. The major result of this change
is that the mass transfer, reaction and hydrodynamic characteristics of the bed alter over time.
All these effects can dramatically influence the operation of the unit. In a steady state
operation, biomass would tend to grow continuously around the inert support, and this growth
would be only partially balanced by loss due to liquid shear and particle attrition. Since the
biomass has a density usually lower than the support (typical value for the wet density range
of around 1,100 kg m-3), the increase on biofilm thickness, due to biological growth, modifies
the mixing and fluidization characteristics, resulting in an expansion of the bed.



Treatment of agro-industrial wastewater by anaerobic digestion in biofilm reactors

46

Chapter 1 Bibliographies: 2.4 Microbial Biofilms

The overall particle density reduction can cause carry over of the particles, leading to
problems such as loss of particles and active biomass in pumps (Wright and Raper, 1996).
Hence, the particles need to be filtered out, the biofilm removed and the clean particles
returned to the reactor. This practice requires additional capital expenditure on particle
separation equipment such as vibrating screens (Fan, 1989; Shieh et al., 1981). In response to
biofilm overgrowth, a number of different reactor configurations have been proposed to
enable the removal of the excess biofilm within the fluidized bed (Wright and Raper, 1996).
This is done by creating areas of high turbulence on the top of the reactor to shear the biofilm
off the support particles. As a result, two solid phases are present at the same time in the
reactor: one fully covered with the biofilm and the other where the biofilm is thin or even
absent. Due to different hydrodynamic characteristics, these two solid phases tend to
segregate within the bed.

2.4.9 Biofilm detachment

Biofilm processes are widely used in the environmental engineering field for water and
wastewater applications. A key aspect of biofilm that differs from suspended culture is the
fact that the retention time of the solids (microorganisms) is controlled not by reactor
hydraulic but by biofilm detachment (Morgenroth and Wilderer, 2000). While detachment
significantly influences biofilm development and performance, the mechanism governing
biofilm detachment has limited understanding. Recently, more dimensional mathematical
models have developed that allow for the prediction of biofilm development and mass
transport in the heterogeneous biofilm structure.

Detachment may be defined as the transport of bacterial particles from the attched biofilm
phase, to the fluid phase. The reversed detachment process, attachment, may be considered as
a separate process, or included in the net detachment rate.

Detachment caused by physical forces has been studied in greater detail. Brading et al. (1995)
have emphasized the importance of physical forces in detachment, stating that the three main
processes for detachment are erosion or shearing (continuous removal of small portions of the
biofilm), sloughing (rapid and massive removal), and abrasion (detachment due to collision of
particles from the bulk fluid with the biofilm). These processes are the major mechanisms of
biomass removal from the biofilm and, therefore, the main mechanism for balancing biofilm
growth, and enabling the biofilm thickness to reach a pseudo steady state (Rittmann et al.,
1992). Biofilm cells may be dispersed either by shedding of daughter cells from active
growing cells, detachment as a result of nutrient levels or quorum sensing, or shearing of
biofilm aggregates (continuous removal of small portions of the biofilm) because of flow
effects (Figure 22).

Detachment may, therefore, result from population or community regulative mechanisms.
Another influence on matrix strength is the amount and composition of extracellular
polymeric substance (EPS) present in the biofilm.

Among the mechanisms controlling biofilm reactor performance, biofilm detachment is one
of the least studied and understood. The biofilm detachment rate is a complicated function of
many variables, including hydrodynamics of the liquid flow, biofilm morphology, and support
characteristics.
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Figure 22. Biofilm bacteria can move in numerous ways: Collectively, by rippling or rolling
across the surface, or by detaching in clumps. Individually, through “swarming and seeding”

dispersal (http://www.erc.montana.edu).

