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ABSTRACT

The formation of multilayered anaerobic granules mainly consists of nucleation and
maturation phases. This study was aimed to construct initial granule nuclei with high
syntroph microbial activities and enhance the formation of mature granule by stimulating
EPS production. Three UASB reactors were used as R1 (control reactor, no cationic polymer
addition), R2 (dynafloc 8265 addition) and R3 (chitosan addition). Mixed VFA (acetate:
propionate: butyrate = 2:1:1 based on gram COD) was used as main substrate during
nucleation phase. The addition of cationic polymers were aimed for shortening nucleation
time. After nucleation phase, early maturation phase was started by switching mixed VFA
to glucose for stimulating EPS production without polymer addition.

The addition of chitosan significantly decreased the zeta potential value of microbial
aggregates in R3 from -26.4 to -10.5 mV at day 0 and 58, respectively. This zeta potential
value affected on fast nucleation time in R3 which was observed at day 58. Nuclei ratio and
average diameter size of microbial aggregates of R3 at day 58 were approximately 55.1%
and 115 um, respectively. Granule ratio in each reactor was low at day 58 in which the
highest of granule ratio was observed in R3 as 8.2%. During maturation phase, granule ratio
in R3 significantly increase as 17.6, 30.8 and 34.2% at day 74, 88 and 118, respectively.
Higher nuclei ratio in R3 at day 58 was good as starting point for granule formation during
early maturation phase. EPS produced during early maturation phase trapped nuclei with
other nuclei to form large aggregates or granule. The microbial adaptation to mixed VFA
during nucleation phase successfully increased the activity ratio between methanogen
(acetoclastic methanogens) to non-methanogens (glucose-degrading microorganism).
However, glucose enhanced the activity of GDM resulting on decrease of activity ratio
between methanogens and non-methanogens activities during early maturation phase. The
balance between methanogens and non-methanogens was adversely affected, especially in
R1 and R2.



The structure of the microbial aggregate in R3 at day 58 was stronger and more
compact compared to those in R1 and R2, which were weak and loose. Filamentous
microorganisms were dominant inside the microbial aggregate of R1. While, the dominant
microorganism inside microbial aggregates of R2 and R3 were mixed microorganism (cocci-
, rod- and filament- shaped microorganism). Self-aggregation of microorganism may
occurred in R1 and the addition of cationic polymers in R2 and R3 trapped mixed
microorganism to form nuclei. At day 118, the morphology of microbial aggregates in each
reactor was improved due to the effect of EPS. Microbial aggregates of R3 were very similar
with the structure of mature granule which showed smoother surfaces and more spherical
shapes.

The microbial distribution in the microbial aggregate of each reactor at day 58
showed that Archaea was dominant over Eubacteria in that aggregates which indicated that
the methanogen population was larger than that of the acetogens due to the adaptation to
mixed VFA. However, it cannot be determined that the layer of microorganism was formed
in this phase because mixed microorganism groups, Archaea and Eubacteria, were still
randomly dispersed in microbial aggregates of each reactors. At the end of early maturation
phase (day 118), microbial distributions in granule of R3 were better than that at day 58. Red
Archaea clumps, presumptive methanogens, was mostly located at middle and inner part of
aggregates. Those Archaea clumps were surrounded by green Eubacteria, presumptive
acidogenic or acetogens microorganism. It can be concluded that green Eubacteria clumps
around red Archaea clumps were acetogens microorganism because the distance between
VFA degraders (acetogens microorganism) and methanogens was close each other. Those
position allowed the possibility of syntroph relationships inside microbial aggregate of R3.
These microbial distribution in microbial aggregate of R3 was probably the main cause for

better ACM activity and reactor performances during early maturation phase.

Keywords: Anaerobic granule; multilayered; syntroph; nuclei; cationic polymers
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CHAPTER 1
INTRODUCTION

1.1 Rationale

Anaerobic digestion is recognized as the most attractive treatment for organic
wastewater, because it proves to be an excellent process for waste stabilization by recovering
both energy and compost. It has been recognized as the most reliable and economically
feasible in industrial scale of wastewater treatment for its simple and compact technology
with high COD removal efficiencies and low sludge production [1]. For reason of energy
recovery, anaerobic digestion produce methane as energy source which is able to generate
approximately 1.5 kWh electric energy per kg COD removed (assumption of 40% electric
conversion efficiency from methane energy) [2, 3]. In anaerobic digestion, complex organic
matters in anaerobic digestion is rapidly hydrolyzed and then fermented by acidogenic
microorganism into volatile fatty acids (VFAs) which are then utilized by acetogenic
microorganism to produce acetate, hydrogen and carbon dioxide as suitable substrates for
methanogens to produce methane and carbon dioxide [1, 4, 5].

Anaerobic digestion technologies based on granular sludge bed, e.g. upflow
anaerobic sludge blanket (UASB) reactor, expanded granular sludge blanket (EGSB) reactor
and internal anaerobic (ICA) reactor, and anaerobic hybrid reactor (AHR), are favorable
wastewater treatment technologies for most industries. These technologies rely on microbial
self-aggregation into active and compact granules as the main effective factor of reactor
operation [1, 6-11]. Anaerobic granule is considered as a dense microbial community that
consist of millions of microorganism per gram of biomass in which complex degradation is
conducted by complex interactions among microorganisms in granules [12]. Two main
characteristics of anaerobic granule which caused anaerobic granule become superior to
other sludge type are its high settling ability and high specific microbial activity [12-14].
High settling ability of anaerobic granules is important factor for retaining anaerobic
granules inside reactor during increase of upflow liquid loading rate and biogas production
inside anaerobic reactor. The developments of microbial communities, i.e., syntrophic
microorganism relationships, in anaerobic digestion could enhance the efficiency of
substrate degradation due to the optimum position of substrate supply and assimilation

among microorganism inside anaerobic granules [15-17]. The formation of anaerobic



granule is a multistep process involving physicochemical and biological forces that can
result in a multilayered structure of anaerobic granules [12].

A multilayered anaerobic granule is recognized as an anaerobic granule that consists
of several layers in which each layer of granule is occupied by specific microorganisms.
Outer, middle and inner layers of multilayered anaerobic granules are typically occupied by
hydrolytic and fermentative or acidogenic microorganism, syntroph microorganism and
methanogen, respectively [15, 17, 18]. The structure of multilayered anaerobic granules
provides good syntrophic relationship among microorganism inside granule which then
allows efficient substrates degradation. Multilayered anaerobic granule is favored as starting
inoculum in anaerobic reactors for its effective substrate degradation and distribution inside
granules, microbial inter-closed relationships and resistance from toxic substances.
However, this type of granule is generally found at reactor which has already been operated
for 1-2 years and is strongly depend on the type of substrate [15-17, 19, 20]. For that reason,
mass culturing of anaerobic granules is needed to provide good anaerobic granules which
can decrease the start-up period of industrial scale anaerobic reactor and cost of anaerobic
granules seeds. Larger volume of wastewater with higher organic loads are able to be treated
by anaerobic reactor which is inoculated by multilayered anaerobic granule than flocculent
sludge.

The availability of mature multilayered anaerobic granules for industrial scale
reactors is limited due to high purchasing, handling and transportation costs. The
international cost of good-quality matured granule sludge is EUR130 — 150 per cubic meter
[21]. The additional cost is commonly needed for the possibilities of process failure such as
excessive losses of granular sludge and re-inoculation. Due to several main drawbacks of
available mature anaerobic granule, non-granular sludge or digested sewage sludge is
considered as potential seeding sludge for new reactor operations [8, 12, 22, 23].
Nevertheless, reactor start-up with digested sludge is very slow and sludge is easy to wash
out from reactors due to low microbial activities and settling ability, respectively. Generally,
start-up period which is related to the formation of anaerobic granules can be approximately
2-8 months [24]. Previous research for overcoming these problems had been conducted for
shortening reactor start-up and granulation process, such as the addition of cationic polymers
and multivalent ions, extracellular polymer substances (EPS) production and the application
of high hydrodynamic condition inside reactors [7, 10, 22, 23, 25-32]



Research related to the formation of multilayered anaerobic digestion mostly
investigated the characteristics of naturally formed multilayered anaerobic granules. Less
research has considered the investigation of the formation of multilayered anaerobic granules
from digested anaerobic sludge. The formation of multilayered anaerobic granule generally
involves two main phases namely granule nuclei formation (nucleation) and maturation
phases. The characteristics and type of initial microorganism population in inoculum is one
important factor for constructing multilayered anaerobic granule. Syntroph-enriched
methanogenic consortia was found as best for starting microbial groups in granulation
process [33]. However, the initial separated-enrichment of microorganism to specific
substrate was time consuming (approximately one year adaptation of microorganism to
specific substrate). The drawback factors of digested sludge to build multilayered anaerobic
granule were possible to be solved by simultaneous adaptation of microorganism to specific
substrate (syntroph specific substrate) and the addition of cationic polymers at the same time
during reactor operation.

The main objectives of this study were to enhance the formation of multilayered
anaerobic granules from digested sludge by the addition of natural and synthetic cationic
polymers and the microbial adaptation to syntroph specific substrate during UASB reactor
operation and also to investigate the stability of that multilayered anaerobic granule. In order
to achieve this objective, nuclei formation (nucleation) of syntroph nuclei was shortened by
the addition of synthetic and natural cationic polymers with syntroph specific substrate
feeding and then followed by nuclei maturation by stimulating the production of
extracellular polymeric substances (EPS) to entrap nuclei or microorganisms that leads on

the structure strengthening of anaerobic granules.

1.2 Research objectives

The objectives of this research are:

1.2.1 To construct the initial granule nuclei of syntroph enriched microorganisms by
the addition of natural and synthetic polymers

1.2.2 To enhance the formation of early mature granules by stimulating EPS
production

1.2.3 To observe the physicochemical and microbial stabilities of anaerobic granules

during the operation of the anaerobic reactor



1.3 Scopes of research work

1.3.1 Sludge sizing under 100 pum is used as the initial microorganism for anaerobic
granulation.

1.3.2 Natural and synthetic polymers were represented by chitosan and polyacrylate
(dynafloc 8265), respectively.

1.3.3 Nuclei was defined as a microbial aggregate larger than 100 um. Then,
nucleation was development process of microbial aggregates to larger size than
100 pm.

1.3.4 EPS production for enhancing the nuclei maturation was stimulated by
switching the substrate into glucose

1.3.5 Early maturation phase was defined as the development of nuclei to be larger
aggregates than 500 um and microbial compositions inside granules.

1.3.6 The microbial compositions were limited on the presence of Eubacteria and
Archaea groups by fluorescence in situ hybridization (FISH) for initial seed
sludge. The syntroph composition, as well as Eubacteria and Archaea in

granules, was analyzed by confocal laser scanning microscope (CLSM).

1.4 Expected results

1.4.1 Understanding the formation of granule nuclei with and without the addition
of polymers.

1.4.2 The stimulation of EPS production as possible to enhance or fasten the
maturation of granules.

1.4.3 The mature granule from maturation phase has high syntroph specific

microbial activities and unique multilayered structures.



CHAPTER 2
THEORIES

In developing countries, such as Indonesia and Thailand, large amounts of organic
wastewater from domestic and industries can be a serious problem for the environment if
they are not properly treated. Biological treatment is more preferred for treating that organic
wastewater than physicochemical treatment due to its several advantages such as treatment
efficiency. There are two kinds of biological treatment, i.e., aerobic and anaerobic biological
treatment. Anaerobic biological treatment or anaerobic digestion is more beneficial than
aerobic biological treatment in several aspects as shown below.

2.1 Anaerobic digestion

Anaerobic digestion is considered to be a biological process in which complex
organic substrates degraded into biogas, e.g. methane and carbon dioxide, as the final
product by microbial consortia in anaerobic conditions. Degradation processes consist of
multiple biological processes namely, hydrolysis (breakdown of complex and insoluble
organics into small molecules that can be transported into microbial cells), acidogenesis
(conversion of sugars, amino acids and fatty acids to organic acids, hydrogen and carbon
dioxide), acetogenesis (conversion of several organic acids into acetic acid and hydrogen)
and methanogenesis (methane and carbon dioxide production as final products of anaerobic
digestion) [1]. Biological anaerobic treatment or anaerobic digestion has been implemented
worldwide to treat industrial or domestic wastewater for the reason that it offers several
advantages than biological aerobic treatment [1]. The major advantages of anaerobic
digestion are:

- Low cost operation, because of less energy required for the reactor operation.
- Useful energy as biogas production
- Ability to be operated at high loading rates
- Low sludge production
- Stable excess sludge
- Possibility to be combined with other post treatment
Beside its fundamental advantages, anaerobic digestion also has several drawbacks that

affect on the application of this technology, such as high susceptibility of microorganisms,



especially acetogens and methanogens, to toxic compounds and slow start-up periods due to
a lack of knowledge about microbial growth conditions [1]. Several conditions in anaerobic
reactor must be accomplished in order to achieve good reactor performances. According to
Lettinga (1995), those important conditions are high retention of viable sludge in the reactor,
sufficient contact between viable bacterial biomass, high reaction rates and absence of
serious transport limitations, and the dominance of favorable conditions for all required
microorganism inside anaerobic digestion system. Those important conditions were

commonly observed from anaerobic granule.

2.2 Anaerobic granulation

It is important to know and understand the critical points of anaerobic digestion in
order to succeed the operation of anaerobic digestion. One of those critical points is the
immobilization of anaerobic microorganism or anaerobic granulation. Anaerobic
granulation naturally occurs in the upflow anaerobic sludge blanket (UASB), internal
circulation anaerobic (ICA) and expanded granular sludge blanket (EGSB) type reactors [1,
15, 34, 35]. Anaerobic granulation process is completely natural process in UASB reactor
[1]. Microorganism conglomeration or aggregation involves physical, chemical and
biological processes resulting self-immobilization of microorganism under hydrodynamic
conditions inside reactors.

Microbial aggregates can be distinguished among 3 types, i.e. flocs, pellets and
granules. Flocs or flocculent sludge is defined as conglomerates with loose structures that
form one homogenous macroscopic layer upon settling. Pellets are aggregates with denser
structure than flocs and still visible as separate materials after settling. While, granules are
microbial aggregates which are denser, have well-defined granular appearance with special
shape and can resist on hydrodynamic pressure inside reactor. According to Hulshoff Pol et
al., (2004), microbial granules have main advantages than flocculent sludge, such as;

- Superior settling characteristics that allow granules to be resistant on high pressure
inside reactors,

- High specific methanogenic activity, since the presence of well-defined microbial
consortia to efficiently degrade complex substrates,



- Toxic resistance, since the most sensitive microorganisms (methanogen) are located at
the inner part of granules, while the least sensitive microorganisms are commonly at

the surface or middle layer of the granules.

2.3 Anaerobic granulation models

Many models describing anaerobic granulation has been proposed by previous
researchers. However, there is still no consensus about the valid mechanism of anaerobic
granulation. Schmidt and Ahring (1996) reported that granular sludge could be characterized
as a spherical biofilm. Hulshoff Pol. et al. (2004) has reviewed the model of anaerobic
granulation in three groups, namely physical, microbial and thermodynamic approaches. The
development of biofilm and granulation have several similarities which can be divided into
4 main steps:

a). Cell transport to the surface of inert materials or other cells (substratum)
b). Initial reversible adsorption to the substratum by physicochemical forces
c). Irreversible adhesion of the cells to the substratum

d). Cell multiplication and granule development

2.3.1 Cell transport to the substratum

There are several mechanisms for transporting the cell to the substratum, i.e.
diffusion (Brownian motion), advection (convection) transport by fluid flow, gas flotation,
sedimentation, or active movement due to flagella (Figure 2.1). Models or theories of
anaerobic granulation that can be grouped into the first step of biofilm formation are
selection pressure theory, inert nuclei and methanogen as the nucleation center for

granulation.

Active movement
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Figure 2.1 The different transport mechanisms for a cell to the substratum [14]



2.3.1.1 Selection pressure theory

Hulshoff Pol et al., (1983) explained that the cause of anaerobic granulation was
due to the presence of continuous selection for sludge particles with a high settleability
during reactor operation. The selection pressure for particles or granules can be controlled
by adjusting the upflow velocity of the reactor (hydraulic loading rate and gas production
rate), e.g. UASB reactor. Finely dispersed particle will be washed out from reactor by high
hydrodynamics condition inside the reactor. As a result, the heavier particles or nuclei which
are resistant for high selection pressure, still remain in the reactor and their size and density
will increase. It can also be concluded that under low selection pressure, microbial adhesion
and aggregation cannot be advantageous and most of influent will be metabolized by
dispersed sludge. These conditions also promote the growth of filamentous form of
Methanosaeta which cause the formation of bulking type of anaerobic sludge with poor
settling characteristics [19].

2.3.1.2 Inert nuclei model

The inert matter content of granules was thought to initiate the granulation
process by acting as nuclei for anaerobic microorganisms to attach, and then, form initial
embryonic granules [36]. By the formation of initial embryonic granules, subsequent
granular growth occurs through biofilm formation around these inert carriers of suspended
matter. Hence, the development of a mature granules can be considered as the result of an
increase of biofilm thickness [37]. However, several researches reported that granules can
be developed without the addition of any inert material and that high concentration of finely
suspended matters in the influent are unfavorable to granulation [13, 38].

2.3.1.3 Growth of microbial nuclei

Most methane production (around 70%) is generated from acetic acid
degradation, which is mostly degraded by two microorganisms, namely Methanosarcina and
Methanosaeta. Several models or theories considering the growth of acetoclastic
methanogens have been proposed which conclude that Methanosarcina and Methanosaeta
species form nuclei for starting the granulation process.

The spaghetti theory for the granulation process stated that filamentous
Methanosaeta through a multidirectional branched-growth process formed spaghetti-like
structured aggregates that entrapped other microorganism and initiated nuclei formation or
precursors for the overall granulation process [13]. According to this theory, granules

formation is divided into two main phases, 1) formulation of precursors or nuclei (first phase)



and 2) actual growth of the granules from precursors (second phase). The first phase is
critical step for the formation of granules. Methanosaeta forms small aggregates to finely
dispersed matter by the turbulence from gas production. The selection of aggregates is
conducted by increasing the upflow velocity. Once the precursors have formed, the
granulation process is inevitable by the growth of individual microorganisms and the
entrapment of other microorganisms that result in the increasing of the precursor size. At
this step, granular formation is still as filamentous appearance, like loose-structured ball of
spaghetti with long Methanosaeta filaments.

Chen and Lun (1993) also postulated a similar theory about granule formation
that was divided into two main steps, i.e. nucleus formation and a nucleus growing into a
granule. They concluded that both Methanosaeta which has good adhering capacities and
Methanosarcina which has capacity of growing into clumps by excreting extracellular
polymeric substances EPS are the important microorganism for nucleus formation. During
the growth of nuclei, various microorganism which syntrophically grow with methanogen
play important role on complex substrate degradation [39]. Methanogen is not dominant
microorganism in the surface of mature granule, but other mixed microorganism.

2.3.2 Initial reversible adsorption and permanent adhesion

2.3.2.1 Secondary minimum adhesion model

This model assumed that bacterial cells as nothing more than living colloidal
particles. Hence, it obeys the laws of physical chemistry and interacts with the surface in the
same manner as normal colloidal particles (Van Loosdrecht and Zehnder, 1990). As a result,
the adhesion of microorganism is possible to be explained by colloid chemical theories, i.e.,
the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory which describes the change in
Gibbs energy as a function of the distance between particles surfaces. Reversible adhesion
occurs in the secondary minimum of the DLVO free energy curve. At separation distance
(H) of 5 — 20 nm, the Gibbs energy involved in this reversible process is relatively small
because there is no direct contact between two surfaces/cells. Reversible adhesion can
transform to irreversible adhesion when a particle or cell prevail over the energy barrier for
reaching the primary minimum at small separation distances (H>1 nm). The main
disadvantage of this model is that bacterial cells cannot be simply considered as ‘classical
colloidal particles’ because they do not have simple geometry or uniform molecular surface
composition. The presence of intracellular metabolic reactions probably results on the

alteration of surface cell, before and after adhesion.
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2.3.2.2 Divalent cation-bridge model

Divalent cations, e.g., calcium (Ca2*), magnesium (Mg?*) and iron (Fe?*), play
important roles in the granulation process by neutralizing negative charges of bacterial cell
surfaces and functioning as cationic bridges between bacteria [40, 41]. In addition, EPS also
tends to bind multivalent metals resulting more stable polymer complexes [40]. However,
the additions of Ca?*, Mg?* and Fe?" at high concentration have negative effects on
granulation process in certain conditions [14, 19, 40].

2.3.2.3 Extracellular polymeric substances (EPS) bonding model

Schmidt and Ahring (1996) defined EPS as any polysaccharide-containing
structure of bacterial origin lying outside the bacterial cell, either as a result of excretion or
cell lysis. For more detail, EPS represents the capsular material and peripheral slime, other
macromolecules such as proteins, nucleic acids and other polymeric substances in the
intercellular space of microbial aggregates (Flemming and Wingerder, 2001; Shin, et.al.,
2001).

Figure 2.2 The role of surface charge and the production of EPS in granulation [14].

EPS changes the surface negative charge of bacteria resulting in the bonding of
bacterial cells and other inert matter to form bacterial aggregates or flocs as shown in Figure
2.2 [14]. EPS has also been reported as critical factor for maintaining the structural integrity
of granular sludge [10, 24]. However, it has also been observed that too high EPS can cause
deterioration in granular sludge formation [10, 35]. The amount and type of EPS produced
are usually affected by the growth, temperature, carbon source, substrate loading rate and
hydrodynamic shear force [10, 14, 26-28, 35, 42, 43].

Cape Town theory was developed by Sam-Soon et al. (1987), who proposed that
hydrogen-utilizing methanogen, Methanobacterium strain AZ, secreted EPS (mainly consist
of long-chain polypeptides) under high partial pressure and limited cysteine. The EPS
produced then trapped any microorganism leading to the formation of anaerobic pellets

which rapidly settled. Wastewaters containing acetate, propionate and butyrate resulted on
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inadequate hydrogen partial pressure which cause failure on granulation process based on
this theory [44].

Several studies suggested that hydrolytic and acidogenic microorganism have
great influence on the EPS production than acetogenic and methanogenic microorganisms,
although it was still not clear whether EPS was produced by one specific or various different
species [24]. The EPS content of granules and anaerobic sludge fed with acetogenic and
methanogenic substrate was significantly lower than that of feeding with acidogenic
substrate.

2.3.3 Cell multiplication

2.3.3.1 Syntrophic micro-colony model

The principal of this theory is the mutual relationship among different anaerobic
microorganisms inside granules to live synergistically resulting in the efficient transfer of
intermediate products among those respective microbial groups. Syntrophic relationship is
normally at granule which has the multi-layered structure. The layered structure of granule
showed that the granulation process is not a random aggregation of suspended bacteria, but
the microbial associations are very high as syntrophic associations among different
microorganism for optimum substrate supply and removal of metabolic products [15].

Syntrophic relationships between acetogens and methanogens in granules are
important factors for the high specific activity of granules, since those two microbial groups
are closely related and the limiting growth microorganism in granule. It has also been
investigated that the distance between syntrophic acetogens and methanogens in each layer
of granule is very small which allows the interspecies transfer of hydrogen and efficient
substrate conversion [15, 17].

