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Abstract The aim of this mini-review is to synthesize and
analyze information on how the process of granulation is
affected by environmental and operational conditions in the
reactor. The factors reviewed are temperature, pH, alkalin-
ity, organic loading rate, upflow velocity, nature and
strength of substrate, nutrients, multivalent cations and
heavy metals, microbial ecology of seed sludge, exo-
cellular polymer, and addition of natural and synthetic
polymers. Careful temperature control and adequate alka-
linity is required for generation and maintenance of
granules. Nature and strength of substrate in conjunction
with intra-granular diffusion to a large extent determines
the microstructure of the granules. The divalent cations
such as calcium and iron may enhance granulation by ionic
bridging and linking exo-cellular polymers. However, their
presence in excess may lead to cementation due to
precipitation leading to increased ash content and mass
transfer limitation. The addition of external additives such
as ionic polymers may enhance granulation in the upflow
anaerobic sludge blanket reactors.
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Introduction

The upflow anaerobic sludge blanket (UASB) reactor
introduced by Lettinga et al. (1980) has become a popular
high-rate anaerobic treatment system throughout the world
(Lettinga et al. 1993; Yu et al. 2001a). A high concentration
of active anaerobic biomass is held in suspension in the
reactor by hydraulic design and formation of granular
biomass (Dolfing 1986; MacLeod et al. 1990). The
anaerobic degradation in the sludge bed is a multi-step
process consisting of hydrolysis of complex organic
substrates such as proteins, fat, and carbohydrates into
soluble amino acids, lipids, and sugars followed by the
fermentation to acetate, formate, hydrogen, and carbon
dioxide which are finally utilized by methenogenic bacteria
to form methane (Gujer and Zehnder 1983). The upward
motion of methane and carbon dioxide gas bubbles imparts
mixing in the sludge bed. At the top of the reactor, the
water phase is separated from sludge solids and gas in a
three-phase separator known as the gas—liquid—solids
separator.

The UASB process is attractive because of its compact-
ness, low operational cost, low sludge production, and
production of methane. More than 1,000 UASB units are
currently being operated all over the world. The application
of UASB reactors for the treatment of high-strength
industrial wastewater containing easily hydrolyzed sub-
strates such as sugar industry wastes, distillery wastes, and
brewery wastes had been successful (Blonskaja et al. 2003;
Fang et al. 1995; Guiot et al. 1991; Lettinga and Hulshoff
Pol 1991). On the other hand, performances of UASB
reactors treating difficult-to-hydrolyze and complex sub-
strates such as phenols, effluents from food and milk
processing plants, gelatine manufacturing plants, and
animal slaughterhouses were less than satisfactory (Borja
et al. 1996; Fang et al. 1996; Petruy and Lettinga 1997).
UASB process for the treatment of domestic wastewater
(low strength) also suffers from a number of shortcomings,
such as long start-up time, poor gas production, suscepti-
bility to shock loading, inability to form self-immobilized
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bacterial granules, and necessity for post-treatment of the
effluent (Haandel and Lettinga 1994; Mergaert et al. 1992).

In the absence of a support medium in UASB reactors,
different syntrophic groups closely associate to form
roughly spherically shaped clusters known as granules
(Dolfing 1986; Lettinga and Hulshoff Pol 1991). Granules
may range from 0.1 to 5 mm in size and are differentiated
from flocculated sludge by higher shear strength (Schmidt
and Ahring 1996; Show et al. 2004). It is believed to be the
most critical parameter affecting successful operation of a
UASB reactor because granulated sludge has better settling
property allowing higher hydraulic loading rate, granules
reduce inter-species mass transfer limitation between
syntrophic groups; granules can withstand high gas and
liquid shear stress without disintegrating; and granules
provide increased resistance to process shocks and toxins
compared to dispersed microorganisms (Lettinga and
Hulshoff Pol 1991; Schmidt and Ahring 1996; Show et
al. 2004).

A granule can be functionally described as concentric
layers of near-spherical biofilm possessing different bac-
terial trophic groups (Guiot et al. 1992; MacLeod et al.
1990). Each of the trophic groups of bacteria performs their
respective role in the degradation of wastewater, producing
biomass and exo-cellular polymers (ECPs) in their vicinity,
which help other trophic groups to attach and derive
nutrition. However, in reality, such layers may or may not
exist within a granule although a few literatures have
indicated existence of such segregated layers of microbial
populations inside a granule (Guiot et al. 1992; Sekiguchi
et al. 1999). The formation of layers will be discussed for
specific cases in a later section.