2.4.10 Detachment mechanisms

Biofilm detachment occurs if local shear and normal forces acting on the biofilm exceed its
cohesiveness. Cohesiveness of the biofilm is influenced by the composition and strucutre of
the polymeric matrix forming the biofilm, which is in turn determined by the history of the
biofilm, growth conditions and developmental stages of the biofilm. Biofilm strength has been
correlated with biofilm density (Ohashi and Harada, 1994; Kwok et al., 1998; Wäsche et al.,
2002), overall composition of extracellular polymeric substances (Applegate and Bryers,
1991; Ohashi and Harada, 1994; Stoodley et al., 1999b; Mayer et al., 1999; Liu and Tay,
2001), and specific compounds such as the calcium concentrations (Applegate and Bryers,
1991; Mayer et al., 1999). At the molecular level, quorum sensing signals, as a form of cell-
to-cell communication, have been shown to influence biofilm (Davies et al., 1998; Kjelleberg
and Molin, 2002). During certain stages of biofilm development, dispersion of cell clusters
can occur where in-dividual bacterium actively swim away from the biofilm, a process that is
not directly related to external shear forces (Sauer et al., 2002). However, the significance of
cell-to-cell signaling on biofilm detachment, relative to the influence of hydrodynamics, is not
well understood (Purevdorj et al., 2002). These mechanisms need to be studied further for
more complex mixed culture systems. Forces acting on the biofilm will be determined both by
the flow rate and the morphology of the biofilm. A smooth biofilm surface will result in lower
local and overall shear forces acting on the biofilm. A rough surface will result both in a
larger overall shear force and a localized increase of shear forces at those parts of the biofilm
that protrude above the average biofilm thickness.
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The roughness of the biofilm surface has to be judged depending on how it influences fluid
flow. Stoodley et al. (1999a) introduced the concept of i) isolated roughness, ii) wake
interaction, and iii) skimming flow. Each scenario is differentiated by the length scale of
biofilm heterogeneities compared to the distance that is required for the flow to re-establish
itself. Isolated roughness flow refers to sparsely distributed cell clusters that allow the
velocity profile in the channels to completely re-establish so that each cell cluster experiences
a similar shear force. Wake interaction allows for partial, skimming flow for no re-
establishment of velocity profiles. Based on these definitions, Ursula et al. (2004) propose a
primary and secondary structure in biofilms. The secondary structure allows for full or partial
re-establishment of the flow field, resulting in local detachment forces that are larger than
corresponding forces acting on a smooth surface. The heterogeneities of the biofilm structure
can be differentiated into a primary structure that can be observed as voids and channels, and
a secondary structure that has a significant impact on local detachment forces (Figure 23).

Figure 23. Heterogeneities of the biofilm structure. Solid lines represent iso-concentration
lines of the limiting substance and the arrows indicate the location of increased shear stress.
(From Picioreanu et al., 2001).

Primary structures include smaller voids that can be measured with a Confocal Laser
Scanning Microscope (CLSM), but that will not influence streamlines and shear forces. A
number of publications have suggested that these internal pores and channels have a
significant influence on mass transport within biofilm (Drury et al., 1993). A heterogeneous
secondary structure will result in a heterogenous distribution of detachment forces. Manz et
al. (2003) conducted flow velocity measurements in biofilm systems with magnetic resonance
imaging (MRI) and found that the local shear forces can be up to 3 times larger compared to
the mean wall shear stress.

Under steady state conditions the overall amount of biofilm growth equals the total amount of
biofilm detachment (van Loosdrecht et al., 1995). It should be noted that even under constant
operating conditions an overall steady state may be the result of local stochastic fluctuations
of the biofilm thickness (Morgenroth and Wilderer, 2000).
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Overall detachment events that disturb this steady-state can be triggered by a sudden increase
in shear forces (Bakke, 1986; Choi and Morgenroth, 2003; Horn et al., 2003; Liu and Tay,
2001; Melo and Vieira, 1999). Such an increase of shear forces is used in biofilm reactors for
removing excess biofilm from the system (i.e., backwashing) and it also occurs in
environmental biofilms (e.g. biofilm in drinking water distribution systems with variable
flow). It can be expected that these dynamically induced sloughing events have a very
different influence on biofilm morphology compared to constant erosion/abrasion in biofilm
airlift suspension reactors. Overall detachment is a combination of erosion and sloughing
where erosion has a slightly larger contribution to the overall solid removal. However,
sloughing has a significant influence on the biofilm morphology. Once the smooth biofilm
surface is disturbed by a sloughing event (e.g. initiated through increasing liquid shear in the
reactor), the biofilm becomes unstable, resulting in spontaneous sloughing during subsequent
operations (Ursula et al., 2004).

To date, a clear understanding of the relationships between operation condition detachment
mechanisms and their influence on biofilm morphology is lacking.