The aggregate-forming behaviors of various methanogenic and syntrophic fatty
acid-degrading cultures were investigated in order to determine the potential granule-
forming of syntrophic associations [45]. The results showed that a butyrate-degrading
syntrophic strain produced EPS that could enhance the granulation process. However, their
investigation also proved that methanogens Methanosaeta and Methanobacterium
formicicum are an important key to granulation. The good granulation was achieved by
syntrophic-enriched nuclei which showed the highest increase on granule diameter
compared to the fermentative-enrich nuclei, Methanosaeta-enrich nuclei and
Methanosarcina-enrich nuclei [33]. The granulation started with Methanosaeta concilii cells

as growth nuclei then syntrophic acetogens attached to the M. concilii backbone. In addition,
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their study also investigated that the enhancement of granule size could be done by
enrichment of propionate-degrading syntrophic consortia [46].

2.3.3.2 H* translocation-dehydration theory

This theory was developed by Tay et al. (2000) and considers several factors as
the main key in the granulation process. Firstly, high negatively charged microbial surfaces
facilitate hydrogen bonding with water molecules leading to a strong repulsive hydration
interaction between hydration layers of two approaching microorganisms. Secondly, the
initiation of bacterial adhesion can be improved when the hydrophobicity of adhering
surfaces is increased [47]. According to Tay et al., (2000), proton translocation activity
across the bacterial membrane causes the dehydration of the cell surfaces by breaking the
hydrogen bond between negatively charged groups and water molecules resulting in the
increase of surface hydrophobicity. Four stages of granulation process were formulated
according to this theory:

a) Dehydration of bacterial surface
Result of proton translocation activity across bacterial membranes.

b) Embryonic granule formation
The relatively hydrophobic bacteria adheres by the action of external hydraulic forces
because of the weakened hydration repulsion. Effective metabolite transference promotes
the further dehydration of bacterial surfaces resulting in the strong initial aggregate
formation. EPS production is also induced.

¢) Granule maturation
Intermediate transference determines the distribution of the different bacterial groups
leading to well-structured microbial communities in the mature granules.

d) Post maturation
Granule structures are continuously maintained by the mechanism of proton translocation
activity. EPS production causes hydration of the surface outside of the granule and
prevents the attachment of gas bubbles to the granules.

This model can also explain phenomena happening in the reactor, the
enhancement of granulation process by feeding of easily degradable substrates. According
to this theory, faster digestion and uptake of easily degradable substrates has led to more
rapid activation of proton pumps on the acidogenic cell membranes, which can turn to quick

dehydration of the bacterial surface resulting to bacterial adhesion.
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For other phenomena, such as sludge washout due to the sudden change of carbon
source, it can also be explained by this theory. Sudden change substrate lead to new lag phase
in bacterial growth in which new set of enzymes is synthesized (enzymes involved in
substrate degradation is substrate specific). Then, new lag phase causes the decrease of
proton pumping activity leading to decrease bacterial adhesion and then followed by granule
disintegration and washout [38].

However, the bacterial metabolism including proton translocation activity can
also be influenced by various internal factors resulting in changes in internal and surface
chemical compositions of bacterial cells [21]. According to Hulshoff Pol et al. (2004),
bacterial adhesion is a complex process that cannot be explained as a physical chemical
process, since bacteria have no sharp surfaces, simple geometries or uniform molecular

surface compositions.

2.4 Factors affecting anaerobic granulation

The anaerobic granulation process depends on bacterial growth inside an anaerobic
digestion system since the organic and inorganic compounds excreted during bacterial
metabolism can promote nuclei formation. Then, the structure of mature granules is
influenced by interactions between individual microbial species in anaerobic digestion.
Methanogens generally initiated the granular nuclei formation. However, the generation time
of this microorganism is longer (3 days at 35°C or 50 days at 50°C) than other microorganism
in anaerobic digestion. Hence, it can be assumed that controlling the environmental
conditions, as well as creating the optimal growth conditions for slow-growing
microorganism (methanogens), is possible to enhance granulation process itself [13].

2.4.1 Wastewater type

Wastewater types are considered to be stronger factors in the granulation process and
granule quality e.g. structure of granule, microbial compositions and populations in granules,
than reactor design or operational conditions [15, 19, 20]. According to Tay, et.al. (2000),
organic substrates can be divided into high-energy and low-energy feeds. High-energy
carbohydrate feeding can support acidogens and facilitate the formation of extracellular
polymers. The proton pumps is more active along with more readily acidogens take up and
metabolize substrate then methanogens obtains the substrate easily. The rapid the growth of
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acidogens due to the presence of high-energy substrate in influent facilitate the overall
process of granulation in the reactor.

The microbial compositions of anaerobic granule from anaerobic reactors treating
different wastewater, i.e., fruit and vegetable cannery, protein-based and brewery, were
analyzed at the molecular level [15, 19]. The results found that anaerobic granules from
reactor treating fruit and vegetable cannery wastewater had excellent shear strength, settling
properties, high cell density and layered-structure composed by methanogen, syntrophs and
acidogens. Brewery treated — anaerobic granules also showed good granules quality, i.e.,
high microbial density and layered-structure. However, anaerobic granules from reactors
treating protein — based wastewater showed poor qualities, i.e., poor strength, low settling
velocity, low microbial density and non-layered structure. High ratio of polypeptide to
carbohydrate in EPS was found at protein — fed anaerobic granule resulting on the lower
shear strength compared to cannery treated — anaerobic granule and brewery treated —
granule.

Different substrates also provided different surface charges, which are important
factors as triggering forces for anaerobic granulation [24]. It has been proven that EPS
production related to substrate types and running conditions. DLVO theory was used to
explain the microbial adhesion in which microbial adhesion occurred by neutralization of
the repulsion forces between similar charged particles. In case of anaerobic granulation,
microorganism commonly have negative charges and substrate acts as external electrolytes
in which at high substrate concentration, surface charges of substrate tend to increase
(positive).

The characteristics of anaerobic granules were also investigated in UASB reactors
treating different types of wastewater, i.e., ethanol, carbohydrates and protein-based
synthetic wastewater [20]. The results showed that those types of substrates influenced the
physicochemical properties of anaerobic granules. Ethanol — fed anaerobic granules were
more compact than carbohydrate — fed and protein — fed anaerobic granules. The microbial
distributions inside of anaerobic granules were also affected by types of wastewater in which
high acidogens colonization was found at carbohydrate — fed and protein — fed anaerobic
granules and Methanobacteriales were co — dominant in those anaerobic granules. Whereas

Methanosaeta was reported as dominant methanogens in all types of wastewater.
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2.4.2 Seed sludge

Any medium containing proper microbial flora can theoretically be used as seed
sludge for anaerobic granulation in a UASB reactor. Potential seed sludge includes manure,
fresh water sediments, septic tank sludge, digested sewage sludge and surplus sludge from
anaerobic treatment [12]. For reducing the start-up period of reactor and reach high removal
efficiency, surplus anaerobic granular sludge is always chosen as initial seed sludge.
However, the availability of those granular anaerobic sludge is limited by its high purchase
and transportation cost [21]. Therefore, digested sewage sludge, which is abundant amount,
is normally used as seed material to substitute granular sludge in start-up period of reactor
[21, 23, 26, 32]. The optimum amount of seed sludge used in reactor must also be determined
for maintaining the effective contacts between sludge and substrate or influent. Lettinga
et.al., (1995) reported that the optimum amount of thick sludge should be between 12 and
15 kg VSS.m= while the concentration of thinner sludge should be 6 kg VSS.m= for
mesophilic reactor.

To improve the methanogenic activity and granulation process of digested sewage
sludge, additional UASB granules are normally supplemented to newly digested sludge
during the start-up period. The addition of small amount of crushed granular sludge (8-9%
of the volatile suspended solid content) positively influenced the sludge bed granulation [13].
Furthermore, the addition of crushed granular sludge at concentration of 8 — 15% of VSS
content had more or same enhancement effect on granulation (higher) than result by addition
of only 2% crushed granular sludge. The improvement of granulation process by addition of
crushed granules was probably caused by the consequence of supplying specific inoculums
which is responsible for granulation. As a result, it is possible that anaerobic granulation can
be accelerated by manipulating the microbial composition of the seed sludge.

The consensus is to conclude that knowledge of anaerobic seed sludge contributes
the most to anaerobic granulation has not yet been achieved. However, several studies
considered that acetoclastic methanogens Methanosaeta spp. was the key in granulation.
Although, several methanogens, i.e., Methanobacterium formicicum and Methanosarcina
mazei have also been shown to contribute in granule formation [13, 46].

2.4.3 Macro-and micronutrients

Besides carbon and energy sources, anaerobic bacteria also have nutritional
requirements for macro-and micronutrients. The important macronutrients for microbial

growth and optimal granulation are nitrogen and phosphorus. While, iron and nickel are
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obligatory micronutrient needed to optimize the function of methanogenic enzyme systems.
Other micronutrients which can contribute to methanogenesis and granulation are calcium,
magnesium, molybdenum, tungsten, selenium, potassium, barium, manganese, zinc, sulfur,
copper and aluminium [5].

In anaerobic digestion, the macronutrient requirements are determined in terms of
COD: N: P ratio of reactor. Gerardi (2003) stated that a minimum COD: N: P ratio of 100:3-
4:0.5-1 is needed to provide adequate nitrogen and phosphorus levels. Several studies have
reported that the addition of nutrients could be postponed after granule formation without
changes in process performance. Yeast extract is a good source of amino acids, minerals and
B vitamins, e.g., biotin and folic acid that can be used to improve reactor performance. The
absence of nickel, cobalt and iron were reported not affect on the COD removal rate in UASB
reactors as long as yeast extract was in the influent. Although the trace minerals in yeast
extract was lower than other chemicals used in reactor, the reactor performances
significantly decreased along with the decrease of yeast extract supplementation. Yeast
extract was reported to enhance the ability of anaerobic bacteria to collect essential trace
elements from other sources.

2.4.4 Upflow liquid velocity and hydraulic retention time

Anaerobic granulation can proceed well at relatively high liquid upflow velocity but
it does occur under conditions of low hydrodynamic shear force [10]. The combination of
high upflow liquid velocity and short hydraulic retention time (HRT) was reported as a
favorable condition for anaerobic granulation. The effect of upflow liquid velocity for
anaerobic granulation are usually described by selection pressure theory [13]. Long HRT
combination with low upflow liquid velocity promote the growth of dispersed sludge and
are less favorable for anaerobic granulation process. On the other hand, a short HRT
combination with high upflow liquid velocity leads to washout for dispersed sludge (non-
granular sludge) and then promote anaerobic granulation.

Flocculent anaerobic sludge can be converted to active anaerobic sludge by
manipulating the hydraulic stress and the settleability of anaerobic granules. The effect of
upflow liquid velocity on the specific washout rate of the smaller particles is insignificant.
While its effect on the mean granule size is positively significant.

2.4.5 Organic loading rate (OLR) and sludge retention time (SRT)
As previously described, the wastewater type applied determines the bulk

characteristics or granular sludge than do loading rates [19]. The different sludge
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characteristics were observed for the same wastewater and inoculums under different OLRs
and SLRs [26]. OLR expressed as kg COD.m=.d! is one of important operating parameter
which represents the capacity of a reactor to convert organic substrate per unit volume.
While, SLR (kg COD.kg'VSS.d?) represents the capacity of anaerobic population
presenting in reactor for converting organic substrate per unit mass. The development of
granular sludge bed with good characteristics can be promoted by keeping the OLR in range
of 2.0 — 4.5 kg COD.m3.d and SLR in range of 0.1 — 0.25 kg COD.kg*VSS.d* [26].

The effects of overloading on granulation time and methanogenic population activity
by comparing three reactors, namely A, B and C, under different conditions were
investigated. The results showed that OLR, EPS content and granulation were closely related
each other. Low loading rate of below 1 kg COD.m=.d"! for the first 40 days was applied at
reactor A in which the start of granulation (white appearance, flocculent nuclei-type
materials) was observed for the first time on the 48" day of operation at OLR of 2 kg COD.m"
3.d1. Reactor B was operated under slight overloading and start of granulation was observed
for the first time on the 7" day at OLR of 2.5 kg COD.m.d! and mature granules were
observed at day 39 at OLR of 30 kg COD.m>3.d%. The activity of acetate-consuming
methanogens improved slightly during operation but not the same extent as in reactor A.
While, reactor C was operated under extreme overloading condition at OLR of 15 kg
COD.m3.d! on day 14. Granulation process was very poor under these conditions since
sludge washout and acidification occurred. EPS content was observed in all reactors and
EPS production tend to increase followed by slight EPS decrease as the OLR was fixed at a
certain level for period of time which indicated bacterial consumption of EPS part. OLR
increased more often in reactor B than that of in reactor A, it can be concluded that the
conditions for reactor B could enhance the granulation process. In addition, anaerobic
granulation was poorly observed at low OLR [32].

2.4.6 Temperature

Similar with other microbial activity, methanogenic growth and activity are also
strongly influenced by environmental temperature. The temperature range for mesophilic
methanogens is reported at a range between 30 to 35°C. Temperature fluctuations can affect
methanogenic activity significantly and it should be kept at minimum fluctuation around 2-
3°C per day for mesophilic methanogens [5].

Operational temperature also strongly influences the population composition of

granules. The efficiency of anaerobic digestion process involves more than one microbial
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population. Therefore, temperature fluctuations could be advantageous for some microbial
groups, but not for some other microbial groups, e.g., acidogens and hydrolytic
microorganism are normally resistant to temperature fluctuation represented by rapid VFA
production, while methanogen activity is very low at low temperature or temperature
fluctuations. Hence, careful monitoring of the VVFA to alkalinity ratio is important if there is
temperature fluctuation in the reactor [5, 48].

2.4.7 pH

Anaerobic granules consist of microbial groups that are syntrophically related to each
other for utilizing complex substrates [5, 17]. According to degradation steps in anaerobic
digestion, microbial species involved can be classified into three categories, namely
hydrolytic microorganism, acidogenic microorganism and methanogenic microorganism.
Those microbial groups have their optimum pH for their growth and activity. Acidogenic or
acid-producing microorganism can tolerate low pH and have optimum pH of 5.0 — 6.0. in
other side, methanogens or methane-producing microorganism have narrow optimum pH of
6.7 — 7.4 [49]. Hence, methanogens is more sensitive to pH than other microbial groups in
UASB reactors. pH fluctuation to 6.0 or 8.0 cause reduction of methanogens activity
resulting the serious operational problem leading to reactor failure. Under normal conditions,
the decrease of pH resulted from acid production is neutralized or buffered by bicarbonate
produced by methanogen microorganisms.

2.5 Formation of multilayered granules

The theory of multi-layered granule formation was first proposed by McLeod, et.al.
(1990). The hypothesis of this theory was based on the observation of mature granule
morphology by a scanning electron microscope. The center or inner of granule consisted of
Methanosaeta aggregates which were believed as initial nuclei for granule development.
Acetate producing microorganism (H2 producing acetogens) was then found as second layer
after Methanosaeta aggregates. Acetate producers provided substrate, i.e., acetic acid, for
Methanosaeta which was located at inner of granules. As the outer layer, fermentative
bacteria attached forming exterior layer in which this microorganism were in direct contact
with their substrate in bulk solution. The formation of multi-layered granules consisted of

two main phase, namely nuclei formation (nucleation) and nuclei maturation
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2.5.1 Nuclei formation (Nucleation)

Nuclei are defined as microbial aggregates that have sizes between 100 — 500 pm
[46]. Therefore, nucleation is the growth process of microbial aggregates to the average
diameter size of 100 um. Nucleation phase is important as starting phase to form multi-
layered anaerobic granules. The dominant microorganism that involved in nucleation phase
Is varied. Methanosaeta spp. had been reported as dominant microorganism for nucleation.
McLeod, et.al. (1990) observed that the inner of anaerobic granule consisted of Methanothrix
or Methanosaeta which was then proposed as initial nuclei that initiated granule
development. The granulation process became faster by using Methanosaeta which were
enriched at beginning of reactor start up [50]. Methanosaeta were also reported having
hydrophobic characteristics and nearly uncharged at neutral pH in which those conditions
are for Methanosaeta aggregation forming fiber-like bundles [51]. Morgan et. al., (1991)
found that the addition of pure culture of Methanosaeta cells could enhance granulation of
dispersed digester sludge. In addition, Zheng et. al., (2006) confirmed that filamentous
microorganism Methanosaeta concilii was found as major cell components of small
aggregates in early stage of UASB operation (by fluorescence in situ hybridization analysis).
The results indicated that these filamentous microorganism acted as nuclei for the
development of microbial granules.

Several researchers have also found that Methanosaeta was not the only one of
microorganism that could initiate the nuclei formation. Nuclei could be initiate by
fermenting microorganism, Methanosarcina sp. and syntrophic microorganism [33, 51-53].
El-Mamouni et al. (1997) showed that nuclei containing ethanol-degrading syntrophic
consortia could proceed granulation faster than other nuclei containing Methanosaeta sp.,
Methanosarcina sp., or fermentative microorganisms. From those previous studies, the
dominant microorganism in nucleation can be varied and the most important is how the
nuclei can retain in reactors and then conglomerates with other microorganism to form
mature granules.

2.5.2 Nuclei maturation

Wu et al. (2009) defined mature granules as microbial aggregates that have diameters
of more than 500 um. From this definition, nuclei maturation is the next phase of nucleation
to form mature granule. Maturation phase involves the attachment of more microorganism
to nuclei surface and forms bigger and denser nuclei (mature granule). McLeod et. al., (1990)

observed that acetate producers (H2 producers acetogens) and fermentative microorganism
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were “the coating microorganism” which attached at Methanosaeta nuclei as middle and
outer layers, respectively. The presence of acetogens and fermentative microorganism could
provide substrates for microorganism in the inner layers. The role of “coating
microorganism” in the maturation of nuclei were also investigated by other researchers [15,
46, 51]. Zheng et.al. (2006) investigated the syntrophic consortia which assisted the nuclei
maturation as coating microorganism. The syntrophic consortia, Syntrophobacter was found
higher in granules than in bulk biomass which indicated that Syntrophobacter selectively
attached to nuclei (high settling ability). However, the other syntroph microorganism, such
as Desulfobulbus spp., did not seem to assist the nuclei maturation since this microorganism
did not attach at nuclei (showed by similar amount of Desulfobulbus sp. in granule and bulk
biomass). The maturation phase of nuclei also involved the life-cycle of granules in which
the coating microorganism attached at the breaking part of large granules and formed new

and stable mature granules

2.6 Enhancement of anaerobic granulation

One main disadvantage of a granular reactor, i.e. upflow anaerobic sludge blanket
(UASB) reactor, expanded granular sludge bed (EGSB) reactor and internal circulation
anaerobic (ICA) reactor, is a long start-up period which is related to the granules formation
inside reactor. Various strategies have been applied to enhance the granule formation or
shorten the start-up period of reactor operation. Those strategies include the following:

2.6.1 Addition of synthetic and natural polymers

Synthetic and natural polymers are normally used as supporting agents for enhancing
particle coagulation and flocculation processes. Many studies investigated the effects of
synthetic and natural polymers on anaerobic granulation [7, 22, 23, 25, 30, 54-56].

Chitosan or poly (B-(1-4)-N-acetyl-D-glucosamine) is a natural biopolymer that is
produced by the alkaline deacetylation of chitin [57]. It was widely used for removal of
humic substances from drinking water, treatment of wastewater from distilleries, removal of
oil from wastewaters, treatment of food processing wastes, lignin removal and other
application. The chemical composition of chitosan is described by the molar fraction of
GIcNAc (2-acetamido-2-deoxy-B-D-glucopyranose) or Fa. This unit is important factor
affecting chitosan characteristics such as solubility and charge density [58]. The positive

charge of chitosan is resulted from the protonization of amino groups of GIcN (2-amino-2-
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deoxy-p-D-glucopyranose). This characteristic was very attractive for microbial flocculation
and aggregation since most of microorganism have negative surface charge. The mechanism
of microbial aggregation is closely related to mechanism of microbial adhesion to surfaces.
Complex interactions such as van der Waals (VDW), electrostatic, hydrophobic and polymer
interactions controlled the microbial attachments or aggregations. Chitosan (a polymer
which is similar with polysaccharide structure) supplementation significantly enhanced the
granules formation in UASB reactors.

The granulation rate at the chitosan-containing reactor was 2.5 times higher than that
of at reactor without chitosan supplementation. Polymers chain enhance granulation by
bridging among microbial cell resulting complex and strong structure [25]. Tiwari, et al.
(2005) also showed that chitosan as additive agent in granulation successfully increased
granule size and percentage of larger aggregates in reactor. Chitosan was considered as
cationic polymer which could decrease the negativity of microbial surface charges resulting
on microbial aggregation. Moreover, the characteristics of chitosan as water absorbing
polymer which caused chitosan swelled in water could provide many attachment sites for
microorganism. These double effects of chitosan were considered as the most important

factors for microbial granulation.

(a}

[ch
Fig. 2.3 Chemical structure of (a) chitin, (b) chitosan and (c) partially acetylated chitosan
[57]

Water absorbing polymers (WAP), such as acrylic and acrylamide, were observed
for their effects on microbial granulation. This polymer type was able to swell in water and
then provided more a complex network structure for microbial attachments or aggregations.
Imai, et al. (1997) investigated the effect of water absorbing polymer (WAP) ST-500D with

various concentration for enhancing granulation in UASB reactor fed by glucose and mixed
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VFA. Although the rates of granulation were different for glucose and mixed VFA feeding,
the granulation time was successfully shortened by this WAP addition. No granulation was
observed in reactor without WAP addition. Based on the results, the role of WAP for
granulation was assumed based on three formation phases,

- Phase 1: WAP particles absorbed anaerobic sludge resulting in the decrease of

biomass washout

- Phase 2: microorganisms attached on WAP particles grew rapidly and formed

initial granules in which WAP acted as a nuclei or bio-carrier

- Phase 3: granule bed developed rapidly. Some of WAP particles were decomposed

by anaerobic microorganism resulting several fragments of initial granules which
then developed as mature granules

The effect of a cationic polymer, AA 184 H polymer or commercial coagulation
agent, has been investigated on a reactor start-up and granule development in 6 reactors
treated as controls and polymers with various concentrations [23]. Reactors with polymer
addition showed better reactor performance, e.g., short start-up time, the highest OLR and
high COD removal efficiency, and granule characteristics, e.g., granules size, granule
strength and specific activity, throughout the operation than the control reactor. The cationic
polymer enhancement in reactor with 80 mg/L concentration showed the most significant
effects on biogranulation and reactor start-up due to the optimum concentration of polymer
[23].

The addition of bioflocculant (MBF21 bioflocculant) has been conducted to enhance
anaerobic granulation in the UASB reactor treating low-strength synthetic wastewater and
compared with synthetic polymers (acrylamide-chitosan graft polymer/ACGC and cationic
polyacrylamide/PAM) [30]. The results showed that bioflocculant-containing reactor was
the most efficient compared to other reactors (polymers addition and control). The
granulation rates in bioflocculant-, ACGC-, PAM-containing reactors were enhanced by
50%, 87%, 75% compared to control. Although bioflocculant addition was not the most
effective way to develop large-size granules, it showed as the least inhibitory in enhancing
microorganism multiplication and improving microbial metabolic activity. The ratio of
volatile suspended solids to suspended solid and sludge methanogenic activity of granular
samples from bioflocculant-containing reactor were also higher than other three reactors.
Granulation was achieved in all four reactors, but granules from polymers-containing

reactors appeared earlier and larger than those from control reactor.
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In addition, the UASB operation with the addition of cationic polymers
(polyacrylamide containing DADMAC) at OLR more than 1.0 kg COD.m3.d"t and inoculum
having SS greater than 110 g.I"* and VSS/SS ratio less than 0.3 could enhance biomass
granulation and COD removal efficiency. However, polymer addition at OLR less than 1.0
kg COD.m3.d? and thick inoculum sludge did significantly enhance biomass and tend to
deteriorate the reactor performance (reduction of COD removal efficiency) [22].