The granulation process is commonly believed to be
sensitive to the sudden change of environmental and
operational conditions (Speece 1983). Factors governing
granulation have been extensively studied on a variety of
wastewaters. Some of these factors are operating condi-
tions (Ahn et al. 2002; Kalyuzhnyi et al. 1996; Shayegan et
al. 2005), pH and alkalinity (Gonzalez et al. 1998; Singh et
al. 1999), temperature (Lau and Fang 1997; Singh and
Viraraghavan 2003), strength and composition of waste-
water (Erguder et al. 2003; Fang et al. 1994, 1996;
MacLeod et al. 1990), reactor hydrodynamics (Kosaric et
al. 1990; Singh and Viraraghavan 2003), presence of metal
ions and trace metals (Lin and Chen 1999; Shen et al. 1993;
Yu et al. 2000, 2001b), presence of polymers (Kalogo et al.
2001; Show et al. 2004; Tiwari et al. 2005), microbial
ecology (El-Mamouni et al. 1997; Verrier et al. 1988), and
production of exo-cellular polymeric substances by anaer-
obic bacteria (Jia et al. 1996; Morgan et al. 1990). A
number of reviews are available on functioning of UASB
reactor (Lin and Yang 1991; Mahmoud et al. 2003), its
applicability to sewage treatment (Mergaert et al. 1992;
Seghezzo et al. 1998), treatment of some of the toxic
wastes (Veeresh et al. 2005), nutrient requirements for
UASB process (Singh et al. 1999), and mechanism of
granulation (Hulshoff Pol et al. 2004; Liu et al. 2003;
Schmidt and Ahring 1996).

There has been constant effort for the last 20 years to
enhance granulation in the UASB reactors. Optimization of
granule size and density are crucial. As the size increases,
diffusion becomes more rate limiting (Schmidt and Ahring
1996). Dense granules have better settling property but
cause mass transfer limitations. Sparse granules, on the
other hand, lose intermediates to convection and have a low
settling velocity (Lettinga and Hulshoff Pol 1991). The
primary purpose of this review is to synthesize and take a
critical look at the effect of different environmental factors
on enhancement of granulation.

Factors governing the granulation process
Temperature

Operational temperature apparently affects the methano-
gens more than the acidogens (Chou et al. 2004). The
optimum temperature range for digestion in mesophilic
reactors is 3040 °C (Henze and Harremoes 1983). For
thermophilic methanogens, the optimum growth tempera-
tures are Methanosarcina sp. 55-58 °C, Methanosaeta sp.
~70 °C, Methanobacterium sp. 65-70 °C, and acetate-
utilizing mixed culture 60-65 °C (Zinder 1990; Zinder et
al. 1984).

It is generally believed that the degradation efficiency
and the killing of pathogens become more effective at
elevated temperature (Uemura and Harada 2000). The
decision to operate the reactor in mesophilic or thermo-
philic condition depends upon the influent temperature.
Thermophilic (55 °C) granules reportedly disintegrated due
to increase in temperature (Lau and Fang 1997). Meso-
philic granules, on the other hand, are sensitive to sudden
temperature changes resulting in granule disintegration
which may, in some cases, lead to reactor failure (Van Lier
et al. 1990). Thus, careful temperature control is essential
for the maintenance of granules in the reactors.

The composition of granules in a UASB reactor changes
when the reactor is transformed from mesophilic to
thermophilic condition, even though the integrity of
granules remained intact (Macario et al. 1991). The layered
structures of thermophilic granules were reported to be
distinctively different from mesophilic granules (Syutsubo
et al. 1997). Mesophilic granules as seed sludge surpris-
ingly provided a faster and stable start-up compared to
thermophilic digester sludge even for starting a thermo-
philic UASB reactor (Syutsubo et al. 1997). The exact
mechanism for this microbial adaptation process from
mesophilic granules to thermophilic granules is still
unclear.

pH and alkalinity

It is generally agreed that a high partial pressure of hydrogen
and a stable pH value close to neutrality are required to
obtain good-quality granulated sludge (Gonzalez et al.
1998). The pH values inside a granule evidenced from the



microprofile are lower than the bulk liquid (Lens et al. 1995).
The proton translocation activity on the bacterial cell surface
presumably pumps out protons into the immediate vicinity of
the cell surface. This process may also create a proton
conductance across the bacterial surface causing dehydration
and consequently facilitate adherence to other bacterium or
surface (Hulshoff Pol et al. 2004).

