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Preface

Biogranulation is a process of microbial self-immobilization, and it can be divided
into two general groups, that is, anaerobic and aerobic granulation. Anaerobic gran-
ulation has been studied extensively for decades, whereas the interest in aerobic
granulation was started just a few years ago. Aerobic granulation is an environmental
biotechnology developed for the purpose of high-efficiency wastewater treatment.
The distinguishing characteristics of aerobic granules attribute superiority to this
technology in comparison with the conventional activated sludge processes. Thus
far, intensive research has been conducted to understand the mechanism of aerobic
granulation in sequencing batch reactor (SBR) and its application in treating a
wide variety of municipal and industrial wastewater. Obviously, the basic research
of aerobic granulation has promoted this technology from laboratory study to the
present pilot- and full-scale applications. This book aims to discuss the up-to-date
research and application of this environmental biotechnology tailored for enhanced
wastewater purification.

First, chapter 1 presents experimental evidence showing that aerobic granula-
tion in SBR is indeed insensitive to the substrate type and its concentration applied,
although the carbon source seems to influence the physical properties and micro-
bial diversity of mature aerobic granules. It appears from this chapter that aerobic
granulation technology is applicable to the purification of a wide spectrum of waste-
water. Hydrodynamic shear force resulting from intensive aeration in SBR plays an
essential role in aerobic granulation. Chapter 2 elaborates on how hydrodynamic
shear force would influence aerobic granulation, with special focus on shear force-
associated changes in microbial activity, cell surface property, and production of
extracellular polysaccharides. Hitherto, almost all successful aerobic granulations
are achieved in SBR that is featured by its cyclic operation. Chapter 3 further looks
into the role of SBR cycle time in aerobic granulation.

Chapter 4 focuses on understanding the role of settling time in aerobic granula-
tion, which is a unique operating parameter of SBR as compared to conventional
activated sludge reactors. Settling time is shown as an essential driving force of
aerobic granulation. Aerobic granulation would fail if settling time is not properly
controlled. Aerobic granulation seems to be an effective defensive or protective
strategy of the microbial community against external selection pressure. Chapter 5
identifies the volume exchange ratio and discharge time of SBR as two other pos-
sible driving forces of aerobic granulation in SBR. Further, chapter 6 shows that all
the major selection pressures identified so far can be unified to an easy concept of
the minimal settling velocity that ultimately determines aerobic granulation in SBR.
This selection pressure theory offers useful guides for up-scaling, manipulating, and
optimizing aerobic granular sludge SBR.

Aerobic granulation is a gradual process that can be quantitatively described as
change in granule size in the course of SBR operation. In this regard, some kinetic

vii
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viii Preface

models have been developed and presented in chapter 7. Because of the large size
of the aerobic granule, mass diffusion limitations exist in the aerobic granule.
Chapter 8 looks into the diffusion behaviors of substrate and dissolved oxygen in
aerobic granules and presents a comprehensive modeling system, which describes
the dynamic diffusion of substrate and oxygen in various-sized aerobic granules.
This model system can provide an effective and useful tool for predicting and opti-
mizing the performance of aerobic granular sludge SBR.

It is believed that cell-to-cell self-aggregation initiates aerobic granulation. Cell
surface hydrophobicity serves as an essential affinity force that initiates the first
contact of cell to cell. Existing evidence shows that a number of culture conditions
can induce cell surface hydrophobicity. Chapter 9 discusses the factors known to
influence cell surface hydrophobicity. Furthermore, a thermodynamic interpretation
of the role of cell surface hydrophobicity in aerobic granulation is also given. The
enrichment culture of highly hydrophobic bacteria thus appears to greatly facilitate
aerobic granulation. Chapter 10 discusses the essential roles of extracellular poly-
saccharides in the formation and maintenance of structural stability of aerobic gran-
ules. It appears that both the quantity and the quality of extracellular polysaccharides
determine the matrix structure and integrity of aerobic granules.

Chapter 11 reveals that the internal structure of the aerobic granule experiences a
shift from homogenous to heterogeneous as the aerobic granule grows to a big size due
to mass diffusion limitation. Uneven distributions of granule biomass, extracellular
polysaccharides, and cell surface hydrophobicity are also discussed in chapter 11.
Chapter 12 mainly focuses on biodegradability of extracellular polysaccharides pro-
duced by aerobic granules. Only nonbiodegradable extracellular polysaccharides can
play a crucial protective role in the granule integrity stability, while biodegradable
extracellular polysaccharides accumulated at the central part of the aerobic granule
can serve as an additional energy reservoir when an external carbon source is no longer
available for microbial growth. Chapter 13 provides a plausible explanation for the
observed high calcium accumulation in acetate-fed aerobic granules from both experi-
mental and theoretical aspects. It is shown that the calcium ion may not be an essential
element required for successful aerobic granulation.

Unlike the continuous activated sludge process, a substrate periodic starvation
exists in aerobic granular sludge SBR due to its cyclic operation. Chapter 14 dis-
cusses different, even controversial, views with regard to the role of such a periodic
starvationin aerobic granulation. As filamentous growth has been frequently observed
in aerobic granules, chapter 15 looks into causes and control of filamentous growth
in aerobic granular sludge SBRs. In view of its industrial application, long-term
stability of aerobic granular sludge SBR remains a main concern. For this purpose,
chapter 16 sheds light on the possible operation strategy that can help improve the
stability of aerobic granules, including the selection of slow-growing bacteria and
control of granule age. After nearly ten years of laboratory research, aerobic granu-
lation technology has achieved pilot- and full-scale applications. Chapter 17 shows
that successful aerobic granulation can be achieved in pilot-scale SBR using fresh or
stored aerobic granules as seeds.
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Preface ix

This book presents readers all aspects of aerobic granulation in SBR. The suc-
cessful test of this technology in pilot-scale study foresees its promising application
in practical wastewater treatment. I sincerely hope that the publication of this book
will provide a platform for the further development of this technology and promote
its quick application in the wastewater treatment industry.

Yu Liu
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1.1 INTRODUCTION

Granulation is a process in which microorganisms aggregate to form a spherical,
dense biomass. Granules have been grown successfully in either anaerobic or aerobic

1
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2 Wastewater Purification

environments (Lettinga et al. 1984; Morgenroth etal. 1997; Beunetal. 1999; J. H. Tay,
Liu, and Liu 2001; Su and Yu 2005). The characteristics of the substrate have been
considered to influence the formation and structure of anaerobic granules (Wu 1991,
Chen and Lun 1993). Filamentous anaerobic granules developed on volatile fatty
acids (VFAs) tend to be mechanically fragile and larger in size, whereas more
robust, rod-type anaerobic granules were grown on sugar beet or potato processing
wastewater (Adebowale and Kiff 1988). However, the formation of aerobic granules
seems to be independent of the characteristics of the organic substrate (J. H. Tay,
Liu, and Liu 2001).

Another important parameter that affects the anaerobic granulation process and
the characteristics of anaerobic granules is the substrate concentration (Hulshoff
Pol, Heijnekamp, and Lettinga 1988; Campos and Anderson 1992). An appropriate
substrate concentration is critical to the microbial granulation in anaerobic systems.
Morvai et al. (1990) found that anaerobic granulation developed well in upflow
anaerobic sludge blanket (UASB) reactors fed with influent chemical oxygen demand
(COD) concentrations of 1000 to 3000 mg L-!, but not in a reactor with influent con-
centration of 500 mg L-!. The substrate concentration also has direct impact on the
biofilm structure where high surface loading rate leads to the increase of the average
biofilm thickness (van Loosdrecht et al. 1995; Tijhuis et al. 1996; Kwok et al. 1998).
This chapter discusses the effect of substrate carbon source and its concentration on
the formation and characteristics of aerobic granules.

1.2 AEROBIC GRANULATION WITH ACETATE AND GLUCOSE

1.2.1  Microscopric OBSERVATION OF AEROBIC GRANULATION

J. H. Tay, Liu, and Liu (2001) investigated the evolution process of aerobic granula-
tion in two sequencing batch reactors (SBRs) that were fed with glucose and acetate,
respectively, and monitored by means of optical microscope, image analysis (IA)
technique, and scanning electronic microscope (SEM), and found that aerobic gran-
ulation is a gradual process from seed sludge to aggregates and finally to compact
mature granules.

1.2.1.1  Seed Sludge

Microscopic examination of seed sludge taken from a sewage treatment plant
showed a typical morphology of conventional activated sludge, in which filaments
were observed (figure 1.1). A SEM micrograph further revealed that seed sludge had
a very loose and irregular three-dimensional structure (figure 1.1C). The average floc
size of the seed sludge was about 70 pm, with a sludge volume index (SVI) value of
280 mL g, which suggests filamentous bacteria were predominant in the seed sludge
due to its high SVI value (Crites and Tchobanoglous 1998).

1.2.1.2 Formation of Compact Aggregates after Operation for One Week

One week after the reactor startup, filamentous bacteria gradually disappeared in the
acetate-fed SBR, but still prevailed in the glucose-fed SBR. Figure 1.2A shows the

© 2008 by Taylor & Francis Group, LLC



Aerobic Granulation at Different Carbon Sources and Concentrations 3

EHT = 15.00kV
lym M

FIGURE 1.1 Morphology of seed sludge used for cultivation of aerobic granules. (A) Viewed
by image analysis (scale bar: 2 mm); (B) viewed by optical microscope (scale bar: 5 um);
(C) viewed by SEM. (From Liu, Q. S. 2003. Ph.D. thesis, Nanyang Technological University,
Singapore. With permission.)

morphologies of 1-week-old sludge in the glucose-fed SBR observed by imagine analysis.
The compact and dense sludge aggregates can be seen and at this stage, the sludge
aggregates exhibited much more compact and denser structure than the seed sludge.

1.2.1.3 Formation of Granular Sludge after Operation for Two Weeks

Figure 1.2B shows the sludge morphology after operation for 2 weeks. It is clear that
granular sludge with a clear round outer shape was formed. Filamentous bacteria
were still predominant in the reactor fed with glucose, while filaments completely dis-
appeared in the reactor fed with acetate after operation for 2 weeks. It is known that
a high-carbohydrate substrate composed of glucose or maltose supports the growth
of filamentous bacteria (Chudoba 1985). This might be the reason for the filaments-
dominant situation in the glucose-fed sludge. As can be seen in figures 1.2A and
1.2B, the major differences between microbial aggregates and granular sludge can
be attributed to their sizes, compactness, and outer shapes. It should be realized that
the evolution of sludge in both the glucose- and acetate-fed SBRs indeed followed a
similar evolution pattern in the course of operation. These indicate that the carbon
source has an insignificant influence on the formation of aerobic granules in SBR.

© 2008 by Taylor & Francis Group, LLC



4 Wastewater Purification

Microbial aggregates
formed after 1-week
& operation in the reactor

Granular sludge formed
after 2-week operation in
the reactor

Mature granules appeared
after 3-week operation in
the reactor

FIGURE 1.2 Image analysis of the sludge morphology at different operation times in the
sequencing batch reactors fed with glucose as substrate. Scale bar: 2 mm. (From Tay, J. H.,
Liu, Q. S., and Liu, Y. 2001. J Appl Microbiol 91: 168—-175. With permission.)

1.2.1.4 Appearance of Mature Granules after Operation for Three Weeks

Mature aerobic granules were obtained after 3 weeks of operation (figure 1.2C).
Aerobic granules had an average roundness of 0.79 in terms of the aspect ratio, defined
as the ratio between the minor axis and the major axis of the ellipse equivalent to the
granule. Mature granules had a much more regular, homogeneous and clearer outer
morphology than the granular sludge observed after operation for 2 weeks. Figure 1.2
clearly exhibits the visual evolution track of the aerobic granulation process. The SEM
micrograph further shows the detailed microstructures of glucose- and acetate-fed
aerobic granules (figure 1.3). Glucose-fed granules had a filaments-dominant outer
surface, whereas the acetate-fed granules showed a very compact bacterial structure,
in which rod bacteria, tightly linked cell to cell, were found to be predominant. Such
a tight cellular structure was not found in the seed sludge.
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Aerobic Granulation at Different Carbon Sources and Concentrations 5

It can be seen from figures 1.1 and 1.2 that the formation of aerobic granules is a
gradual process from seed sludge to dense aggregates, then to granular sludge, and
finally to mature granules. Microscopic observations clearly revealed that micro-
bial structure could be significantly strengthened, and further shaped, that is, they
became more and more regular and dense, as the granulation process proceeded. In
fact, the sludge-settling property could be improved significantly after granulation.
Seed sludge for the reactor startup had a SVI value of 280 mL g!' with many fila-
mentous bacteria present (figure 1.1). However, an average SVI of 50 to 85 mL g*!
was achieved for granules formed from both substrates, which is almost three times
higher than the original seed sludge. It is clear that granulation leads to a signifi-
cant improvement in the sludge settleability. The granulation process could take
1 to 2 weeks or even a few more weeks depending on the substrate and the condi-
tion of operation. The process will normally take longer for slow-growing bacteria,
for example nitrifying bacteria, and for toxic wastewater (Tsuneda et al. 2003;
S. T. L. Tay, Zhuang, and Tay 2005; Yi et al. 2006). Aerobic granules can form with
different carbon sources. It seems that the formation of aerobic granules is a pro-
cess independent of or insensitive to the characteristics of the substrate (J. H. Tay,
Liu, and Liu 2001). However, the substrate component has a profound impact on the
microbial structure and the diversity of mature granules, as discussed above. In fact,
the microstructure of anaerobic granules formed in UASB reactors is also strongly
associated with the substrates (Wu 1991).

1.2.2 CHARACTERISTICS OF GLUCOSE- AND ACETATE-FED AEROBIC GRANULES

The physical characteristics of aerobic granules were more compact compared with
the sludge flocs, while the microbial activity was comparable or somewhat lower
compared with sludge flocs, depending on the size and structure of the granules.
The characteristics of granules cultivated from glucose and acetate substrate are
compared in the following section.

1.2.2.1 Morphology

The photographs by image analysis exhibited that mature granules formed from both
glucose and acetate substrates had a regular round-shaped structure with an average
roundness of 0.79 in terms of aspect ratio for glucose-fed granules, and 0.73 for acetate-
fed granules (table 1.1). The glucose-fed granules had a mean diameter of 2.4 mm,
whereas the granules grown on acetate had a mean diameter of 1.1 mm. The glucose-
fed granules had filamentous bacteria extruding out from the surface (figure 1.3C
and D). However, the acetate-fed granules had a smooth surface with a very compact
bacterial structure and few filaments were observed (figure 1.3A and B).

1.2.2.2  Sludge Settleability

The sludge-settling property is a key operation factor that determines the efficiency
of solid—liquid separation, which is essential for the proper functioning of a waste-
water treatment system. The settleability of aerobic granules was much better than
the sludge flocs of a conventional activated sludge process. The sludge volume
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6 Wastewater Purification

TABLE 1.1
Characteristics of Glucose- and Acetate-Fed Mature Aerobic Granules
Items Glucose-Fed Granules Acetate-Fed Granules
Average diameter (mm) 2.4 (x0.71) 1.1 (= 043)
Aspect ratio 0.79 (£ 0.06) 0.73 (= 0.04)
Sludge volume index (mL g') 51-85 50-80
Settling velocity (m h™') 35 (£ 8.5) 30(x7.1)
Granule strength (%) 98 (= 0.9) 97 (£ 1.2)
Biomass density (g L) 41.1 (£ 6.9) 322 (9.1
Hydrophobicity (%) 68 (+3.9) 73 (£5.3)
Specific oxygen uptake rate (mg O, g' h™!) 69.4 (+ 8.8) 559 (=7.1)

EHT = 15.00kV W 5X
30um  H 000 . 3 Detector = SE1

FIGURE 1.3 Scanning electron micrographs of aerobic granule cultivated from acetate
substrate (A) and its surface microstructure (B), and granule cultivated from glucose sub-
strate (C) and its surface microstructure (D). (From Liu, Q. S. 2003. Ph.D. thesis, Nanyang
Technological University, Singapore. With permission.)

index (SVI) of the mature granules was 51 to 85 mL g!' for glucose-fed granules
and 50 to 80 mL g! for acetate-fed granules (table 1.1). The low SVI values indi-
cated the high compactness of the granules. Compared with the seed sludge of SVI
280 mL g, it is obvious that the settleability of sludge had improved significantly for
aerobic granules. The average settling velocity of glucose-fed granules was 35 m h™!,
and 30 m h™! for acetate-fed granules. Such settling velocities of aerobic granules are
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Aerobic Granulation at Different Carbon Sources and Concentrations 7

comparable with that of anaerobic granules cultivated in UASB (Hulshoff Pol et al.
1986; Beeftink 1987), and at least three times higher than those of activated sludge
flocs having a settling velocity of less than 10 m h™'. In fact, high settling velocity of
72 m h-! was also reported for aerobic granules (Etterer and Wilderer 2001). It can be
understood that the settling velocity will be influenced by the size and compactness
of the aerobic granules.

1.2.2.3  Granule Physical Strength and Biomass Density

The physical strength of aerobic granules, expressed as the integrity coefficient (%),
which is defined as the ratio of residual granules to the total weight of the granular
sludge after 5 min of shaking at 200 rpm on a platform shaker (Ghangrekar et al.
1996), was 98% for glucose-fed granules and 97% for acetate-fed granules. The higher
the integrity coefficient, the higher is the physical strength of granules. A high integ-
rity coefficient represents the granule’s ability to withstand high abrasion and shear.
Aerobic granules cultivated in both substrates had a high strength. Meanwhile, the
mature granules had a dry biomass density of 41.1 g L-! for glucose-fed granules, as
determined by the method of Beun et al. (1999), while it was 32.2 g L-! for acetate-
fed granules. The higher biomass density of aerobic granules reflects a denser micro-
bial structure. The better settling ability of aerobic granules is consistent with higher
biomass density, which is the result of a denser microbial structure.

1.2.2.4 Cell Surface Hydrophobicity

The seed sludge flocs had a cell surface hydrophobicity of 39% measured by the
hydrocarbon partitioning method of Rosenberg, Gutnick, and Rosenberg (1980).
After the formation of aerobic granules, the respective hydrophobicity of the cell
surface increased to 68% for glucose-fed granules and 73% for acetate-fed granules.
The hydrophobicity of aerobic granules was nearly twice higher than that of the
seed sludge. High cell surface hydrophobicity favors cell attachment and then the
aggregation of the sludge. Cell surface hydrophobicity is considered an important
affinity force in cell attachment and self-immobilization (Del Re et al. 2000; Y. Liu
et al. 2003).

1.2.2.5 Microbial Activity

The glucose-fed granules had a microbial activity expressed by specific oxygen
uptake rate (SOUR) at 69.4 mg O, g™! MLVSS h™!, and 55.9 mg O, g MLVSS h! for
acetate-fed granules. The microbial activity of the granules would be strongly asso-
ciated with the granule size and structure, which influence the oxygen and substrate
transfer. The most beneficial aspect of aerobic granules is their excellent physical
characteristics, which could lead to a high biomass concentration in the reactor, and
subsequently smaller footprint for the reactor system.

1.2.2.6  Storage Stability of Aerobic Granules

Similar to anaerobic granules, aerobic granules have good storage stability (J. H. Tay,
Liu, and Liu 2002; Zhu and Wilderer 2003). J. H. Tay, Liu, and Liu (2002) found that
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FIGURE 1.4 Effect of storage time on the microbial activity of aerobic granules cultivated
from glucose and acetate, respectively. (Data from Tay, J. H., Liu, Q. S., and Liu, Y. 2002.
Environ Technol 23: 931-936.)

aerobic granules cultivated from both glucose and acetate substrates had little reduc-
tion in microbial activity after 10 days of storage at 4°C in a refrigerator (figure 1.4).
The SOUR then gradually decreased for both types of granules, from the initial value
of 57 mg O, g! biomass h™! to 6 mg O, g-! biomass h™! for acetate-fed granules at
day 77, while the SOUR only decreased to 24 mg O, g™! biomass h™! for glucose-fed
granules after 137 days, that is, a 60% reduction after more than 4 months of storage.
Glucose-fed granules could be stored longer than those acetate-fed granules with
less SOUR reduction. The loss in microbial activity would be associated with the
length of storage time, the type of feed carbon, and the culture history. Both types
of granules were visually in good granular shape after being stored for 4 months,
and no disintegration was observed. Compared with the fresh granules, the strength
of the stored granules decreased from 98% to 91% for glucose-fed granules, and
from 97% to 89% for acetate-fed granules. Therefore, aerobic granules could still
maintain good physical strength. Similar to the anaerobic granules, stored aerobic
granules could be used as the seeding material for reactor startup because of its long
storage ability. In fact, Zhu and Wilderer (2003) found that after 7 weeks of storage
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Aerobic Granulation at Different Carbon Sources and Concentrations 9

of aerobic granules in ambient environment, these aerobic granules could regain
their microbial activity in less than a week.

1.3 AEROBIC GRANULATION ON OTHER CARBON SOURCES

Aerobic granules can be formed with different organic carbon sources of acetate and
glucose as discussed above, while nitrifying granules can be formed with various N/COD
ratios, as discussed above. In fact, aerobic granulation has been demonstrated in a vari-
ety of substrates, including organic/inorganic carbon, toxic wastewater, real municipal
and industrial wastewater, for example, sucrose (Zheng et al. 2006), ethanol (Beun et al.
1999), phenol (Jiang, Tay, and Tay 2002; J. H. Tay, Jiang, and Tay 2004; Jiang et al. 2006),
pentachlorophenol (Lan et al. 2005), and tert-butyl alcohol (S. T. L. Tay, Zhuang, and Tay
2005; Zhuang et al. 2005); particulate organic matter-rich wastewater (Schwarzenbeck,
Borges, and Wilderer 2004), domestic sewage (de Kreuk and van Loosdrecht 2006),
and industrial wastewater (Arrojo et al. 2004; Inizan et al. 2005; Schwarzenbeck, Erley,
and Wilderer 2005; Su and Yu 2005; Wang et al. 2007). Phosphorus-accumulating
granules have also been developed in the SBR (Y. Liu, Lin, and Tay 2005).

It was reported that nitrifying aerobic granules cultivated possess excellent nitri-
fication ability (J. H. Tay, Yang, and Liu 2002), while aerobic granules grown on
phenol can enhance the ability of bacteria to tolerate the toxic effect of phenol (Jiang,
Tay, and Tay 2002). It is believed that cell immobilization is a useful strategy for
bacteria to overcome the substrate inhibition associated with high-strength phenolic
wastewater. It was shown that the kinetic behaviors of the phenol-degrading gran-
ules are subject to the Haldane model, indicating that the phenol-degrading aerobic
granules could counteract the adverse effects of phenol inhibition (Jiang, Tay, and
Tay 2002). The aggregation of microbial cells into compact granules may serve as an
effective protection against the high phenol concentration. Aerobic granules would
be powerful bioagents for the removal of inhibitory or toxic organic compounds
present in industrial wastewater.

A novel strategy to add the benign co-substrate to toxic substrate to accelerate the
granulation process and the performance of the granular sludge was proposed (Yi et al.
2006). It was found that with the addition of glucose to a toxic substrate, p-nitrophenol
(PNP), the PNP metabolic activity could be enhanced through the formation of
granules. The improvement of metabolic activity is most likely due to the retention
of specific PNP-degrading microorganisms in the granules. This could be the result
of syntrophic interactions between the community members in the granules, while
the metabolic enhancement could result from the increase of specific degradation
activity through the exchange of genetic material among the bacteria in granules. Use
of a co-substrate strategy in the granulation process could improve the biodegradation
of toxic and recalcitrant organic compounds. This shows another beneficial aspect of
applying aerobic granulation technology in wastewater treatment.

1.4 AEROBIC GRANULATION AT DIFFERENT
COD CONCENTRATIONS

Aerobic granules can be formed in a relatively wide range of COD concentrations
(Q. S. Liu, Tay and Liu 2003; J. H. Tay et al. 2004). Q. S. Liu, Tay and Liu (2003)
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studied the effect of substrate concentration on the formation, structure, and charac-
teristics of aerobic granules and found that granules can be successfully formed with
COD concentrations from 500 to 3000 mg L', corresponding to an organic loading
rate of 1.5 t0 9.0 kg COD m3 d-'.

The formation of aerobic granules at different COD concentrations was a gradual
process from seed sludge to the mature granules, with the same process as discussed
earlier. It was found that a fast increase in sludge particle size was observed in the
reactors supplied with high COD concentrations, for example, the size increased to
0.7 mm at day 10 of the operation in the reactor fed with influent COD of 500 mg L,
while it was 1.0, 1.1, and 1.4 mm for reactors fed with influent COD of 1000, 2000,
and 3000 mg L1, respectively. It appeared that high substrate concentration favored
a fast increase in granule size. This would be due to the fact that a high substrate
concentration can sustain fast microbial growth.

The sludge particle size and SVI variation with the operation time in the reactor
supplied with the highest substrate COD concentration of 3000 mg L' is shown in
figure 1.5. It can be seen that the size of sludge particles gradually increased from
0.09 mm to a stable value of 1.9 mm after 20 days of operation. With an increase
in size, the sludge SVI decreased from 208 mL g! to about 35 mL g! accordingly.
These results clearly indicated that the settleability of aerobic granules was much
better than that of seeding sludge bioflocs. Figure 1.6 compares the size distribu-
tions of seed sludge and the granular sludge cultivated, indicating that over 90% of
the seed sludge particles had a size less than 0.2 mm, while more than 98% of the
granular sludge fell in the size range of 0.4 mm to 3.2 mm. It is clear that the forma-
tion of aerobic granules seems to be independent of substrate concentration in the
range from 500 to 3000 mg COD L' as discussed above. In fact, other researchers
also suggest that aerobic granules can be formed in a wide COD range (Moy et al.
2002; J. H. Tay et al. 2004). This is probably due to the nature of aerobic bacteria.
Compared to the biofilm process, aerobic granulation is a phenomenon of cell-to-cell
self-immobilization instead of cell attachment to a solid surface. Similar to biofilm,
it seems that substrate concentration is not a governing factor for the formation of
aerobic granules.

1.4.1 Errect oFf COD CONCENTRATION ON THE PROPERTIES OF
AEROBIC GRANULES

A comparison of the average size of aerobic granules formed at different substrate
concentrations found that the granule size slightly increased with the increase
of substrate concentration (figure 1.7). The granule size was 1.57 mm at 500 mg
COD L-!, while it increased to 1.79 mm at 1000 and 2000 mg COD L-!, and further
increased to 1.89 mm at 3000 mg COD L-!. Moy et al (2002) also found the size
of aerobic granules increased when the loading rate was increased. A similar
phenomenon was observed in anaerobic granulation (Grotenhuis et al. 1991). This
can be easily understood because high substrate concentration would lead to the
fast biomass production, and finally to a large size. It can be expected that the
granules either of aerobic or anaerobic would have similar growth pattern in rela-
tion to the substrate concentration.
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FIGURE 1.5 Size and SVI variation: (A, O: size; ®: SVI), biomass (B) and COD concentra-
tion (C, ©: influent (x6); ®: effluent) in the operation time in a reactor fed with influent COD
of 3000 mg L-'. (From Liu, Q. S. 2003. Ph.D. thesis, Nanyang Technological University,
Singapore. With permission.)

The relationship between substrate concentration and granule morphology
expressed by the roundness and aspect ratio found that granules become more irreg-
ular under high substrate concentration, as shown in figure 1.8. The average round-
ness of granules was 0.69 at substrate concentration of 500 mg COD L, while it was
0.66, 0.67, and 0.64 at substrate concentrations of 1000, 2000, and 3000 mg COD L-'.
The irregularity of the granule surface at high substrate concentration could be due
to the fast growth rate. In fact, a heterogeneous and porous biofilm structure with
extrusion was observed under high loading rate condition (van Loosdrecht et al.
1995; Kwok et al. 1998).

As shown in figure 1.9, the granule strength decreased with the increase of sub-
strate concentration. The granule strength, expressed as integrity coefficient, was
97% at 500 and 1000 mg COD L-!, but dropped to 95% at 2000 mg COD L, and
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FIGURE 1.6 Comparison of size distribution by volume between seed sludge (A) and gran-
ular sludge (B) cultivated in a reactor fed with influent COD of 3000 mg L-'. (From Liu, Q. S.,
Tay, J. H., and Liu, Y. 2003. Environ Technol 24: 1235-1242. With permission.)
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FIGURE 1.7 Effect of COD concentration on the size of mature granules. (From Liu, Q. S.
2003. Ph.D. thesis, Nanyang Technological University, Singapore. With permission.).
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FIGURE 1.9 Effect of substrate concentration on the granule polysaccharides contents
(white bar) and granule strength (dark bar) (From Liu, Q. S. 2003. Ph.D. thesis, Nanyang
Technological University, Singapore. With permission.)

further to 87% at 3000 mg COD L-'. The granules formed at the highest substrate
concentration have a very loose structure. The lower strength of aerobic granules at
high substrate concentrations could also possibly be due to the high biomass pro-
duction rate. This has been reported in anaerobic granules where a high substrate
concentration/loading rate resulted in a reduced strength of anaerobic granules, that
is, the granules would easily lose their structural integrity, and disintegration would
occur (Quarmby and Forster 1995). Morvai, Mihaltz, and Czake (1992) also found
that increased loading rate raises the biomass growth rate, and high growth rate of
anaerobic microorganisms would reduce the strength of the three-dimensional struc-
ture of a microbial community.

The specific gravity and density of sludge reflect the compactness of a microbial
community. The specific gravity of granular sludge formed in various substrate COD
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TABLE 1.2

Characteristics of Aerobic Granules Cultivated at Different

Substrate Concentrations

Influent Substrate COD Concentration (mg L")

Seed

Parameters Sludge 500 1000 2000 3000

Size (mm) 0.09 1.57 (= 0.14)  1.79 (= 0.08) 1.79 (= 0.10) 1.89 (x0.11)

SVI (mL g™) 208 41 (£ 4.6) 43 (2 4.3) 36 (+4.6) 34 (x3.1)

Biomass density (g L") ~ 54.3 (£ 6.3) 54.7 (£ 8.4) 54.6 (£5.5) 56.1 (£7.6)

Specific gravity of 1.001 1.01 (+0.001) 1.01 (x0.001) 1.012(+0.003) 1.012 (+0.002)
sludge (kg L)

Biomass concentration ~ 8.4 (x1.0) 9.5 (£ 1.5) 11.2 (£ 1.3) 12.3 (£ 1.6)
in reactor (g L")

Cell surface 494 81.1 (x4.1) 84.2 (£5.5) 77.7 (=3.8) 79.1 (=4.2)
hydrophobicity (%)

Effluent COD ~ 27 (x9.4) 48 (x12.3) 68 (+15.1) 156 (= 35.7)
concentration (mg L)

COD removal ~ 95 (x1.7) 95 (x1.2) 97 (= 1.1) 95 (x1.2)
efficiency (%)

concentrations of 500 to 3000 mg L-! was around 1.010 kg L-!, which is a significant
increase compared with the seed sludge flocs of 1.001 kg L' (table 1.2). The SVI of
30 and 40 mL g! for granular sludge also improved significantly as compared with
that of seed sludge of 208 mL g!. The granule density was around 55 g L' at differ-
ent substrate concentrations. However, it seems that substrate concentration has an
insignificant effect on the settleability of the granules.

The effect of substrate concentration on cell polysaccharides contents of aerobic
granules is shown in figure 1.9. The cell polysaccharides content of aerobic gran-
ules formed at 500 mg COD L-! was 93.6 mg g-' VSS, while it was 91.6, 84.7, and
85.2 mg g~! VSS at 1000, 2000, and 3000 mg COD L, respectively. There is a slight
decrease in polysaccharide content with the increase of substrate concentration. How-
ever, compared with the cell polysaccharide content of seed sludge of 60.9 mg g~!
VSS, a very significant increase was observed between the seed sludge and granular
sludge. It should be pointed out that the lower physical strength of aerobic gran-
ules observed at high COD concentration could be reasonably attributed to its lower
polysaccharides content. It has been generally agreed that cell polysaccharides are
important in maintaining the structural integrity of a cell-immobilized community.
It has also been reported that the production of cell polysaccharides was closely
associated with hydrodynamic shear force, as discussed in chapter 2. It is not sur-
prising that there is no significant change in cell polysaccharide content with varied
substrate concentration because of its similar shear condition in the reactors.

Cell surface hydrophobicity of granular sludge seems to have no relationship to
the substrate concentration, as listed in table 1.2. The cell surface hydrophobicity
of aerobic granules was 81% at 500 mg COD L-!, and 84%, 78%, and 79% at 1000,
2000, and 3000 mg COD L-!, respectively. However, cell surface hydrophobicity
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of aerobic granules was much higher than that of seed sludge. Cell surface hydro-
phobicity has been generally considered to be an important affinity force in the self-
immobilization and attachment of cells, for example biofilm and anaerobic granules
(Del Re et al. 2000; J. H. Tay, Xu, and Teo 2000). The role of cell surface hydro-
phobicity in aerobic granulation will be discussed in detail in chapter 9. It can be
considered that hydrophobicity might be the force for the initiation of aerobic sludge
granulation. However, the substrate concentration did not seem to affect the cell
surface hydrophobicity.

1.4.2 Errect oF COD CONCENTRATION ON THE REACTOR PERFORMANCE

The reactor performance, in terms of the effluent COD concentration, exhibited an
increased trend with the substrate concentration. An average effluent COD of 27 mg L
was obtained in the reactor fed with 500 mg L-! influent COD, while it was 48, 68,
and 156 mg L for reactors fed with 1000, 2000, and 3000 mg L, respectively.
However, COD removal efficiency showed a comparable level in all reactors, which
was above 95%. It should be mentioned that a high biomass concentration of 8.4 to
12.3 g L' was achieved among different reactors at steady state after granulation.
Aerobic granulation could lead to more biomass being retained in the reactor due
to good settling property of granular sludge. The high biomass concentration in
reactors favored the performance and stability of biological reactors.

1.5 AEROBIC GRANULATION AT DIFFERENT SUBSTRATE
N/COD RATIOS

Yang, Tay, and Liu (2005) investigated the effect of substrate N/COD ratio on the
formation and physical characteristics of aerobic granules, and found that aerobic
granules can be formed successfully in a relatively wide range of N/COD ratios, from
5/100 to 30/100. Figure 1.10 further illustrates the size change of microbial aggre-
gates in the course of SBR operation. It can be seen that the mean size of microbial
aggregates cultivated at different substrate N/COD ratios gradually increased and
stabilized over the culture time, while small aerobic granules were obtained at the
high substrate N/COD ratio. Figure 1.10 clearly shows that aerobic granular sludge
reactors can be started up within about four weeks. Figure 1.11 further displays a
correlation of SVI of mature aerobic granules with substrate N/COD ratio, indicating
that SVI tended to decrease with the increase of the substrate N/COD ratio and the
lowest SVI of 51 mL g! was found at the highest substrate N/COD ratio of 30/100.
It is reasonable to consider that the substrate N/COD ratio would have a significant
effect on the structure of microbial granules, that is, a more compact microbial struc-
ture could be expected at a higher substrate N/COD ratio.

It seems certain that the use of aerobic granules for upgrading the existing
wastewater treatment plants towards simultaneous organics removal and nitrifica-
tion would be feasible and beneficial, meanwhile such granules can also be used to
bioaugment municipal wastewater treatment plant in which washout of nitrifying
biomass is encountered.
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FIGURE 1.10 Change in aggregate size versus time in reactors operated at different
substrate N/COD ratios. (From Yang, S. F., Tay, J. H., and Liu, Y. 2005. J Environ Eng
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FIGURE 1.11 Sludge volume index of aerobic granules developed at different substrate
N/COD ratios. (From Yang, S. F. 2005. Ph.D. thesis, Nanyang Technological University,
Singapore. With permission.)

1.5.1 Errect oF N/COD RATIO ON THE PROPERTIES OF AEROBIC GRANULES

The changes of SVI with the time of SBR operation at different N/COD ratios are
shown in figure 1.12. It clearly indicates that after the formation of aerobic gran-
ules on day 20 onwards, the SVI was found to be as low as 50 mL g-'. Moreover, it
appears from figures 1.10 and 1.12 that smaller and denser aerobic granules would
be formed at higher substrate N/COD ratios. This seems to imply that one may
expect to manipulate the size of aerobic granules by controlling substrate N/COD
ratio. Figure 1.13 reveals that the specific gravity of aerobic granules seems to be
positively related to the applied substrate N/COD ratio, that is, aerobic granules
developed at higher substrate N/COD ratios would have a much more compact and
denser structure. In fact, this observation is consistent with the SVI trend as shown
in figure 1.11.
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FIGURE 1.12 Change of sludge volume index versus operation time in reactors operated at
different substrate N/COD ratios. (From Yang, S. F. 2005. Ph.D. thesis, Nanyang Technological
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FIGURE 1.13 The specific gravity of aerobic granules developed at different substrate
N/COD ratios. (From Yang, S. F. 2005. Ph.D. thesis, Nanyang Technological University,
Singapore. With permission.)

Y. Liu et al. (2005) proposed the following equation to describe the settling
velocity of bioparticles:

2
V=a—Le (1D

: SvI
where V/ is the settling velocity of bioparticles, d, is the diameter of the particle, SVI
stands for sludge volume index, X is biomass concentration, o and [3 are two constant
coefficients. It is obvious that the settling velocity of aerobic granules would be deter-
mined by the size of the granule, SVI, and biomass concentration of granules. A smaller
SVI would lead to a higher settling velocity of bioparticles or an improved settleability.
Yang, Tay, and Liu (2005) found that cell surface hydrophobicity at steady state
was positively correlated to the applied substrate N/COD ratio (figure 1.14). In fact,
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FIGURE 1.14  Cell surface hydrophobicity of aerobic granules versus the substrate N/COD
ratio. (Data from Yang, S. F., Tay, J. H., and Liu, Y. 2005. J Environ Eng 131: 86-92.)

as revealed in figure 1.15, the activities of both ammonia oxidizer and nitrite oxidizer
were proportionally related to the substrate N/COD ratio, that is, when the substrate
N/COD ratio was increased, the nitrifying population would be enriched in the
aerobic granules. Previous research reported that nitrifying bacteria would have a
higher hydrophobic interaction than that of activated sludge (Sousa et al. 1997; Kim,
Stabnikova, and Ivanov 2000). Thus, the enriched nitrifying population in aerobic
granules cultivated at high substrate N/COD ratio would be responsible for the high
cell surface hydrophobicity observed in figure 1.14.

Figure 1.16 exhibits the direct effect of substrate N/COD ratio on the ratio of sludge
polysaccharides to sludge protein (PS/PN). It was found that the PS/PN ratio increased
significantly along with the formation of aerobic granules. These results imply that
extracellular polysaccharides could contribute, at least partially, to microbial aggrega-
tion. Meanwhile, increased substrate N/COD ratio would result in a low PS/PN ratio.
In fact, other studies found a similar phenomenon, that a reduced substrate N/COD
ratio could stimulate the production of extracellular polysaccharides, leading to an
improved bacterial attachment to solid surfaces (Schmidt and Ahring 1996; Durmaz
and Sanin 2001). There is evidence that cell carbohydrate content increased and pro-
tein content decreased in a very significant way as the substrate N/COD ratio decreased
(Durmaz and Sanin 2001). It can be reasonably considered that nitrifying bacteria
would produce much less extracellular polysaccharides than heterotrophic bacteria.
For example, Tsuneda et al. (2001) used extracellular polysaccharides produced by
heterotrophic bacteria to enhance the formation of nitrifying biofilm.

1.5.2 Errect oF N/COD RATI0 ON POPULATION DISTRIBUTION

The activity of ammonium oxidizers and nitrite oxidizers as measured by specific
ammonium oxygen utilization rate (SOUR)y,, specific nitrite oxygen utilization
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FIGURE 1.15 Activities of nitrifying population in terms of SOUR (NH,*) (A) and SOUR
(NO,) (A) as well as the activity of heterotrophic population in terms of SOUR (COD) (m) of
mature aerobic granules cultivated at different substrate N/COD ratios. (Data from Yang, S. F.,
Tay, J. H., and Liu, Y. 2005. J Environ Eng 131: 86-92.)
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FIGURE 1.16 Effect of the substrate N/COD ratio on PS/PN ratio. (Data from Yang, S. F.,
Tay, J. H., and Liu, Y. 2005. J Environ Eng 131: 86-92.)

rate (SOUR)y,, and specific heterotrophic oxygen utilization rate (SOUR), showed
that higher (SOUR), and (SOUR)y, were obtained at the higher substrate N/COD
ratios, while the (SOUR), exhibited a decreasing trend with the increase in the sub-
strate N/COD ratio (figure 1.16). It indicates that the nitrifying population in aerobic
granules was greatly sustained at the high substrate N/COD ratios. In fact, a similar
finding was also reported in biofilm reactors (Moreau et al. 1994; Ochoa et al.
2002). Evidence shows that bacteria can sense and move towards nutrients (Prescott,

© 2008 by Taylor & Francis Group, LLC



20 Wastewater Purification

Harley, and Klein 1999). As shown infigure 1.15, the activity of nitrifying population
over heterotrophic population in the aerobic granules grown at the substrate N/COD
ratio of 5/100 was very low as compared to the granules developed at high substrate
N/COD ratios. At the high substrate N/COD ratio, competition between nitrifying
and heterotrophic populations on nutrients would be significant.

It is clear that aerobic granules can be developed at a relatively wide range of sub-
strate N/COD ratios. The substrate N/COD ratios had an insignificant effect on the
formation of aerobic granules, but would determine microbial and physicochemical
characteristics of aerobic granules.

1.6 CONCLUSIONS

Aerobic granulation is a gradual process from seed sludge to compact aggregates,
further to granular sludge, and finally to mature granules. The formation of aerobic
granules is insensitive to the substrate carbon source because granules can be formed
with organic or inorganic carbon source, or toxic wastewater. However, substrate
characteristics had a profound impact on the microbial structure and the diversity of
aerobic granules. Aerobic granules can be formed in a relatively wide range of sub-
strate concentrations and substrate N/COD ratios. This would make aerobic granular
sludge technology applicable to low-strength wastewater, such as sewage, and to
high-strength wastewater treatment, such as industrial waste.
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2.1 INTRODUCTION

Shear force resulting from hydraulics and/or particle-particle collision has been
considered as one of the most influencing factors in the formation, structure, and
stability of biofilms (van Loosdrecht et al. 1995; Y. Liu and Tay 2001a, 2002). A
higher shear force would result in a stronger and compact biofilm, whereas biofilm
tends to become a heterogeneous, porous, and weaker structure when the shear force
is weak (Chang et al. 1991; van Loosdrecht et al. 1995; Chen, Zhang, and Bott 1998).
It has been shown that biofilm density increases with the increase of shear stress,
while biofilm thickness exhibits a decreasing trend (Chang et al. 1991; Ohashi and
Harada 1994; Kwok et al. 1998). Biofilm density correlates very closely with the self-
immobilization strength of fixed bacteria, which is determined by the shear force
imposed on the biofilms (Ohashi and Harada 1994; Chen, Zhang, and Bott 1998).
It appears that a certain shear force in the biofilm system is necessary in order to
produce a compact and stable biofilm structure, that is, higher shear force favors the
formation of a smoother and denser biofilm.

In anaerobic granulation, it has been observed that granulation proceeded well
at relatively high hydrodynamic shear condition in terms of high upflow liquid
velocity, whereas anaerobic granulation was absent at a weak hydrodynamic shear
force (Alphenaar, Visser, and Lettinga 1993; OFlaherty et al. 1997; Alves et al.
2000). These seem to indicate that shear force may also play an important role in the
anaerobic granulation process. Thus, this chapter attempts to offer further insights
into the role of shear force in aerobic granulation.

25
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FIGURE 2.1  Sludge morphology in reactors with various superficial upflow air velocities at
2 weeks of operation. (A) 0.3cms™'; (B) 1.2cms™; (C) 2.4 cms™; (D) 3.6 cm s~!. Bar: 1 mm. (From
Liu, Q. S. 2003. Ph.D. thesis, Nanyang Technological University, Singapore. With permission.)

2.2 AEROBIC GRANULATION AT DIFFERENT SHEAR FORCES

In a column-type sequencing batch reactor (SBR) commonly employed for cultiva-
tion of aerobic granules, the superficial upflow air velocity (SUAV) has been known
as a major cause of hydrodynamic turbulence and further hydraulic shear force
(Chisti and Mooyoung 1989; Al-Masry 1999). Tay, Liu, and Liu (2001a) reported that
shear force had a significant impact on the formation, structure, and metabolism of
aerobic granules in the column SBR operated at different SUAV of 0.3 to 3.6 cm s~
It was shown that only typical bioflocs were observed in the reactor run at an SUAV
of 0.3 cm s~! during a time period of about 4 weeks, while aerobic granulation was
observed in the reactors operated at SUAVs of 1.2, 2.6, and 3.6 cm s7!, respectively.
However, aerobic granules formed at the SUAV of 1.2 cm s~! seemed unstable, and
gradually disappeared 1 week after its formation. Figure 2.1 exhibits the morphol-
ogy of biomass cultivated in each reactor operated at different SUAV after 2 weeks
of operation. It can be seen that aerobic granules with a clear round outer shape and
compact structure were developed in the SBRs operated at the SUAV higher than
1.2 m s7! (figure 2.1C to D), whereas only loose and woolly structured bioflocs were
observed in the reactor with SUAV of 0.3 m s™! (figure 2.1A). In fact, another study
by Tay, Liu, and Liu (2001b) also found that when the reactor was operated at a low
SUAV of 0.8 cm s7!, no granules were observed other than fluffy flocs (figure 2.2A).
On the contrary, regular-shaped granules were successfully developed in the reactor
operated at a high superficial air velocity of 2.5 cm s~! (figure 2.2B).
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FIGURE 2.2 Bioflocs cultivated at a superficial upflow air velocity of 0.008 m s™! (A); and
granules formed at a superficial upflow air velocity of 0.025 m s™'. (From Liu, Q. S. 2003.
Ph.D. thesis, Nanyang Technological University, Singapore. With permission.)

Similarly, it has been reported that a low superficial air velocity did not lead to
the formation of stable aerobic granules; however, at a relatively high superficial
air velocity, granulation occurred and because of the high shear strength, smooth,
dense, and stable aerobic granules formed (Beun et al. 1999; Wang et al. 2004). In
addition, in the study by Shin, Lim, and Park (1992), conducted in an oxygen aerobic
upflow sludge bed reactor, it was demonstrated that the granulation was governed by
the physical stress exerted on the granular sludge. It is apparent that aerobic granula-
tion would be a phenomenon associated very closely with the hydrodynamic condi-
tions present in the SBR.

As shear force has an important role in aerobic granulation and granule stability,
a minimum shear force seems necessary for aerobic granulation. It should be pointed
out that high shear force in terms of upflow air velocity required for aerobic granula-
tion will certainly increase the energy consumption for an aerobic granular sludge
reactor. For example, if an upflow air velocity of 2.4 cm s~! is maintained in the system
with a loading rate of 6.0 kg m=.d, then about 400 m? of air should be supplied per
kilogram of COD removed, which is high as compared to air requirement of 20 to
50 m?*kg!' BOD for a conventional activated sludge process. This means that the
operation cost for aeration in an aerobic granular sludge reactor would be several
times higher than that of a conventional activated sludge process. In order to reduce
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FIGURE 2.3 The effect of superficial upflow air velocity on granule size. (Data from
Tay, J. H,, Liu, Q. S., and Liu, Y. 2004. Water Sci Technol 49: 35-40.)

the operation cost for aeration in an aerobic granular sludge reactor, some counter-
measures might have to be adopted, for example, optimizing air supply for minimum
requirement of shear force, variable aeration, and so on.

2.3 EFFECT OF SHEAR FORCE ON GRANULE SIZE

The size of aerobic granules is strongly associated with the hydrodynamic shear
force where smaller aerobic granules can be developed under higher shear conditions
(Tay, Liu, and Liu 2001a, 2004). It was found that the mean size of aerobic granules
tends to decrease with the increase of upflow air velocity (figure 2.3). It is evident
that the size of aerobic granules is a net result of interaction between biomass growth
and detachment, that is, the balance between growth and detachment would lead to a
stable size. High hydrodynamic shear force would create more frequent collision and
attrition among granules or particles, and subsequently high detachment (Gjaltema,
van Loosdrecht, and Heijnen 1997). In fact, it has been observed that the thickness
of biofilm is strongly associated with the hydrodynamic shear, for example, a thinner
biofilm was developed under high shear conditions (Ohashi and Harada 1994; van
Loosdrecht et al. 1995; Kwok et al. 1998; Wasche, Horn, and Hempel 2000; Y. Liu
and Tay 2001a, 2001b). An example is given in figure 2.4 showing the effects of shear
stress on biofilm thickness and density observed in a steady-state fluidized bed reac-
tor. It can be seen that biofilm thickness decreased with the increase of shear stress.

2.4 EFFECT OF SHEAR FORCE ON GRANULE MORPHOLOGY

The morphology of aerobic granules can be described by aspect ratio or roughness.
As shown in figure 2.5, both the aspect ratio and roundness of aerobic granules
increased with the increase in the applied SUAV in the range of 1.2 to 3.6 cm s
It is clear that aerobic granules became rounder and smoother at high applied shear
force in terms of SUAV. As discussed earlier, rounder and regular aerobic gran-
ules obtained under higher shear conditions can be attributed to the more frequent
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FIGURE 2.5 Effect of superficial upflow air velocity on granule morphology. O: aspect
ratio; ®: roundness. (Data from Liu, Q. S. 2003. Ph.D. thesis, Nanyang Technological
University, Singapore.)

collision and attrition created by stronger upflow aeration. In fact, a heterogeneous,
porous, and weaker biofilm was usually obtained when the shear force was weak,
whereas smoother and denser biofilm can be obtained under high shear conditions
(Chang et al. 1991; van Loosdrecht et al. 1995; Chen, Zhang, and Bott 1998; Kwok
et al. 1998). These seem to indicate that a high shear would favor the formation of
smoother and rounder aerobic granules or biofilm.

The growth of aerobic granules can be described by growth force and detach-
ment force. In order to obtain a stable structure of aerobic granules, the growth
force should be properly balanced with the detachment force. However, the effects
of growth and detachment forces on aerobic granulation has often been studied inde-
pendently, as discussed in chapter 7. A clear correlation of the interaction between
growth and detachment forces to the metabolism and structure of aerobic granules
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FIGURE 2.6 Effect of the ratio of basalt concentration (C,) to organic loading rate (L,) on
biofilm density in a biofilm airlift suspension reactor. L, =5 (¢); 10 (A); 15 (0); 20 (4) kg COD
m-3 d-!. (Data from Kwok, W. K et al. 1998. Biotechnol Bioeng 58: 400-407.)

is still lacking. As aerobic granules can be regarded as a special form of biofilm, the
evidence coming from biofilm research may provide some in-depth insights into the
above question. In this regard, the effect of the interaction between the growth and
detachment forces on biofilm structure was discussed briefly in this section.

There is evidence that a dense biofilm is associated with a high detachment force
(Dy), while at a low D; or high growth force (G;), a weak and porous biofilm struc-
ture is observed. These seem to indicate that the biofilm structure is the net result
of the interaction between G; and D, that is, if a stable biofilm is expected, G, and
D, must be balanced. In addition, the growth and detachment forces cannot be con-
sidered independently in the biofilm process. It is a reasonable consideration that
detachment force normalized to growth force, Df/Gf ratio, can be used to describe
the degree of balance of G;and D, (Y. Liu et al. 2003). This ratio indeed reflects
the relative strength of detachment force acting on unit growth force. Y. Liu et al.
(2003) thought that an equilibrium biofilm structure can be expected at a given
D//G; ratio. Figure 2.6 shows, using the D/G, concept, the relationship between the
ratio of carrier (basalt) concentration (C,) to substrate loading rate (L,) and biofilm
density obtained at different carrier concentrations and organic loading rates in a
biofilm airlift suspension reactor (Kwok et al. 1998). Obviously, in the biofilm airlift
suspension reactor, detachment force is mainly due to particle-to-particle collision,
which is proportional to the reactor’s carrier concentration (C,).

It appears that the biofilm density increased with the increase of the C,/L; ratio.
This implies that a certain detachment force that is balanced with the growth force is
necessary in order to produce and maintain a compact biofilm structure. In an open
channel flow biofilm reactor, effective diffusivities increased with increasing glucose
(substrate) concentration, but decreased with the increase in flow velocity that served
as a major detachment force (Beyenal and Lewandowski 2000, 2002). High effec-
tive diffusivities at high substrate concentrations show lower biofilm densities, while
reduced effective diffusivities at high flow velocities display higher biofilm densities
(Tanyolac and Beyenal 1997). Beyenal and Lewandowksi (2002) hypothesized that
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biofilms, depending on the hydrodynamic shear force, could arrange their internal
architecture to control the mechanical pliability needed to resist the shear stress
exerted on them. It is obvious that structural arrangement of biofilms would be the
result of changes in metabolic behaviors. In conclusion, it is the interaction between
growth and detachment forces that governs the formation, structure, and metabolism
of biofilms.

2.5 EFFECT OF SHEAR FORCE ON BIOMASS SETTLEABILITY

Figure 2.7 shows that the biomass settleability in terms of SVI can be improved
markedly with increasing the SUAV. For example, an average biomass SVI value
of 170 mL g! was obtained in the SBR with no successful granulation at SUAV of
0.3 cm s7!, while the respective biomass SVI of 62, 55, and 46 mL g! were achieved
in the SBRs operated at the SUAV of 1.2, 2.4, and 3.6 cm s~'. The lowered SVIin turn
implies that the physical structure of biomass becomes more compact and denser at
higher applied shear force. Obviously, the shear force-associated aerobic granulation
is mainly responsible for the observed improvement of sludge settleability.