Resmanto, et al. (2010) investigated two cationic synthetic polymers, namely
polyacrylamide 3150 and polyacrylate dynafloc 8265 with both optimum doses as 2 mg.g
1SS. Dynafloc 8265 showed as the most suitable polymer for coagulation for all specific
substrate-adapted microorganism. Moreover, this type of synthetic cationic polymers did not
show any inhibitory effect to microbial activities. After 2 months operation, the granule of
all substrate-adapted microbial groups can reach the size of 2.0 mm. From the results of
FISH-CLSM and microbial activities, the addition of dynafloc 8265 showed positive effects
on microbial granulation from specific substrate-adapted microorganisms.

2.6.2 Addition of divalent ions

The presence of divalent ions, such as calcium (Ca®*), magnesium (Mg?*) and iron
(Fe?*), could enhance microbial granulation by binding negatively charged cells to promote
microbial nuclei formation [27, 40, 41]. Yu et. al., (2001b) investigated the addition of
calcium (Ca?*) at various concentrations from 150 — 300 mg/l in order to enhance the
biomass accumulation and granulation process. From those concentration range, microbial
granulation could be enhanced. However, the results also showed that specific activity of
granules decreased along with the increase of influent calcium concentration since higher
concentration of calcium tend to lead the precipitation of calcium in the granules which could
block the intra-granular pores, severe mass transfer limitation and high ash content in
granules [40]. The addition of calcium to UASB reactor appeared to enhance three steps of
microbial granulation, i.e., adsorption, adhesion and multiplication but it did alter the
predominant microorganism in the granules. AI** was also reported to have positive effect
on sludge granulation. Yu et.al., (2001a) found that aluminium prompted granule formation
by allowing aggregates to form earlier and to achieve a larger diameter size.

The addition of iron (Fe?") to enhance granulation has also been investigated [41].
The addition of ferrous iron at dose of 0.01 g Fe?* per g COD feed allowed COD removal of
more than 98% at loading rate of 9 g COD/I per day and high granules diameter which were

higher 24% and 56% than that of reactor control (without ferrous iron addition), respectively.
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The formation of inorganic precipitate of ferrous sulfide initiated the inert nuclei formation
causing the biomass attached onto it.

2.6.3 Application of influent pulsation

The application of external pulsation on influents was aimed to generate
hydrodynamic stress during the UASB reactors starting up [59]. Early phase of UASB
reactor start up was commonly operated under low OLR which resulted improper hydraulic
mixing and mass transfer inside reactor. These conditions lead to poor degassing of sludge
which cause biomass washout and long start-up period. Applying external pulsation was able
to release gaseous metabolites as well as improved mass transfer (by preventing sludge bed
channeling). Pulsation of influent in treatment reactor had higher COD removal and specific
methanogenic activity (SMA). Although anaerobic granules produced from the pulsed
reactor was smaller, it had well defined shape with presence of channels on its surfaces.
These channels indicated that the granules had higher porosity causing the increase of biogas
release and nutrient transport from outside to inner core of granules [60]. However, these
studies were conducted on a small lab scale of 0.8 | UASB reactors which implied that a
deeper investigation is needed in terms of extra cost obstacle for its application on large
industrial scale.

2.6.4 Enhancement of extracellular polymeric substances (EPS) production

Several operational conditions of a reactor can be controlled to enhance the EPS
production. Extracellular polymers are called bioglue which facilitate cell-to-cell interaction
and strengthen microbial structure through formation of complex polymeric matrix. Cell
surface characteristics such as cell surface hydrophobicity, surface charge density, binding
site and surface morphology may be affected since EPS accumulates at the cell surface.
Several previous studies have been conducted in order to increase the EPS production then
leading to the enhancement of microbial granulation [10, 24, 32, 43].

Zhou et.al. (2006) investigated the effects of EPS production and electrostatic
properties of the substrates on the process of granulation in UASB reactors using three kinds
of substrates: glucose, skim milk and mixed VFA. This study proved the effectiveness of
slight overloading for stimulating EPS production which could shorten the period of
granulation. The results of this research concluded that DLVO theory built up a connection
among substrates, EPS and granulation in which bacteria as negative particles, substrate as
external electrolytes and EPS as high molecular flocculants which resulted on the electrical

neutralization and EPS bonding as important triggering forces for anaerobic granulation.
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The sludge granulation under weak, strong and violent shear conditions in an internal
circulation anaerobic reactor was investigated by Wu et al. (2009). The granulation consists
of two steps namely nucleation and maturation of nuclei. According to the results, nucleation
under strong shear conditions, shear rate of 8.28 s corresponding to superficial liquid of
2.66 m.h! and gas velocity of 0.2 m.h, developed fastest compared to weak shear (0.04 s
1y and violent shear (12.42 s1) conditions. The average augmentation rate of average sludge
diameters were 0.40, 0.57 and 0.41 um per day for weak, strong and violent shear conditions,
respectively. High shear force seemed to accelerate the secretion of extracellular protein.
However, over-produced extracellular protein also deteriorate granulation. The maximum
concentration of extracellular protein for enhancing granulation was 80.5 mg. g VSS™. Over
that concentration, nucleation was weaken and inhibited which could lead to disruption and

washout of nuclei from reactor.

2.6 Extracellular polymeric substances (EPS)

2.7.1 Definition of EPS

The general abbreviation of EPS was aimed to represent different classes or
macromolecules, such as polysaccharides, proteins, nucleic acids, lipids and other polymeric
compounds, presented in the interior of various microbial aggregates [27]. This broad
definition of EPS results on unpredictable and controversial studies related to EPS. Another
researchers concluded that EPS are mainly the high molecular weight secretion from
microorganisms and the products of cell lysis [61]. EPS are sticky materials secreted by
microbial cells in unfavorable or stressful conditions in order to survive in those conditions.
EPS are located at both outside of the cells and in the interior of microbial aggregates. The
outer EPS was divided into bound EPS (sheaths, capsular polymers, condensed gels, loosely
bound polymers and attached organic materials) and soluble EPS (soluble macromolecules,
colloid and slimes). These two types of EPS, bound EPS (closely bound with cells) and
soluble EPS (weakly bound with cells or dissolved into medium) can be separated by
centrifugation resulting on supernatant (soluble EPS) and microbial pellets (consist of bound
EPS) [62]. Studies related to EPS are specified for bound EPS, while soluble EPS has very
weak interaction with cells (but it affects on the microbial activity and surface characteristics
of sludge). EPS are believed having important role on adhesion, matrix structure formation

and stabilization of microbial granules [35, 63]. Figure 2.3 shows two layers model of the
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structure of bound EPS, namely the tightly bound EPS (TB-EPS) as inner layer which has
certain shape and is tightly bound and stable with cells, and the loosely bound EPS (LB-

EPS) which is loose and dispersible slime layer without clear edge [64].
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Figure 2.4 Sketch of EPS structure [64]

2.7.2 Composition of EPS

The EPS from granules contains various proportions of protein, polysaccharides,
nuclei acids, lipids, humic-like substance and heteropolymers [65]. Only polysaccharides
that is synthesized extracellularly, while protein, lipids and nucleic acids presents in
extracellular matrix due to excretion of intracellular polymer or as a results of cell lysis [66].
Humic substances may also be a key component of EPS in sludge, approximately 20% of
the total amount. The variation of fractions in EPS strongly depend on the extraction method
and the origin of sludge. One main consideration related to EPS composition is the ratio of
polysaccharides to protein which varied depend on microbial species, growth phase, the type
of limiting substrate (C, N and P), oxygen limitation, ionic strength, culture temperature,
shear force, etc. [63, 64].

2.7.3 The characteristics of EPS

2.7.3.1 Hydrophobicity and hydrophilicity
The EPS has many charged groups, such as carboxyl, phosphoric, sulfhydryl,

phenolic and hydroxyl groups, as well as apolar groups, such as aromatics, aliphatics in
protein and hydrophobic regions in carbohydrates. The hydrophobicity areas in EPS is
beneficial for the adsorption of organic pollutant. Beside of hydrophobicity, EPS also has
hydrophilicity characteristic causing EPS has amphoteric characteristic. EPS could be
separated to their hydrophilic and hydrophobic fractions by using XAD resin resulting 7%
of hydrophobic which consisted protein, while the hydrophilic mainly consisted of
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carbohydrates [67]. The hydrophobicity and hydrophilicity of EPS influence the formation
of microbial aggregates and also the sorption sites for organic pollutants [68, 69]

2.7.3.2 Adsorption characteristics

The EPS has several adsorption sites, such as aromatics, aliphatics in proteins and
hydrophobic regions in carbohydrates, which can be potential sites for heavy metal
adsorption prior to transporting it to the environment. High binding capacity of EPS was
based on its estimated numbers of the available carboxyl and hydroxyl groups [68]. In
anaerobic granulation, the binding between EPS and divalent ions, Ca?* and Mg?*, is the
important interactions to maintain the structure of microbial aggregates [70]. Organic
pollutants such as phenanthere, benzene, humic acid and dye, can be adsorbed by EPS [27,
61].

2.7.3 Factors affecting EPS production

2.7.4.1 Carbon source

Glucose, as main the carbon source in the operation of anaerobic sequencing
batch biofilm reactor (ASBBR), gave the highest yield of EPS as 23.6 mg EPS/g carbon
source compared to other substrates, such as mixed VFA and meat extract, which yields 9.0
and 1.4 mg EPS/g carbon source, respectively [71]. Simple sugars like glucose, fructose and
sucrose had been reported as an easy degradable substrate and main precursor for EPS
production. The building block of gluconacetan for many EPS should be energy-rich form
of monosaccharides. The formation of repeating unit of polysaccharide is formed by addition
of activated sugar nucleotides to a lipid carrier. Then, the transportation of the repeating units
occurs and crosses the cell membrane to the outer layer and polymerization to form the EPS
matrix as the last step.
Lipid rich wastewater commonly causes many severe problems because of the nature of the
wastewater, such as reduction in the liquid-phase mass transfer rate, sedimentation hindrance
due to the development of filamentous microorganism, development and flotation of sludge
with poor activity, clogging and the emergence of unpleasant odors.

2.7.4.2 Microaerophilic condition

Miqueleto, et.al., (2010) found that EPS production could not be detected in
ASBBR feeding with glucose in strict or obligate anaerobic conditions (fluxing with nitrogen
gas from bottom of reactor), while EPS could be produced from ASBBR without nitrogen
fluxing. The results confirmed that EPS was mainly produced by microaerophilic or

facultative microorganism when oxygen with very low concentration was available.
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Microaerophilic condition is possible to be achieved by recirculation of liquid phase inside
reactor and exposing some part of biomass during long fill phase in ASBBR. ASBBR fed
with glucose with high carbon to nitrogen (C/N) ratio produced high EPS and showed high
oxygen reduction potential (ORP).
a). C/N ratio

The composition of the growth medium affected the substrate conversion to form
polymers. Polysaccharide production generally occurs in a medium containing high ratio
between carbon and the limiting nutrient, such as nitrogen. Miqueleto, et al., (2010) found
that EPS production decreased as the C/N ratio decreased. At high C/N ratio, microorganism
may alter the cellular growth pathway to EPS production due to deficiency of nitrogen for
protein synthesis. It was also confirmed by decreasing of daily growth of microorganism
(yield TVS/day) as the C/N ratio of the substrate increased. Moreover, deficiency in an
essential nutrient, such as nitrogen, can limit cellular growth and the energy from carbon
excess is used for polysaccharide biosynthesis (which occurs due to increased ATP
production when there is an excess of carbon source).

b). Microbial groups

The EPS production was investigated from four different enriched microbial groups,
namely the enriched glucose (Glu)-, butyrate (HBu)-, propionate (HPr)- and acetate (HAC)-
degrading microorganism [72]. The EPS yields per gram specific substrates were 1.07 mg-
EPSp (proteinaceous EPS) and 0.46 mg-EPS. (carbohydrate EPS) for HAc-degrading
microorganism, 1.52 mg-EPSp and 0.54 EPS. for HPr degrading microorganism, 2.00 mg-
EPS;, and 0.59 EPS. for HBu degrading microorganism and 2.39 mg-EPSp and 0.99 EPS¢
for Glucose-degrading microorganism. The results showed that acidogens could produce
more EPS than acetogens and methanogens. Acetogens and methanogens were present in
both carbohydrate-degrading and short chain fatty acids degrading granules, whereas
acidogens were present only in carbohydrate degrading granules. The higher EPS produced
by acidogens lead to the formation of mature granules with superior characteristics.

2.7.4 Effect of EPS on granulation
2.7.5.1 EPS effect on settleability of microbial aggregates
The sludge volume index (SVI) represents the settleability of microbial

aggregates in which low SVI1 value indicates good settleability. The negative charge of an
EPS could increase the negative charge of a microorganism, resulting in repulsive forces

between cells. Repulsive forces between cells decreased the settleability of microbial
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aggregates [73]. More LB-EPS also decreased settleability of microbial aggregates due to
more bound water in microbial aggregates resulting high porous flocs which had a low
density [74]. Too high EPS content in the system must be considered as its effect for
increasing SVI value.

2.7.5.2 EPS effect on stability of microbial aggregates

The stability of microbial aggregates is expected to be affected by the presence
of an EPS. Stability of microbial aggregates is defined as the ability of microbial aggregates
to resist hydrodynamic and mechanical shear stress inside reactors [75]. Those stresses are
able to erode particles, bacteria and EPS from the surface of microbial aggregates. A higher
EPS content lead to greater sludge stability. The complex interactions caused by EPS such
as polymeric entanglement, ion bridging, electrostatic interaction and hydrogen bonds,
contribute to the stability of microbial aggregates [61, 76]. Sheng and Yu (2007) proposed a
multi-layer structure of microbial aggregates with two main regions, outer and inner regions
(Figure 2.4). The outer region consisted of a dispersible part and the inner one was a stable
part. During exposure to shear stress, the outer region dispersed while the inner part

remained stable.

Figure 2.5 Model of multi-layer microbial aggregates based on EPS [76]

2.7.5.3 EPS effect on mass transfer in microbial aggregates

An EPS surrounds the surface and fills the inner part of a microbial aggregate.
The presence of EPS on these positions cause substrate must pass through EPS layers in
order to be transferred into the cells. The pores in granular sludge which are useful for
substrate diffusion and gas releasing can be clogged by the EPS. Thus, it results on
decreasing of the mass transfer efficiency of substrates and washout of microbial aggregates.
Diffusion coefficients of EPS component are lower than those of water affecting the import

of nutrients to the cells and export of metabolites to environment [77]. Too high level of EPS
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component in anaerobic reactors need to be carefully considered for its negative effect on
mass transfer in microbial aggregates.

2.7.5.4 EPS effect on surface charge of microbial aggregates

There are many charged functional groups in an EPS that influence the surface
charge of microbial aggregates. EPS has positive effect to decrease the negative charge of
sludge which then results on sludge aggregation. The total EPS content and individual
components both were investigated having positive effect on the negative charge of sludge
and the effect of protein and humic acid substances were the most significant [78]. Protein
is known for its unique charge characteristics in which amino groups are positive and can
decrease the negativity of carboxyl and phosphate groups and then decrease the negative
surface charges of microorganism.

2.7.5.5 EPS effect in flocculation ability of microbial aggregates

Flocculation ability for microbial aggregates is an important factor to reach low
turbidity and a high quality effluent. EPS affects flocculation by two mechanism, namely
double layer compression and ion bridging. The other EPS effect on flocculation ability is
its protein content. Removal of surface protein by addition of small amount of protein-
hydrolyzing enzyme causes deflocculation of microbial aggregates [74, 79]. Wilen et. al.,
(1990) found that increase of protein or decrease of the humic substance could increase the
flocculation ability of sludge. However, those results also concluded that there were complex
interactions between individual EPS components and the flocculation of microbial
aggregates. The ratio of the main EPS components such as ratio of protein to polysaccharides
content seemed more affecting on the microbial flocculation [80]. Loose bound EPS (LB-
EPS) and tight bound EPS (TB-EPS) also affect on the microbial flocculation. The excessive
amount of LB-EPS in the system had negative effect on sludge flocculation because of weak

cell attachment in the system [79].



CHAPTER 3
METHODOLOGY

This research was conducted in two main phases. The first phase was aimed to
shorten the formation of initial granule nuclei with high syntroph activities. This initial
nuclei was designed as a starting point for multilayered anaerobic granules. The second
phase of this research was early maturation phase in which the structure of nuclei or
microbial aggregates was strengthened by EPS. Second phase was considered as early
maturation phase since the whole maturation phase involves many external natural factors

which were difficult to be controlled in this study.

3.1 Phases of initial granule formation

3.1.1 Nuclei formation (nucleation) phase

This phase focused on the time of nuclei formation by the addition of synthetic and
natural polymers, dynafloc 8265 and chitosan, respectively. The nucleation of anaerobic
granules was concomitantly conducted with adaptation of microorganism to syntroph
specific substrate for producing syntroph enriched-nuclei. The nucleation phase was
achieved when one of treated reactors showed the nuclei to total aggregates ratio as
approximately more than 50% and the average diameter size more than 100 pm.

3.1.2 Early maturation phase

After the nucleation phase, the substrate was then switched from a syntroph specific
substrate to glucose as the main carbon source for the microorganisms inside a reactor. The
glucose feeding to reactor was aimed for enhancing EPS production which was important
for strengthening the nuclei structure as well as entrapped other microorganism to form
multilayered anaerobic granules. This early maturation phase was indicated by increase of
granule to total aggregates ratio and decrease of small microbial aggregates. The stability of
physicochemical and microbial characteristics of anaerobic granule were observed during
nucleation and maturation phase for determining the accurate time for the production of

multilayered anaerobic granules.



3.2 Seed sludge

anaerobic pond of a wastewater treatment plant (WWTP) in the tapioca starch industry. The
initial seed sludge was sieved with 100 um sieving instrument for removing large particles
and mature granules since this research studied the anaerobic granulation which was started
from the digested seed sludge that commonly had small diameter sizes. The screening of
initial seed sludge quality included the analyze of its volatile suspended solids (VSS),
suspended solids (SS), total solids (TS), sludge volume index (SVI), size distribution and

specific microbial activities. The characteristics of inoculum seed sludge from wastewater

treatment plant are shown in Table 3.1

Anaerobic seed sludge used as the initial microbial seed was obtained from an

Table 3.1 The characteristics of seed sludge for reactor inoculation

The characteristics of seed sludge (stock)

Volatile suspended solids (VSS)
Suspended solids (SS)

Total solids (TS)

V/SS/SS ratio

Average particle size

Sludge volume index (SVI)

Extracellular polymers composition

Polysaccharides

Protein

The specific activities of seed sludge

Specific methanogenic activity
Propionic acid utilization activity
Butyric acid utilization activity

Glucose utilization activity

9.88g.It
10.84 g.I"
11.06 g.I
0.91
47 pm
88.56 ml.g* SS

20.75 mg.g'SS
72.06 mg.g*SS

0.13 g COD. g VSS. day*
0.22 g COD. g VSS. day!
0.29 g COD. g VSS. day?
2.28 g COD. g VSS. day?




33

3.3 Cationic polymers

3.3.1 Synthetic cationic polymer (dynafloc 8265)

Dynafloc 8265 was obtained from Dyna Fluid Co. Ltd., Thailand. This synthetic
polymer is commonly used for flocculating or sludge dewatering in liquid — solid separation
processes. The characteristics of this polymer are as follows,

- Cationic polyacrylate

- White granular powder

- Density 850 g.cm™

- Wide effective pH range (1 — 14)

For stock solutions, dynafloc 8265 was dissolved in deionized water with a final
concentration 0.1 — 0.5% prior to use for research.

3.3.2 Natural cationic polymer (Chitosan)

The chitosan was provided by Taming Enterprises Co. Ltd., Thailand. The
characteristics of this chitosan are as follows:

- Degree of deacetylation 94.2%
- Molecular weight 3.5 x 10° Dalton
- Moisture content 8%
- Ash content 0.91%
A chitosan solution was prepared by diluting 1 g chitosan in 100 ml of 1% acetic acid. The

solution was stirred at 200 rpm overnight.

3.4 Reactors

Three upflow anaerobic sludge blanket (UASB) reactors were used in this research.
The reactors were made from flexi glass with an internal diameter of 86 mm, effective height
of 860 mm and working volume 4.5 of liters. Recirculation line from upper port to sludge
bed was provided in each reactor to enhance granulation and maintain efficient substrate
degradation. Reactor 1 (R1), 2 (R2) and 3 (R3) were operated as control reactor (no polymer
addition), reactor with synthetic polymer (dynafloc 8265) addition and reactor with natural
polymer (chitosan) addition, respectively. The configuration of UASB reactors is as seen in

Figure 3.1.
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Figure 3.1 The configuration of UASB reactors
3.5 Wastewater

The macro and micro compositions of synthetic wastewater used in this research are
listed in Table 3.2. The carbon sources used in this research were separated into two main
substrates (depending on the phase of the reactors operation). The first phase (nucleation)
used syntroph specific substrates that consisted of mixed volatile fatty acids (VFAS), i.e.
acetic, propionic and butyric acids with ratio 2:1:1 (based on gram COD) as the main
substrate. For second phase (early maturation), main substrate was switched from mixed
VFA to glucose for enhancing the production. The concentrations of syntroph specific
substrate and glucose were varied depend on the organic loading rate applied during reactor

operations.
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Table 3.2 Composition of synthetic wastewater [81]

Formulation of synthetic wastewater

(NH4)2S04 132 mg.I Nutrient solution*

NaH2PO4.H>O 75.5 mg.I*t FeCl3.6H.0 1.5 0.l

CaCl2.2H,0 50 mg.It HsBOs 015 glt

MgS04.7H20 90 mg.I* CuS04.5H20 0.13 .1t

Yeast Extract 10 mg.I* Kl 0.18 gl

Nutrient solution* 0.3 ml MnCl,.4H,0 0.12 0.1
NazMO4.2H20 006 gl
ZnS04.7H20 0.12 0.l
CaCl2.6H20 0.12 0.l
EDTA 10 glt

3.6 Anaerobic granulation study

3.6.1 Nucleation phase by synthetic and cationic polymer additions (phase 1)

3.6.1.1 Optimum doses of synthetic and natural polymers

Synthetic and natural polymers were used to shorten the nucleation phase in this
research. The polymers used in this research were dynafloc 8265 and chitosan as synthetic
and natural polymers, respectively. A jar test was conducted to observe the optimum dose of
polymer addition [25]. Based on jar test as preliminary research, dynafloc 8265 and chitosan
were optimally added at concentration of 2 mg.g* SS and of 13 mg.g™* SS, respectively. The
main objective of polymers addition was to reduce the negative charge on microbial surface
(reduction the repulsion force between two neighboring microbial cells) resulting on sludge
coagulation to form aggregates. The optimum dose of polymer was determined as minimum
dose which performed the lowest turbidity of supernatant after sludge coagulation or
aggregates formation and its lowest toxicity effects on microorganism. In this study, the
additions of polymers were conducted at every week during reactor operation for nucleation
phase.

3.6.1.2 Operational conditions for nucleation phase

The research overview for the operational conditions of the nucleation phase can
be seen in Figure 3.2. The first additions of polymers were conducted concomitantly with

the inoculation of seed sludge in UASB reactor. Thereafter, polymers were routinely added
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every week during operation time. Reactors were operated with different organic loading
rate started at 0.5 to 1.5 kg COD.m=3.d%. Increase of OLR was conducted by increase of
substrate concentration (mixed VFA). The circulation velocity was kept as 1 m.h! since the
shear force at this velocity showed significant effect on granulation process [10, 13]. Initial
nuclei can be categorized based on its size which is between 100 — 600 pum [46]. Time for
nuclei formation was investigated as its relationship with the increase of nuclei size. The
nuclei phase was terminated until nuclei ratio and the average diameter size were

approximately 50% of total sludge and more than 100 um, respectively.