An acidogenic population is significantly less sensitive
to pH fluctuations compared to methanogens, which has an
optimum pH in the range of 6.3—7.8. Thus, in the extreme
pH conditions, acid formation prevails over methanogen-
esis, resulting in accumulation of volatile fatty acid (VFA)
in the reactor (Haandel and Lettinga 1994). The differential
growth of fermentative bacteria and methanogens may
cause pH to change if the un-ionized volatile fatty acid
concentration exceeds the buffering capacity of the reactor
content (Florencio et al. 1995). These conditions under
most circumstances lead to disintegration of the granules
because the methanogens die.

The buffering capacity in a UASB reactor is mostly
provided by the alkalinity (Florencio et al. 1995). Alkalin-
ity also helps in neutralizing fluctuations in the volatile acid
concentration often arising from variation in organic
loading (Isik and Sponza 2005). Thus, the ratio of
alkalinity to chemical oxygen demand (COD) is one of
the key parameters for granulation (Gonzalez et al. 1998).
Optimum alkalinity in the influent reportedly ranges
between 250 and 950 mg/1 (Singh et al. 1999).

Organic loading rate

The pH, alkalinity, and organic loading rate (OLR) are
closely linked parameters that affect granulation in a UASB
reactor. The OLR variation can arise from either variation
in influent COD or variation in flow rate with constant
COD. An increase in OLR beyond its optimum range leads
to decrease in pH due to increase in the concentrations of
the VFAs (Dohanyos et al. 1985). Once the microbial
biomass recovers and stabilizes, the extra VFAs are
normally metabolized and the pH stabilizes (Myburg and
Britz 1993). OLR of up to 104 kg COD m > day ' has been
reported for anaerobic digestion of sugar substrate
(Wiegant and Lettinga 1985). Low OLR often causes
acute mass transfer limitation leading to disintegration of
the larger granules (Ahn et al. 2002). The granules loose
their strength and stability because the decay starts at the
center due to substrate limitation (Kosaric et al. 1990). In
contrast to these studies, Teer et al. (2000) and Tiwari et al.
(2005) have not experienced any granule disintegration
while operating a UASB reactor under low OLR (<1.5 kg
COD m * day ).

Organic loading rate and hydraulic retention time (HRT)
also have significant effect on the microbial ecology of
granules (Torkian et al. 2003). An increase in OLR led to
substantial shift of Methanothrix to Methanosarcina in the
granules (Kalyuzhnyi et al. 1996).

Although Ghangrekar et al. (2005) recommended an
OLR value in the range of 2.0-4.5 kg COD m > day ™' for
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developing good granular sludge, based on numerous
studies reported so far for the variety of wastewater, it is
safe to say that the optimum range of OLR and HRT can
only be decided after considering the strength and
composition of substrates, temperature, nutrient concen-
tration, macro-metal concentrations, trace metals concen-
trations, and anions such as sulfate. These are discussed in
the later sections.

Shear due to upflow and gas production

Granule formation and characteristics are strongly influ-
enced by the upflow velocity of influent (Kosaric et al.
1990) and the superficial velocity of biogas (Haandel and
Lettinga 1994). The upflow velocity applied in most of the
laboratory and industrial scale reactors is about 1 m/h,
although values up to 6 m/h in laboratory scale reactors
have been also reported (Haandel and Lettinga 1994).

At high upflow velocities (above 1 m/h), the granules
may disintegrate due to shearing, and the resulting
fragments may wash out of the reactor (Kosaric et al.
1990). Vigorous gas evolution at high organic loading may
similarly result in shear-off of bacteria cells from granule
surface leading to granule erosion (Syutsubo et al. 1997).

For low-strength wastewaters with a COD-to-sulfate
ratio of 2 or more, a higher upflow velocity of 1.5-2.5 m/h
is helpful for reducing the toxicity due to sulfide as the
sulfate-reducing bacteria are likely to wash out from the
reactor because they lack the ability to form dense and firm
granules (Shayegan et al. 2005).

An expanded granular sludge bed (EGSB), a variation of
UASB reactors, can handle high upflow velocity of 4—
10 m/h (Driessen and Yspeert 1999; Seghezzo et al. 1998;
van der Last and Lettinga 1992). As a result, higher OLR of
up to 40 kg COD m > day ' can be accommodated in
EGSB systems. The gas production is also consequently
increased, imparting even more mixing inside the reactor
(Seghezzo et al. 1998).

A two-stage internal circulation (IC) reactor with gas-
driven effluent circulation in the lower section allows three
to six times higher OLR and 8-20 times higher liquid
upflow velocity compared to a UASB reactor (Pereboom
and Vereijken 1994). For the same wastewater, IC granules
are reported to be larger than UASB granules, but of lower
strength (Pereboom 1994).