2.4.11 Various types of biofilms

In nature, biofilms primarily exist as complex multi-species communities of bacteria, in which
each species fills an ecological niche within biofilm, depending on its metabolism and
morphology (Stoodley et al., 2002). For instance, a single species may utilize anaerobic
fermentation deep within one biofilm in one environtment, but it may also utilize an aerobic
metabolism in another environment in the presence of different neighboring biofilm species.
Single species biofilm are used to produce industrially important chemicals (Maddox et al.,
1988). Multi-species biofilms are used industrially to achieve several aims including the
treatment of wastewater for removal of organics (Hall, 1987; Taras et al, 2005) and heavy
metals (Mayer and Willis, 1997).

In industrial applications including wastewater treatment, two types of biofilms are usually
employed (Figure 24), namely, biofilms that grow onto supports such as charcoal, resin,
bonechar, concrete, clay brick, sand particles, etc., and biofilms that are formed as a result of
flocs and aggregate formation. On the above mentioned supports, biomass grows all around
the particles and the size of the biofilm particles grows with time to usually several
millimetres in diameter. The density of the support particles is usually higher than the
fermentation broth and for this reason bioparticles tend to remain in the lower section of the
reactor. Another type of biofilm is where no support is used and cells form biomass granules
and flocs that also grow in size with time. This type of biofilm is called granular biofilm  and
the reactor where this biofilm is used is called a granular biofilm reactor. Granule formation
may take from several weeks to several months. The cells produce extracellular polymeric
substances (EPS) that bind the cells firmly in the form of flocs and aggregate.
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Figure 24. Schematic diagrame of various types of biofilm particles.
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2.6 Influence of one or two phase technology on anaerobic digester
performance

For efficient anaerobic digestion, the production rate of VFAs should match its consumption
rate. In other words, the growth of microbial populations that mediate various metabolic
processes should be in balance. An imbalance in these growth rates could lead to an
accumulation of VFAs leading to failure of the digestion process.

Feeding patterns can affect the nature of intermediate products produced. As these
intermediates are degraded into methane and carbon dioxide, feeding patterns can influence
the bacterial population present in digesters. Consequently, it may be possible to increase
wastewater or organic loading rates by changing the feeding pattern. As generally accepted,
propionic acid is the most difficult VFA to be removed (Kaspar and Wuhrmann, 1978; Inanc
et al., 1996; Angenent et al., 2002). Excessive build up of this acid and other VFAs may lead
to failure of the digester operation.

Single stage systems are prone to failure. One school of thought attributes such failures to the
following reason. Under nominal influent feed conditions, the initial fermentation reactions
produce acetic acid as the primary VFA, with very little propionic or butyric acids being
produced. Hence, the system fails to maintain bacteria population to convert the higher chain
VFAs. Excursions from nominal conditions in the feed would cause higher chain VFAs to
build up, which cannot be degraded due to lack of sufficient bacteria populations.

To improve the process of anaerobic digestion of organic materials, a two-phase system was
developed (Pohland and Ghosh, 1971; Verstraete et al., 1996; Shin et al, 2001). Although real
phase separation had not been achieved in most cases, the two-stage system for the anaerobic
degradation of organic wastewater has shown to be superior to non-stage processes (Ince,
1998). In two-stage systems, besides proper control of acidification and optimisation of HRT,
the biomass concentration can be adjusted independtly for each stage. Excess biomass
resulting from acidogenises can be removed while the amount of the slowly growing
acetogenic and methanogenic bacteria can even be increased by means of biomass
immobilisation or concentration (Ince, 1998; Jeyaseelan and Matsuo, 1995; Schober et al.,
1999).

The two-phase operation can increase acidogenic and methanogenic activity by a factor of up
to four, as acidogenic bacteria accumulate within the first stage (Cohen et al., 1980, 1982),
and different bacterial groups can develop under more favourable conditions. Two stage
systems where the acid forming phase and methanogenic steps occur in separate tanks (or
reactors) are generally more robust and less susceptible to failure (Pohland and Ghosh, 1971;
Sutton and Li, 1983; Kida et al., 1994; Houbron et al, 2003). Industrial wastewater treatment
system-design usually incorporates a buffer (equalization) tank prior to the anaerobic digester.
Unwittingly, this buffer tank serves as the first stage of a two stage system, since the
wastewater in this tank naturally acidifies, thus producing the entire suite of VFAs; acetic,
propionic and butyric acids. Therefore, the second stage, fed with these VFAs, maintains
microbial populations capable of converting all these acids.