Reactor performances:
- pH, alkalinity and TVA
- Gas production and composition _J
- COD removals

Gas counter

Nuclei characteristics:
- SVI
- Biomass (VSS, TS and SS)
- Zeta potential
- Size distributions

- Specific microbial activities - —

- Morphology (SEM) | 328V B | ] Polymers addition

- Microbial distribution (FISH- (once per week)
CLSM) -

Recirculation
(1 m.h'L, 8 cycles; 30“per day)
1

Criteria of nucleation phase:

- Average diameter size >100 pm

- Nuclei to sludge ratio is more
than 50%

- Increase of syntroph
microorganism activity

[y AR N S —— F——— |
i

Peristaltic
pump

Feed tank
(Mixed VFA)

Figure 3.2 Schematic diagram of adaptation and nucleation phase
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3.6.2 Early maturation phase (phase II)

The early maturation phase was conducted by stimulating EPS production by feeding
reactors with glucose as the main carbon source. EPS production from glucose as substrate
is higher than that of from volatile fatty acids and protein [24]. EPS enhance anaerobic
granulation by trapping other microorganism and strengthen the granules structure [27]. The
substrate was switched from mixed VFA to glucose when nuclei to total sludge ratio reached
more than 50% (one reactors). Granule was defined as microbial aggregates with diameter
size more than 600 um [10]. The stability of granule, i.e., granule ratio, specific microbial
activities and morphology, was used to determine the period of the early maturation phase.

The OLR of the reactors in the nuclei maturation phase was stepwisely increased
from 0.5 kg COD.m3.dX. There was no polymer additions in UASB reactors during this
phase. Therefore, EPS was considered as the main factor affecting granulation in early
maturation phase. The scheme of early maturation phase can be seen in Figure 3.3. The
parameters which were analyzed for this phase is similar with the analysis for the nuclei
formation phase which included reactor performances, physicochemical and microbial

characteristics of granules.
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Reactor performances:
- pH, alkalinity and TVA
- Gas production and composition
- COD removals

Gas counter

Granule characteristics:
- SVI
- Biomass (VSS, TS and SS)
- Zeta potential
- Size distributions
- Specific microbial activities
- Morphology (SEM)
- Microbial distribution (FISH-
CLSM)

No polymer addition

Criteria of early maturation phase:

- Increase of size distribution of
>600um aggregates

- Increase of granule ratio to total
microbial aggregates

- Morphology and microbial
distribution as multi-layered
anaerobic granule

Recirculation
(1 m.h'%, 8 cycles; 30“per day)
e

Peristaltic
pump

Feed tank
(GLUCOSE)

Figure 3.3 Schematic diagram of early maturation phase

3.7 Monitoring reactor performances

The performance and stability of the UASB reactors during nucleation and early
maturation were monitored through the analysis of COD, VSS, SS, pH and alkalinity based
on the APHA standard method [82] as shown in Table 3.3. Biogas production and
composition were also monitored by water replacement method and gas chromatography

(GC) analysis. Reactor performances were daily analyzed until steady state condition.
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Table 3.3 Methods for analyzing the reactor performance

Parameter Analysis method

pH pH meter

Alkalinity Titration method

TVA Titration method

COD Close reflux [82]

TS, VSS and SS Standard method [82]

Gas production Water replacement and gas counter
Gas composition GC analysis

3.8 Microbial aggregate characteristics

3.8.1 Physiochemical characteristics
Physiochemical characteristics of microbial aggregates were represented by the value
of SVI, size distribution, zeta potential and compositions.
3.8.1.1 Sludge volume index (SVI1)
SVI represented the settling ability of microbial aggregates [82]. The SVI value
was defined as the volume in ml occupied by 1 g sludge after settling for 30 minutes. The
value of SVI can be calculated by the formulation below.

settled sludge volume (ml/1)x1000
suspended solids (mg/1)

3.8.1.2 Size distribution

Microbial aggregates can be considered as solid particles based on a physical

definition. Therefore, the particle size and its distribution were determined by a laser particle
analyzer using Mastersizer 2000 (Malvern, UK). This instrument can analyze the particle
having size range between 0.02 to 2000 um. The size distribution of microbial aggregates
was represented as percentage of certain group size to total particles analyzed. The average
diameter size was calculated based on De Brouckere or volume mean moment D(4,3)
method which was integrated in laser particle analyzer, Mastersizer. The analysis of the size
distribution was conducted in a laboratory of The Department of Chemical Engineering,
King Mongkut’s University of Technology Thonburi (KMUTT), Thailand.
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3.8.1.3 Zeta potential

Zeta potential analysis is also considered to be a solid particle. The value of the
zeta potential indicates charge behavior of microbial aggregates within solution
(wastewater). The microbial aggregation or coagulation is commonly at zeta potential value
between -30 to +30 mV. Therefore, Particle with zeta potential more positive than +30 mV
or more negative -30 mV are normally considered stable or no flocculation. At isoelectric
point or zeta potential near zero mV, the coagulation is the most expressive. Zeta potential
of microbial aggregates was analyzed by Zetasizer (Malvern, UK). The analysis of zeta
potential was conducted in MTEC Lab, National Science and Technology Development
Agency (NSTDA), Thailand.

3.8.1.4 EPS compositions

The EPS was composed from various components, such as protein,
polysaccharides, humic substances, nucleic acid, lipids and others. However, many
researchers considered that protein and polysaccharide were the main composition of EPS
affecting on microbial granulation [27, 61, 75]. EPS extraction from microbial aggregates in
this research was based on modified chemical extractions in cold condition [64, 83]. The
microbial aggregates with wastewater was ultrasounded for 3 minutes with 40 W. Then, the
dispersed aggregates was added with formaldehyde 60 ul and incubated for one hour. The
cold extraction was then applied by addition of NaOH 1 M and incubation for 3 hours in
cold condition (ice). Centrifugation at 10,000 rpm for 20 minutes at 4°C was applied to
separate supernatant (contained total EPS) and sediment (sludge). The compositions of
polysaccharides and protein in clear supernatant were analyzed with phenol sulfuric and
Bradford methods, respectively [84-86].

3.8.2 Microbial characteristics
The microbial characteristics of anaerobic granules were represented by specific

microbial activities, morphology of granules and microbial distribution in granules.

3.8.2.1 Specific microbial activities

The specific microbial activities included the activities of glucose degrading
microorganisms (acidogens), propionate — and butyric degrading microorganisms
(syntrophs) and acetate — degrading microorganisms (acetoclastic methanogens). The value
of specific microbial activity was defined as the maximum gram substrate (COD) which was
degraded by one gram microorganism (VSS) per day (g COD.g*! VSS.d?). 5 ml of seed

sludge was inoculated into a 50 ml vial contained various substrates (depend on specific
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microorganism) in anaerobic conditions. Glucose was used as main substrate for determining
the activity of glucose degrading microorganism (GDM) which represented acidogens
microorganism. Propionate and butyrate were used as main substrates for determining the
activity of propionate — and butyrate degrading microorganism (PDM and BDM),
respectively. While acetate was main substrate for determining the activity of acetoclastic
methanogens (ACM). The daily depletion of substrate (glucose, propionate and butyrate)
during the time was analyzed for the activities of GDM, PDM and BDM. For the activities
of ACM, the methane production was monitored and recorded. The glucose concentration
was analyzed by dinitrosalycylic (DNS) acid method [87]. The propionate and butyrate
concentrations were analyzed by GC with flame ionized detector (FID). The condition of
GC-FID were:
- Injector: temperature 250°C, split mode
- Column: stabiwax — DA with length 30 m, inner diameter 0.25 mm and film
thickness 0.25 um, temperature 60°C
- Detector: Flame lonization Detector (FID). Temperature 250°C
While gas production and composition were analyzed by the water replacement method and
GC with thermal conductivity detector (TCD), respectively.
3.8.2.2 Morphology of microbial aggregates
Scanning electron microscopy (SEM) was used to analyze the morphology of
microbial aggregates. The sample preparations for an SEM involved fixation in 2%
paraformaldehyde, 2% glutaraldehyde and cacodylate buffer 0.05 M overnight at 4°C [88] .
Fixed granules were gold coated and then viewed in a scanning electron microscope, JEOL
model JSM-5410LV Japan.
3.8.2.3 Microbial distribution inside anaerobic granule
Fluorescence in situ hybridization (FISH) combined with confocal laser scanning
microscopy (CLSM) method was used to determine the microbial distribution inside
anaerobic granules. The Eubacteria and Archaea groups were analyzed to represent the
bacteria and methanogen as general. FISH procedure was conducted based on Raskin, et.al.,
(1994) [89]. The microbial aggregates are dehydrated in alcohol series of 50, 80 and 100%
for 3 minutes each. Hybridization of dehydrated microbial aggregates was conducted with
hybridization buffer and probes for 3 hours at 46°C. The probes for Eubacteria and Archaea
characteristics are shown at Table 3.4. After hybridization, the microbial aggregates were

then washed by washing buffer twice at 48°C for 20 minutes each. The microbial aggregates
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was then placed into concave object glass. Antifade solution was added above microbial
aggregates prior to be closed with cover glass. The FISH samples are analyzed and
monitored by CLSM with specific color spectrum for green (FITC) and red (cy3).

Table 3.4 Oligonucleotide probes for Eubacteria and Archaea [90]

Probe Target Formamide
Probe sequence (5°-3°) label
name group (%)
Archaea
ARC915 ) GTGCTCCCCCGCCAATTCCT 15 Cy 3 (red)
domain
Bacteria
EUB338 GCTGCCTCCCGTAGGAGT 15 FITC (green)

domain




CHAPTER 4
RESULTS AND DISCUSSION

The main objectives of this research were to build syntroph adapted microbial nuclei
(nucleation phase) and to form mature granules from nuclei (early maturation phase). In the
nucleation phase, the operation of UASB reactors were conducted based on different cationic
polymer additions. Reactor 1 (R1), reactor 2 (R2) and reactor 3 (R3) were operated during
nucleation phase as control reactor (no cationic polymer addition), synthetic cationic
polymer (dynafloc 8265) and natural cationic polymer (chitosan), respectively. The
additions of cationic polymer were aimed to shorten nucleation time of microbial aggregates
in R2 and R3. Nucleation phase was focused on the development of microbial nuclei (based
on physical characteristics), i.e., nuclei ratio and average diameter size, and the increase of
specific microbial group activities. Nucleation time was achieved when nuclei ratio and
average diameter size of microbial aggregates in one of treated reactor were >0.5 and >100
um, respectively. The adaptation of seed sludge under syntroph specific substrate (mixed
VFA with COD ratio of acetate: propionate: butyrate = 2:1:1) was concomitantly conducted
for enhancing specific microbial activity, especially acetogens and methanogens. As a result,
nucleation phase was expected to produce good microbial nuclei with high specific microbial
activities.

After the nucleation phase, the early maturation phase was started in all reactors by
switching the main carbon source from mixed VFA to glucose. There were no cationic
polymer additions during early maturation phase. Glucose as main carbon source in this
phase was used to enhance EPS production which could help the maturation of nuclei. EPS
had several characteristics than cationic polymers such as its complex polymeric
characteristics that were able to maintain and strengthen the structure of microbial aggregate.
Early maturation phase was focused on the development of microbial granule characteristics
such as granule ratio to total microbial aggregates, structure of granule and microbial
distribution (FISH-CLSM) in granules. The early maturation phase was achieved when
granule ratio was stable and structure and microbial distribution in granule were similar to

mature granule.



44

4.1 Reactor performances and their stabilities

During the nucleation and early maturation phases, the performance and stabilities
of UASB reactors, such as pH, TVA/Alkalinity ratio, COD removal and methane yield, were
routinely observed. The operation conditions of UASB reactors can be seen in Table 4.1.
The OLR was stepwisely increased as COD removal was stable (higher than 70-80%).
During nucleation phase, syntroph specific substrate, i.e., mixed VFA with COD ratio of
acetate: propionate: butyrate = 2:1:1, was used as main substrate. The addition of cationic
polymers, dynafloc 8265 and chitosan, into R2 and R3, respectively, were conducted every
weeks resulting on 9 times additions at the end of nucleation phase, day 58. Main substrate
was then switched from mixed VFA to glucose at day 59 which indicated the start of early
maturation phase. The nucleation phase was conducted until day 58 which was then followed

by early maturation phase until day 118.

Table 4.1 The operating conditions of UASB reactors during nucleation and early

maturation phase

_ OLR Operation
Phase Feeding HRT (day)

(kg COD.m3.d?) day

Syntroph 0.5 1 0-8

_ specific 0.7 1 9-17

Nucleation

substrate 1.0 1 18 -33
(mixed VFA) 1.5 2 33-58
0.5 2 59-74
Early maturation Glucose 0.7 2 7588
1.0 2 88 - 118

pH and TVA/alkalinity were observed during the nucleation and early maturation
phases to investigate the stability of the reactors (Figure 4.1). During nucleation phase, pH
of all reactors were in range 7.1 -7.7. Mixed VFA as main substrate in this phase contributed
on this pH range. Mixed VFA, i.e., acetate, propionate and butyrate, was shortly degraded
by anaerobic microbial groups in reactors to acetate and then methane as final product. pH
range during nucleation phase was optimum for methane producing microorganism,

methanogen, which was considered as the most sensitive microorganism in anaerobic



45

digestion system [1, 5]. Stable pH conditions related to the TVA/alkalinity ratio that
represented the ability of alkalinity as a buffering agent for pH fluctuation due to VFA
accumulation. The alkalinity was added into reactors to maintain alkalinity concentration
inside reactors in range of 2000 — 2500 mg CaCOs.I. Highest TVA/alKalinity were observed
in all reactors at early operation (OLR 0.5 kg COD.m.d™?) as approximately 0.4 which were
probably caused by first encounter of microorganism to mixed VFA feeding. However,
TVA/alkalinity ratio of all reactors were in range 0.2 — 0.3 indicating reactors were in good
condition. TVA/alkalinity ratio in range 0.1 — 0.35 indicated healthy anaerobic reactor in
which the alkalinity inside reactor was capable to accommodate pH fluctuation [91].
During the early maturation phase, the pH in all reactors were lower compared to that
during the nucleation phase. Substrate switching from mixed VFA to glucose may contribute
to this pH decrease. Glucose was more complex than mixed VFA in which the degradation
of glucose resulted more intermediate products (organic acids) that caused pH decrease in
all reactors [92]. pH values in R1 and R2 were lower than that in R3 which were followed
by higher TVA/alkalinity ratio. From day 80, pH values of R1 and R2 were lower than 7.0
(approximately 6.7 — 6.8) and TVA/alkalinity were in range 0.4 — 0.5. pH value and
TVA/alkalinity ratio in R1 were stable in range 7.0 — 7.1 and 0.3 — 0.4 until day 118,
respectively. These pH conditions during early maturation phase may affect the activity of

specific microbial groups inside reactors, especially methanogens.
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Random variations of COD removal during nucleation and early maturation phases

were observed (Figure 4.2). COD removal represented the ability of microorganism to
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degrade organic matter inside reactors. The possibility of negative effect from cationic
polymer additions inside reactors could be determined by observing COD removal. R1 as
control reactor showed the lowest of COD removal (approximately 60 — 70%) from day 0
until day 58 compared to the treated reactors with cationic polymer additions, R2 and R3.
COD removal efficiency in R2 and R3 was in the range of 70 — 90%. In R1 and R2, COD
removals were found low (approximately 60%) at several days after increase of OLR (day
0-2, 9-12 and 34-42). The reason for these low COD removal was due to the first encounter
of microorganism in R1 and R2 to higher OLR. These tendencies were not found in R3,
chitosan addition, in which the COD removals in R3 were approximately 80% at several day
after increase of OLR. Although R1 and R2 showed lower COD removal for several days
after increase OLR, those COD removals were constantly high at day 58 as 80 — 90%. During
early maturation phase (day 59 — 118), COD removals in all reactors showed similar
tendencies in which low COD removal was found after increase OLR at day 59 — 62 (OLR
0.5 kg COD.m3.d%), 76 — 80 (OLR 0.7 kg COD.m3.d"!) and 90 — 94 (OLR 1.0 kg COD.m"
3.dY). However, COD removals in R1 and R2 were still lower until day 118 as approximately
60% and 70% than that in R3, respectively.

Low COD removal after increasing OLR during the nucleation phase is probably
related to the biomass concentration inside the reactors i.e. volatile suspended solids (VSS).
During nucleation, VSS concentration in all reactors tend to decrease until day 58 which
were caused by biomass washout, slow growth microorganism and sampling. R1 as reactor
with no polymer addition showed the lowest VVSS concentration as a result of high biomass
washout during nucleation phase as 9.2, 8.4, 6.7 and 6.4 g.I"* at day 0, 17, 33 and 58,
respectively. Low COD removals in R1 may also related to food to microorganism (F/M)
ratio, in which F/M ratio in R1 was found higher than that in R2 and R3. While, in reactors
with cationic polymer additions, R2 and R3, VSS concentrations were higher than in R1
resulting on lower F/M ratio which caused the optimum degradation of organic matter
(mixed VFA). Although VSS concentration tend to increase during early maturation phase,
COD removals in R1 were still low as approximately 60% until day 118. These maybe
caused by adverse effect of high F/M ratio during nucleation phase to the activity of specific
microbial groups inside reactor, especially methanogens.

Higher COD removals in R2 and R3 than in the control reactor (R1) during the
nucleation and early maturation phases indicated that there were no issues of toxicity and

limitations of substrate diffusion, which were caused by the addition of cationic polymers
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addition. The addition of dynafloc 8265 and chitosan as cationic polymer to shorten
nucleation time did not adversely affect on COD removal efficiencies in R2 and RS3,
respectively. Wang, et al., (2005) stated that the utilization of cationic polymers should be
carefully selected for granulation study because of the possibility of its toxicity and poor
contact between microorganisms to substrate. Microbial granules cannot be judged in term
of “large” only, but also in term of their activity. Acrylamide chitosan graft copolymer
(ACGC) resulted on large microbial aggregates but low VSS/SS ratio and microbial activity
was found in this microbial aggregates due to monomer toxicity of ACGC [30]. The addition
of cationic polymers could result on limitation of substrate diffusion or poor contact between
microorganism and substrate [22, 29]. The addition of cationic polymers on seed sludge
could form barrier layers surrounding a bacterial cells resulting on the resistance of substrate
diffusion into each microbial cell. Cationic polymers also enhanced the thickness of sludge
bed inside reactor resulting poor contact between microorganism and substrate. Bhunia and
Ghangrekar, (2008) used thick inoculum concentration as more than 110 g SS.I"t which
resulted on low COD removal in reactor with cationic polymer additions. However, the
inoculum used in this present study was approximately 10.7 g SS.I"t which was far less thick
than in previous studies. Higher COD removals in R2 and R3 confirmed that dynafloc 8265
and chitosan were suitable cationic polymers for granulation considered for toxicity and poor
contact between microorganism and substrate issues. However, natural cationic polymers,
e.g., chitosan, was more preferred than synthetic cationic polymers for the reason of
environmental safety.

This study was not mainly focused on methane production and yield. However, those
parameters were still important to consider in an anaerobic digestion system. As a final result
of anaerobic digestion, methane production was main factor for determining the successful
operation of anaerobic reactors. In this study, methane productions in all reactors increased
along increase of OLR during both nucleation and early maturation phases (Figure 4.3). The
methane production among R1, R2 and R3 were not significant different during nucleation
phase at low OLR of 0.5 - 1.0 kg COD.m3.d"! and early maturation at OLR 0.5 kg COD.m"
3.d%. However, methane productions in R3 were higher than that in R1 and R2 at high OLR
of 1.0 — 1.5 kg COD.m3.d"! during nucleation phase and OLR of 1.0 kg COD.m.d" during
maturation phase.

The highest methane production was found during the nucleation phase as
approximately 2000 ml.d* at OLR 1.5 kg COD.m=.d. Higher biomass washouts in R1 and
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R2 during the nucleation phase may cause these lower methane productions than that in R3
(Figure 4.3). Methane productions during nucleation phase in all reactors were higher
compared to early maturation phase. At similar OLR of 1.0 kg COD.m3.d, methane
productions in R3 were approximately 1500 ml.d"* and 900 ml.d* during nucleation and
early maturation phases, respectively. Mixed VFA feeding during nucleation phase resulted
higher percentage of methane and less carbon dioxide compared to glucose feeding during
early maturation phase (Table 4.2). In this study, biogas productions at same OLR 1.0 kg
COD.m3.d* were not significant different as approximately 1500 and 1600 ml.d* during
both nucleation and early maturation phases, respectively. However, methane and carbon
dioxide compositions in R3 at OLR 1.0 kg COD.m=.d? during nucleation phase were in
range 75 — 80% and 6 — 8%, respectively. At same OLR condition of OLR 1.0 kg COD.m"
3.0, methane compositions in R3 were lower as approximately 63 — 66% which was
followed by higher carbon dioxide composition as 23 — 25%. Mixed VFA was efficiently
degraded into acetate and final products, methane and carbon dioxide through acetogenesis
and methanogenesis. While glucose was degraded through acidogenesis, acetogenesis and
methanogenis in which during acidogenesis and acetogenesis, the degradation of substrate

could possibly produce more carbon dioxide (Table 4.2).
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Table 4.2 The anaerobic degradation of glucose and volatile fatty acids [5, 93]

Phase Reactions
e CgH1206 — 3CH3COOH
(glucose)  (acetate)
e CgH1206 — 2C3H603
(glucose)  (lactate)
CsH1206 — CH3CH2CH2COOH + 2CO2 + 2H-0
(glucose)  (butyrate)
o CgH1206 + 2H2 — 2 CH3CH2COOH +2H,0
(glucose) (propionate)
e CgH1206 + 2H20 — 2CH3CH20H + 2CO> + 2H>
(glucose) (ethanol)
o CgH1206 + 2H20 — 2CH3COOH + 2CO; + 4H;
(glucose) (acetate)
e CH3CH20H + 2H20 — CH3COOH + 2H;
Acetogenesis (ethanol) (acetate)
e CH3CH2COOH + 3H20 — CH3COOH + CO2+ Hz2 + 3H20
(propionate) (acetate)
e CH3CH2CH2COOH + 2H,0 — 2CH3COOH + 2H,0
(butyrate) (acetate)
e CO2+4H2; — CHs + 2H20
(carbon dioxide) + (hydrogen) — methane
2CH3CH20H + CO2 — CH4 + 2CH3COOH
(ethanol) (methane) + (acetate)
e CH3COOH — CHs + CO2

(acetate) (methane) + (carbon dioxide)

Acidogenesis

Methanogenesis

Methane yield was defined as the amount of methane produced for a given quantity
of organic matter that has been removed and which can be used to characterize the metabolic
activity of the methanogenic ecosystem. It was also observed to represent the balance
between substrate degradation and methane production in anaerobic digestion system.