Substrate characteristics

Substrate characteristics, both composition and strength,
dictate the microstructure in the form of spatial distribution
of different microorganisms in a granule (Batstone and
Keller 2001). For simple substrates such as acetate, only
methanogens are needed to complete the degradation
process and, hence, granules primarily consist of methano-
gens (Grotenhuis et al. 1991). Layered structures have been
reported mostly for complex but easily hydrolyzable non-
inhibitory substrates of higher concentration, i.e., glucose,
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proteins, sucrose, and brewery wastes (Fang et al. 1994;
Guiot et al. 1992; MacLeod et al. 1990). As, the substrate
flux is in a radial direction from the bulk towards the center,
the population density of acetogens and acidogens is more
near the outer surface (Guiot et al. 1992). Methanogens, on
the other hand, are concentrated near the core of the
granules (Guiot et al. 1992; MacLeod et al. 1990). There
are some intermediate transition regions where both
species are found. However, if the reactor feed contains
acetate, methanogens may be present in the outer shell as
well, as was observed by Sekiguchi et al. (1999), where the
reactors were fed with mixtures of sucrose, acetate,
propionate, and peptone. So, the presence of a certain
species in a location within the granule is governed by the
concentration of a specific substrate (e.g., acetate for
methanogen and sucrose for acetogen) at that location. The
concentration of a substrate in a location within the granule
is in turn governed by the intra-granular diffusion and rate
of formation (acetate by acetogen) or consumption (acetate
by methanogen). Thus, it is safe to say that the layers in a
granule may form due to the interplay of the rate of intra-
granular diffusion of substrate and the reaction rates of
different steps in the degradation.

No layer in the granules was reported to form with
propionate, peptone, ethanol, and glutamate as substrates
(Fang et al. 1994, 1995; Grotenhuis et al. 1991). The
granules also do not show any layered structure in the
presence of an inhibitory substrate such as phenol or
lindane (Erguder et al. 2003; Fang et al. 1996). Methano-
genesis is reported to be the rate-limiting step in the
anaerobic degradation of the non-inhibitory substrate
whereas with the inhibitory substrate, acetogenesis, is
identified as the rate-limiting step (Chou and Huang 2005).
Low substrate concentration in the feed may result in
substrate limitation at the core of the larger granules as
majority of the substrate is utilized near the surface (Ahn et
al. 2002; Kosaric et al. 1990). This may result in flotation
of large granules due to hollowing of the core (Schmidt and
Ahring 1996). However, for low substrate concentrations,
gas production is also low and the intra-granular pore
network may not be filled with gas. As a result, these pores
may be penetrated by substrates, resulting in additional
transfer of substrates to the core region through these
channels. No substrate limitation and flotation of the large
granules (up to 3 mm) was observed for the granules grown
with low strength sucrose-based wastewater (Tiwari et al.
2004, 2005).

Fats, oil, and grease are known to have low biodegrad-
ability and report on applicability of UASB reactor to treat
such waste is divided. Typically reported problems include
foaming, scum formation, and sludge washout in the
presence of lipids (Lettinga and Hulshoft Pol 1991; Ozturk
et al. 1993). A number of studies have reported low
treatment efficiency and very little granulation with
substrates rich in fats, oil, and grease (Boari et al. 1984;
Petruy and Lettinga 1997). Some researchers have
successfully used UASB reactor for treatment of waste-
waters rich in fats, oil, and grease (Borja et al. 1996;
Quarmby and Forster 1995; Tay and Yan 1996). The

granules grown on such substrate were reported to be made
up of a large number of close-packed but discrete colonies
of multicellular filaments, typically Methanothrix, in a
dense matrix (Borja et al. 1996; Quarmby and Forster
1995).

Oil and grease in the substrate tend to accumulate on the
surface of sludge granules. This develops a superficial
layer of scum and sludge with the consequent biomass
washout (Rinzema et al. 1994). A hydrophobic environ-
ment produced by the adsorbed lipid layer may also result
in reduction in diffusion of water-soluble substrate into the
granules. Substrates containing fats, oil, and grease,
especially long-chain fatty acids (LCFAs), were reported
to inhibit several bacteria involved in the process (Koster
and Cramer 1987; Sayed et al. 1988; Tay and Yan 1996).
LCFAs affected obligate hydrogen-producing acetogenic
bacteria as well as hydrogenotrophic and acetotrophic
methanogenic archaea (Hanaki et al. 1981), resulting in
impaired syntrophic interaction between microbial groups
and, thus, difficulty in granulation (Tay and Yan 1996).