The specific gravity of biomass represents the compactness of a microbial com-
munity. Figure 2.7 shows that biomass became denser and denser with the increase
of the applied shear force, while the specific gravity of granular sludge was much
higher than that of bioflocs. As presented in figure 2.4, biofilm density increased
quasi-linearly with shear stress. Di Iaconic et al. (2005) also reported that the
biomass density of aerobic granular sludge increased linearly with shear force in
a sequencing batch biofilter reactor, and a very high biomass density of 70 to 110 g
VSS L-! biomass was obtained in the reactor (figure 2.8). Obviously, higher granule
density can ensure a more efficient biosolid-liquid separation, which is essential for
producing high-quality effluent.
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FIGURE 2.7 Sludge specific gravity (black) and SVI (gray) versus superficial upflow

air velocity. (Data from Tay, J. H., Liu, Q.S., and Liu, Y. 2001a. App! Microbiol Biotechnol
57:227-233.)
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FIGURE 2.8 Effect of shear stress on biomass density of granular sludge in sequencing batch
biofilter reactor. (Data from Di Iaconi, C. et al. 2005. Environ Sci Technol 39: 889-894.)
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FIGURE 2.9 The effect of superficial upflow air velocity on the production of sludge poly-
saccharides (PS) normalized to sludge proteins (PN). (Data from Tay, J. H., Liu, Q.S., and
Liu, Y. 2001a. Appl Microbiol Biotechnol 57: 227-233.)

2.6 EFFECT OF SHEAR FORCE ON THE PRODUCTION OF
CELL POLYSACCHARIDES

Referring to chapter 10, extracellular polysaccharides can mediate both cohesion
and adhesion of cells and play an essential role in maintaining the structural integ-
rity of an immobilized community. It can be seen in figure 2.9 that the content
of granule cellular polysaccharides normalized to the content of granule proteins
tended to increase with the applied shear force up to a stable level. Higher shear
force seems to enhance the production of cellular polysaccharides. This is confirmed
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FIGURE 2.10 Extracellular polysaccharides surrounded the cells inside the granules
observed by scanning electron microscope. (The arrow indicates the area of dense extra-
cellular polysaccharides.) (From Liu, Q. S. 2003. Ph.D. thesis, Nanyang Technological
University. With permission.)

by microscopic observation, as illustrated in figure 2.10, in which filaments of extra-
cellular polysaccharides were visualized.

The shear force-stimulated production of extracellular polysaccharides has been
widely reported in biofilm cultures (Trinet et al. 1991; Ohashi and Harada 1994;
Chen, Zhang, and Bott 1998). It has been reported that the content of exopolysaccha-
rides was fivefold greater for attached cells than for free-living cells (Vandevivere
and Kirchman 1993), meanwhile colanic acid, an exopolysaccharide of Escherichia
coli K-12, was found to be critical for the formation of the complex three-dimensional
structure and depth of E. coli biofilms (Danese, Pratt, and Kolter 2000). These
together imply that extracellular polysaccharides can make a great contribution to
microbial self-immobilization. However, it should be pointed out that different views
exist with regard to the relationship of extracellular polysaccharides to applied shear
force. For example, Di laconic et al. (2005) found that both the content and com-
position of extracellular polymeric substances in aerobic granular sludge were not
affected by hydrodynamic shear forces.

2.7 EFFECT OF SHEAR FORCE ON CELL HYDROPHOBICITY

Cell surface hydrophobicity can serve as an essential trigger of aerobic granulation
(chapter 9). Figure 2.11 shows the effect of the applied shear force on cell hydro-
phobicity. The significant difference in cell hydrophobicity was observed before
and after aerobic granulation. For example, in the SBR run at the highest SUAV of
3.6 cm s7!, cell surface hydrophobicity increased from 54.3% in the period with no
granulation to 81.2% after aerobic granulation. Similar trends were also observed
in the other reactors with granulation, while it should be emphasized that there
was no significant change in cell hydrophobicity in the SBR without granulation at
the SUAV of 0.3 cm s~!. The cell hydrophobicity of aerobic granules is nearly 50%
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FIGURE 2.12 The relationship between sludge volume index and cell surface hydrophobicity.
(From Tay, J. H., Liu, Q. S., and Liu, Y. 2001a. App! Microbiol Biotechnol 57: 227-233.)

higher than that of seed sludge. These provide experimental evidence showing that
aerobic granulation seems to be closely associated with an increase in cell hydro-
phobicity. It can be seen in figure 2.12 that the sludge SVI decreased almost linearly
with the increase of cell surface hydrophobicity, that is, high cell hydrophobicity
results in a more strengthened cell-to-cell interaction and, further, a compact and
dense structure.

2.8 CONCLUSIONS

Hydrodynamic conditions caused by upflow aeration served as the main shear force in
the column-type reactor commonly employed for the cultivation of aerobic granules.
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Shear force in terms of superficial upflow air velocity was important in the aerobic
granulation process. The microbial structure and metabolism of microorganisms
are also influenced by shear force. Higher shear force led to more compact, denser,
rounder and smaller granules. Shear force has a positive effect on the production
of cell polysaccharides, while shear force associated cell polysaccharides produc-
tion could affect the formation and stability of aerobic granules. It is reasonable to
consider that hydrophobicity might act as an inducing force for the cell immobiliza-
tion and further strengthen cell-cell interaction, while shear-stimulated extracellular
polysaccharide production may play an important role in building up and maintain-
ing the architecture of granular sludge.
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3.1 INTRODUCTION

It appears from the preceding chapters that a number of operating parameters of a
sequencing batch reactor (SBR) can influence aerobic granulation. This chapter looks
into another SBR operating parameter, cycle time and its effect on aerobic granula-
tion, as well as on the characteristics of aerobic granules. Cycle time is associated
with the washout frequency of SBR, which can be regarded as a kind of hydraulic
selection pressure. In fact, hydraulic selection pressure has been shown to be impor-
tant for the formation of anaerobic granules in an anaerobic SBR (Hulshoff Pol et al.
1982; Shizas and Bagley 2002). Definitely, a sound understanding of the role of SBR
cycle time in aerobic granulation would be helpful for the optimization and design of
large-scale aerobic granular sludge SBR.

3.2 EFFECT OF CYCLE TIME ON AEROBIC GRANULATION

Tay, Yang, and Liu (2002) investigated the formation of nitrifying granules at dif-
ferent cycles times of 3 to 24 hours in SBRs. A complete washout of the sludge
occurred and led to a failure of nitrifying granulation in the SBR run at the shortest
cycle time of 3 hours, while only typical bioflocs were cultivated in SBR operated
at the longest cycle time of 24 hours (figure 3.1a). After 2 weeks of operation, tiny
nitrifying granules with mean diameters of 0.22 and 0.24 mm appeared in SBRs run
at the cycle times of 12 and 6 hours, respectively. In comparison with the seed sludge
that had a very loose and irregular structure, nitrifying granules developed showed
a compact structure with a clear outer shape; moreover, the nitrifying granules
formed at the cycle time of 6 hours were found to be smoother and denser than those
developed at a cycle time of 12 hours (figures 3.1b and c).

37
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FIGURE 3.1 Morphologies of bioparticles cultivated in SBRs run at the cycle times of
24 (a), 12 (b), and 6 (c) hours; scale bar: 1 mm. (From Tay, J. H., Yang, S. F., and Liu, Y. 2002.
Appl Microbiol Biotechnol 59: 332-337. With permission.)

One outstanding characteristic of aerobic granules compared to bioflocs is
their relatively large particle size. Figure 3.2 shows that a short cycle time of SBR
favors the development of large nitrifying granules. A similar phenomenon was
also observed in an upflow anaerobic sludge blanket (UASB) reactor, that is, when
the Hydraulic Retention Time (HRT) was decreased from 10 days to 1.5 days, the
diameter of the UASB granules increased from 0.56 mm to 0.89 mm (Lin, Chang,
and Chang 2001).

The basis of aerobic and anaerobic granulation is the continuous selection of sludge
particles, that is, light and dispersed sludge is washed out, while heavier components
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FIGURE 3.2 Mean size of bioparticles cultivated in SBRs run at different cycle times. (Data
from Tay, J. H., Yang, S. F., and Liu, Y. 2002. Appl Microbiol Biotechnol 59: 332-337.)

are retained in the system. In an SBR, hydraulic selection pressure may result from
the cycle time (Shizas and Bagley 2002). This is due to the fact that the SBR cycle
time represents the frequency of solid discharge through effluent withdrawal, and
it is related to the HRT. This implies that the longest cycle time would result in the
lowest selection pressure. As a result, no nitrifying granulation was observed in the
SBR run at the cycle time of 24 hours. In fact, the absence of anaerobic granula-
tion was observed when the hydraulic selection pressure was very weak (Alphenaar,
Visser, and Lettinga 1993; OFlaherty et al. 1997). Nitrifying granules developed well
in SBRs with cycle times of 12 and 6 hours. It is evident that a relatively short cycle
time should suppress the growth of suspended sludge because of frequent washout of
the poorly settleable sludge. However, if the SBR is run at an extremely short cycle
time, for example, 3 hours, the sludge loss due to hydraulic washout from the system
cannot be compensated for by the growth of nitrifying bacteria. In this case, biomass
cannot be retained in the system, and a complete washout of sludge blanket occurs
and eventually leads to a failure of nitrifying granulation. A similar phenomenon was
also reported in a UASB reactor (Alphenaar, Visser and Lettinga 1993).

The effect of the cycle time of SBR on the formation of heterotrophic aerobic
granules was also reported in the literature. Wang et al. (2005) used sucrose as the
sole carbon source to cultivate aerobic granules at the cycle times of 3 and 12 hours.
Round aerobic granules first appeared in the SBR run at the cycle time of 3 hours
after 30 cycles of operation, while irregular small granules were observed in the
SBR operated at the cycle time of 12 hours after 120 cycles (figure 3.3). So far, all
the evidence points to the fact that in order to achieve a rapid aerobic granulation in
SBR, SBR cycle time needs to be controlled at a relatively low level.

Pan et al. (2004) initiated five column SBRs using precultivated glucose-fed aero-
bic granules with a mean size of 0.88 mm as seed, and operated them at the cycle times
of 1,2, 6, 12, and 24 hours, respectively. It was found that biomass in the SBR run at a
cycle time of 1 hour was entirely washed out soon after the reactor start-up, and this in
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FIGURE 3.3 Morphologies of sucrose-fed aerobic granules cultivated in SBRs run at cycle
times of 3 hours (left) and 12 hours (right), respectively. (From Wang, F. et al. 2005. World
J Microbiol Biotechnol 21: 1379-1384. With permission.)

FIGURE 3.4 Morphologies of sludge cultivated in SBRs run at cycle times of 2 (a), 6 (b), 12 (c),
and 24 (d) hours. (From Pan, S. et al. 2004. Lett Appl Microbiol 38: 158—163. With permission.)

turn resulted in reactor failure. In the SBR with cycle times of 2 to 24 hours, the seed
granules were finally stabilized after 10 to 20 days of operation (figure 3.4). Figure 3.4a
to ¢ shows that at the short cycle time, aerobic granules tended to grow into large gran-
ules with fewer bioflocs in the bulk solution, while in the SBR run at the longest cycle
time of 24 hours, a mixture of irregular granules and abundant suspended bioflocs
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FIGURE 3.4 (continued)

was cultivated (figure 3.4d). It can be further seen in figure 3.5 that the size of stable
granules turned out to be inversely related to the applied cycle time.

3.3 EFFECT OF CYCLE TIME ON PROPERTIES OF
AEROBIC GRANULES

Pan et al. (2004) reported that a long cycle time does not favor improvement in
sludge settleability. For instance, very poor settleability sludge with a high sludge
volume index (SVI) of 110 mL g-! was cultivated in the SBR operated at the cycle
time of 24 hours. In contrast, excellent sludge with the lower SVI of 50 mL g!' were
harvested in the SBRs operated at the cycle times of 2, 6, and 12 hours (figure 3.6).
It seems certain that a short cycle time can selectively retain bioparticles with good
settleability. By virtue of those excellent settleability sludge retained in SBR, high
volatile suspended solids concentrations (VSS), up to 13 g VSS L-!, were achieved
in SBRs run at short cycle times (figure 3.7). However, only 4 g VSS L-! was finally
achieved in the SBR run at the cycle time of 24 hours. In addition, the quality of
effluent from SBR run at short cycle times was found to be much better than that
from those operated at long cycle times (figure 3.8).

Compared to bioflocs with loose structure, aerobic granules always have a rela-
tively high biomass density. The specific gravity of sludge reflects the compactness
of the sludge structure. Figure 3.9 shows the specific gravity of nitrifying sludge
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FIGURE 3.5 Sludge mean size in SBRs run at different cycle times. (Data from Pan, S.
et al. 2004. Lett Appl Microbiol 38: 158-163.)
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FIGURE 3.6 Effect of cycle time on sludge settleability. (Data from Pan, S. et al. 2004.
Lett Appl Microbiol 38: 158-163.)

cultivated in SBRs run at different cycle times. As pointed out earlier, poorly settling
sludge would be washed out, and only bioparticles with good settleability would
be retained in SBRs run at short cycle times. According to the well-known Stokes
law, a more compact particle would have a better settleability. This may explain the
phenomenon shown in figure 3.9, that is, the specific gravity of nitrifying granules
cultivated at a short cycle time is indeed much higher than those cultivated at long
cycle times. Pan et al. (2004) also reported results similar to figure 3.9, that is, a short
cycle time favors the development of aerobic granules with high specific gravity
(figure 3.10). In addition, a high sludge integrity coefficient was obtained at short
cycle times, indicating that aerobic granules with high mechanical strength can be
cultivated at short cycle times (figure 3.10 and figure 3.11).
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FIGURE 3.7 Effect of cycle time on suspended solids concentration retained in SBRs.
(Data from Pan, S. et al. 2004. Lett Appl Microbiol 38: 158—163.)
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FIGURE 3.8 Effect of cycle time on effluent suspended solids concentrations from SBRs.
(Data from Pan, S. et al. 2004. Lett Appl Microbiol 38: 158—163.)

As discussed in chapter 9, cell surface hydrophobicity plays an important role
in microbial aggregation. The effect of cycle time on cell surface hydrophobicity is
shown in figure 3.12. As can be seen, the cell surface hydrophobicity was improved
as the cycle time was shortened. Higher cell surface hydrophobicity was developed in
SBRs run at cycle times of 6 and 12 hours as compared to that found in the SBR run
at the cycle time of 24 hours. Figure 3.1 and figure 3.12 together seem to suggest that
the formation of nitrifying granules is associated with the cell surface hydrophobicity
induced by the short cycle time of SBR. In fact, the importance of cell surface hydro-
phobicity in biofilm and biogranulation processes is demonstrated in chapter 9.

Similar results to figure 3.12 were also reported by Pan et al. (2004). It was
observed that aerobic granules with high cell surface hydrophobicity were obtained at
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FIGURE 3.9 Specific gravity of sludge developed at different cycle times. (Data from
Tay, J. H., Yang, S. F.,, and Liu, Y. 2002. App! Microbiol Biotechnol 59: 332-337.)
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FIGURE 3.10 Specific gravity (®) and integrity coefficient (O) of sludge cultivated in
SBRs run at different cycle times. (Data from Pan, S. et al. 2004. Lett Appl Microbiol
38: 158-163.)

short cycle times, for example, the cell surface hydrophobicity at a cycle time of 2 hours
was nearly two times higher than that at the cycle time of 24 hours (figure 3.13).

It seems certain that a short cycle time would enhance cell surface hydro-
phobicity. Wilschut and Hoekstra (1984) proposed that the strong repulsive hydration
interaction was the main force keeping the cells apart, and when bacterial surfaces
were strongly hydrophobic, irreversible adhesion would occur. According to the
thermodynamics theory, an increase in cell surface hydrophobicity would cause a
corresponding decrease in the excess Gibbs energy of the cell surface, which pro-
motes cell-to-cell interaction and further serves as a driving force for bacteria to
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FIGURE 3.11 Integrity coefficient of sludge cultivated in SBRs run at different cycle times.
(Data from Wang, F. et al. 2005. World J Microbiol Biotechnol 21: 1379-1384.)
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FIGURE 3.12 Effect of cycle time of SBR on cell surface hydrophobicity of nitrifying
bacteria. (Data from Tay, J. H., Yang, S. F., and Liu, Y. 2002. App! Microbiol Biotechnol
59: 332-337.)

self-aggregate out of liquid phase, that is, a high cell surface hydrophobicity would
result in a strengthened cell-to-cell interaction, leading to the formation of dense and
stable aerobic granule structures (see chapter 9).

Extracellular polysaccharides can mediate both cohesion and adhesion of cells
and play a crucial role in building and further maintaining structure integrity in a
community of immobilized cells (see chapter 10). Figure 3.14 displays the effect
of cycle time on the ratio of cell polysaccharides (PS) to proteins (PN) of nitrify-
ing granules. It is apparent that a short cycle time would stimulate the production
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FIGURE 3.13 Effect of cycle time of SBR on cell surface hydrophobicity of glucose-fed
aerobic granules. (Data from Pan, S. et al. 2004. Lett Appl Microbiol 38: 158-163.)
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FIGURE 3.14 Effect of cycle time on ratio of extracellular polysaccharide (PS) to protein
(PN) of the sludge fed by ammonia. (Data from Tay, J. H., Yang, S. F., and Liu, Y. 2002. App!
Microbiol Biotechnol 59: 332-337.)

of cell polysaccharides over proteins in nitrifying granules. In fact, heterotrophic
bacteria were also found to overproduce PS at short cycle times (figure 3.15). In
addition, the PS/PN ratio in heterotrophic granules cultivated at the same cycle time
was nearly two times higher than that produced by nitrifying granules (figure 3.14).
This is mainly due to the fact that nitrifying bacteria cannot utilize organic carbon
for their growth, and only 11% to 27% of the energy generated goes to biosynthesis
(Laudelout, Simonart, and van Droogenbroeck 1968), while the heterotrophic
bacteria is able to convert up to 70% of the substrate energy into biosynthesis as well
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FIGURE 3.15 Effect of cycle time on the ratio of extracellular polysaccharide (PS) to
protein (PN) of the sludge fed by glucose. (Data from Pan, S. et al. 2004. Lett Appl Microbiol
38: 158-163.)

as PS production (Rittmann and McCarty 2001). Besides, it has been also reported
that an increased C/N ratio favors the production of cellular polysaccharides, leading
to improved bacterial attachment to solid surfaces (Schmidt and Ahring 1996). In
fact, extracellular polysaccharides are the key bounding material that interconnects
individual cells into attached growth and are further responsible for the structural
integrity of the granular matrix (see chapter 10).

The microbial activity of nitrifying bacteria can be quantified by the specific
nitrification oxygen utilization rate (SNOUR) (Tay, Yang, and Liu 2002). The rela-
tionship between SNOUR and cycle time is presented in figure 3.16. It was found
that the SNOUR was inversely related to the hydraulic selection pressure in terms
of the SBR cycle time, that is, a shortened cycle time could stimulate the respiration
activity of nitrifying bacteria.

The metabolic network of cells includes interrelated catabolic and anabolic
reactions. The catabolic activity of microorganisms is directly correlated with the
electron transport system activity, which can be described by the specific oxygen
utilization rate. As can be seen in figure 3.16, the SNOUR was proportionally related
to the cycle time of the SBR. A higher selection pressure or a short cycle time results
in an increased SNOUR. This may imply that the nitrifying community can respond
metabolically to changes in the hydraulic selection pressure. Figure 3.17 further
shows that the PS/PN ratio increases with the increase in SNOUR. The SNOUR is in
fact correlated with the electron transport system activity that determines catabolic
activity of microorganisms. Therefore, it appears that when the hydraulic selection
pressure imposed on the microbial community is increased, much of the energy
generated by the catabolism is used for the production of cell polysaccharides rather
than for growth.
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FIGURE 3.16 Specific nitrification oxygen utilization rate (SNOUR) of sludge cultivated
in different cycle SBRs. (Data from Tay, J. H., Yang, S. F., and Liu, Y. 2002. Appl Microbiol
Biotechnol 59: 332-337.)
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FIGURE 3.17 The relationship of SNOUR to PS/PN ratio. (Data from Tay, J. H., Yang, S. F.,
and Liu, Y. 2002. Appl Microbiol Biotechnol 59: 332-337.)

It is very likely that at a high hydraulic selection pressure, in order to avoid being
washed out from the system, the nitrifying community has to regulate its metabolic
pathway so as to maintain a balance with the external pressure via consuming non-
growth-associated energy for polysaccharide production. In fact, a decreased biomass
yield at shortened cycle time has been reported by Pan et al. (2004). Figure 3.18 shows
that the biomass yield obtained at a cycle time of 2 hours was only half of that observed
at the cycle time of 24 hours. Robinson, Trulear, and Characklis (1984) thought
that most of the nongrowth-associated energy was attributable to polysaccharide
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FIGURE 3.18 Effect of cycle time on biomass yield of aerobic granules. (Data from Pan, S.
et al. 2004. Lett Appl Microbiol 38: 158-163.)

production, while extracellular redox activity was found to be associated with the
production of extracellular polymeric substances (Wuertz et al. 1998). In fact, it is
well known that the inhibition of the energy-generating function may prevent the
development of competence for cell aggregation (Calleja 1984).

3.4 CONCLUSIONS

The nature of SBR is its cycle operation, thus cycle time of SBR can serve as a
hydraulic selection pressure imposed on the microbial community. Complete wash-
outs of biomass occur at short cycle times, and lead to failure of aerobic granulation
in SBRs. On the other hand, aerobic granulation could not be developed at long cycle
times because of microbial decay and weak hydraulic selection pressure. Evidence
shows that short cycle time favors the cultivation of strong aerobic granules with
excellent settleability, high specific gravity, and strengthened structure. The enhanced
cell surface hydrophobicity and production of extracellular polysaccharides at short
cycle time also contribute to rapid and successful aerobic granulation.
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4.1 INTRODUCTION

The selection pressure in terms of upflow liquid velocity has been demonstrated
to be a driving force of anaerobic granulation in upflow anaerobic sludge blanket
(UASB) reactors (Hulshoff Pol, Heijnekamp, and Lettinga 1988; Alphenaar, Visser,
and Lettinga 1993). Although aerobic granulation is now studied extensively in
SBRes, it is not yet clear how the aerobically grown granules are formed in SBR. The
main feature of a column SBR is its successive cycle operation, and each cycle con-
sists of filling, aeration, settling, and discharging. At the end of each cycle, settling
of biomass takes place before effluent is withdrawn and sludge that cannot settle
down within a given settling time is washed out of the reactor together with effluent
through a fixed discharge port. As aerobic granules are much denser than suspended
flocs, they require less time to settle than flocs do.

It appears that in SBR the settling time is likely to exert a selection pressure on
the sludge particles, that is, only particles that can settle down below the discharge
point within the given settling time are retained in the reactor; otherwise, they are
discharged. This chapter aims to offer in-depth insights into the role of settling time
in aerobic granulation in SBR. Such information would be useful for further setting
up a practical guideline for successful aerobic granulation in SBR.

51
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FIGURE 4.1 Schematic diagram of experimental system. (From Qin, L. 2006. Ph.D. thesis,
Nanyang Technological University, Singapore. With permission.)

TABLE 4.1
Operation Strategies of R1 to R4

Operation Time (min) R1 R2 R3 R4
Feed 5 5 5 5
Aeration 210 215 220 230
Settling 20 15 10 5

5 2 1 —

Discharge 5 5 5 5
Total cycle time 240 240 240 240
Minimal settling velocity (m h™') 1.89 2.52 3.78 7.56

Source: Qin, L. (2006) Ph.D. thesis, Nanyang Technological University,
Singapore. With permission.

4.2 EFFECT OF SETTLING TIME ON THE FORMATION OF
AEROBIC GRANULES

Qin, Liu, and Tay (2004a) investigated the effect of settling time on aerobic granu-
lation in four column reactors, namely R1, R2, R3, and R4, each with a working
volume of 2.5 liters, which were operated in sequencing batch mode (figure 4.1). R1
to R4 were run at settling times of 20, 15, 10, and 5 minutes, respectively, while the
other operation parameters were kept the same. The duration of different operation
stages and operation conditions applied for different reactors are shown in table 4.1.
Effluent was discharged at the middle point of each SBR, which gives a volume
exchange ratio of 50%. The sequential operation of the reactors was automatically
controlled by timers, while two peristaltic pumps were employed for influent feeding
and effluent withdrawal. In order to look into the effect of settling time on aerobic
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FIGURE 4.2 Morphology of aerobic granules developed in R1 (a), R2 (b), R3 (c), and R4 (d). Bar:
2 mm. (From Qin, L., Liu, Y., and Tay, J. H. 2004a. Biochem Eng J 21: 47-52. With permission.)

granulation, in the first phase of the study, R1 to R4 were run at respective settling
times of 20, 15, 10, and 5 minutes.

The seed sludge had a mean floc size of 0.11 mm, and a sludge volume index
(SVI) value of 230 mL g!. After 7 days of operation, aerobic granules were first
observed in R4 operated at the settling time of 5 minutes. On day 10, tiny aggregates
appeared in R1 to R3 run at respective settling times of 20, 15, and 10 minutes. After
3 weeks of operation, the four reactors reached steady state. The respective biomass
concentrations in R1 to R4 at steady state were 5.3, 4.9, 5.5, and 5.4 g L. Figure 4.2
shows that aerobic granules had a very regular and spherical outer shape, and the
size of mature aerobic granules seems to increase gradually with the decrease of the
settling time. Kim et al. (2004) also reported that granules cultivated with a mini-
mum settling velocity of 0.7 m h~! had a mean size of 1 to 1.35 mm, whereas granule
size varied from 0.1 to 0.5 mm and rarely exceeding | mm when cultivated with a
lower minimum settling velocity of 0.6 m h='. Other studies also showed that settling
time employed would have an impact on the formation, size, and structure of aerobic
granules at steady state (Beun, van Loosdrecht, and Heijnen 2002; McSwain, Irvine,
and Wilderer 2004).

One of the prominent differences between aerobic granules and suspended flocs
is the magnitude of the micropellets. It is observed that in R1, R2, and R3 aerobic
granules coexisted with suspended flocs, whereas in R4 large aerobic granules
became dominant over suspended flocs. The fractions of aerobic granules in steady-
state R1 to R4 are shown in figure 4.3. It is obvious that only in R4 run at the shortest
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FIGURE 4.3 Fraction of aerobic granules developed at different settling times. (Data from
Qin, L., Liu, Y., and Tay, J. H. 2004a. Biochem Eng J 21: 47-52.)

settling time of 5 minutes were aerobic granules the dominant form of growth;
whereas the fraction of aerobic granules was only about 10% in R1, 15% in R2,
and 35% in R3. These results clearly indicate that a mixture of aerobic granules and
suspended sludge developed in R1 to R3 instead of a pure aerobic granular sludge
blanket as observed in R4. The fractions of aerobic granules in the reactors seem to
be related to the settling times. McSwain, Irvine, and Wilderer (2004) also observed
a similar phenomenon in two SBRs operated at different settling times of 2 and
10 minutes, respectively. At a longer settling time, poorly settling flocs cannot be
effectively withdrawn, and they may outcompete granule-forming bioparticles. As a
result, the longer settling time would lead to failure of aerobic granulation due to the
absence of strong selection pressure.

4.3 EFFECT OF SETTLING TIME ON THE
SETTLEABILITY OF SLUDGE

SVI has been commonly used to describe the settleability and compactness of acti-
vated sludge in the field of environmental engineering. Figure 4.4 shows the rela-
tionship between the settling time and SVI observed in steady-state R1 to R4. It was
found that the SVI was closely related to the settling time, that is, a more compact
microbial structure of the aerobic granules could be expected at a shorter settling
time. The SVI decreased from 230 mL g! in seed sludge to 49 mL g! in R4 after
the formation of aerobic granules. However, in SBRs with partial aerobic granulation
(R1 to R3), the SVI was much higher than that in R4. In consideration of the fraction
of aerobic granules in each reactor (figure 4.3), it is reasonable to consider that
the SVI is determined by the degree of aerobic granulation as well as the size and
density of aerobic granules. McSwain, Irvine, and Wilderer (2004) reported that
aerobic granules developed in the SBR operated at a settling time of 2 minutes had
an SVI of 47 mL g-!, while an SVI of 115 mL g! was found for the flocculent SBR
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FIGURE 4.4 Effect of settling time on SVI (®) and cell surface hydrophobicity (0). (Data
from Qin, L., Liu, Y., and Tay, J. H. 2004a. Biochem Eng J 21: 47-52.)

operated at a settling time of 10 minutes. The improvement of settling ability with
decrease of settling time can be attributed to the increase of size and number or
so-called fraction of aerobic granules in the reactors as flocs are effectively washed
out at short settling time.

4.4 EFFECT OF SETTLING TIME ON
CELL SURFACE HYDROPHOBICITY

Figure 4.4 shows the effect of settling time on cell surface hydrophobicity. A low cell
surface hydrophobicity was found to be associated with a long settling time. The cell
surface hydrophobicity tended to increase from 20% for the seed sludge to a stable
value of 48% in R1, 58% in R2, 63% in R3, and 72% in R4. Likely, the cell surface
hydrophobicity is inversely related to the settling time, that is, the microbial com-
munity developed at short settling time exhibits a high cell surface hydrophobicity.
As shown in figure 4.3, the partial aerobic granulation was observed in R1, R2, and
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R3, whereas aerobic granules were dominant in R4. It appears that the selection
pressure-induced change in cell surface hydrophobicity contributes to cell-to-cell
aggregation. In fact, it has been well known that cell surface hydrophobicity highly
contributes to the formation of biofilm and anaerobic granules (see chapter 9).

Evidence shows that bacteria can change their surface hydrophobicity under
some stressful conditions (see chapter 9). The cell surface hydrophobicity of the
seed sludge was about 20%; however, after the appearance of aerobic granules in
R1 to R4, the cell surface hydrophobicity was greatly improved (figure 4.4). In R4
dominated by aerobic granules, the cell surface hydrophobicity was much higher
than those in R1 to R3. The settling time seems to induce changes in cell surface
hydrophobicity, and a shorter settling time or a stronger hydraulic selection pressure
results in a more hydrophobic cell surface. Research on anaerobic granulation also
showed that anaerobic granular sludge in UASB reactors was more hydrophobic than
the nongranular sludge washed out (Mahoney et al. 1987). It seems that microbial
association has to adapt its surface properties to resist being washed out from the
reactors through microbial self-aggregation at short settling time.

4.5 EFFECT OF SETTLING TIME ON PRODUCTION OF
EXTRACELLULAR POLYSACCHARIDES

Extracellular polysaccharides (PS) are produced by most bacteria out of cell wall
with the purpose of providing cells with the ability to compete in a variety of
environments, providing a mode for adhesion to surface or self-immobilization (see
chapter 10). Figure 4.5 shows that a shortened settling time would stimulate the pro-
duction of PS, for example, an increase from 60.0 to 166.2 mg ¢! volatile solids
(VS) was observed in the mature granules with the decrease of settling time in R1
to R4, whereas the production of extracellular proteins (PN) was not significantly
influenced by the settling time, ranging from 16.5 to 25.0 mg g! VS. It appears

PS/PN (mg mg™)
o

3 -
0 5 10 15 20
Settling Time (min)

25

FIGURE 4.5 Effect of settling time on PS/PN ratio. (Data from Qin, L., Liu, Y., and
Tay, J. H. 2004b. Process Biochem 39: 579-584.)
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from figure 4.5 that the PS/PN ratio was inversely correlated to the settling time,
that is, a shorter settling time would stimulate cells to produce more polysaccharide.
Together with figure 4.3, these seem to suggest that extracellular polysaccharides
play an essential role in the formation and further maintaining the structure and
stability of aerobic granules.

The PS/PN ratios in the aerobic granules cultivated in R2 to R4 are much higher
than that in the seed sludge (about 0.5 mg mg™'). This is consistent with the earlier
finding by Vandevivere and Kirchman (1993) that the content of extracellular poly-
saccharides for attached cells was five times higher than for free-living cells. The
failure of aerobic granulation in SBR was also observed due to the inhibition of
the production of extracellular polysaccharides (Yang, Tay, and Liu 2004), while
the disappearance of aerobic granules in SBR was found to be tightly coupled to a
drop of extracellular polysaccharides (Tay, Liu, and Liu 2001). It has been reported
that high shear force can induce both aerobic biofilms and granules to secrete more
extracellular polysaccharides, leading to a balanced structure of biofilm or granules
under given hydrodynamic conditions (Ohashi and Harada 1994; Tay, Liu, and Liu
2001; Liu and Tay 2002). In fact, there is controversial report with regard to the
essential role of extracellular polysaccharides in aerobic granulation (chapter 10).

4.6 EFFECT OF SETTLING TIME ON MICROBIAL ACTIVITY OF
AEROBIC GRANULES

Microbial activity can be quantified by the specific oxygen utilization rate (SOUR) in
terms of milligrams of oxygen consumed per milligram of volatile biomass per hour.
To reflect the microbial activity of aerobic granules, aerobic granules were sampled
just during the half hour of reaction period, and SOUR was measured immediately
after sampling (Qin, Liu, and Tay 2004a). The correlation between the SOUR and
settling time is presented in figure 4.6. The SOUR was found to be inversely related

290
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FIGURE 4.6 Effect of settling time on microbial activity in terms of SOUR. (Data from
Qin, L., Liu, Y., and Tay, J. H. 2004b. Process Biochem 39: 579-584.)
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FIGURE 4.7 Relationships between PS/PN and SOUR. (Data from Qin, L., Liu, Y., and
Tay, J. H. 2004b. Process Biochem 39: 579-584.)

to the settling time, that is, a shorter settling time would significantly stimulate the
respirometric activity of microorganisms. These results may imply that bacteria may
regulate their energy metabolism in response to the changes in hydraulic selection
pressure exerted on them.

The catabolic activity of microorganisms is directly correlated to the electron
transport system activity, which can be described by SOUR. As shown in figure 4.6,
the SOUR was closely related with the hydraulic selection pressure in terms of settling
time, for example a shorter settling time results in a remarkable increase of SOUR.
This may indicate that the microbial community responds metabolically to changes in
hydraulic selection pressure. As pointed out earlier, shorter settling time may trigger
the production of extracellular polysaccharides. The correlation between the PS/PN
ratio and SOUR is further shown in figure 4.7. More extracellular polysaccharides
were secreted at higher SOUR. It is most likely that when the microbial community is
exposed to an increased hydraulic selection pressure, much energy produced through
the catabolism would go for the synthesis of extracellular polysaccharides rather than
for growth, that is, under a high selection pressure, the microbial community would
have to regulate its metabolic pathway in order to maintain a balance with the exter-
nal forces through consuming nongrowth-associated energy for the production of
polysaccharides and the improvement of cell surface hydrophobicity.

4.7 ACCUMULATION OF POLYVALENT CATIONS IN

AEROBIC GRANULES
The contents of polyvalent cations (Ca, Mg, Fe, and Al) in aerobic granules cultivated
in R1 to R4 are shown in table 4.2. The calcium content increased significantly at the

shorter settling times, while the total content of Mg, Fe, and Al in aerobic granules
did not show much difference at various settling times (figure 4.8). The increased
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TABLE 4.2
Metal Content in Aerobic Granules in Percent by Dry Weight

R1 R2 R3 R4 AS AGP
Ca 2.039 2.130 7.287 18.757 0.975 14.556
Mg 0.256 0.264 0.238 0.262 0.187 1.904
Fe 03813 03261 03533 0.4826 1.4420 0.087
Al 0.0041 0.0053 0.0049 NA¢ 0.4440 NA¢
Microelement! ~ 0.0446 0.0481 0.0408 0.0439 0.9038 NA¢

@ Activated sludge.

Y Anaerobic granules (data from Fukuzak et al. 1991).

¢ Not available.

4 Microelements including Co, Cu, Mn, Ni, and Zn.

Source: Data from Qin, L. (2006) Ph.D. thesis, Nanyang Technological University, Singapore.

calcium content of aerobic granules would result in a decrease of the ratio of volatile
solids (VS) to total solids (TS) from 0.88 to 0.53. It appears that aerobic granules
tend to selectively accumulate calcium that could play a part in the initiation and
development of aerobic granules. In fact, it has been generally believed that multi-
valent positive ions, especially calcium, can favor both anaerobic and aerobic granu-
lation (Schmidt and Ahring 1996; Teo, Xu, and Tay 2000; Yu, Tay, and Fang 2001;
Jiang et al. 2003). Accumulation of calcium content in aerobic granules has been
observed in aerobic granules cultivated under short settling times of 1 to 3 minutes
and an organic loading rate of 4.8 kg chemical oxygen demand (COD) m= day!
(Wang, Du, and Chen 2004).

Figure 4.8 clearly shows that the calcium content of aerobic granules in R4 oper-
ated at the shortest settling time of 5 minutes is about 18% of dry weight, which is
much higher than those in the granule-suspended sludge mixtures cultivated in R1
to R3. However, the total contents of iron, magnesium, and aluminum in aerobic
granules are minor and independent of the selection pressure as compared to the
calcium, that is, the microbial community prefers to accumulate calcium instead of
iron, magnesium, and aluminum. In fact, it was observed that the accumulation of
calcium was accompanied by a rapid increase in granule size, while a nucleus was
observed in the aerobic granule with high calcium content.

The selective accumulation of calcium would be a defensive strategy of the
microbial community to selection pressure to increase its settleability to resist
washout from the reactor. According to the proton translocation-dehydration theory
developed for anaerobic granulation, Teo, Xu, and Tay (2000) proposed a biological
explanation for the selective calcium accumulation in anaerobic granulation, and
they considered that the positive effect of calcium on anaerobic granulation was
probably due to the calcium-induced dehydration of bacterial cell surfaces, which
was observed by Xu, Jiao, and Liu (1993), that is, the calcium-induced cell fusion
might initiate the formation of a cell cluster, which acts as a microbial nucleus for
further granulation.

It has been reported that the calcium content in anaerobic granules was about
14.6% by dry weight (Fukuzak et al. 1991). In fact, calcium is a constituent of
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FIGURE 4.8 The accumulation of polyvalent cations in aerobic granules developed at
various settling times, Ca (gray) and total Mg, Fe, and Al (white). (Data from Qin, L., Liu, Y.,
and Tay, J. H. 2004a. Biochem Eng J 21: 47-52.)

extracellular polysaccharides and/or proteins, which are used as adsorbing and link-
ing materials in the anaerobic granulation process (Morgan, Evison, and Forster
1991). However, different views exist regarding the role of calcium in biogranulation,
for example calcium has been thought not to induce granulation, and the contribution
of calcium to anaerobic granulation was overestimated (Guiot et al. 1988; Thiele et al.
1990). As presented in chapter 13, the accumulation of calcium in aerobic granules
may not be a prerequisite of microbial granulation. In R1 to R4, the VS/TS ratio of
aerobic granules declined from 88% to 53% when the calcium content in aerobic
granules increased from 20.4 to 187.6 mg g' TS. It is obvious that calcium and
calcium-related compounds would be mainly responsible for the reduced VS content
in aerobic granules. As a result, aerobic granules are substantially mineralized at
high calcium contents.

4.8 EFFECT OF SHIFT OF SETTLING TIME ON
AEROBIC GRANULATION

After the stabilization of the four reactors, the settling times in R1 to R3 were further
shortened from 20 to 5, 15 to 2, and 10 to 1 minutes, respectively, without changing
the other operation parameters. As shown in figure 4.3, the fraction of aerobic gran-
ules is in the range of 10% to 35% in R1 to R3 operated at respective settling times
of 20, 15, and 10 minutes. In order to confirm the effect of settling time or hydraulic
selection pressure on aerobic granulation, the settling times in steady-state R1, R2,
and R3 were shifted from 20 to 5, 15 to 2, and 10 to 1 minutes on day 60 accord-
ingly. This led to immediate washout of the light and dispersed sludge from the
reactors, while only heavier granules remained. Two weeks after the shift of settling
time, R1 to R3 gradually restabilized, and aerobic granules completely replaced
suspended sludge and became dominant in R1 to R3. Figure 4.9 shows a comparison
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FIGURE 4.9 SVI before (®) and after (O) shift of settling time; cell surface hydrophobicity
before (A) and after (A) shift of settling time. (Data from Qin, L., Liu, Y., and Tay, J. H. 2004a.
Biochem Eng J 21: 47-52.)

of cell surface hydrophobicity and microbial settleability before and after the shift
of settling time in R1 to R3. It can be seen that both cell surface hydrophobicity
and microbial settleability were improved significantly after the settling time was
shortened. The production of extracellular polysaccharides was increased after the
settling time was shortened. Moreover, the bed volume of aerobic granules in R1 to
R3 reached nearly 100% because the sludge bed had been converted from partial to
complete aerobic granulation after the settling time was shortened.

As can be seen in figure 4.9, cell surface hydrophobicity was increased sig-
nificantly after the settling times were shortened in the reactors, while microbial
settleability in terms of SVI was highly improved due to the formation of aerobic
granules. It should be noted that microbial responses to the settling time in terms
of cell hydrophobicity and settleability are subject to the parallel patterns no matter
how the settling time was manipulated. This might mean that the state of the micro-
bial community in a reactor is determined mainly by the external selection pressure
exerted on it. Figure 4.9 also implies that the initial state of the seed sludge has less
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FIGURE 4.10 DGGE gel showing samples from R1 (10 minutes of settling time) and R2
(2 minutes of settling time) taken over time (for example, D3 means on day 3). Arrows indi-
cate differences in dominated bands during start-up; boxes indicate dominant bands at steady
state. (From McSwain, B. S., Irvine, R. L., and Wilderer, P. A. 2004. Water Sci Technol
50: 195-202. With permission.)

influence on the final granulation process as well as the physical characteristics of
the mature granules; in other words, the characteristics of the mature granules are
highly dependent on the selection pressure applied. It is reasonably considered that
self-aggregation of bacteria would be a natural response of a microbial community
to strong selection pressure in order to resist being washed out from the system.
These results point to the fact that aerobic granules would be driven by hydraulic
selection pressure in terms of settling time.

4.9 EFFECT OF SETTLING TIME ON MICROBIAL POPULATION

The effect of settling time on species selection has also been reported. By using poly-
merase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) tech-
niques, McSwain, Irvine, and Wilderer (2004) found that a more diverse microbial
community was identified in the steady-state sludge harvested from longer-settling-
time SBRs than sludge from shorter-settling-time reactors (figure 4.10). This observa-
tion might suggest settling time could cause species selection during the cultivation of
aerobic granules. It seems that further investigation into the species selection with the
effect of settling time is still needed in order to obtain more detailed information.

4.10 RATIONALE BEHIND SETTLING TIME-INITIATED
AEROBIC GRANULATION

Figure 4.3 shows that aerobic granules are dominant only when the settling time
is as short as 5 minutes, and a mixture of aerobic granules and suspended sludge
is developed at longer settling times. In SBR, a short settling time preferentially
selects for the growth of good settling bacteria, and the sludge with a poor settle-
ability is washed out. Obviously, the selection of good settling sludge is crucial for
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aerobic granulation. In fact, absence of anaerobic granulation in the UASB reactors
was observed at very weak hydraulic selection pressure in terms of liquid upflow
velocity (OFlaherty et al. 1997). As compared to the operation of aerobic SBR, it is
extremely difficult to quantitatively describe the hydraulic selection pressure in the
UASB reactor due to the eventual production of biogas.

According to the well-known Stokes formula, the settling velocity of a particle
can be estimated as:

—0)d ?
v = g(pp18 5) P @

where V, is the settling velocity of a particle, d, is the diameter of the particle, p,and
p are the respective densities of particle and solution, and p is the viscosity of the
solution. The equation shows that the settling velocity of a particle is the function of
the density and diameter of the aggregates. If the distance for mixed liquor to travel
to the discharge port is L, the corresponding traveling time of bioparticles can be

calculated as:

L
Traveling time to the discharge port = v 4.2)

s

Equation 4.2 shows that a higher settling velocity (V,) results in a shorter travel-
ing time for particles to the discharge port. Thus, the bioparticles with a low settling
velocity and hence a traveling time longer than the designed settling time are dis-
charged from the reactor, that is, a minimum settling velocity, (V,),,;,, for bioparticles
to be retained in the reactor, is only defined with a given L and settling time:

L
Vo = —— @3)
settling time
Only those bioparticles with a settling velocity greater than (V)),,;,can be retained

in the system. Equation 4.3 indeed shows that (V)),.;, is determined by the settling
time as well as traveling distance. The traveling distance (L) for a given reactor with
a certain height is affected by the height of the discharging port, or more specifically,
the volume exchange ratio (see chapter 5).

McSwain, Irvine, and Wilderer (2004) and McSwain et al. (2005) also investi-
gated the influence of settling time on the formation of aerobic granules. Flocculent
and granular sludge were formed at different settling times of 10 and 2 minutes,
respectively. The sludges cultivated in these two SBRs had completely different
morphologies (figure 4.11), while it was found that the properties of the sludge, Mixed
Liquor Suspended Solids (MLSS) content, and settling characteristics were all dif-
ferent in two SBRs operated at the respective settling times of 10 and 2 minutes.
According to McSwain, Irvine, and Wilderer (2004), at the shorter settling time of
2 minutes, granular sludge was dominant, with an average biomass concentration
of 8.8 g L' and an SVI of 50 mL g!, compared to flocculent sludge with a biomass
concentration of 3.0 g L' and an SVI of 120 mL g at the longer settling time of
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FIGURE 4.11 Steady-state sludge (day 200) from reactors 1 and 2 (scale = 1 mm) with
different settling times of 10 and 2 minutes, respectively. (From McSwain, B. S. et al. 2005.
Appl Environ Microbiol 71: 1051-1057. With permission.)

TABLE 4.3

Comparison of Sludge Characteristics with the
Settling Time

Settling time  (V));,,  Sludge size Svi

(min) (mh) (mm) (mlg") References
2 122 NA® 47 McSwain et al. 2004
4-5 10 2.5 NAP Beun et al. 2002
5 7.56 2.15 49 Qin 2006
10 248 NAP 115 McSwain et al. 2004
20 1.89 0.4 144 Qin 2006
75 0.7 1-1.3 50 Kim et al. 2004
75 0.6 0.1-0.5 85 Kim et al. 2004

2 The minimum settling velocities were obtained from McSwain et al. (2005).
® Data of sludge size are not available.

10 minutes. As shown in equation 4.3, the minimum settling velocity, (V,),,;, can be
estimated as 2.4 m h! for settling time of 10 minutes and 12 m h™! for 2 minutes
(McSwain et al. 2005).

Kim et al. (2004) reported that granules cultivated with a minimum settling
velocity of 0.7 m h™! have a mean size of 1 to 1.35 mm, whereas granule sizes var-
ied from 0.1 to 0.5 mm and rarely exceeding 1 mm when cultivated with a lower
minimum settling velocity of 0.6 m h-!. The characteristics of sludge associated
with settling time and minimum settling velocity are summarized in table 4.3. In
most cases the reactor was operated mainly as a COD removal reactor to study the
effect of settling time on aerobic granulation (Beun, van Loosdrecht, and Heijnen
2002; McSwain, Irvine, and Wilderer 2004), while the study for COD and nitrogen
removal by selection of minimum settling velocity of granules was also carried out
(Kim et al. 2004). It is apparent that the settling time has a significant impact on
the sludge size and settleability during the cultivation of aerobic granules from acti-
vated sludge. Both granule size and settleability were increased by applying a shorter
settling time in the SBR. Most significantly, when the settling time is shortened, the
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FIGURE 4.12 Selection of well-settling, dense granules in SBAR. (Adapted from Beun, J. J.,
van Loosdrecht, M. C. M., and Heijnen, J. J. 2002. Water Res 36: 702-712.)

time required for granulation and the time required for reaching steady state are
all reduced. This implies that an appropriate selection of applied settling time is an
effective strategy towards rapid and stable aerobic granulation. Most applied settling
times reported thus far fall into a range of 2 to 20 minutes, with the exception of the
study of Kim et al. (2004), in which settling time was kept as long as 75 minutes,
leading to a small settling velocity of 0.6 to 0.7 m h™'.

It is thought that short settling time selects for fast-settling flocs and granules,
so as to enhance granule formation. Based on the difference in settling velocity
between granules and the flocs, Beun, van Loosdrecht, and Heijnen (2002) used a
short settling time of 4 to 5 minutes to effectively select for particles with a settling
velocity larger than 10 m h™! in a sequencing batch airlift reactor (SBAR). During
the formation period of aerobic granules, a mixture of granules, filaments, and flocs
presented in the reactor, while selection of the biomass granules from the mixture
occurred in the period of settling, as illustrated in figure 4.12.

4.11 CONCLUSIONS

It appears from this chapter that settling time is a decisive parameter for the forma-
tion of aerobic granules in SBR. Aerobic granules can be successfully cultivated and
become dominant only in the SBR operated at a short settling time, while a mixture of
aerobic granules and suspended sludge is developed at a relatively long settling time.
It seems certain that weak selection pressure does not favor aerobic granulation, and
relatively strong selection pressure is essential for rapid and stable aerobic granulation
in SBR. It is most likely that aerobic granulation would be an effective defensive or
protective strategy of a microbial community against external selection pressure.
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5.1 INTRODUCTION

It appears from the preceding chapters, among all the operation parameters that have
been discussed so far, only settling time can serve as an effective selection pressure
for aerobic granulation. However, a basic question to be addressed is if there are
still other parameters that can also play the roles of selection pressure in aerobic
granulation other than the identified settling time. The answer to such a question is
essential for developing the design and operation strategy for rapid and stable aerobic
granulation in both small- and large-scale sequencing batch reactors (SBRs). This

69
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chapter looks into two other potential candidate parameters that may act as selection
pressures in aerobic granulation in SBR, namely SBR volume exchange ratio and
discharge time.

5.2 THE ROLE OF SBR VOLUME EXCHANGE RATIO IN
AEROBIC GRANULATION

According to figure 5.1, the mixed liquor volume exchange ratio, or volume exchange
ratio for short, is the volume of effluent that is withdrawn after a preset settling time
divided by the total working volume of a column SBR:

2
. L L
Volume exchange ratio = nrz =—
wr'H  H

3.D

in which r is the radius of a column SBR, and H is the working height of the column
SBR. This equation clearly shows that the volume exchange ratio is proportionally
related to L. To look into the potential role of volume exchange ratio in aerobic
granulation, Wang, Liu, and Tay (2006) designed and ran four identical column
SBRs at different volume exchange ratios of 20% to 80% (figure 5.1), while the other
operating conditions were all maintained at the same levels.

— e L, L L L
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FIGURE 5.1 Schematics of four SBRs operated at the respective volume exchange ratios of
80%, 60%, 40%, and 20%. (From Wang, Z.-W. 2007. Ph.D. thesis, Nanyang Technological
University, Singapore. With permission.)
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FIGURE 5.2 Morphologies of sludge cultivated at different volume exchange ratios in the
course of aerobic granulation in SBRs; scale bar: 6 mm.

5.3 EFFECT OF VOLUME EXCHANGE RATIO ON
AEROBIC GRANULATION

Wang, Liu, and Tay (2006) investigated the effect of volume exchange ratio on the
formation of acetate-fed aerobic granules. The evolution of sludge morphology in the
course of SBR operation at different volume exchange ratios is shown in figure 5.2.
Morphologies of aerobic granules formed in four reactors appeared to be closely corre-
lated with the applied volume exchange ratio; that is, only 8 days after reactor startup,
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FIGURE 5.3 Fraction of aerobic granules in four SBRs run at volume exchange ratios of 20%
to 80%. (Data from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2006. Chemosphere 62: 767-771.)

aerobic granules first appeared in the SBR operated at the highest volume exchange
ratio of 80%, while aerobic granules were subsequently observed at the volume
exchange ratios of 60%, 40%, and 20%, respectively, 6, 12, and 20 days later. It can
be seen in figure 5.2 that the larger and more spherical aerobic granules were formed
at the higher volume exchange ratio of 80%, whereas bioflocs were cultivated and
became predominant in the SBR operated at the lower volume exchange ratio of 20%.

It is apparent from figure 5.2 that only a mixture of bioflocs and aerobic granules
was cultivated at small volume exchange ratios. Analysis of the fraction of aerobic
granules formed in each SBR reveals that nearly a pure aerobic granular sludge blanket
was indeed developed at the volume exchange ratio of 80% (figure 5.3). In contrast,
almost no aerobic granulation was found at the volume exchange of 20%, indicating
a failed granulation (figure 5.3). It is thus reasonable to consider that the SBR volume
exchange ratio can play an essential role in aerobic granulation, and a high SBR volume
exchange ratio facilitates rapid and successful aerobic granulation in SBR.

As presented in the preceding chapters, aerobic granules can be simply distin-
guished from bioflocs by their large particle size. The mean size of aerobic gran-
ules cultivated at different volume exchange ratios are presented in figure 5.4. The
size of the aerobic granules tended to increase with the increase in the SBR volume
exchange ratio, for example, the size of aerobic granules developed at the volume
exchange ratio of 20% was smaller than 1 mm, whereas aerobic granules as large as
about 3.8 mm were obtained at the volume exchange ratio of 80%.