Methane production and yield increased along with increase of OLR in all reactors during
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nucleation and early maturation phase which were probably caused by gradual adaptation of
microorganism inside reactors to higher load of substrate. Figure 4.3 shows that there were
no significant different of methane yields in all reactors during nucleation phase at OLR 0.5
— 1.0 kg COD.m3.d* and early maturation phase at OLR 0.5 kg COD.m.dX. However, at
higher OLR of 1.5 kg COD.m3.d? during nucleation phase and OLR 1.0 kg COD.m3.d*!
during early maturation phase, methane yields in R3 were significantly higher than that in
R1 and R2. Methane production and yield in R3 during nucleation phase at OLR 1.5 kg
COD.m3.d* were observed as approximately 0.3 m3CHakg™* CODremoved Which were higher
than in R1 and R2. R3 also showed higher methane yield than that in other reactor during
early maturation phase at OLR 1.0 kg COD.m=.d? as approximately 0.24 m= CHskg*
CODremoved The result of methane yield closely related with methane production in each
reactor. The methane yield in all reactors during early maturation phase was lower than that
during nucleation phase. Theoretically, both methane yields of carbohydrates and mixed
VFA are 0.35 | CH4/g COD [94]. However, the different substrate used in each phase may
result on different methane yield in same OLR in which glucose degradation contributed on
higher carbon dioxide production which could decrease the methane yield during early
maturation phase as shown at Table 4.2. Glucose was degraded by anaerobic microorganism
from acidogenesis, acetogenesis and methanogenesis phase releasing more carbon dioxide,
thus decreased the methane yield. However, mixed VFA was only degraded through
acetogenesis and methanogenesis causing more efficient methane production.

Based on the results of the methane production and yield, the control reactor (R1)
had the lowest methane production and yield as compared to reactors with cationic polymer
addition (R2 and R3). Higher biomass washout in R1 as a result from the absence of cationic
polymer addition, probably caused these low methane production and yield. Methane
productions and yield in R2 and R3 were found higher than control reactors. These results
indicated that those reactors with cationic polymer addition could retain more
microorganism inside reactor due to microbial aggregation which prevented biomass
washout from reactors. Moreover, the negative effects such as toxicity of cationic polymers
and limitation of substrate diffusion were not observed in R1 and R2 considering their high

methane production and yields.
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Figure 4.3 Methane production and yield during nucleation and early maturation phases

4.2 Size distribution

4.2.1 Size distribution of microbial aggregates during UASB operation

Beside the characteristics of microbial activity and distribution, good granule nuclei
or mature granules, which is a tiny microbial ecosystem, can be determined based on its
physical characteristics, such as size distribution and average diameter size. Based on the
physical characteristics, the nuclei and granules were defined as microbial aggregates with
diameter 100 — 600 um and over than 600 pm, respectively [10, 46]. In this study, size
distributions of microbial aggregates were divided into three main groups as 0 — 100 um
(representing the initial aggregates), 100 — 600 pm (nuclei) and >600 um (granule). The size
distribution of microbial aggregates in this study was analyzed by laser particle analyzer
(wet method) which was able to analyze the microbial aggregates with size range of 0.02 —
2000 pm.

The results of size distribution analysis showed that initial microbial aggregates with
size ranges of 0-100, 100-600 and >600 um were approximately 99.4, 0.6 and 0%,
respectively (Figure 4.4). Microbial aggregates with size range less than 100 um was

dominant than other size range which resulted on the initial average diameter size as 47 pum.

Y CH, (m® CH, .kg COD,.,,)
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As mentioned previously, the initial seed sludge was firstly screened by 100 pm sieving
instrument prior to inoculate into reactors. However, nuclei (size range 100-600 pum) was
also found in initial seed sludge as 0.6% from total microbial aggregates. The presence of
small amount of nuclei in initial seed sludge was probably caused by the self-aggregation of
some microorganisms during storage or before inoculation into reactors.

The developments of the sizes of the microbial aggregates size during the nucleation
phase were caused by microbial self-aggregation or the addition of cationic polymers. The
criteria for nucleation phase in this study was based on average diameter size (>100 pum) and
nuclei ratio (>0.5 or 50%). Size distribution of microbial aggregates in R3 showed significant
development from day O until day 58 (end of OLR 1.5 kg COD.m=.d%). Figure 4.4 showed
that size distribution of nuclei (100-600 um) in R3 significantly increased as 0.6, 24.6 and
55.1% of total microbial aggregates at day 0, 33 and 58, respectively. Those increases of
nuclei were followed by the decreases of microbial aggregates with size range less than 100
pum as 99.4, 73.6 and 36.8% of total microbial aggregates at day 0, 33 and 58, respectively.
Size distribution of granule also slightly increased as 0, 1.8 and 8.2% of total microbial
aggregates at day 0, 33 and 58, respectively. According to the size distribution of nuclei in
R3, which reached 55.1% of total microbial aggregates, the nucleation time was considered
to complete at day 58. The addition of chitosan in R3 successfully increased the size of
microbial aggregates. Chitosan triggered on microbial aggregation in R3 resulting stable and
large microbial aggregates.

The development of microbial aggregates was also observed in R1 and R2 during the
nucleation phase. However, the increases of nuclei in R1 and R2 were not significantly high
as in R3. The size distributions of nuclei in R2 (dynafloc 8265) were slightly higher than
that in R1 (control reactor) as 0.6, 19.6 and 25.9% of total microbial aggregates at day 0, 33
and 58. While size distributions of nuclei in R1 at day 0, 33 and 58 were 0.6, 16.7 and 24.2%
of total microbial aggregates. Granules were also found in R1 and R2 with low percentages
in those both reactors as less than 3% of total microbial aggregates. The result of size
distribution which was showed by nuclei in R2 (slightly different with size distribution of
microbial nuclei in R1) were unexpected since the addition of dynafloc 8265 could trigger
on microbial aggregation (preliminary jar test analysis). On jar test analysis, dynafloc 8265
was able to coagulate seed sludge resulting on clear supernatant and thick seed sludge
aggregation. However, the ability of dynafloc 8265 to retain microbial aggregates as large

aggregates was different compared with chitosan. Dynafloc 8265 was able to coagulate
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microbial seed sludge on the first 24 hours and then those large microbial aggregates tend to
break during reactor operation due to weak aggregation. This tendencies resulted on small
and slow microbial aggregation in R2. Moreover, although both dynafloc 8265 and chitosan
were cationic polymers, the characteristics of dynafloc 8265 were very different with
chitosan in which chitosan had characteristics similar with exopolymeric substances (EPS)
[7, 25, 30].

Size distributions of microbial aggregates in all reactors were also observed during
the early maturation phase, which was conducted without the addition of cationic polymers.
Therefore, the development of microbial aggregates during was mainly affected by EPS
which was enhanced during this phase by substrate switching to glucose. The main criteria
for determining early maturation phase was the formation and development of granule (size
range >600 um). Early maturation phase was terminated when the size distribution of
granules was stable or showed good stability of physicochemical and microbial
characteristics. At the end of nucleation phase (day 58), granules in R1, R2 and R3 were
approximately 0.8, 2.6 and 8.2% of total microbial aggregates, respectively. Although
chitosan could trigger on the formation of microbial granule as 8.2% of total aggregates at
day 58, it was still considered that chitosan was not strong enough for the formation of large
microbial aggregates or granules. For that reason, EPS production was then enhanced by
glucose feeding during early maturation phase. EPS was known as its role to strengthen the
structure of microbial granule and bridge the neighboring nuclei or aggregates resulting on
larger and stronger granules [27, 95].

Figure 4.4 shows that the highest developments of granule were observed in R3. The
size distributions of microbial granule in R3 at day 74, 88 and 118 were approximately 17.6,
30.8 and 34.2% of total microbial aggregates. The increase of size distributions of granule
were followed by the decrease of microbial aggregates with diameter size less than 100 um
as 30, 21.4 and 20.7% of total microbial aggregates at day 74, 88 and 118, respectively.
However, size distribution of nuclei in R3 tend to decrease during early maturation phase as
52.3, 47.7 and 45.1% of total microbial aggregates at day 74, 88 and 118, respectively. It
seemed that the aggregation in R3 during early maturation phase did not only involve
microbial aggregates with size less than 100 um, but also nuclei. Nuclei with other nuclei or
smaller microbial aggregates was probably associated by EPS producing larger microbial

aggregates or granules.
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Accumulation and adhesion of small similar microbial aggregates was also found in
early formed microbial granules in UASB reactor fed by glucose as main substrate [24]. This
indicated that agglomeration or aggregation of nuclei or small microbial aggregates could
be the main key for understanding granulation process under enhanced EPS productions.
Size distributions of granule were also observed in R1 and R2. However, the development
of granules in R1 and R2 were slower compared to R3. The size distributions of nuclei in R1
at day 74, 88 and 118 were 25.4, 29.3 and 29.8% of total microbial aggregates, respectively,
which were lower compared to size distribution of nuclei in R2 as 30.5, 35.4 and 41.7% of
total microbial aggregates at day 74, 88 and 118, respectively. The increases in the size
distributions of the nuclei in R1 and R2 were followed by the decrease of microbial
aggregates with sizes less than 100 um. From these results, it was assumed that the
agglomeration or aggregation of small microbial aggregates was probably triggered in each
reactor due to the effect of the EPS. The early maturation phase was completed at day 118
which considered on slow development of size distribution of microbial granules in R3 from
day 88 to 118 as 30.8% to 34.2% of total microbial aggregates. At the end of early maturation
phase, size distribution of microbial granules in R1, R2 and R3 were approximately 3.7, 3.8
and 34.2% of total microbial aggregates, respectively.

4.2.2 Average diameter size

Average diameter size is one of the most important properties of microbial
aggregates. In general approach of granule characteristics, larger granules lead to higher
settling ability. The increase of average sludge diameter can be used as a factor to determine
the nucleation time. Nucleation time was defined as the augmentation process of microbial
aggregates to diameter size >100 um. Therefore, nucleation time in this study was terminated
when average diameter size of microbial aggregates in one of reactors reached >100 pum.
Average diameter sizes of microbial aggregates in all reactors were calculated by De
Brouckere or volume mean moment D (4,3) method which was integrated in laser particle
analyzer, Mastersizer.

The average diameter size of microbial aggregates in all reactors tends to increase
during the nucleation and early maturation phases. The tendencies of increase of average
diameter size were in lined with the increase of size distribution of microbial aggregates.
Average diameter size of microbial aggregates in R3 was the highest among other reactors
during nucleation phase (Figure 4.5). At day 0, 33 and 58, the average diameter sizes of

microbial aggregates in R3 were approximately 47, 93 and 115 pm, respectively. While the
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average diameter size of microbial aggregates in R2 were 47, 78, and 89 um at day 0, 33 and
58, respectively. The lowest average diameter size was observed in microbial aggregates in
R3as 47,71 and 76 um at day 0, 33 and 58, respectively. From these results, nucleation time
was firstly achieved in R3 at day 58 which showed average diameter size of microbial
aggregates as 115 um, higher than other reactors. The increase of average diameter size of
microbial aggregates in R2 and R3 were affected by the addition of cationic polymers,
dynafloc 8265 and chitosan. While, the increase of average diameter size of microbial
aggregates in R1 was probably due to microbial self-aggregation since no addition of
cationic polymer was conducted in this reactor. During the nucleation phase, other factors
that contributed to microbial aggregation, such as EPS, are limited by mixed VFA feeding.
Therefore, it could be concluded that the effect of EPS on microbial aggregation during
nucleation phase was minimized. Based on the type of cationic polymers used during
nucleation phase, chitosan could enhance the average diameter size of microbial aggregate
better than dynafloc 8265.
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Figure 4.5 The average diameter size of microbial aggregates in all reactors

The average diameter of microbial aggregates in each reactor was also observed
during the early maturation phase. The absence of cationic polymer addition in this phase
indicated that the increase of average diameter size of microbial aggregates in each reactor
was affected by EPS. Figure 4.5 shows that the average diameter size of microbial

aggregates increased until the end of the early maturation phase (day 118). The early
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maturation phase was terminated because there was no significant increase of average
diameter size of microbial aggregates in R3 from day 88 to 118. Moreover, size distribution
of microbial granule also showed no significant increase of this parameter (Figure 4.4).
During early maturation phase, the average diameter sizes of microbial aggregates in R3
were still higher than that in R1 and R2. The average diameter sizes of microbial aggregates
in R3 were approximately 139, 174 and 190 um at day 74, 88 and 118, respectively. While
the average diameter sizes of microbial aggregates in R2 at day 74, 88 and 118 were
approximately 90, 94 and 108 um, respectively. The lowest of average diameter sizes of
microbial aggregates during early maturation phase were observed in R1 as 85, 86 and 97
pum at day 74, 88 and 118, respectively. According to average diameter size, microbial
aggregates in R2 reached nucleation time at day 88 as its average diameter size was
approximately 108 um (although size distribution of microbial nuclei in R2 was still
approximately 42% of total microbial aggregates). The increases of average diameter size of
microbial aggregates in all reactors were probably caused by EPS production during early
maturation phase. Microbial nuclei resulted from nucleation phase affected as the starting
point for the increase of microbial aggregates, especially in R3.

Linear relationships between the average diameter size and the operational time for
microbial aggregates in all reactors during the nucleation and early maturation phases are
also shown in Figure 4.5. The increases of average diameter size of each reactor were closely
related with duration of reactor operation time as linear coefficient (R?) of R1, R2 and R3
were approximately 0.98, 0.92 and 0.98 (more than 0.9), respectively. The average
augmentation size rates of microbial aggregates in R1, R2 and R3 were approximately 1.3,
0.5 and 0.41 um.d, respectively.

4.2.3 Nuclei ratio

As mentioned before, the nuclei was physically defined as the microbial aggregates
with diameter 100 — 600 pum [46]. Therefore, nucleation time can be stated as the
development process of small microbial aggregates to aggregates with diameter size 100 —
600 pum. Nuclei ratio (%) was defined as the ratio between nuclei to total microbial
aggregates inside reactor. Wu, et.al. (2009) investigated that the nuclei ratio was
approximately 47% of total microbial aggregates in successful operation for the formation
of nuclei in internal circulation anaerobic reactor. Therefore, in this study, it was proposed
that the nucleation phase was achieved if one of reactors showed a nuclei ratio of more than
50%.
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The main objective for the nucleation phase was to build a syntroph adapted nuclei
and also to shorten the formation time of nuclei by the addition of cationic polymers. the
nuclei ratio of microbial aggregates in all reactors tend to increase during nucleation phase
(Figure 4.6). The highest nuclei ratio was observed in microbial aggregates in R3. At day 0,
33 and 58, the nuclei ratio in R3 significantly increased as 0.59, 24.6 and 55.1%,
respectively. the nuclei ratio in R2 (dynafloc 8265 addition) were 0.59, 19.6 and 25.9% at
day 0, 33 and 58, respectively. While the lowest nuclei ratio was found in R1 (control
reactors) as 0.59, 16.7 and 24.2%. As described earlier, the addition of chitosan significantly
increased microbial nuclei in R3 resulting higher nuclei ratio to total microbial aggregates
than that in other reactors. The nuclei ratio in R2 were slightly higher compared to that in
R1 during nucleation phase. Although dynafloc 8265 as cationic polymer was routinely
added into R2, this cationic polymer was not efficient enough for triggering microbial
aggregation. Dynafloc 8265 was good for settling or coagulating seed sludge for a short-
time operation, such as water purification, but dynafloc 8265 could not maintain the structure
of microbial nuclei, which was shown by strong microbial aggregation in the first 24 hours.

The large microbial aggregates tend to disaggregate into smaller particles during the UASB

operation.
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Figure 4.6 Nuclei ratio in all reactors during nucleation and early maturation phase

The development of nuclei ratio in R3 during the early maturation phase tended to

decrease, which was different than during the nucleation phase. The developments of the
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nuclei ratios in R1 and R2 during the early maturation phase still increased until day 118
which were similar to that during the nucleation phase. According to nuclei ratio, nucleation
time had not achieved since the nuclei ratio in R1 and R2 at day 118 were approximately
29.8 and 41.7%, respectively. Nuclei ratio in R3 during early maturation phase were 52.4,
47.7 and 45.1% at day 74, 88 and 118, respectively. In R3, size distributions of nuclei and
small aggregates tend to decrease during early maturation phase which were followed by
increase of microbial granule. It seemed that small microbial aggregates and nuclei
aggregated each other to form microbial granule or larger microbial aggregates.

4.2.4 Granule ratio

The formation of granules was the main objective for the early maturation phase. The
granule ratio (%) represents the ratio between granule (microbial aggregates >600 um) to
total aggregates inside reactors. Although the formation of granule was main objective
during early maturation phase, granule ratio was observed in each reactor since the first day
of nucleation phase. Figure 4.7 showed the development of granule ratio during nucleation
and early maturation phase. Granule ratio in each reactor during nucleation phase was low.
The highest granule ratio during nucleation phase were observed in R3 as 0, 1.8 and 8.2% at
day 0, 33 and 58, respectively. Granule ratios in R1 and R2 were very low, less than 2.6%,
during nucleation phase. At the initial day, no microbial granule was observed in each
reactors. The effect of microbial self-aggregation (R1) and cationic polymer additions (R2
and R3) also affected the formation of microbial granules. However, it seemed that the effect
of cationic polymers addition were not strong enough to maintain the structure of microbial
granule resulting on disaggregation to be smaller microbial aggregates and nuclei. The
addition of cationic polymer, dynafloc 8265 or chitosan in R2 and R3, respectively, was not
too effective on the formation of granule since granule ratio in both reactors were very low.
It was supposed that the characteristics of cationic polymers, especially chitosan, was
effective only the formation of microbial nuclei (microbial aggregates with diameter size
less than 600 pm).

Granule ratios were then observed during the early maturation phase as the formation
of the microbial granules was the main objective in the early maturation phase. The
characteristics of nuclei produced in each reactor during nucleation phase determined the
formation of granule during early maturation phase. Granule ratio in R3 significantly
increased during early maturation phase as 17.6, 30.8 and 34.2% at day 74, 88 and 118,
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respectively. Nuclei ratio in R3 at day 58 which was approximately 55.1% could act as good
starting point for the increase of granule ratio during early maturation phase.
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Figure 4.7 Granule ratios in all reactors during the nucleation and early maturation phase

It was supposed that the formation of granule was caused by nuclei aggregation with
another nuclei and smaller microbial aggregates. These granule structure was then
strengthened by EPS which was enhanced during early maturation phase. Granule nuclei in
R1 and R2 tend to slightly increase (approximately <4%) during the early maturation phase.
In this phase, only nuclei ratio in R1 and R2 significantly increased until day 118. The size
distribution of microbial aggregates at the end of nucleation phase (day 58) determined the
development of microbial granules during early nucleation phase. Higher nuclei ratio in R3
(55.1%) at day 58 lead to significant increase of granule ratio due to the aggregation of nuclei
with other nuclei which was then strengthened by EPS. EPS as polymeric matrix which
located around nuclei could trap other microorganism or small microbial aggregates to form
larger microbial aggregates. This aggregation tendencies in R3 was supported by the
developments of nuclei ratio in R3 which tend to decrease during early maturation phase.
However, nuclei ratio in R1 and R2 was lower at day 58 as 24.2 and 25.9%, respectively,
which were followed by size distribution of microbial aggregates <100 um as 75 and 71.5%,
respectively. These size distributions of microbial aggregates <100 pm in R1 and R2

significantly decrease during early maturation phase. It can be concluded that those
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microbial aggregates (<100 pum) aggregated each other and formed microbial nuclei instead
of microbial granule during early maturation phase.

4.3 Zeta potential

The zeta potential is a physical characteristic of suspension, which is exhibited by
any particle inside of it. In a granulation study, microorganisms in a reactor can be
considered to be physical particles in emulsion or suspension. It is supposed that if all the
particles in emulsion have high negative or positive zeta potential, they tend to resist each
other and no flocculation happened. However, the particles are able to come together and
flocculate each other when the particles have low zeta potential value (near zero or isoelectric
point). Particle with zeta potential more positive than +30 mV or more negative -30 mV are
normally considered stable or no flocculation. The characteristic of microbial surface
charges during granulation study under the addition of cationic polymers was important
factor to consider. Zeta potential analysis could be used to observe the microbial surface
charges in each reactor. The additions of cationic polymer, dynafloc 8265 and chitosan, were
aimed to provide positive charges into reactors which were able to decrease the negativity
of microbial surface charges. By decreasing the negativity of microbial surface charges, the
microbial flocculation or aggregation could be stimulated.

The zeta potential values in each reactor tended to increase during the nucleation
phase (Figure 4.8). Initial zeta potential value for seed sludge was approximately -26.4 mV.
Chitosan addition significantly affected on the increase of zeta potential value in R3 as -26.4,
-19.7 and -10.5 mV at day 0, 33 and 58, respectively. While zeta potential value in R2,
dynafloc 8265 addition, slightly increased as -26.4, -23.2 and -22.15 mV at day 0, 33 and
58. The lowest value of zeta potential were observed in R1, control reactor, as -26.4, -24.4
and -24.5 mV at day 0, 33 and 58, respectively. From these results, chitosan addition was
able to decrease the negativity of microbial surface charges than dynafloc 8265.

The development of zeta potential values in each reactor during the early maturation
phase tended to slightly increase (Figure 4.8). The absences of cationic polymer addition
during early maturation phase probably caused slight increase of zeta potential values,
especially in R2 and R3. Therefore, the enhancement of EPS production during early
maturation phase may affect on zeta potential values in each reactors. Zeta potential values
in R3 were -8.2, -7.1 and -6.6 mV at day 74, 88 and 118. While zeta potential values in R2
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at day 74, 88 and 118 were -20.5, -19.2 and -19.1 mV, respectively. Zeta potential values in
R1 were the lowest as -23.3, -21.4 and -20.3 mV, respectively. Zeta potential values in R3

were higher than that in R1 and R2, which stimulated microbial aggregation

Operation time (day)

O T T T T
(l) 20 40 60 80 100 120
-5 1
—e—Rl —A—R2 —%—R3 /K/*/—x
-10

-15

-20

Zeta potential (mV)

/./‘

Nucleation phase Early maturation phase

-25

-30

A
\ 4
A
v

Figure 4.8 Zeta potential of microbial aggregates in all reactors during the nucleation and

early maturation phases

VFA30g/l Glu

-10

-15

Zeta potential (mV)

-20

-25

Figure 4.9 Zeta potential values of mixed VFA and glucose.



64

The zeta potential values of substrates i.e. mixed VFA and glucose, during the
nucleation and early maturation phase were observed in order to know the possibility of bias
effects of cations from substrates fed into each reactor. During the nucleation phase, the
increases of mixed VFA concentration were followed by the increase of zeta potential values
(Figure 4.9). Zeta potential values of mixed VFA with concentration 0, 1.0, 2.0 and 3.0 g.I
! were approximately -21.3, -9.4, -5.7 and -2.21 mV, respectively. While zeta potential value
of glucose 3.0 g.I"t was approximately -5.9 mV. High concentration of those substrate as
main substrate during nucleation and early maturation phases showed less negative zeta
potential values than microbial negative charge. Theoretically, those zeta potential
characteristics of substrates contributed on the decrease of microbial negative charge during
nucleation and early maturation phase. However, the results showed that high increase of
zeta potential was only happened in R3 while R1 and R2 showed similar tendencies for their
low increase of zeta potentials. From the results, it can be concluded that there was no
significant effect of substrate concentrations on the increase of zeta potential of microbial
aggregates in each reactor. The lack of substrate concentration effect on zeta potentials of
microbial aggregates in all reactors was probably because those substrates had been
degraded into its simple products, such as methane and carbon dioxide.