The rates of H, consumption (by methanogens) as well
as the H, production (by acidogens and acetogens) are
influenced by the partial pressure of H, (Conrad et al. 1986;
Mosey 1983). The different cell pathways metabolizing the
substrate are regulated by the relative concentrations of
NADH and NAD". By assuming a constant internal cell
pH, the ratio of the two concentrations could be related to
hydrogen partial pressure (Costello et al. 1991a,b). For
anaerobic fermentation where 1 mol of substrate releases
two or three hydrogen molecules, small changes in the
hydrogen partial pressure may largely affect the substrate
conversion rates and, hence, the size and strength of
granules in the reactor (Kleerebezem and Stams 2000). An
elevated hydrogen partial pressure in the reactor leads to
production of higher-order fatty acids instead of acetate
which is believed to be the usual route due to largest energy
yield (Mosey 1983). Thus, for favoring granulation, the
partial pressure of hydrogen must be kept low to ensure
efficient fermentation of the volatile fatty acids (Liu et al.
2003).

A parallel hypothesis put forward by Palns et al. (1987)
states that high hydrogen partial pressure along with
limited cysteine leads to over-secretion of amino acids
(except cysteine) which can induce ECP formation and
initiate anaerobic granulation. According to this, granula-
tion is not likely to occur in reactors fed with acetate,
propionate, or butyrate because of inadequate hydrogen
partial pressure. However, there are experimental evi-
dences of granulation in UASB systems fed with these
substrates (Grotenhuis et al. 1991; Sekiguchi et al. 1999;
Van Lier et al. 1995).

Nutrients

The requirements for nutrients such as nitrogen, phospho-
rus, and sulfur of various syntrophic groups in a hetero-
geneous culture are rather complex. During the formation
of granules, an excess of nitrogen and phosphorus in the



substrate is helpful and can be eliminated after the start of
the granulation process without any deleterious effect on
the granules’ development (Gonzalez et al. 1998). Singh et
al. (1999) have reported that cell growth reduces drastically
at a nitrogen concentration of less than 300 mg/l. In
contrast, there are reports of inhibition of the process of
granulation at higher concentrations of these nutrients
(Jarrell and Kalmokoff 1988). Nitrogen, phosphorus, and
potassium were indicated to retard the effect of shock
loading and prevent the flotation of granule (Alphenaar et
al. 1993; Blaszczyk et al. 1994).

Ammonia was reported to influence the methanogenesis
in anaerobic reactors (Angelidaki and Ahring 1993;
Hansen et al. 1998). All methanogens utilize ammonia as
a source of nitrogen, which can also serve as electron donor
and buffer (Gallert et al. 1998; Singh et al. 1999). The
accumulation of ammonium ions can alter the intracellular
pH and the activities of methane-synthesizing enzymes are
inhibited by free ammonia (Kadam and Boone 1996). In
most cases, acetate-utilizing methanogens were reportedly
more sensitive to ammonia concentration than hydrogen-
utilizing ones (Angelidaki and Ahring 1993; Lay et al.
1997) with one exception where hydrogen-utilizing
methanogens were identified as the sensitive group
(Wiegant and Zeeman 1986). In a recent study, propi-
onate-degrading acetogenic bacteria were reported to be
more sensitive to free ammonia compared to methanogenic
archaea (Calli et al. 2005). Ammonia inhibition occurred
above pH 7.4 in the range of 1,500-3,000 mg/l total
ammonia nitrogen, whereas at concentrations in excess of
3,000 mg/l, ammonia was toxic irrespective of pH (Koster
and Lettinga 1984; Van Velsen 1979).

Methanogens are capable of utilizing a broad spectrum
of sulphur-containing compounds in various oxidation
states for their maintenance and growth (Jarrell and
Kalmokoff 1988). Several methanogens show require-
ments for magnesium for stimulating growth (Lettinga and
Hulshoff Pol 1991). Amino acid transport, growth,
methanogenesis, and internal pH regulation are all sodium
dependent (Jarrell and Kalmokoff 1988).