In the operation of nitrogen-removal SBRs, Kim et al. (2004) also manipulated
the SBR discharge height so as to impose on microorganisms two slightly different
selection pressures in terms of minimum settling velocity of 0.6 and 0.7 m h-!. Even
such a marginal difference in the minimum settling velocity could also result in
distinct morphologies of cultivated sludge. For example, large bioparticles of 1.0 to
2.0 mm were harvested at the (V,),,;, of 0.7 m h™!, while only small bioparticles of 0.1
to 0.5 mm were cultivated at the (V,),,;, of 0.6 m h™! (Kim et al. 2004). Microscopic
observation further revealed that the high volume exchange ratio SBR favored the
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FIGURE 5.4 Comparison of mean size of aerobic granules developed at volume exchange
ratios of 20% to 80%. (Data from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2006. Chemosphere
62: 767-771.)

FIGURE 5.5 Morphology of steady-state granules obtained at different minimum settling
velocities, (a): 0.6 m h~! and (b): 0.7 m h™!, respectively. (From Kim, S. M. et al. 2004. Water
Sci Technol 50: 157-162. With permission.)

cultivation of spherical granular sludge (figure 5.5b), while only bioflocs instead
of granular sludge were developed in the SBR run at the low volume exchange
(figure 5.5a). Similar to the findings by Wang, Liu, and Tay (2006), the time for
formation of aerobic granules and to reach steady state was significantly shortened
at a high volume exchange ratio (Kim et al. 2004).

5.4 EFFECT OF VOLUME EXCHANGE RATIO ON
SLUDGE SETTLEABILITY

In the field of biological wastewater treatment, sludge volume index (SVI) has been
used commonly as a good indicator of microbial sludge settleability. Figure 5.6
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FIGURE 5.6 Sludge volume index (SVI) versus volume exchange ratios in SBRs. (Data
from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2006. Chemosphere 62: 767-771.)
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FIGURE 5.7 Sludge volume index (SVI) versus minimum settling velocities (V,),,;, deter-
mined from the volume exchange ratios. (Data from Kim, S. M. et al. 2004. Water Sci Technol

50:157-162.)

shows comparison of the settleability of sludge cultivated at different volume
exchange ratios in SBRs. It can be seen that the sludge SVI was inversely correlated
to the volume exchange ratio, that is, a sludge with excellent settleability would be
developed at a high volume exchange ratio. For example, the settleability of sludge
cultivated at the volume exchange ratio of 80% is almost three times superior to
that harvested at the volume exchange ratio of 20%. Kim et al. (2004) also reported
similar results showing that high volume exchange ratio SBR corresponding to a
high (V)),.;, could promote the development of sludge with excellent settleability,
indicated by a low SVI of 50 mL g! (figure 5.7).
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FIGURE 5.8 Extracellular polysaccharide production at different volume exchange ratios.
(Data from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2006. Chemosphere 62: 767-771.)

5.5 EFFECT OF VOLUME EXCHANGE RATIO ON PRODUCTION OF
EXTRACELLULAR POLYSACCHARIDES

Extracellular polysaccharides (PS) are a kind of bioglue that interconnects individ-
ual cells into the three-dimensional structure of attached-growth microorganisms
(see chapter 10). A high applied volume exchange ratio was found to stimulate cells
to produce more PS (figure 5.8). As discussed in chapter 10, PS indeed is not an
essential cell component under normal living conditions, and its production is only
necessary when microbial cells are subjected to stressful conditions. Figure 5.8
seems to indicate that the high SBR volume exchange ratio can impose a pressure on
microbial sludge, leading to an enhanced production of PS.

5.6 EFFECT OF VOLUME EXCHANGE RATIO ON
CALCIUM ACCUMULATION IN AEROBIC GRANULES

Calcium ion was accumulated significantly in aerobic granules developed at high
volume exchange ratio, for example, the calcium content in granules cultivated at
the volume exchange ratio of 80% was almost three times higher than that obtained
at the volume exchange ratio of 20% (figure 5.9). Figure 5.10 shows further that
the mean size of the aerobic granules tended to increase with the calcium content,
while an inverse trend was found for SVI. According to Stokes law, the increase in
particle size will improve the settling ability of particles, and this in turn results in a
lowered SVI (figure 5.10). The improved settleability of bioparticles can effectively
prevent them from being washed out of the SBR at a high volume exchange ratio
(figure 5.9). Thus, it is most likely that the selective accumulation of calcium would
be a defensive strategy of microbial aggregates to resist the hydraulic discharge from
the reactor through the calcium-promoted increases in their size and settleability in
terms of SVI (figure 5.10). In fact, it is generally believed that calcium may facilitate
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FIGURE 5.9 Calcium content of sludge cultivated at different volume exchange ratios in
SBRs. (Data from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2006. Chemosphere 62: 767-771.)

anaerobic granulation (Schmidt and Ahring 1996; Yu, Tay, and Fang 2001), while
evidence also shows that the removal of calcium from the anaerobic granule matrix
results in lowered strength of upflow anaerobic sludge blanket (UASB) granules
(Pereboom 1997). Consequently, a certain amount of calcium in biogranules would
improve their long-term stability.

5.7 VOLUME EXCHANGE RATIO IS A SELECTION PRESSURE FOR
AEROBIC GRANULATION

It appears from chapter 4 that the settling time of SBR can serve as a selection pres-
sure for aerobic granulation, for example, at a short settling time, bioparticles with
poor settleability would be washed out according to the minimum settling velocity:

L
t

s

VO min = (5.2)

in which £, is settling time and L is the traveling distance of the bioparticles above
the discharge port, which is proportionally correlated to the volume exchange ratio
of SBR (figure 5.11).

At a designed settling time and discharge height, bioparticles with a settling
velocity less than (V)),,;, are washed out of the reactor, while those with a settling
velocity greater than (V),,;, are retained (figure 5.11). It is obvious that the selection
pressure in terms of minimum settling velocity (V)),;, is not only a function of settling
time (7), but also depends on the discharge height (L), which can be translated to the
volume exchange ratio as given in equation 5.2. This means that the volume exchange
ratio can be another essential selection pressure for successful aerobic granulation.
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FIGURE 5.10 Correlations among size of bioparticles (W), SVI (O), and calcium content.
(Data from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2006. Chemosphere 62: 767-771.)

FIGURE 5.11 Schematic diagram of a column SBR.
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FIGURE 5.12  Fraction of aerobic granules versus (V,),;,, obtained from studies of volume
exchange ratio (®) and settling time (O). (Data on volume exchange ratio from Wang, Z.-W.,
Liu, Y., and Tay, J.-H. 2006. Chemosphere 62: 767-771; data on settling time from Qin, L.,
Liu, Y., and Tay, J. H. 2004. Biochem. Eng. J. 21: 47-52.)

According to equation 5.2, the minimum settling velocity is the function of settling
time and discharge height or volume exchange ratio for an SBR with a given diam-
eter. By controlling (V),..,, bioparticles can be effectively selected according to their
respective settleability. This means that selection of bioparticles indeed can be realized
by manipulating settling time and volume exchange ratio. To examine the collective
effects of SBR volume exchange ratio and settling velocity on aerobic granulation,
figure 5.12 shows the correlation of the fractions of aerobic granules in SBRs to (V)),.i,
calculated from various settling times (see chapter 6) and volume exchange ratios. As
expected, the degree of aerobic granulation in an SBR is determined by (V) ;.

It appears from figure 5.12 that at a (V,),;, less than 4 m h™!, only a partial aerobic
granulation can be achieved in SBR, and the growth of suspended sludge seems to be
promoted in this case. The typical settling velocity of conventional activated sludge is
generally less than 5 m h™! (Giokas et al. 2003). This implies that for an SBR operated
at a (V)),,., below the settling velocity of conventional activated sludge, suspended
sludge cannot be effectively withdrawn. In this case, suspended sludge will easily
out compete aerobic granules, which will lead to the instability and even failure of
aerobic granular sludge SBRs. Now it is clear that suspended sludge will take over the
entire reactor at low (V,),.;,, as shown in figure 5.12. To achieve rapid and enhanced
aerobic granulation in SBRs, the minimum settling velocity (V),,;, must be controlled
at a level higher than the settling velocity of suspended sludge (see chapter 6).

5.8 EFFECT OF DISCHARGE TIME ON FORMATION OF
AEROBIC GRANULES

As illustrated in figure 5.13, discharge time of SBR (z,) is defined as the time preset
to withdraw the volume of the mixed liquor above the discharge port of the SBR, and
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Qq

FIGURE 5.13 Illustration of the discharge time.

it can be expressed as the ratio of the discharge volume of SBR (V,, to the discharge
flow rate of the SBR (Q,):

Ve
9,

Wang (2007) studied the potential effect of discharge time on aerobic granulation
in SBRs. For this purpose, four identical SBRs were operated at different discharge
times of 5 to 20 minutes, while all other operating conditions were kept at the same
levels. Figure 5.14 shows the morphologies of bioparticles developed at the various
discharge times. It can be seen that smooth, round aerobic granules were successfully
cultivated at a short discharge time of 5 minutes, and only floc-like bioparticles were
observed in the SBR operated at the longest discharge time of 20 minutes. Moreover,
figure 5.15 shows that the mean size of the bioparticles was inversely related to the
applied discharge time. This seems to indicate that a prolonged discharge time would
delay or prevent the formation of aerobic granules in SBR even though both settling
time and volume exchange ratio are properly controlled.

As discussed in chapter 4, the fraction of aerobic granules over the whole sludge
blanket in an SBR represents the degree of aerobic granulation that can be achieved
under given operating conditions. Figure 5.16 shows that the fraction of aerobic
granules decreased as the applied discharge time was prolonged from 5 to 20 minutes,
for example, in the SBR run at the discharge time of 20 minutes, almost no aerobic
granules were formed. Similar to settling time and volume exchange ratio, the
observed failure of aerobic granulation at the long discharge time may imply that this
parameter could also serve as a kind of selection pressure for aerobic granulation.

t, (53)

5.9 EFFECT OF DISCHARGE TIME ON
SETTLEABILITY OF BIOPARTICLES

As presented in the preceding chapters, settleability of bioparticles can be evalu-
ated by a simple parameter, namely the SVI. Figure 5.17 shows a comparison of the
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15 min

20 min

FIGURE 5.14 Morphology of the steady-state sludge cultivated at different discharge times;

scale bar: 3 mm. (From Wang, Z.-W. 2007. Ph.D. thesis, Nanyang Technological University,
Singapore. With permission.)
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FIGURE 5.15 Mean size of bioparticles versus different discharge times observed in SBRs.
(Data from Wang, Z.-W. 2007. Ph.D. thesis, Nanyang Technological University, Singapore.)
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FIGURE 5.16 Fraction of aerobic granules cultivated at different discharge times. (Data
from Wang, Z.-W. 2007. Ph.D. thesis, Nanyang Technological University, Singapore.)
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FIGURE 5.17  Sludge volume index (SVI) of sludge cultivated at different discharge times.
(Data from Wang, Z.-W. 2007. Ph.D. thesis, Nanyang Technological University, Singapore.)

SVI of bioparticles harvested in SBRs run at different discharge times. High SVI
values were obtained at long discharge times. This implies that bioparticles with
poorer settleability would be cultivated at the longer discharge time. It should be
realized that the SVI of bioparticles obtained from an SBR with a 20-minute dis-
charge time was similar to that of typical activated sludge flocs. This observation is
in line with the results presented in figure 5.15. Arrojo et al. (2004) also reported that
a long discharge time would lead to a high concentration of total suspended solids in
effluent, for example the concentration of total suspended solids in the effluent from
an SBR operated at a discharge time of 3 minutes was four times higher than that
at 0.5 minutes of discharge time, indicating that the sludge with poor settleability
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FIGURE 5.18 Total suspended solids (TSS) in the effluents from SBRs operated at different
discharge times. (Data from Arrojo, B. et al. 2004. Water Res 38: 3389-3399.)

was cultivated at long discharge time (figure 5.17). The poor settleability sludge
is actually a practical indicator of unsuccessful aerobic granulation in the SBR. It
seems certain that a prolonged SBR discharge time would prevent aerobic granula-
tion in the SBR.

5.10 EFFECT OF DISCHARGE TIME ON
CELL SURFACE HYDROPHOBICITY

The effect of discharge time on cell surface hydrophobicity is shown in figure 5.19.
A low hydrophobicity was observed at a long discharge time, for example, the cell
surface hydrophobicity was increased from 26% for the seed sludge to a stable value
of 71%, 65%, 52%, and 39% in SBRs run at discharge times of 5 to 20 minutes.
This implies that a microbial community developed at short discharge time would
exhibit a high cell surface hydrophobicity. As shown in figure 5.16, incomplete
aerobic granulation was observed in SBRs run at the discharge times of 10, 15, and
20 minutes, while successful aerobic granulation was only achieved at the discharge
time of 5 minutes. This may be partially attributed to the difference in cell surface
hydrophobicity, as detailed in chapter 9.

5.11 EFFECT OF DISCHARGE TIME ON PRODUCTION OF
EXTRACELLULAR POLYSACCHARIDES

As shown in the preceding chapters, the production of extracellular polysaccharides
(PS) is closely associated with the operation conditions in the SBR. Figure 5.20
shows the effect of discharge time on the sludge PS content. An inverse correlation
of the PS production to the applied discharge time was observed, that is, a shorter
discharge time would stimulate cells to produce more PS. Microscopic observation
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FIGURE 5.19 Cell surface hydrophobicity at different discharge times. (Data from
Wang, Z.-W. 2007. Ph.D. thesis, Nanyang Technological University, Singapore.)
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FIGURE 5.20 Polysaccharide content of sludge cultivated at different discharge times.
(Data from Wang, Z.-W. 2007. Ph.D. thesis, Nanyang Technological University, Singapore.)

further reveals that bacteria were tightly connected and embedded in the PS matrix of
aerobic granules cultivated at the shorter discharge time of 5 minutes (figure 5.21).

5.12 CONCLUSIONS

This chapter provides experimental evidence showing that the volume exchange
ratio and discharge time of the SBR are two decisive parameters that highly influ-
ence aerobic granulation, and can serve as effective selection pressures for aerobic
granulation in an SBR. A high volume exchange ratio favors aerobic granulation, and
a short discharge time has the same function.
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FIGURE 5.21 Filamentous PS observed in aerobic granules, scale bar = 3 pm.

The essential role of volume exchange ratio in aerobic granulation in SBRs
can be reasonably interpreted by the concept of minimum settling velocity, while
the mechanism by which discharge time can influence aerobic granulation will be
further discussed in chapter 6.
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6.1 INTRODUCTION

It appears from the preceding chapters that almost all research on aerobic granula-
tion has been conducted in sequencing batch reactors (SBRs), while no successful
aerobic granulation has been observed in continuous microbial culture. As shown in
chapter 5, it is believed that aerobic granules form through self-immobilization of
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bacteria when suitable selection pressure is provided in the SBR. Compared to con-
tinuous microbial culture, the unique feature of an SBR is its ability to be operated
in a cyclic mode, and a cycle of SBR for aerobic granulation may comprise filling,
aeration, settling, and sludge discharge.

A number of parameters have been known to influence the properties of aerobic
granules formed in SBRs. Basically, contributing parameters include substrate com-
position, organic loading, hydrodynamic shear force, feast-famine regimen, feeding
strategy, dissolved oxygen, reactor configuration, solids retention time, cycle time,
settling time, and volume exchange ratio, while only the parameters associated with
selection pressure on sludge particles can contribute to the formation of aerobic gran-
ules, as shown in chapters 4 and 5. In an SBR, three major selection pressures have
been identified, and they are settling time, volume exchange ratio, and discharge time
(see chapters 4 and 5). In fact, selection pressure in terms of upflow velocity has been
shown to serve as an effective driving force towards successful anaerobic granulation
in upflow anaerobic sludge blanket (UASB) reactors (Hulshoff Pol, Heijnekamp, and
Lettinga 1988; Alphenaar, Visser, and Lettinga 1993). The key to successful aerobic
granulation is to identify and model selection pressures; thus, this chapter attempts
to offer an overview of the major selection pressures for aerobic granulation in SBRs,
and subsequently a unified selection pressure theory is described as well.

6.2 IS AEROBIC GRANULATION INDUCIBLE?

In view of modern molecular biology, the information on aerobic granulation may
reside in the genetic makeup of the microbial species involved. According to Calleja
(1984), “the deposition of structural and regulatory genes may determine whether
the aggregation function of cells is constitutive or inducible.” If the capability of
microorganisms for aerobic granulation is constitutive, that is, whatever stage the
cell is in with regard to its cell cycle or its life cycle, aerobic granulation will be
present, provided the environmental conditions allow it to occur. On the contrary, if
it is inducible, it will be present only when the cells are physiologically competent
under given conditions.

Aerobic granulation has been observed in the cultures of different microbial
species. Such experimental evidence indeed supports the view that aerobic granula-
tion is a microbial self-aggregation induced by environmental conditions through
changing microbial surface properties and metabolic behaviors, as shown in the
preceding chapters. Therefore, it is reasonable to consider that aerobic granulation
would be species-independent, and represents an inducible rather than constitutive
microbiological phenomenon (Y. Liu et al. 2005b).

6.3 EARLIER UNDERSTANDING OF AEROBIC GRANULATION

Based on microscopic observations, Beun et al. (1999) proposed a schematic mech-
anism of aerobic granulation in SBR (figure 6.1). This mechanism shows that the
growth of filamentous fungi is a prerequisite of aerobic granulation. After reactor
seeding, these fungi can easily form pellets with a compact structure under hydro-
dynamic shear conditions, and then the fungal pellet can settle quickly, while other
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bacteria without this property are washed out of the SBR. Obviously, these pellets
may provide a protective matrix in which bacteria can further grow into colonies up
to a diameter of 5 to 6 mm. Subsequently, the large pellets break up due to microbial
lysis in their inner parts, probably caused by oxygen and nutrient limitations. Because
of their good settleability, bacterial colonies produced from the breakup of the fungal
pellets are easily retained in the SBR, and further grow to aerobic granules.

Development of aerobic granules requires aggregation of microorganisms. For
bacteria in a culture to aggregate, a number of conditions have to be met. So far,
it has been believed that intercellular communication and multicellular coordina-
tion are crucial for bacteria to achieve an organized spatial structure. According to
research on cell-to-cell communication in biofilms (Davies et al. 1998; Pratt and
Kolter 1998), it is a reasonable consideration that a cell-to-cell signaling mechanism
would also be involved in the formation of aerobic granules, as well as in the organi-
zation of the spatial structure of granule-associated bacteria. In the study of aerobic
granulation by two coaggregating bacterial strains, it was found that the coaggregat-
ing bacterial strains could produce autoinducer-like signals during aerobic granula-
tion (Jiang et al. 2006). The benefits of an organized microbial structure include
more efficient proliferation, access to resources and niches that cannot be utilized
by isolated cells, collective defense against antagonists that eliminate isolated cells,
and optimization of population survival by differentiation into distinct cell types
(Shapiro 1998). Obviously, a sound understanding of the cell-to-cell communication
in aerobic granulation is essential.

Y. Liu and Tay (2002) proposed a generic four-step model for aerobic granulation.

Step 1: Physical movement to initiate bacterium-to-bacterium contact or
bacterial attachment onto nuclei

Step 2: Initial attractive forces to keep stable multicellular contacts

Step 3: Microbial forces to make cell aggregation mature

Step 4: Steady-state three-dimensional structure of microbial aggregate shaped
by hydrodynamic shear forces

The microbial aggregates would be finally shaped by hydrodynamic shear force to
form a certain structured community. The outer shape and size of microbial aggre-
gates are determined by the interactive strength/pattern between aggregates and of
hydrodynamic shear force, microbial species, and substrate loading rate. This four-step
model for aerobic granulation, as well as that shown in Figure 10.1, still cannot explain
what is the key driving force of aerobic granulation. In this regard, a more profound
understanding of the mechanisms responsible for aerobic granulation is needed.

6.4 BRIEF REVIEW OF PARAMETERS CONTRIBUTING TO
AEROBIC GRANULATION

Aerobic granulation is the gathering together of cells through cell-to-cell immobiliza-

tion to form a fairly stable and multicellular association. Evidence shows that aerobic

granulation is a gradual process from seed sludge to compact aggregates, further to
granular sludge and finally to mature granules (see chapter 1). Obviously, for cells in
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FIGURE 6.1 Illustration of aerobic granulation proposed by Beun et al., (1999).

a culture to aggregate, a number of conditions have to be fulfilled. The focus of this
section is thus to identify the main driving forces of aerobic granulation in SBR.

6.4.1 SussTRATE COMPOSITION AND LOADING

As shown in chapter 1, aerobic granules have been cultivated successfully for treat-
ing a wide variety of wastewaters. It is evident that the formation of aerobic granules
is independent of or insensitive to the characteristics of feed wastewater, while the
microbial structure and diversity of mature aerobic granules are closely related to the
type of wastewater (chapter 1).

The essential role of organic loading in the formation of aerobic granules was
discussed in chapter 1. It has been found that relatively high organic loading facili-
tates the formation of anaerobic granules in upflow anaerobic sludge blanket (UASB)
reactors (Hulshoff Pol, Heijnekamp, and Lettinga 1988; Kosaric et al. 1990). This
is due mainly to the fact that the high organic loading-enhanced biogas production
results in an increased upflow liquid velocity known as the major selection pres-
sure for anaerobic granulation in the UASB reactor (Hulshoff Pol, Heijnekamp, and
Lettinga 1988). In contrast to anaerobic granulation, it appears from chapter 1 that
aerobic granules can form across a very wide range of organic loading rates from 2.5
to 15 kg COD m= day~!, while nitrifying and P-accumulating granules can also be
developed at a very wide range of ammonia-nitrogen and phosphate loadings. These
indicate that the substrate loading in the range studied so far is not a determinant of
aerobic granulation in SBRs. As concluded in chapter 1, aerobic granulation in SBRs
would be substrate concentration-independent, but the kinetic behavior of aerobic
granules is related to the applied substrate loading (see chapter 7).

6.4.2 HybprobyNAMIC SHEAR FORCE

In a bubble column or airlift SBR, hydrodynamic shear force is created mainly by
aeration that can be described roughly by the upflow air velocity (see chapter 2).
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A higher shear force favors the formation of more compact and denser aerobic granules
(chapter 2). Similar to the formation of biofilms, aerobic granules can form at different
levels of hydrodynamic shear forces. It is believed that the structure of mature aerobic
granules is determined by hydrodynamic shear force, but there is no concrete evidence
to show that shear force is a primary inducer of aerobic granulation in SBRs.

6.4.3 Feast-FAMINE REGIMEN

An SBR is operated in a sequencing cycle of feeding, aeration, settling, and dis-
charge of supernatant. In SBR, the aeration period consists of two phases: a degrada-
tion phase in which the substrate is depleted to a minimum, followed by an aerobic
starvation phase in which the external substrate is no longer available. It is likely
that microorganisms in the SBR are subject to a periodic feast and famine regimen,
called periodic starvation (Tay, Liu, and Liu 2001). There is evidence showing that
bacteria become more hydrophobic under the periodic feast-famine conditions,
and high cell hydrophobicity in turn facilitates microbial aggregation (Bossier and
Verstraete 1996). In fact, the periodic feast-famine regimen in SBRs can be regarded
as a kind of microbial selection pressure that may alter the surface properties of the
cell. However, it has been revealed in the preceding chapters that aerobic granules
cannot successfully be developed if the settling time in the SBR is not properly
controlled even though the periodic feast-famine regimen was present. As shown
in chapter 14, short-term C, N, P, and K starvations reduce granule extracellular
polysaccharide content, inhibit microbial activity, weaken structural integrity, and
subsequently worsen settleability of aerobic granules. So far, no solid experimental
evidence shows that starvation can act as a trigger of aerobic granulation in SBRs.

6.4.4 FEEDING STRATEGY

McSwain, Irvine, and Wilderer (2004) reported that intermittent feeding is an effec-
tive operating strategy for enhancing aerobic granulation in SBRs. For this purpose,
different filling times were applied to SBRs, resulting in different degrees of feast-
famine to microorganisms. A high feast-famine ratio or pulse feeding to the SBR
was found to be favorable for the formation of compact and dense aerobic granules.
This seems to indicate that the feeding strategy may influence the characteristics of
aerobic granules formed in an SBR, but it is unlikely to play the role of a trigger of
aerobic granulation.

6.4.5 Dissowvep OXYGEN

Dissolved oxygen (DO) concentration is an important parameter in the operation
of aerobic wastewater treatment processes. Evidence shows that aerobic granules
can form at DO concentrations as low as 0.7 to 1.0 mg L! in an SBR (Peng et al.
1999; Tokutomi 2004), while they can also be successfully developed at relatively
high DO concentrations of 2 to 6 mg L' (Tsuneda et al. 2003; Yang, Tay, and Liu
2003; Qin, Liu, and Tay 2004a). Obviously, if an aerobic condition is maintained
by sufficient aeration, the DO concentration would not be a decisive parameter of
aerobic granulation.
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6.4.6 ReAcTOR CONFIGURATION

In a column SBR a higher ratio of reactor height (H) to diameter (D) can ensure a
circular flow trajectory, which in turn creates a more effective hydraulic attrition
to microbial aggregates. On the other hand, a high H/D ratio also improves oxygen
transfer. Q. S. Liu (2003) looked into aerobic granulation in a column-type continu-
ous activated sludge reactor, and found that aerobic granulation failed, while Pan
(2003) showed that aerobic granules could be developed in SBRs with various H/D
ratios. These studies indicate that aerobic granulation may not be associated with
the H/D ratio.

6.4.7 SoLips RETENTION TIME

Y. Li (2007) systematically investigated the role of solids retention time (SRT) in
aerobic granulation in SBR, and found that SRT up to 40 days had no significant
influence on aerobic granulation (figure 6.2). It is apparent that a complete aerobic
granular sludge blanket was not developed over the SRT range of 3 to 40 days if
selection pressures were too weak in the SBR (Y. Li 2007). In fact, in the past
100 years of research and application history of the conventional activated sludge
process, aerobic granulation has never been reported in the processes operated in an
extremely wide range of SRT. Thus, there is no reason to believe that SRT would be
an inducer of aerobic granulation in SBR.

6.4.8 CycLe TimME

If an SBR is run at an extremely short cycle time, microbial growth should be
suppressed by insufficient reaction time for bacteria to break down substrates. As
a result, the sludge loss due to hydraulic washout cannot be compensated for by

100

80 +

60

40

20

Fraction of Aerobic Granules (%)

FIGURE 6.2 Fraction of aerobic granules versus solids retention time (SRT) in SBRs
operated at extremely low selection pressures. (Data from Li, Y. 2007. Ph.D. thesis, Nanyang
Technological University, Singapore.)
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bacterial growth. For example, a complete washout of the sludge blanket and subse-
quent failure of nitrifying granulation was observed in an SBR run at a very short
cycle time (see chapter 3). On the contrary, if the cycle time is kept much longer than
that required for complete degradation of substrates, hydrolysis or decay of biomass
occurs and eventually causes a negative effect on microbial aggregation (chapter 3).

Pan et al. (2004) reported that at the shortest HRT of 1 hour, the strong
hydraulic pressure triggered biomass washout and led to reactor failure, while at the
longest HRT of 24 hours, aerobic granules were gradually substituted by bioflocs.
Therefore, it seems reasonable to consider that the cycle time of SBRs should be
short to suppress biomass hydrolysis, but long enough for biomass growth and accu-
mulation in the system. However, even for SBRs operated at the optimum cycle time,
aerobic granulation still failed if the settling time was kept longer than 15 minutes
(see chapter 3). Consequently, cycle time is not a decisive factor in aerobic granula-
tion in SBR.

6.4.9 SeTTLING TIME

In a column SBR, wastewater is treated in successive cycles of a few hours. At the
end of a cycle, settling of the biomass takes place before the effluent is withdrawn.
Sludge that cannot settle down within the preset settling time is washed out of
the reactor through a fixed discharge port, as illustrated in figure 6.3. Basically, a
short settling time preferentially selects for the growth of fast-settling bioparticles.
Thus, the settling time acts as a major hydraulic selection pressure exerted on the
microbial community. As discussed in chapter 4, aerobic granules were success-
fully cultivated and became dominant only in the SBRs operate at a settling time of
less than 5 minutes, while a mixture of aerobic granules and suspended sludge was
developed in the SBRs run at the longer settling times. So far, a short settling time
has been commonly practiced as an effective means of control to enhance aerobic

——
Discharge port

L

Aeration

FIGURE 6.3 Schematic of a column-type SBR for aerobic granulation.
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granulation in SBRs (Jiang, Tay, and Tay2002; Lin, Liu, and Tay 2003; Q. S. Liu,
Tay and Liu 2003; Y. Liu, Yang, and Tay 2003; Yang, Tay. and Liu 2003; Wang,
Du, and Chen2004; Hu et al. 2005). At a long settling time, poorly settling bioflocs
cannot be withdrawn effectively, and they may in turn out compete granule-forming
bioparticles (see chapter 7). This points to the fact that settling time can be regarded
as a decisive factor in aerobic granulation in SBRs.

6.4.10 ExcHANGE RATIO

The exchange ratio in an SBR is defined as the liquid volume withdrawn at the end
of the given settling time over the total reactor working volume (see chapter 5). For
column SBRs with the same diameter, the exchange ratio is proportionally related to the
height (L) of the discharge port from the water surface (figure 6.3). A larger exchange
ratio is associated with a higher L. The fraction of aerobic granules in the total biomass
was found to be proportionally related to the exchange ratio, for example, only in the
SBRs run at the higher exchange ratios of 60% and 80% were aerobic granules domi-
nant, and a mixture of aerobic granules and bioflocs instead of pure aerobic granules
developed at smaller exchange ratios of 40% and 20% (see chapter 5). It appears that
aerobic granulation is highly dependent on the exchange ratio of the SBR.

6.4.11 DiscHARGE TIME

The essential role of discharge time in aerobic granulation in SBRs has been dem-
onstrated in chapter 5. A prolonged discharge time results in a failure of aerobic
granulation even though both settling time and volume exchange ratio were properly
controlled, that is, the discharge time of effluent from the SBR is one of the key
parameters that determine aerobic granulation in an SBR. To develop a unified
theory for aerobic granulation in SBRs, the role of discharge time in aerobic granu-
lation should be taken into account seriously.

6.5 MAIN SELECTION PRESSURES OF AEROBIC GRANULATION

Aerobic granulation is a microbial phenomenon that is induced by selection pressure
through changing microbial surface properties and metabolic behavior, as documented
in the preceding chapters. Compared to continuous microbial culture, SBR is a fill-
and-draw process that is fully mixed during the batch reaction step. The sequential
steps of aeration and clarification in an SBR occur in the same tank (Metcalf and Eddy
2003). The operation of nearly all SBRs employed for aerobic granulation comprises
four steps: feeding, aeration, settling, and discharge (figure 6.4).

Feeding Aeration Settling Discharge

A

FIGURE 6.4 Cycle operation of an SBR for aerobic granulation.
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It appears from the discussion in section 6.4, that settling time, volume exchange
ratio, and discharge constitute the main selection pressures on aerobic granulation
in SBR, that is, no matter how other variables are manipulated, aerobic granulation
would not be successful without proper control of these three main selection pres-
sures in the SBR. This means that optimization and scale up of an aerobic granular
sludge SBR must obviously take account of these selection pressures.

6.6 A SELECTION PRESSURE THEORY FOR
AEROBIC GRANULATION IN SBRS

It is now clear that the settling time, exchange ratio, and discharge time in SBRs are
the most effective selection pressures for aerobic granulation. Successful and stable
aerobic granulation in SBRs closely depends on those applied selection pressures.
Y. Liu, Wang, and Tay (2005) proposed a selection pressure theory by which the
three identified key parameters can be unified into an easy concept of minimum
settling velocity of bioparticles. Following is a discussion of this approach.

In present operation of a column SBR for aerobic granulation, the effluent is dis-
charged at a discharge outlet (figure 6.3), that is, the volume of mixed liquor above
the discharge port is withdrawn immediately at the end of the preset settling time.
As shown in figure 6.3, for an SBR with a given diameter, the volume exchange ratio
translates to the suspension discharge depth. According to the well-known Stokes
formula, the settling velocity of a particle can be calculated as follows:

2
[ _ 80, —pd; 61
s 18u
in which V; is the settling velocity of the particle, d, is the diameter of the particle,
p, is the density of the particle, p is the density of the solution, and p is the viscosity
of the solution. Equation 6.1 shows that the settling velocity of the particle is deter-
mined mainly by the density and diameter of aggregates in an SBR.

For a column SBR (figure 6.5a) with the effluent discharged at an outlet located
at depth L, that is, at the end of the designed settling time (z,), the volume of suspen-
sion above the discharge port will be withdrawn during the preset discharge time (z,).
If the distance for bioparticles to travel to the discharge port is L, the corresponding
travel time of the bioparticles is given by:

L
Traveling time to the discharge port = v 6.2)

s

in which V/ is the settling velocity of the bioparticles. As can be seen in figure 6.5a,
L is proportionally related to the volume exchange ratio.

Equation 6.2 shows that a high V, results in short travel time of bioparticles to the
discharge port. This implies that bioparticles with a travel time that is longer than the
designed settling time will be discharged out of the SBR. Thus, a minimum settling
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FIGURE 6.5 (a) Schematic of a column SBR; (b) hypothetical flows during discharge.

velocity, (V). exists for the bioparticles to be retained in the reactor. According to
Y. Liu, Wang, and Tay(2005), (V,),,;, can be defined as:

min

L
(v,) =— — ©6.3)
$/min - effective settling time

As discussed in chapter 9, there appears to exist a minimum discharge time ¢,
at which the fraction of aerobic granules in the SBR is close to 100%, that is, a full
granular sludge blanket can be developed at 7, ,,,,. If the discharge time (z)) is set to
be longer than ¢,,,,;,, a portion of the liquor above the discharge port will continue to
settle during discharge time ¢,, and this will eventually lower the effective selection
pressure on microorganisms (figure 6.5b). Therefore, for ¢, > ¢,,,,.,» the settling time
should be calibrated in order to account for the effect of the longer discharge time.
According to Y. Liu, Wang, and Tay (2005), the effective settling time involved in

equation 6.3 can be expressed as follows:

Effective settling time = settling time preset (ts )

+relaxation of settling time due to #, 6.4)

Y. Liu, Wang, and Tay (2005) further thought that if the discharge flow rates at ¢,
and t;,,;, are Q, and Q, ... respectively, they can be calculated in a way such that:

v.
Qd,max = t (65)

d ,min
0,=—=< (6.6)
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V, in equation 6.5 is the exchange volume above the discharge port, as shown
in figure 6.5b, and the hypothetical flow that can settle is Q, ..~ O, (figure 6.5b).
Thus, the relaxation of settling time due to 7, can be given as:

Relaxation of settling time due to 7, = 6.7)

d ,max

Substitution of equations 6.5 and 6.6 in equation 6.7 yields the following equation:

2
. . . L4 min ([d - [d,min)
Relaxation of setting time due to 7, =| 1——— (td -t, min) =—>—" (6.8)
1y ’ 1y

In this case, equation 6.4 becomes:

(td - td min )2
Effective settling time = +-——— 6.9)

Combining equation 6.9 with equation 6.3 leads to:

(fd o )2 (6.10)

Equation 6.10 integrates the three major selection pressures (i.e., ¢, t;, and L) in
SBRs into an easy concept of the minimum settling velocity required for successful
aerobic granulation. Basically, fast-settling bioparticles are heavy spherical aggre-
gates, whereas the slow-settling particles are small, light, and have irregular shapes.
Clearly, bioparticles can be selected according to their settling velocity, and this
has been confirmed in laboratory-scale aerobic granular sludge SBRs (Y. Liu et al.
2005a). Equation 6.10 reasonably explains why ¢,, L, and 7, in SBRs can serve as the
effective selection pressures and the way that they determine aerobic granulation.

The decisive effect of (V,),,;, on aerobic granulation in stable SBRs operated at
different selection pressures is shown in figure 6.6. It can be seen that the fraction
of aerobic granules expressed as the ratio of biomass of aerobic granules to the total
biomass tends to increase with the increase of (V,),;,- At (V)),.;, values smaller than
1.0 m-h~!, only suspended bioflocs are cultivated and no aerobic granules are devel-
oped. As the (V,),,;, increases above 1.0 m-h~!, an aerobic granular sludge blanket
starts to appear. At the (V)),,;, value of 4.0 m-h~!, aerobic granules prevail over sus-
pended flocs (figure 6.6). As the typical settling velocity of suspended activated
sludge is generally less than 3 to 5 m-h~! (Giokas et al. 2003), figure 6.6 seems to
indicate that if the SBR is operated at a (V,),;, value below that of suspended flocs,
suspended sludge will not be effectively washed out of the reactor.

min
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FIGURE 6.6 Relationship between the mass fraction of aerobic granules and (V).
(@) at different settling times (Qin, Liu, and Tay 2004a); (O) at various volume exchange ratios
(Z.-W. Wang, Liu, and Tay 2006); (m) at different discharge times (Z.-W. Wang 2007).

The specific growth rates and growth yield of aerobic granules are lower than
that of suspended activated sludge (see chapter 7), that is, suspended sludge can
easily out compete aerobic granules. This in turn represses the formation and growth
of aerobic granules and eventually leads to disappearance of the aerobic granular
sludge blanket in the SBR if suspended sludge is not effectively withdrawn. It is the
main reason (V,),,;, must be controlled at a level higher than the settling velocity of
suspended sludge, otherwise successful aerobic granulation will not be achieved and
maintained stably. Equation 6.10 indicates that enhanced selection of bioparticles for
rapid aerobic granulation can be realized through properly controlling and adjusting
settling time, discharge time, and the volume exchange ratio (or depth of discharge
port) in SBRs (Y. Liu, Wang, and Tay 2005). However, compared to the exchange
ratio and discharge time, control of the settling time is more flexible in terms of
manipulation in a full-scale SBR operation.

It also appears from Equation 6.10 that the H/D ratio of an SBR may not serve
as a selection pressure for aerobic granulation; nevertheless, a larger H/D ratio may
be desirable in the design of a full-scale SBR because it may allow more space for
operation engineers to manipulate L and subsequent (V,),,;, according to needs. In
addition, as shown in the preceding chapters, selection pressures have a profound
effect on the surface properties of aerobic granules in terms of cell surface hydro-
phobicity and extracellular polysaccharides (EPS), which in turn favor the forma-
tion of aerobic granules in an SBR. Similarly, the selection pressure-associated cell
surface hydrophobicity and EPS production was also observed in anaerobic granula-
tion in an upflow anaerobic sludge blanket (UASB) reactor (Mahoney et al. 1987;
Schmidt and Ahring 1996). As equation 6.1 shows, the settling velocity of particles
is closely related to the diameter of aggregates. It is likely that microbial granula-
tion induced by selection pressures is an effective microbial survival strategy that
enables the bacteria to aggregate into big granules and consequently to avoid being
discharged out of the reactor.
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FIGURE 6.7 Morphology of seed sludge. (From Liu, Q. S. 2003. Ph.D. thesis, Nanyang
Technological University, Singapore. With permission.)

6.7 FAILURE OF AEROBIC GRANULATION IN
CONTINUOUS MICROBIAL CULTURE

The selection pressure theory for aerobic granulation is further supported by experi-
mental observations in a continuous activated sludge reactor in which selection pres-
sure in terms of the minimum settling velocity (equation 6.10) is absent or extremely
weak. Q. S. Liu (2003) reported the failure of aerobic granulation in a column-type
continuous activated sludge reactor in which hydraulic selection pressure was almost
negligible. The seed sludge had an average size of 0.07 mm, and exhibited a typical
morphology of conventional activated sludge flocs (figure 6.7). After 3 weeks of
operation, aerobic granules appeared in the SBR. However, only bioflocs with a size
of 0.1 mm prevailed in the continuous activated sludge reactor over the whole experi-
mental period. The morphology of bioparticles present in both the reactors on day 23
is shown in figure 6.8 and figure 6.9. It can be seen that aerobic granules with a clear,
round-shaped structure were successfully cultivated in the SBR (figure 6.8), but only
a fluffy, irregular, loose-structured sludge was developed in the continuous activated
sludge reactor (figure 6.9).

Figure 6.10 shows further changes in sludge size as a function of operation time
in both the continuous activated sludge reactor and the SBR. It was found that the
sludge size in the SBR gradually increased up to a relatively stable value of 0.50 mm
after 120-cycle operation; however, the sludge size fluctuated at the level of around
0.1 mm and no granulation was observed in a continuous activated sludge reactor.
The sludge settling property in terms of sludge volume index (SVI) improved along
with aerobic granulation in the SBR (figure 6.11), for example, the SVI value dropped
from 190 mL g! at the beginning to an average value of 56 mL g! after aerobic
granulation. In contrast, the SVI value in the continuous activated sludge reactor
fluctuated at 200 mL g!, which was similar to that of seed sludge.

The continuous activated sludge process has been used to treat an extremely
wide variety of wastewaters for the removal of organics, nitrogen, and phosphorus
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FIGURE 6.8 Morphology of aerobic granule observed on day 23 in an SBR. (From Liu, Q. S.
2003. Ph.D. thesis, Nanyang Technological University, Singapore. With permission.)

FIGURE 6.9 Morphology of bioflocs observed on day 23 in a continuous activated sludge
reactor. (From Liu, Q. S. 2003. Ph.D. thesis, Nanyang Technological University, Singapore.
With permission.)

for more than a century; however, up to now, no successful aerobic granulation has
been reported in this process. So far, nearly 100% of aerobic granules are produced
in sequencing batch reactors only. As shown in figures 6.10 and 6.11, the feasibility
and efficiency of a continuous activated sludge reactor in the development of aerobic
granular sludge was not sufficiently demonstrated. In the sense of reaction opera-
tion, the SBR and complete-mix continuous activated sludge reactor (figure 6.12)
have very different behaviors in terms of selection pressure. The selection pressure
in an SBR can be created and further manipulated as elaborated by the concept of
the minimum settling velocity (equation 6.10), while in a complete-mix continuous
activated sludge reactor, it is almost impossible to generate such a minimum settling
velocity by which bioparticles would be selected according to their settleability.
This is due mainly to the fact that in the complete-mix continuous activated sludge
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FIGURE 6.10 Change in sludge size versus operation time in an SBR and continuous
activated sludge reactor (ASR). (From Liu, Q. S. 2003. Ph.D. thesis, Nanyang Technological
University, Singapore. With permission.)
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FIGURE 6.11 Change in sludge volume index (SVI) observed in an SBR and continuous
activated sludge reactor (ASR). (From Liu, Q. S. 2003. Ph.D. thesis, Nanyang Technological
University, Singapore. With permission.)
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FIGURE 6.12 Schematic illustration of a complete-mix continuous activated sludge reactor.

reactor, sludge is discharged out of the reactor in a complete-mix state, that is, quick-
and slow-settling bioparticles would be equally thrown away without any selection.

The selection pressure theory for aerobic granulation clearly shows that selective
washout of suspended flocs according to their settling velocities is essential for rapid
and successful aerobic granulation in an SBR. Through regular removal of completely
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mixed bioflocs from the aerobic granular sludge SBR, stable aerobic granules with good
settleability can be produced and maintained (Z. H. Li, Kuba, and Kusuda 2006).

The upflow anaerobic sludge blanket (UASB) reactor is operated in a continuous
mode, and it was thought that anaerobic granulation in the UASB reactor is driven
by hydraulic selection pressure in terms of the liquid upflow velocity, V,,, (Hulshoff
Pol, Heijnekamp, and Lettinga 1988; Alphenaar, Visser, and Lettinga 1993). The
liquid upflow velocity has a dual effect on anaerobic granulation, that is, low V,,
does not encourage or enhance anaerobic granulation, whereas if V,, is too high,
sludge washout from the UASB reactor can occur, and eventually lead to failure of
anaerobic granulation. Theoretically, the critical liquid upflow velocity that can be
applied to a UASB reactor should be equal to V,. In practice, in order to maintain the
long-term stability of the UASB reactor and to avoid eventual washout of the anaero-
bic granular sludge blanket, the liquid upflow velocity applied to the UASB reactor
must be much lower than V. Thus, information on the settling velocity is critical in
the determination of the allowable upflow velocity of the anaerobic granular sludge
in UASB reactors. This means that the proposed selection pressure theory may also
be applicable for anaerobic granulation.

6.8 UPSCALING AEROBIC GRANULAR SLUDGE SBRS

Aerobic granules have been developed successfully in laboratory-scale SBRs with
aspect ratios of 1.9 to 20 (Morgenroth et al. 1997; Beun et al. 1999; Tay, Liu, and Liu
2001; Yang, Tay, and Liu 2003; McSwain, Irvine, and Wilderer 2004; Qin, Liu, and
Tay 2004a; Schwarzenbeck, Erley, and Wilderer 2004; Zheng, Yu, and Sheng 2005).
It has been proposed that SBRs should have a high aspect ratio to improve selection
of granules that settle well (Beun, van Loosdrecht, and Heijnen 2002). However,
from equation 6.10, aspect ratio does not appear to influence selection pressure in an
SBR. Nevertheless, a large aspect ratio is desirable because it offers more flexibility
for operators to manipulate L and, therefore, (V)),,;,-

In upscaling an aerobic granular sludge SBR, settling time, discharge time, and
volume exchange ratio (or depth of the outlet port) must be collectively controlled
according to equation 6.10. Compared to the volume exchange ratio and discharge
time, control of the settling time is more flexible in manipulating the operation of a
full-scale SBR. To avoid initial washout of biomass, settling time should be gradu-
ally shortened, for example, from 20 minutes to 2 minutes (Lin, Liu, and Tay 2003;
Qin, Liu, and Tay 2004a, 2004b; Tay et al. 2004; Hu et al. 2005). According to
figure 6.4, (V,),,;, for enhanced aerobic granulation should not be less than 8 m-h~!.
Successful aerobic granulation has been obtained at settling velocities of 10 and
16.2 m-h~! (Beun, van Loosdrecht, and Heijnen 2000, 2002).

An essential aspect of the design of an aerobic granular sludge SBR is the estima-
tion of the discharge time. Discharge time greatly influences the formation of aerobic
granules (equation 6.10) and determines the discharge pumping rate (equation 6.5)
that relates to energy consumption. In practice, engineers and operators have limited
space for manipulating the volume exchange ratio or depth of the outlet port of the
reactor. Indeed, most laboratory-scale aerobic granular sludge SBRs are actually
operated at a fixed volume exchange ratio (Morgenroth et al. 1997; Tay, Liu, and
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Liu 2001; Lin, Liu, and Tay 2003; McSwain, Irvine, and Wilderer 2004; Q. Wang,
Du, and Chen 2004). In practice it may be preferable to control the settling time
and discharge time in order to achieve the minimum settling velocity required for
aerobic granulation; hence, equation 6.10 can be rewritten as follows:

;= L _(td_td,min)z 6.11
s = (K)mn ‘ 6.11)

The following example considers a full-scale column-type SBR with a diameter
of 4 m and a working height of 8§ m, and a volume exchange ratio of 50% is assumed.
This corresponds to a discharge depth (L) of 4 m and a minimum discharge time of
5 minutes. The latter value is based on laboratory studies as presented in chapter 5.
If the minimum settling velocity is increased in steps of 2 m-h~! from an initial value
of 8 m'h~!, the corresponding relationship of settling time to discharge time can be
determined by equation 6.11; that is,

2
t,—5
At(V),.. =8 mh, t, =30 (14 -5)
lq
(1 -5)
At (V)= 10 mh', =24t
d
(10 -5)
At (V)= 12 mh, =20
d
2
t,—5
At (V),.. = 16 mh-, t, = 15—u
Iy
2
t,—5
At (V)0 = 20 mh, 1, =12—7( dt )
d

The above equations show relationships of the settling time to the discharge time
at different desired minimum settling velocities (figure 6.13). The salient points from
figure 6.13 are as follows:

1. Any pair of ¢, and ¢, that satisfies the above ¢, - ¢, relationship would result
in the same desirble (V)),,;, for aerobic granulation, that is, a longer 7, would
be compensated for by a shorter ¢, and vice versa.

2. For any given settling time, the discharge time required can be computed.

3. The longest settling time for the preset (V,),,;, can be estimated.

4. The longest discharge time allowed for achieving preset (V,),;, can be obtained.

These pieces of information are essential for rational scale-up of an aerobic granular

sludge SBR.
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FIGURE 6.13 Relationship betweensettling time and discharge time for adesired (V)),,,;,. (From
Liu, Y., Wang, Z.-W., and Tay, J. H. 2005. Biotechnol Adv 23: 335-344. With permission.)

It should be realized that the discharge time determines the effluent pumping
rate that relates to the energy cost, that is, a short discharge time results in a higher
effluent pumping rate. From the point of view of the SBR operation, a long discharge
time is preferable for reducing the pumping power. However, a long discharge time
can be obtained only by shortening the settling time (figure 6.13). As demonstrated
in chapter 4, optimal settling time for successful aerobic granulation should be less
than 5 minutes. If a similar settling time applies to the above full-scale SBR, the
discharge time needed for achieving a desired (V,),,;, for aerobic granulation can
be easily estimated, for example, 34.4 min for a (V,),,;, of 8 m-h-!. Consequently,
equation 6.10 offers a guide for design and operation engineers to manipulate the
aerobic granulation process through collective adjustments of the settling time,
discharge time, and the volume exchange ratio; however, compared to the exchange
ratio and discharge time, control of the settling time seems more flexible in manipu-
lating the full-scale SBR.

6.9 PREDICTION OF SETTLING VELOCITY OF BIOPARTICLES

As discussed in section 6.4, to enhance aerobic granulation in SBR, bioparticles with
settling velocity smaller than the minimum are effectively washed out. This implies
that estimating the settling velocity of the bioparticles is essential for the optimal
control and operation of an aerobic granular sludge SBR for wastewater treatment.
In this regard, Y. Liu et al. (2005a) developed a generalized equation for the settling
velocity of aerobic granules, which is also applicable for anaerobic granules.

In study of the settling velocity of activated sludge, the role of particle size is
often ignored and is not quantitatively reflected in the original Vesilind equation and
the modified Vesilind equations (Hartel and Popel 1992; Akca, Kinaci, and Karpuzcu
1993; Wahlberg and Keinath 1995; Renko 1998; Giokas et al. 2003). This is because
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the size of activated sludge flocs is very small, normally less than 100 pm, that is,
activated sludge is relatively homogeneous. However, in an aerobic granular sludge
SBR, the size of the aerobic granules may vary in a very wide range of 0.25 to 9 mm.
In this case, the effect of the granule size on V, must be taken into account. The well-
known Stokes formula (equation 6.1) shows that the settling velocity of a particle is
determined mainly by the density and diameter of aggregates. In the study of aerobic
granulation, SVI has been commonly measured to reflect the compactness of micro-
bial association. Y. Liu et al. (2005a) assumed that the term (p,— p) in equation 6.1
that represents the wet density of aerobic granules can be roughly estimated as:

P,~P=or 6.12)

Such an assumption indeed is reasonable, as shown below.
According to the SVI definition (APHA 1998), its inverse can be expressed as:

1 M,
Y N (6.13)
SvI Vps + pr +V

in which M, is the dry mass of the bioparticles, V,, is the dry volume of the bio-
particles, V,, is the volume of water retained in the bioparticles, and V, is the void
space between settled bioparticles. In the SVI test of aerobic granules, V, is often
very small or negligible as compared to the whole volume of settled biomass, thus
equation 6.13 is reduced to
1 M,
SVI V. _+V 6149

ps pw

On the other hand, the water density can be expressed as

M

P, = pr =1 6.15)

pw

Likewise, the density of the bioparticles can be analytically defined in a way
such that:

M, +M,
Py = V. +V

pw

(6.16)

in which M,,, is the mass of water contained in the bioparticles. Combining

equations 6.15 and 6.16 yields the following relationship:

M \%

-p = R e | 6.17
Pp~Pu vV, tV V +V @17

pw ps pw
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It appears from equations 6.15 and 6.16 that the second term on the right-hand
side of equation 6.17 can be rewritten as:

7% M
R =p - (6.18)
V +V PM o +M
ps pw pw ps
M,
In fact, the term p, M M in equation 6.18 is the product of bioparticle

pw ps
density and water content of the bioparticles.

It is well known that the density of aerobic granules generally falls into a range
of 1.01 to 1.06 kg L', and its water content is as high as 95% to 98%. As a conse-

pw
PM +M

]7‘4' [).T
to 1. In this case, equation 6.17 becomes:

quence, the value of the term p in Equation 6.18 should be very close

M

—-p =— 6.19
PPy (6.19)

s pw

Substitution of equation 6.19 into equation 6.14 gives:

1
v P, P, (6.20)

Substitution of equation 6.12 into equation 6.1 gives:

2
gdﬂ

v=28 6.21)
< 18U SVI

Existing evidence shows that the viscosity of mixed liquor in a biological reactor
is an exponential function of the concentration of biomass (Manem and Sanderson
1996; Hasar et al. 2004), that is,

= aef* 6.22)

in which X is the biomass concentration, and a and P are constant coefficients. Com-
bining equations 6.21 and 6.22 yields:

Visae™ (6.23)

n which o is a constant coefficient and equals g/18a. Equation 6.23 shows that the
settling velocity of aerobic granular sludge is determined by the size of the granules,
SVI, and biomass concentration of the granules.
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FIGURE 6.14 Settling velocity of microbial aggregates as a function of sludge volume
index, mean size, and biomass concentration observed in the course of aerobic granulation
in SBR; equation 6.23 prediction with respective o and 3 values of 5.94 x 107 m? kg™ h~' and
0.98 m3 kg1, and correlation coefficient = 0.94. (From Liu, Y. et al. 2005a. Biotechnol Prog
21: 621-626. With permission.)