Treatment of agro-industrial wastewater by anaerobic digestion in biofilm reactors

62

Chapter 1                                Bibliographies: 2.6 Influence of feed strategies on anaerobic digestion performance

The advantages of two-phase systems in comparison with one-stage systems for anaerobic
degradation of organic wastes include better process stability, due to the lower risk of
methanogenesis inhibition by pH drop, lower total digestion time, higher methane yield and
content in biogas (Cho et al., 1995; Ince, 1998; Strydon et al., 1997; Xu et al., 2002). The
advantages of the two-phase operation have been extensively documented (Pohland and
Ghosh, 1971; Ghosh et al., 1975; Cohen et al., 1980, 1982). These benefits have catalysed the
development of other staged reactor configurations such as the “Multiplate Anaerobic
Reactor” (El-Mamouni et al.,1992; Guiot et al., 1995), “Upflow Staged Sludge Bed (USSB)”
(van Lier et al., 1994, 1996) and the “Staged Anaerobic Filter” (Alves et al., 1998), all of
which have shown considerable potential for wastewater treatment. Two-phase anaerobic
system are usually operated in batch mode (Wang and Banks, 2003; Yu et al., 2002) or with a
periodical addition of organic matter (semi-continuous) mode (Raynal et al., 1998; Callaghan
et al, 2002; Dinsdale et al., 2000).

Christof et al. (2002) reported that two-stage anaerobic fermentation of the liquid fraction in a
CSTR/UFAF seems to be a promising alternative to existing processes. The liquid fraction of
organic waste was a good substrate for anaerobic fermentation, and a high overall degradation
efficiency (80% COD degraded) was achieved with the two-stage digestion process, while
high OLR (13.1 kg COD/m3.d) was possible due to biomass immobilisation on glass foam
perls in the second stage (UFAF). Good results have also been reported for two-stage
digestion of milk and dairy wastwater (Ince, 1998; Jeyaseelan and Matsuo, 1995). In contrast
to these results, other authors have not found clear advantages of two-stage UFAF systems for
the degradation of dairy wastewater (Alves et al., 1998).

Simple guidelines for a two-phase process for industrial effluents were proposed (Alexiou,
1998; Alexiou et al., 1994), but today there is still a lack of two-phase plants for such
substrate. That is possibly due to the fact that most suppliers have balancing tanks in their
process design for pre-treatment and pre-acidification, where it is assumed that acidification
of industrial wastewaters occurs naturally, but unfortunately there are no data from such tanks
to define if the plant operates as two-phase. Also, it is assumed that 20 to 40% acidification
naturally occurs in balancing tanks that are considered as a threshold above which
acidification is detrimented for UASB. Often, in Anaerobic Digestion (AD) for industrial
effluents, an aerobic process is needed as a polishing stage to meet discharge standards.

Considering the improvement that the two-phase concept achieved for Municipal Solids
Waste and sludges, it may be beneficial if hydrolysis pre-treatment is more often used in the
process design to avoid the aerobic polishing stage in AD plants for industrial effluents. The
two-phase concept is a well established and mature option for improvements in AD plants of
various substrates. A process design based on two-phase AD, integrating biological and
alternative hydrolysis methods, is needed for complex substrates, especially with high
particulates COD and solid content.

Even though there are some operational difficulties with the anaerobic processes, their ability
to sustain relatively high organic loading makes them more attractive than the aerobic
processes for the treatment of medium to high-strength wastewater.
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2.7 A novel system for anaerobic process development

2.7.1 Anaerobic Sequencing Batch Reactor system

Anaerobic treatment of wastewater has shown significant progress in recent years due to the
development of novel reactor configurations. Anaerobic Sequencing Batch Reactors
(AnSBRs) were proposed as an alternative to continuous systems, allowing superior process
control and good effluent quality, since discharge can be carried out when the effluent
achieves the required efficiency (Dague et al., 1992). These reactors have been reported to
improve solid retention, since high gas production occurs at the beginning of the reaction step
while low gas production is observed at the end of the cycle, thus improving biomass settling.
The major advantage of SBR is the settling of biomass under quiescent condition because
there are no hydraulic transients that could affect the biomass sedimentation. Besides, the
same reactor vessel is used for the biological reaction and settling, thus creating a reduction in
the capital cost.