Multivalent cations and heavy metals

Granulation is initiated by bacterial adsorption and adhe-
sion to inert matters, to organic precipitates, and/or to each
other through physico—chemical interactions and syn-
trophic associations (Dolfing 1986; Schmidt and Ahring
1996). The cations may accelerate this process through
bridging between negatively charged groups on cell
surfaces and linking exo-cellular polymers (Hulshoff Pol
et al. 2004; Morgan et al. 1991; Schmidt and Ahring 1996).
In addition, multivalent cations condense the diffused
double layers and facilitate flocculation due to Van der
Waals forces (Liu et al. 2003; Schmidt and Ahring 1996).
The predominant binding groups for metals on the surface
of bacteria are carboxyl and amino groups in proteins
(Artola et al. 1997). Prolonged exposure to low pH also
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affects the metal retention dynamics within the granular
sludge (Singh et al. 1999).

Heavy metals compete with other ions in the solution for
these binding sites on the cell surface. The relative
toxicities of some metals depend on pH, VFA concentra-
tion, HRT, type and form of metal ions, and strength and
affinity of the binding groups present on the surfaces of
prevalent microorganisms (Gould and Genetelli 1984; Lin
and Chen 1999). The presence of inert solids in the
granules offers some abiotic surfaces to interact with the
metal ions and, in turn, increases the toxicity resistances of
biogranules (Oleszkiewicz and Sharma 1990).

Extensive literature is available on the role of a few
specific multivalent cations on granulation. These are
discussed below.

Calcium

Calcium enhances the initial adhesion of the cells through
exo-cellular polymers, which preferentially bind to diva-
lent metals (Rudd et al. 1984). Calcium presumably gets
embedded into extracellular polysaccharides and/or pro-
teins, which are used as linking material (Morgan et al.
1991). Calcium also has the ability to bridge between the
electronegative carboxyl and phosphate groups associated
with bacterial surfaces (Shen et al. 1993). Calcium ion may
also contribute to the conformational stability of the
polymer networks in the granules by interacting with the
secondary functional groups in the polysaccharides like
OH  and, thereby, influencing the folding of the polymers
(Turakhia and Characklis 1988).

While calcium concentrations in the range of 80—
150 mg/l stimulated the formation of granules during the
start-up of a UASB reactor, it did not induce granulation
and was not a key element in granules (Alibhai and Forster
1986). In another study, the optimum concentration of Ca**
for granulation was reported to be 150-300 mg/I (Yu et al.
2001a). As very different optimum ranges were reported in
various literatures, it is imperative to understand the actual
effect of calcium on granule formation.

At high calcium concentration, formation of CaCOj;
precipitate may block the intragranular pores, leading to
severe mass transfer limitation and higher ash content in
granules (Langerak van et al. 2000; Yu et al. 2001a). This
may lead to strong agglomerates or cementation of sludge
bed with low specific methanogenic activity (SMA). If
CaCOj; precipitation takes place in the bulk solution
instead of intragranular pores, they provide inert supports
for bacteria and facilitating new biofilm to develop on the
crystal surface (Iza et al. 1992). This may lead to sludge
with high ash content accompanied by a relatively high
SMA (Kettunen and Rintala 1998). The precipitation of
CaCOs rarely takes place at the surface of well-formed
granules because they are rapidly dissolved or covered with
a layer of fast-growing, acid-forming biomass (Langerak
van et al. 2000).

The location of precipitation is influenced by existing
granule size, the crystallization rate constants, and the
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composition of the feed solution (Langerak van et al.
2000). Phosphate is an important inhibitor of CaCOj
crystal growth (House 1987). Bulk precipitation can be
promoted by not inhibiting the crystal growth, which can
be accomplished by providing a low phosphate concentra-
tion in the reactor, applying a low Ca/Na ratio, and using
smaller-sized granules in the seed sludge (Langerak van et
al. 2000).

Iron

The conversion of COD to biomass or yield is a function of
iron concentration (Oleszkiewicz and Sharma 1990). The
presence of Fe™ at a concentration higher than 300 mg/l
promoted granule formation by allowing aggregates to
form earlier and to achieve a larger size presumably due to
double-layer compression (Yu et al. 2000). The average
granule size reportedly increased with increasing Fe'”
concentrations. However, very high influent Fe™® concen-
tration led to higher ash content and severe mass transfer
limitations in granules (Yu et al. 2000). The increased
mineral content was very likely the result of more FeS and
the compounds formed by iron and exo-polysaccharides in
the granules.

Aluminum

Like the divalent metal ions, A" was also reported to have
a positive effect on sludge granulation. In the only
available study on effects of aluminum additive on
granulation, Yu et al. (2001b) have found that aluminum
prompts granule formation by allowing aggregates to form
earlier and to achieve a larger size.