As previously described, the addition of cationic polymers was able to decrease the
negativity of microbial surface charges. Zeta potential values related to the microbial surface
charges. Linear relationship was plotted between zeta potential values and large microbial
aggregates (more than 100 um) ratio to total aggregates during nucleation and early
maturation phases. Large microbial aggregates (>100 um) represented microbial nuclei
(diameter size 100 — 600 pm) and microbial granule (diameter size >600 um). Figure 4.10
shows that there are close relationships between the increase of zeta potential values (mV)
and large microbial aggregates ratio during nucleation and early maturation phases which
were indicated by the linear coefficients (R?) of R1, R2 and R3 as 0.78, 0.95 and 0.98,
respectively. The closest relationship between the increase of zeta potential values and the
increase of large microbial aggregates ratio (R?> of R3 was 0.98). Therefore, it can be
concluded that the addition of natural cationic polymer, chitosan, into R3 could significantly
decrease the negativity of microbial surface charge in R3 leading to the formation of larger

microbial aggregates during nucleation and early maturation phases.
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Figure 4.10 Linear relationship between zeta potential and nuclei ratio in all reactors
4.4 Sludge volume index (SVI)
The sludge volume index (SVI) represents the volume of sludge in ml that settles in

a certain period of time (normally 30 minutes) with unit of ml settled sludge per gram
suspended solids (ml.g? SS). Low SVI value indicates better setting characteristics of
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microbial aggregates or granules. Non-granular sludges with poor settling characteristics
commonly have high SVI value. Previous research found that SVI of granules were
approximately 10 — 20 ml.g™*SS which were higher than that of flocculent sludge as 20 — 40
ml. g'SS [26, 36, 96]. In this study, the inoculations of seed sludge into reactors were
concomitantly conducted with the addition of cationic polymers, dynafloc 8265 and
chitosan, resulting different initial SVI as 92.7, 91.8 and 74.9 ml.g™'SS, for microbial
aggregates in R1, R2 and R3, respectively.
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Figure 4.11 SVI of microbial aggregates in all reactors

The SVI values of microbial aggregates in all reactors tended to decrease during the
nucleation phase (Figure 4.11). The lowest SVI values were observed in microbial
aggregates in R3 which were 72, 66 and 43 ml.g™!SS at day 17, 33 and 58, respectively.
While microbial aggregates in R2 showed SVI values as 89, 83 and 71 ml.g™!SS at day 17,
33 and 58, respectively. Microbial aggregates in control reactor, R1, showed the highest SVI
values as 96, 88 and 82 ml.g'SS at day 17, 33 and 58, respectively. The addition of dynafloc
8265 in R2 was not effective to decrease SVI values which were slightly higher than that in
control reactor R1. However, the addition of chitosan could significantly decrease SVI
values during nucleation phase.

The SVI values during the early maturation phase were also observed in each reactor.
The SVI values of each reactor continued to slightly decrease during early maturation phase.

Microbial aggregates in R3 still showed the lowest SVI values compared to other reactors as
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37, 35 and 33 ml.g'SS at day 74, 88 and 118, respectively. While the highest SVI values
were observed in microbial aggregates in control reactor R1 as 81, 73 and 66 ml.gSS at day
74, 88 and 118, respectively. SVI values of microbial aggregates in R2 were slightly higher
than that in R1 as 72, 65 and 55 ml.g*SS.
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Figure 4.12 The linear relationship between SVI and percentage of aggregates with diameter

size >100 pm (nuclei and granule)

The size distribution of the microbial aggregates in each reactor was related to the
SVI values. The addition of chitosan in R3 provided cations which could decrease the
negativity of microbial surface charges in R3. Less negative of microbial surface charges
triggered the microbial aggregation resulting the formation of larger microbial aggregates
(nuclei and granules). Large microbial aggregates commonly led on high settling ability of
microbial aggregates or low SV value. Based on size distribution results, R3 showed highest
nuclei and granule ratio during nucleation and early maturation phase than other reactors.
High nuclei and granule ratio in R3 closely related with low SVI value in R3 during
nucleation and early maturation phase. Linear relationships between SVI value and
percentage of microbial aggregates with diameter size >100 um (nuclei and granule) in each
reactor were shown at Figure 4.12. Linear coefficients (R?) in R1, R2 and R3 were 0.81,
0.82 and 0.99, respectively, which indicated that higher percentage of microbial aggregates

with diameter >100 um (nuclei and granule) was closely related with SVI value in R3.
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4.5 Extracellular polymeric substances (EPS)

EPS play an important role in the process of anaerobic granulation as a bio-glue. The
positive effects of EPS are commonly related to EPS characteristics which are able to
regulate the hydrophobicity of cell surfaces and provide a large number of electrostatic
binding sites [35, 95]. EPS consists of 20-30 fold more binding sites than microbial cell
surface. Therefore, it can connect the neighboring bacteria and inert particles as a bridge to
form large microbial aggregates [35, 74, 97]. EPS is excreted by microbial cells and exposed
at their surfaces under suitable physiological conditions. EPS consists of complex mixtures
of polymeric substances excreted by microorganisms, lysis and hydrolysis products, and
adsorbed organic matter from wastewater [24, 25, 27, 35].

In this study, EPS was analyzed based on their main components namely
polysaccharides and protein. Figure 4.13 shows the polysaccharides — and protein — EPS
(EPS polysaccharides and EPS protein) during nucleation and early maturation phases. T-test
confirmed that there were no significant different of EPS polysaccharides and EPS protein In €ach
reactor during nucleation phase (o = 0.05). Because the EPS productions in each reactor
during nucleation phase were not significantly different, the addition of cationic polymers
had main role on the formation of microbial nuclei, especially microbial nuclei in R3. EPS
nolysaccharides tend to decrease during nucleation phase which was probably caused by mixed
VFA feeding (produce less EPS). The ratio between EPS protein t0 EPS polysaccharides increased
during nucleation phase. The ratio between EPS protein to EPS polysaccharides in €ach reactor were
also not significantly different for each reactors. Ratio of EPS protein t0 EPS polysaccharides during
early maturation in each reactor was approximately 3.2 — 6.3. The highest ratio of EPS protein
to EPS polysaccharides Was 6.3 which was observed in R1 at day 58.
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Figure 4.13 EPS production during the nucleation and early maturation phase

Glucose as the main substrate during the early maturation phase was able to enhance
the production of EPS polysaccharides iN €ach reactor. EPS polysaccharides Significantly increase at
day 88 and 118, at OLR 0.7 and 1.0 kg COD.m=.d"! in each reactor. Among those reactors,
the amount of EPS polysaccharides and EPS protein Were not significantly different. The increase
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of EPS polysaccharides IN each reactor was followed by stable concentration of EPS protein until
day 118 resulting on lower ratio of ECP protein t0 ECP polysaccharides. ECP protein t0 ECP -
polysaccharides ratio during early maturation phase in each reactor was approximately 1.4 — 4.2
which was lower than during nucleation phase. EPS produced during early maturation phase
was important for microbial aggregation since in this phase, there were no cationic polymers
addition into R2 and R3. Therefore, the increases of nuclei and granule diameter size were
caused by the presence of EPS. EPS may contribute on maturation of granule by bridging
small particles and microbial nuclei to form larger microbial aggregates. Based on size
distribution results, granule ratio in R3 significantly increased during early maturation phase
as 17.6, 31.8 and 34.2% at day 74, 88 and 118. Nuclei and granule ratio in R3 at the end of
nucleation phase (day 58) were approximately 55.1 and 8.2%, respectively. Maturation of
nuclei in R3 during early maturation phase was faster than that in R1 and R2 which may be
affected by the amount of nuclei at the end of nucleation phase. These nuclei, with more EPS
produced during early maturation phase, bridged with smaller aggregates or other nuclei and
then formed mature granule which were larger than nuclei. Nevertheless, nuclei and granule
ratio at R1 and R2 were very low at day 58 as less than 25.9 and 2.6%, respectively, which
were followed by high percentage of small microbial aggregates with diameter less than 100
pum (72 — 75% of total microbial aggregates). Therefore, the formation of nuclei still
continued in R1 and R2 during early maturation phase in which small microbial aggregates
connected each other to form nuclei. It was shown by the results of size distribution which
stated that the increases of nuclei in R1 and R2 were significantly higher than the increase
of granule (Figure 4.6).

EPS polysaccharides are the only EPS components that are synthesized extracellularly for
a specific function, while EPS protein and other minor components, such as lipids, humic acid
and nucleic acid are the results of cell excretion or cell lysis [27]. Cell lysis contributed on
the increase of EPS protein during nucleation phase while EPS polysaccharides Was limited due to
mixed VFA was used as main substrate in this phase. Different with early maturation phase,
glucose could enhance the production of EPS polysaccharides and also microbial growth resulting
on lower ratio of EPS protein t0 EPS polysaccharides. The composition of EPS components such as
polysaccharides and protein depends on several factors such as microbial species, growth
phase, the type of limiting substrate, ionic strength, etc. [27, 64]. However, the
characteristics of microbial aggregates were also related to the ratio of EPS protein t0 EPS

polysaccharides. Higher protein to polysaccharides ratio in EPS contributed on lower shear
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strength and poorer settleability resulting on poor strength and stability of microbial
aggregates [19, 98]. The specific gravity and mechanical strength of the granules
significantly increased with the decrease of the ratio of proteins to polysaccharides [99]. Wu,
et.al., (2009) also confirmed that higher protein to polysaccharide ratio in EPS lead to
disruption of microbial aggregates. The addition of cationic polymers, such as dynafloc 8265
and chitosan, were not enough to maintain the stability of large microbial aggregates
resulting on low granule ratio during nucleation phase. During early maturation phase, the
production of EPS polysaccharides tend to increase while EPS protein tend to stable resulting on
low ratio of protein to polysaccharides of EPS. These low ratio of protein to polysaccharides
of EPS in early maturation phase contributed on the formation of nuclei and microbial

granules in each reactor in the absence of cationic polymer additions.

4.6 Specific microbial activity

Good microbial granules are not only related to good physical characteristics such,
as high nuclei ratio, granule ratio and high settling ability, but also to microbial
characteristics, such as specific microbial activities inside reactors. This study focused on
the formation of multilayered anaerobic granules which had good physicochemical and also
microbial characteristics. Good microbial characteristic of microbial granule was designed
by the formation of syntroph adapted nuclei during nucleation phase and granule formation
during early maturation phase. The formation of nuclei was concomitantly conducted with
the adaptation of microbial seed sludge to syntroph specific substrate, i.e., acetate:
propionate: butyrate with COD ratio 2: 1: 1. It was important to know the activities of
specific microbial groups which represented the ability of special microbial groups to
degrade their specific substrates. In this study, the activities of specific microbial groups
were categorized based on the utilization on specific substrates such as glucose-degrading
microorganism (GDM), butyrate-degrading microorganism (BDM), propionate-degrading
microorganism (PDM) and acetoclastic methanogen (ACM). The activities of specific
microbial groups of microbial aggregates in each reactor were observed during nucleation
and early maturation phases. The increase of syntroph adapted microorganism, such as
BDM, PDM and ACM, were main criteria during nucleation phase which represented

syntroph relationship in microbial aggregates. While, the balances between methanogen
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(ACM) and non-methanogens (GDM, BDM and PDM) was important parameters to observe
during the early maturation phase.

4.6.1 Glucose — degrading microorganism (GDM)

The activity of GDM represented the activity of acidogenic microorganisms for its
ability to degrade glucose and produce acids. The GDM was an important microorganism
for the early maturation phase as main EPS producers that can enhance granule maturation.
The activity of GDM of microbial aggregates in each reactor was still monitored during
nucleation phase in which mixed VFA was used as main substrate.

The activity of GDM in all reactors tended to decrease during nucleation phase
(Figure 4.14). The highest activity of GDM was observed in R1 as 1.68, 1.62 and 1.40 g
COD.g'VsSS.dtat day 0, 33 and 58, respectively. While, the lowest of the activity of GDM
was found at microbial aggregates in R3 as 1.68, 1.47 and 1.24 g COD.g? VSS.d* at day 0,
33 and 58, respectively. The syntroph specific substrate (mixed VFA) used as main carbon
source may cause the decrease of GDM activity in all reactors during nucleation phase.
However, there is no significant difference (p < 0.05) for the decrease of GDM from initial
day until day 58 (end of nucleation). The adaptation of microorganism under syntroph
specific substrate during nucleation phase could not significantly decrease the activity of
GDM. Compared to other microbial groups, acidogens were well known as the most resistant

microorganisms to unfavorable conditions [5].
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Figure 4.14 The activity of GDM during the nucleation and early maturation phases
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The syntroph specific substrate was then switched to glucose as the main carbon
source in the early maturation phase, which affected to the fast increase of activities of GDM
in the microbial aggregates in all reactors. The highest and lowest activity of GDM was also
found in R1 and R3, respectively. The activities of GDM at microbial aggregates in R1 at
day 88 and 118 were 2.48 and 3.38 g COD.g VSS.d?, respectively. While, the activities of
GDM at microbial aggregates in R3 were 2.27 and 2.83 g COD.g* VSS.d! at day 88 and
118, respectively. GDM or acidogenic microorganism was considered as the fastest growth
microorganism (generation time about 1.4 hours) [100]

4.6.2 Butyrate — degrading microorganism (BDM)

Butyrate and propionate are the most important intermediate products in the syntroph
reactions, because of thermodynamics restriction in which their degradations are considered
as the rate limiting step in anaerobic digestion. Those intermediate acids can accumulate in
anaerobic reactors causing unstable operation [101]. Butyrate was produced from glucose
during acidogenesis and then was degraded into acetate in acetogenesis. Butyrate-degrading
microorganism (BDM) was considered as one of syntroph microorganism in anaerobic
digestion system. BDM had an important role in acetogenesis to degrade butyrate to be two
molecules of acetic acids. However, the activity of BDM depend on syntroph relationship
with H utilizing microorganism (hydrogenotrophic methanogen) because high H>
concentration could inhibit the activity of H2 producing microorganism, such as BDM and
PDM. The activity of BDM in microbial aggregates in all reactors were observed during
nucleation and early maturation phase (Figure 4.15). The activity of BDM of microbial
aggregates in all reactors tend to increase during the nucleation and early maturation phase.
The highest and lowest activity of BDM was observed at microbial aggregates in R1 and R3,
respectively. Microbial aggregates in R1 had the activity of BDM as 0.29, 0.35, 0.45, 0.48
and 0.53 g COD.g* VvSS.d? at day 0, 33, 58, 88 and 118, respectively, which was higher
than the activity of BDM at microbial aggregates in R2 and R3. The lowest activity of BDM
was found at microbial aggregates in R3 as 0.29, 0.34, 0.39, 0.43 and 0.46 g COD.g* VSS.d"
Lat day 0, 33, 58, 88 and 118, respectively.
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Figure 4.15 The activity of BDM during the nucleation and early maturation phases

During the nucleation phase, all reactors were fed by syntroph specific substrates
(mixed VFA), consisting of acetate: propionate: butyrate with ration 2:1:1 (based on g COD).
The adaptation of microbial aggregates to syntroph specific substrate successfully increased
the activity of BDM during nucleation and early maturation phase. The developments of
activities of BDM in all reactors slightly increased during early maturation phase. Glucose
was used as main substrate in early maturation phase. Based on glucose fermentation
pathway, glucose can be degraded to produce butyrate under slight low pH (6-7) [92].
Therefore, the adaptation process to syntroph specific substrate was still continue which
resulted on the increase of the activity of BDM until day 118 (end of early maturation phase).

4.6.3 Propionate — degrading microorganism (PDM)

Propionate — degrading microorganism (PDM) is also one of the syntrophs
microorganism in acetogenesis phase of anaerobic digestion system. PDM utilizes
intermediate products of anaerobic digestion, i.e., propionate, to produce acetate. The
activities of PDM at microbial aggregates in all reactors tend to increase during nucleation
phase, while those activities tend to be stable during early maturation phase (Figure 4.16).
The activities of PDM for microbial aggregates in R1 were 0.17, 0.30 and 0.53 g COD.g™*
VSS.d at day 0, 33 and 58, respectively. In R2, the activities of PDM were 0.17, 0.28 and
0.51gCOD.gtVSS.dtatday 0, 33 and 58, respectively. The activities of PDM for microbial
aggregates in R3 were observed as 0.17, 0.24 and 0.52 g COD.g* VSS.d* at day 0, 33 and
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58, respectively. At the end of nucleation phase (day 58), the activities of GDM at microbial
aggregates in R1, R2 and R3 were not significant different (p < 0.05) as 0.53, 0.51 and 0.52
g COD.gtVSS.d?, respectively. The adaptation of microbial aggregates to syntroph specific
substrates during the nucleation phase successfully increased the activity of PDM in all

reactors.
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Figure 4.16 The activity of PDM during the nucleation and early maturation phases

The activity of PDM tend to be stable and not significantly different in R2 and R3
during the early maturation phases (Figure 4.16). While the activities of PDM in R1 tend to
slightly decrease until day 118. During this phase, the activities of PDM in R1 were
approximately 0.44 and 0.45 g COD.g' VSS.d? at day 88 and 118, respectively. In R2, the
activities of PDM were 0.48 and 0.52 g COD.g! VSS.d? at day 88 and 118, respectively.
While the activities of PDM in R3 at day 88 and 118 were 0.51 and 0.54 g COD.g* VSS.d-
! respectively. The substrate switching from mixed VFA to glucose could be the reason for
these stable activities. The possibility of glucose fermentation pathway can be varied depend
on the environmental conditions. Glucose was possible to be degrade into ethanol, lactate,
butyrate, propionate and acetate. These variable pathway of glucose degradation caused the
propionate production may not sufficient for adaptation of PDM, which was different from

nucleation phase (mixed VFA feeding was controlled at a specific ratio).
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4.6.4 Acetoclastic methanogen (ACM)

Methane was mainly produced from the utilization of acetate and hydrogen by
methane-producing microorganisms in anaerobic reactors. The cleavage of acetate and the
reduction of carbon dioxide are considered as major pathways to methane production.
Acetoclastic methanogens utilize acetate to produce methane, while hydrogenotrophic
methanogens use hydrogen. Acetoclastic methanogens was responsible for 70% of the
methane production, although its specific activity is ten times smaller and four times slower
in maximum growth rate than hydrogenotrophic methanogens. It can be concluded that the
population of acetoclastic methanogens is at least 10 times more important than that of
hydrogenotrophic methanogens [102]. Therefore, it was important to investigate the activity

of acetoclastic methanogens (ACM) during nucleation and early maturation phases.
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Figure 4.17 The activity of ACM during nucleation and early maturation phase

During the nucleation phase, the activity of ACM by the microbial aggregates in all
reactors tended to increase as a result of the adaptation of seed sludge under mixed VFA
feeding. At the end of nucleation phase (day 58), the activities of ACM at microbial
aggregates in R1, R2 and R3 were significantly higher 0.48, 0.51 and 0.56 g COD cns.g
VSS.d?, respectively, compared to initial activity of ACM which was 0.12 g COD cha.g*t
VSS.dt,

The different tendencies of the activity of ACM were observed in microbial

aggregates in R1 and R2 during the early maturation phase, which tended to decrease, while
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the activity of ACM at microbial aggregates in R3 still increased until the end of the early
maturation phase. The activities of ACM of microbial aggregates in R1 at day 88 and 118
were 0.26 and 0.28 g COD cha.g™ VSS.d7, respectively. While the activities of ACM of
microbial aggregates in R2 were observed as 0.31 and 0.32 g COD cns.g™ VSS.d* at day 88
and 118, respectively. The activities of ACM of microbial aggregates in R3 continued to
increase during early maturation phase as 0.61 and 0.66 g COD cha.g™ VSS.d ™ at day 88 and
118, respectively. The glucose feeding during early maturation phase affected on the
decreases of the activity of ACM of microbial aggregates in R1 and R2. The degradation of
glucose resulted on intermediate products, i.e., organic acids, which could decrease pH and
then affected on the methanogen activities in R1 and R2.

4.6.5 The relationship between diameter size of aggregates and specific

microbial activities

There are several advantages of granule over than dispersed granule in anaerobic
digestion system, such as high settling ability, toxic resistance and specific microbial
activity. The reason for high settling ability were mentioned in previous sub-chapters.
Microbial granule performed good toxic resistance because of multilayered structure of
granule. In multilayered anaerobic granule, less resistant microorganism (such as
methanogen group) was in the inner part of granule while more resistant microorganism
(such as acidogenic and acetogenic microorganism) was in the outer and middle layer of
granule [15, 17, 103]. The outer layer microorganism was firstly exposed if the
environmental condition was unfavorable for microbial growth.

Highly specific microbial activity in anaerobic granule was caused by efficient
substrate degradation inside the granules. Multilayered anaerobic granule allows better
substrate degradation than dispersed sludge. The outer layer consists of hydrolytic and
acidogenic microorganism hydrolyze more complex substrate to be organic acids.
Acetogenic microorganism in the middle layer degrade those organic acids to be acetic acid
and hydrogen which were then utilized by acetoclastic and hydrogenotrophic methanogen in
the inner layer of granule, respectively. The microorganism inside granule work as ‘a team’
to degrade complex substrate. There is syntroph relationship for acetogenic microorganism
(acetate and H producers) with methanogen (acetate and H> consumers). The activity of
those microbial groups must be in balance. High acetate and H> accumulation are able to
decrease the activity of those syntroph microorganism, acetogenic microorganism and

methanogen. Highly active methanogen was preferred because of its roles which utilize H»
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and acetate to produce methane. The activity of methanogen is the main factor to concern
than other microbial groups.

In this study, the balance of microbial activities was represented by the activities of
GDM (acidogens), PDM and BDM (acetogens) and also ACM (acetoclastic methanogens).
Figure 4.18 shows the summary of the activity of specific microbial groups of microbial
aggregates in each reactors during nucleation and early maturation phases. The activities of
each microbial group, i.e. GDM, BDM, PDM and ACM, had been discussed at previous sub-
chapter. The activity of GDM tend to slightly decreased during nucleation due to mixed VFA
feeding into reactors and then their activities significantly increased during early maturation
phase since glucose was used as main substrate, replacing mixed VFA. Glucose was easy to
degrade by acidogens microorganism in each reactor resulting on the highest activity in term
of g COD.g! VSS.d! compared to other activities of microbial groups. During nucleation,
the activities of PDM and BDM in each reactor significantly increased as a response to mixed
VFA feeding. However, the activities of PDM and BDM tend to slightly increased during
early maturation phase. The activities of ACM representing methanogens in each reactor
significantly increased during nucleation phase (adaptation to mixed VFA feeding).
However, the development of the activities of ACM during early maturation phase were
different each reactor. The activities of ACM in R1 and R2 decreased at day 88 and 118.
This decrease was probably caused by low pH as a result from glucose degradation during
early maturation phase. However, the activities of ACM in R3 still increased until day 118.
It seemed that the large structure of microbial aggregates in R3 protected methanogens from

adverse effect of low pH resulted from glucose degradation.
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The balances between the activities of methanogen to non-methanogen were
important factors to observe because it represented the balance of microbial activity degrade
substrate in anaerobic condition. Unbalanced condition between the activities of methanogen
and non-methanogen resulted on failure of the operation of anaerobic reactor. Many studies
observed the balances between non methanogen and methanogen activities in anaerobic
digestion [18, 52, 104, 105]. However, due to the complexity of microbial relationship in
anaerobic digestion system which involved many microorganism, it was difficult to analyze
the activity of each individual anaerobic microorganism. An approach to analyze the
complexity of the activities of microbial groups in anaerobic digestion was to categorize
them based on their main trophic groups, namely hydrolytic, acidogenic, acetogenic-and
methanogenic microorganism. Collins, et.al. (2003) categorized that acetogens consisted of
ethanol-, butyrate and propionate-utilizing microorganism and methanogens consisted of
acetate-and H,/CO, — utilizing microorganism. Meepian, et.al. (2003) investigated the
activity of glucose-utilizing microorganism to represent acidogens, butyrate-and propionate-
utilizing microorganism for acetogens and acetate-utilizers microorganism for methanogens.
MacLeod, et.al. (1993) and EI-Mamouni, et.al. (2003) analyzed the activity of glucose-
utilizing microorganism for representing acidogens, ethanol- and propionate-utilizing
microorganism for acetogens and H»-, formate- and acetate-utilizing microorganism for
methanogens. In this study, the activity of GDM was used to represent the activity of non-
methanogens due to the complexity of glucose degradation which could produce more
substrates (organic acids, hydrogen, acetate and carbon dioxide) for other microbial groups.
The activity of acetogens or H> producing microorganism was represented by the activities
of PDM and GDM. While the activity of ACM represented the activity of methanogens. For
more general approach in this study, the balance of microorganism in anaerobic digestion
system could be represented by the balance between methanogens (ACM) to non-
methanogens (GDM, PDM and BDM) as shown at Figure 4.19.
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Figure 4.19 Ratio of the activity of methanogens (ACM) to non-methanogens (GDM) during

nucleation and early maturation phases

The ratio between methanogen to non-methanogens activities in each reactor
increased during the nucleation phase from day 0 until day 58. Initial seed sludge showed
the ratio of methanogen to non-methanogen activities as 0.07. While, the ratio of
methanogen to non-methanogen activities at day 58 in R1, R2 and R3 were approximately
0.34, 0.39 and 0.45, respectively. The highest of ratio of methanogen to non-methanogen
activities during nucleation phase was observed in R3 as 0.45. During early maturation
phase, the ratio of methanogen and non-methanogen activities tend to decrease, especially
in R1 and R2. This ratio was significantly low in R1 and R2. At day 118, the ratio of
methanogen to non-methanogen activities in R1, R2 and R3 were approximately 0.08, 0.11
and 0.23, respectively.