In order to determine the constant involved, equation 6.23 is linearized as follows:

Y =lno—BX (6.24)
in which:
=1In % (6.25)
P

Thus, plotting Y versus X gives a straight line with a slope of - and an intercept
of Ina.. Figure 6.14 and figure 6.15 show changes in size, biomass concentration,
SVI, and corresponding settling velocity of microbial aggregates in the course of
aerobic granulation in SBRs. It can be seen that equation 6.23 can provide a satisfac-
tory description to the experimental data obtained, indicated by a respective correla-
tion coefficient of 0.94 and 0.89. In fact, Moon et al. (2003) also reported that the
zone settling velocity of activated sludge was related to its size.

In order to further confirm the proposed equation (equation 6.23), additional
experiments were conducted with aerobic granules having defined mean size in the
range of 0.23 to 2.4 mm, while the biomass concentration was kept constant at 1.2 kg
m~3. In this case, equation 6.23 reduces to:

d2
Vo=y—L (6.26)
in which: SVI
v =oe ™ 6.27)

Figure 6.16 shows a plot of dIZ/SVI against V.. A good agreement between the
equation 6.26 prediction and the experimental data is obtained, indicated by a
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FIGURE 6.15 Settling velocity of microbial aggregates as a function of sludge volume
index, mean size, and biomass concentration observed in the course of aerobic granulation in
an SBR; equation 6.23 prediction is shown by a solid curve with respective o and B values of
2.19 x 107 m? kg~ h~" and 0.81 m? kg™, and correlation coefficient = 0.89. (From Liu, Y. et al.
2005a. Biotechnol Prog 21: 621-626. With permission.)
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FIGURE 6.16 Settling velocity of aerobic granules as a function of sludge volume index, mean
size of aerobic granules at a constant biomass concentration observed in the course of aerobic
granulation in an SBR; equation 6.23 prediction is shown by a solid curve with yvalue of 3.4 x 10°
m? kg h™'. (From Liu, Y. et al. 2005a. Biotechnol Prog 21: 621-626. With permission.)

correlation coefficient of 0.94. It is apparent that equation 6.23 can offer a satisfac-
tory prediction to the settling velocity of bioparticles.

As discussed earlier, among all three key hydraulic selection pressures identified,
settling time is the strongest one and it offers high flexibility in control and operation
of an aerobic granular sludge SBR. There is solid evidence that settling time must
be set as short as possible in order to enhance and accelerate the aerobic granulation
process, that is, a short settling time preferentially selects for the growth of good
settling bacteria, and the sludge with a poor settleability is washed out. However, a
basic question remaining unanswered so far is how to determine the critical settling
time for a rapid aerobic granulation. Equation 6.2 shows that the higher V, results
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in a shorter traveling time of particles to the discharge port, that is, the bioparticles
with a traveling time longer than the settling time chosen for the SBR system will be
washed out of the reactor. Thus, the critical settling time for aerobic granulation in
an SBR would be defined as follows:

.. . L
Critical settling time = 7 (6.28)

s

Substitution of equation 6.23 into equation 6.28 gives:

BY

Critical settling time = ESW% (6.29)
o

P

It can be seen that the critical settling time for rapid aerobic granulation is
a function of the SVI, mean size of the bioparticles, and biomass concentration.
Equation 6.29 provides theoretical guidelines for selecting and adjusting the settling
time according to the parameters describing settleability in terms of particle size and
SVI. In fact, this strategy has been applied successfully to accelerate aerobic granu-
lation in SBRs by adjusting the settling time according to changes in the settleability
of bioparticles (Qin, Liu, and Tay 2004b, 2004a).

6.10 CONCLUSION

This chapter shows that aerobic granulation in SBRs is driven by selection pressures
exerted on microorganisms. The major selection pressures identified include settling
time, volume exchange ratio, and discharge time, and they can all be unified to a
single and easy concept of the minimal settling velocity of bioparticles that ultimately
determines aerobic granulation in SBRs. One may expect to manipulate the formation
and characteristics of aerobic granules by properly controlling the minimum settling
velocity, which is a function of the settling time, exchange ratio, and discharge time
in SBRs. It was demonstrated that the proposed selection pressure theory by Y. Liu,
Wang, and Tay (2005) can offers a useful guide for manipulating and optimizing the
formation and characteristics of aerobic granules in SBRs.
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7.1 INTRODUCTION

In biofilm culture, biofilm thickness has been commonly used to describe the growth
behaviors of fixed bacteria at the surface of the biocarrier, and a number of growth
models have been developed for biofilm culture. However, these models may not be
suitable for the description of the growth of aerobic granules. It has been shown that
aerobic granules can grow in a wide range of sizes, from 0.2 to 16.0 mm in mean
diameter, as described in chapter 1. Granule size determines the total surface area
available for the biodegradation of substrate, and subsequently the substrate surface
loading. In biofilm culture, microbial growth kinetics has been reported to be surface
loading-dependent (Trinet et al. 1991). In fact, microbial surface growth rate and bio-
degradation rate of aerobic granules are fairly related to the substrate surface loading,
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and can be described by the Monod-type equation (Y. Liu et al. 2005). This chapter dis-
cusses the growth kinetics of aerobic granules associated with substrate utilization.

7.2 A SIMPLE KINETIC MODEL FOR THE GROWTH OF
AEROBIC GRANULES

The growth of aerobic granules after the initial cell-to-cell self-attachment is similar
to the growth of biofilm, and can be regarded as the net result of interaction between
bacterial growth and detachment (Y. Liu et al. 2003). The balance between the
growth and detachment processes in turn will lead to an equilibrium size of aerobic
granules (Y. Liu and Tay 2002). Compared with biofilm process, aerobic granula-
tion is a process of cell-to-cell self-immobilization instead of cell attachment to a
solid surface. Thus, size evolution of microbial aggregates can be used to describe
the growth of aerobic granules. As presented in chapter 1, aerobic granulation is a
gradual process from dispersed sludge to mature aerobic granules with a spherical
outer shape and a stable size. Under given growth and detachment conditions, the
equilibrium size (D,,) of aerobic granules exists when the growth and detachment
forces are balanced, that is, the size of aggregate (D) gradually approaches its equi-
librium size (D,,). According to Atlas and Bartha (1998), the change rate of popula-
tion density in terms of size or concentration of a microbial community is a function
of the difference between its density at growth equilibrium and that at time z. Thus,
the difference between D, and D represents the growth potential of aerobic granules
under given conditions (Yang et al. 2004).

The linear phenomenological equation (LPE) shows that a flux term and a driving
force term for transport phenomena are linearly related (De Groof and Mazur 1962).
The unqualified success of this linear assumption has been universally recognized
as the basis of thermodynamics of transport phenomena (Prigogine 1967; Garfinkle
2002), while the linear relationship between the rate of a microbial process and its
driving force had been confirmed (Rutgers, Balk, and Van Dam 1989; Heijnen and
van Dijken, 1992). It must be realized that the LPE indeed reveals that the change
rate of population density would be a first-order function of the driving force or
growth potential. As an analogue to the LPE, Yang et al. (2004) proposed that the
growth of aerobic granules in size can be described by the following equation:

dD

“Z_wbD -D 7.1

& wbD,, - D) (7.1
where u is the specific growth rate of aggregate by size (day!). Equation (7.1) can be
rearranged to:

dD
=U dt 7.2
b -p * (7.2)

eq

In general, a newly inoculated culture does not grow immediately over a time,
which is often referred to as the lag phase (Gaudy and Gaudy 1980). The lag phase
is the time required for bacteria to adapt to new living conditions instead of growth,
and is not included in equation 7.1. Thus, only the size of microbial aggregates at the
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end of the lag phase can be used as the initial value for microbial growth. Integration
of equation 7.2 gives:

D-D,=(D,,—D)1—e " (7.3)
where ¢, is the time at the end of the lag phase, and D, is the size of microbial aggre-

gates at time f,. D,,, u, D,, and 1, can be determined experimentally by using the
method proposed by Gaudy and Gaudy (1980).

7.2.1 GROWTH OF AEROBIC GRANULES AT DIFFERENT ORGANIC LOADING RATES

The formation of aerobic granules was demonstrated in sequencing batch reactors
(SBRs) supplied with different organic loading rates, from 1.5 to 9.0 kg COD m= d-!
(see chapter 1). Figure 7.1 shows the evolution of microbial aggregates in terms of
mean size at different organic loading rates. The size of microbial aggregates gradu-
ally increased up to a stable value, the so-called equilibrium size, during the SBR
operation. It can be seen that equation 7.3 can provide a good prediction to the growth
data of aerobic granules obtained at different organic loading rates, indicated by a
correlation coefficient greater than 0.95 (figure 7.1). The effects of organic loading
rate on the equilibrium size (D,,) of aerobic granules and the size-dependent specific

Loading Rate: 1.5 kg m~3 d~! Loading Rate: 3.0 kgm=3d!
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FIGURE 7.1 Size evolution of microbial aggregates cultivated at different organic loading

rates. The prediction given by equation 7.3 is shown by a solid line. (Data from Yang, S. F.,
Liu, Q. S, and Liu, Y. 2004. Lett Appl Microbiol 38: 106-112.)
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FIGURE 7.2 Effect of organic loading rate on size of microbial aggregate at equilibrium ()
and specific growth rate by size (®). (Data from Yang, S. F., Liu, Q. S., and Liu, Y. 2004. Lert
Appl Microbiol 38: 106-112.)

growth rate (1) are presented in figure 7.2. It was found that both the size of the
microbial aggregate at equilibrium (D,,) and the size-dependent specific growth rate
(w) tended to increase with the increase of organic loading rate in the range studied.
A similar phenomenon was also observed by Moy et al. (2002). Obviously, the rela-
tionship observed between the growth rate of aerobic granules and the organic load-
ing rate is subject to the best-known Monod equation, that is, a high substrate loading
results in a high microbial growth rate. The development of bigger aerobic granules
at the higher organic loading rate is simply due to its loading-associated growth rate.
In the biofilm process, biofilm thickness was also found to be proportionally related
to the applied organic loading rate (Tijhuis et al. 1996; Kwok et al. 1998).

7.2.2  GROWTH OF AEROBIC GRANULES AT DIFFERENT SHEAR FORCES

In a column SBR, hydrodynamic shear force is mainly created by aeration that can
be quantified by superficial upflow air velocity (see chapter 2). The effect of shear
force in terms of superficial upflow air velocity on the growth of aerobic granules
is illustrated in figure 7.3. It can be seen that the prediction by equation 7.3 is in
good agreement with the experimental data obtained at different shear forces. Both
the size of the microbial aggregate at equilibrium and the size-dependent specific
growth rate show decreasing trends as the shear force increases (figure 7.4).

It is known that high shear force would lead to more collision among particles,
and friction between particle and liquid, leading to a high detachment force. This
may in part explain why smaller aerobic granules were developed at higher shear
force. A similar phenomenon was also observed in the biofilm culture where
thinner biofilm was cultivated at higher shear force (van Loosdrecht et al. 1995;
Gjaltema, van Loosdrecht, and Heijnen 1997; Y. Liu and Tay 2001; Horn, Reiff,
and Morgenroth 2003). Y. Liu et al. (2003) proposed that the growth kinetics of
biofilm is highly dependent on the ratio of growth force normalized to detachment
force. At a given organic loading rate, a microbial community can regulate its meta-
bolic pathways in response to changes in external shear force, for example more
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FIGURE 7.3 Size evolution of microbial particles at different shear forces. The prediction
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FIGURE 7.4 Effect of shear force on size of microbial aggregate at equilibrium (0) and

specific growth rate by size (®). (Data from Yang, S. F., Liu, Q. S., and Liu, Y. 2004. Lett App!
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extracellular polysaccharides would be produced (see chapter 2). This is the reason
behind a reduced equilibrium size and growth rate with the increase of shear force. In
fact, it has been demonstrated that suspended bacteria can respond to hydrodynamic
shear by altering their growth rate, cell density, and metabolism (Meijer et al. 1993;
Chen and Huang 2000; Q. S. Liu et al., 2005).

7.2.3 GROWTH OF AEROBIC GRANULES AT DIFFERENT SUBSTRATE
N/COD RarTiOS

Aerobic granules can form in a wide range of different substrate N/COD ratios
for nutrient and carbon removal (see chapter 1). The growth of aerobic granules
at the N/COD ratios of 0.05 to 0.3 is shown in figure 7.5. It can be seen that the
prediction of equation 7.3 fitted the experimental data very well, indicated by a cor-
relation coefficient greater than 0.97. The relationships between the size of microbial
aggregate at equilibrium, the size-dependent specific growth rate, and the substrate
N/COD ratio are presented in figure 7.6. Both the size of the microbial aggregate at
equilibrium and the size-dependent specific growth rate were found to decrease with
the increase of substrate N/COD ratio. This seems to imply that the substrate N/COD
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FIGURE 7.5 Size evolution of microbial particles at different substrate N/COD ratios. The
prediction given by equation 7.3 is shown in a solid line. (Data from Yang, S. F., Liu, Q. S.,
and Liu, Y. 2004. Lett Appl Microbiol 38: 106-112.)
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FIGURE 7.6 Effect of substrate N/COD ratio on size of microbial aggregate at equilibrium
(0) and specific growth rate by size (®). (Data from Yang, S. F., Liu, Q. S., and Liu, Y. 2004.
Lett Appl Microbiol 38: 106-112.)

ratio might select microbial populations in aerobic granules, that is, high substrate
N/COD ratio will promote the growth of nitrifying populations (Yang, Tai, and Liu
2004, 2005). It is well known that a nitrifying population grows much slower than
heterotrophs do. Consequently, an enriched nitrifying population in aerobic granules
developed at high substrate N/COD ratio would be responsible for the overall low
growth rate of granular sludge and smaller size, as shown in figure 7.6.

7.3 EFFECT OF SURFACE LOADING ON
KINETIC BEHAVIOR OF AEROBIC GRANULES

7.3.1  ErrecT OF SURFACE LOADING ON GROWTH RATE

Y. Liu et al. (2005) studied the effect of surface loading rate on the growth of aerobic
granules, and found that the specific surface area of aerobic granules is inversely
correlated to the mean diameter of the aerobic granules, that is, bigger granules have
a smaller specific surface area (figure 7.7). According to the specific surface area of
aerobic granules, the substrate surface loading of aerobic granules can be calculated
based on the volumetric organic loading rate applied. Figure 7.8 further exhibits the
effect of substrate surface loading on the surface growth rate of aerobic granules.
It appears that a higher surface loading results in faster growth of aerobic granules,
and the relationship between the surface growth rate of aerobic granules and the
substrate surface loading is subject to the Monod-type equation:

Ly
T - (7.4)
Hs = Hs, L+ K

where ug and pg ., are, respectively, the surface growth rate and the maximum sur-

face growth rate of aerobic granules (g biomass m~2 h™') and L, is the surface loading
(g COD m2), while K| is the Monod constant. Equation 7.4 can satisfactorily describe
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FIGURE 7.7 Specific surface area versus the mean diameter of aerobic granules. (From
Liu, Y. et al. 2005. Appl Microbiol Biotechnol 67: 484—488. With permission.)
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FIGURE 7.8 Effect of the substrate surface loading (L,) on the surface growth rate (u,) of
aerobic granules. The prediction given by equation 7.4 is shown by a solid curve. y ... =
0.62 g biomass m2h'; K, =9.6 g COD m; and correlation coefficient = 0.994. (From Liu, Y.
et al. 2005. Appl Microbiol Biotechnol 67: 484—488. With permission.)

the experimental data, indicated by a correlation coefficient of 0.99 (figure 7.8). In
addition, figure 7.9 shows the effect of the substrate surface loading on the surface
oxygen utilization rate (SOUR) of aerobic granules. A trend similar to u, is observed
in figure 7.9. It seems that the microbial activity of aerobic granules increases with
the increase of substrate surface loading rate.

7.3.2  ErrecT OF SURFACE LOADING ON SUBSTRATE BIODEGRADATION RATE

The surface COD removal rate (g,) by aerobic granules versus the substrate surface
loading is presented in figure 7.10, showing that an increased substrate surface load-
ing leads to a higher surface COD removal rate until a maximum value is reached.
Analogous to equation 7.4, g, versus L, can be described by a Monod-type equation:
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FIGURE 7.9 Effect of substrate surface loading (L,) on the surface oxygen utilization rate
(SOUR) of aerobic granules. (From Liu, Y. et al. 2005. Appl Microbiol Biotechnol 67: 484—488.
With permission.)
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FIGURE 7.10 Effect of the substrate surface loading (L,) on the substrate surface removal
rate (¢g,) by aerobic granules. The prediction given by equation 7.5 is shown by a solid curve.
Qymax = 4.67 g COD m2 h!; K = 14.2 g COD m2; and correlation coefficient = 0.991. (From
Liu, Y. et al. 2005. App! Microbiol Biotechnol 67: 484—488. With permission.).

Ly

—_— 7.5
L +K; (7.3)

CIS = qS,max

where g, .. is the maximum substrate surface removal rate by aerobic granules (g
COD m=h). It is obvious that the equation 7.5 prediction is in good agreement with
the experimental data (figure 7.10). It is known that the kinetic behavior of a micro-
bial culture is associated with the interaction between anabolism and catabolism,
and catabolism is coupled to anabolism (Lehninger 1975). This implies that sub-
strate oxidation is tied up with oxygen reduction during the aerobic culture of micro-
organisms. Figure 7.11 shows the close correlation of g, to SOUR, which reveals that
1.0 g substrate-COD oxidized by aerobic granules requires 0.68 g oxygen.
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FIGURE 7.11 Correlation of SOUR to ¢,. (From Liu, Y. et al. 2005. Appl Microbiol
Biotechnol 67: 484—488. With permission.).

7.3.3 RELATIONSHIP OF SURFACE GROWTH RATE TO
SUBSTRATE BIODEGRADATION RATE

It has been recognized that aerobic granules can be differentiated from suspended
activated sludge by their size, spherical shape, excellent settleability, and highly orga-
nized microbial structure (Y. Liu and Tay 2002). Figure 7.7 shows that the specific
surface area of aerobic granules is closely related to their mean diameter, while
figures 7.8 to 7.10 clearly indicate that the surface growth rate and the substrate sur-
face biodegradation rate of aerobic granules in terms of ug, g,, and SOUR increase
with the substrate surface loading, that is, the kinetic behavior of aerobic granules
is dependent on the substrate surface loading. According to Tempest and Neijssel
(1978), the Pirt maintenance equation can be linearized as follows:

1
qs = my +Y—us (7.6)

G

where m, is the Pirt maintenance coefficient and Y is the theoretical maximum
growth yield. Figure 7.12 shows the linear relationship of g, to ug with a m, value of
0.24 g COD m2h™' and a Y;; value of 0.2 g biomass g! COD. At the lowest substrate
surface loading of 2.2 g COD m=2, about 40% of the input substrate is consumed
through the maintenance metabolism, while only 10% of input substrate goes into the
maintenance at the highest substrate surface loading (24 g COD m™2). In fact, these
are in good agreement with the Pirt maintenance theory, stating that more substrate
will be used for maintenance purposes at lower substrate availability (Pirt 1965).
Compared with conventional activated sludge with a typical growth yield of 0.4 to
0.6 g biomass g! COD (Droste 1997), the theoretical maximum growth yield of
aerobic granules is low. In fact, there is evidence showing that the productivity of
aerobic granules fell into a range of 0.1 to 0.2 g biomass g~! COD (Pan 2003).

As discussed earlier, the rate of substrate utilization is well expressed as a Monod
equation, and can be used to describe the relationship between the bacterial growth
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qs = 4.89 y + 0.24
R%?=0.95

T T
0 0.1 0.2 0.3 0.4 0.5

t,(g biomass m2 h~1)

FIGURE 7.12  Surface growth rate (u,) versus substrate surface biodegradation rate (g,).
(From Liu, Y. et al. 2005. Appl Microbiol Biotechnol 67: 484—488. With permission.)

TABLE 7.1
Kinetic Comparison of Aerobic Granules, Activated Sludge, and
Anaerobic Granules

Anaerobic Aerobic
Activated Granules Granules
Sludge from UASB from SBR
Start-up period Several weeks 3 months Several days
MLSS (g L-1)? 1-2 15-25 8
OLR (g COD L' d-1)® 0.5-1 10 4
Effluent COD (mg L) <40 >100 <30
Maximum specific substrate utilization rate (d') 2-10 0.9-3 23.65
Half-velocity coefficient (mg L") 15-70 100-250 3367.05
Growth yield coefficient (mg MLSS mg™' COD)  0.25-0.4 0.04-0.10 0.1927-0.2022
Bacteria decay rate coefficient (d™') 0.04-0.075 0.02-0.04 0.00845-0.0135

2 MLSS, mixed liquor suspended solids.
b OLR, organic loading rate.
Source: Data from L. Liu et al. 2005. Enzyme Microb Technol 36: 307-313.

rate and the concentration of growth-limiting substrate. L. Liu et al. (2005) deter-
mined the Monod kinetics coefficients for aerobic granules cultivated from glucose
substrate in an SBR operated at a mean cell residence time of 10 days (table 7.1).
It can be seen that by comparing with a conventional activated sludge system and an
upflow anaerobic sludge blanket (UASB) reactor, the aerobic granular sludge system
had a shorter start-up period, high substrate utilization rate, less surplus sludge pro-
duction, and low effluent COD. These results further demonstrated the excellence of
aerobic granules for wastewater treatment.

Lubken, Schwarzenbeck, and Wilderer (2004) applied Activated Sludge Model
No. 3 (ASM3) to describe an aerobic granular sludge SBR system. ASM3 is a model
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developed for the activated sludge process to simulate oxygen consumption, sludge
production, nitrification, and denitrification. However, it was shown that the model
could also be used for the simulation of nutrient removal with aerobic granular sludge
after adjusting some biological parameters. It was shown that this model can provide
a good control as well as the design basis for aerobic granular sludge reactors.

Figure 7.11 shows that the unit oxygen requirement of aerobic granules is
0.68 g O, g! COD oxidized. In a conventional activated sludge process, the unit
oxygen uptake may vary over a wide range of 0.21 to 0.54 g O, g*! COD (Burkhead
and McKinney 1969). For comparison, it is assumed that aerobic granules would
have a similar empirical formula to that of activated sludge, that is, C;H,NO,. Based
on the values of the unit oxygen uptake by aerobic granules and the growth yield of
aerobic granules as given earlier, it is possible to generate an oxidative assimilation
equation of aerobic granules grown on acetate, that is:

C,H,0, + 1.360, + 0.INH, — 0.1CsH,NO, + 1.5CO, + 1.52H,0  (7.7)

It appears from equation 7.7 that 75% of the input acetate carbon is channeled to
carbon dioxide-carbon during aerobic granular culture. The respirometric tests with
aerobic granules showed that about 74% of acetate-carbon is converted to carbon
dioxide, which is fairly consistent with equation 7.7. When more substrate-carbon
goes to carbon dioxide, less sludge is produced, that is, the input substrate can be
finally respired to carbon dioxide and water, resulting in a lower biomass produc-
tion (equation 7.7). The higher carbon dioxide production in aerobic granular culture
offers a plausible explanation for the lower growth yield of aerobic granules.

Basically, metabolism is the sum of biochemical transformation, which includes
interrelated catabolic and anabolic reactions; and the behavior of a microbial culture
is determined by catabolism and anabolism (Lehninger 1975). As discussed earlier,
aerobic granules have a low growth yield and high carbon dioxide production. This
may imply that the energy generated from catabolism cannot be mainly used for the
growth of aerobic granules; and aerobic granules seem to expend energy on func-
tions that are not readily growth-associated. One major difference between aerobic
granules and activated sludge is the highly organized three-dimensional structure of
the aerobic granules (Tay, Liu, and Liu 2001). Compared with loose and nonorga-
nized activated sludge, it is likely that, for aerobic granules, part of the energy gener-
ated from the oxidation of organic substrate is used to maintain the highly organized
three-dimensional microbial structure and integrity of the aerobic granule, which in
turn leads to high carbon dioxide production and the subsequent low growth yield of
aerobic granules. In order to interpret the low growth yield of a biofilm, Y. Liu and
Tay (2001) proposed a hypothesis showing that the biofilm community would have to
regulate its metabolic pathway so as to maintain its structural integrity and stability
through consuming nongrowth-associated energy.

According to Burkhead and McKinney (1969), the oxidative assimilation equa-
tion of activated sludge grown on acetate can be roughly determined, that is:

C,H,0, + 0950, + 0.21NH, — 0.21C;H,NO, + 0.95C0, + 1.58H,0  (7.8)
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The above equation shows that 1 mol acetate oxidized by activated sludge requires
only 0.95 mol oxygen, while to oxidize 1 mol acetate by aerobic granules, 1.36 mol
oxygen must be provided (equation 7.7). This implies that the oxygen requirement
in aerobic granular culture is almost 1.4-fold higher than that in the activated sludge
process. In the aerobic oxidation process, ATP is generated by oxidative phosphory-
lation, during which process electrons are transported through the electron transport
system from an electron donor (substrate) to a final electron acceptor (oxygen). More-
over, a clear linkage of oxygen reduction to proton translocation has been shown
(Babcock and Wikstrom 1992; Wolfe 1993). Therefore, the high unit oxygen uptake
by aerobic granules and low growth yield of aerobic granules seem to indicate an
enhanced catabolic activity over anabolism, that is, more energy is generated, but
less biomass is produced. It appears from equations 7.7 and 7.8 that the anabolism
of activated sludge is highly coupled to its catabolism. However, a significant dis-
crepancy between the energy production by catabolism and the energy utilization by
anabolism occurs during aerobic granular culture. Equations 7.7 and 7.8 also show
that, for 1 mol acetate oxidized, 1.5 mol carbon dioxide are produced in aerobic
granular culture, while only 0.95 mol carbon dioxide is generated in activated sludge
culture. In fact, abnormally high carbon dioxide production is a good indication
of energy uncoupling in aerobic systems (Russell and Cook 1995). In a study on
the energy metabolism of Saccharomyces cerevisiae, Lagunas (1976) found that
as much as 60% of the energy generated from catabolism was spent in functions
other than net biosynthesis, while it is reported that the provision of support matrices
within microbial structure could result in high maintenance energy (Mayhew and
Stephenson 1997). Therefore, it is believed that the energy metabolism of aerobic
granules is dissociated and, to some extent, granule structure-related. However,
further study is required to demonstrate the structure-energy metabolism relation-
ship of aerobic granules from both theoretical and experimental aspects.

7.4 SUBSTRATE CONCENTRATION-ASSOCIATED
KINETIC BEHAVIORS OF AEROBIC GRANULES

L. Liu et al. (2005) correlated the kinetic behaviors of aerobic granules to substrate
concentration in terms of milligrams COD per liter, and some key kinetic constants
were also determined. In general, the rate of substrate utilization is a function of
the biomass concentration as well as available substrate concentration for microbial
growth. In a study of aerobic granulation in SBRs, L. Liu et al. (2005) applied the
well-known Monod equation to describe the relationship between substrate utiliza-
tion rate and substrate concentration. The maximum specific substrate utilization
rate was estimated as 23.6 mg COD mg MLSS-! day~!, while an extremely high
Monod constant of 3367 mg L-! was obtained. This indicates that the affinity of
aerobic granules to substrates is low, that is, the biodegradation rate depends closely
on the mass transfer of molecules from the bulk solution to aerobic granules, as
discussed in chapter 8.

According to Metcalf and Eddy (2003), the substrate utilization rate (U,) can be
related to sludge retention time (0) in a way such that:
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TABLE 7.2
Kinetic Constants Determined from Aerobic Granular Sludge SBR

Time (days) 1 2 3 4 5 6
S, (mg COD L) 559.7  560.8 5640 5603 5615 558.9
S, (mg COD L) 27.5 30.7 27.0 24.1 27.2 25.6
X (g MLSS L) 7.56 7.59 7.57 7.6 7.61 7.6
Y (mg MLSS mg' COD) 0.20 0.195 0.20 0.20 0.193 0.20
U, (mg COD mg' MLSSd')  0.56 0.560 0.56 0.56 0.56 0.56
K, (d") 0014 00093 0013 0012 00085 0012

Source: Data from L. Liu et al. 2005. Enzyme Microb Technol 36: 307-313.

1
6=YUS—Kd (7.9)
where Y is the observed growth yield and K, is a decay rate coefficient. On the other
hand, U; is subject to a Monod-type equation:

K. _ S-S (7.10)
K, +S, Xt

U

where k is the maximum value of U,, K| is the Monod constant, X is biomass concen-
tration, ¢ is time, S, and S, are initial and effluent substrate concentrations, respec-
tively. According to equation 7.9, the observed growth yield (¥) and the microbial
decay rate coefficient (K,) can be determined (table 7.2). It was found that U, was
much lower than its maximum value of 23.6 mg COD mg MLSS-! day'. This
may imply that the aerobic granular sludge SBR has a greater potential to handle
wastewater with higher COD concentration or organic loading rate (OLR) than was
applied in the study (L. Liu et al. 2005).

7.5 A GENERAL MODEL FOR AEROBIC GRANULAR SLUDGE SBR

Su and Yu (2006) developed a general model for aerobic granular sludge SBR,
comprising reactor hydrodynamics, oxygen transfer, diffusion within granules, and
biological reactions. In this approach, aerobic granules were classified into various
fractions according to their sizes, and each granule was composed of a number of
specific slices. The model development is based mainly on the following assump-
tions: (1) the SBR is operated at steady state; aerobic granules are spherical in shape
and have a constant size distribution in one cycle of operation; (2) the liquid phase is
completely mixed in the SBR, and suspended flocs are integrated with tiny granules;
(3) only radial diffusion is taken into account and it is subject to Fick’s law; (4) the
kinetic constants and density of aerobic granules with different sizes are constant;
(5) the effective diffusivity of a substance is constant; and (6) no biological reaction
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occurs in filling, settling, and decanting periods of the SBR operation. It is well
known that an SBR is a discontinuous biosystem, that is, there are dynamic changes
in both biomass and substrate concentrations within each operation cycle. This
seems to imply that the first assumption given above might not be valid. Because
of different kinetic behaviors and physical properties of aerobic granules over sus-
pended flocs, integration of suspended flocs with tiny granules sounds unreasonable.
In addition, density of aerobic granules will vary with granule size, and cannot be
simply attributed to a constant regardless of size.

7.5.1 DESCRIPTION OF SUBSTRATE UTILIZATION

Su and Yu (2006) thought that an SBR can be regarded as a series of continuous
stirred tank reactor (CSTRs) in time sequence. In each CSTR, the hydraulic resident
time is At. For a CSTR at time ¢, the influent substrate concentration and effluent
substrate concentration are S’ _,, and §,, respectively. A mass balance on substrate
gives equation 7.11.

i i i (7.11)
Sy =8 an T K ) XAt

Sigy =St fort=0

S, is the initial substrate concentration at the beginning of each cycle. In order to
estimate the reaction rate k', S’ is considered to be equal to S’ _,, if Az was short
enough. The overall reaction rate of granule i in the bulk liquid is the sum of the
reaction rates of all slices in all granules:

M N
K= D khsFvmn |Fr (712)
m=1 n=1

where N is the number of slices for a granule, and M is the number of granule size
fractions, fy,,, and fy,,, , are the volume fractions of the granules belonging to the mth
size fraction and those of the nth slice. k', , is the reaction rate of the nth slice of
granules with the mth size fraction.

7.5.2 DEScrIPTION OF OXYGEN TRANSFER

The rates of gas-liquid oxygen transfer are assumed to be proportional to the differ-
ence in the oxygen concentration between gas and liquid interfaces, and the propor-
tionality factor is given by the volumetric oxygen transfer coefficient k; o (Nicolella,
van Loosdrecht, and Heijnen 1998). If oxygen transferred from the gas phase is equal
to that diffused into granules at the granule surface, then,

aS
D _
e or

where S, is the oxygen concentration in the gas phase, S, is the oxygen concentra-
tion on the granule surface, equal to that in bulk liquid when the liquid-solid oxygen

transfer resistance is ignored. D; is the diffusion coefficient of oxygen in water. S is

r=R = Jsura = kL(X‘(S - Ssur) (713)

gas

sur
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the oxygen concentration at the radius of . J,
and o is the gas-liquid interfacial coefficient.
The volumetric oxygen transfer coefficient (k,0) has been found to be propor-
tional to the gas holdup, which is affected by operating conditions and sludge char-
acteristics, such as solid fraction and superficial gas velocity (U,) (Nicolella, van

Loosdrecht, and Heijnen 1998):

is oxygen flux on the granule surface,

k oo=C,® (U, x10°) =C,e (7.14)

where € is gas holdup, C,, C,, C;, and C, are constants (Su and Yu 2005). Thus, oxy-
gen concentration on the granule surface can be determined and used in the calcula-
tion of the oxygen profiles within granules.

7.5.3 DESCRIPTION OF DIFFUSION OF SUBSTANCE

Aerobic granules can be classified into various size fractions. In various-sized aero-
bic granules, the substance concentration profiles and reaction rates are different. In
the approach by Su and Yu (2006), granule size is classified into M fractions, and the
radius of granules in the mth size fraction is expressed as follows:

R =R+~ @m—y B =Ro |y 5 1 M (7.15)
2 M

where R,;, and R
respectively.
Based on the normal distribution of granule sizes, the frequency of granules for the

mth size fraction (f,,, ) can be calculated from equation (7.16) (Su and Yu 2006):

are the minimum and maximum radius of the granules,

max

2 2
ef(Rmikmmn) /ZRVQI' (7_16)

A
f;mm,m - Rvar\/iﬂ:

where R, is radius of the mth fraction calculated from equation 7.15, R,,,,, is the
mathematical expectations, R, is variance, and A is a constant. If the suspended
solids (SS) concentration and wet density (p,) of granules are known, the volume

fraction of the granules belonging to the mth fraction is given by:

3
fnum,m Rm

fom=——"" (7.17)

z f;mm,m Rm3
m=1

Su and Yu (2006) applied equation 7.18 to describe changes in concentra-
tion of the substances (O,, S5, NH,*, NO;) involved in the biological reactions.
Equation 7.18 is obtained from a mass balance of substance i for a slice of granule
in the mth size fraction:
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as, %S, 29S8, Kk,
= += +

ot ot r or D!

e

(7.18)

with the boundary conditions of:

i _ i _
Sm - Ssur , arr= Rm

aS,
or

=0, atr=3,’

where ' is the penetration depth of component i into the mth size fraction granules,
in which the gradient of component concentration vanishes by symmetry; r is the
distance of the slice from the granule center. S is the concentration of component
i at the distance of r, and S, is the concentration of component i at the surface of
granule. R,, is the average radius of aerobic granules of one slice, which is the same
as in equation 7.16. Equation 7.18 is the central equation in the approach by Su and
Yu (2006), but in fact it is similar to that proposed by Li and Liu (2005).

If the SBR is operated at steady state, and can be regarded as a series of CSTRs,
the left-hand side of equation 7.18 becomes zero. In order to determine 9,,, which
is essential for solving equation 7.18 numerically, Nicolella, van Loosdrecht, and
Heijnen (1998) proposed that the substance transition can be characterized with a

biological penetration rate (3,,):
. /2D"S "
I= e Sur 7.19
B TkR? (7.19)

where D,/ is the diffusion coefficient of component i inside aerobic granules, k; is the
reaction rate of component i in aerobic granules, S, is the concentration of compo-
nent i at the surface of a granule whose average radius is R,,.

For B, < 1, the ith substance is partially penetrated in a granule with radius of
mth size fraction (R,,). Thus,

k.

20,5,
5, = [] (7.20)
1

For B,/ > 1, the ith substance is completely penetrated, that is, 3,/ = 0. The
granule of the mth size fraction is taken as N slices. The concentrations of substances
within each slice was assumed to be uniform over the entire cross section of the
slice (Su and Yu 2006). In this case, the concentration of substance in each slice of
granule can be calculated by equation 7.18, thus concentrations and their gradients
of substance i in the nth slice of the mth size-fraction granule are given by S,, ,’and
ds, ,i/dr, respectively.

m,n
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7.5.4 DescripTioN OF BioLocicAL REACTIONS

In consideration of the differences between aerobic granules and sludge flocs, Su
and Yu (2006) slightly modified the growth rate in order to accommodate specific
features of aerobic granular sludge SBRs. As discussed in chapter 8, oxygen diffu-
sion is often a limiting factor in aerobic granules. Su and Yu (2006) thought that
the competition for oxygen would favor the growth of heterotrophic bacteria over
slow-growing nitrifying bacteria, and subsequently this would result in a limitation
of nitrification. According to Su and Yu (2006), in order to obtain a lower specific
growth rate at a higher substrate concentration, the maximum specific growth rate
(Mpnax.4) Of autotrophic bacteria would be corrected by replacing u,,,, 4 With . 4(9):

l‘lmax,A (t) = umax,A (t)e_P]SS(’) (721)

where P, is a constant. For the modified maximum growth rate, Su and Yu (2006)
further proposed that the parameter values can be calibrated by the following objec-
tive function:

2
Objective function = Z (ym""””'edz Vsinuited) (7.22)

Ymeasured

where ¥, casured 304 Vimuaed ar€ the measured and simulated values of parameters,
respectively. The study by Su and Yu (2006) showed that the proposed model system
could provide a pretty good simulation of the performance of aerobic granular
sludge SBRs.

7.6 CONCLUSIONS

The kinetic growth model developed from the linear phenomenological equation
can describe the growth of aerobic granules under various conditions. The growth of
aerobic granules in terms of size and size-dependent growth rate is inversely related
to the shear force, but positively related to the organic loading rate, while substrate
N/COD ratio affects the growth kinetics of aerobic granules through change in the
microbial population. The effect of substrate surface loading rate on the microbial
surface growth rate and biodegradation rate can be described by the Monod-type
equation. The operation and performance of aerobic granular sludge SBRs can be
reasonably simulated by a combined diffusion-growth model.
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8.1 INTRODUCTION

Up-to-date, intensive research has been dedicated to the effect of various operating
parameters on aerobic granulation in sequencing batch reactors (SBRs) (chapters 1
to 7). However, very limited information is currently available about the diffusion
behaviors of substances inside aerobic granules. Tay et al. (2002) found that a model
dye was only able to penetrate 800 um beneath the surface of aerobic granules, while
Jang et al. (2003) reported a penetration depth of 700 um for dissolved oxygen from
the surface of aerobic granules. Meanwhile, oxygen diffusion limitation in nitrifying
aerobic granules was detected by microelectrode (Wilen, Gapes, and Keller 2004).
Moreover, the unbalanced microbial growth inside aerobic granules has been sup-
posed to be due to the mass diffusion limitation in aerobic granules, which would
further lead to a heterogeneous internal structure (see chapter 11). These indicate
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that without a proper control of the mass diffusion, the structural stability of aerobic
granules might not be sustainable.

In view of the importance of substrate and oxygen in microbial culture, this
chapter attempts to offer insights into the diffusion behaviors of substrate and oxy-
gen in aerobic granules. The factors that determine their respective diffusion in aero-
bic granules are also discussed, with special focus on the reactor operation as well as
aerobic granule characteristics.

8.2 SIZE-DEPENDENT KINETIC BEHAVIORS OF
AEROBIC GRANULES

Mass diffusion limitation often occurs in attached microbial communities, such as
biofilms, and it suppresses microorganisms from fully accessing the substrate and
oxygen in bulk solution. As a result, the microbial activity is lowered by deficiency
of the energy source. To inspect the existence of mass diffusion limitation in aerobic
granules, Y. Q. Liu, Liu, and Tay (2005) determined the specific COD removal rates
and specific growth rates of aerobic granules with different sizes. It appears from
figure 8.1 that the specific COD removal rate decreased markedly with the increase
in the size of aerobic granules, indicating that the microbial activity inside aerobic
granules is inhibited as the granule size increases. Moreover, the specific growth rate
of aerobic granules was inversely dependent on the granule size (figure 8.2). A plot of
the specific growth rate against the specific substrate utilization rate further reveals
that the slow substrate utilization by large-sized aerobic granules results in a low
specific growth rate (figure 8.3). Such a relationship between the specific growth and
substrate utilization rates is consistent with the prediction by microbial growth theory
(Metcalf and Eddy 2003). Consequently, the kinetic behaviors of aerobic granules
depicted by the specific growth and substrate utilization rates are size dependent.

0.27

0.24 A
0.21 A
0.18 4
0.15 4
0.12 A H

0.09 ,_\

112.5 200.0 337.5 462.5 750.0  1200.0

Specific COD Removal Rate (h™?)

Radius of Aerobic Granule (um)
FIGURE 8.1 Granule size-dependent specific chemical oxygen demand (COD) removal

rate. (Data from Liu, Y. Q., Liu, Y., and Tay, J. H., 2005. Lert Appl Microbiol 40:
312-315))
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FIGURE 8.2 Granule size-dependent specific biomass growth rate of aerobic granules. (Data
from Liu, Y. Q., Liu, Y., and Tay, J. H. 2005. Lett Appl Microbiol 40: 312-315.)
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FIGURE 8.3 Specific growth rate of aerobic granules versus specific substrate utilization
rate; data from figures 8.1 and 8.2.

8.3 DESCRIPTION OF DIFFUSION RESISTANCE IN
AEROBIC GRANULES

It appears from figures 8.1 and 8.2 that the observed kinetic behaviors of aerobic
granules with different sizes is ultimately the result of diffusion limitation of sub-
strate or oxygen in aerobic granules. In order to look into this, Y. Q. Liu, Liu, and Tay
(2005) introduced the concept of an effectiveness factor (1), which can be calculated
as follows:

rate with diffusion limitation

= : ST 8.1)
rate without diffusion limitation
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FIGURE 8.4 Effectiveness factor versus (n) the radius of aerobic granule. (Data from
Liu, Y. Q. Liu, Y., and Tay, J. H. 2005. Lett Appl Microbiol 40: 312-315.)

In a case where diffusion limitation is negligible, n approaches unity, while 1
is close to zero if the diffusion limitation becomes significant as compared to the
reaction. Figure 8.4 shows that the 1 tended to drop quickly with the increase of the
granule radius. This would result from the presence of mass diffusion limitation in
large aerobic granules.

The Thiele modulus is a measurement of the ratio of granule surface reaction rate
to the mass diffusion rate. If the Monod kinetics for microbial reaction is applied, Y.
Q. Liu, Liu, and Tay (2005) proposed the following modified Thiele modulus (¢) by
introducing dimensionless concentrations:

X
q) — R( (JU“m )1/2 (82)
YX/SSoDes

The Thiele modulus combines the individual effect of specific growth rate Um,
granule radius R, initial biomass X,, substrate concentrations S,, and diffusivity of
substrate D, in granules. Obviously, a high ¢ value means high surface reaction
rate and low diffusion rate, and vice versa. A quasi-linear relationship of the Thiele
modulus to the granule sizes is shown in figure 8.5. This seems to indicate that the
mass diffusion dominates the surface reaction and becomes limiting in large aerobic
granules. Under similar cultivation conditions of granules, Tay et al. (2003) also
reported that small granules with radius of approximately 300 um consisted entirely
of live biomass. As can be seen in figure 8.5, a very low Thiele modulus was found in
aerobic granules with a radius of 300 um, that is, the microbial reaction is dominant
over diffusion resistance in granules, and maintained the live cells throughout the
entire aerobic granules. In contrast, Tay et al. (2002) detected an anaerobic layer at
a depth of 800 to 900 um from the surface of aerobic granules by the fluorescence
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FIGURE 8.5 Thiele modulus versus radius of aerobic granule. (Data from Liu, Y. Q.,
Liu, Y., and Tay, J. H. 2005. Lett Appl Microbiol 40: 312-315.)

in situ hybridization (FISH) method. This suggests that the oxygen diffusion became
the rate limiting factor over microbial reaction, which is evidenced by a large Thiele
modulus, as shown in figure 8.5.

Picioreanu, van Loosdrecht, and Heijnen (1998) reported that a porous,
mushroom-like, loose biofilm structure was observed at a low mass transfer rate,
while the biofilm structure was compact and smooth at increased mass transfer rates.
In general, the radius of aerobic granules is bigger than the thickness of biofilm, thus
the effect of mass transfer resistance on the structure of aerobic granules is remark-
able. It appears from equation 8.2 that mass transfer resistance in aerobic granules
is closely related to the radius of the aerobic granules, the maximum specific growth
rate, initial biomass, and substrate concentrations and diffusivity of the substrate.
So far, it has been reported that selection of slow-growing bacteria and increase of
shear rate favors the formation of compact and stable aerobic granules (Tay, Liu, and
Liu 2001; Y. Liu, Yang, and Tay 2004). Obviously, slow-growing bacteria have small
specific growth rates, leading to small-sized granules. According to equation 8.2,
a small value of the Thiele modulus can be expected in this case, that is, the mass
transfer resistance in this kind of aerobic granule would be lowered. Similarly,
small aerobic granules can be cultivated at relatively high shear force, and this in
turn results in a low value of the Thiele modulus (equation 8.2). In fact, the Thiele
modulus and the effectiveness factor have been widely applied in biofilm research
for decades. These two parameters also can provide useful information for quantita-
tively understating the mass transfer resistance in aerobic granules.

8.4 SIMULATION OF MASS TRANSFER IN AEROBIC GRANULES

Mass transfer limitation has been observed in aerobic granules. The modeling
of the substrate diffusion in biofilms has been well studied, for example, a one-
dimensional model for biofilms has been proposed by Wanner and Gujer (1986), and
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a three-dimensional model reflecting the heterogeneous structures of biofilms was
also established by Picioreanu, van Loosdrecht, and Heijnen (1998). Based on the
study of biofilm, Li and Liu (2005) investigated the description of diffusion process
in aerobic granules.

8.4.1 MoDEL DEVELOPMENT

Mature aerobic granules have an equilibrium or stable size when growth and detachment
forces are balanced (Y. Liu and Tay 2002). In the development of the one-dimensional
model for aerobic granules, Li and Liu (2005) made the following assumptions:

1. An aerobic granule is isotropic in physical, chemical, and biological prop-
erties, such as density and diffusion coefficient

2. An aerobic granule is ideally spherical

3. No nitrification and anaerobic degradation happen in the process

4. Aerobic granules respond to the change of bulk substrate concentration so
quickly that the response time can be ignored

According to Bailey and Ollis (1986), the mass balance equations between the two
layers whose radiuses are, respectively, r and r + dr can be expressed as follows:

% 2
p|dE 2 (8.3)
dr? rdr

in which v is the substrate conversion rate, s is the substrate concentration, and D; is
the diffusion coefficient. In the approach by Li and Liu (2005), the substrate conver-
sion rate was given by the Monod-type equation:

v=Pey S (8.4)
Y K +s

x/s s

in which p, is the biomass density, Y,,, is the biomass yield, and pand p,,,, are the
specific growth rate and the maximum specific growth rate, respectively. Substituting

equation 8.4 into equation 8.3 leads to the following expression:

2
D, Q_i_z@ = Mo Py (8.5)
dr®  rdr K. +sY,,

It was assumed that the derivative at the center of the granule is zero and the
substrate concentration at the surface of the granule equals the bulk solution (Li and
Liu 2005), that is:

ds

T 0 (8.6)

r=0
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N

R Ay (®.7)

r=

Perez, Picioreanu, and van Loosdrecht (2005) applied equation 8.5 to the study of
spherical biofilms, and analytically solved this equation by assuming that the growth
rate is zero-order or first-order. As noted by Li and Liu (2005), such a simplified
treatment of equation 8.5 leads to the inaccuracy of the prediction, and also limits
the application of this equation to a very narrow range. As equation 8.5 is a non-
homogenous equation, a numerical method to solve it completely was developed
without any assumption on it (Li and Liu 2005). This method is based on the finite
difference method (FDM) (Hoffman 2001). The radius is thus divided into n grids,
that is:

p [ St = 2s, S TS |- MneSi P (8.8)
s Arz rAr K,\'+Si Y/A‘

X

This numerical scheme is applied to all situations without simplifying assump-
tions and therefore the accuracy is increased. The program was written in Matlab™
language and run under Matlab 7.0 which allows an easy visualization of the simu-
lated data (Li and Liu 2005). It should be emphasized that equation 8.8 can also be
applied to oxygen if the set of parameters for the substrate is replaced with the set of
parameters for dissolved oxygen.

After the substrate concentration is determined, the substrate utilization rate (v,)
of a single aerobic granule can be calculated as:

IJ'R 2
vi=— [ pu(s)ara (8.9)
= [Cons)arar

x/s

Summing up the substrate utilization rate of all the aerobic granules gives the
total substrate utilization rate v,;:

Va= Y~ | pa(s)arar 8.10)

in which m is the number of aerobic granules in the reactor and R, is the radius of
the granule being calculated (Li and Liu 2005). According to Li and Liu (2005), the
average radius R of aerobic granules can be expressed as follows:

v
m ’Ezl ; (8.11)
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Substituting equation 8.11 into equation 8.10 yields:

Va = f p.u(s)ar’dr (8.12)
x/s

After deformation, equation 8.12 becomes:

D R
v, = 3°Rp, l u(s)4r 8.13)
3 Y, Jo 4/3nR?

in which 4nR’p m is equal to the total biomass in the reactor. Thus, equation 8.13
can be simplified to:

XV [Ru(s)4r

Y., Jo 4/3nR} ®19

Var =

in which V is the reactor volume. At time dt, the change of substrate concentration in
the reactor can be described as:

2
Sy = “;” dt= ES &drdl (8.15)

Y, Jo 4/3nR

In a time period from T, to 7, the change in the substrate concentration is given
by equation 8.16:

T( cRu(s)4r’
ASyu = X L( ) cdr |di (8.16)
Ym o 4/3nR°

At an initial substrate concentration, S,,, ,, the bulk substrate concentration at
any time ¢ can be calculated as:

Spute = Sputeo — ASpune

x ¢7( ¢Ru(s)4r?
= Spako — 5 — T[ Ldi’ dt (8.17)
0

Y o 4/37R?

x/s

As discussed earlier, equation 8.17 cannot be solved analytically, and the method
based on the finite difference principle is thus applied to solve this equation (Li and
Liu 2005). At each time step, the state is considered pseudo-static, which means the
bulk substrate concentration is constant at each time step. Then change of the bulk
substrate concentration is a process of mapping, that is, the substrate concentration
is determined by the previous time step. This model is valid for different substrates
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so long as the parameters are replaced with the specific substrate parameters. In this
study, equation 8.8 was applied to organic substrate and dissolved oxygen under vari-
ous operation conditions.

8.4.2 SusBsTRATE PROFILE IN AEROBIC GRANULES WITH DIFFERENT RADIUSES

Li and Liu (2005) simulated the substrate profiles in bioparticles with a mean size
of 0.1 to 1.0 mm, and the initial acetate concentration and granule biomass concen-
tration were kept at 465 mg COD L' and 6250 mg L' volatile solids, respectively,
while the initial DO concentration was controlled at 8.3 mg L-'. Model predictions
show that the acetate in terms of COD is able to penetrate to the center of all sizes of
aerobic granules, and the microbial utilization of COD was able to proceed through-
out aerobic granules with the radius of 0.1 to 0.4 (figure 8.6a and b). In contrast, the
COD profiles in figure 8.6c¢ to e show the platforms beneath the depths of 0.23, 0.11,
and 0.07 mm from the surface of aerobic granules with radiuses of 0.5, 0.75, and
1.0 mm, respectively. As assumed, there should be no autotrophic bacteria in aerobic
granule, thus these COD platforms in figure 8.6¢ to e seem to imply that bacteria at
those platform depths of the aerobic granule should have ceased normal metabolic
activity. Furthermore, the noticeable level of COD present at those granule centers
points to another possibility accounting for the lowered microbial activity, that is,
dissolved oxygen could be a limiting factor at those depths (figure 8.6¢ to e).

8.4.3 OXYGEN PrOFILES IN AEROBIC GRANULES WITH DIFFERENT RADIUSES

Oxygen profiles in aerobic granules with radiuses of 0.1 to 1.0 mm are simulated
(figure 8.7). Similar to the COD profiles in figure 8.6, oxygen can diffuse into the
entire aerobic granules with radius of 0.1 and 0.4 mm (figure 8.7a and b). For aerobic
granules with a radius bigger than 0.5 mm, prominent oxygen diffusion limitation
turns out. Oxygen is only able to penetrate to 0.27, 0.64, and 0.1 mm from the sur-
face of aerobic granules with radiuses of 0.5, 0.75, and 1.0 mm, and the remaining
depth in the aerobic granule is deficient in dissolved oxygen (DO) (figure 8.7c, d,
and e). Zero DO depths inside the aerobic granules are in good agreement with those
COD platforms (figure 8.6¢ to e), and microbial activity at the depth of those COD
platforms was seriously limited by the availability of DO.

The DO-reachable depths shown in figure 8.7 appear to be inversely related to
the size of the aerobic granule. This suggests that larger aerobic granules will be
subjected to an even more severe diffusion limitation of DO and further cause a drop
in microbial activity. It can thus be concluded that, in large aerobic granules, acetate
or organic substrate would not be a limiting factor, and the whole microbial process
would be dominated by the availability of DO inside the aerobic granule.