Trace elements and heavy metals

The trace element requirement of anaerobic microorgan-
isms is specific because of many cobalt-, nickel-, and iron-
containing enzymes involved in the biochemistry of
fermentation and methane production (Shen et al. 1993).
Therefore, the lack of some key trace metal can severely
limit the overall anaerobic conversion process and granu-
lation. The toxicity of heavy metal towards anaerobic
digestion is independent of total metal concentration in the
digester but depends on the concentration of free metal
species in the sludge (Lawrence and McCarty 1965;
Mueller and Steiner 1992). Active, inactive, and dead
biomass is capable of binding and accumulating high
quantities of heavy metals (Kuyucak and Volesky 1988).
Some trophic group(s) or organisms within the anaerobic
consortia in the digesters may be more severely inhibited
by a pulse addition of toxic heavy metals than the
methanogenic populations (Hickey et al. 1989). A signif-
icant decrease in gas production and simultaneous
accumulation of VFA in the UASB reactor was reported
in the presence of heavy metals (Lawrence and McCarty

1965), and methane production decreased as the metal
concentrations increased (Lin and Chen 1999). Although
acidogens are generally considered to be less sensitive to
toxins compared to methanogens (Lin and Yang 1991),
they are reportedly more sensitive to chromium, nickel,
zine, and copper (Hickey et al. 1989; Lin 1993). Mixed
acid seed sludge was more sensitive to metal ions (except
Pb) than acetic acid seed sludge (Lin 1992).

Heavy metals affect the production of acetic acid and »n-
butyric acid to different degrees (Lin 1993; Lin and Chen
1999). Lin (1993) reported that the relative toxicities of
heavy metals to production of acetic acid and n-butyric
acid were Cu>Zn> Cr>Cd >Pb>Niand Cu>Zn>Cr>
Cd > Ni > Pb, respectively. The toxicity of mixed metals
was antagonistic to acetic acid production but synergistic
to n-butyric acid production (Lin 1993).

The presence of sulfide leads to formation of insoluble
metal sulfide precipitates in the reactor with most heavy
metals (Lawrence and McCarty 1965; Mueller and Steiner
1992) and reduces the effect of toxic heavy metals. During
anaerobic digestion, sulfide can be produced by sulfate
reduction or protein degradation. HgS, PbS, CuS, and CdS
have very low solubility and precipitate even at pH values
as low as pH 1, whereas NiS, CoS, MnS, and ZnS
precipitate at pH value above pH 7 (Mueller and Steiner
1992). In addition, many metals precipitate as hydroxide at
neutral pH. Metal precipitates are generally pH sensitive
and their solubility increases with lower pH values.

Microbial ecology of seed sludge

Acetogenic bacteria and Methanosaeta sp. have been
reported to be key populations which significantly
accelerate granule development (El-Mamouni et al
1997). The study by El-Mamouni et al. (1997) on
granulation rates reported that granulation was rapid on
nuclei enriched with Methanosaeta and syntrophic organ-
isms, slightly poorer on nuclei enriched with Methanosar-
cina and very slow on acidogenic nuclei. Methanosarcina
apparently plays no part in initial biofilm formation as it
does not attach to either hydrophobic or hydrophilic
synthetic support structure (Verrier et al. 1988).

Exo-cellular polymer

The exo-cellular polymers produced by the bacteria are
believed to play a critical role in maintaining structural
integrity of granules (Schmidt and Ahring 1996; Shen et al.
1993). Several studies (Jia et al. 1996; Ross 1984) indicate
that the ECP influences the formation of granules in UASB
reactors. As ECPs are biopolymers accumulated on the
surfaces of microbes, presumably some of the charges or
the functional groups on the surface are associated to the
ECP. The functional groups associated with the ECP of one
microbial cell may increase ionic interactions between
oppositely charged functional groups in the ECP of other
microbial cells, leading to formation of a bond between the



two cells. In addition, ions in the media help in bridging
between two like-charged functional groups of the cell
ECPs (Hulshoftf Pol et al. 1983; Schmidt and Ahring 1994).
However, a high amount of ECP seems unnecessary for
active granules and may cause deterioration in floc
formation (Schmidt and Ahring 1996). ECP isolated from
cells cultivated separately and added externally at the start-
up appears to have no effect on granulation in the UASB
reactors (Morgan et al. 1990). The addition of excess
external ECP has been reported to show inhibitory effects
on the granulation (Morgan et al. 1990).