Two areas of research are proposed to make the sequencing batch and fed-batch anaerobic
reactors for wastewater treatment feasible for industrial applications; first, studies on
optimization of operating parameters making use of self-immobilized biomass through
automation of the process, and second, development of an anaerobic discontinuous reactor
containing an inert support for biomass immobilization.

New configurations of discontinuous anaerobic reactors are another alternative for solving the
problems related to the application of such reactors. The utilization of an inert support for cell
immobilization seems to be promising, since solids retention could be imporoved. In this way,
the settle step would be unnecessary, resulting in a decrease in the total cycle time.
Furthermore, the immobilization of biomass in an inert support eliminates uncertainly
regarding sludge granulation.

Research and development of the anaerobic sequencing batch of fed-batch ractors are very
recent, and the results thus far can be considered indicative rather than conclusive. The
indusrrial application process has not been established, since several fundamental features and
technological aspects remain to be investigated. Anaerobic discontinuous process for
wastewater treatment can be employed under special conditions, for instance, by industries
that only intermittenly produce wastewater.

The discontinuous anaerobic processes for wastewater treatment offer several advantages over
current anaerobic technologies:1) there is no short circuit; 2) better effluent quality control; 3)
the absence of primary or secondary settles; 4) no involement of liquid or solid recycling; 5)
suitable process control; 6) high organic matter removal efficiency; and 7) a simple and stable
operation process. Besides these operating characteristics, some kinetic advantages have also
been reported, such as high methanogenic activity.

Despite these described advantages, this type of bioreactor lacks well-defined and established
methodologies and operational techniques. The occurrence of dead zones, high settle time,
solids wash-out, slow start-up period, inhibition due to organic overloading, and poor
knowledge of agitation and feed strategy are some of the problems that affect treatment
efficiency.
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Since anaerobic discontinuous processes are a new and developing technology and several of
the reported problems can be solved through intensive research. Such studies must address not
only technological aspects of anaerobic sequencing batch reactors, but also fundamental
aspects, such as mass-transfer, kinetics and hydrodynamics, in order to provide a rational
basis for the accurate design of these reactors.

Recent research on sequencing batch reactors has focused on new configurations to enhance
performance and decrease the over-all cycle time necessary to achieve optimum performance.

Anaerobic Sequencing Batch Biofilm Reactors (ASBBR) represent a new reactor design for
wastewater treatment. Immobilization of the biomass on an inert support allows for more
stable operations by improving the retention of microorganisms, and enabling the reactor to
cope with a greater concentration of biomass.

The typical operating cycle of an Anaerobic Sequencing Batch Reactor (ASBR), originally
proposed by Dague et al. (1992) with granulation biomass, comprises four steps: feed,
reaction, settling and withdrawal of liquid (Figure 29). The use of an inert support to which
the biomass is allowed to attach minimizes or even eliminates the settling step, thus reducing
the overall cycle time (Zaiat et al., 2001).

Figure 29. The operating cycle of ASBR.

The ASBBR configuration, which was first presented by Hirl and Irvine (1996), consisted of
an up-flow packed column reactor with liquid circulation driven by a positive displacement
pump. Ratusznei et al. (2000) proposed a mechanically stirred ASBBR configuration with the
biomass bed placed in a perforated basket to prevent contact between the biomass and the
impeller. This design has been widely studied (Ratusznei et al. 2001, 2003; Cubas et al., 2002,
2004), particularly from the standpoint of fundamental aspects that provide reliable data for
scale-up and design.
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2.7.2 Anaerobic Baffle Reactor system

The successful application of anaerobic technology to treatment of industrial wastewater is
critically dependent on the development, and use of high rate anaerobic bioreactors.

Around the same time as Lettinga developed the UASB, McCarty and co-workers at
Standford noticed that most of the biomass present within an anaerobic Rotating Biological
Contactor [RBC, Tait and Freidman (1980)] was actually suspended, and when they removed
the rotating discs they developed the Anaerobic Baffle Reactor [ABR, McCarty (1981)].
However, baffled reactor units had previously been used to generate a methane rich biogas as
an energy source (Chynoweth et al., 1980). Despite being rarely found on a large scale, the
ABR has several advantages over other well established systems, and these are summarised in
Table 13.