The ratio of methanogen to non-methanogen activities during the nucleation phase
was higher than that during early maturation. Mixed VFA used as main substrate in
nucleation phase affected on the ratio of methanogen to non-methanogen activities in each
reactor. This substrate enhanced the specific activities of methanogens in each reactor and
caused on slight decrease of the activities of GDM or acidogens. However, glucose which
was fed into reactors during early maturation phase significantly enhanced the activity of

GDM as non-methanogen. High activities of GDM resulted on fast glucose degradation
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which caused high production of organic acids as intermediates products prior to degrade
into methane as final product. It seemed that high intermediates products during the early
maturation phase adversely affected the activity of ACM in R1 and R2. However, the activity
of ACM in R3 still increased until day 118 in which the methanogens was probably protected
by large structure of microbial aggregates in R3. In mature anaerobic granules, the ratio of
methanogen to non-methanogens varied depend on the origin of granule, type of substrate
and the adaptation of granules to specific substrates. MacLeod, et.al. (1993) also investigated
the ratio between methanogen (acetate — utilizing microorganism) to non-methanogen
activities (glucose-and propionate — utilizing microorganism) was approximately 0.35 for
mature anaerobic granule from UASB reactor treating cheese whey wastewater. In addition,
El-Mamouni, et.al. (1995) found that the ratio of methanogen to non-methanogen activities
in syntroph enriched microorganism (one year enrichment process) was approximately 0.5
which was later proven as the best initial microorganism for granulation. According to
previous references, it was possible to achieve higher ratio of methanogen to non-
methanogen activities. The decrease of ratio of methanogen to non-methanogen activities
during early maturation phase could possibly be recovered since this decrease was a part of
adaptation of microbial aggregates to glucose as main substrate.

Besides the ratio of methanogen to non-methanogen activities, it was important to
know the ratio between methanogens (ACM) to acetogen (PDM and BDM) activities that
represented the syntroph relationship between acetogens and methanogens in microbial
aggregates in each reactor. Figure 4.20 shows that the ratio of methanogens to acetogens
activities significantly increased during the nucleation phase because of microbial adaptation
to mixed VFA (acetate, propionate and butyrate), which was used as the main substrate
during this phase. The degradation of propionate and butyrate resulted on acetate. Similar
substrate feeding in all reactors allowed similar tendencies for the specific microbial
activities in each reactor. The highest ratio between methanogen and acetogens activities
was observed in microbial aggregates of R3. Microbial aggregates of R1 showed the lowest
ratio between methanogen and acetogenic microorganism during nucleation phase. Balanced
ratio between methanogen and acetogenic activities affected on the efficient degradation of
mixed VFA during nucleation and early maturation phase. These results were confirmed by
COD removal efficiencies in all reactors at day 58 were approximately more than 80%
(Figure 4.20).
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Figure 4.20 Ratio of methanogen (ACM) to acetogen activities (BDM and PDM) during

nucleation and early maturation phases

The ratio of methanogen to acetogenic activities during the early maturation phase
showed different tendencies as compared to the nucleation phase (Figure 4.20). In microbial
aggregates of R1 and R2, the ratio methanogen to acetogens activities tend to decrease while
the increase of ratio methanogen to acetogens activities were observed in microbial
aggregates of R3. At day 58, the ratio of methanogen to acetogens activities was
approximately 0.61 which then continued to increase as 0.65 and 0.66 at day 88 and 118,
respectively. Substrate switching from mixed VFA to glucose seemed to adversely affect the
activity of ACM in R1 and R2. Glucose degradation produced organic acids resulting on
decrease of pH. It seem that the accumulation of organic acids and low pH affected the
activity of ACM in R1 and R2 because of direct exposure of those organic acids and low pH
to dispersed and small microbial aggregates in R1 and R2 (based on their size distribution
characteristics).

Microbial aggregates of R3 had larger diameter sizes that were considered as nuclei
and granules. In microbial aggregate of R3, it seemed that multilayered anaerobic granule
had been formed in which the most sensitive microorganism (methanogen) was located in
the inner part of microbial aggregates while less sensitive microorganism (acidogenic and
acetogenic microorganism) was at outer part. Therefore, the activity of ACM in R3 was less

affected by the accumulation of organic acids and low pH as results from glucose
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degradation. Moreover, the substrate diffusion inside microbial aggregate of R3 was not
adversely affected which was indicated by high COD removal efficiency. According to the
ratio of methanogen to acetogen activities of microbial aggregates in R3 as 0.66 at day 118,
it was supposed that this value was good for indicating the balance of syntroph relationships
in R3. Collins, et.al. (2003) investigated that the ratio between methanogens (acetate- and
H2/CO»-utilizing microorganism) to acetogens (butyrate- and propionate-utilizing
microorganism) was approximately 0.62 for anaerobic granule from UASB treating citric
acid wastewater. In addition, the ratio of methanogen (acetate- and H- utilizing
microorganism) to acetogens (ethanol- and propionate- utilizing microorganism) in syntroph
enriched nuclei was approximately 0.47. This syntroph enriched nuclei then developed as

the best precursor for granulation process [33, 52].

4.7 Microbial morphology by scanning electron microscopy (SEM)

4.7.1 Morphology of initial seed sludge

Initial seed sludge was sieved under 100 um — sieving instrument prior to inoculation
into UASB reactors. The sieving procedure was conducted to remove large microbial
aggregates and other impurities. As a result of sieving procedure, the average diameter size
of initial seed sludge was 47 um. The morphologies of initial seed sludge, nuclei and
microbial granules were important to observe for investigating the development of microbial
aggregates morphology during nucleation and early maturation phases. SEM was used as
main instrument to analyze the morphology of microbial aggregates.

Based on the result of SEM analysis, one of the microbial aggregates in initial seed
sludge was observed having a diameter size of approximately 50 — 60 um. According to the
structure and diameter size, initial seed sludge was not considered as microbial nuclei. Based
on physical characteristic, nuclei can be considered as microbial aggregates with diameter
100 — 600 um [46]. Sieving procedure as pre-treatment before inoculation could not separate
microbial aggregates to individual anaerobic microorganism. Small microbial aggregates
with diameter size less than 100 um were observed as result from sieving procedure (Figure
4.21).

Microorganisms in anaerobic digestion naturally aggregated with other
microorganisms to form small aggregates. However, these small microbial aggregates were

weak and the formation of larger microbial aggregates was difficult to occur in initial seed
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sludge. Mixed microorganism, such as cocci-, rod- and filament-shaped microorganism was
observed in microbial aggregates of initial seed sludge. The abundant and various amount of
microorganism in initial seed sludge was needed to form good multilayered anaerobic

granules.

l8pm B51883

Figure 4.21 Morphology of initial seed sludge with magnifications of (a) 100x, (b) 1500x
and (c) 5000x
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4.7.2 Morphology of microbial aggregates in the end of nucleation phase

The effect of cationic polymer additions, dynafloc 8265 and chitosan, on the
morphology of microbial aggregates at the end of the nucleation phase (day 58) was also
observed by SEM analysis. The dominant microorganism at the outer and inner parts of the

microbial aggregate were also investigated in microbial aggregates in each reactor.

Figure 4.22 Morphology of microbial aggregates in R1 at the end of nucleation phase with
magnifications of (a) 100x, (b) 1500x and (c) 5000x

Figure 4.22 shows the morphology of microbial aggregates in the control reactors,
R1, at the end of the nucleation phase (day 58). The diameter size of microbial aggregate in
R3 was approximately 60 — 70 um. The morphology of microbial aggregates in R1 seemed

fragile and weak. Filamentous microorganism appeared as dominant microorganism inside
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microbial aggregates of R1. No polymer addition into the R1 affected filamentous
microorganism aggregated each other to form small aggregates. The self-aggregation of
filamentous microorganism to form aggregates was correlated with the previous Spaghetti
theory and multilayered theory [18, 106]. Lower EPS production during nucleation formed

weak and fragile structures.

Figure 4.23 Morphology of microbial aggregates in R2 at the end of nucleation phase with
magnifications of (a) 100x, (b) 1500x and (c) 5000x

The morphology of microbial aggregates in R2 was observed at various
magnifications (100x, 1500x and 5000x), as shown at Figure 4.23. The structure of

microbial aggregate was weak and fragile, similar to microbial aggregate of R1. However,
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the diameter size of microbial aggregate in R2 was slightly larger as 70 — 80 pum than that in
R1. This result was in line with the result of size distribution which showed that average
diameter size and size distribution of large microbial aggregates (>100 pum) in R2 was higher
than that of R1. According to the dominant microorganism observed in microbial aggregate
of R2, the result was different with R1. Mixed microorganism appeared as dominant
microorganism throughout microbial aggregates of R2. It can be stated that the formations
of microbial aggregates in R1 and R2 were different. Self-aggregation may occurred during
the formation of microbial aggregate in R1 as mentioned before resulting on filamenteous
microorganism as dominant microorganism in aggregate. However, the formation of
microbial aggregate in R2 may strongly be caused of the effect of cationic polymer addition,
dynafloc 8265. This cationic polymer could reduce negativity of all microorganism surface
charge (Figure 4.8 about zeta potential results) which resulted on the aggregation of all
microorganism to form larger microbial aggregates. By this mechanism, mixed
microorganism (cocci-, rod- and filament-shaped microorganism) aggregated each other
because their surface charges were less negative. However, the effect of dynafloc 8265 was
not too strong to maintain the microbial aggregates which resulted on weak and fragile
structure. The results of size distribution of microbial aggregates in R2 also showed that
average diameter size and nuclei ratio were slightly higher than that of microbial aggregate
in R1.

The observation of microbial aggregates in R3 with various magnifications at day 58
can be seen in Figure 4.24. Chitosan affected on the structure of microbial aggregate in R3
which showed stronger and more compact structure than that of microbial aggregate in R1
and R2. The diameter size was found larger as approximately 500 — 600 um. The dominant
microorganism in microbial aggregate of R3 was found similar with that of microbial
aggregates in R2. Mixed microorganism (such as cocci-, rod- and filament-shaped
microorganism) also appeared as dominant microorganism in microbial aggregate of R3.
Therefore, it can be concluded that the formations of microbial aggregate of R2 and R3 were
similar in which cationic polymers, dynafloc 8265 and chitosan, were responsible for
microbial aggregation. The main different was the structure of microbial aggregate of R3
which was stronger and more granule-like than that of microbial aggregate of R2. Cation
from chitosan strongly affected on microbial aggregation and polymer-like characteristic of
chitosan maintained that the compactness of microbial aggregate of R3. The structure of

microbial aggregates of R3 was granule-like with pile of microbial nuclei or smaller
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microbial aggregates. Lack of EPS production during nucleation phase may cause the
roughness of microbial aggregate surface.

15kUV

Figure 4.24 Morphology of microbial aggregates in R3 at the end of nucleation phase with
magnifications of (a) 100x, (b) 1500x and (c) 5000x

4.7.3 Morphology of microbial aggregates at the end of early maturation phase
Substrate switching from mixed VFA to glucose was able to alter the dominant
microorganisms inside the reactors. The morphology of microbial aggregates at day 118 was
observed to investigate the effect of substrate switching to dominant microorganism and
structure of microbial aggregates in all reactors. Based on the results of size distribution, the

average diameter size and granule ratio in each reactor still increased during early maturation
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phase. EPS composition may affect on the development of microbial nuclei to be larger

microbial aggregates or granules.

SApm B48465

Figure 4.25 Morphology of microbial aggregates in R1 at the end of early maturation phase
with magnifications of (a) 100x, (b) 350x and (c) 1500x

Figure 4.25 shows the morphology of microbial aggregates of R1 at the end of the
early maturation phase (day 118) at various magnifications. The microbial aggregation of
R1 in this phase seemed more perfect as nuclei compared to nucleation phase which the
structure of this aggregate was larger and more compact. The diameter size of this microbial
aggregate was approximately 150 — 200 um. At magnification of 1500x, it can be seen that

some group of filament microorganism appeared from inner part of microbial aggregate and
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was surrounded by mixed microorganism. On nucleation phase, the formation of microbial
aggregate in R1 was initiate by self-aggregation of filamentous microorganism and the
structure of this aggregate was weak and fragile. However, that microbial aggregate, which
was resulted from self-aggregation, became more perfect in the early maturation phase.
Substrate switching from mixed VFA to glucose was able to trigger on the growth of
microorganisms that acted as a “blanket” for weak filamentous-microbial aggregates.
Glucose also enhanced on EPS production which helped for strengthening and maintaining

the compactness of microbial aggregate.

15kU FRIBA le8pm 848472

Figure 4.26 Morphology of microbial aggregates in R2 at the end of early maturation
phase with magnifications of (a) 100x, (b) 200x and (c) 5000x
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The morphology of the microbial aggregate in R2 was also observed at day 118 at
various magnifications (Figure 4.26). The morphology of microbial aggregates of R2 at
magnification 100x seemed larger than that of microbial aggregate in R1. The results of SEM
observation for microbial aggregate in R2 were in agreement with the results of size
distribution which showed that the ratio of larger microbial aggregates in R2 was higher than
that in R1 (Figure 4.3 — size distribution results). Therefore, the average diameter size of
microbial aggregate in R2 was higher than that of microbial aggregate in R1 during early
maturation phase. At day 118, the diameter size of microbial aggregate in R2 was observed
as approximately 300 — 400 um. The dominant microorganism found in microbial aggregate
of R2 was still mixed microorganism, similar with its dominant microorganism at the end of
nucleation phase. However, the structure of this microbial aggregates at the end of early
maturation (day 118) seemed stronger and more compact than that at the end of nucleation
phase (day 58). Triggering of EPS production during early maturation phase by substrate
switching could help on bridging among microbial nuclei and strengthening the structure
formed.

The structure of mature granules was observed in R3 at the end of the early
maturation phase (Figure 4.27). Physical characteristics, such as the morphology and
diameter size, were completed by microbial aggregate of R3 at the end of early maturation
phase (day 118). The diameter size of this microbial aggregate was observed as
approximately 800 — 900 um. Mixed microorganism, such as cocci- and rod-shaped
microorganism, Methanosaeta — and Methanosarcina — like microorganism, appeared as
dominant microorganism at surface of granule. The initial aggregation of small aggregates
in R3 during nucleation phase was triggered by the addition of chitosan. Chitosan decreased
the negativity of microbial surface charge (based on zeta potential results), thus caused
microorganism and smaller aggregates in R3 aggregated each other to form nuclei with
average diameter 100 — 600 um. However, the morphology microbial nuclei at the end of
nucleation (day 58) was rough and more like piles or clumps of smaller microbial aggregates.
Those structures of microbial nuclei was then perfected during early maturation phase. Lack
EPS production during nucleation phase was considered as main factor for rough and clumps
structures of microbial nuclei. Therefore, EPS production was then enhanced to perfect the
structure of microbial nuclei by switching the substrate from mixed VFA to glucose. As a
result of SEM observation, the surface of microbial aggregate in R3 was smoother and the

structure of it also had more compact and spherical forms.
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Figure 4.27 Morphology of microbial aggregates in R3 at the end of early maturation
phase with magnifications of (a) 100x, (b) 200x and (c) 5000x

4.8 Microbial distribution in microbial aggregates during nucleation and early

maturation phase

The microbial compositions inside the microbial aggregates or granules were
observed by fluorescence in situ hybridization — confocal laser scanning microscopy (FISH-
CLSM). FISH was used to determine the location of specific microbial groups in each
microbial aggregate of R1, R2 and R3. The probes used for Archaea (presumptively
methanogens) and Eubacteria (presumptively acidogenic and acetogenic microorganism)
were ARC915 with red cy3 label and EUB338 with green FITC label, respectively. The
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development of microbial compositions in microbial aggregates of all reactors were
observed on the initial day, at the end of nucleation phase (day 58) and the end of the early
maturation phase (day 118).

4.8.1 Microbial distribution in initial seed sludge

The microbial distribution in the initial seed sludge is shown in Figure 4.28. The
microbial aggregates observed had diameter size approximately 50 — 60 pm. FISH result
showed that the distribution of Archaea (red) and Eubacteria (green) was dispersed and
randomly distributed throughout aggregates. The result of microbial distribution analysis by
FISH was correlated with the results of morphology observation under SEM. At initial seed
sludge, the microbial layered in microbial aggregate had not been formed. Archaea seemed

more dominant than Eubacteria in initial seed sludge

Figure 4.28 Microbial distribution in initial seed sludge (red cy3 probe — Archaea; green

FITC probe — Eubacteria; white bar: 50 pm)
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4.8.2 Microbial distribution in microbial aggregates at the end of nucleation

phase

The microbial distributions inside the aggregates of all the reactors were also
observed at the end of nucleation phase (day 58). The effect of cationic polymer addition on
microbial distribution could be investigated by FISH-CLSM results. The morphology of
microbial aggregate based on SEM analysis was possible to be confirmed by the result of

(@)

FISH-CLSM.

Figure 4.29 Microbial distribution in aggregates of (a) R1 and (b) R2 at the end of nucleation
phase (day 58) (red cy3 probe — Archaea; green FITC probe — Eubacteria; white bar: 50 um)

The microbial distribution in the aggregates of R1 and R2 at the end of the nucleation
phase (day 58) showed that Archaea and Eubacteria were still randomly dispersed inside the
aggregate (Figure 4.29). These results were similar with microbial distribution in initial seed
sludge. More Archaea was observed in both aggregates while Eubacteria was around that
red group Archaea. Mixed VFA feeding in nucleation was possible to enhance the
population of active methanogen group (Archaea) and its specific activity. The results of
specific microbial activities showed that the activity of BDM, PDM and ACM increased
from initial day until day 58. Those results were confirmed by the result of FISH-CLSM
which showed the balance composition between acetogenic microorganism (green

Eubacteria) and methanogens (red Archaea).



96

The results of the size distribution showed that the average diameter size and nuclei
ratio of the microbial aggregates of R3 were higher than those of the microbial aggregates
of R1 and R2. These results were confirmed by SEM observations that showed the presence
of microbial nuclei with rough and clump structures at the end of the nucleation phase (day
58). The result of FISH-CLSM analysis seemed in agreement with the results of the size
distribution and SEM analysis. Figure 4.30 shows the microbial distribution in microbial
aggregates of R3 at the end of nucleation phase (day 58) with various magnification. The
results showed that Archaea was dominant over Eubacteria in that aggregates which
indicated that methanogen population was more than acetogenic microorganism. At higher
magnification, it could be seen that the morphology of the methanogen was dominated by
filament — shaped methanogen or Methanosaeta sp. — like methanogen. Archaea was located
in the middle or inner part of microbial aggregate, although some colonies were found at
outer part. While Eubacteria was found at middle to outer part of aggregate. However, it
cannot be concluded that the layer of microorganism was formed in this phase because mixed
microorganism groups, Archaea and Eubacteria, were still randomly dispersed. The result
of FISH-CLSM supported the hypothesis of microbial aggregation due to chitosan addition
by SEM analysis. The addition of chitosan was able to decrease the negativity of microbial
surface charge in reactors. As a result, all microorganism tend to aggregate each other and
form larger aggregates with random and dispersed composition of Archaea and Eubacteria
as observed by FISH-CLSM analysis.
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(b)

(d)

Figure 4.30 Microbial distribution of microbial aggregates in R3 at the end of nucleation

phase (day 58) (red cy3 probe — Archaea; green FITC probe — Eubacteria; bar (a, b): 50 um;
bar (c,d): 20 pum)
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4.8.3 Microbial distribution in microbial aggregates of R3 at the end of early

maturation phase

The development of microorganisms inside the anaerobic reactors was affected by
various factors, such as substrate types. The substrate switching from mixed VFA used in
nucleation phase to glucose used in early maturation phase could affect on the microbial
composition in anaerobic reactors. In nucleation phase, Archaea was dominant
microorganism in microbial aggregates of R1, R2 and R3. Mixed VFA feeding triggered the
population and specific activity of syntroph microorganism, including methanogen.
However, mixed VFA was then switched to glucose as main substrate in early maturation
phase. The substrate switching was aimed to trigger the EPS production for strengthening
microbial nuclei which was produced from nucleation phase. However, glucose also
enhanced the population of fast-growing acidogenic microorganism which may produce

more organic acids and thus decreased pH inside reactors.

(a) (b)

Figure 4.31 Microbial distributions in aggregates of (a) R1 and (b) R2 at the end of early
maturation phase (day 118) (red cy3 probe — Archaea; green FITC probe — Eubacteria; white
bar: 50 pum)

The microbial distributions of Archaea and Eubacteria in the aggregates of (a) R1
and (b) R2 at the end of the early maturation phase (day 118) are shown at Figure 4.31. It
seemed that green Eubacteria was dominant than red Archaea groups. Those microbial
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groups were still randomly dispersed inside reactors and the diameters of microbial
aggregates were approximately 90 — 100 um. Glucose as the main substrate in this phase had
affected these microbial distributions. The utilization of glucose could enhance the
production of organic acids which decreased pH system. High organic acids and low pH
inhibited the activity of methanogen (the most sensitive microorganism) which randomly
located inside aggregates. It means that methanogen was directly exposed to that organic
acids and low pH. As a result, the activity and population of methanogen may decreased.
While, the activity and population of Eubacteria, especially acidogenic microorganism
increased until day 118. The ratio between the activity of ACM to BDM-PDM of microbial
aggregates in R1 and R2 were low in the early maturation phase (Figure 4.20).