Natural and synthetic polymers

In anaerobic reactors, polymers are mainly used either to
immobilize the anaerobic sludge or to reinforce the strength
of the already existing granules by coating the granule
surface with a thin layer of polymer (Ahn 2000; Liu et al.
2003). Adsorption of polymers on the surface of the
dispersed bacteria and neutralization of their surface
charges is one of the principal mechanisms to promote
anaerobic granulation (Kalogo et al. 2001). It appears that
both synthetic and natural polymers can assist anaerobic
bacteria to aggregate together and form granules (Liu et al.
2003).

Several studies have been reported with natural and
synthetic polymers to study the effect of polymer addition
on the granulation process. Kalogo et al. (2001) reported
that the extract of Moringa oleifera seeds (a natural
polymer) in the feed favored aggregation of coccoid
bacteria and growth of microbial nuclei. A few cationic
polymers reported to enhance granulation are natural
cationic polymers Chitosan (El-Mamouni et al. 1998;
Tiwari et al. 2005) and cationic fraction of Reetha
(Sapindus trifoliata) extract (Tiwari et al. 2005), synthetic
polymers A4 184 H (Show et al. 2004) and Percol 763 (El-
Mamouni et al. 1998). The efficiency of Chitosan was
found to be better than the synthetic polymer Percol 763
(El-Mamouni et al. 1998) and natural polymer Reetha
extract (Tiwari et al. 2005). This was attributed to the
polysaccharide structure of the Chitosan, similar to exo-
cellular polymer found in aggregating anaerobic sludge
(Hughes et al. 1990) and the water-absorbing nature of the
polymer. Imai et al. (1997) have demonstrated the effec-
tiveness of some water-absorbing polymers in the en-
hancement of granulation. Some anionic polymers such as
anionic fraction of Reetha extract and Sulphonated-Lignin
also reportedly increased biomass aggregation (Guiot et al.
1991; Tiwari et al. 2005). Jeong et al. (2005) reported the
effectiveness of the organic—inorganic hybrid polymers in
quick formations (within 5 min) of granules with sewage
digester sludge.

Concluding remarks

The granule composition strongly depends on the opera-
tional temperature as different species have optimum
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growth rate at different temperature. Sudden temperature
changes could result in granule disintegration in the reactor.
Optimum alkalinity is essential to maintain the reactor pH
and buffer significant fluctuations in the VFA concentra-
tions. The preferred conditions for granulation are a high
partial pressure of hydrogen and neutral pH. The fluctu-
ation in VFA may arise due to fluctuation in OLR, either in
the form of HRT or influent COD. The optimum range of
OLR and HRT can only be decided after considering the
influent characteristics and other operating conditions.
Layer formation in granules is due to interaction of
intragranular diffusion and degradation kinetics of the
substrate. Thus, the granule microstructure is governed by
the substrate type and strength. The presence of adequate
nutrients and metals is essential for granulation. Calcium
and iron may enhance granulation but are also capable of
causing mass transfer limitation when present in large
quantities. The effect of calcium is influenced by phos-
phate. Iron forms sulfide deposits when sulfate reduction
activity is present in the reactor, which is influenced by
HRT. The presence of toxic heavy metals in the influent can
cause granule degeneration. Although exo-cellular poly-
mers provide strength to the granules, external addition of
ECP does not enhance granulation. External addition of
ionic natural and synthetic polymers can be used to
enhance granulation. They help in the initial stages of
formation of granules.

Although studies on applicability of UASB and granu-
lation process in reactor are aplenty, it is still an active area
of research. The UASB reactor is presently successfully
applied for wastewater containing non-inhibitory substrate
at high concentration, e.g., distillery waste, brewery waste,
and sugar industry waste. A suitable modification for the
treatment of complex industrial wastewaters in the
presence of some inhibitory compounds is a challenge.
Development in this direction will lead to successful
application of UASB for milk and food processing waste,
gelatine manufacturing plant waste, slaughterhouse waste,
etc. A successful way of formation and maintenance of
granules with very low strength domestic wastewater and
mixed wastewater (sewage and industrial wastewater) will
go a long way to solve problems faced by many developing
countries. In this connection, microbial adoption process
inside the sludge bed with change in substrate type needs to
be understood. Many studies are reported for optimum
level of the nutrients and trace elements favoring granu-
lation for many different substrate types, but they are
unlikely to yield a unique answer. The requirements of
nutrients and trace metals depend on the type of species
present and their relative abundance (microbial ecology) in
the granules, which are functions of wastewater type and
strength.

Another challenge is to shorten the start-up time of the
reactor by enhancing granule formation. Various external
additives have shown promising results in this direction;
however, most of these studies are limited to laboratory-
scale reactor. The effect of these additives should be
investigated in pilot-scale reactors along with the econom-
ics of the additives.
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