Table 13. Advantages associated with the anaerobic baffled reactor.

Probably, the most significant advantage of the ABR is its ability to separate acidogenesis and
methanogenesis longitudinally down the reactor, allowing the reactor to behave as a two-
phase system without the associated control problems and high costs (Weiland and Rozzi,
1991). The ABR is a reactor design that uses a series of baffles to force wastewater containing
organic pollutants to flow under and over (or through) the baffles as it passes from the inlet to
outlet (McCarty and Bachmann, 1992). Bacteria within the reactor gently rise and settle due
to flow characteristics and gas production, but they move down the reactor at a slow rate.

 

Advantage 

Construction 
1. Simple design
2. No moving part
3. No mechanica l mixing 
4. Inexpensive to construct 
5. High void volume 
6. Reduce clogging 
7. Lo w capita l and operating costs
Biomass 
1. No requirement for bio mass with unusual settling properties
2. Lo w sludge generation 
3.High solids retention times 
4. Retention of bio mass without fixed med ia or a  solid-settling chamber
5. No special gas or sludge seperation required
Operation 
1. Lo w HRT 
2. Intermittent operation possible
3. Extremely stable to hydrualic shock loads
4. Protection fro m to xic material in influent
5. Long operation times without sludge washing
6. High stability to organic shocks
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The original design is shown in Figure 30 (C), although Figure 30 (A) is more commonly
recognised. However, in order to improve reactor performance several modifications have
been made (Figure 30 (B and D-J). The main driving force behind the reactor design has been
to enhance the solids retention capacity, but other modifications have been made in order to
treat difficult wastewater (e.g. with a high solids content, Boopathy and Sievers (1991), or
simply to reduce capital cost (Orozco (1997), Figure 30 (F)).

Figure 30. Variations of the baffled reactor. (A) Single gas headspace, (B) individaul gas
headspace, (C) vertical, (D) horizontal, (E) hybrid with settling zone, (F) open top, (G)
enlarged first compartment, (H-J) various packing arrangements: (H) up-comers, (I) down-
comer, (J) entire reactor. Key: W=Wastewater, B=Biogas, E=Effluence, S=Solids, (shaded
areas represent random packing).

The high rate wastewater treatment systems are an improvement on the low rate ones. The
contact process is an attempt to increase the SRT/HRT ratio, but the success of the system is
dependent on the production of an anaerobic biomass with adequate solid-liquid separation
properties, which is diffucult to achieve and reproduce. Other high rate systems like the
anaerobic filter also try to address this problem through the use of a carrier system to
immobilize the sludge and improve the SRT/HRT ratio. However, these systems suffer from
clogging after being in use for some time and then the filter needs to be regenerated again.
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The fluidized bed tries to overcome these clogging problems, but the energy requirements
coupled with the control and monitoring needs of these reactors render them less cost
effective. The UASB has an internal settler brought about by the granulation of the
wastewater. The UASB has managed to overcome most of these problems. Its main difference
to the ABR is that the ABR is a series of UASBs. The advantages of the ABR over well
established systems include:

i) better resilience to hydraulic and organic shock loading,
ii)  longer biomass retention times,
iii)  lower sludge yields, and
iv) ability to partially separate between the various phases of anaerobic catabolism.

The ABR combines the advantages of high stability and reliability with a high void volume.
The risk of clogging and sludge bed expansion with resulting high microbial losses is reduced
and there is no need for special gas collection or biological solids separation (Bachmann et
al., 1985). This effectively means that the ABR has most of the advantages of the other
reactors combined. The only major drawback in the ABR appears to be the high SRT/HRT
ratio, which may cause problems when the wastewater has a high solid fraction.