8.4.4 DirrusioN PROFILES OF SUBSTRATE IN AEROBIC GRANULES AT
DiFrereNT BULK SUBSTRATE CONCENTRATIONS

The results presented in figures 8.6 and 8.7 were obtained at a fixed bulk COD con-
centration of 465 mg L., the effect of bulk COD concentration on the mass diffusion
in aerobic granule is not taken into account. In order to clarify this point, the COD
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FIGURE 8.6 Substrate profiles in aerobic granules with radiuses of 0.10 (a), 0.40 (b),
0.50 (¢), 0.75 (d), and 1.00 mm (e). (Data from Li, Y. and Liu, Y. 2005. Biochem Eng J
27:45-52)

profiles in an aerobic granule with radius of 0.5 mm were simulated at different bulk
COD concentrations of 100, 200, and 300 mg L, respectively (Li and Liu 2005).
Figure 8.8 shows soluble COD can penetrate through the entire aerobic granule at
a bulk COD concentration of 300 mg L-! or above, while COD becomes a limiting
factor and sharply drops to nil at depths of 0.25 and 0.1 mm at the bulk COD con-
centrations of 100 and 200 mg L', respectively. This suggests that COD availability
may also be a limiting factor for microbial growth at low concentrations, and this is
strongly dependent on the level of external substrate concentration in bulk solution.
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FIGURE 8.7 Oxygen profiles in aerobic granules with radiuses of 0.10 (a), 0.40 (b), 0.50 (c),
0.75 (d), and 1.00 mm (e). (Data from Li, Y. and Liu, Y. 2005. Biochem Eng J 27: 45-52.)

8.4.5 DirrusioN PRrROFILES OF DissoLveD OXYGEN IN
AEROBIC GRANULES AT DIFFERENT SUBSTRATE CONCENTRATIONS

Oxygen profiles at different acetate concentrations in aerobic granules with radius of
0.5 mm are shown in figure 8.9. It can be seen that oxygen can penetrate to the center
of aerobic granules at low bulk COD concentrations of 100 and 200 mg COD L-'.
However, it can only diffuse to the depth of 0.38 mm from the surface of aerobic
granules at the bulk COD of 300 mg L-'. This means that either DO or COD can be
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FIGURE 8.8 Substrate profiles in aerobic granules with a radius of 0.5 mm at bulk COD
of 100 (—), 200 (-—-), and 300 mg L-! (—-—). (Data from Li, Y. and Liu, Y. 2005. Biochem
Eng J 27: 45-52.).
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FIGURE 8.9 Substrate profiles in aerobic granules with a radius of 0.5 mm at bulk COD
of 100 (—), 200 (-—-), and 300 (—-—) mg L-'. (Data from Li, Y. and Liu, Y. 2005. Biochem
Eng J 27: 45-52.)

a limiting factor for microbial growth in aerobic granules, which strongly depends
on the relative level of bulk COD concentration to DO, that is, a high bulk COD
would cause DO limitation in aerobic granules, and COD limitation would become
dominant at low bulk COD concentrations.

Most previous research on aerobic granulation investigated the profiles of DO
and substrate separately (Tay et al. 2002; Jang et al. 2003; Wilen, Gapes, and Keller
2004). However, the fact that oxygen profile inside an aerobic granule is dynamic
and is closely related with substrate profile and metabolic activity has been ignored
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(figures 8.8 and 8.9). In another study on activated sludge by Beun, Heijnen, and
van Loosdrecht (2001), the oxygen profile in activated sludge floc was considered
dynamic, but the interrelation between oxygen and substrate profiles was also
ignored. Beun et al. (1999) concluded that oxygen penetration depth in a sequential
batch airlift reactor was smaller than the acetate penetration depth. However, this
point would be valid only when the substrate concentration is high, whereas it is
invalid in the case where substrate is the limiting factor, as shown in figure 8.8. In
addition, in modeling biofilm, substrate was regarded as the limiting substance with-
out taking account of the oxygen (Picioreanu, van Loosdrecht, and Heijnen 1998;
Laspidou 2003). As shown in figures 8.8 and 8.9, diffusion of substances in aerobic
granules is a dynamic process, and is interrelated with one another. The approach
presented here may offer a more reasonable tool for the study of diffusion phenom-
ena in aerobic granules.

8.4.6 PrebicTioN OF BuLk SUBSTRATE CONCENTRATION IN AN
AErOBIC GRANULES REACTOR

According to equation 8.16, the substrate conversion rate is proportional to the bio-
mass concentration (X) and is inversely related to the yield coefficient at a given
granule radius. Four sets of experiments were also conducted using bioparticles
with radius of 0.1 to 1.0 mm, and figure 8.10 shows the bulk substrate concentra-
tion profiles in the reactors containing bioparticles with different sizes. It can be
seen in figure 8.10 that the simulation is in good agreement with the experimental
data. When the aerobic granule size was as small as 0. mm in radius, diffusion
is not a limiting factor, indicated by a sharp COD drop to zero within 16 minutes
(figure 8.10a). In this case, equation 8.14 reduces to a formulation similar to the
activated sludge model (ASM) (Henze et al. 1987). In fact, a satisfactory agreement
between equation 8.14 and the ASM was observed when the granule size was smaller
than or close to the size of biofloc (Li and Liu 2005). It appears from figure 8.10
that under the same conditions of operation, the substrate can be removed rapidly in
the reactor with small aerobic granules, for example, the substrate removal rate by
0.5-mm granules is three times higher than that by 1.0-mm granules (figure 8.10b
and d). This implies that: (1) the reactor with small aerobic granules is more efficient,
and has a higher treatment capacity than the reactor with large granules; and (2) the
size of the aerobic granules needs to be properly controlled in order to maximize
their metabolic activity. According to Li and Liu (2005), the inflection points in
figure 8.10a to d indeed represent a turning point from oxygen limitation to sub-
strate limitation. Under the condition of oxygen limitation, the substrate removal rate
is determined mainly by the availability of dissolved oxygen, that is, the substrate
removal is independent of the bulk substrate concentration, and thereby a pseudo-
zero-order reaction kinetics with respect to substrate is observed in figure 8.10a to
d. This is consistent with other experimental observations (Q. S. Liu 2003; Yang et
al. 2004). However, under the substrate limitation condition, figure 8.10a to d shows
that the substrate removal tends to decrease with the decrease in the substrate con-
centration, that is, it is a function of the substrate concentration. It is apparent that
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FIGURE 8.10 COD removal by aerobic granules with radiuses of 0.1 (a), 0.5 (b), 0.75 (c),
and 1.0 mm (d) during the cycle operation of SBR. ®: Experimental point; model prediction.
(From Li, Y. and Liu, Y. 2005. Biochem Eng J 27: 45-52. With permission.)

the performance of an aerobic granular sludge SBR is mainly controlled by the avail-
ability of dissolved oxygen.

As discussed earlier, the substrate removal kinetics by aerobic granules is size
dependent (figures 8.1 and 8.4). In order to investigate the interaction of diffusion and
reaction in aerobic granules, the effectiveness factor (1) was calculated and further
compared with the 1 determined from experiments with different-sized aerobic gran-
ules (figure 8.11). It can be seen in figure 8.11 that both theoretical and experimental
values are in good agreement. At a radius smaller than 0.5 mm, no significant change
in 1) is observed. However, the effectiveness factor decreases quickly with the further
increase of radius of the aerobic granules, which indicates that the mass transfer limi-
tation begins to play an important role in the overall reaction of aerobic granules. This
is in good agreement with the results presented in figures 8.5 and 8.6.

8.5 CONCLUSIONS

Mass diffusion limitation in aerobic granules result in a significant drop in microbial
activity and growth rate. It was found that the mass diffusion overtakes the micro-
bial reaction, and becomes the process-rate limiting factor for large aerobic granules.
The model simulation also supports the size-associated diffusion limitation in aerobic
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FIGURE 8.11 Effectiveness factor versus radius of aerobic granules, theoretical values
(®) and experimental data (0). (From Li, Y. and Liu, Y. 2005. Biochem Eng J 27: 45-52.
With permission.)

granules. The simulation results showed that diffusion of substrate and oxygen in
aerobic granules is an interrelated dynamic process and is interrelated. Smaller aero-
bic granules exhibited higher metabolic activity in terms of the substrate removal rate,
while in an SBR dominated by aerobic granules with a size larger than 0.5 mm, the
dissolved oxygen is the bottleneck that limits the substrate utilization. It is evident that
the simulation model presented can provide an effective and useful tool for predicting
and optimizing the performance of an aerobic granular sludge SBR.

SYMBOLS

D, Acetate diffusion coefficient
Dy,  Oxygen diffusion coefficient
u(s)  Growth rate at substrate concentration s

Umax  Maximum growth rate

K, Half rate constant
Y.,  Growth yield of oxygen
Y.,  Growth yield of substrate

Sy« Bulk substrate concentration

Px Biomass density

R The radius of a granule

r One-dimensional coordinate

Ar The thickness of one layer

R Average radius of all granules

S; Substrate concentration at no. i layer

s Substrate concentration at a point of a granule
AS,.x The change of bulk substrate concentration
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S, o Initial bulk substrate concentration

v Substrate conversion rate

v Substrate conversion rate of a granule

Vv Volume of the reactor

v,y Substrate conversion rate of all granules

X Biomass concentration

m Number of aerobic granules in a reactor
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9.1 INTRODUCTION

Aerobic granulation is a process of cell-to-cell self-immobilization that results
in a form of regular shape. In view of mass transfer and utilization of substrate,
bacteria indeed would prefer a dispersed rather than aggregated state. There should
be triggering forces that can bring bacteria together and further make them aggre-
gate. It appears from the preceding chapters that cell hydrophobicity induced by
culture conditions can serve as a triggering force for aerobic granulation. In fact,
it has been well known that the physicochemical properties of the cell surface
have profound effects on the formation of biofilms and both anaerobic and aerobic
granules (Bossier and Verstraete 1996; Zita and Hermansson 1997; Kos et al. 2003;

149
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Liu et al. 2004b). When bacteria became more hydrophobic, increased cell-to-cell
adhesion was observed, that is, cell surface hydrophobicity may contribute to the
ability of cells to aggregate (Kjelleberg, Humphrey, and Marshall 1983; Del Re
et al. 2000; Kos et al. 2003; Liu et al. 2004b). This chapter looks at the role of cell

surface hydrophobicity in the formation of aerobic granular sludge in a sequencing
batch reactor (SBR).

9.2 CELL SURFACE HYDROPHOBICITY
9.2.1 WHar Is HYyDROPHOBICITY?

Hydrophobicity attraction is the strongest binding force occurring between parti-
cles or polymers immersed in water. The attraction between two apolar surfaces,
or between one apolar and one polar surface, in water, is traditionally called the
hydrophobic effect. Hydrophobic surfaces do not repel water but instead attract
water (Hildebrand 1979). Because of water hydrogen bonds, water molecules often
present in the form of water clusters (figure 9.1), and the size of these clusters tends
to decrease with increase of temperature. The classical macroscopic scale inter-
actions between apolar and/or polar surfaces, immersed in a liquid, have been often
described by the well-known DLVO theory, which shows apolar Lifshitz—van der
Waals (LW) attraction and electrical double layer (EL) repulsion as a function of
distance. It can be shown that hydrophobic interaction becomes the main driving
force which represents nearly all the macro-scale interactions in water in terms of
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FIGURE 9.1 Tllustration of water molecules cluster. (From Chaplin, M. F. 2000. Biophys
Chem 83: 211-221. With permission.)
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attraction or repulsion (Bergendahl et al 2002). Hydrophilic repulsion occurs only
when polar molecules, particles, or cells attract water molecules more strongly than
the acid-base (AB) cohesive attraction between water molecules.

9.2.2 CELL SURFACE PROPERTY-ASSOCIATED HYDROPHOBICITY

Most biological surfaces have a low ¥+ in the order of 0.1 mJ m=2. The cell surface is com-
posed mainly of proteins, polysaccharides, and phospholipids. The combination charac-
teristics of these substances in turn determine the overall cell surface hydrophobicity.

9.2.2.1 Surface Properties of Amino Acids

According to Parker, Guo, and Hodges (1986), the order of amino acid side chains
beginning with the most hydrophobic can probably be summarized as follows: Trp,
Phe, Leu, Ile, Met, Val, Tyr, Cys, Ala, Pro, His, Arg, Thr, Lys, Gly, Glu, Ser, Asx,
Glu, Asp, where the amino acids to the right of Thr are more hydrophilic. It is evident
that an amino acid with a larger hydrophobic side chain is more hydrophobic than
those with a small hydrophobic side chain. This seems to indicate that the surface
property of amino acids can significantly influence the cell surface hydrophobicity.

9.2.2.2 Surface Properties of Proteins

Proteins are made up of hydrophobic and/or hydrophilic amino acids. For water-
soluble protein, the majority of its hydrophilic amino acids presents at the water
interface, whereas the more hydrophobic amino acids are located inside the three-
dimensional framework of the macromolecule. However, once protein has made
contact with a hydrophobic surface, it can orient its most hydrophobic sites to the
hydrophobic interface (Lee et al. 1973; van Oss 1994a). This seems to indicate that
some proteins can shift between hydrophobicity and hydrophilicity, depending on
actual conditions.

9.2.2.3 Surface Properties of Polysaccharides

In contrast with protein that comprises hydrophilic and/or hydrophobic amino acids,
polysaccharides are made up of different sugars that are hydrophilic and soluble
in water (van Oss 1995). Obviously, the high solubility of polysaccharides in water
means a low hydrophobicity. As polymeric substances, these sugars may become
more hydrophilic or more hydrophobic, depending on the structure of the polymer
molecule. It has been reported that the amount of extracellular polymers affects
the contribution of electrostatic interaction to cell attachment onto a solid surface
(Tsuneda et al. 2003). Furthermore, in a study of hydrophobic and hydrophilic
properties of activated sludge, it was found that a significant portion of extracellular
polymers are hydrophobic (Jorand et al. 1998). Likely, extracellular polymer-induced
cell surface hydrophobic changes may be fundamental in microbial aggregation.

9.2.2.4 Surface Properties of Phospholipids

The general structure of biological membranes is a phospholipids bilayer. Phospho-
lipids contain both highly hydrophobic (fatty acid) and relatively hydrophilic (glycerol)
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moieties and can exist in many different chemical forms as a result of variation in
the nature of the fatty acids or phosphate-containing groups attached to the glycerol
backbone (Madigan, Martinko, and Parker 2003). As phospholipids aggregate in an
aqueous solution, they tend to form a bilayer structure spontaneously with the fatty
acids in a hydrophobic environment, and the hydrophilic portions remain exposed to
the aqueous external environment. Saturated alkyl chains of phospholipids can attract
each other strongly in water, with a hydrophobic energy of attraction of —102 mJ m
in all cases (van Oss 1994b). The major proteins of the cell membrane generally have
very hydrophobic external surfaces in the regions of the protein that span the mem-
brane and have hydrophilic surfaces exposed on both the inside and the outside of
the cell. The overall structure of the cytoplasmic membrane is stabilized by hydrogen
bonds and hydrophobic interactions (Madigan, Martinko, and Parker 2003).

9.2.3 DEeTERMINATION OF CELL SURFACE HYDROPHOBICITY

There are a number of methods available to characterize the cell surface hydropho-
bicity, including contact angle measurement, bacterial adherence to hydrocarbons,
hydrophobic interaction chromatography, salting out aggregation, adhesion to solid
surfaces, and binding of fatty acids to bacterial cells (Rosenberg and Kjelleberg
1986; Mozes and Rouxhet 1987). Contact angle measurement is the traditional and
widely used method, and it involves measuring the contact angle of a sessile drop
with a flat bacteria fixed filter or a lawn of the bacteria on an agar plate (Mozes and
Rouxhet 1987). As the cell surface moisture decreases with evaporation, the con-
tact angle increases over time. The stationary-phase contact angle is often used to
characterize the cell surface hydrophobicity (Absolom et al. 1983). According to the
water contact angle, cell surface hydrophobicity may be roughly classified into three
categories: a hydrophobic surface with a contact angle greater than 90°, a medium
hydrophobic surface with a contact angle between 50° and 60°, and a hydrophilic
surface with a contact angle below 40° (Mozes and Rouxhet 1987).

It should be noted that Y%, v+, Y~ can be determined by contact angle measure-
ments with at least three different liquids (of which two must be polar) by the Young
equation (van Oss, Chaudhury, and Good 1987, 1988):

(1+cosO)y, = 2(\/75‘%‘” TV TR )

Becausee the contact angle method requires specific equipment, microbial
adhesion to solvents (MATS) has been developed to characterize microbial cell
surfaces (Bellon Fontaine, Rault, and van Oss 1996). This method is based on the
comparison between microbial cell affinity to a monopolar solvent and a polar solvent.
Table 9.1 lists the commonly used the monopolar solvents in the MATS method.
Acidic solvent serves as electron acceptor, and basic solvent as electron donor.

9.3 THE ROLE OF CELL SURFACE HYDROPHOBICITY IN
AEROBIC GRANULATION

An aerobic granule can form through cell-to-cell self-adhesion, and its formation is a
multiple-step process, and both physicochemical and biological forces are involved.
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TABLE 9.1
Surface Tensions of Typical Organic Solvents

Y Y Y~

Liquid Formula (m) m-2) (mJ m-2) (m) m2)

Decane C,Hy, 23.9 0 0
Ethyl acetate  C,H,,0 239 0 19.4
Hexadecane C,6Hsy 27.7 0 0
Chloroform CHCl, 27.2 3.8 0

Source: Data from Bellon Fontaine, M/ N., Rault, J., and van Oss, J.
1996. Colloid Surface B 7: 47-53.

It has been suggested that microbial adhesion can be defined in terms of the energy
involved in the formation of the adhesive junction. When a bacterium approaches
another bacterium, the hydrophobic interaction between them is a crucial force.
Wilschut and Hoekstra (1984) proposed a local dehydration model, and suggested
that under the physiological conditions, the strong repulsive hydration interaction
was the main force to keep the cells apart.

So far, aerobic granules have been developed with various substrates, and
aerobic granulation by heterotrophic, nitrifying, denitrifying, and phosphorus-
accumulating bacteria has been reported. This implies that aerobic granulation is
not strictly restricted to some specific substrate and microbial species, and it can be
regarded as a process in which individual cells aggregate together through cell-to-
cell hydrophobic interaction and binding. It is believed that cell hydrophobicity is
one of the most important affinity forces in microbial aggregation. Hydrophobicity
and hydrophilicity are usually used to describe a molecule or a structure having the
feature of being rejected from an aqueous medium (i.e., hydrophobicity), or being
positively attracted (i.e., hydrophilicity). Hydration interaction becomes significant
at surface separations of 2 to 5 nm or less, depending on the nature of bacterial
surfaces. In terms of process thermodynamics, microbial aggregation is driven by
decreases of free energy, that is, increasing cell surface hydrophobicity results in a
corresponding decrease in the Gibbs energy of the surface, which in turn promotes
cell-to-cell interaction and further serves as an inducing force for cells to aggregate
out of hydrophilic liquid phase. Local dehydration of the surfaces that are a short
distance apart has been identified as the prerequisite for bacterial adhesion (Tay, Xu,
and Teo 2000).

Concrete evidence shows that the formation of aerobic granules under different cul-
ture conditions is correlated very closely to an increase in cell surface hydrophobicity,
as discussed in the preceding chapters. Li, Kuba, and Kusuda (2006) reported that the
surface negative charge of bacteria decreased from 0.203 to 0.023 meq g VSS-! along
with aerobic granulation in an SBR, while such a decrease in the density of cell surface
negative charge was accompanied by an increase in the relative cell surface hydro-
phobicity from 28.8% to 60.3% (figure 9.2). As discussed earlier, reduced density of
cell surface charge results in weakened repulsive force of bacterium to bacterium, that
is, the decreased surface negative charge promotes cell to cell aggregation, ultimately
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FIGURE 9.2 Change in the density of cell surface negative charge along with aerobic gran-
ulation in an SBR. (Data from Li, Z. H., Kuba, T., and Kusuda, T. 2006. Enzyme Microb
Technol 38: 670-674.)

leading to aerobic granulation. In fact, an inverse proportional correlation between
cell surface hydrophobicity and surface negative charge has been established for acti-
vated sludge microorganisms (Liao et al. 2001). This seems to imply that high cell
surface hydrophobicity favors aerobic granulation.

The cell surface hydrophobicity of acetate-fed aerobic granules was found to be
nearly two times higher than that of suspended seed sludge (Tay, Liu, and Liu 2002),
while Yang, Tay, and Liu (2004) reported that nitrifying bacteria exposed to high
free ammonia concentration could not form granules, and a low cell surface hydro-
phobicity of the nitrifying biomass was detected. As discussed in the preceding
chapters, cell surface hydrophobicity is very sensitive to the shear force and hydraulic
selection pressure present in an SBR; however, the effect of the organic loading rate
in the range of 1.5 to 9.0 kg COD m= d! on the cell surface hydrophobicity was
not significant. Zheng, Yu, and Sheng (2005) also found that there was a significant
difference in cell surface hydrophobicity before and after the formation of aerobic
granular sludge, for example, the mean contact angle values were 35.0° and 46.3°
for seed sludge and granular sludge, respectively. This suggests that the formation
of aerobic granular sludge is associated with an increase in the cell surface hydro-
phobicity, whereas the specific gravity of sludge increased with the increase of the
cell surface hydrophobicity along with aerobic granulation.

Toh et al. (2003) investigated the cell surface hydrophobicity of aerobic granules
of various sizes, and in their study cell surface hydrophobicity was expressed as the
specific surface hydrophobicity determined by measuring phenanthrene adsorption
according to the procedure proposed by Kim, Stabnikova, and Ivanov (2000). In this
method, a 2-ml sample was added to 4 ml of 60% (w/v) phenanthrene solution, while
in the control test, 2 ml of deionized water is used to replace the sample. All mixtures
were incubated without shaking in the dark for 30 minutes. The incubated mixtures
were then filtered, and the filtrates were subsequently used for the determination of
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dry biomass, while the supernatants were assayed for phenanthrene concentration,
using a luminescence spectrometer. The specific surface hydrophobicity (H,) in milli-
grams phenanthrene per gram volatile solids (VS) can be calculated as follows:

_V(E.-F)

H,
‘ X

in which F, and F, are the phenanthrene concentration in the control and the sample,
respectively, Vis the volume from which the concentration was measured, and X is the
total dry biomass used in the hydrophobicity test. It was found that the specific cell
surface hydrophobicity tended to increase from 2.46 to 5.92 mg phenanthrene g! VS
as the granule size increased from <1 mm to >4 mm in diameter (Toh et al. 2003).
This was also confirmed by confocal laser scanning microscopy (CLSM) exami-
nation showing that when a granule grew larger, the biomass density of aerobic
granules increased in the surface layer and thus the accumulative hydrophobicity on
these bacterial cell surfaces could generate a higher hydrophobicity on the exterior
face of the granule (Toh et al. 2003).

Changes in cell surface hydrophobicity result from bacterial responses to certain
stressful culture conditions (Bossier and Verstraete 1996; Mattarelli et al. 1999). It is
most likely that the cell surface hydrophobicity induced by stressful conditions would
strengthen cell-to-cell interaction, leading to a stronger microbial self-attachment, which
in turn provides a protective shell for cells exposed to the unfavorable environments.

To date, aerobic granulation phenomena have been observed only in SBRs,
while no successful example of aerobic granulation has been reported in continu-
ous culture. Compared to a continuous culture, the unique feature of an SBR is its
cycle operation. As a result of the cycle operation, microorganisms are subject to
a periodic fasting and feasting, that is, there is a periodic starvation phase during
the cycle operation of an SBR (see chapter 14). It has been shown that the starva-
tion phase has a profound impact on the surface properties of bacteria (Kjelleberg,
Humphrey, and Marshall 1983; Hantula and Bamford 1991; Bossier and Verstraete
1996). Some studies showed that starvation conditions could induce cell surface
hydrophobicity that in turn facilitates microbial adhesion and aggregation (Chesa,
Irvine, and Manning 1985; Bossier and Verstraete 1996). Through controlling feast-
ing and fasting cycles by operating activated sludge systems in a plug flow or by
feeding the sludge intermittently, Chesa, Irvine, and Manning (1985) found that such
an operation strategy yielded better-settling sludge with high cell surface hydro-
phobicity. It is most likely that microorganisms can change their surface proper-
ties when faced with starvation, and such changes can contribute to their ability to
aggregate. Therefore, the periodic starvation cycle would induce the cell surface
hydrophobicity, and then the induced cell surface hydrophobicity can help initiate
cell-to-cell self-aggregation.

It should be pointed out that the effect of starvation on cell surface hydrophobicity
is still debatable, as discussed in chapter 14. The negative effect of starvation on
changes in cell surface hydrophobicity has been reported, for example, upon transfer
from a rich growth medium to starvation conditions, cell surface hydrophobicity
dropped sharply but recovered its initial value within 24 to 48 hours (Castellanos,
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Ascencio, and Bashan 2000). On the other hand, Sanin, Sanin, and Bryers (2003)
reported that cell surface hydrophobicities stayed more or less constant during carbon
starvation conditions, whereas there was a significant decrease in hydrophobicity
when all three cultures were starved for nitrogen. Castellanos, Ascencio, and Bashan
(2000) also noted that starvation was not a major factor in inducing changes in the
cell surface that led to the primary phase of attachment of Azospirillum to surfaces.

9.4 FACTORS INFLUENCING CELL SURFACE HYDROPHOBICITY

Microbial cells favor a dispersed rather than aggregated state under normal culture
conditions. Aerobic granulation is the result of cell response to stressful environ-
ments, which lead to changes in the surface characteristics of bacteria (see chapter
2). The high hydrophobicity of microorganisms is usually associated with the pres-
ence of specific cell wall proteins (Singleton, Masuoka, and Hazen 2001; Kos et al.
2003). As discussed earlier, extracellular polymeric substances produced by bacteria
mainly consist of proteins and polysaccharides. Proteins are polymers of amino
acids covalently bonded by peptide bonds. Amino acid has a hydrophilic carboxylic
acid group (-COOH) and a hydrophobic or hydrophilic side chain. The side chains of
amino acids have twenty different structures whose hydrophobicity varies markedly
(Parker, Guo, and Hodges 1986). If the carboxylic acid group (-COOH) of the amino
acid is connected with an amino group (-NH,) of another amino acid, the connected
polymer becomes a polar molecule, either monopolar (hydrophilic) or amphipathic
(one hydrophilic and one hydrophobic) (Parker, Guo, and Hodges 1986). Cell wall
proteins may work in two ways: (1) exposed hydrophobic proteins directly bind to
extracellular matrix proteins; or (2) alternatively, cell surface hydrophobicity may
mediate attachment by facilitating and maintaining specific receptor-ligand inter-
actions (Singleton, Masuoka, and Hazen 2001). Obviously, a sound understanding
of the factors that may influence cell surface hydrophobicity is important for devel-
oping the strategy for a fast aerobic granulation.

Extracellular polysaccharides have been considered to play an important role in
both the formation and stability of biofilms and anaerobic and aerobic granules by
mediating both cohesion and adhesion of cells (Schmidt and Ahring 1994; Tay, Liu,
and Liu 2001b, 2001a; Liu and Tay 2002; Qin, Liu, and Tay 2004). Polymers can
bridge physically or electrostatically to form a three-dimensional structure, which
favors attachment of bacterial cells (Ross 1984). In a pilot-scale upflow anaerobic
sludge blanket (UASB) reactor, Quarmby and Forster (1995) found that anaerobic
granules tended to become weaker as the surface negative charge of cells increased.
At the usual pH value, suspended bacteria are negatively charged and electrostatic
repulsion exists between cells. It has been suggested that extracellular polymers can
change the surface negative charge of bacteria, and thereby bridge two neighbor-
ing bacterial cells to each other as well as other inert particulate matters, and settle
out as floccus aggregates (Shen, Kosaric, and Blaszczyk 1993; Schmidt and Ahring
1994). This seems to indicate that the formation and stability of immobilized cell
communities have a strong association with extracellular polysaccharides.

The high cell surface hydrophobicity is usually associated with the presence of
fibrillar structures on the cell surface and specific cell wall proteins. Fibrils may
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FIGURE 9.3 Tllustration of the different accessibilities of spheres with smooth (A) and rough
(B) surfaces to a flat plate surface. (From van Oss, C. J. 2003. J Mol Recognit 16: 177-190.
With permission.)

attach to the surface of receptors by piercing through the energy barrier between
cells into a strong Lewis acid-base (AB) force interaction distance (van Oss 2003).
Figure 9.3 schematically presents differences in accessibility of round spherical bod-
ies and a flat plate. For cell-to-cell interaction, the flat plate shown in figure 9.3 can
be displaced by another cell. The smooth hydrophilic spherical cell cannot make
contact with a smooth flat hydrophilic surface because their mutual specific, macro-
scopic-scale repulsion prevents a closer approach. However, a similar spherical cell
with long thin spiky fibrils can easily penetrate the microscopic-scale repulsion field,
leading to a macroscopic-scale specific contact. In figure 9.3, the dotted line indi-
cates the limit of closest approach for a smooth hydrophilic cell with a relatively
large radius of curvature.

Starvation may induce changes in cell surface hydrophobicity. Kjelleberg and
Hermansson (1984) observed a large increase in surface roughness throughout the star-
vation period for all studied strains that showed marked changes in physicochemical
characteristics. As discussed earlier, fibrillar surface structure can help to overcome
the intercellular energy barrier. It is likely that increased cell surface roughness might
have the same function as cell surface hydrophobicity in microbial aggregation.

Culture temperature may also influence cell surface hydrophobicity. Thermo-
dynamically, water will become a much stronger Lewis acid at higher temperature

(van Oss 1993, 1994b), for example, at 20°C, y. =v, = 25.5 mJ m2, whereas at
38°C, yi = 32.4 andy, = 18.5 mJ m=2. Usually, Y} values of most biological

surfaces are extremely low, whereas the ,, value can be high or low, depending one
whether it is hydrophilic or hydrophobic. Thus, a cell surface may be designated as
essentially electron donor monopolar (van Oss, Chaudhury, and Good 1987; van Oss

1994b). In this case, for electron donor monopolar compounds, the increase of 7y,
with temperature will markedly increase the value of the term

Na
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This is in line with the finding by Blanco et al. (1997) that the majority of the
forty-two strains of Candida albicans studied were hydrophobic at 22°C, but hydro-
philic at 37°C, and the hydrophobic cells showed a consistent adherence capacity
that was absent from the hydrophilic strains.

The growth rate of microorganisms is another factor that can influence cell sur-
face hydrophobicity. In a study of the impact of brewing yeast cell age on fermentation
performance, Powell, Quain, and Smart (2003) reported that the flocculation poten-
tial of cells and cell surface hydrophobicity increased in conjunction with cell age,
whereas in a selection of xenobiotic-degrading microorganisms, a similar trend was
found by Asconcabrea and Lebeault (1995), that is, the cell surface hydrophobicity
tended to increase with the growth rate in terms of dilution rate. van Loosdrecht et al.
(1987) also found that for a certain species, at high growth rates, bacterial cells would
become more hydrophobic. Meanwhile, Malmqvist (1983) observed an increase in cell
surface hydrophobicity during exponential growth. Expression of cell surface hydro-
phobicity is influenced by growth conditions, and is often expressed after growth
under nutrient-poor conditions, or starvation (Ljungh and Wadstrom 1995).

It has been shown that the change in cell surface hydrophobicity can result from
bacterial stress responses to certain culture conditions, such as low pH, high tem-
perature, and hyperosmotic stress (Danniels, Hanson, and Phillips 1994; Bossier
and Verstracte 1996; Correa, Rivas, and Barneix 1999; Mattarelli et al. 1999).
Blanco et al. (1997) reported that the majority of the forty-two strains of Candida
albicans studied were hydrophobic at 22°C, but hydrophilic at 37°C. As presented
in chapter 1, cell surface hydrophobicities of aerobic granules grown on glucose and
acetate showed no significant difference, whereas cell surface hydrophobicity was
found to increase with increase in hydrodynamic shear force (c2). It appears from
chapter 1 that aerobic granules cultivated at different organic loading rates of 1.5 to
9.0 kg COD m= d! exhibited comparable cell surface hydrophobicity of 78% to
86%; however, cell surface hydrophobicity was significantly improved as the cycle
time was shortened (chapter 6). In the preceding chapters, it can be seen that all
selection pressures may improve cell hydrophobicity, including settling time, dis-
charge time, and exchange ratio of the SBR. This means that the cell surface hydro-
phobicity induced by culture conditions strengthen cell-to-cell interaction, leading
to a stronger microbial structure.

Sun, Yang, and Li (2007) investigated the effect of carbon source on aerobic
granulation. It appears from figure 9.4 that during the period of the reactor start-up,
the type of carbon source influences the surface property of sludge in terms of zeta
potential, which is often used to quantify the density of surface charges, for example,
sludge grown on peptone shows the lowest surface charge density among all four
organic carbon sources studied. As a result, the peptone-fed aerobic granules had the
highest biomass density over granules grown on acetate, glucose, and fecula (Sun,
Yang, and Li 2007). As discussed earlier, the density of the surface charge is inversely
related to the cell surface hydrophobicity, that is, a lower charge density means a higher
cell surface hydrophobicity. In addition, figure 9.4 also implies that the property of
feed may influence cell surface hydrophobicity during aerobic granulation.

When exposed to toxic or inhibitory substrates, microorganisms are able to regu-
late their surface properties, especially cell surface hydrophobicity. In a study on
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FIGURE 9.4 Change in zeta potential of sludge in the course of aerobic granulation in
SBRs fed with acetate (®), glucose (O), peptone (M), and fecula (O). (Data from Sun, F. Y.,
Yang, C. Y., and Li, J. Y. 2007. Beijing Jiaotong Daxue Xuebao [J Beijing Jiaotong University]
31: 106-110.)

substrate-dependent autoaggregation of Pseudomonas putida CP1 during the degra-
dation of monochlorophenols and phenol, Farrell and Quilty (2002) found that cells
grown on the higher concentrations of monochlorophenol were more hydrophobic
than those grown on phenol and lower concentrations of monochlorophenol, whereas
when Pseudomonas putida was exposed to toxic alcohols, the bacterium changed
degrees of cell surface hydrophobicity and adapted to the alcohols (Tsubata, Tezuka,
and Kurane 1997). Jiang, Tay, and Tay (2004) studied the toxic effect of phenol on
aerobic granules, and found that the surface hydrophobicity of cultivated sludge sig-
nificantly decreased from 60% to 40% as phenol loading was increased from 1 to
2.5 kg phenol m= d-!. This may imply that increased hydrophobicity and the resultant
autoaggregation of bacteria is a microbial response to the toxicity of substrates.

Bulk liquid surface tension may also alter cell surface hydrophobicity. Thaveesri
et al. (1994; 1995) reported that anaerobic granules grown in protein-rich media
exhibited lower hydrophobicity than carbohydrate, which in turn slowed down the
anaerobic granulation. On the contrary, van Loosdrecht et al. (1987) found that the
effect of the growth substrate on cell surface hydrophobicity was not significant.
Different observations could result from the fact that all substrates used by van
Loosdrecht (1987) were carbohydrates and no protein-rich media were included.
Thaveesri et al. (1995) proposed a model to interpret the influence of growth sub-
strate on the surface hydrophobicity of anaerobic granules, and they thought that if
v, 1s high, microorganisms with low surface energy (low 7, or hydrophobic bacteria)
can aggregate in order to obtain minimal free energy. Nevertheless, when v, is
low, bacteria with high surface energy (high v, or hydrophilic bacteria) can form
aggregates easily. Since there is no high-concentration chemical solvent present in
municipal wastewater, the first case (high 7,) is common in municipal wastewater
treatment practice, whereas the second case becomes true in treating chemical
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solvent-containing industrial wastewater. In both cases, microbial aggregation seems
to be related to the relative hydrophobicity of microorganisms to the aqueous phase
in which they grow. Protein-rich substrate can lower the surface tension of reactor
liquid, and consequently lead to the formation of anaerobic granules with low hydro-
phobicity because low hydrophobicity of anaerobic granules could decrease the free
energy at the interface between aggregates and liquid.

Cell surface hydrophobicity is also related to gene expression of microorganisms.
The analytical study of biofilm has demonstrated that adhesion launches the expres-
sion of a set of genes that ends with the typical biofilm phenotype, particularly with
an enhanced resistance to antimicrobial agents (Stickler 1999; Davey and O’Toole
2000; Watnick and Kolter 2000; Goldberg 2002). Likewise, the gene expression for
enzyme is also different under free-living and immobilized conditions (Hata et al.
1998; Vallim et al. 1998; Akao et al. 2002; Asther et al. 2002). For example, Vallim
et al. (1998) found that Phanerochaete chrysosporium showed a differential gene
expression for cellobiohydrolase when it was cultured under immobilized conditions.
Therefore, it is possible that the new gene expression gives rise to changes in the cell
surface properties that in turn helps the cells adapt to the new living environment.

In conclusion, changes in cell surface hydrophobicity can result from bacterial
stressful responses to certain culture conditions. The cell surface hydrophobicity
induced by culture conditions strengthens cell-to-cell interaction, leading to a stronger
microbial structure that provides a protective shell for cells exposed to the unfavor-
able environments. Therefore, it is necessary to identify the key engineered parameter
that can induce cell surface hydrophobicity during biogranulation.

9.5 SELECTION PRESSURE-INDUCED CELL
SURFACE HYDROPHOBICITY

Aerobic granulation is a gradual process evolving from dispersed seed sludge to
mature and stable aerobic granules with spherical outer shape. It is thought that cell
surface hydrophobicity may trigger and initiate aerobic granulation. As the seed
sludge used to inoculate bioreactors often has a very low cell surface hydrophobicity,
high cell surface hydrophobicity reported in aerobic granulation would not be an
extant property of the seed sludge, and it would be induced during aerobic granula-
tion. Many factors as discussed earlier may induce cell surface hydrophobicity, but
most of them cannot be manipulated in terms of process operation. Thus, it is neces-
sary to identify the key engineered parameters that can induce cell hydrophobicity
during aerobic granulation.

Hydraulic selection pressure has been proved to be a decisive parameter in the
formation of biogranules. Absence of anaerobic granulation in UASB reactors was
observed at very weak hydraulic selection pressure in terms of liquid upflow velocity,
while it has been demonstrated that aerobic granulation is a process driven by selec-
tion pressure in SBRs. Under strong selection pressures, only the good-settling and
heavy sludge particles are retained in the reactor, while the light and poor-settling
sludge is washed out. Compared to seed sludge with a cell surface hydrophobicity
of 20%, when microorganisms are subject to high selection pressure in terms of
settling time, the cell surface hydrophobicity gradually increases to 70% during
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aerobic granulation. The hydraulic selection pressure seems to induce changes in
cell surface hydrophobicity, and a strong selection pressure results in a more hydro-
phobic cell surface (Qin, Liu, and Tay 2004). Similarly, it was found that anaerobic
granular sludge in UASB reactors was more hydrophobic than the nongranular sludge
that washed out (Mahoney et al. 1987). Under the strong selection pressure, micro-
organisms have to adapt their surface properties in order to avoid being washed out
from the reactors through microbial self-aggregation. In this sense, biogranulation
would be an effective defensive strategy of microbial communities against external
selection pressure, and thus one may expect to manipulate the formation and charac-
teristics of biogranules by controlling selection pressure (chapter 6).

9.6 THERMODYNAMIC INTERPRETATION OF
CELL SURFACE HYDROPHOBICITY

Similar to a chemical process, microbial aggregation is a function of changes in free
energy at interfaces. Bacterial attachment to a solid surface can be described by
the following:

Microorganism + surface — Microorganism — surface ~ AG’,

©.DH

in which microorganism—surface means microorganism attached onto a solid surface,

and AGY, is the effective free energy change of microorganism-to-solid surface
attachment, which changes with the proceeding of microbial attachment on the sur-

face. For bacterial attachment onto a solid surface, AG?,, can be expressed as:

AG, =Y =Yy = Y ©9.2)

in which v,,., ¥, and vy,,, are the solid-bacteria, solid-liquid, and bacteria-liquid inter-
facial free energies, respectively. The surface free energies are related to contact
angles (0) according to the Young equation:

Y,, €os 0= Yo =Yy 9.3)

in which v,, and v,, are the liquid-vapor and solid-vapor interfacial free energies,
respectively. It should be realized that equation 9.3 cannot be solved for the interfacial
free energies (y,, and v, by measuring the contact angle and liquid surface tension
(y,,) without additional assumptions (Bos, van der Mei, and Busscher 1999). In a
study of anaerobic granulation, Thaveesri et al. (1995) used the equation developed
by Neumann et al. (1974) as a supplementary equation to equation 9.3:

( rsv - Ylv )2
Yo=T—" 77— 9.4)
1-0.015\/v_7,
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Compared to microbial attachment to a solid surface, microbial aggregation
is a microorganism-to-microorganism self-immobilization process, which can be
depicted as follows:

Microorganism + Microorganism — Microorganism — Microorganism AGZ;K 9.5)

in which microorganism—microorganism represents microbial aggregation, and

AG;';g is the effective free energy change of microorganism-to-microorganism
aggregation, which changes with the proceeding of microbial aggregation. It has
been proposed that equation 9.2 can also be applied to the microbial aggregation

process by replacing the solid by an identical microorganism (Bos, van der Mei, and

Busscher 1999). Thus, AGc‘;g of microbial aggregation can be written as follows:

in which v, ., is the microorganism-microorganism interfacial free energy. In a study
of anaerobic granulation, Thaveesri et al. (1995) postulated that when adhesion of two
identical bacteria is considered, 7,,,, is equal to zero. Hence, equation 9.6 reduces to:

AGagg =-2y .7

Substituting equation 9.4 into equation 9.7 by replacing the subscript s by m yields:

2
AG,, = —2M 9.8)
1-0.015yv,.7,

According to equation 9.8, Thaveesri et al. (1995) proposed that if v, is high,
low-energy surface types of microorganisms (low 7,,, or hydrophobic bacteria) can
aggregate in order to obtain minimal free energy, while when v, is low, high-energy
surface types of bacteria (high v,,, or hydrophilic bacteria) can aggregate better. As
there is no high-concentration chemical solvent present in municipal wastewater, the
first case (high v,,) is most commonly encountered in municipal wastewater treatment
practice, whereas the second case applies to treating chemical solvent-containing
industrial wastewater. No matter what the case is, microbial aggregation seems to be
related to relative hydrophobicity of microorganisms to the aqueous phase in which
they survive. It should be realized that equation 9.8 is not correlated to a character-
istic parameter of microbial aggregation; it only offers a qualitative interpretation of
surface thermodynamics of microbial aggregation. Moreover, in the real microbial
aggregation process, there are no completely identical bacteria, and the simplicity
assumed by Thaveesri et al. (1995) such that 7y, is zero is still debatable. Cells favor
a dispersed rather than aggregated state under normal culture conditions, hence ¥,
should exist during cell-to-cell interaction.

As Bos, van der Mei, and Busscher (1999) noted, it is impossible to deter-
mine experimentally the interfacial free energies in equation 9.2. Evidence shows
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that the v, and v, terms in equation 9.4 are related to both cell surface charge
and hydrophobicity (Zita and Hermansson 1997; Kos et al. 2003), while cell sur-
face hydrophobicity is inversely correlated to the quantity of surface charge of
microorganisms (Liao et al. 2001). There is strong evidence that the microbial
autoaggregation process is correlated to cell surface hydrophobicity (Del Re et al.
2000; Kos et al. 2003; Liu et al. 2003). According to extended DLVO theory by
Van Oss, Good and Chaudhury (1986), cell surface hydrophobicity represents an
attractive force, while cell surface hydrophilicity reflects repulsion between cells.
This indicates that both v,,.,, and 7, in equation 9.4 are functions of the interaction
between cell surface hydrophobicity and cell surface hydrophilicity, that is, with the
increase of cell surface hydrophobicity or the decrease of cell surface hydrophilicity,
repulsive forces between cells becomes weaker and weaker. According to Liu et al.

(2004a), AG”,

g Can be expressed as:

AG!, =AG, —aRTInH 9.9)

agg olw

in which AGy,, is change of the standard free energy of the microbial aggregation
process, a is a positive coefficient, and H,,, is relative cell hydrophobicity, which is
defined as follows:

_ Cell hydrophobicity

o' Cell hydrophilicty

9.10)

It has been recognized that the formation of biofilms and microbial aggregates
is a multiple-step process, to which physicochemical and biological forces make
significant contributions (Liu and Tay 2002). Some parameters other than cell
surface hydrophobicity, such as cell surface charge and extracellular polymers, may
also influence or contribute to microbial attachment and aggregation. In general, the
surface of microorganisms is negatively charged under the usual pH conditions, and
bacterial surface charge might affect bacterial attachment (Rouxhet and Mozes 1990).
There is evidence that microbial attachment on a solid surface can be improved or
enhanced by reducing electrical repulsion between cell and solid surfaces (Changui
et al. 1987; Rouxhet and Mozes 1990; Masui, Takata, and Kominami 2002), while
Strand, Varum, and Ostgaard (2003) reported that charge neutralization was not the
main microbial flocculation mechanism. As pointed out earlier, microbial aggrega-
tion is cell-to-cell interaction that is different from bacterial adhesion on a solid
surface. When bacteria that carry charges with the same sign approach each other,
there should be an electrical repulsive force between bacterial surfaces. Zita and
Hermansson (1997) studied the correlations of cell surface hydrophobicity and charge
to adhesion of Escherichia coli strains to activated sludge flocs, and found that there
was a strong correlation between the cell surface hydrophobicity of the E. coli strains
and adhesion to the sludge flocs, while for positive cell surface charges the correla-
tion was weaker than for surface hydrophobicity, and negative cell surface charges
showed no correlation to adhesion. In order to enhance initial interaction between
microorganisms, Jiang et al. (2003) added calcium ions to neutralize the nega-
tively charged bacterial surface, but the results were not as satisfactory as expected.
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Therefore, it seems that electrical interaction is not a triggering force of aggrega-
tion of microorganisms. In addition, extracellular polymers play a role in microbial
attachment and aggregation. Tsuneda et al. (2003) reported that if the amount of
extracellular polymers is relatively small, cell adhesion onto solid surfaces is inhib-
ited by electrostatic interaction, and if it is relatively large, cell adhesion is enhanced
by polymeric interaction. Jorand et al. (1998) studied hydrophobic and hydrophilic
properties of activated sludge extracellular polymers, and found that a significant
proportion of extracellular polymers fraction was hydrophobic. Such results support
the hypothesis that hydrophobic extracellular polymers are involved in the organiza-
tion of microbial flocs, biofilm, and aggregates, that is, hydrophobic interaction may
be fundamental in microbial aggregation, as discussed earlier.

Similar to any chemical process, the overall change of free energy of the micro-
bial aggregation process (AG,, )inc reases with the increase of process resistance,
and decreases with the increase of the driving force of microbial aggregation process.
Liu et al. (2004a) put forward a hypothesis that the overall change of free energy of
the microbial aggregation process should be formulated as a function of the driving
force and resistance of the process, such that:

AG = AG® +bRTIn—_2esistance ©.11)
a8 as8 Driving force

in which b is a positive coefficient. Equation 9.11 is similar to those developed for
biological systems (Roels 1983). It has been demonstrated that aerobic granulation is
a gradual process from dispersed sludge to stable granules, and both granule size and
density finally approach respective equilibrium value (Tay, Liu, and Liu 2001c). Thus,
the driving force of microbial aggregation is the potential of the process towards
aggregation that can be described by the difference between the current state of
microbial aggregates and the balanced state that microbial aggregates can thermo-
dynamically achieve. It is obvious that increasing the cell surface hydrophobicity
can simultaneously cause a decrease in the excess energy of the microbial surface,
which in turn enhances cell-to-cell interaction, leading to a more compact structure
of microbial aggregates (Liu et al. 2003). In the environmental engineering field, the
density of microbial aggregates is often used to describe how compact and strong
the microbial interaction is. The observed density of microbial aggregates is the
result of balanced cell-to-cell interaction, which is a characteristic parameter repre-
senting the state of microbial aggregates at time ¢. Figure 9.5 shows an example of
the evolution of the density (p) of microbial aggregates against time observed in the
SBR run at a substrate N/COD ratio of 5/100. It appears that p is gradually close to
its equilibrium.

Liu et al. (2004a) further proposed that the driving force of microbial aggrega-
tion can be defined as the difference between the density at time ¢ (p) and the density
of microbial aggregates at equilibrium state (p,,). With the increase of p, the aggre-
gation process tends to reach its equilibrium. As a result, the driving force (p,, — p)
decreases and the resistance would increase accordingly. This shows that p indeed
would reflect the magnitude of aggregation resistance. Hence, equation 9.11 can be
translated to
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FIGURE 9.5 The density (p) of aggregates against operation time observed in the SBR
operated at substrate N/COD ratio of 5/100. (From Liu, Y. et al. 2004a. App! Microbiol
Biotechnol 64: 410—415. With permission.)

o' p
AG,, =AGY +bRTIn 9.12)

Peq

When p =0.5p,,, AGy,, is equal to AG,,,. This implies that AG.,, can be defined
as the overall free energy change at p = 0.5p,,, that is, the driving force of micro-
bial aggregation is equal to the resistance force. As p approaches p,,, AG,,, goes to
infinity and further aggregation becomes energetically impossible. In fact, this is in
agreement with previous research (Bos, van der Mei, and Busscher 1999). Substitu-

tion of equation 9.9 into equation 9.12 yields:

AG,, =AG’, —aRTInH,, +bRTIn—P (9.13)

Peq

Solving equation 9.13 for p gives:

(H() w )a/b
P=Py NI 9.14)
(AGagngGagg)
e RT + (HO/W)a/b
Equation 9.14 can be rearranged as:
(Holw )”
P=Py 0 9.15)

eq n
Kagg + (Holw )
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FIGURE 9.6 p versus H, ,, observed in aerobic granulation at substrate N/COD ratio of
5/100. The prediction given by equation 9.15 is shown by a solid curve with a correlation
coefficient of 0.97. p,, =13.3 g L!; K., = 0.086; and n = 4.0, (From Liu, Y. et al. 2004a. App!

Microbiol Biotechnol 64: 410—415. With permission.)
in which

AG® -AG 8
(lass” age )

K _=|e 9.16)

and n and m equal a/b and 1/b, respectively. A simple least-square method can be
used to evaluate the constants involved in equation 9.15. If p, is known, K., and n
can also be easily estimated from a linear plot of In[p/(p.,— p)] versus InH .

P
P, P

In =nlnH, -k 9.17)
olw agg

Values of Ka,, and n can be determined from the slope and intercept of
equation 9.17.

Liu et al. (2004a) determined cell surface hydrophobicity in the course of the
formation of aerobic granules in SBRs operated at different substrate N/COD ratios of
5/100 to 30/100 by weight. Thus, H,,, can be calculated according to equation 9.10:

_ Cell hydrophobicity (%) (9.18)
o'~ 100% — cell hydrophobicity (%) ’

The value of H,,, is in between infinite (absolutely hydrophobic) and 0

(absolutely hydrophilic). The density (p) of microbial aggregates versus H,,, is
shown in figures 9.6 to 9.9 for different substrate N/COD ratios. It can be seen that
the prediction given by equation 9.15 is in good agreement with the experimental
data obtained, indicated by a correlation coefficient greater than 0.92. For microbial

aggregation at substrate N/COD ratios of 5/100 to 30/100, the respective value of n
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FIGURE 9.7 p versus H,,, observed in aerobic granulation at substrate N/COD ratio of
10/100. The prediction given by equation 9.15 is shown by a solid curve with a correlation
coefficient of 0.97. p,, =153 g L™; K., = 0.39; and n = 3.2. (From Liu, Y. et al. 2004a. App!
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Microbiol Biotechnol 64: 410—415. With permission.)
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FIGURE 9.8 p versus H ,, observed in aerobic granulation at substrate N/COD ratio of
20/100. The prediction given by equation 9.15 is shown by a solid curve with a correlation
coefficient of 0.93. p,, = 17.9 g L°'; K., = 1.11; and n = 2.8. (From Liu, Y. et al. 2004a. App!

ags

Microbiol Biotechnol 64: 410—415. With permission.)

estimated is 4.0, 3.2, 2.8, and 1.7. This implies that cell surface hydrophobicity has
a more pronounced effect on aerobic granulation at the low substrate N/COD ratio,
which is further confirmed by the values of K, which increases with the increase
of the substrate N/COD ratio. On the other hand, the density of aerobic granules at
equilibrium was found to increase with the increase of the substrate N/COD ratio.
This implies that a more compact microbial structure of aerobic granules can be
obtained at high substrate N/COD ratio. Figure 9.10 shows the relationship between
the relative activity of the nitrifying population over the heterotrophic population
and the specific growth rate (p,,,) of aerobic granules by size, and figure 9.11 further
exhibits the effect of ., on n and p,,.
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FIGURE 9.9 p versus H,,, observed in aerobic granulation at substrate N/COD ratio of
30/100. The prediction given by equation 9.15 is shown by a solid curve with a correlation
coefficient of 0.92. p,, = 19.8 g L°'; K., = 0.77; and n = 1.7. (From Liu, Y. et al. 2004a. App!
Microbiol Biotechnol 64: 410—415. With permission.)
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FIGURE 9.10  Effect of (SOUR)/(SOUR)y on p,,, of aerobic granules. (Data from Liu, Y.
et al. 2004a. Appl Microbiol Biotechnol 64: 410—415. With permission.)