Different results of the FISH-CLSM analysis were observed in the microbial
aggregate of R3. The substrate switching from mixed VFA to glucose was able to enhance
EPS production which then positively acted on the formation of multilayered granule. EPS
bridged microbial nuclei with other nuclei or small microbial aggregates to form mature
granule. Figure 4.32 showed the microbial distribution in aggregates of R3 at the end of
early maturation (day 118). Red Archaea clumps, presumptive methanogen, was mostly
located at middle and inner part of aggregates. Those Archaea clumps were surrounded by
green Eubacteria, presumptive acidogenic or acetogenic microorganism. Acetogenic and
methanogenic syntroph consortia was considered as Eubacteria (cell binding EUB338-
FITC) and closely associated with Archaea (normally fine filaments binding ARC915-cy3),
while acidogenic microorganism was considered as Eubacteria which was unassociated with
Archaea [15]. In a good anaerobic digestion system, the distance between VFA degraders
(acetogenic microorganism) and methanogen was close each other [107]. Therefore, it can
be concluded that green Eubacteria clumps around red Archaea clumps were acetogenic
microorganism (Figure 4.32b). These positions had allowed the possibility of syntroph
relationships inside microbial aggregate of R3. The accumulation of organic acids and low
pH (as result of glucose degradation) could not adversely affect on the activity of
methanogen since the distribution of red Archaea clumps, presumptive methanogen, was at
inner part of microbial aggregate of R3. These microbial distribution in microbial aggregate
of R3 was probably the main cause for better ACM activity and reactor performances during
early maturation phase.
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Figure 4.32 Morphology of microbial aggregates in R3 at the end of early maturation phase
(day 58), red cy3 probe — Archaea; green FITC probe — Eubacteria; bar (a, b): 50 um; bar
(c, d): 20 um
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4.9 The mechanism of dynafloc 8265 and chitosan for microbial aggregation during

nucleation phase

Dynafloc 8265 and chitosan represented synthetic and natural cationic polymers.
Besides their cationic characteristics, these polymers were considered for their water
absorbing ability. Water-absorbing polymers (WAP) swelled in water, which then exhibited
a complex network structure for microbial attachment sites. Large structures of WAP in
water could improve microbial contacts to particles due to its lower density than the densities
of sand or other inert particles.

According to the results above, chitosan addition in R3 displayed better qualities of
microbial aggregates than did dynafloc 8265 in terms of zeta potential, size distribution,
settling ability and also nuclei structure at day 58. Chitosan could significantly increase the
zeta potential values of microbial aggregates in R3 from -26.4 mV to -10.5 mV at day O to
day 58, respectively. While, dynafloc 8265 slightly decreased the zeta potential values of
microbial aggregates in R2. Based on the polymers stock solutions, dynafloc 8265 and
chitosan has high positive zeta potential values as approximately +45 to +50 mV. However,
the effects of those cationic polymers addition in R2 and R3 were significantly different.

Sodium polyacrylate is manufactured by the free-radical polymerization of a mixture
of sodium acrylate and acrylic acid, and a cross linker such as trimethylol propanetriacrylate
(Fig. 4.33). In the wastewater treatments, polyacrylate is known for its salt form with sodium
resulting sodium polyacrylate or waterlock. This polymer has the ability to absorb as much
as approximately 200-300 times its mass in water by the principle of osmosis, the passage
of water through a membrane permeable only to the water. Osmotic pressure results from
the difference of the sodium ion concentration between the inside of the polymer and the
solution. This osmotic pressure forces water into the solid polymer matrix in an attempt to
equilibrate sodium ion concentration inside and outside the polymer. The concentration of
electrolytes or ions in the water determines the osmotic pressure which then affects on the
amount of water absorbed by the polymer. For example, sodium polyacrylate will absorb
approximately 800 times of its weight in distilled water, but will only absorb 300 times of

its weight in tap water, due to the high ion concentration of tap water.
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Figure 4.33 The formation of sodium polyacrylate from acrylic acid and

sodium acrylate [108]

Dynafloc 8265 slightly increased the zeta potential values of microbial aggregates in
R2 during the nucleation phase. From this result, it can be concluded that dynafloc 8265 was
not efficient to decrease the negativity of microbial surface charges which then lead to slow
development of granule nuclei in R2. In dry state, sodium polyacrylate consists of sodium
linked to oxygen atoms (Fig. 4.34). This link can be broken when this polymer is dissolved
in water due to salt dissolution which causes sodium ions disperse in water and linear chain
of polyacrylate become negatively charged (Fig. 4.34). These long chain tend to unfold due
to electrostatic repulsion which allows to absorb a large quantity of water and increases their
volume (more surface for microbial attachment). Although the volume of polyacrylate
significantly increased in water, microorganism was probably difficult to attach on that
polymer due to the repulsion forces of similar charge between microbial surface charge and
carboxyl groups of polyacrylate. Moreover, sodium ions from sodium polyacrylate which
was dispersed in water could not significantly decrease the negativity of microbial surface
charge in R2. Cations from sodium ions were probably washed out with the effluents during

the reactor operation.
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Figure 4.34 The structures of sodium polyacrylate in dry and wet matter [108]

Different results were obtained from in R3 in which chitosan significantly increased
the zeta potential values. Chitosan has two main characteristics, water absorbing ability and
cations that affected on the significant increase of granule nuclei during nucleation phase.
Water absorbing ability of chitosan was similar with other water absorbing polymer which
was able to swell in water and then provided complex network for microbial attachment. The
protonization of amino groups of GIcN in solution resulted in positive charge for chitosan
as shown at Fig. 4.35 [58]. Cations from chitosan was assumed to decrease the negativity of
microbial surface charge in R3 which was shown by significant increase of zeta potential
values during nucleation phase. Then, microorganism in R3 tend to flocculate or aggregate
each other and trapped by complex network resulted from water absorbing characteristic of
chitosan. These double effects of chitosan, i.e., cation and water absorbing characteristics,

resulted on stronger and larger microbial aggregates in R3.
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Figure 4.35 Structure of fully deacetylated chitosan [57]

Based on the mechanism of the two cationic polymers, it can be concluded that the
double effects of chitosan, i.e. cations amount and water absorbing ability, were the main
factors determining the success of the nucleation phase. Cations from chitosan decreased the
negativity of microbial surface charge indicated by increase of zeta potential value in R3
which lead on microbial aggregation. Then, the nuclei ratio in R3 also increased due to more
microbial aggregation. Large microbial aggregates linearly related to good settling ability
which was shown by lowest SVI value in R3 compared to other reactors. The complex
network as the effect of water absorbing characteristic of chitosan was able to maintain the
structure of microbial aggregates in R3. Based on SEM result, the structure of microbial
aggregates in R3 was stronger and more compact compared to that of R1 and R2 which

showed lumpy, loose and weak structures.

4.10 The stability of anaerobic granules

The stability of the granules were considered to be one of the most important factors
for the successful operation of an anaerobic granule-based reactor. This could be determined
based on the development of physiochemical and microbial characteristics of granule during
reactor operation. Based on this study, stability of microbial granule was considered on zeta
potential, size distribution (nuclei and granule ratio), sludge volume index, specific
microbial activities and structure of microbial granule. The stability of microbial granule
was observed during the nucleation and early maturation phases in order to achieve accurate
times of granulation.

The operational condition for the UASB reactor, such as OLR and substrate type,
affected the stability of the microbial granules. Increase of OLR produced more biogas inside
the reactor which was able to alter the hydrodynamic condition. Too high hydrodynamic

condition inside reactor (due to feeding velocity and biogas production) could washed the
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microorganism and smaller granule out from reactor. Disruption of anaerobic granule had
been observed due to too high hydrodynamic shear forces applied inside reactor [10, 109].
High OLR could negatively affect on specific microbial activities since the balance of each
microbial groups of anaerobic digestion must be maintained. Rapid ORL increase adversely
affected methanogen activity which then lead to reactor failure. Type of substrate also
affected on the stability of microbial activity in anaerobic digestion. The utilization of
glucose caused rapid acid production in which the accumulation of acids could inhibit the
microbial activities, especially methanogen. Another factor, good anaerobic granule must
have main characteristics to overcome the factor which possible to disrupt granule quality.
The round and spherical structure of granule could be an advantage to avoid sludge washout
due to high hydrodynamic condition.

In this study, the anaerobic granules from R3 were focused on for their stability for
since these granules displayed the best physicochemical and microbial characteristics. Those
characteristics were shown by anaerobic granule of R3 which still developed during
nucleation phase, such as nuclei and granule ratio, SVI, microbial activities and
morphologies. Nuclei ratios of microbial aggregate in R3 were observed as 0.59, 24.6 and
55.1% at day 0, 33 and 58, respectively. While, granule ratios were approximately, 1.8 and
8.2% at day 0, 33 and 58, respectively. Settling ability also increased as shown by decrease
of SVI value as 72, 66 and 43 ml.g'SS at day 17, 33 and 58, respectively. The ratio between
methanogen and non-methanogen activities of microbial aggregates in R3 also increased
during nucleation phase as 0.07, 0.22 and 0.45 at day 0, 33 and 58. The morphology of
anaerobic granule from R3 was observed as strong and compact aggregates. However, the
surface of that granule was still clumpy and rough which was still possibly easy to break by
high hydrodynamic condition inside reactor. Microbial distributions, i.e., Archaea and
Eubacteria, were still dispersed throughout granule. From the results of nucleation phase, it
can be concluded that anaerobic nuclei or granule still developed to be better granule.
Therefore, the stability was still observed during the early maturation phase in which the
substrate switched from mixed VFA to glucose. Glucose could produce acids rapidly which
could affect the stability of anaerobic granule, especially specific microbial activities.

At the beginning of the early maturation phase (OLR 0.5 kg COD.m3.d}), the
physicochemical and microbial characteristics of the granules in R3, e.g. granule ratio, SVI
and activities ratio between methanogen and non-methanogen, still increased. Granule ratios

were observed as 17.6, 30.8 and 34.2% at day 74, 88 and 118, respectively. SVI values were
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approximately 37, 35 and 33 ml.g'SS at day 74, 88 and 118, respectively. Glucose as main
substrate in this phase could increase the activity of GDM decreased the activity ratios of
methanogen and non-methanogen of granule in R3 as 0.27 and 0.23 at day 88 and 118,
respectively (which were lower than that at day 58). However, the activity ratios of
methanogens and non-methanogens of granule in R1 and R2 significantly decreased during
early maturation phase. Acids production from glucose fermentation during early maturation
adversely affected on acetoclastic methanogens in R1 and R2, whereas the activity of non-
methanogen significantly increased.

Based on these parameters, there was no significant difference between the
physicochemical and microbial characteristics of the microbial aggregates in R3 observed
on day 88 and 118. Therefore, it was possible to stop the early maturation phase at day 88,
instead of day 118. Early decision for terminating early maturation phase could contribute
on faster time which could possibly shorten the whole start-up period for UASB reactor
operation. Based on morphology of granule in R3, surface and structure of granule at day 88
was tend to smooth and no-clump structure which was not much different compared to

morphology of granule at day 118.



CHAPTER 5
CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

The concomitant adaptation of seed sludge to a syntroph specific substrate and
nucleation by the addition of a cationic polymer, i.e. chitosan, was able to produce nuclei
with high syntroph activities in a short time. Chitosan addition in R3 could decrease the
negativity of microbial surface charge which was represented by increase zeta potential
values of microbial aggregates to near zero (-26.4 mV at day 0 and -10.5 at day 58). This
resulted on increase of nuclei and granule ratio as approximately 55.1% and 8.2% at day 58,
respectively, significant higher than control reactor, R1 and dynafloc addition, R2. Higher
size distribution of nuclei and granule (larger microbial aggregates) affected on good settling
ability which was shown by significant decrease of SVI values of microbial aggregates in
R3. During nucleation phase, the effect of cationic polymer addition, especially chitosan
addition, on nuclei formation was very significant than the effect of EPS because EPS
concentration (EPS protein and EPS poiysaccharides) Were not significant different in all reactors.
The specific microbial activities in all reactors at the end of nucleation phase were higher
compared to that at initial seed sludge. It was assumed that the adaptation of seed sludge to
syntroph specific substrate successfully increased the specific microbial activities, i.e.,
BDM, PDM and ACM. Moreover, the activity ratios of methanogen and non-methanogen
of granule in R3 increased from 0.07, 0.22 and 0.45 at day 0, 33 and 58, respectively. These
results were supported by good reactor performance of R3, such as pH, TVA/alkalinity ratio,
methane production and yield, during nucleation phase. At the end of nucleation phase, day
58, the morphology of granule from R3 was stronger and more compact compared to that
from R1 and R2 (weak and fragile). However, the surface and structure of granule was not
smoother and clumpy which was sensitive to break in high hydrodynamic condition of
reactor. Microbial distribution, i.e., Archaea and Eubacteria, was still dispersed throughout
granule.

The mixed VFA was then switched to glucose for enhancing EPS production during
the early maturation phase. EPS production was aimed to strengthen the structure of nuclei
formed in nucleation phase. Glucose was able to increase EPS production, especially EPS

polysaccharide, Which could affect on granulation since there was no cationic polymer addition
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in early maturation phase. Zeta potential values in all reactor slightly increased during this
phase. It indicated that EPS also decrease the negativity of microbial surface charge in all
reactors. The effect of EPS to granulation was clearly shown by microbial aggregates in R3.
During early maturation phase, nuclei and smaller microbial aggregates ratio to total
microbial aggregates in R3 tend to slightly decrease which were followed by the increase of
granule ratio as 17.6, 30.8 and 34.2% at day 74, 88 and 118, respectively. This can be
assumed that EPS bridged nuclei to nuclei or smaller microbial aggregates (<100 um) to
form larger microbial aggregates (granule). This tendencies was different compared to that
in R1 and R2. In these reactors, only the nuclei ratio to total microbial aggregates increased
which was followed by a decrease in smaller microbial aggregates ratio (<100 um) to total
microbial aggregates. EPS trapped nuclei and smaller microbial aggregates to form other
nuclei in R1 and R2. The quality and ratio of nuclei resulted from nucleation phase was
important factor determining the granule formation during early maturation phase. The
increase of granule ratio during early maturation phase also decreased SV value of microbial
aggregates in R3. However, glucose feeding affected on specific microbial activity,
especially methanogen (ACM). The activity of ACM significantly decreased during early
maturation phase. Rapid acids production by glucose fermentation and weak/fragile
structures of microbial aggregates of R1 and R2 probably affected on the decrease of ACM
activity. Accumulated acids adversely affect the methanogen which could not be protected
by outer layer structure of microbial aggregates of R1 and R2. In other hand, multilayered
structure of anaerobic granule in R3 was observed by FISH-CLSM analysis in which
Archaea clumps were located at middle and inner layer, while Eubacteria clumps were
observed at outer layer. This structure could protect methanogen from adverse effect of acid
accumulation during early maturation phase which then resulted on good and stable reactor
performance during this phase.

The stability of the physicochemical and microbial characteristics were also observed
during the nucleation and early maturation phases. During nucleation phase, microbial
aggregates still developed to be better aggregates in terms of nuclei ratio, granule ratio, SVI
and specific microbial activities. Substrate switching from mixed VFA to glucose during
early maturation phase affected on characteristics of microbial aggregates. Early maturation
phase was terminated at day 118 which was considered on stable development of granule in
R3 from day 88 and 118. From results of this study, it can be concluded that the early
maturation phase was possible to terminate at day 88 considered on non-significant increase
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of granule characteristics in R3, such as granule ratio, SVI, microbial activities, activity ratio

of methanogen to non-methanogen and granule morphology from days 88 to 118. The

decision for terminating the early maturation phase was important to shorten the whole start-

up period of the UASB reactor.

5.2 Future works

5.2.1

5.2.2

523

Direct substrate switching from mixed VFA to glucose adversely affected the
acetoclastic methanogens in the reactors, especially R1 and R2, which led to a
decrease of COD removal and methane productions. Therefore, the substrate
switching should gradually be conducted by mixing between mixed VFA with
glucose (vary the concentration ratio) before use glucose as sole carbon source.
The methanogen and non-methanogen activities in R3 were well balanced.
Therefore, it is possible to use this microbial aggregates to treat organic
wastewater, such as wastewater from tapioca and palm oil processing
industries.

Multilayered anaerobic granules were produced at the end of the early
maturation phase in R3. However, it would be interesting to study for the
microbial communities by other types of analyses (FISH with more specific
probe, DGGE, etc.) and in situ microbial activity in granules by microsensor

analysis.
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Table Al. Data of reactor performances during nucleation and early maturation phases

Reactor performance

OLR
Day | Reactor COD removal | CH4 production CHa yield
(kg COD.m3.d%?) pH TVA/alk.
(%) (ml.d?) (m3 CHa. kg COD rem,)
R1 7.50-7.70 | 0.33-0.37 82 -84 1022 - 1113 0.17
1.0
33 R2 7.52-7.63 | 0.30-0.37 86 — 88 1199 - 1352 0.19
(NUCLEATION)
R3 7.48-7.60 | 0.25-0.39 88-90 1622 - 1643 0.23
R1 749-7.82 | 0.27-0.41 79 — 82 1424 - 1472 0.25
1.5
58 R2 755-7.82 | 0.27-0.41 82 -84 1532 - 1574 0.26
(NUCLEATION)
R3 7.40-7.63 | 0.27-0.40 89-91 2034 - 2153 0.33
R1 7.10-7.13 | 0.28-0.29 76 —79 198 — 202 0.09
0.5
74 R2 7.14-7.20 | 0.27-0.28 80 - 84 202 — 209 0.09
(MATURATION)
R3 7.14-7.21 | 0.25-0.29 86 — 88 248 — 298 0.11
R1 6.72-6.81 | 0.44-0.50 68 - 74 282 - 315 0.12
0.7
88 R2 6.76 -6.82 | 0.45-0.52 68 — 77 347 — 353 0.13
(MATURATION)
R3 7.15-7.20 | 0.32-0.33 84 — 86 448 — 478 0.15
R1 6.83-6.85 | 0.41-0.49 66 — 69 475 -510 0.13
1.0
118 R2 6.88-6.91 | 0.42-0.46 7577 563 — 585 0.15
(MATURATION)
R3 7.02-7.05 | 0.33-0.35 83-85 1019 - 1038 0.24
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Figure A2. Biomass concentration during nucleation and early maturation phases



Table A2. Summary for physical characteristics of microbial aggregates in each reactor
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. ) End of early
Initial day End of Nucleation _
maturation (day
Parameters (day 0) (day 58)
118)
Rl | R2 | R3 R1 R2 | R3 | Rl | R2 | R3
Av. sludge diameter
47 47 47 76 89 115 97 118 | 190
(Hm)
Nuclei ratio (%) 0.6 0.6 0.6 24.2 259 | 55.1 | 29.8 | 41.7 | 451
Granule ratio (%) 0 0 0 0.8 26 | 82 | 37 | 38 | 342
Zeta potential (mV) -26.4 | -26.4 | -26.4 | -245 | -22.2 | -10.5 | -20.3 | -19.1 | -6.6
SVI (ml.g'SS) 92.7 | 918 | 749 | 82 71 | 43 | 66 | 55 | 33
EPSprotein/ EPSpoly. ratio 3.17 | 3.17 | 3.17 6.31 6.92 | 537 | 1.37 | 1.36 | 1.42
GDM
170 | 1.70 | 1.70 1.39 130 | 1.24 | 3.38 | 298 | 2.83
(g COD.g'vSS.d?Y)
BDM
0.29 | 0.29 | 0.29 045 | 042 | 0.39 | 053 | 052 | 0.46
(g COD.g'vss.d?)
PDM
0.17 | 0.17 | 0.17 0.53 051 | 052 | 045 | 052 | 0.54
(g COD.g'vsSs.dY)
ACM
0.12 | 0.12 | 0.22 0.48 0.51 | 0.56 | 0.27 | 0.32 | 0.66
(g COD.g'vss.d?Y)
Methanogen/non-
) 0.05 | 0.05 | 0.05 0.20 0.23 | 0.26 | 0.06 | 0.08 | 0.17
methanogen ratio
Methanogen to acetogens
i 0.25 | 0.25 | 0.25 0.49 055 | 0.61 | 0.28 | 0.30 | 0.66
ratio
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1. Fluorescence in situ hybridization (FISH)

Fixation and Sample preparation step

1.

2
3
4.
5

6.

Fixed granule or aggregates with fixative solution (4% paraformaldehyde in
PBS)

Incubated at 4°C, 2 hours or overnight

Remove supernatant

Re-suspended with PBS 1X three times

Re-suspended in 1:1 (v/v) of PBS 1X — ethanol 99%

Stored at -20°C before analyzing

Slide preparation

1.
2.
3.
4.
S.

Concave slide was used

Slides were cleaned in acid alcohol (1-2% HCI in 70% ethanol) for 5 min
Air-dried

The slides were placed into 0.01% poly-L-Lysine at room temperature for 5 min

The coated slides were air dried overnight or 1 hour at 60°C before used.

Fluorescent in situ hybridization

1.

Placed fixed-granule or aggregate on coated slide and air-dried or dried in 37°C
incubator.

Dehydration by dipping in ethanol series (50, 70, 96% ethanol), 3 min each then
air-dried.

Subsequently, mixture of v9:1 hybridization solution (*a) and FITC- or Cy3-
labeled probe (*b) (50 ng/pl) were applied to each sample (~15 ul/ each spotted).
Incubated at 46°C in a moisture chamber for 3 hours

After hybridization, the slides were rinsed twice with pre-warmed (48°C)
washing solution (*c) [depend on % Formamide] and then washed for 15 min at
48°C in Falcon tubes 50 ml.

The slides were stained with 300 mM/ ul of 4°,6-diamidino-2-phenylindole
(DAPI) (6.26 pg/ml in 0.1 M Tris-HCI and 0.9 M NaCl, pH 7.2; Sigma,
Deisenhofen, Germany) for 5-10 min and rinsed with distilled water.

Air-dried, the slides were mounted with anti-fading solution.

Capture on an epi-fluorescence microscope.
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*a) Hybridization buffer (1.0 ml) (0.9 M NaCl, 20 mM Tris-HCI, 0.01% SDS)
Stock solution
1% SDS (sodium dodecyl sulfate)

3.0 M NaCl
1.0 M Tris-HCI pH 7.2
% Formamide 1% SDS 1.0 M Tris- 3.0 M NacCl Formamide
(ul) HCI (ul) (nl) (nl)
15 10 20 300 150
35 10 20 300 350

*b) Oligonucleotide probes

Probe Target E. coli Formamide
_ Probe sequence (5°-3°)
name group  numbering (%)
ARC915 Archaea  915-934 GTGCTCCCCCGCCAATTCCT 15
domain
EUB338 Bacteria  338-355 GCTGCCTCCCGTAGGAGT 15
domain

* ¢) Washing Solution (100 ml)

] 1% SDS 1.0M Tris- 3.0 M NaCl NaCl
% Formamide
(ml) HCI (ml) (ml) (M)
15 1.0 2.0 10.6 0.318
35 1.0 2.0 2.6 0.080

2. Volatile fatty acids (VFASs) by gas chromatography

The individual VFA (butyric, propionic and acetic acids) was determined as follows:
1 ml of sample media was taken and transferred to 1.5 ml in an eppendorf tube. Then 200
pl of oxalic acid was added into the sample and centrifuged at 10.000 rpm for 10 minutes.
The supernatant was transferred into tubes. 3 ml of ethyl acetate was added into tubes.
Mixture between acids and ethyl acetate was then mixed for one minutes for VFA extraction.
The mixture was then resided until water phase clearly separated with non-polar phase. 1 ml
of the non-polar phase was sampled for prior GC analysis. The concentration of VFA after

GC analysis was re-calculated based on dilution factor during extraction.
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The conditions for analyzing VFA are as follows:
- Column : Stabiwax — DA with length 30 m, inner diameter 0.25 mm and film
thickness 0.25 um
- Column temperature : 60°C
- Detector : Flame ionization detector (FID)
- Detector temperature : 250°C

- Injection temperature : 250°C

3. Biogas production and gas composition
Biogas production was measured by a gas counter (in the reactor) and water

replacement method (in the vial). While, the biogas composition was analyzed by taking 10
ul of gas from the headspace of the vial or U-tube of reactor using 100 ul syringe, the gas
was injected into the gas chromatography (GC-TCD) (Shimadzu, GC-9A). The percentage
of methane and carbon dioxide in biogas were calculated by comparing with standard peak
area.
The conditions for analyzing biogas composition as follow:

- Column : Porapak-N 80/100 with 2 meter long and 1/8 inch in diameter

- Detector : Thermal conductivity detector (TCD)

- Detector temperature : 120°C

- Column temperature : 70°C

- Injection temperature : 70°C

- Carrier gas: Helium with flow rate of 50 ml.
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