2.7.3 Other systems

As a novel anaerobic treatment system, the Anaerobic Migrating Blanket Reactor (AMBR)
was developed after completing a paralled study with the Upflow Anaerobic Sludge Blanket
(UASB) and Anaerobic Sequencing Batch Reactor (ASBR) processes. Using sucrose as the
main component of a synthetic wastewater, the AMBR achieved a maximum COD loading
rate of 30 g/L.d at a 12-h HRT. This resulted in a Standard Methane Production Rate (SMPR)
of 6.5 L/L.d and an average methane-based COD (MCOD) removal efficiency of 62.2%.
Although a carbohydrate-rich wastewater was used, no separate pre-acidification was required
for the AMBR, because of high mixing intensities and wash out of acidogenic bacteria. In
contrast, the absence of pre-acidification created “bulking” problems (caused by abundant
acidogenic bacteria of granules at the surface) in a UASB reactor, operated under conditions
similar to those of the AMBR.

Table 14 summarises operational information and performance data for the three systems for
a COD loading rate of approximately 20 g/L.d. The SCOD removal for the UASB reactor was
98%, the SMPR 4.8 L/L.d, MCOD removal 70.9%, and VFA concentration in the effluent
120 mg/L, as acetic acid. Low VFA levels indicated a stable reactor performance and, thus,
the opportunity to increase the COD loading rate. However, persisting “fluffy” granular
biomass and biogas production caused “bulking” problems (rising from the entire blanket as
clumps of granular biomass), which prevented an increase in the loading rate. The fluffy
graunlar biomass was defined as granules with a low density, hairy surface structure, due to
the accumulation of filamentous microorganisms (Alphenaar, 1994). For data comparasion
between systems, TCOD removal cannot be used, because surplus biomass left the AMBR
and ASBR in the effluent, while surplus biomass was removed from UASB reactor.
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Table 14. Performance data for the AMBR, UASB, and ASBR at a COD loading rate of
approximately 20 g/L.d; data with the stardard devations in parentheses are 5-days on
average.

aAngnent and Sung (2001)

bAngnent and Dague (1995)

Parameters of performance units AMBRa UASBb ASBRb

COD loading rate g/L,d 22,6 (3,6) 19,5 (0,7) 18,6 (0,5)

Time after start days 78 63 63

Av. daily loading increase g COD/L,d 0,19 0,19 0,18

Effluent VFA (as acetic acid) mg/L 190 120 360

SCOD removal % 97 98 94

TCOD removal % 82 96 80

Av. MCOD removal % 69,0 (5,6) 70,9 (4,3) 57,1 (3,7)

Av. SMPR L CH4/L.d 5,4 (0,4) 4,8 (0,1) 3,7 (0,2)

MLVSS g/L 14 12 30

Effluent VSS g/d 35,3 4,3 34,7

Sludge retention time day 5 NA 10

Sludge loading rate g COD/g VSS.d 1,6 1,6 0,4

Growth yield g VSS/COD removed 0,16 NA 0,16
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Moletta (2005) reported that new technologies for wastewater digestion of industrial
wastewater in France are mainly biofilm systems on immobile support, as is the case for the
anaerobic filter or biofilm on mobile support, and the Inverse Turbuled Bed, anaerobic
moving bed or Anaerobic Sequencing Biofilm Batch Reactor. Furthermore, the membrane
reactor would be an intersting approach for wastewater treatment.

In the development of wastewater treatment systems, most effort has been put into the
uncoupling of Hydraulic Retention Time (HRT) from the Sludge Retention Time (SRT).
Formation of aggregated biomass and development of appropriate settlers have been the key
items for successful wastewater treatment in the past decades. The development of anaerobic
bioreactor technology resulted in significant reduction of the required hydraulic retention
times and allowed anaerobic digestion to become a major alternative biological method of
wastewater treatment, that offers fundamental benefits (Lettinga, 1995). The reactor stability
against imposed organic shock loads is a very important aspect in digestion design, especially
for agro-industrial waste treatment, because of the variable nature of the waste (Nachaiyasit
and Stuckey, 1997a).

In conclusion, the transfer of integrated processes is the best way of international experience
transfer. The development of new treatment methods or devices can be considered as a
continuous process. The sustainable development of wastewater treatment plants must be
flexible, and they should not be constructed for long periods of time. In 7 to 12 years, the
industry may change the production, with the consequence that the treatment plants must be
upgraded and apply new developments. In factories, wastewater managing plans must be
prepared (Sekoulov, 2002).
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CHAPTER 2

MATERIALS AND METHODS

This chapter covers the general materials and methods used in this study. Details of specific
experimental studies can be found together with their results in the relevant topics.