In terms of chemistry, AG,,, is supposed to correlate to the mass quotient of the

microbial aggregation process (Q,,,) through the following equation:

AG,, =AG) +RThQ, (9.19)

Substitution of equation 9.15 into equation 9.19 leads to:

1 m
K, = [Q—&] (9.20)
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FIGURE 9.11  Effect of p,,, on n (®) and p, (). (Data from Liu, Y. et al. 2004a. Appl Micro-
biol Biotechnol 64: 410-415.)

Equation 9.20 reveals that K,,,, is inversely related to the process mass quotient.
When K, is small or Q,,, is large, microorganisms proceed toward aggregation; on
the other hand, when K, is large or Q. is small, microbial interaction tends away
from the aggregation. This provides a plausible explanation for why p approaches
its maximum much more slowly when K, is large, whereas when K, is small,
p increases steeply and breaks to the right sharply, as shown in figures 9.6 to 9.9.
Obviously, equation 9.20 offers a theoretical interpretation for the physical meaning

of K. If AG,,, is close to zero, Q,,, in equations 9.19 and 9.20 can be replaced by

ags® agg agg

the equilibrium constant ( K7 ) of the microbial aggregation process. Consequently,
the magnitude of the K., value may represent the equilibrium position of a microbial
aggregation process.

Equation 9.15 can fit the experimental data very well. The values of n estimated
by equation 9.15 are closely related to the substrate N/COD ratios, that is, a low
substrate N/COD ratio results in a high n value. In terms of reaction kinetics, the
magnitude of n describes how fast microorganism-to-microorganism hydrophobic
interaction is under given culture conditions. In fact, Chen and Strevett (2003)
reported that various substrate N/COD ratios influence microbial surface thermo-
dynamics reflected in cell surface hydrophobicity, while evidence also indicates that
cell surface hydrophobicity and hydrophobic interaction are closely related to micro-
bial activity (Liao et al. 2001; Tay, Liu, and Liu2001c; Liu et al. 2003). Liu et al.
(20042) determined the overall specific growth rate (p,g,) of microbial aggregates
by size and the activity distribution of heterotrophic and nitrifying populations in
stable aerobic granules in terms of (SOUR)/(SOUR)y. It was found that p,,, tended
to decease with the increase of substrate N/COD ratio. Such a changing trend of
Mg With the substrate N/COD ratio indeed is within expectation because a high
substrate N/COD ratio results in a sustainable enrichment of slow-growing nitrify-
ing population with low growth rate in aerobic granules (figure 9.10). Figure 9.11
further shows the relationships among p,,, 72, and p,. It appears that n is positively
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correlated to p,,, that is, the microbial aggregation process is faster at high p,, than
that at low p,,,. Meanwhile, the lowered growth rate of aerobic granules results in
a higher p,,, that is, a more compact and stronger microbial structure. In fact, high
growth rate encourages the outgrowth of aerobic granules, leading to a loose struc-
ture accompanied with a low density. In a study of biofilms, the strength of biofilms
was found to be negatively related to the growth rate of microorganisms (Tijhuis, van
Loosdrecht, and Heijnen 1995), while Kwok et al. (1998) reported that the biofilm
density decreased as the growth rate increased. Similarly, in the anaerobic granula-
tion process, a high biomass growth rate also led to a reduced strength of anaerobic
granules (Quarmby and Forster 1995).

It seems that microorganism-to-microorganism interaction with a H,/, value
greater than 1 favors cell self-aggregation towards a tight and compact microbial
structure. Hydrophobic cells may attach not only on the surface, but also can aggre-
gate to form microbial granules, whereas hydrophilic cells did not (Olofsson, Zita,
and Hermanson 1998; Sharma and Rao 2003). Ryoo and Choi (1999) attempted to
develop the fungal pellets from the surface thermodynamic balance between fungal
cell and liquid media. Aerobic granulation is a dynamic process evolving from
dispersed sludge to mature and stable aerobic granules. Equation 9.15 sheds light
on a sound thermodynamic understanding of cell surface hydrophobicity in aerobic
granulation, and it would be applicable for biofilm and anaerobic granulation.

9.7 ENHANCED AEROBIC GRANULATION BY
HIGHLY HYDROPHOBIC MICROBIAL SEED

It is apparent that cell surface hydrophobicity can serve as an important inducing
force for aerobic granulation. This in turn implies that enrichment cultures of micro-
organisms with high cell surface hydrophobicity or self-aggregation ability can be
used to accelerate or enhance aerobic granulation. For this purpose, a four-step
procedure to select highly hydrophobic bacteria has been developed (Wang 2004;
Ivanov et al. 2005).

Step 1: precultivated aerobic granules are disintegrated by a beater for 5 minutes
and are further filtered through a 35-um cell strainer cap in order to remove
particles bigger than 35 pm.

Step 2: bacteria collected at the bottom of the test tube after 5 minutes of set-
tling time are transferred into a liquid medium.

Step 3: the transferred bacteria are cultivated in the liquid medium for 48 hours,
and then microbial aggregates formed are removed after 5 minutes of sedi-
mentation time.

Step 4: those bacteria at the air-liquid interface are finally harvested as seed
for enhanced aerobic granulation.

The selected bacteria had an average aggregation index of 60% to 80% compared to the

activated sludge with a typical aggregation index of 5% to 20% (Ivanov et al. 2005).
Using the selected highly hydrophobic bacteria as a seed, Ivanov et al. (2005)

showed that aerobic granulation was shortened from 8 days in the culture of
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FIGURE 9.12 Aerobic granulation after 5 days (a, d), 10 days (b, e), and 20 days (c, f)
observed in two SBRs seeded with conventional activated sludge flocs (a to ¢) and selected
highly hydrophobic bacteria (d to f), respectively. (From Ivanov, V. et al. 2005. Water Sci
Technol 52: 13-19. With permission.)
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FIGURE 9.13  Evolution of bioparticle size during aerobic granulation with selected highly
hydrophobic bacteria (1) and conventional activated sludge flocs (2). (Data from Ivanov, V.
et al. 2005. Water Sci Technol 52: 13—19.)

conventional activated sludge to 2 days in the enrichment culture (figure 9.12 and
figure 9.13). These offer a new operation strategy by which the time required for
aerobic granulation can be shortened markedly.

According to the interfacial chemistry, microorganisms situated at the water—air
interface are highly hydrophobic. Following the same procedure as presented earlier,
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FIGURE 9.14 Selection of highly hydrophobic cells at the water—air interface. (From
Wang, Z.-W. 2004. Unpublished report. Nanyang Technological University, Singapore.)

TABLE 9.2
Characteristics of Conventional Activated Sludge and
Selected Highly Hydrophobic Microbial Seed

Selected Highly
Activated Sludge Hydrophobic Seed

Total soluble solids (g L") 2.43 0.33
Sludge volume index (mL g') 226 76.9
Particle size (um) 42 102.9
Hydrophobicity (%) 32.6 80.1

Source: Wang, Z.-W. 2004. Unpublished report. Nanyang Technologiccal
University, Singapore.

Wang (2004) artificially selected highly hydrophobic cells at the water—air interface
using an inoculation loop as shown in figure 9.14. Two SBRs, namely R1 and R2,
were then inoculated with conventional activated sludge with low cell surface hydro-
phobicity and selected highly hydrophobic cells as seeds, respectively.

Table 9.2 summarizes the main characteristics of conventional activated sludge
and selected highly hydrophobic seed inoculated to R1 and R2. Obviously, the
selected seed was much more hydrophobic than the conventional activated sludge.
Figure 9.15 shows changes in the sludge volume index (SVI) in the course of R1 and
R2 operations. The SVI in R2 remained at a very low level of 60 mL g-!, while a
sharp increase in the SVI, followed by a significant decrease, was observed in R1. It
is clear that after aerobic granulation from day 10 onwards, the SVI observed in R1
decreased significantly, indicating an improved sludge settleability.

The evolution of sludge morphology in the course of operation of R1 and R2 was
tracked by image analysis technique. As can be seen in figure 9.16, smooth, round
aerobic granules appeared in R2 inoculated by the selected highly hydrophobic
microbial seed after 10 days of operation, while the same phenomenon was observed
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FIGURE 9.15 Changes in sludge volume index (SVI) in the course of operation observed
in R1 seeded by conventional activated sludge (®) and R2 (O) inoculated by selected highly
hydrophobic microbial seed. (Data from Wang, Z.-W. 2004. Unpublished report. Nanyang
Technological University, Singapore.)
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FIGURE 9.16 Evolution of sludge morphology in the course of aerobic granulation in R1 and
R2 seeded with conventional activated sludge and highly hydrophobic cells, respectively. (From
Wang, Z.-W. 2004. Unpublished report. Nanyang Technological University, Singapore.)

in R1 seeded by conventional activated sludge 20 days later. These observations
seem to indicate that aerobic granulation is shortened by 20 days if the selected
highly hydrophobic microbial seed is used. Meanwhile, figure 9.17 clearly shows
that aerobic granules developed from the selected highly hydrophobic microbial
seed look more compact and denser in structure than those cultivated from con-
ventional activated sludge. Moreover, the mechanical shearing tests also reveal that
aerobic granules developed from the selected highly hydrophobic microbial seed are
much more resistant to external mechanical stirring strength than those cultivated
from conventional activated sludge (figure 9.18).

Changes in biomass concentration in R1 and R2 were followed throughout the
granulation process (figure 9.19). Although the initial biomass concentration seeded
to R1 was much higher than that inoculated to R2, after only 1 day of operation the
biomass concentration in R1 and R2 became comparable. This was due mainly to
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(@ (b)

FIGURE 9.17 Morphologies of aerobic granules harvested 40 days after cultivation from the
inoculums of conventional activated sludge (A) and high hydrophobic cells (B), respectively.
(From Wang, Z.-W. 2004. Unpublished report. Nanyang Technological University, Singapore.)
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FIGURE 9.18 Responses of aerobic granules cultivated from high hydrophobicity bacteria
(1) and conventional activated sludge (2) to mechanical stirring. (Data from Wang, Z.-W.
2004. Unpublished report. Nanyang Technological University, Singapore.)

the washout of poorly settling bioflocs present in R1 by strong selection pressure.
Because of rapid aerobic granulation of the selected highly hydrophobic seed in R2
(figure 9.16), more and more biomass was aggregated and was subsequently accu-
mulated until a steady state was reached in R2. On the contrary, slow aerobic granu-
lation in R1 resulted in a slow build-up of biomass concentration. This once again
confirms that highly hydrophobic seed accelerates the aerobic granulation process
and further improves the property of aerobic granules. The performances of two
kinds of aerobic granules developed in R1 and R2 were also evaluated in terms of
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FIGURE 9.19 Profiles of biomass concentration in R1 (®) and R2 (O) seeded with conven-
tional activated sludge and highly hydrophobic cells, respectively, in the course of aerobic
granulation. (Data from Wang, Z.-W. 2004. Unpublished report. Nanyang Technological
University, Singapore.)
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FIGURE 9.20 Total organic carbon (TOC) removal efficiencies of R1 (®) and R2 (O) seeded
with conventional activated sludge and highly hydrophobic cells, respectively, in the course
of aerobic granulation. (Data from Wang, Z.-W. 2004. Unpublished report. Nanyang Techno-
logical University, Singapore.)

the removal efficiency of total organic carbon (TOC). No significant difference was
observed in the two reactors, as shown in figure 9.20.

Cell surface hydrophobicity has been proved to be a triggering force that enhances
cell-to-cell aggregation. The inoculation with selected highly hydrophobic microbial
seed can significantly shorten the aerobic granulation process in SBRs and further
improve the stability of aerobic granules. It is expected that selection and inoculation
of special microbial seed would be a feasible way to accelerate the start-up of a full-
scale aerobic granular sludge SBR.
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9.8 CONCLUSIONS

This chapter shows that cell surface hydrophobicity is an essential triggering force
of cell-to-cell aggregation that is a crucial initial step towards microbial granula-
tion, and can further strengthen the aggregated microbial structure. High cell surface
hydrophobicity associated with aerobic granulation can be induced by various culture
conditions, and enrichment and selection of highly hydrophobic bacteria greatly facil-
itates aerobic granulation. As a result, the time required for aerobic granulation in
SBRs can be shortened significantly.
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10.1 INTRODUCTION

Extracellular polymeric substances (EPS) are sticky materials secreted by cells; extra-
cellular polysaccharides (PS) are the important component of EPS and are highly
involved in the formation of matrix structure and improvement of long-term stability
of aerobic granules, as discussed in the preceding chapters. It is thought that EPS
act as an effective bioglue to cross-link bacteria into an aerobic granule (figure 10.1),
and the EPS matrix of the aerobic granule can protect bacteria from harsh environ-
mental conditions. In view of the importance of PS, this chapter attempts to provide
a deeper insight into the functions of EPS in aerobic granulation.

10.2 MAIN COMPOSITION OF EPS IN AEROBIC GRANULES

EPS have been detected in significant quantities in both aerobic and anaerobic gran-
ules, and they form a three-dimensional matrix in which bacteria and other particles
are embedded. EPS are produced by microorganisms themselves during cultivation,
which are advantageous in many respects for their survival in various circumstances.
In terms of microbiology, EPS can help stabilize membrane structure and also may
serve as a protective barrier (Prescott, Harley, and Klein 1999). EPS produced in
biogranules contain variable proportions of proteins, polysaccharides, nucleic acids,
humics-like substances, lipids, and heteropolymers-like glycoprotein (Goodwin and
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FIGURE 10.1 A schematic interpretation of extracellular polysaccharides in aerobic
granulation.

Forster 1985; Horan and Eccles 1986; Grotenhuis et al. 1991; Urbain, Block, and
Manem 1993; Jorand et al. 1995; Frolund et al. 1996). It should be pointed out that
polysaccharides are the only component that are synthesized extracellularly for a
specific function with neutral and acidic polysaccharides, while proteins, lipids, and
nucleic acids can exist in the extracellular polymer network due to the excretion of
intracellular polymers or as a result of cell lysis (Durmaz and Sanin 2001; Mahmoud
et al. 2003). EPS has been found in almost all forms of microbial aggregates, includ-
ing bioflocs, biofilm, anaerobic and aerobic granules. However, the content of EPS
in aerobic granules was found to be much higher than those in conventional bioflocs
and biofilms (Tay, Liu, and Liu 2001c).

In the environmental engineering literature, there are contradictory reports
on the composition of EPS in biogranules, especially the ratio of carbohydrates to
proteins. Proteins have been reported to be the predominant component of EPS in
anaerobic granules (Fukuzaki, Nishio, and Nagai 1995), while other evidence shows
that EPS were mainly composed of carbohydrates (Fang 2000). It seems that the
quantity and the composition of EPS produced by bacteria depend on a number
of factors, such as microbial species, the growth phase of the strain, the type of
limiting substrate (carbon, nitrogen, and phosphorous), oxygen limitation, ionic
strength, culture temperature, shear force and so on (Nielsen, Jahn, and Palmgren
1997; Tay, Liu, and Liu 2001a; Nichols et al. 2004; Qin et al. 2004). For example, the
total amount of EPS and their composition in terms of the ratio of carbohydrates to
proteins were influenced by the magnitude of carbon and nitrogen sources (Sheng,
Yu, and Yue 2006). This may imply that the composition of extracellular polymers
varies and is related to microbial species, the physiological state of bacteria, and
operating conditions under which biogranules are developed. In fact, a shift in bac-
terial species during biogranulation has been reported, and such a microbial shift
would affect the production and composition of EPS (Etchebehere et al. 2003; Yi et
al. 2003). It appears that the incomparable EPS results reported in the literature result
partially from the complexity of a mixed microbial culture under different operation
conditions. Another point that needs to be addressed is that the EPS mainly include
bound and soluble polymers, the ratio between which may change substantially even
within the same species under various growth conditions. The soluble polymers can
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be transferred to the supernatant after centrifugation, while the bound polymers are
still tightly attached to cells and cannot be recovered from the supernatant (Nielsen,
Jahn, and Palmgren 1997).

Zhang, Bishop, and Kinkle (1999) compared different EPS extraction methods
for a biofilm sample, including the regular centrifugation, ethylenediamine tetraace-
tic acid (EDTA) extraction, ultracentrifugation, steaming extraction, and regular
centrifugation with formaldehyde (RCF), and found that the RCF method gave the
highest yield ratio of carbohydrates to proteins of 13.7 for the aerobic/sulfate reduc-
ing biofilms and the other methods gave a range of ratios of 1.54 to 2.23. This is
indeed consistent with the finding by Azeredo, Lazarova, and Oliveira (1999) that
many EPS extraction methods developed for biofilms were not efficient, and some-
how could promote leakage of intracellular materials. Sheng, Yu, and Yu (2005a) also
compared four extraction methods (EDTA, NaOH, H,SO,, heating-centrifugation)
of EPS produced from a photosynthetic bacterium, Rhodopseudomonas acidophila,
and they concluded that the EDTA extraction method was the most effective over
the others. A review based on over 200 publications related to EPS in activated
sludge reveals that reported composition and quantity of EPS strongly depend on the
extraction methods employed (Liu and Fang 2003). Although a number of physical
and chemical methods, for example, high-speed centrifugation, boiling treatment in
acid or alkali, and utilization of solvent extraction or cation exchange resins are cur-
rently available for extracting EPS from biogranules, none of them has been adopted
as a standard procedure yet. In addition to the effect of microbial species, the use of
nonstandardized procedures causes incomparability of the EPS results available in
the present literature.

10.3 MAJOR FACTORS INFLUENCING EPS PRODUCTION IN
AEROBIC GRANULES

There is no need for microorganisms to secrete excessive EPS under normal culture
conditions. The observed enhanced production of EPS in biogranules is induced by
some so-called stressful culture conditions (Nichols et al. 2004; Qin et al. 2004). So
far, it has been understood that a number of operating parameters, including reactor
type, substrate composition, substrate loading rate, hydraulic retention time, hydro-
dynamic shear force, settling time in sequencing batch reactors (SBRs), feast-famine
regimen in SBRs, culture temperature, etc., may stimulate bacteria to secrete more
EPS. The composition of EPS is also related to the characteristics of the feed waste-
water, for example EPS in anaerobic granules grown on protein-rich wastewater had
high protein and DNA levels, whereas high polysaccharides content was found in
anaerobic granules fed by other types of organic wastewaters (Batstone and Keller
2001). In addition, the deficiency of nitrogen was found to favor the production of
EPS, which in turn accelerated anaerobic granulation (Punal et al. 2003).
Experimental evidence from aerobic granulation research shows that stressful
operating conditions in terms of high hydrodynamic shear force, short settling
time/hydraulic retention time, and periodic feast-famine periods would significantly
stimulate bacteria to produce more extracellular polysaccharides over proteins in
SBRs, as shown in the preceding chapters. The EPS production seems to be positively
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FIGURE 10.2 Extracellular (EPS) matrix structure observed in acetate-fed aerobic granules.

related to the specific oxygen utilization rate (SOUR) of aerobic granules developed
in SBRs. In fact, the catabolic activity of microorganisms is directly correlated with
the electron transport system activity, which can be roughly described by the SOUR
(Trevors 1984; Lopez, Koopman, and Bitton 1986). Moreover, in the aerobic oxi-
dation process the respiratory activity of cells couples to the proton translocation
activity and a clear linkage of oxygen reduction to proton translocation has been
established (Babcock and Wikstrom 1992). This implies that aggregated bacteria
can respond to the stressful culture conditions by regulating their energy metabolism
(Liu and Tay 2002).

Chan et al. (2004) thought that the purpose of polymer production was to local-
ize iron oxyhydroxide mineral precipitation in order to enhance metabolic energy
generation. In general, the environmental factors influencing EPS production and
composition can be attributed to changes in environmental conditions that cause a shift
in the microbial community. Subsequently, the distribution of EPS-producing micro-
organisms varies (increases or decreases) in the whole microbial consortium, and
regulation of the metabolic pathway of EPS production occurs in response to changes
in the environmental conditions. In a study of EPS production in the presence of toxic
substances, addition of toxic substances, such as Cu?*, Cr¢*, Cd?*, and 2,4-dichloro-
phenol (2,4-DCP), was found to stimulate Rhodopseudomonas acidophila to secrete
more EPS, for example, at respective concentrations of 30 mg L-' Cu?*, 40 mg L-!
Cr%*, 5 mg L-! Cd?*, and 100 mg L' 2,4-DCP, the EPS content in Rhodopseudomonas
acidophila was increased by 5.5, 2.5, 4.0, and 1.4 times that of the control (Sheng, Yu,
and Yue 2005b). These results indicate that EPS can protect cells against toxic effect. In
fact, the strong and compact EPS-mediated structure of aerobic granules (figure 10.2)
should provide adequate protection against exposure to chemical toxicity.

It has not been demonstrated yet whether the genes for EPS production are
expressed before or after bacterial granulation. There are two scenarios for EPS pro-
duction in time sequence along microbial granulation: (1) microorganisms initially
prepare EPS for subsequent self-attachment; (2) microbial attachment comes first,
followed by the production of EPS. In scenario 1, EPS production occurs prior to
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granulation, and the appearance of EPS at the initial site of contact between micro-
bial cells may be due to the migration of polymer molecules already existing on
the cell surface. In scenario 2, EPS is produced after initial microbial attachment,
and bacterial attachment in this case may provide some physiological conditions
necessary for EPS excretion.

10.4 THE ROLE OF EPS IN AEROBIC GRANULATION

EPS facilitate cell-to-cell interaction and further strengthen microbial structure
through forming a polymeric matrix. In recognition of the importance of EPS
quantity in biogranulation process, the contribution of the EPS properties, such as
hydrophobicity and charge, also need to be taken into account (Andreadakis 1993;
Liao et al. 2001; Wang, Liu, and Tay 2005). Since EPS may accumulate at the cell
surface, it could alter cell surface properties, such as cell surface hydrophobicity,
surface charge density, binding site, and surface morphology. The surface charge has
long been believed to be important in controlling the stability of microbial aggre-
gates. It is well known that bacteria carry net negative surface charge when cultivated
at physiological pH values (Rouxhet and Mozes 1990). According to the well-known
DLVO theory, when the two surfaces have a charge of the same sign, repulsive force
between cells will prevent the approach of one cell to another.

Some results showed that EPS could decrease the negative charges of the cell
surfaces, and thereby further bridge two neighboring cells physically to each other
(Shen, Kosaric, and Blaszczyk 1993; Schmidt and Ahring 1994). Using a colloid titra-
tion technique, Morgan, Forster, and Evison (1990) reported that granular sludge was
less negatively charged than activated sludge, while Tsuneda et al. (2003) employed
a soft particle electrophoresis technique to investigate the influence of EPS on cell
surface electrokinetics, and found that EPS could increase the softness of the cell
surface and further decrease the negative surface charge density surrounding the
cell surface, that is, the EPS layer could hold a lower negative charge compared with
those of the native cell surface.

It should be realized that electrostatic interaction between cells is closely associ-
ated with the amount of EPS produced as well. Microbial attachment onto a solid
surface can be inhibited by electrostatic interaction when the EPS amount is small,
whereas cell adhesion is enhanced by polymeric interaction if the EPS amount is
large (Tsuneda et al. 2003). Wang et al. (2006) reported that along with aerobic
granulation in an SBR, both biomass and EPS concentrations tended to increase,
and a decreased sludge volume index (SVI) was found accordingly (figure 10.3), for
example, the EPS content in the mature aerobic granules was about 47 mg g-! MLSS
(mixed liquor suspended solids) whereas it was only 17 mg g-! MLSS in the seed
activated sludge. This seems to imply that aerobic granulation would be associated
with an increase in the EPS content.

Cell surface hydrophobicity has been considered as a triggering force of bio-
granulation (see chapter 9). Microorganisms with different hydrophobicities were
detected in activated sludge (Singh and Vincent 1987; Jorand et al. 1995), and the
high cell surface hydrophobicity was usually associated with the presence of fibrillar
structure on cell surface and specific cell wall proteins (McNab et al. 1999; Singleton,
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FIGURE 10.3 Changes in EPS (@), MLSS (0), and SVI (A) in the course of operation. (Data
from Wang, Z. P. et al. 2006. Chemosphere 63: 1728-1735.)
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FIGURE 10.4 Correlation of cell surface hydrophobicity to proteins () and polysaccharides
(A) and total EPS (e@). (Data from Wang, Z. P. et al. 2006. Chemosphere 63: 1728-1735.)

Masuoka, and Hazen 2001). In fact, the cell wall of bacteria in anaerobic granules
was surrounded by an EPS layer (Forster 1991; de Beer et al. 1996; Veiga et al.
1997). This implies that cell surface hydrophobicity may be related to EPS. Some
evidence suggests that proteins and amino acids are the hydrophobic components
of the EPS, while polysaccharides are hydrophilic (Dignac et al. 1998). Wang et al.
(2006) studied the correlation between EPS and cell surface hydrophobicity of
aerobic granules, and a positive correlation of cell surface hydrophobicity to total
EPS content was observed, as shown in figure 10.4.

Jorand et al. (1998) studied hydrophobic and hydrophilic properties of extra-
cellular polymers produced by activated sludge, and found that a significant propor-
tion of the extracellular polymers was hydrophobic, that is, hydrophobic extracellular
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polymers are involved in the formation and organization of microbial aggregates.
Due to the presence of hydrophobic and hydrophilic groups in EPS, the measured
hydrophobicity of EPS indeed reflects an average of the hydrophobicity of its com-
ponents (Daffonchio, Thaveesri, and Verstraete 1995), whereas the cell surface
hydrophobicity and charge is related to the production, composition, and physical
characteristics of EPS (Liao et al. 2001), but no specific evidence shows the quantita-
tive contribution of hydrophobic components of EPS to the overall hydrophobicity of
biogranules so far. There is evidence that the reduction of surface charge would not
be a requirement for the formation of activated sludge, that is, the charge neutraliza-
tion would not be the main microbial flocculation mechanism (Pavonim, Tenney,
and Echelberger 1972; Strand, Varum, and Ostgaard 2003), whereas hydrophobic
interaction may be fundamental in biogranulation (see chapter 9). It appears from
the study of biofilms that few bacteria were de facto in contact with the hydrophilic
surface, but more with hydrophobic surfaces of other cells (Ghigo 2003).

So far, different views exist with regard to the role of EPS in aerobic granulation.
Di Iaconi et al. (2006) reported that the main component of EPS in aerobic granular
biomass in a sequencing batch biofilter reactor was made of proteins, and protein-
rich EPS would improve the stability of granular biomass structure. As the main
component of proteins is amino acids, which often carry negative charges, they will
contribute more than carbohydrates to electrostatic bonds, with consequent increase
of biomass structure stability (Di Iaconi et al. 2006). Zheng, Yu, and Sheng (2005)
studied the physical and chemical characteristics of aerobic granular sludge from
a sequencing batch airlift reactor, and they found that the contents of proteins and
carbohydrate in EPS decreased from 126.6 and 15.3 mg g! volatile suspended solids
(VSS) in seed sludge to 51.4 and 5.9 mg g! VSS in aerobic granular sludge. These
results seem to imply that EPS are not involved in aerobic granulation in this special
case, but the reason behind this is not yet clear. It may be due to different biodegrada-
tion kinetics of carbohydrates and proteins under specific operation conditions.

10.5 EPS-ENHANCED STABILITY OF AEROBIC GRANULES

The accumulation of EPS has been found to correlate with biological aggregation,
whereas the metabolic blocking of the synthesis of extracellular polysaccharides
prevents microbial aggregation (Cammarota and Sant’Anna 1998; Yang, Tay, and
Liu 2004). EPS in granules have been often hypothesized to bridge two neighboring
bacterial cells physically to each other as well as with other inert particulate matter,
and settle out as aggregates (Ross 1984; Shen, Kosaric, and Blaszczyk 1993; Schmidt
and Ahring 1994; Tay, Liu, and Liu 2001b). In the biogranulation process, EPS pro-
vide an extensive surface area for bacterial binding. Furthermore, EPS matrixes
surrounding aggregated bacteria can provide sites available for attraction of organic
and inorganic materials (Yu, Tay, and Fang 2001; Sponza 2002). The total concen-
trations of electrostatic binding sites on EPS were found to be 20- to 30-fold higher
than those reported for bacterial cell surfaces (Liu and Fang 2002). This seems to
indicate that EPS of neighboring microbial cells may form a cross-linked network by
attraction of organics or inorganics, such as cationic bridging, and further strengthen
the structural integrity of a biogranule (Yu, Tay, and Fang 2001).
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FIGURE 10.5 EPS matrix structure observed in aerobic granule with nitrification capability.

Microscopic observation shows that EPS with a filamentous structure is present
within and around the structure of biogranules (Forster 1991; deBeer et al. 1996;
Veiga et al. 1997; Tay, Liu, and Liu 2001c), while EPS also can fill in the intercellular
spaces in the microcolonies present in aerobic granules (Jiang, Tay and Tay 2002;
McSwain et al. 2005). It is most likely that EPS plays an important role in maintain-
ing the structural and functional integrity of aerobic granules (figure 10.5).

Tay, Liu, and Liu (2001b) investigated the role of EPS in the formation and
stability of aerobic granules. It was found that the formation of aerobic granules was
coupled with a significant increase in EPS expressed as the ratio of polysaccharides
(PS) to proteins (PN), while disappearance of aerobic granules, indicated by a
significant decrease in bioparticle size, was associated with a simultaneous decrease
in extracellular polysaccharides (figure 10.6 and figure 10.7). This indicates that
extracellular polysaccharides play a crucial role in the formation as well as in main-
taining the stability of aerobic granules.

It is apparent that extracellular polysaccharides excreted by cells can assist in
bacterium-to-bacterium self-aggregation by bridging bacterial cells, which induces
the formation of initial microbial aggregates. In fact, in the study of anaerobic
granulation, Harada et al. (1988) observed that the extracellular polymers excreted
by acidogenic bacteria appeared to enhance the strength and structural stability of
anaerobic granules. A similar phenomenon was also reported in biofilm systems
(Vandevivere and Kirchman 1993). Extracellular polysaccharides indeed play a
crucial role in the building architecture of aerobic granules, and subsequently a
certain content of extracellular polysaccharides is required in order to maintain the
stability of the microbial structure. It has been proposed that extracellular polymers
can change the surface negative charge of bacteria, and thereby bridge two neigh-
boring bacterial cells physically to each other as well as other inert particulate mat-
ters, and finally settle out as floccus aggregates (Shen, Kosaric, and Blaszczyk 1993;
Schmidt and Ahring 1994). It appears from figure 10.6 that the content of cellular
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FIGURE 10.7 Change in PS/PN ratio in the course of SBR cycle operation at different
specific upflow air velocities of 0.3 (®), 1.2 (0), and 2.4 (¥) cm s~'. (Data from Tay, J. H.,
Liu, Q. S, and Liu, Y. 2001b. Lett Appl Microbiol 33: 222-226.)

polysaccharides is much higher than the content of cellular proteins in both flocci
and aerobic granules. A similar phenomenon was also reported in a biofilm system
(Vandevivere and Kirchman 1993). It may imply that cellular proteins contribute less
to the formation, structure, and stability of granules and biofilms.

So far, not much information is available on the EPS distribution in the earlier
stage of biogranulation, whereas the spatial distribution of EPS in mature granules
has been reported. By using the calcofluor staining method and fluorescent micro-
scopy or confocal scanning electron microscopy, it was revealed that approximately
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50% of the total amount of EPS was present in a top 40 pm thick zone from the
surface of anaerobic granules, and the rest of the EPS was randomly allocated in the
deeper parts of the granules (de Beer et al. 1996). It should be pointed out that the
EPS layer on the surface of biogranules was not found in conventional bioflocs.

Study of anaerobic and aerobic granulation in different types of bioreactors
under a wide spectrum of operating conditions shows that the total amount of EPS
produced is not a decisive factor in the formation and maintaining the stability of
biogranules. Instead, the distribution and composition of EPS plays a crucial role in
biogranulation (Tay, Liu, and Liu 2001b; Punal et al. 2003; Wang, Liu, and Tay 2005).
It has been reported that the content of extracellular polysaccharides in anaerobic
granules was almost three times higher than that in anaerobic bioflocs (de Beer et al.
1996), while the formation of aerobic granules was found to be accompanied with
a sharp increase of cellular polysaccharides normalized to cellular proteins (Tay,
Liu, and Liu 2001c). The ratio of extracellular polysaccharides over proteins by
weight in aerobic granules fell into a range of 2 to 16 as discussed in the preceding
chapters, which seems to be higher than that reported for the anaerobic granulation
process. It seems that the characteristics of biogranules are related to the ratio of
polysaccharides to proteins. Previous research showed that anaerobic granules and
aerobic bioflocs with a higher proteins to polysaccharides ratio had a lower shear
strength and a poorer settleability (Batstone and Keller 2001; Martinez et al. 2004),
while Quarmby and Forster (1995) thought that the extracellular polysaccharides
could contribute highly to the strength and stability of anaerobic granules. Similar
results were also obtained in aerobic granulation, showing that the specific gravity
and mechanical strength of aerobic granules increased significantly with increase in
the ratio of polysaccharides to proteins (Tay, Liu, and Liu 2001a, 2002).

The formation of biogranules indeed is a microbial evolution instead of a ran-
dom aggregation of suspended bacteria. It should be a reasonable hypothesis that the
spatial distribution of EPS in biogranules would be correlated to microbial evolution
and distribution along with granulation. The investigation on the spatial distribution
of EPS in heterotrophic biofilms showed that the production yield of EPS tended to
decrease with the biofilm depth (Zhang and Bishop 2003). This is probably due to the
fact that viable biomass loses its ability to produce EPS at the deeper sections of bio-
films because of its lower microbial activity resulting from lower nutrient availabil-
ity. In addition, the EPS produced by bacteria can be utilized as secondary substrate
in the deeper layers or zones of biofilms and biogranules where readily degradable
substrates are not available or are limiting. Without doubt, the spatial distribution of
EPS in biogranules and biofilms plays an essential role in stabilizing the structure
and maintaining the strength of microbial aggregates. This is also supported by the
finding that EPS near the edge of granules had a greater effect on shear strength
than in the center of the granule (Batstone and Keller 2001). Finally, it should be
stressed that literature information on the spatial distribution of EPS in biogranules
is very limited, and some questions still remain unanswered, for example, whether
the spatial distribution of EPS in biogranules is related to operating conditions or is
correlated to microbial distribution and activity in biogranules. Obviously, further
research on this aspect is needed.
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10.6 CONCLUSIONS

This chapter shows the essential roles of EPS in the formation and maintaining
structural stability of aerobic granules. It becomes clear that the composition and
the content of EPS in aerobic granules affect the matrix structure and the integrity
of aerobic granules. However, it should be realized that there are still a lot of con-
tradictory research reports on the functional roles of EPS in aerobic granulation
process because of the complex composition of EPS, different culture conditions,
and analytical methods employed.
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11.1  INTRODUCTION

The unique features of aerobic granules, as different from biofloc, are their dense
and spherical three-dimensional structure. A good perception into the conformation
of this granular structure, in comparison with that of bioflocs, will certainly help
deepen current understanding of the mechanism of aerobic granulation, as well as its
structural stability. As presented in chapter 10, an aerobic granule is mainly build up
by microbial cells embedded in their excreted extracellular polysaccharides (PS), that
is, PS play a cementing role in connecting individual cells into the three-dimensional
structure of an aerobic granule. Moreover, the PS characteristics also influence the
surface property of microbial cells (see chapter 9). It seems certain that the structure
of an aerobic granule is essentially determined by the distributions and properties of
its construction blocks, namely the microbial cells and PS. Thus, this chapter offers
up-to-date information about the internal structure of aerobic granules in terms of
the distributions of the microbial cells, PS, and cell surface hydrophobicity.

11.2 INTERNAL STRUCTURE OF AEROBIC GRANULES

11.2.1 HETEROGENEOUS STRUCTURE OF AEROBIC GRANULES

An aerobic granule cultivated in an acetate-fed sequencing batch reactor (SBR) was
sliced and its internal structure was visualized by imagine analysis technique (Wang,
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(b)

FIGURE 11.1  Cross-section view (400 um thickness) of the aerobic granule in bright field
(a) and dark field (b) visualization modes. Scale bar, 500 um. (From Wang, Z.-W., Liu, Y., and
Tay, J.-H. 2005. Appl Microbiol Biotechnol 60: 687-695. With permission.)

Liu, and Tay 2005). It was found, as shown in figure 11.1, that the internal structure
of an aerobic granule consisted basically of an opaque outer layer and a relatively
transparent inner core. The opaque outer layer had a depth of about 800 um from the
granule surface downwards, and the granule center looked transparent.

11.2.2 Porosity oF AEroBIC GRANULES

Porosity of biofilm or anaerobic granules can facilitate nutrient transfer (Alphenaar
et al. 1992; Zhang and Bishop 1994). J. H. Tay et al. (2003) used 0.1-um fluorescence
beads to study the porosity of aerobic granules, and found that the porosity existed
throughout the aerobic granule structure, but it peaked at 150 and 200 um beneath
the surface of aerobic granules with sizes of 0.55 and 1.0 mm, respectively. Never-
theless, the total porous zones decreased with increasing granule diameter, on a unit
volume basis (J. H. Tay et al. 2003).

The zigzag pore channel was found to wind through the granule matrix made up
by PS, that is, the porosity should be correlated to the richness of PS (Zheng and Yu
2007). A study by size-exclusion chromatography method revealed that the PS con-
tent increased, but the porosity decreased with the granule diameter, for example the
pore size of an aerobic granule with a size of 0.2 to 0.6 mm was nearly seven times
bigger than that of aerobic granules with a larger size of 0.9 to 1.5 mm (figure 11.2).
The possible clogging caused by over-produced PS was thus considered to be respon-
sible for the reduced porosity in large-sized aerobic granule. In addition, Chiu et al.
(2006) also reported that a large granule would have a high porosity, evidenced by
an enhanced oxygen diffusivity, with an increase of granule size, for example, diffu-
sion coefficients of oxygen were measured as 1.24 x 10-° to 2.28 x 10° m? s! as the
size of acetate-fed aerobic granules increased from 1.28 to 2.50 mm, and a similar
phenomenon was also observed in phenol-fed aerobic granules. Based on these

© 2008 by Taylor & Francis Group, LLC



Internal Structure of Aerobic Granules 197

160 x 10°

140 x 10° 4

—

120 x 10° 4
100 x 10° 4

80 x 10° +

60 x 10° ~

40 x 10° A

Excluded Molecular Mass (Da

20 x 10° 4

0
0.2-0.6 0.6-0.9 0.9-1.5

Range of Granule Size (mm)

FIGURE 11.2 The penetrable molecular mass for different sized aerobic granules. (Data
from Zheng, Y.-M. and Yu, H.-Q. 2007. Water Res 41: 39-46.)

controversial findings, it is difficult to conclude that granule porosity is dependent
on its particle size.

11.2.3  Size-DePENDENT INTERNAL STRUCTURE OF AEROBIC GRANULES

To investigate the internal structure of aerobic granules with various sizes, mature
aerobic granules with a mean diameter of 0.8 to 3.0 mm were sliced and further visu-
alized by image analyzer (Wang, Liu, and Tay 2005). The image analysis revealed
that the small aerobic granule with a diameter of 0.8 mm had a nearly homogenous
structure, whereas larger aerobic granules with a diameter of 3.0 mm exhibited a
layered internal structure in which a clear shell and core could be distinguished
(figure 11.3). Furthermore, the granule structure seems to evolve with the growth of
the aerobic granule in size, that is, a transition from a homogenous to heterogeneous
structure was observed with increase in the granule size (figure 11.3). As can be seen
in figure 11.3, this is also evidenced by the gradually brightened transparent space
from the granule shell to its center with increased granule size.

As discussed in chapter 8, the occurrence of diffusion limitation is associated
with the size of the aerobic granule. The model simulation shows that dissolved
oxygen (DO) would become a limiting factor for microbial growth at bulk COD
concentration greater than 465 mg L', and the soluble COD can penetrate through-
out the aerobic granule with a diameter smaller than 0.8 mm, which exhibited
a homogeneous structure (figure 11.1a). On the other hand, severe DO diffusion
limitation would be encountered in large-sized aerobic granules of 1.0 to 1.5 mm
(chapter 8). These results seem to indicate that the observed layered structure of
large-sized aerobic granules would result from diffusion limitation because only
those microorganisms living in the shell of the aerobic granule are accessible to
DO and substrate.
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FIGURE 11.3 Internal structure of sliced aerobic granules with diameters of 0.8 mm (a),
1.3 mm (b), 2.0 mm (c), and 3.0 mm (d); scale bars: 0.5 mm.

@) (b)

FIGURE 11.4 A view of an aerobic granule before (a) and after (b) long-term starvation;
scale bar: 300 um. (From Wang, Z.-W., Liu, Y., and Tay, J.-H. 2005. Appl Microbiol Biotechnol
60: 687-695. With permission.)

11.2.4 STRUCTURE CHANGE OF AEROBIC GRANULES DURING STARVATION

Fresh aerobic granules were starved under aerobic condition without addition of
carbon and nutrient sources for 20 days. Changes in granule structure before and after
the 20-day starvation are shown in figure 11.4. Compared to the fresh aerobic granule
(figure 11.4a), the starved granule became more transparent. A transmittance analysis
across the intact granule indicates that the opaque core of the fresh aerobic granule had
become highly light permeable (figure 11.5), and the sliced, starved granule clearly
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FIGURE 11.5 Light transmittal profiles across intact aerobic granule before (black) and
after (gray) long-term starvation (arrow indicates granule center). (From Wang, Z.-W., Liu, Y.,
and Tay, J.-H. 2005. Appl Microbiol Biotechnol 60: 687-695. With permission.)

FIGURE 11.6 The hollow structure of the starved aerobic granule. (From Wang, Z.-W.,
Liu, Y., and Tay, J.-H. 2005. Appl Microbiol Biotechnol 60: 687-695. With permission.)

showed a hollow structure even though its outer shell still remained intact (figure 11.6).
These observations seem to suggest that the biomass present in the granule shell
would not be taken up by bacteria over starvation, while the biomass located in the
core of the aerobic granule can be biodegraded under the starvation condition.

11.3 BIOMASS DISTRIBUTION IN AEROBIC GRANULES

The heterogeneous structure of aerobic granules indicates an uneven distribution of
biomass. Chen, Lee, and Tay (2007) used fluorescent dyes to visualize the microbial
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FIGURE 11.7 Cell distribution in aerobic granules, Syto 63 (red)-stained nucleic acid.
(From Chen, M. Y., Lee, D. J., and Tay, J. H. 2007. App! Microbiol Biotechnol 73: 1463—1469.
With permission.)

cells distribution by means of confocal laser scanning microscopy (CLSM), and
found that live cells were concentrated in the granule shell, indicated by a red
fluorescence emitted from Syto 63 that stained nucleic acid (figure 11.7). In contrast,
the fluorescence from the granule core is rather weak, indicating a limiting number
of live bacteria in the core part of the aerobic granule. Similar observation was also
reported by Toh et al. (2003) and McSwain et al.(2005). In the study by McSwain et
al.(2005), the Syto 63 fluorescence peaked at a depth of 100 um beneath the granule
surface and the granule core part was almost fluorescence free. Detailed distribution
of live and dead cells inside the aerobic granule was investigated by J. H. Tay et al.
It was demonstrated that most live bacteria, including nitrifiers, only existed in the
granule outer shell layer where they were within the reach of mass diffusion, while
dead cells and anaerobes were mainly detected at the core of the aerobic granule,
indicating an uneven microbial distribution in aerobic granules that should result
from diffusion limitation (figure 11.7).

Optical density (OD) has been commonly used to quantify the biomass concen-
tration, that is, a high OD is correlated to a high biomass concentration or density
in suspended and biofilm cultures (Gaudy and Gaudy 1980). Figure 11.8 exhibits the
OD profile measured across the cross section of an aerobic granule. It was found that
the OD in the granule center was close to zero, indicating a very low biomass density
or a loose microbial structure at the core. In contrast, the peak OD was observed
in the outer layer of the aerobic granule, which would result from a high biomass
density or a compact microbial structure (Wang, Liu, and Tay 2005). To confirm
these observations, five aerobic granules, namely No. 1 to 5, were sliced and the
respective mass density of the outer shell layer and the inner core part was measured.
It was found that the mass density of the outer layer of the granule was indeed much
higher than that of the core part (figure 11.9). In fact, J. H. Tay et al. (2002) reported
a similar biomass distribution in aerobic granules. As discussed earlier, mass diffu-
sion limitation would be responsible for the observed dense surface layer and loose
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FIGURE 11.8 The OD profile through the granule cross section (arrow indicates granule
center). (Data from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2005. App!l Microbiol Biotechnol
60: 687-695.)
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FIGURE 11.9 Biomass density ratios of shell layer to core part of aerobic granules. (Data
from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2005. Appl Microbiol Biotechnol 60: 687-695.)

inner core of aerobic granules, that is, the unbalanced biomass distribution is due to
the diffusion limitation inside the aerobic granule.

11.4 PS DISTRIBUTION IN AEROBIC GRANULES

Calcofluor white is a commonly used fluorescent dye for labeling beta-linked poly-
saccharides (PS) (deBeer et al. 1996). The beta-linked polysaccharides are believed
to serve as the backbone of the biofilm structure (Sutherland 2001). To localize beta-
linked polysaccharides in an aerobic granule, the aerobic granule was sliced and its
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@ (b)

FIGURE 11.10 Microscopic view of sectioned aerobic granule cross section before (a) and
after (b) calcofluor white staining; scale: 100 um. (From Wang, Z.-W., Liu, Y., and Tay, J.-H.
2005. Appl Microbiol Biotechnol 60: 687-695. With permission.)
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FIGURE 11.11 Profile of the fluorescence intensity from the surface to the center of an
aerobic granule. (Data from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2005. Appl Microbiol
Biotechnol 60: 687-695.)

cross section was stained with calcofluor (Wang, Liu, and Tay 2005). In a fresh granule,
the fluorescent dye was attached mainly to the outer shell of the granule, while very
weak fluorescence was detected at the center of the aerobic granule (figure 11.10b).
The fluorescence intensity profile measured along the direction of the granule radius
further showed that most calcofluor white-stained PS was situated in the outer shell
of the granule, with a depth of 400 pm below the granule surface (figure 11.11). These
findings imply that the beta-linked PS are located mainly in the outer shell of the
granule. In fact, a similar distribution of beta-linked PS was also observed in anaerobic
granules; the majority of the calcofluor white-stained PS was found in the top 40 um
from the surface of the anaerobic granule (deBeer et al. 1996).

Chen, Lee, and Tay (2007) used three different fluorescence dyes, namely ConA
and calcofluor white and FITC, to label the alpha-, beta-linked PS and also protein
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(a) (b)

FIGURE 11.12 Fluorescence viewed on granule cross section by staining with ConA for
alpha-linked PS (a); calcofluor white for beta-linked PS (b); and FITC for protein (c). Scale
bar: 200 um. (From Chen, M. Y., Lee, D. J., and Tay, J. H. 2007. App! Microbiol Biotechnol
73: 1463-1469. With permission.)

(PN). The observations by CLSM revealed that the alpha-linked PS was distributed
mainly on the granule shell, while the granule core was almost alpha-linked PS
free (figure 11.12a). A similar distribution of alpha-linked PS was also reported by
McSwain et al. (2005). However, the study by Chen, Lee, and Tay (2007) showed a
different distribution of the beta-linked PS from what was found in figure 11.10, that
is, the beta-linked PS not only appeared on the granule shell, but also was concen-
trated in the granule core. Moreover, a fluorescent empty layer was found in between
the granule shell and core (figure 11.12b). As for PN, a random distribution pattern
was found along the granule radium direction (figure 11.12c).

To quantify the PS distribution in the layered aerobic granule, Wang, Liu, and
Tay (2005) measured the PS contents in the granule shell as well as in the granule
core (figure 11.13). Most PS in the aerobic granule was centralized at the granule
core, for example, the PS present in the granule shell only accounts for one-fifth of
the PS found in the granule core. Such a finding implies that those gel-like substances
observed in the granule center (figure 11.1) could be attributed to PS. As discussed
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FIGURE 11.13 Distribution of PS in granule shell and core. (Data from Wang, Z.-W.,
Liu, Y., and Tay, J.-H. 2005. Appl Microbiol Biotechnol 60: 687-695.)

FIGURE 11.14  Fluorescence by Syto 63 for cells (bright), ConA for polysaccharides (gray),
and FITC for protein (white) in biofloc (a) and aerobic granule (b). (From McSwain, B. S.
et al. 2005. Appl Environ Microbiol 71: 1051-1057. With permission.)

earlier, the PS present in the granule core is basically biodegradable. In view of the
total amount of PS determined in the aerobic granule, it appears that the alpha- or
beta-linked PS may not be the dominate constitution of EPS in aerobic granules.
EPS is the extracellular products synthesized by microbial cells. As shown
earlier, the cell distribution would be granule size-dependent due to diffusion limita-
tion. Hence, the distribution of PS would also be related to the size of the aerobic
granule. McSwain et al. (2005) investigated the PS distribution in small and large
aerobic granules with a respective size of 350 um and 800 um. The observation by
CLSM revealed that in the small bioparticle, both PS and PN were concentrated at
the core (figure 11.14a). For the large-sized bioparticle, PS and microbial cells turned
out to be only centralized on the granule outer shell, with a random distribution of
PN (figure 11.14b). Similar EPS distributions have been reported in anaerobic bio-
floc and granule, that is, calcofluor-stained PS was mainly distributed on the outer
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shell of anaerobic granules, but appeared to be concentrated in the center of biofloc
(deBeer et al. 1996). It has been recognized that the partial anaerobic condition,
like those beneath the granule shell, is able to trigger EPS overproduction (Gamar-
Nourani, Blondeau, and Simonet 1998). This provides a plausible explanation for the
abundant EPS observed in the granule core (figure 11.13).

11.5 DISTRIBUTION OF CELL SURFACE HYDROPHOBICITY IN
AEROBIC GRANULES

Cell surface hydrophobicity has been regarded as a trigger of aerobic granulation
(chapter 9). Basically, cell hydrophobicity helps reduce the surface energy of individ-
ual cells so as to overcome the dispersive polar force from water, and further promote
cell-to-cell co-aggregation. After the formation of the aerobic granule, the primary
trigger function of cell surface hydrophobicity may become secondarily important,
but cell surface hydrophobicity may continue to play a part in the stability of the
aerobic granule structure. Unfortunately, little information is presently available
about the distribution of cell surface hydrophobicity in mature aerobic granules.

To give some insights into the cell hydrophobicity distribution in aerobic gran-
ules, Wang, Liu, and Tay (2005) separated the granule outer shell from its inner
core, and their respective cell surface hydrophobicity was then determined by the
method of microbial attachment to solvent (MATS). As shown in figure 11.15, the
cell surface hydrophobicity of microorganisms on the granule outer shell was almost
twofold higher than that at the granule core. This provides indirect evidence that the
gel-like substances found in the granule core (figure 11.1) is relatively hydrophilic as
compared to the granule shell.

Solid evidence shows that cell surface hydrophobicity is correlated to the type
and properties of EPS (chapter 10). In the three-dimensional structure of aerobic
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FIGURE 11.15 Cell hydrophobicity distributions in the shell and core parts of an aerobic

granule. (Data from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2005. App!l Microbiol Biotechnol
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granules, only cells in the granule shell have direct contact with the bulk liquid, thus
it is reasonable to consider that a hydrophobic granule shell is necessary to keep the
integrity of the aerobic granule and further to prevent the granule structure from
dissolution into bulk liquid. This would partially illustrate why the granule shell-
associated microorganisms favor production of relatively more hydrophobic EPS.

The alpha- and beta-linked EPS have been found on the granule shell layer
(figures 11.10, 11.12, and 11.14). In fact, increased production of alpha-linked EPS
can improve cell surface hydrophobicity (Lawman and Bleiweis 1991), and insoluble
beta-linked EPS was also reported to serve as the backbone of biofilm structure
(Sutherland 2001). For the granule core-associated EPS, the hydrophobic property
may not be necessary. As shown in figures 11.4 to 11.6, after a 20-day aerobic
starvation, most of the granule-core-associated EPS disappeared, that is, those
less hydrophobic EPS are highly biodegradable as compared to the shell EPS. In
general, only soluble EPS is biodegradable, while insoluble or bound EPS should be
nonbiodegradable (Laspidou and Rittmann 2002). In fact, the hydrophilic EPS in the
aerobic granule was found to be biodegradable in the course of starvation, but the
hydrophobic EPS remained unchanged (Z. H. Li, Kuba, and Kusuda 2006). Further-
more, the tightly bound EPS and loosely bound EPS have been differentiated and the
latter was found to decrease with the length of solids retention time (SRT), indicating
they could be readily biodegradable (X. Y. Li and Yang 2006).

It is clear that the core readily biodegradable EPS would not play an essential
role in maintaining the structural stability of the aerobic granule. Instead, the shell-
associated nonbiodegradable and hydrophobic EPS is the key towards the long-term
stability of the aerobic granule. In this regard, hydrolysis or disappearance of the
core-associated EPS would inevitably result in the disintegration of the aerobic
granule. This point is indirectly confirmed by a study of biofilm in which the destruc-
tion of the biofilm structure was observed after a key biofilm EPS was hydrolyzed
(Skillman, Sutherland, and Jones1999).