1. Wastewater

This study focused on three kinds of fruit processing wastewater: Pineapple, Longan and
Lychee. For the biodegradability test and Anaerobic Sequencing Batch Reactor (AnSBR), the
juice of ripened fresh fruit was used as substrate wastewater. Regarding biofilm formation
studies, wine distillery vinasses were used in a pilot-scale Anaerobic Fixed Film Reactor
(AnFFR). The pineapple wastewater used in lab-scale AnFFR studies was based on canning
fruit juice. The characteristics of influent wastewater used in this study were analysed and
shown in each experiment.

2. Inoculum: The seed sludge used in this study was obtained from anaerobic digester
treating distillery wine vinasses.

3. Support material: Cloisonyle® and Bioflow 30® produced by the Rhaushert company
were used as media in this study. Cloisonyle is a well-ordered medium, made up of 14 PVC
tubes of 102.5 mm in diameter and evenly distributed. The average distance between the
partitions is 25.6 mm and the specific area is 180 m2/m3 (Figure 31A). Bioflow 30® is a small
loosely packed medium, made up of polyethylene. Each unit is 29 mm high, with a bottom
diameter of 35 mm, and top diameter of 30 mm. It has a density of 0.93 and specific surface
of 320 m2/m3 (Figure 31B).

Figure 31. Media supporting; A) Cloisonyle®; B) Bioflow 30®.
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4. Sludge Activity test: At the beginning of the experiment in AnSBR, the reactor was fed
with ethanol for at least one week and a maximum of 9 days to check the activity of the
sludge.

5. Reactors

Two types of reactor were used in this thesis, namely the Anaerobic Sequencing Batch
Reactor (AnSBR) and Anaerobic Fixed Film Reactor (AnFFR). The details of these reactor
types are given below:

�x AnSBR Lab scale: Three double-walled reactors of 6 L effective volume were used in
this study. Temperature was maintained at 35°C by a thermostatically regulated water
bath. Peristaltic pumps were used to fill the reactors and draw off the effluent after
settling. Mixing in the reactors was done by a system of magnetic stirring. The pH was
regulated at 6.8 by the addition of NaOH (25% v/v) in the reactor. The volume of biogas
produced was measured by an Aalborg mass flow meter 0-20mL/mn fitted with a 4-20
mA output. The “Modular SPC”(c) software, developed at the INRA-Narbonne laboratory,
was used for acquiring and treating the data (gas output, pH). The automated operation of
the reactors was managed with timers. A diagram of the reactor is shown in Figure 32.
Each reactor was fed with one of the three types of wastewater. The reactors were
operated in the same conditions, with one cycle per day that included the following four
discrete steps, (i) fill (5 min): 1.2 litre of wastewater was added to the reactor at the
beginning of the react phase in a very short feeding period, (ii) react (21 hours): during
this phase, the reactor was stirred and the organic matter was eliminated, (iii) settle (2.5
h): settling started when the react phase was finished, and (iv) draw-off (6 min): draw-off
of the volume added at the beginning of the cycle during the first 6 minutes of the last half
hour was followed by an idle period of 24 min (Figure 33).

To obtain the fruit juice, fruit was peeled and the pulp then passed through a crusher, pressed
through a fabric and then filtered with a coarse filter paper. To prepare the wastewater, fresh
juices were diluted 14.6 times for pineapple, 17.3 times for Lychee and 22.3 times for longan.
The nitrogen and phosphorus content of the wastewater was low and the COD: N: P ratio was
200 �d 1 �d 0.26 for the 3 types of wastewater. The wastewater was supplemented with nitrogen
and phosphorus to a ratio of 500:7:1, with an addition of NH4Cl and NH4H2PO4. The feed
stock was stored at 4°C and renewed twice a week.

The reactors were seeded with sludge from anaerobic reactors treating distillery vinasses, at
an initial concentration of 17.1 g of SS and 10.1 g of VSS, 17.1 g of SS and 12.4 g of VSS,
and 16.5 g of SS and 9.5 of VSS in pineapple, longan and lychee canning wastewater
treatment, respectively.

Samples were taken regularly at feed, in the reactor and at outflow for analysis as stated in
section 6: analytical method.






























































































































































