11.6 DIFFUSION-RELATED STRUCTURE OF AEROBIC GRANULES

The size-associated structure of aerobic granules was discussed earlier, that is, a
small aerobic granule has a homogeneous structure, whereas a heterogeneous struc-
ture is found in big aerobic granules (figure 11.3). It appears that mass diffusion is a
decisive factor influencing the structure shift of aerobic granules.

In the cycle operation of an aerobic granular sludge SBR, almost all influent
COD can be removed in the first hour of aeration, and aerobic granules are thus sub-
jected to substrate starvation in the rest of the cycle time (see chapter 1). As aresult, a
periodic shift from substrate feast to famine exists in aerobic granular sludge SBRs.
Meanwhile, mass diffusion limitation was encountered in aerobic granules with a
size bigger than 1 mm (chapter 9). For this reason, the microorganisms beneath the
granule shell layer will not only experience DO limitation in the feast phase, but
also suffer from substrate deficiency in the subsequent famine phase. This implies
that biomass present in the granule core part will have no chance to grow through-
out the whole cycle time, thus only facultative or anaerobic microorganisms in the
granule core might survive, meanwhile biomass at the granule core might undergo
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endogenous decay, and their debris in turn would be part of the constituents of the
granule EPS. Existence of anaerobes has been found in a layer 800 pum beneath the
surface of aerobic granules (S. T. L. Tay et al. 2002). Because of the low growth
rate of the granule core-associated microorganisms, they would not be able to out
compete the fast-growing microorganisms located at the granule shell. Such an
unbalanced growth between the two parts of the aerobic granule naturally results in
an uneven biomass distribution, as observed in figures 11.7 to 11.9.

It has been recognized that the partial anaerobic condition can trigger the
production of EPS (Gamar-Nourani et al. 1998). As pointed out earlier, aerobic
granules with a size larger than 1 mm often have an anaerobic or partially anaerobic
core. Under such a circumstance, the overproduction of EPS at the granule core
(figure 11.13) would be reasonably explained. On the other hand, the weak fluores-
cence intensity at the granule core (11.7) and the distribution of live and dead cells
in aerobic granules also point to the fact that a substantial portion of microbial cells
in the granule core may die of starvation (J. H. Tay et al. 2002). Consequently, it is
believed that the observed structure of the aerobic granule is largely related to mass
diffusion behaviors of aerobic granular sludge SBRs.

11.7 CONCLUSIONS

The structure of an aerobic granule is related to its size, that is, a small granule has
a relatively homogeneous structure, whereas a heterogeneous structure was observed
in large aerobic granules. Uneven distributions of granule PS and cell surface hydro-
phobicity were found. Compared to the granule core, the granule shell had a higher
biomass density and was more hydrophobic. It appears that the structure of the aerobic
granule is determined by mass diffusive behaviors of the aerobic granular sludge SBR.
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12.1 INTRODUCTION

The essential role of extracellular polymeric substances (EPS) in the formation
of biofilm, anaerobic and aerobic granules has been well documented so far (see
chapter 9). As EPS has been believed to play an essential role in building and main-
taining the spatial structure of immobilized microbial communities, it should not be
biodegraded by their own producer, that is, EPS-producing organisms are unable to
utilize their own EPS as carbon source (Obayashi and Gaudy 1973; Dudman 1977,
Pirog et al. 1977; Sutherland 1999). On the contrary, increasing evidence shows that
EPS could be readily biodegradable for their own producers (Patel and Gerson 1974;
Boyd and Chakrabarty 1994; Nielsen, Frolund, and Keiding 1996; Ruijssenaars,
Stingele, and Hartmans 2000; Zhang and Bishop 2003; Decho, Visscher, and Reid
2005). The EPS distribution in aerobic granules has been presented in chapter 11,
showing that a substantial portion of the EPS accumulated at the center of aerobic
granules can be utilized over a 20-day starvation period, and the internal structure of
aerobic granules becomes hollow compared to the structure of fresh aerobic granules.

209
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FIGURE 12.1 Biodegradability of PS (M) and PN (O) extracted from fresh aerobic granules.

(From Wang, Z.-W., Liu, Y., and Tay, J.-H. 2007. App! Microbiol Biotechnol 74:462—466.
With permission.)

In complement to chapter 11, this chapter specifically reviews the biodegradability
of EPS produced by aerobic granules as well as its contribution to the stability of
aerobic granules.

12.2 BIODEGRADABILITY OF EPS EXTRACTED FROM
AEROBIC GRANULES

To investigate the biodegradability of EPS produced by aerobic granules, Wang,
Liu, and Tay (2007) extracted EPS from fresh and starved aerobic granules, and
the extracted EPS, as the sole carbon source, was then fed to the batch culture of
prestarved aerobic granules. Such an experimental design can minimize the interfer-
ence of EPS stored in fresh aerobic granules.

12.2.1 BioDEGRADABILITY OF EPS EXTRACTED FROM FRESH AEROBIC GRANULES

Figure 12.1 shows the biodegradation profiles of the extracted EPS in terms of
polysaccharides (PS) and proteins (PN) observed in the course of the batch culture
of prestarved aerobic granules. A rapid biodegradation of both PS and PN was
observed in the first 10 hours of the culture until a stationary phase was achieved. It
can be seen that nearly 50% of PS was utilized by its own producers as the external
carbon source, while only 30% of PN was consumed together with PS. According
to figure 12.1, the average linear biodegradation rates of PS and PN were estimated
as 15.2 mg PS g! suspended solids (SS) d!' and 14.8 mg PN g! SS d-!, respectively,
indicating that the biodegradation rates of both PS and PN are highly comparable.
Nielsen, Frolund, and Keiding (1996) investigated the biodegradability of EPS
produced from activated sludge during anaerobic storage process. It was found that
the sludge EPS content quickly declined as a result of biodegradation, and the bio-
degradable fraction of EPS accounted for about 40% of the total EPS (figure 12.2).
This figure appears to be very close to the fraction of biodegradable EPS produced

© 2008 by Taylor & Francis Group, LLC



Biodegradability of Extracellular Polymeric Substances 211

45 220
&
9

PS (mg g~ VSS)
N (mg g~ VSS)

10

T T T T 120
0 2 4 6 8 10 12

Time (days)

FIGURE 12.2 Change of activated sludge extracellular PS (®) and PN (0) during anaerobic
storage. (Data from Nielsen, P. H., Frolund, B., and Keiding, K. 1996. Appl Microbiol
Biotechnol 44:823-830.)
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FIGURE 12.3 Biodegradation of “C-EPS into “CO, by marine bacteria. (Data from
Decho, A. W., Visscher, P. T., and Reid, R. P. 2005. Palaeogeogr Palaeoclimatol Palaeoecol
219: 71-86.)

by aerobic granules (figure 12.1). In fact, EPS biodegradation under anaerobic condi-
tions has also been reported previously (Ryssov Nielsen 1975).

EPS produced by natural bacteria was also found to contain a large biodegrad-
able fraction. Decho, Visscher, and Reid (2005) extracted EPS from marine bacteria
that live in a stromatolite, and labeled it with isotope carbon as “C-EPS. Extraction
was fed back to its producer, and the carbon flux was monitored. A clear EPS bio-
degradation, indicated by the conversion of “C-EPS to “CO,, was observed in the
course of 50 minutes of cultivation (figure 12.3). It can be seen that about 50% of
4C-EPS was finally converted to “CQ,. These results are in good agreement with
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FIGURE 12.4 Biodegradability of PS (@) and PN (O) extracted from starved aerobic
granules. (From Wang, Z.-W., Liu, Y., and Tay, J.-H. 2007. Appl Microbiol Biotechnol
74:462—-466. With permission.)

those found in aerobic granules and activated sludge cultures (figures 12.1 and 12.2).
Moreover, it is apparent that the production of biodegradable EPS should be a com-
mon phenomenon broadly existing in a wide spectrum of microorganisms, and also
the fraction of biodegradable EPS in the total EPS produced is generally around 50%
(figure 12.3).

12.2.2 BIODEGRADABILITY OF EPS EXTRACTED FROM STARVED AEROBIC GRANULES

As shown in figure 12.1, nearly 50% of the EPS extracted from fresh aerobic gran-
ules were nonbiodegradable in the batch culture of prestarved aerobic granules as
users. To confirm such an observation, the EPS extracted from the starved aerobic
granules were fed, as the sole carbon source, to the batch culture with the prestarved
aerobic granules. In this case, figure 12.4 shows no significant biodegradation of the
EPS extracted from the starved granule, indicated by a very low average biodegra-
dation rate of 0.38 mg g™' SS d-! for PS and 0.75 mg g-! SS d-! for PN. These results
further confirm that EPS secreted by aerobic granules is basically made up of two
major components, that is, biodegradable and nonbiodegradable EPS according to
their biodegradability.

12.2.3 CoMPARISON OF BIODEGRADABILITY OF ACETATE AND ExXTRACTED EPS

Wang, Liu, and Tay (2007) compared biodegradability of acetate and EPS extracted
from the fresh and starved aerobic granules using batch cultures. The initial con-
centrations of acetate and extracted EPS were kept at 100 mg COD L-!. Figure 12.5
shows that the average biodegradation rates of acetate and EPS extracted from fresh
and starved aerobic granules were 5.4 mg COD mg~' SS d-!, 1.1 mg COD mg' SS h™!,
and 0.018 mg COD mg™' SS h!, respectively. These results point to the fact that
bacteria would preferably utilize an external carbon source, such as acetate in this
case, whenever it is available. However, after depletion of the external carbon source,
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FIGURE 12.5 Biodegradability of acetate and EPS extracted from aerobic granules.
1: Acetate (+); 2: EPS extracted from the fresh granules (0); 3: EPS extracted from the starved
granules (®). (From Wang, Z.-W., Liu, Y., and Tay, J.-H. 2007. Appl Microbiol Biotechnol
74:462—-466. With permission.)
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FIGURE 12.6 Biodegradation of PS (®) and PN (O) by biofilm. (Data from Zhang, X. Q. and
Bishop, P. L. 2003. Chemosphere 50: 63—69.)

the biodegradation of EPS may further provide the minimum energy required for
microbial maintenance functions during cell starvation.

Biodegradable EPS has been discovered in many forms of bacteria exploited for
environmental engineering. Zhang and Bishop (2003) extracted EPS from biofilm
and fed it to their own producer, and found that both PS and PN components in EPS
continuously decreased over the culture time (figure 12.6). Once again it can be seen
in figure 12.6 that around 50% of the total EPS produced by biofilms is biodegrad-
able, and the respective PS and PN utilization rate of 0.4 mg PS mg! SS d-! and
0.3 mg PN mg' SS d-! were obtained. It appears from figure 12.1 (aerobic granules),
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figure 12.2 (activated sludge), and figure 12.3 (natural bacteria) that the EPS pro-
duced by aerobic granules, activated sludge, and biofilms are similar or compara-
ble in the sense of their biodegradability. Evidence thus far from aerobic granules,
suspended activated sludge, and biofilms all point to the fact that bacteria are able
to vigorously take up EPS as an external food source in the case where an external
carbon source is no longer available.

12.3 BIODEGRADATION OF AEROBIC GRANULE-ASSOCIATED
EPS DURING STARVATION

To investigate the biodegradation of aerobic granule-associated EPS, fresh aerobic
granules taken from a sequencing batch reactor (SBR), without pretreatment, were
subjected to aerobic starvation without addition of an external carbon source for
20 days (Wang, Liu, and Tay 2007). The fresh aerobic granules had an initial specific
oxygen uptake rate (SOUR) of 62 mg O, g! volatile solids (VS) h™'; a sludge volume
index (SVI) of 55 mL g!, and a mean diameter of 1.6 mm. The content of EPS
in aerobic granules was found to decrease with the aerobic starvation, for example
about 75% of PS and 78% PN in aerobic granules were removed at the end of the
20-day starvation period (figure 12.7). This seems to indicate that granule micro-
organisms tended to maximize the use of EPS (75% of EPS degraded) when facing
a long term of starvation as compared to what was observed in the short-term batch
culture (only 50% of EPS utilized, as shown in figure 12.1).

Wang, Liu, and Tay (2007) used image analysis technique to visualize changes
in granule structure before and after aerobic starvation. It was found that the
structure of aerobic granules still remained intact even after the 20-day aerobic
starvation, but became more transparent compared to the fresh ones (figure 12.8). In
the sense of reaction kinetics, it is reasonable to consider that a period of 20 days of
starvation would be long enough to reflect the overall response of microorganisms to

100 J\

q
80

60

40 A

PS and PN Concentration (mg L™1)

20

Time (days)

FIGURE 12.7 Change in PS (®) and PN (O) content in the course of aerobic starvation. (Data
from Wang, Z.-W., Liu, Y., and Tay, J.-H. 2007. Appl Microbiol Biotechnol 74:462—-466.)
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FIGURE 12.8 Morphology of aerobic granules before (a) and after (b) 20 days of starvation;
scale bar: 1 mm. (From Wang, Z.-W., Liu, Y., and Tay, J.-H. 2007. Appl Microbiol Biotechnol
74:462—-466. With permission.)

(a) (b)

FIGURE 12.9 Visualization of beta-linked EPS in aerobic granules after 20 days of
starvation by epifluorescence microscopy: (a) unstained granule; (b) stained granule. Bar:
200 ym. (From Wang, Z.-W., Liu, Y., and Tay, J.-H. 2007. Appl Microbiol Biotechnol
74:462—-466. With permission.)

the imposed starvation. Thus, the portion of EPS left over after the 20-day aerobic
starvation would represent the real fraction of nonbiodegradable EPS in the total
EPS produced by aerobic granules. If so, about 75% of the granules-associated EPS
can be regarded as biodegradable, and the remaining 25% would be not readily
biodegradable. It should be realized that this small portion of nonbiodegradable
EPS in aerobic granules would be responsible for the structural integrity of aerobic
granules (chapter 11).

It becomes clearer now that the EPS produced by aerobic granules can be rea-
sonably classified into two major groups: biodegradable and nonbiodegradable EPS.
As discussed in chapter 11, the nonbiodegradable PS would mainly belong to the
family of beta-linked PS. To further check the existence and distribution of the beta-
linked PS left in starved aerobic granules, sectioned starved aerobic granules were
stained with calcofluor white (Wang, Liu, and Tay 2007). Figure 12.9 shows that the
most stained PS after the 20-day starvation period were situated at the outer shell of
the aerobic granule, while a significant void space was observed in the core part of
the starved aerobic granule.
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The role of EPS in maintaining the spatial structures of biofilms, aerobic and
anaerobic granules has been reported, but with no differentiation of biodegradable
and nonbiodegradable EPS (Flemming and Wingender 2001; Liu, Liu, and Tay 2004).
It appears from figure 12.9 and chapter 11 that most of the biodegradable PS was
located in the core part of aerobic granules, and this part of PS could be utilized
after depletion of external carbon source or during long-term starvation. Obviously,
disappearance of the soluble PS accumulated at the core of aerobic granules would
be responsible for the observed void structure in the starved granules (figure 12.9).
Nevertheless, nonbiodegradable EPS situated at the shell of aerobic granules
remained nearly unchanged before and after starvation. This reveals the functional
role of nonbiodegradable EPS in constructing and maintaining the spatial structure,
integrity, and stability of aerobic granules. Without doubt, the large fraction of
biodegradable EPS in aerobic granules would serve as a spare energy pool during
aerobic starvation.

12.4 EPS BIODEGRADATION IN AN AEROBIC GRANULAR
SLUDGE SBR

A large fraction of biodegradable EPS produced by aerobic granules can be utilized
by their own producer during starvation (figures 12.1 and 12.7). The cycle operation
of aerobic granulation SBR consists of a short substrate feast phase and a relatively
long substrate famine phase (figure 12.10). Thus, the EPS production and utilization
processes appear to be closely dependent on the availability of external substrate in
each SBR cycle. In this regard, Wang et al. (2006) investigated the dynamic change of
EPS during an SBR cycle. It was found that the production of PS and PN was coupled
to the removal of soluble COD, and this led to a sharp rise of PS and PN contents
in the first 2 hours of the SBR cycle (figure 12.10). After the complete depletion
of the external COD after 4 hours, the culture came into the starvation phase, and
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FIGURE 12.10 Profiles of PS (®), PN (0), and COD (A) in one cycle of an aerobic granulation
SBR. (Data from Wang, Z. et al. 2006. Chemosphere 63: 1728-1735.)
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subsequently a significant drop in the PS and PN contents occurred as expected.
It is apparent that all biodegradable EPS produced in the feast phase was completely
consumed during the subsequent famine phase. Similar to the results presented in
figure 12.1, Wang et al. (2006) also showed that the biodegradable EPS accounted
for 50% of the total EPS produced by aerobic granules (figure 12.10). These results
provide direct experimental evidence that there is a dynamic change of aerobic gran-
ules-associated EPS during the cycle operation of an SBR. Such a change, without
doubt, will influence the formation and stability of aerobic granules.

So far, it has been believed that EPS would not be an essential cell component
under normal culture conditions. Organic carbon flux into EPS production rather
than biomass synthesis is indeed energetically unfavorable in normal living condi-
tions. It seems that a certain stressful condition would be responsible for the over-
production of a large amount of biodegradable EPS (e.g. 50%) by aerobic granules, as
discussed in chapter 10. It can be seen in figure 12.10 that the famine phase was about
6-fold longer than the feast phase within the cycle operation of an aerobic granular
sludge SBR. This in turn indicates that microbial activity of aerobic granules cannot
be sustained over a relatively long starvation period without additional energy input.
It is reasonable, at least logical, to consider that the EPS produced in the feast phase
would be used in the famine phase in order for microorganisms to overcome the
energy constraint.

EPS biodegradation in the course of aerobic granulation was also reported by Li,
Kuba, and Kusuda (2006). Figure 12.11 shows that a sharp EPS decline in terms of PS
and PN contents in sludge along with aerobic granulation, and the EPS biodegrada-
tion resulted in a lower cell surface charge. In view of the fact that the cell surface is
covered by the EPS, the neutralized cell surface thus can be attributed to the reduction
of negatively charged EPS (Li, Kuba, and Kusuda 2006). PN has been regarded as
one of the EPS components that can contribute to surface charge (Sponza 2002; Jin,
Wilen, and Lant 2003). It is evident that the reduction of PN due to EPS biodegrada-
tion is thus able to reduce or neutralize the cell surface charge and in turn facilitates
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FIGURE 12.11 Biodegradation of PS (®), PN (0), and surface charge (A) in the course of

aerobic granulation. (Data from Li, Z. H., Kuba, T., and Kusuda, T. 2006. Enzyme Microb
Technol 38: 670-674.)
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the cell-to-cell co-aggregation process. Similarly, Wang et al. (2006) also found that
the cell surface charge dropped from 0.86 to 0.74 meq g™' SS after 14 mg PN g-! SS
was biodegraded, and a close correlation between the EPS biodegradation and the
reduction in cell surface charge was observed. Furthermore, the EPS biodegradation
causes lowered cell surface hydrophobicity, implying that reduction in the biodegrad-
able EPS influences aerobic granulation in SBRs (Wang et al. 2006), while Nielsen,
Frolund, and Keiding (1996) also reported a deterioration of the dewaterability with
the EPS uptake in the course of anaerobic storage of activated sludge. These results
seem to indicate that the utilization of biodegradable EPS would probably make the
cell surface more hydrophilic. As shown in chapter 9, more hydrophilic cell surface
hydrophobicity would delay or even prevent aerobic granulation.

12.5 ORIGIN OF BIODEGRADABLE AEROBIC
GRANULES-ASSOCIATED EPS

EPS present in biomass can be roughly divided into bound EPS (sheaths, capsular
polymers, condensed gel, loosely bound polymers, and attached organics) and
soluble EPS (soluble macromolecules, colloids, and slimes). Only soluble EPS is
biodegradable (Hsieh et al. 1994; Nielsen et al. 1997). Nielsen, Jahn, and Palmgren
(1997) developed a conceptual model for the production of EPS in biofilms. This
model shows that both bound and soluble EPS are synthesized with the production of
new cells, and bound EPS is further hydrolyzed into soluble EPS under appropriate
environmental conditions. Meanwhile, cell lysis, decay, and hydrolysis of attached
organics also add to the amount of soluble EPS. Eventually, those soluble EPS can
be further recycled back to active cells via biodegradation. Analog to the model by
Nielsen, Jahn, and Palmgren (1997), the composition of biomass in aerobic granules
can be divided into active cells, inert biomass which includes bound EPS, attached
organics, biomass residual and inorganic precipitation, and soluble EPS. Assuming
that aerobic granules follow the same mechanism for the production of biodegrad-
able EPS, the formation and conversion of biodegradable EPS can thus be illustrated
in figure 12.12. It can be seen that there are three possible sources for the produc-
tion of soluble or biodegradable EPS by aerobic granules: (1) hydrolysis of bound
EPS and attached organics; (2) decay of active cells, and (3) direct synthesis from
microbial growth. It should be pointed out that there is still a lack of experimental
evidence regarding the direct formation of soluble EPS from cell growth-associated
substrate utilization even though this has been often hypothesized in model devel-
opment (Laspidou and Rittmann 2002). In fact, it is also difficult to experimentally
distinguish the soluble EPS produced from cell growth-associated substrate utiliza-
tion from those produced through cells lysis and decay during microbial growth. In
view of this uncertainty, soluble EPS formation from the substrate oxidation pathway
was plotted with a dashed line (figure 12.12). In addition, since only soluble substrate
would be utilized in microbial culture, the contribution of attached organics to the
EPS production would be marginal in quantity. Therefore, the most possible pathway
of soluble EPS formation in aerobic granules can be attributed to cell lysis, decay,
and hydrolysis of bound EPS, which commonly results from insufficiency of electron
donor or acceptor present in microbial culture.
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FIGURE 12.12 Diagram of formation and conversion of bound and soluble EPS in relation-
ship to the other biomass components.

It has been shown that diffusion limitation occurs in large-sized aerobic granules
(see chapter 8). As discussed in chapter 8, the oxygen concentration would be the
rate-limiting factor for the growth of aerobic granules at high bulk COD levels.
Consequently, for granules with size larger than 1 mm, oxygen can only penetrate to a
depth of less than 300 um from the surface of aerobic granules. This means that only
bacteria situated at the top layer of 300 pm downwards is able to grow aerobically.
In this case, severe biomass decay may occur in the core of the aerobic granule,
contributing to the production of soluble EPS. As illustrated in chapter 11, the main
source of soluble EPS is due to cell decay, including bound EPS hydrolysis. This may
explain the extensive accumulation of soluble EPS in the core of the aerobic granule
(figure 12.1). In fact, insufficient dissolved oxygen (DO) has been known to cause
excessive EPS formation (Kim et al. 2006). To accomplish the conversion of active
and inert biomass to soluble EPS, excessive amounts of extracellular proteins in the
form of hydrolysis enzyme are needed in the core of the aerobic granule, which has
been confirmed by confocal laser scanning micrographs observation (McSwain et al.
2005; Chen, Lee, and Tay 2007).

Figure 12.12 shows that bound EPS is closely associated with the reproduction
of active cells. According to chapter 8, the outer shell of the aerobic granule was
exposed to sufficient substrate and dissolved oxygen. This provides ideal conditions
for new microbial cells to grow as well as the growth-associated production of the
bound EPS. As compared to the situation at the core of the aerobic granule, the higher
density of active cells can be expected in the surface layer of the aerobic granule (Toh
et al. 2003). This in turn partially explains why a high concentration of the bound
EPS was detected on the shell of the aerobic granule (chapter 11). In fact, Toh et al.
(2003) investigated the viability of microflora residing inside aerobic granules using
in situ DNA fluorescence staining, in which membrane permeable and nonperme-
able DNA stains were used to differentiate live and dead cells (figure 12.13). In their
study, about 150 to 200 slices prepared by the cryo-sectioning of a number of aerobic
granules from a single size category, were analyzed by CLSM. The following salient
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FIGURE 12.13 Cross-section view of an aerobic granule, stained with Syto 9 for the live
biomass (bright) and propidium iodide for the dead biomass (gray). (From Toh, S. K. et al.
2003. Appl Microbiol Biotechnol 60: 687-695. With permission.)

points can be drawn: (1) regardless of size, the biomass was densest in the outer
shell, and the biomass tended to decline along the radius direction downwards to the
core of the aerobic granule; (2) active biomass existed mainly within the peripheral
zone or void spaces, and non-biomass materials were found at the central part of
the aerobic granule. This seems to indicate that the live cells appeared only in the
peripheral zone, while dead biomass spread into the inner zone (Toh et al. 2003).

As all the detachment forces are exerted on the granule shell and tend to pull the
shell apart, a high amount of bound or nonbiodegradable EPS would be essential to
enhance the binding force between cells so as to overcome the external disintegration
force (figure 12.9). Therefore, the production of EPS with different properties (e.g.
biodegradable and nonbiodegradable) in aerobic granules is a natural need and
response of the aerobic granule to counteract environmental stress.

12.6 CONCLUSIONS

The EPS produced by aerobic granules basically comprises biodegradable and nonbio-
degradable components. It was shown that at least 50% of the EPS produced by aerobic
granules is readily biodegradable by their own producer-aerobic granules, and the
remaining part of the EPS seems nonbiodegradable. The readily biodegradable EPS
can be taken up by aerobic granules at a rate 5 times slower than the biodegradation
rate of acetate, but 50 times faster than that of those not readily biodegradable EPS.

It was further shown that biodegradable and nonbiodegradable EPS have differ-
ent functions in an aerobic granular sludge SBR, that is, nonbiodegradable EPS were
located mainly at the shell layer of the aerobic granule and plays an essential protec-
tive role in the granule integrity and stability, while biodegradable EPS accumulated
at the central part of the aerobic granule can serve as an additional energy reservoir
when external carbon source is no longer available for microbial growth.
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13.1 INTRODUCTION

A high calcium content has been reported in acetate-fed aerobic granules even
though the calcium concentration in the synthetic wastewater was very low (Qin,
Liu, and Tay 2004; Wang, Liu, and Tay 2005). Extensive accumulation of calcium
was also found in biofilms and anaerobic granules (Batstone et al. 2002; Kemner
et al. 2004). Two hypotheses have been put forward to explain the calcium accumu-
lation: (1) calcium links with extracellular polymeric substances (EPS) and forms an
EPS-Ca?*-EPS cross-linkage; and (2) calcium is present in the form of CaCO, (Yu,
Tay, and Fang 2001; Wloka et al. 2004). This chapter thus explores the mechanism
behind the accumulation, chemical form, and spatial distribution of calcium ion in
acetate-fed aerobic granules.

223
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FIGURE 13.1  Aerobic granules cultivated at different calcium concentrations, 0 mg Ca?* L
(@) and 100 mg Ca? L' (b). (From Jiang, H. L. et al. 2003. Biotechnol Lett 25: 95-99.
With permission.)

13.2 EFFECT OF CALCIUM ON AEROBIC GRANULATION

Ca? has been reported to enhance the formation of anaerobic granules and acido-
genic biofilms (Huang and Pinder 1995; Yu, Tay, and Fang 2001). Jiang et al. (2003)
studied the effect of calcium on aerobic granulation in sequencing batch reactors
(SBRy). For this purpose, two SBRs were operated at the respective Ca®* concentra-
tions of zero and 100 mg L. It was found that aerobic granules were formed in both
SBRs, and granule sizes were stabilized at around 2 mm and 2.8 mm in the calcium-
free and calcium-added SBRs, respectively, after 2 months of operation (figure 13.1).
These results indicate that aerobic granulation may not depend on calcium ion, that
is, calcium ion is not essential for aerobic granulation in SBRs. Mahoney et al. (1987)
investigated anaerobic granulation in two upflow anaerobic sludge blanket (UASB)
reactors fed with aero and 100 mg Ca?* L1, respectively. Similar to the results shown
in figure 13.1, successful anaerobic granulation was achieved in both reactors, indi-
cating that calcium is not an essential element for anaerobic granulation either.
Compared to aerobic granules grown on calcium-free medium, aerobic granules
cultivated with addition of calcium showed better settleability and higher strength
(figure 13.1). It is thought that the Ca?* ion should bind to negatively charged groups
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FIGURE 13.2 Calcium and ash contents in ethanol- and acetate-fed aerobic granules. (Data
on ethanol from Liu, Yang, and Tay 2003 and on acetate from Wang, Li, and Liu 2007.)

of extracellular polysaccharides present on bacterial surfaces, and act as a bridge to
interconnect these components, so as to promote bacterial aggregation and further
enhance the structural stability of aerobic granules, anaerobic granules, and bio-
films (Costerton et al. 1987; van Loosdrecht et al. 1987; Bruus, Nielsen, and Keiding
1992). It should be pointed out that such a view is still debatable.

13.3 CALCIUM ACCUMULATION IN ACETATE-FED
AEROBIC GRANULES

Wang, Li, and Liu (2007) systematically investigated the calcium accumulation in
acetate-fed aerobic granules harvested from a column SBR after 2 months of opera-
tion, while calcium concentration in influent was as low as 4.65 mg L. It was found
that acetate-fed aerobic granules had a high calcium content of 225 mg Ca> mg g,
contributing to 37% of granule ash content. Compared to acetate-fed aerobic granules,
aerobic granules grown on ethanol showed very low calcium and ash contents
(figure 13.2). This seems to suggest that calcium accumulation is a phenomenon
closely associated with the substrate applied.
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FIGURE 13.3 Respirometer system for analysis of carbonate in the acetate-fed aerobic
granule: 1. computer for data collection; 2. respirometer; 3. fridge; 4. shaker; 5. acid containing
vial; 6. reaction bottle. (From Wang, Z.-W., Li, Y., and Liu, Y. 2007. Appl Microbiol Biotechnol
74: 467-473. With permission.)
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FIGURE 13.4 TIonic composition of acetate-fed aerobic granules. (Data from Wang, Z.-W.,
Li, Y., and Liu, Y. 2007. Appl Microbiol Biotechnol 74: 467-473.)

13.4 CHEMICAL FORM OF CALCIUM IN ACETATE-FED
AEROBIC GRANULES

To investigate the chemical form of calcium ion accumulated in acetate-fed aerobic
granules, Wang, Li, and Liu (2007) quantified the elemental composition (Ca, Mg, P,
Fe, Al) of acetate-fed aerobic granules. The amount of carbonate ion in the acetate-
fed aerobic granules was also analyzed. For this purpose, 3 ml of 1 M hydrochloric
acid solution was added to 50 ml of 2 g soluble solids (SS) L-! acetate-fed aerobic
granules, and the carbon dioxide gas produced was online measured by the carbon
dioxide sensor equipped with the respirometer (figure 13.3). Changes in inorganic
carbon in the liquid phase were determined by total organic carbon analyzer before
and after the experiment (Wang, Li, and Liu 2007). Thus, the content of carbonate in
acetate-fed aerobic granules was calculated from the sum of produced carbon dioxide
gas and increased inorganic carbon in the liquid phase. Figure 13.4 shows the major
inorganic components of acetate-fed aerobic granules. As can be seen, both Ca?* and
CO,> are dominant over the other inorganic components, such as Mg, P, Fe, and
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Al, which are indeed marginal. According to figure 13.4, the molar ratio of granule
calcium to carbonate was estimated as 1:1.16, indicating that most calcium ions in
aerobic granules exist in the form of calcium carbonate. In terms of chemistry, this
also implies that the concentration product of Ca?* and CO;> in acetate-fed aerobic
granules should be larger than the solubility product constant of calcium carbonate.

13.5 CALCIUM DISTRIBUTION IN ACETATE-FED
AEROBIC GRANULES

The calcium distribution in acetate-fed aerobic granules was investigated using a scan-
ning electron microscope (SEM); meanwhile, energy dispersive x-ray spectroscopy
(EDX) was also employed for mapping of calcium distribution (Wang, Li, and Liu
2007). The carbonate localization was determined by chemical titration method, that
is, I M hydrochloric acid solution was dropped on a sliced granule cross section, and
the origin of bubbles was visualized by image analysis technique (Wang, Li, and Liu
2007). Fresh acetate-fed aerobic granules with a specific oxygen uptake rate (SOUR)
of 64 mg O, g! volatile solids (VS) h™!; sludge volume index (SVI) of 52 mL g!, and
amean diameter of 1.4 mm were used for the above-mentioned analyses (figure 13.5).
Figure 13.5a and b clearly show that calcium was mainly accumulated in the core part
of the aerobic granule, while the granule shell was nearly calcium free. The image
analysis further showed white deposits localized at 300 um beneath the granule sur-
face (figure 13.5¢). After hydrochloric acid was added to the zone of white deposits
(figure 13.5¢), gas bubbles were immediately generated (figure 13.5d). The gas phase
analysis confirmed that the bubbles generated were carbon dioxide (figure 13.5d).
These results clearly indicate that both calcium and carbon ions coexist in the same
zone of acetate-fed aerobic granules, that is, calcium exists mainly in the form of
CaCO; in the acetate-fed aerobic granules, which is in good agreement with the
stoichiometric analysis (figure 13.4).

The accumulation of calcium was observed in biofilms and anaerobic granules,
and Ca?* has been often considered to bridge negatively charged sites on extracellular
biopolymers, thus enhancing the matrix stability of attached microbial communi-
ties (Bruus, Nielsen, and Keiding 1992; Korstgens et al. 2001; Batstone et al. 2002;
Kemner et al. 2004; Wloka et al. 2004). According to such a hypothesis, excessive
calcium has often been introduced into the medium for enhanced formation of bio-
film and anaerobic granules (Huang and Pinder 1995; Yu, Tay, and Fang 2001).
However, it appears from figures 13.4 and 13.5 that calcium detected in acetate-fed
aerobic granules was mainly in the form of calcium carbonate rather than in associa-
tion with extracellular polymeric substances.

13.6 GRANULE SIZE-DEPENDENT CACO,; FORMATION IN
ACETATE-FED AEROBIC GRANULES

It should be pointed out that the accumulation of calcium in the form of CaCO; in

acetate-fed aerobic granules was found to be granule size-dependent (Wang, Li, and

Liu 2007). As can be seen in figure 13.6, the calcium content of acetate-fed aerobic
granules was proportionally related to the granule size, for example, the calcium
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(b)

FIGURE 13.5 (a) Cross-section view of the acetate-fed aerobic granule by SEM; (b) the
EDX mapping for calcium indicated by white color; bar: 100 um; (c) image analysis cross-
section view of the acetate-fed aerobic granule; (d) generation of gas bubbles during the
acid-granule reaction; scale bar: 200 um. (From Wang, Z.-W., Li, Y., and Liu, Y. 2007. App!
Microbiol Biotechnol 74: 467-473. With permission.)
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FIGURE 13.6 Calcium contents in aerobic granules with different radius. (Data from Wang,
Z.-W., Li, Y., and Liu, Y. 2007. Appl Microbiol Biotechnol 74: 467-473.)
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FIGURE 13.7 Ash content and corresponding mean radius of acetate-fed aerobic granules
in the course of aerobic granulation. (Data from Wang, Z.-W., Li, Y., and Liu, Y. 2007. Appl
Microbiol Biotechnol 74: 467-473.)

content in big aerobic granules with radius of 1.4 to 2.0 mm was nearly ten times
higher than that in small aerobic granules with radius of 0.1 to 0.2 mm (figure 13.6).
In the course of aerobic granulation, it was found that the ash content was very low at
the initial stage of aerobic granulation, but it sharply increased on the eighth day in
response to a significant increase in granule size, and gradually stabilized at the level
of about 0.4 g g~' SS after 40 days of operation (figure 13.7). This implies that the con-
tent of CaCO; or so-called ash content was indeed very low in small aerobic granules,
but it tended to increase with the growth in size of acetate-fed aerobic granules.

13.7 MECHANISM OF CALCIUM ACCUMULATION IN
ACETATE-FED AEROBIC GRANULES

As discussed earlier, calcium ion is not an essential element necessary for success-
ful aerobic granulation (figure 13.1), and the extensive accumulation of calcium was
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only found in aerobic granules grown on acetate (figure 13.2). Furthermore, most
accumulated calcium actually existed in the form of CaCO;, and it was mainly
centralized in the core part of acetate-fed aerobic granules (figures 13.4 and 13.5).
One necessary condition for CaCO, formation at the low calcium ion concentration
of 4.65 mg Ca? L' is the presence of high CO,> concentration at the core of the
acetate-fed aerobic granule so that the ionic product of Ca?* and CO;> can be higher
than the solubility product constant of calcium carbonate.

13.7.1 lonNic EQuiLiBRIUM OF CARBONATE ION

In terms of chemistry, the CaCO; formation is determined by its ionic concentra-
tion product:

[Ca** 1[CO* 1= K, cuco, 13.1)

where K, ,co, is the CaCOs solubility product constant. Calcium carbonate will
form only when the concentration product of calcium and carbonate is greater than

K, caco, Acetate can be oxidized in a way such that:

CH,COO™ +20, + H* — 2C0, + H,0 (13.2)

Dissolution of carbon dioxide can be expressed as follows:

CO, + H,0 <> H" + HCO;~ (13.3)
and
[HCO, 1[H”
= HCO A (13.4)
[CO,]
HCO; <> H" +COy™ (13.5)
and
2- +
K, = lco 7 ) (13.6)
[HCO,™]
The overall reaction for carbonate can be expressed as:
CO, + H,0 <> CO,* +2H" (13.7)

It should be pointed out that CO, produced in equation 13.2 can be dissolved into
liquid phase according to Henry’s law:
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Feo, = K},00,[CO, ] (13.8)

where Fp, is the partial pressure of CO, in gas phase, [CO,] is molar concentration

of CO, in the liquid phase, and K|, ¢, is the Henry’s constant for CO,.

13.7.2 DirrusioN KINETICS IN AEROBIC GRANULES

It was assumed in chapter 8 that (1) an aerobic granule is isotopic in physical,
chemical, and biological properties; (2) an aerobic granule is ideally spherical; (3)
no anaerobic reaction occurs in the process; (4) aerobic granule responses to the
change of bulk substrate concentration occur so quickly that the response time can
be ignored. As presented in chapter 8, the mass balance equations for a substance
between the two layers in granule whose radiuses are, respectively, r and r + dr can
be written as:

d*s 2ds
Ds(drfrrdr]: R, (13.9)

where D, and R, are, respectively, the diffusion coefficient and mass conversion rate of the
substance. According to equation 13.9, Wang, Li, and Liu (2007) proposed the following
mass diffusion balance equations for O,, H*, HCO;", and CO,* in aerobic granules:

d’C,, 2dC,,
DOZ[ a roar | e (13.10)
a*’c,. 2dcC,,
D . H = H =R .
H [ a2 dr J H (13.11)
2
D d°Cheo, +2 dChcor _
HCO3~ dr? roodr ~ “Hcoy” (13.12)
2
D d CC()32’ g dccof’ .
cos>™ dr? r o dr ~ Tcos™ (13.13)

Li and Liu (2005) showed that dissolved oxygen would be a rate-limiting factor
in the growth of aerobic granules, and the oxygen utilization rate can be described

by the Monod equation:
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in which p, is biomass density, Y,,, is the dissolved oxygen-based growth yield,

K, is the dissolved oxygen-associated half-rate constant, and W, is the maximum
specific growth rate.

According to equation 13.2, the oxygen utilization rate and the H* consumption
rate are interrelated by equation 13.15, that is:

R, =2R (13.15)

2 H* (consumption)

Similarly, the following relationship can be obtained from equations 13.3 and
13.7 for H*, HCOy', and CO,2-:

R = Ryeo +2R

HY (production) -

(13.16)

Thus, the net consumption rate of H*, namely R, . in equation 13.11, is given by
equation 13.17:

R .=R

H H* (consumption) - RHJr (production) (1317)

The dissolved oxygen (DO) concentration at the granule surface can be reason-
ably assumed to be equal to its bulk concentration and its rate of change in the gran-
ule center would be close to zero in consideration of the DO symmetrical distribution
in the granule center (Li and Liu 2005), that is:

Co2 == Chun, 0, (13.18)
dCO2 B
=0 (13.19)
dr

r=0

Likewise, C, . at the granule surface is assumed to be equal to the bulk H* con-

centration, and the derivative of C e at the center of the granule is zero (Wang, Li,
and Liu 2007):

Co == Cout (13.20)
dc .
—A =0 (13.21)
dr —

Equations 13.10 to 13.13 were solved numerically by Matlab™ 7.0 based on the
finite differentiation principle as described in chapter 8.
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FIGURE 13.8 Simulated profiles of pH and CO,> in acetate-fed aerobic granules. (Data
from Wang, Z.-W., Li, Y., and Liu, Y. 2007. Appl Microbiol Biotechnol 74: 467-473.)

13.7.3 DistriBUTION OF PH AND CO,2* IN ACETATE-FED AEROBIC GRANULES

According to the models presented above, the pH and CO,? profiles in aerobic gran-
ules were simulated along the granule radius (figure 13.8). For an aerobic granule
with a radius of 0.7 mm, the pH and CO,* profiles can be divided into two regimens,
that is, within a depth of 300 um from the granule surface, a significant decline in
both pH and carbonate concentrations was found, whereas from the depth of 300 pm
to the center of the granule, the concentrations of pH and carbonate remain nearly
constant at the maximum levels. In fact, a similar pH profile was also observed in the
acetate-fed anaerobic granule (de Beer et al. 1992). The maximum calcium concen-
tration in a granule is equal to its bulk concentration, that is, about 1.16 x 10-* mol
Ca?* L, thus according to equation 13.1, the required minimum CO52- concentration
for the formation of CaCO; was estimated as 2.9 X 1075 2.9 x 103 mol L. In view of
the CO, profile in figure 13.8, it is reasonable to consider that CaCO, will be formed
mainly in the region with a depth below 300 um from the granule surface, that is,
r < Reuco, zone in figure 13.8. Such a theoretical prediction is in good agreement
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with the experimental observation, as shown in figure 13.5. It can be concluded from
figure 13.8 that the calcium accumulation in acetate-fed aerobic granules is mainly
due to the fact that alkalinity in the form of hydroxide ion was produced during the
biological oxidation of acetate, as illustrated in equation 13.2. In contrast, no hydrox-
ide ion actually can be generated in the biological oxidation of ethanol. This explains
why calcium is not accumulated in the ethanol-fed aerobic granules but only in those
fed with acetate (figure 13.2).

13.7.4  Size-AssocCIATED FORMATION oF CACO; IN
ACETATE-FED AEROBIC GRANULES

The volume fraction of the CaCO, formable region in acetate-fed aerobic granules,

namely (Re,co, / R)’ , was simulated at various granule radiuses in the range of 0 to
2 mm (figure 13.9). It appears that the formation of calcium carbonate is negligible
in aerobic granules smaller than 0.5 mm in radius, and calcium carbonate starts
to form only in aerobic granules larger than 0.5 mm in radius. This in turn pro-
vides a plausible explanation for the observed size-dependent CaCO; formation in
aerobic granules (figures 13.6 and 13.7). Such theoretical estimation is pretty con-
sistent with the experimental results measured as the calcium and ash contents in
aerobic granules (figure 13.9). Batstone et al. (2002) has put forward a hypothesis
that preformation of a crystal CaCO; core is a prerequisite of anaerobic granulation.
However, both experimental and theoretical evidence in figures 13.6, 13.7, and 13.9
point to the fact that calcium accumulation occurs only after aerobic granulation,
and a crystal CaCO; core is indeed not required for aerobic granulation. In fact,
increasing evidence shows that microbial granulation is a cell-to-cell self-immobili-
zation process driven mainly by selection pressures (see chapter 6), that is, calcium
may play a very minor role in the microbial granulation process, and aerobic as well
as anaerobic granulation is indeed calcium independent (Mahoney et al. 1987; Jiang
et al. 2003). This point is also supported by many other previous studies on aerobic
and anaerobic granulation (Guiot et al. 1988; Thiele et al. 1990; EI-Mamouni et al.
1995; Van Langerak et al. 1998; Jiang et al. 2003).

It appears from microscopic observation and chemical analysis that the accu-
mulation of calcium is in the form of CaCO;, and those accumulations were
centralized in the core part of acetate-fed aerobic granules (figures 13.4 and 13.5).
The fact that CaCO; is only formed in aerobic granules with a radius larger than
0.5 mm (figures 13.6 and 13.7) indicates that the formation of calcium carbonate in
the acetate-fed aerobic granules is actually granule size dependent, which can be
explained by the diffusion limitation described by equations 13.10 to 13.13. This is
because the microbial metabolites, such as alkalinity and carbon dioxide produced
by acetate oxidation, can react with each other to produce carbonate, and form an
ionic equilibrium, as illustrated in equations 13.2, 13.3, and 13.5. As the result of
mass diffusion described in equation 13.3, a carbonate gradient along the granule
radius is established towards the bulk solution so as to diffuse the carbonate out
of the granule. This means that the highest carbonate concentration is found inside
the aerobic granule (figure 13.8). It should be realized that this carbonate gradient
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FIGURE 13.9 Comparisons of the simulated and experimentally measured CaCOj; as well
as ash contents in the acetate-fed aerobic granules. —: (Re,co, / R)’ simulation; ®: calcium
content; O: ash content. (Data from Wang, Z.-W., Li, Y., and Liu, Y. 2007. Appl Microbiol
Biotechnol 74: 467-473.)

increases with the size of the aerobic granule. Thereby, a large aerobic granule would
have a high carbonate concentration in its central part, as shown in figure 13.9.

13.8 CONCLUSIONS

Calcium is indeed not an essential element required for successful aerobic granu-
lation. The excessive calcium accumulation phenomenon appears to be substrate
dependent, and it only happens to the acetate-fed aerobic granules. Unlike specu-
lation by some researchers, most calcium excessively accumulated in acetate-fed
aerobic granules actually exists in the form of CaCO, deposit rather than binding
with extracellular polysaccharides. It is actually the acetate biological oxidation-
associated carbonate ionic equilibrium as well as the mass diffusion limitation that
result in the high carbonate concentration centralized in the center of an aerobic
granule, and further lead to CaCO; formation in the granule core part. The volume
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fraction of this CaCO, formed space in the granule tends to expand with the granule
size increase, as a result of the correspondingly upgraded extent of mass diffusion
limitation. CaCO; is not likely to form in granules smaller than 0.5 mm in radius,
providing experimental and theoretical evidence that a crystal CaCO; core is not
required for granulation.

SYMBOLS

D, Acetate diffusion coefficient

D;,  Oxygen diffusion coefficient

u@s)  Growth rate at substrate concentration s
Umax  Maximum growth rate

K, Half rate constant
Y, Growth yield of oxygen
Y.,  Growth yield of substrate

S, Bulk substrate concentration
Py Biomass density

R The radius of a granule

r One-dimensional coordinate
Ar The thickness of one layer

R

Average radius of all granules
S; Substrate concentration at the ith layer
s Substrate concentration at a point of a granule
AS,,.x The change of bulk substrate concentration

Syux o Initial bulk substrate concentration

v Substrate conversion rate

v, Substrate conversion rate of a granule

Vv Volume of the reactor

Vau Substrate conversion rate of all granules

X Biomass concentration

m Number of aerobic granules in a reactor
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14.1 INTRODUCTION

As discussed in the preceding chapters, the unique feature of a sequencing batch
reactor (SBR) over the continuous activated sludge process is its cycle operation,
which in turn results in a periodic starvation phase during the operation. Such peri-
odical starvation has been thought to be important for aerobic granulation (Tay, Liu,
and Liu 2001a). The responses of cells to starvation have been studied intensively.
Nevertheless, controversial results have been widely reported in the literature. For
instance, starvation has been thought to induce cell surface hydrophobicity, which
facilitates microbial adhesion and aggregation (Bossier and Verstraete 1996; Y. Liu
et al. 2004); however, the negative effect of starvation on cell surface hydrophobicity
was also reported by Castellanos, Ascencio, and Bashan (2000). Moreover, constant
cell surface hydrophobicity was observed during carbon starvation as well (Staffan
and Malte 1984; Sanin 2003; Sanin, Sanin, and Bryers 2003), and sludge floccula-
tion capacity was found to decrease with prolonged starvation (Rhymes and Smart
1996; Coello Oviedo et al. 2003). In this case, this chapter especially discusses the
potential role of starvation in aerobic granulation.

239
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FIGURE 14.1 Morphology of seed sludge. (From Liu, Q.-S. 2003. Ph.D. thesis, Nanyang
Technological University, Singapore. With permission.)

FIGURE 14.2 Morphology of aerobic granules at day 23 in an SBR. (From Liu, Q.-S. 2003.
Ph.D. thesis, Nanyang Technological University, Singapore. With permission.)

14.2 POSITIVE EFFECT OF STARVATION ON
AEROBIC GRANULATION

Q.-S. Liu (2003) investigated the role of periodic starvation in aerobic granulation,
and concluded that it has a positive effect on aerobic granulation in SBRs, as pre-
sented below.

14.2.1 OBSERVATION OF AEROBIC GRANULATION IN AN SBR

The seed sludge had an average size of 0.07 mm, and exhibited a typical morphology of
conventional activated sludge flocs (figure 4.1). On day 23, aerobic granules appeared
in the SBR, with a clear, compact physical structure (figure 14.2 and figure 14.3).
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FIGURE 14.3 Morphology of aerobic granules observed by scanning electronic micro-
scopy. (From Liu, Q.-S. 2003. Ph.D. thesis, Nanyang Technological University, Singapore.
With permission.)
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FIGURE 14.4 The COD concentration at the 12th (®), 36th (0), and 60th (A) cycles of an
SBR. (From Liu, Q.-S. 2003. Ph.D. thesis, Nanyang Technological University, Singapore.

With permission.)

14.2.2 PeriODIC STARVATION IN THE SBR

For aerobic granulation, the SBR is often run in a mode of filling, aeration, settling,
and withdrawal of the effluent. Figure 14.4 shows the substrate degradation time at
different operation cycles in an SBR. At cycle 12, or the second day after the startup,
acetate concentration in terms of COD dropped from 1000 mg L' to 50 mg L-!
within 120 minutes, while the time period for the same COD removal was reduced to
85 minutes at cycle 36, and further to 50 minutes at cycle 60. These results indicate
that the degradation time required to reduce substrate concentration to a minimum
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FIGURE 14.5 The observed starvation time versus the number of cycles in the SBR. (Data
from Liu, Q.-S. 2003. Ph.D. thesis, Nanyang Technological University, Singapore.)

value was shortened markedly over the operation. Thus, for a given cycle length of
4 hours, a starvation phase would exist even at the beginning of the reactor operation
(Q.--S. Liu 2003).

It appears from figure 12.4 that the aeration period can be divided into two
consecutive phases, a degradation phase, in which external substrate is depleted to
a minimum concentration, followed by an aerobic starvation phase, in which the
external substrate is no longer available for microbial growth. It was found that with
an increase in the number of cycles in the SBR, the degradation time required to break
down the same amount of substrate became shorter (figure 14.4), that is, the starva-
tion time is increased with the number of operation cycles. Buitron, Capdeville, and
Horny (1994) studied the relationship of degradation time to SBR operation cycles,
and found that after a 10-cycle operation, the degradation time was reduced by 80%,
that is, 80% of the aeration period was in a state of aerobic starvation. For a fixed
cycle time of 4 hours, the aerobic starvation period was found to be 105 minutes
at cycle 12, 140 minutes at cycle 36, and 175 minutes at cycle 60 (Q.-S. Liu 2003).
Figure 14.5 further exhibits the direct relationship between the cycle number and
starvation time observed in the SBR. Similar results were also reported by Buitron,
Capdeville, and Horny (1994). This seems to indicate that there is a periodic aerobic
starvation phase in the cycle operation of SBR, but such a periodic starvation pattern
does not exist in the continuous activated sludge process.

14.2.3 ErrecT OF PErRIODIC STARVATION ON CELL SURFACE HYDROPHOBICITY

Figure 14.6 shows changes in cell surface hydrophobicity and substrate degradation
time in the course of the operation of an SBR for aerobic granulation. As can be
seen, the seed sludge had a surface hydrophobicity of 49%, while the cell surface
hydrophobicity was increased to 70% at cycle 36, and further to 80% at cycle 60, and
finally stabilized at 85% after the formation of aerobic granules. The cell surface
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FIGURE 14.6 Changes in cell surface hydrophobicity and substrate degradation.
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FIGURE 14.7 Cell surface hydrophobicity versus starvation time in an SBR. (Data from
Liu, Q.-S. 2003. Ph.D. thesis, Nanyang Technological University, Singapore).

hydrophobicity of aerobic granules was nearly two times higher than that of the
seed sludge. As demonstrated in chapter 9, aerobic granulation is associated with an
increase in cell surface hydrophobicity.

It can be seen in figure 14.7 that the cell surface hydrophobicity was increased
from 55% to 85% when the starvation time was increased from 105 to 190 minutes.
Apparently, the periodic starvation in the SBR improves the cell surface hydro-
phobicity. However, in the continuous activated sludge reactor, no improvement in
cell surface hydrophobicity was observed in the course of operation, for example, the
cell surface hydrophobicity of sludge cultivated in the continuous reactor was similar
to that of the seed sludge over the whole experimental period (Q.-S. Liu 2003).
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TABLE 14.1
Biomass Hydrophobicity at Different Filter Bed Depths
Bed Depth (cm) Biomass Hydrophobicity (%)
0-10 25
10-20 35
20-30 40
30-40 60

Source: Data from Di Iaconi, C. et al. 2006. Biochem Eng J 30: 152-157.

The response of bacteria to starvation has been widely reported (Kjelleberg and
Hermansson 1984; Hantula and Bamford 1991; Bossier and Verstracte 1996). In
a sequencing batch biofilter reactor, Di Iaconi et al. (2006) found that the starva-
tion time increased with the bed height as less and less amount of substrate would
reach deeper parts of the filter bed; meanwhile cell surface hydrophobicity tended
to increase along the depth of the filter bed (table 14.1). According to such results,
Di Iaconi et al. (2006) concluded that starvation could improve cell surface hydro-
phobicity and the effect of starvation on cell surface hydrophobicity would be more
significant than that of hydrodynamic shear force.

Kjelleberg and Hermansson (1984) demonstrated that under starvation condi-
tions, bacteria became more hydrophobic, which in turn facilitated microbial adhe-
sion and aggregation. In fact, aggregation can be regarded as an effective strategy
of cells against starvation. A similar phenomenon was also observed by Watanabe,
Miyashita, and Harayama (2000), that is, cells showed a higher surface hydrophobic-
ity when they were subject to starvation. It is believed that hydrophobic binding has
a prime importance for cell attachment, that is, a higher cell surface hydrophobicity
would result in a stronger cell-to-cell interaction and further a dense structure (see
chapter 9). This point indeed is confirmed by the results presented in figure 14.8,
showing a lower sludge volume index (SVI) at higher cell surface hydrophobicity.
In a parallel study, Q.-S. Liu (2003) found that aerobic granulation failed in the
continuous activated sludge reactor, and aerobic granules were only developed in the
SBR. These findings imply that the periodic starvation-induced hydrophobicity is a
governing factor in aerobic granulation in the SBR.

As shown in chapter 9, cell surface hydrophobicity plays a crucial role in the
formation of biofilm and biogranules. In a thermodynamic sense, increased cell
surface hydrophobicity can result in a lowered surface Gibbs energy, which in turn
favors cell-to-cell interaction. In addition, cells in starved colonies were found to
form connecting fibrils, which in turn strengthened cell-to-cell interaction and com-
munication (Varon and Choder 2000). Apparently, such starvation-induced changes
favor the formation of strong microbial aggregates. Starvation has been proposed to
be a trigger in the microbial aggregation process (Bossier and Verstraete 1996). As
discussed earlier, in an SBR microorganisms are subject to a periodic aerobic star-
vation. Tay, Liu, and Liu (2001a) thought that the periodic starvation present in the
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FIGURE 14.8 Sludge volume index (SVI) versus cell surface hydrophobicity in an SBR. (From
Liu, Q.-S. 2003. Ph.D. thesis, Nanyang Technological University, Singapore. With permission.)

SBR would be more effective in triggering changes in the cell surface, and further
lead to a stronger microbial aggregate.

Based on their study of aerobic granulation in SBRs, Li, Kuba, and Kusuda (2006)
thought that “aerobic granulation is initiated by starvation and cooperated by shear
force and anaerobic metabolism,” and further proposed an EPS-related pathway of
aerobic granulation, as illustrated in figure 14.9. According to the interpretation by Li,
Kuba, and Kusuda (2006), in the beginning, starvation plays an essential role in aerobic
granulation, and subsequently the growth of the aerobic granule provides an anaerobic
microenvironment inside the aerobic granule, which favors anaerobic metabolism of
facultative microorganisms. Furthermore, both starvation and facultative microorgan-
isms facilitate aerobic granulation. It appears from figure 14.9 that there are two pos-
sible pathways leading to aerobic granulation: (1) step 1 — step 3 — step 4 — step 5,
and this process is named starvation-driven granulation; (2) step 2 — step 3 — step 4
— step 5, called anaerobic granulation (Li, Kuba, and Kusuda 2006). So far, no solid
evidence supports the mechanisms of aerobic granulation, as illustrated in figure 14.9,
thus such interpretations of aerobic granulation are subject to further discussion.
Consequently, the real role of starvation in aerobic granulation is still debatable and
different views exist in the present literature.

14.3 INFLUENCE OF SHORT STARVATION ON
AEROBIC GRANULES

To offer in-depth insights into the role of starvation in aerobic granulation, Z.-W.
Wang et al. (2006) investigated the influence of short starvation on aerobic granules
as presented below.
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FIGURE 14.9 Effect of EPS on aerobic granulation. (A) Seed sludge with low cell hydro-
phobicity and high negative charge; (B) flocs or granules with low surface negative charge
and high cell hydrophobicity; (C) aggregates of flocs or granules; (D) growth of granule
under given shear condition; (E) a reasonable amount of EPS. 1: Starvation-associated EPS
consumption; 2: facultative microorganisms-associated EPS consumption and production;
3: EPS-caused modifications of cell surface properties; 4: aggregation of flocs and growth
of granules; 5: shear force-enhanced granule structure and detachment. (From Li, Z. H.,
Kuba, T., and Kusuda, T. 2006. Enzyme Microb Technol 38: 670—674. With permission.)

14.3.1 INFLUENCE OF CARBON AND NUTRIENTS STARVATION ON
CeLL SURFACE PROPERTY

Figure 14.10 shows the effects of carbon, nitrogen, phosphorus, and potassium starva-
tion on cell surface hydrophobicity of aerobic granules. The cell surface hydrophobicity
tended to decrease in the course of the N, P, and K starvation cultures, for example,
the cell surface hydrophobicity decreased from the initial value of 80% to about 60%
after 4 hours of N and P starvation. Meanwhile, no significant change in cell surface
hydrophobicity of aerobic granules was found in the K starvation, whereas cell sur-
face hydrophobicity exhibited a slight increase by 7% in the course of C starvation
culture. Changes in cell surface zeta potential in the C, N, P, and K starvation batch
culture are shown in figure 14.11. The cell surface zeta potential of aerobic granules
under the respective C, N, P, and K starvation fluctuated around a certain value, that
is, no significant changes can be observed under these starvation conditions.

The fundamental principle of charge interaction shows that oppositely charged
objects will exert an attractive influence upon each other, while, in contrast to the
attractive force between two objects with opposite charges, two cells that are of like
charge will repel each other (figure 14.12). It is obvious that a negatively charged cell
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FIGURE 14.10 Changes in cell surface hydrophobicity in the course of the C, N, P,
and K starvation batch cultures. (Data from Wang, Z.-W. et al. 2006. Process Biochem
41: 2373-2378.)

will exert a repulsive force upon a second negatively charged cell, and this repulsive
force will push the two cells apart, and subsequently prevent microbial aggregation.

It is understandable that a weak repulsive force can be expected at a low
surface charge density, thus reduced surface charge density has been thought to
promote microbial aggregation, which is a key step towards to successful aerobic
granulation in SBRs. Furthermore, cell surface hydrophobicity seems to inversely
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depend on the surface charge density, which has been reported in activated sludge
as well as aerobic granules (Liao et al. 2001; Li, Kuba, and Kusuda 2006). Sponza
(2003) investigated physicochemical properties of different activated sludge flocs
under steady-state conditions, and correlated cell surface hydrophobicity in terms
of contact angle and surface charge density (figure 14.13). The salient points shown
in figure 14.13 are as follows:

1. The respective mean contact angle of the winery and municipal activated
sludge flocs was 7° and 9°, while contact angles of 37° and 42° were
obtained for activated sludge flocs grown on the pulp-paper, textile, and
petrochemical wastewaters. Obviously, those tested activated sludge flocs
exhibited typical hydrophilic or moderately hydrophobic properties, largely
determined by their own culture histories.

2. The activated sludge flocs grown on different types of industrial waste-
waters all carried negative charges on their surfaces. A floc surface with
lower negative charge exhibits a higher surface hydrophobicity, whereas the
more negatively charged floc surface reflect higher hydrophilicity.

It should be recalled here that the contact angle is the angle at which a liquid/
vapor interface meets the solid surface. For instance, on extremely hydrophilic
surfaces, a water droplet will completely spread with an effective contact angle of
0°. This occurs for surfaces that have a large affinity for water. On the contrary, on
many hydrophilic surfaces, water droplets will exhibit contact angles of 10° to 30°,
while on highly hydrophobic surfaces, which are incompatible with water, a large
contact angle of 70° to 90° can be observed.
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FIGURE 14.14 Changes in PS as a result of C, N, P, and K starvation. (Data from
Wang, Z.-W. et al. 2006. Process Biochem 41: 2373-2378.)

14.3.2 INFLUENCE OF CARBON AND NUTRIENTS STARVATION ON EPS CONTENT

Extracellular polysaccharides (PS) are sticky materials secreted by cells, and PS are
highly involved in adhesion phenomena, formation of matrix structure, microbial
physiology, and improvement of long-term stability of granules (see chapter 10). The
PS contents in aerobic granules before and after C, N, P, and K starvation were deter-
mined (Z. P. Wang et al. 2006). A reduction in the PS content was observed in all
four cases (figure 14.4), for example the PS content of aerobic granules was reduced
by 15% after 4-hours of N starvation, 30% after 4 hours of P starvation, while the
respective PS content was substantially reduced by 53% and 65%, respectively, after
4 hours of C and K starvation. These results imply that the C and K starvation have
the most profound negative effect on the PS content in aerobic granules. In addition,
Z. P. Wang, ZP et al. (2006) also reported that extracellular polymeric substances
(EPS) were produced mainly in the exponential phase, and served as carbon and
energy sources in the starvation phase during the granulation process, and they
thought that such a function of PS could regulate microbial growth in the interior
and exterior of granules and help maintain the integrity of aerobic granules.

14.3.3 INFLUENCE OF CARBON AND NUTRIENTS STARVATION ON
MicrosIAL AcTIVITY AND PRODUCTION

Figure 14.15 compares the specific oxygen uptake rate (SOUR) values before and
after the 4-hour C, N, P, and K starvation. The SOURSs of aerobic granules under the
C, N, and P starvation conditions decreased markedly, whereas an increase in the
SOUR after K starvation was observed. Furthermore, it appears from figure 14.16
that under the C and K starvation conditions, the growth of aerobic granules was
seriously suppressed. This may be due to the fact that carbon and potassium are two
essential elements that actively participate in the energy metabolism of cells.
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As discussed earlier, Tay, Liu, and Liu (2001a) thought that periodic starvation
observed in SBRs would induce cell surface hydrophobicity which in turn facilitates
aerobic granulation in the SBR. It appears from figure 14.10, however, that the cell
surface hydrophobicity of aerobic granules subjected to N and P starvation shows a
decreasing trend, while change in the cell surface hydrophobicity of the K-starved
aerobic granules is insignificant and only the C-starved aerobic granules demonstrate
a slight increase in cell surface hydrophobicity. In fact, the N and P starvations have
often been found to decrease microbial surface hydrophobicity (Bura et al. 1998;
Chen and Strevett 2003; Sanin et al. 2003). Regarding the C starvation, inconsistent
results can be found in the literature, for example, Chen and Strevett (2003) reported
a positive effect of C starvation on cell surface hydrophobicity, whereas Sanin et al.
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FIGURE 14.17 Effect of cell O/C ratio on cell surface hydrophobicity. (Data from Liu, Y.,
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(2003) found no effect of C starvation on cell surface hydrophobicity. Castellanos,
Ascencio, and Bashan (2000) even observed the adverse effect of C starvation on cell
surface hydrophobicity. Similar to figure 14.14, it has been shown in chapter 10 that a
considerable amount of hydrophilic EPS located in the granule core is biodegradable
to compensate for the shortage of energy source under the C starvation condition,
which subsequently results in a hollow granule structure (Z.-W. Wang, Liu, and Tay
2005). In fact, figure 14.10 indicates that there is no apparent positive effect of the
short term C, N, P, and K starvation on cell surface hydrophobicity.

The cell surface zeta potential of microorganisms reflects the charge density
of the cell surface. Aerobic granulation was found to be associated with a decrease
in the negative charge density of the cell surface (Li, Kuba, and Kusuda 2006). As
can be seen in figure 14.11, the fresh and starved aerobic granules both carry nega-
tive charge on their surfaces. Compared to the fresh aerobic granules, no significant
changes in the surface charges were observed in aerobic granules after the 4-hour
starvation. It was thought that cell surface hydrophobicity and surface charge are
closely related to the types of proteins located on the outer membrane of the cell,
while changes in outer membrane protein profiles have been commonly reported
during starvation for nitrogen, phosphorus, and potassium, for example starvation
of Escherichia coli for potassium and phosphate ions leads to a reversible increase
in the rate of protein degradation and an inhibition of ribonucleic acid synthesis
(Nystrom, Olsson, and Kjelleberg 1992; Kragelund and Nybroe 1994). By analyzing
elemental composition of aerobic granules, Y. Liu, Yang, and Tay (2003) found that
cell surface hydrophobicity was closely correlated to cell O/C ratio, that is, a high
cell O/C ratio resulted in a low cell surface hydrophobicity (figure 14.17). It seems
reasonable to consider that the cell O/C ratio, to a large extent, is determined by
membrane surface proteins.
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As can be seen in figure 14.14, the content of extracellular polysaccharides
decreased slightly in the N- and P-starved aerobic granules, while about 53% and 65%
of PS reduction was observed in aerobic granules deprived of carbon and potassium,
respectively. These results indicate that under the C- and K-starvation conditions,
aerobic granules prefer to metabolize their PS in order to provide energy for main-
taining basic functions of the living cells. This phenomenon has been observed
in other cultures under C-starvation conditions (Patel and Gerson 1974; Boyd and
Chakrabarty 1994; Ruijssenaars, Stingele, and Hartmans 2000; Zhang and Bishop
2003; Z.-W. Wang, Liu, and Tay 2005). It is reasonable to consider that microorgan-
ism would by all means make use of any potential carbon source to compensate for
the substrate shortage. Moreover, evidence shows that the disintegration of aerobic
granules was coupled with a sharp decrease in the PS content in aerobic granules
(Tay, Liu, and Liu 2001b), that is, the stability of aerobic granules is tightly associated
with the PS of aerobic granules which may serve as matrix materials to strengthen
the spatial structure of aerobic granules. One important engineering implication of
figure 14.14 is that when aerobic granules are subject to substrate and nutrient starva-
tions, especially C and K starvation, the reduced content of PS weakens the spatial
structure and the stability of aerobic granules. This in turn results in instability of
aerobic granular sludge. In fact, potassium deficiency is commonly found in indus-
trial wastewater (Murthy and Novak 1998).

Similar to figures 14.15 and 14.16, Hueting, de Lange, and Tempest (1979) also
observed a progressive increase in the respiration rate of cells, with a corresponding
fall in the biomass production under K limitation. Konings and Veldkamp (1980)
suggested that microorganisms had to increase the proton motive force to main-
tain the internal concentration constant of the limited essential cation, such as K*,
and such a response would lead to an increased rate of dissimilation of the energy
source, as shown in figures 14.15 and 14.16. Neijssel and Tempest (1979) further
found that there was a linear relationship between the specific rate of oxygen uptake
by K-limited cells and the electrochemical potential of the K gradient.

Increased biomass production was observed under the N- and P-starved cultures
of aerobic granules (figure 14.16). The increased cell mass during starvation for
nitrogen and phosphorus has been thought to be due to the accumulation of storage
compounds (Kragelund and Nybroe 1994), while Sidat, Bux, and Kasan (1999)
also found that under aerobic conditions, microorganisms can store polyphosphate
intracellularly, which serves as phosphorus and energy sources during phosphorus
starvation. According to the traditional activated sludge theory (Droste 1997), nitro-
gen and phosphorus are essentially required for biosynthesis of biomass in a ratio of
COD:N:P of 100:5:1. In order to maintain balanced metabolism, cells need to coordi-
nate the assimilation of nitrogen with the assimilation of carbon and other aspects of
metabolism. For aerobic granules deprived of nitrogen, hydrolysis of proteins is one
way that can provide nitrogen for microbial growth and maintenance. In fact, nitro-
gen released from hydrolysis of proteins has been reported (St. John and Goldberg
1980; Nystrom, Olsson, and Kjellegerg 1992; Kragelund and Nybroe 1994). As a
result of the protein hydrolysis, the SOUR of the N-starved aerobic granules was
reduced by 70% as compared to the fresh aerobic granules (figure 14.15). Thus, it
seems reasonable to consider that the biomass lost in the C-starvation condition
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Biochem 41: 2373-2378.)

(figure 14.16) can be attributed to the endogenous decay caused by the electron donor
limitation as well as the reduction of PS.

As discussed earlier, C, N, P, and K starvation did not show positive effects on
the stability of aerobic granules. A collective substrate and nutrients starvation test
was further conducted to look into the collective effects of those limitations together
on aerobic granules (Z.-W. Wang et al. 2006). The changes of granule properties in
terms of PS, SOUR, volatile solids (VS), hydrophobicity, and SVI as a result of this
collective starvation are presented in figure 14.18. It can be seen that PS, SOUR,
and VS tended to decrease, while hydrophobicity and SVI seemed to increase in
response to the collective starvation of aerobic granules. According to Z.-W. Wang,
Liu, and Tay (2005), the PS reduction shown in figure 14.18 should be due mainly
to the biodegradation of the hydrophilic PS, which in turn leads to the increased
cell surface hydrophobicity. The increased SVI shown in figure 14.18 implies that
this collective starvation results in poor settleability and less compact structure of
aerobic granules. The markedly reduced SOUR would be the result of the collective
limitation of substrate and nutrients.

Bulk liquid turbidity was also measured in the course of the collective starvation
(figure 14.19). It was found that the bulk liquid became more and more turbid with the
increase in the starvation time. This may indicate a bacterial detachment from aerobic
granules in response to the collective starvation. In fact, a similar phenomenon was
also found in the biofilm process under substrate- and nutrient-deficient conditions
(Sawyer and Hermanowicz 1998; Hunt et al. 2004).

The potential negative effects of starvation on the stability and activity of aerobic
granules has been demonstrated. It should be stressed that the genetic regulation of
the response to starvation should be understood in the near future, and how starvation
influences the cell surface of aerobic granules is still a subject of future discussion.
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FIGURE 14.19 Changes of bulk liquid turbidity in the course of collective substrate and
nutrients starvation. (Data from Wang, Z.-W. et al. 2006. Process Biochem 41: 2373-2378.)

14.4 CONCLUSIONS

A periodic aerobic starvation phase exists in SBRs, though different views can
be found with regard to the role of starvation in aerobic granulation. Some results
showed that starvation is essential in aerobic granulation, and can serve as a trigger
for microbial aggregation. However, it appears that aerobic C, P, N, and K starvation
can alter the surface properties of aerobic granules and cause negative effects on
the stability and activity of aerobic granules. Therefore, discussion on starvation in
aerobic granular sludge SBRs will continue and more in-depth research is needed to
clarify its role in aerobic granulation.
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15.1 INTRODUCTION

As shown in the preceding chapters, aerobic granulation is a tailored environmental
biotechnology for treating a wide variety of wastewaters. Similar to anaerobic
granulation, aerobic granulation is a microbial self-immobilization process that is
driven by selection pressures in the sequencing batch reactor (SBR) (see chapter 6).
Experimental evidence shows instability of aerobic granules is the major technical
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problem encountered in operating an aerobic granular sludge SBR, while filamentous
growth has been commonly observed in aerobic granular sludge SBRs (Tay, Liu, and
Liu 2001; Pan 2003; McSwain, Irvine, and Wilderer 2004; F. Wang et al. 2004;
Schwarzenbeck, Borges, and Wilderer 2005). Once filamentous growth dominates
the reactor, settleability of aerobic granules becomes poor. This eventually leads to
biomass washout and subsequent disappearance of aerobic granules. Thus, filamen-
tous growth, to a great extent, would be responsible for the observed instability of
aerobic granules. Instability of aerobic granules is a significant bottleneck in apply-
ing this novel wastewater treatment technology. The operating parameters that can
encourage filamentous growth and its control are not entirely clear, thus this chapter
attempts to discuss the operating conditions that may result in filamentous growth;
the major causes of filamentous growth in an aerobic granular sludge SBR; and
possible strategies for controlling filamentous growth.

15.2 CAUSES OF FILAMENTOUS GROWTH IN THE
ACTIVATED SLUDGE PROCESS

The activated sludge process often suffers from sludge bulking due to overgrowth of
filamentous microorganisms in the aeration tank. In order to understand and further
control filamentous growth in aerobic granular sludge SBRs, this section examines
some key parameters and their combinations that may be responsible for filamentous
growth in the activated sludge process.

15.2.1 WASTEWATER COMPOSITION

Carbohydrates have been known to favor the filamentous growth in the activated
sludge processes (J. Chudoba 1985; Bitton 1999; Eckenfelder 2000; Richard and
Collins 2003). According to Kappeler and Gujer (1994), various wastewater fractions
in terms of readily biodegradable substrate, surfactants, hydrophilic and lipophilic
slowly biodegradable substrate, and sulfide, can all strongly influence the biocenosis
composition. Nevertheless, in the operation of a full-scale activated sludge process,
wastewater fractions can hardly be manipulated because of large volume of influent.
Adjustment of wastewater composition is not a feasible strategy for controlling fila-
mentous growth.

15.2.2 SUBSTRATE AVAILABILITY

It is thought that filamentous microorganisms grow slowly, that is, they have very low
Monod affinity constant (K,) and maximum specific growth rate (y,,,,). According
to the kinetic selection theory, at low substrate concentration, filamentous organisms
achieve a high substrate removal rate compared with that of the floc-forming bacteria
that prevail at high substrate concentration (Chiesa and Irvine 1985; J. Chudoba 1985).
For example, the growth of Microthrix parvicella and the settling problems of the
activated sludge resulting from excessive growth of this filamentous species always
appear in the municipal wastewater treatment plants with biological oxygen demand
(BOD;) sludge loading rates of less than or equal to 0.1 kg kg™ day~! (Knoop and
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SVI (mL g™})

F/M Ratio

FIGURE 15.1 Effect of ratio of food to microorganisms (F/M) on sludge volume index
(SVI). (Adapted from Droste, R. L. 1997. Theory and practice of water and wastewater
treatment. New York: John Wiley & Sons.)

Kunst 1998). In the continuous activated sludge process, the ratio of food to micro-
organisms (F/M) is often used to describe the food availability to microorganisms.
Figure 15.1 shows the effect of F/M ratio on sludge settleability in terms of the sludge
volume index (SVI). The low substrate concentration-associated filamentous growth
and formation of pinpoint floc are often referred to as low F/M sludge bulking.

15.2.3 DissoLvep OXYGEN CONCENTRATION

The growth of some filamentous bacteria, such as Sphaerotilus and Haliscomeno-
bacter hydrossis, is favored by relatively low dissolved oxygen (DO) concentra-
tions (Bitton 1999; Eckenfelder 2000). For example, the growth of Thiothrix sp.
was favored by low DO concentrations (S. Lee et al. 2003), while other filamentous
bacteria, such as M. parvicella can grow over a wide range of DO concentrations
(Rossetti et al. 2005). T-' Benefield, Randall, and King (1975). So far, deficiency of
DO is believed to be one of the major causes responsible for most filamentous growth
in the activated sludge processes.

15.2.4 Soubs RetentioN TiME (SRT)

Because filamentous bacteria are slow growing, a long SRT favors their growth com-
pared to growth of floc-forming microorganisms. For a typical filamentous bacte-
rium, such as M. parvicella the maximum specific growth rate is 0.38 to 1.44 day™!
(Jenkins 1992; Tandoi et al. 1998; Rossetti et al. 2005). However, there are different
views with regard to the role of SRT in the growth of filamentous organisms. Droste
(1997) thought that in a complete-mix reactor, the activated sludge would tend to
become populated with filamentous organisms that exhibit poor settleability and
the sludge does not flocculate well; on the other hand, if the complete-mix activated
sludge reactor is operated at very long SRT, the sludge would present in the form of
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pinpoint flocs. It should also be pointed out that SRT and F/M ratio are interrelated
in the activated sludge process in a way such that (Droste 1997):

1
_ _ 15.1
S Y(F/M)—k, (15.1)

in which Y is the growth yield of activated sludge and k, is the decay rate constant.

15.2.5 NUTRIENT DEFICIENCY

Nutrient deficiency can encourage the growth of filamentous organisms. This indeed
is in line with the kinetic selection theory for filamentous growth (J. Chudoba, Grau,
and Ottava 1973). In general, filamentous organisms have a higher surface-to-volume
(A/V) ratio than nonfilamentous bacteria. This high A/V ratio enables them to take
up nutrients from culture media containing low levels of nutrients (e.g. nitrogen,
phosphorous, and other trace elements). This phenomenon is often observed in
the activated sludge process for industrial wastewater treatment. In addition, non-
filamentous sludge bulking caused by a nitrogen deficiency in industrial wastewater
treatment was also reported, for example, the activated sludge settled properly at an
influent BOD/N ratio of 100/4, while filamentous organisms tended to grow exces-
sively at one time during the reaction process when the BOD/N ratio was controlled
at 100/3; however, afterwards, the number of filamentous organisms began to reduce.
Meanwhile, an excessive growth of viscous Zoogloea was observed and nonfilamen-
tous activated sludge bulking occurred subsequently (Y. Peng et al. 2003).

15.2.6 TEMPERATURE

Temperature affects all biological reactions. The temperature coefficient for floc-
forming bacteria is 1.015 for municipal wastewater (Eckenfelder 2000), while the
estimated temperature coefficient values for M. parvicella strains 4B and RNI
are 1.140 and 1.105, respectively (Rossetti et al. 2002). For example, it was found the
high temperature favors the growth of Nocardia sp. (S. Lee et al. 2003). In fact, the
temperature-dependent filamentous growth can be interpreted well by the kinetic
selection theory developed by J. Chudoba, Grau, and Ottava (1973).

15.2 OUTGROWTH OF FILAMENTOUS BACTERIA IN
AEROBIC GRANULAR SLUDGE SBRS

As discussed in the preceding chapters, filamentous growth was found to be dominant
in glucose-fed aerobic granules, while aerobic granules grown on acetate tended to
become populated with nonfilamentous bacteria (figure 15.2). However, figure 15.3
further shows that even in acetate-fed aerobic granules, low levels or moderate levels
of filamentous bacteria can still be observed, and they likely serve as a backbone that
helps strengthen the spatial structure of aerobic granules. Filamentous bacteria have
also been found in phenol-fed aerobic granules (Jiang 2005) and in dairy effluent-
fed aerobic granules (Schwarzenbeck, Borges, and Wilderer 2005). These findings
imply that filamentous growth in aerobic granules is a very common phenomenon.
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FIGURE 15.2 Microstructures of aerobic granules grown on glucose (a) and acetate (b). (From
Tay, J. H., Liu, Q.-S., and Liu, Y. 2002. Environ Technol 23: 931-936. With permission.)

i
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FIGURE 15.3 Coexistence of nonfilamentous and filamentous bacteria in acetate-fed
aerobic granules. (From Liu, Y. Q. 2005. Research report, Nanyang Technological University,
Singapore. With permission.)

SVI has been commonly used as an excellent indicator of sludge settleability that
may indirectly reflect filamentous growth in activated sludge processes. Figure 15.4
shows changes in SVI and biomass concentration observed in a pilot-scale aerobic
granular sludge SBR fed with an acetate-based synthetic wastewater (Y. Q. Liu
2005). It is apparent that SVI tended to decline along with the formation of aerobic
granules, and such a trend was coupled with an increase in biomass concentration.
It was found that aerobic granules were highly stable from day 40 to day 100; after-
wards a sharp increase in SVI was observed (figure 15.4), indicating occurrence of
filamentous growth in aerobic granules. This point was further confirmed by micro-
scopic observations, as shown in figure 15.5.

In the activated sludge process, the sludge settleability can be classified according
to SVI. In general, activated sludge has very good settling characteristics if its SVI
value is below 80 mL g'. Figures 15.2 and 15.5 both show that the excessive growth
of filamentous bacteria in or on the aerobic granule causes poor settleability and
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FIGURE 15.4 Changes in biomass concentration and sludge volume index (SVI) in an
aerobic granular sludge SBR. (Data from Liu, Y. Q. 2005. Research report, Nanyang Techno-
logical University, Singapore.)

FIGURE 15.5 Morphology of nonfilamentous aerobic granules (a) on day 58 corresponding
tofigure 15.4 and filamentous aerobic granules (b) on day 129 corresponding to figure 15.4.
Bar: 2 mm. (From Liu, Y. Q. 2005. Research report, Nanyang Technological University,
Singapore. With permission.)
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FIGURE 15.6 Outgrowth of filamentous bacteria in aerobic granules grown on dairy
effluent. (From Schwarzenbeck, N., Borges, J. M., and Wilderer, P. A. 2005. Appl Microbiol
Biotechnol 66: 711-718. With permission.)

0.1 mm

FIGURE 15.7 Filamentous organisms observed on the surface of aerobic granules grown
on acetate. (From Wang, F. et al. 2004. IWA Workshop on Aerobic Granular Sludge,
Sept. 26-28. Munich, Germany.)

subsequently the washout of granular sludge from the SBR. This in turn can explain
the observed significant drop in biomass concentration (figure 15.4). Figure 15.6
shows the outgrowth of filamentous bacteria on aerobic granules grown on dairy
effluent, while filamentous growth was also observed in aerobic granules grown on
artificial wastewaters (figure 15.7, figure 15.8, and figure 15.9). Similar fluffy aerobic
granules were observed in SBR treating low-strength domestic sewage (de Kreuk and
van Loosdrecht 2006). It should be emphasized that low levels and moderate levels
of filamentous growth do not cause operational problems, and may even stabilize the
granule structure (figure 15.3).
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FIGURE 15.8 Filamentous growth in acetate-fed aerobic granules. (From Li, Z. H.,
Kuba, T., and Kusuda, T. 2006. Enzym Microb Technol 39: 976-981. With permission.)

FIGURE 15.9 Filamentous structure observed in glucose-fed aerobic granules: (a) a macro-
view and (b) a micro-view. (From Wang, Z. P. et al. 2006. Chemosphere 63: 1728-1735.
With permission.)

Similar to the situation in the activated sludge process, overgrowth of filamentous
bacteria in aerobic granular sludge SBRs is undesirable because it may eventually
result in (1) poor settleability of aerobic granules; (2) washout of filamentous granules
from the SBR; (3) out competition of filamentous granules over the nonfilamentous
granules; (4) increased suspended solids concentration in effluent; and (5) eventual
disintegration of aerobic granules. Therefore, the excessive filamentous growth would
lead to a failure of the aerobic granular sludge SBR. In fact, occurrence of filamentous
growth has been widely reported in aerobic granular sludge SBRs treating different
kinds of wastewater (Moy et al. 2002; Pan 2003; McSwain, Irvine, and Wilderer
2004; Tay et al. 2004; F. Wang et al. 2004; Hu et al. 2005; Jiang 2005; Schwarzenbeck,
Borges, and Wilderer 2005).
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15.4 CAUSES OF FILAMENTOUS GROWTH IN
AEROBIC GRANULAR SLUDGE SBRS

It is now clear that many factors can trigger filamentous growth in a biological pro-
cess. In this section, some possible causes for the overgrowth of filamentous bacteria
in aerobic granular sludge SBRs are identified and elaborated on.

15.4.1 TyPE OF SUBSTRATE

Filamentous growth in glucose-fed aerobic granules has been widely observed, while
nonfilamentous structures were found in acetate-fed aerobic granules (figure 15.2).
Scanning electron microscope (SEM) imaging revealed that glucose-fed granules
cultivated at an organic loading rate (OLR) of 6 kg chemical oxygen demand
(COD) m= d! had a hairy appearance with a loose microbial structure dominated by
filamentous bacteria (figure 15.10). These observations clearly show differences in
the morphology of both glucose- and acetate-fed granules that arise from the type of
substrate. Energy-rich substrates, such as glucose and sucrose, are known to support
the proliferation of filamentous bacteria in activated sludge (section 15.2.1) as well
as in anaerobic and denitrifying granular sludge (van der Hoek 1988; Thaveesri et al.
1995). Substrate-mediated differences in granule microstructure have also been
observed in upflow anaerobic sludge blanket (UASB) reactors treating a wide variety
of wastewaters (Fang, Chui, and Li 1995), while the excess of filamentous bacteria
caused a delay in anaerobic granulation (D. Zheng, Angenent, and Raskin 2006).
It is evident that the substrate may exert a strong selection on filamentous organ-
isms growing in aerobic granules; however, substrate alone may not offer a plausible
explanation for the outgrowth of filamentous organisms in aerobic granules, as
shown in figures 15.2 and 15.8.

The outgrowth of filamentous bacteria is usually detrimental to the activated
sludge processes and can lead to operational disorders, such as sludge bulking and

FIGURE 15.10 Microstructure of glucose-fed granules cultivated at 6 kg COD m= d-\.
(From Moy, B. Y. P. et al. 2002. Lett Appl Microbiol 34: 407-412. With permission.)
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FIGURE 15.11 Aerobic granules grown on different types of carbon source. 1: acetate;
2: glucose; 3: peptone; 4: fecula. (From Sun, F. Y. et al. 2006. J Environ Sci (China) 18: 864-871.
With permission.)

foaming. Filamentous bacteria create a loose microbial structure in glucose-fed
granules with adequate settling and strength characteristics, and such a loose micro-
bial structure enables the glucose-fed granules to sustain significantly higher OLRs
than the denser and more compact microstructure in the acetate-fed granules, before
mass transfer becomes restrictive (Moy et al. 2002).

Sun et al. (2006) investigated the effect of carbon source on the morphology and
characteristics of aerobic granules (figure 15.11). Filamentous organisms were devel-
oped in aerobic granules fed with acetate and glucose under given culture conditions,
while nonfilamentous structures were observed in aerobic granules grown on peptone
and fecula. This seems to indicate a close correlation of filamentous growth in aerobic
granules to the property of organic carbon source employed. Among all four carbon
sources studied, Sun et al. (2006) thought that peptone would be the optimal carbon
source for cultivating more stable aerobic granules with excellent settleability.

15.4.2 LoNG SoLips RETENTION TiIME IN AEROBIC GRANULAR SLUDGE SBRs

SRT represents the average retention time of biomass in a biological system, and is
known to be inversely correlated with the specific growth rate of microorganisms:
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FIGURE 15.12  Fluctuation of sludge retention time in an aerobic granular sludge SBR. (From
Liu, Q.-S. 2003. Ph.D. thesis, Nanyang Technological University, Singapore. With permission.)

1 . .
SRT = specific growth rate — specific decay rate (15.2)

In general, along SRT means a low specific growth rate. In the field of wastewater
biological treatment engineering, the mean SRT can be manipulated according to:

SRT = Total biomass in system (15.3)

Daily desludge rate

More sludge discharged daily would result in a shorter SRT.

During the formation of aerobic granules, a substantial amount of suspended
sludge is discharged out of the SBR in accordance with the preset selection pressures
in terms of settling time, volume exchange ratio, and effluent discharge time (see
chapter 6). As equation 15.2 shows, such an operation strategy would lead to a low
SRT in the period of granulation (figure 15.12). However, along with aerobic granu-
lation, the settleability of the biomass is progressively improved. As a result, the SRT
tends to gradually stabilize at about 25 days. In most aerobic granular sludge SBRs,
the SRT is not strictly controlled because of the selection pressure-based operation
strategy, and it may vary with changes in sludge settleability under given selection
pressures. A similar observation to that shown in figure 15.12 was also reported by
Pan (2003).

It has been hypothesized that filamentous bacteria have much lower maximum
specific growth rates than floc-forming bacteria, as illustrated in figure 15.13
(J. Chudoba 1985). If so, a long SRT would favor filamentous growth. Based on a
survey of domestic wastewater treatment plants, it has been concluded that an SRT of
longer than 10 days would generally cause serious filamentous growth because of the
presence of M. parvicella (Richard 1989). Lin (2003) found that microbial granules
developed at an SRT of about 10 days were quite stable, with a small granule size and
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FIGURE 15.13 Specific growth rates of floc-forming and filamentous bacteria versus
substrate concentration. (Adapted from Chudoba, J. 1985. Water Res 19: 1017-1022.)

absence of a fluffy outer growth, but in SBRs run at the SRT of 70 days, microbial
granules turned from nonfilamentous to fluffy or filamentous structure. Consequently,
the settleability of granules became poor, and they were eventually washed out of the
reactor. Thus, for successful operation of aerobic granular sludge SBRs, SRT should
be carefully controlled in order to ensure that it is within a range that is generally
acceptable for floc-forming bacteria, as outlined by Metcalf and Eddy (2003).

15.4.3 SuBSTRATE CONCENTRATION AND CONCENTRATION GRADIENTS

Generally, aerobic granular sludge SBRs often receive constant influent organics
concentration in terms of chemical oxygen demand (COD) (Beun et al. 1999;
D. C. Peng et al. 1999; Tay, Liu, and Liu 2001; Moy et al. 2002; Arrojo et al. 2004;
L. L. Liu et al. 2005). After the formation of aerobic granules, biomass concentration
in the SBR is typically in the range of several to 20 grams per liter, or even higher.
For a batch culture, the ratio of initial substrate concentration (S,) to initial biomass
concentration (X,) can be used to describe the availability of food to microorganisms
(P. Chudoba, Capdeville, and Chudoba 1992; Grady, Smets, and Barbeau 1996). An
aerobic granular sludge SBR involves a cyclic operation, and the initial biomass
concentration (X,) in each cycle varies with the number of cycles. Figure 15.14 and
figure 15.15 exhibit a typical changing trend of the S /X, ratio in an aerobic granular
sludge SBR fed with acetate as the sole carbon source. The salient points of these two
figures include (1) biomass concentration increases along with aerobic granulation
until a stable level is reached; and (2) increased biomass concentration results in a
low value of S, /X,. This may partially explain why filamentous growth is commonly
observed in aerobic granular sludge SBRs under conditions of high biomass concen-
trations (figure 15.4). As noted by Eckenfelder (2000), with degradable substrates
at low concentrations, filamentous growth is favored. As illustrated in figure 15.14,
high substrate concentration favors the growth of the floc-forming bacteria over fila-
mentous bacteria so that the floc-formers may dominate the system in this case.
Compared to activated sludge bioflocs, aerobic granules are larger in size, and
have a regular shape and compact structure. Y. Li and Liu (2005) have shown that at
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FIGURE 15.14 Change in the S /X, ratio in the operation of aerobic granular sludge SBRs.
(Data from Liu, Q.-S. 2003. Ph.D. thesis, Nanyang Technological University, Singapore.)
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FIGURE 15.15 Change in the S /X, ratio in the operation of an aerobic granular sludge SBR.
(Data from Wang, Z.-W. 2007. Ph.D. thesis, Nanyang Technological University, Singapore.)

low bulk substrate concentration, substrate diffusion is a limiting factor in aerobic
granular sludge SBRs. An example of the substrate gradient in an aerobic granule
is presented in figure 15.16, indicating that the substrate concentration inside the
aerobic granule is much lower than that in the bulk solution. Thus, the actual ratio of
substrate to biomass in aerobic granules is much smaller than the S, /X, values shown
in figures 15.14 and 15.15.

At diffusion limitation aerobic granules with porous structure and irregular
shape are developed. A similar phenomenon has been reported in the biofilm process.
For example, open, filamentous biofilm structures have been observed under low
substrate concentration, whereas compact and smooth biofilms arise at high sub-
strate concentrations (van Loosdrecht et al. 1995). In pure culture, the morphology
of a microbial colony depends on the micro-gradients of the substrate, and the devel-
opment of filamentous colonies was observed in low-substrate conditions (Ben-Jacob
etal. 1994). Similarly, when compact bioflocs are subject to low substrate conditions,
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FIGURE 15.16 Concentration profile of substrate within an aerobic granule with a radius
of 0.5 mm. (From Li, Y. 2007. Ph.D. thesis, Nanyang Technological University, Singapore.
With permission.)

their structures become more open and filamentous (Martins, Heijnen, and van
Loosdrecht 2003a). Consequently, substrate concentration can exert a double stress
on a microbial community through a low level of substrate in the liquid phase and
a steep gradient of substrate concentration within the granule. These factors appar-
ently promote filamentous growth in aerobic granular sludge SBRs.

Y. M. Zheng et al (2006) investigated the instability of aerobic granular sludge
cultivated in an SBR operated at a high OLR of 6.0 mg m= d-!, and found that
the compact bacteria-dominated aerobic granules were not stable and gradually
transited to large-sized filamentous ones with a diameter of 16 mm after 30 days of
operation. As a result, the hydrophobicity and specific gravity of aerobic granules
tended to decrease significantly. For large filamentous granules, due to the mass
transfer limitation and the possible presence of anaerobes in the core part of the
granules, they began to disintegrate and were washed out of the reactor, leading
to failure of the reactor. It is obvious that a high OLR is desirable in biological
wastewater treatment systems, as it can facilitate the treatment of high-strength
wastewaters using compact reactors with small footprints. Moy et al. (2002) reported
that glucose-fed aerobic granules were able to sustain the maximum OLR of 15 kg
COD m~ d! (figure 15.17), and these granules initially exhibited a fluffy loose mor-
phology dominated by filamentous bacteria at a low OLR, while the aerobic granules
subsequently evolved into smooth irregular shapes characterized by folds, crevices,
and depressions at the higher OLRs, and the tight bacteria clusters were observed
within an extracellular polymeric matrix.

15.4.4 DissoLveD OXYGEN DEFICIENCY IN AEROBIC GRANULES

An SBR is operated in a repeated cycle mode. Theoretically, the depth of dissolved
oxygen (DO) penetration in an aerobic granule is determined by the DO concentration
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FIGURE 15.17 Morphology of glucose-fed aerobic granules at the OLRs of 6 kg COD m= d-!
(@), and 15 kg COD m=3d-!(b). (From Moy, B. Y. P.etal. 2002. Lett Appl Microbiol 34: 407-412.
With permission.)

in the bulk solution and the oxygen consumption rate by aerobic granules under
given culture conditions. It is well known that DO deficiency favors filamentous
growth (Palm, Jenkins, and Parker 1980; Gaval and Pernelle 2003; Martins, Heijnen,
and van Loosdrecht et al. 2003b; Rossetti et al. 2005). In aerobic granular sludge
SBRs, it has been shown experimentally that a low DO concentration at 40% of
the saturation in combination with a pulse feed of easily degradable substrate leads
to enhanced filamentous growth and subsequent biomass washout, and as a result,
stable granular sludge could not be maintained (Mosquera-Corral et al. 2005). From
the point of view of industrial application, how to obtain stable aerobic granules at
relatively low dissolved oxygen concentrations remains a challenge and needs to be
resolved in the near future.

Figure 15.18 shows the typical DO profile in the liquid phase recorded during one
cycle of operation of an aerobic granular sludge SBR, and a valley region of DO was
found (Q.-S. Liu 2003). In an SBR the DO profile observed during the aerobic phase
should be correlated to the oxidation of external substrate. It was found that the DO
profile during one SBR cycle was coupled to the removal of external carbon source
in terms of total organic carbon (TOC) (figure 15.19). It is apparent that the reduction
of TOC through biological oxidation by aerobic granules results in a significant drop
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FIGURE 15.18 Dissolved oxygen profile in bulk solution during one cycle of operation of
an aerobic granular sludge SBR. (Data from Liu, Q.-S. 2003. Ph.D. thesis, Nanyang Techno-

logical University, Singapore.)
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FIGURE 15.19 Profiles of DO (®) and TOC (0) during one cycle of operation of an aerobic
granule SBR. (Data from Qin, L. 2006. Ph.D. thesis, Nanyang Technological University,
Singapore. With permission.)

of DO in the reactor. After the depletion of external carbon source, the DO returns
quickly to the saturation level under given conditions of operation.

The bulk DO concentrations reported in aerobic granular sludge SBRs have
varied in the range of 2 mg L! to the saturation concentration. DO concentration
below 1.1 mg L' has been found to have a negative effect on sludge settleability
and eventually leads to growth of filamentous bacteria (Martins, Heijnen, and van
Loosdrecht 2003b). A minimum DO concentration of 2 mg L~ has been recom-
mended for preventing the growth of filamentous bacteria, such as Sphaerotilus
natans (J. Chudoba 1985). The work by Wilen and Balmer (1999) confirms that
at low bulk DO concentrations of 0.5 to 2.0 mg L, the produced sludge had poor
settling property, leading to a high-turbidity effluent compared to those observed at
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FIGURE 15.20 Concentration profile of DO in an aerobic granule with aradius of 0.5 mm. (From
Li, Y. 2007. Ph.D. thesis, Nanyang Technological University, Singapore. With permission.)

high DO concentrations of 2.0 to 5.0 mg L. In fact, deteriorated settling properties
of sludge have been attributed mainly to excessive growth of filamentous bacteria
and the formation of porous flocs (Wilen and Balmer 1999).

The bulk DO concentration in an aerobic granular sludge SBR needs to be
sufficiently high in order to prevent filamentous growth. However, compared to
conventional bioflocs with a mean size of less than 100 um and a loose structure,
aerobic granules have a large size (0.25 to several millimeters) and a highly compact
structure. Therefore, the DO concentration gradient within the aerobic granule can
be quite steep, and the bulk concentration of DO does not reasonably reflect the true
situation within the aerobic granular sludge in the SBR. Y. Li and Liu (2005) showed
that diffusion of organic substrate and DO in the aerobic granule is a dynamic process.
In combination with the substrate utilization kinetics and molecular diffusion, a
steep gradient of DO has been shown to exist in aerobic granules (figure 15.20 and
figure 15.21). Indeed, sludge bulking has been previously hypothesized to originate
from the presence of gradients of substrate, DO, and nutrient concentrations in aggre-
gates of microbial sludge (Martins, Heijnen, and van Loosdrecht 2003a; Richard and
Collins 2003; Rossetti et al. 2005).

In aerobic granular sludge SBRs, the substrate utilization kinetics can be divided
into two regimens: (1) during operation at high bulk substrate concentration, the DO
concentration within the aerobic granule is a limiting factor; (2) once the bulk substrate
is depleted to low levels, the metabolic activity of the granule is thus determined by the
substrate concentration in the granule (Y. Li and Liu 2005). Due to cyclic operation,
granules are subjected to repeated limitations of DO and substrate. The repetition of
oxygen deficiency or other stresses can be an important inducer of the development of
dominant filamentous growth (Gaval and Pernelle 2003). The filamentous growth can
be stimulated when DO is reduced in an aerobic granular sludge SBR. This indicates
that in aerobic granular sludge SBRs filamentous growth is subject to diffusion-based
selection. Overcoming the occurrence of filamentous growth induced by a low DO
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FIGURE 15.21 Concentration profile of DO in an aerobic granule with aradius of 1.0 mm. (From
Li, Y. 2007. Ph.D. thesis, Nanyang Technological University, Singapore. With permission.)

level requires increasing the DO concentration in the bulk solution. However, this in
turn demands an expanded capacity of the aeration equipment or a reduced load of
organic matter. According to Palm, Jenkins, and Parker (1980), the bulk DO concen-
tration (mg L) in an activated sludge process that is needed for preventing filamen-
tous growth depends on the specific substrate utilization rate (U, kg COD kg! MLVSS
day™) and is greater than (U — 0.1)/0.22. It is obvious that aerobic granules are larger
and have a more compact structure than the activated sludge flocs. Therefore, the rela-
tionship recommended by Palm, Jenkins, and Parker (1980) is not easily translated to
the case of an aerobic granular sludge SBR.

15.4.5 NUTRIENT DEFICIENCY IN AEROBIC GRANULES

Nitrogen and phosphorus are two essential elements required for microbial growth.
As pointed out earlier, deficiency in the nutrient supply, especially nitrogen, com-
monly results in bulking of activated sludge (Bitton 1999; Eckenfelder 2000; Metcalf
and Eddy 2003; Y. Peng et al. 2003; Richard and Collins 2003; Rossetti et al. 2005).
A minimum ammonia concentration of 1.5 mg L' has been recommended in the
effluent to favor the growth of floc-forming microorganisms compared to that of
the filamentous microorganisms. In some cases, ammonia concentrations greater
than 1.5 mg L' may be required for effective suppression of filamentous growth
(Eckenfelder 2000). Most studies of aerobic granulation have used synthetic organic
wastewater with a COD/N ratio of 100:5. Because of potential diffusion limitations
in aerobic granules, the situation in a granular sludge SBR is likely more complex
than in a conventional activated sludge process.

According to the hypothesis of diffusion-based selection, substrate and nutrient
gradients in activated sludge flocs would trigger filamentous growth, that is, a large
concentration gradient within the floc favors selection of filamentous bacteria over
floc-forming bacteria (Martins et al. 2004). For comparison purpose, diffusion
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coefficients can be used. The values of the diffusion coefficients are 2.5 x 10 m? s
for acetate (Beyenal and Tanyolac 1994), 1.67 x 10° m? s~! for dissolved oxygen
(Chen, Juaw, and Cheng 1991), and 1.01 x 10~ m? s~! for ammonia (Rittmann and
Manem 1992). It is apparent that ammonia has the lowest diffusivity. This means that
the localized COD:N ratio within the aerobic granules would be much lower than that
in the bulk solution. Furthermore, a nitrogen deficiency may be encountered inside
the aerobic granule. In the absence of sufficient nitrogen, microorganisms tend to
produce a significant amount of extracellular polysaccharides (Aquino and Stuckey
2003; Richard and Collins 2003). This has been confirmed in aerobic granules where
a substantial accumulation of polysaccharides in the core part of the granule has
been observed (Z.-W. Wang, Liu, and Tay 2005). Therefore, to better understand
filamentous growth in aerobic granular sludge SBRs, possible nutrient deficiency
within the aerobic granules should be seriously taken into account. For the activated
sludge process, the recommended effluent total inorganic nitrogen and phosphate-P
concentrations are 1 to 2 mg L' for ensuring sufficiency of these nutrients (Richard
and Collins 2003).

High production of extracellular polymeric substances in aerobic granular sludge
has been commonly reported (see chapter 10). According to Richard and Collins
(2003), overproduction of extracellular polymeric substances is an important sign
of nutrient deficiency in the biological wastewater process. Jelly-like and viscous
aerobic granules have been found in aerobic granular sludge SBRs operated under
nutrient deficiency conditions (Z.-W. Wang, Liu, and Tay 2005). Similarly, jelly-like
activated sludge flocs have been often found in nutrient-deficient cultures in which
the floc contains as much as 90% extracellular polymeric substances on a dry weight
basis (Bitton 1999; Richard and Collins 2003). Extracellular polymeric substances-
rich flocs and aerobic granules have settling and stability problems.

15.4.6 TEMPERATURE SHIFT IN AEROBIC GRANULAR SLUDGE SBRs

As mentioned in chapter 14, section 14.2.6, the influence of the operating tempera-
ture on sludge morphology in activated sludge processes can be reasonably explained
by the kinetic selection theory (J. Chudoba, Grau, and Ottava 1973). However, there
is no published experimental data on the temperature-dependent filamentous growth
in aerobic granular sludge SBRs. Preliminary work suggests that in one case at
least, aerobic granular sludge SBRs run at 25°C were more susceptible to filamen-
tous growth compared to a similar reactor operated at 17°C (Y. Q. Liu 2005). This
observation is consistent with the kinetic selection theory. In a study of temper-
ature-dependent settleability of activated sludge, the SVI of activated sludge was
strongly increased with increase in temperature (Krishna and van Loosdrecht 1999).
In addition, increased temperature will reduce the DO concentration and this in turn
can promote filamentous growth, as discussed earlier.

de Kreuk, Pronk, and van Loosdrecht (2005) investigated the formation of
aerobic granules in an aerobic granular sludge SBR operated at moderate and low
temperatures. Their results showed that if the SBR was initiated at a low tempera-
ture of 8°C, irregular and unstable aerobic granules developed, while in an SBR
that was started up at 20°C and subsequently the temperature was lowered to 15°C
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FIGURE 15.22 Biomass distribution in aerobic granular sludge SBR with diameters of 5
and 20 cm. (Data from Tay, J. H. et al. 2004. J Environ Eng 130: 1102-1109.)

and further to 8°C, no adverse effects on granule stability and biomass retention
were observed. According to de Kreuk, Pronk, and van Loosdrecht (2005), aerobic
granular sludge SBRs should be initiated preferentially at high temperature, while
lowered temperatures should not pose serious problems for granule stability and the
reactor performance in terms of the removal of COD and phosphate after successful
development of aerobic granules in the system.

15.4.7 FLow PATTERNS IN AEROBIC GRANULAR SLUDGE SBRs

The kinetic selection theory shows that a high substrate gradient in the bulk solu-
tion can suppress excessive filamentous growth (J. Chudoba, Grau, and Ottaval973).
To achieve such a substrate gradient, a plug-flow reactor configuration needs to be
employed (J. Chudoba 1985; P. Chudoba 1991; Prendl and Kroiss 1998; Eckenfelder
2000). Tay et al. (2004) examined the granular biomass distribution in two aerobic
granular sludge SBRs with respective diameters of 5 cm and 20 cm, operated under
identical conditions (figure 15.23). A uniform biomass distribution along the reactor
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FIGURE 15.23 Morphology of aerobic granules developed in three SBRs with a respective
aerated fill of 0%, 55%, and 66%. (From McSwain, B. S., Irvine, R. L., and Wilderer, P. A.
2004. Water Sci Technol 49: 19-25. With permission.)

height was found in the 20-cm SBR, while a substantial axial gradient of biomass
was observed in the 5-cm SBR. These results suggest a completely mixed flow in
the 20-cm SBR and a possible plug-like flow in the 5-cm SBR. The 20-cm aerobic
granular sludge SBR was found to favor progressive growth of filamentous bacteria,
leading to complete disappearance of aerobic granules over a period of 100 days.
In contrast, aerobic granules were stably maintained in the 5-cm SBR, in which no
excessive filamentous growth was observed. Y. Liu and Tay (2002) postulated that
compared to a completely mixed flow pattern, a circulatory flow in SBRs would
facilitate aerobic granulation. Clearly, further study is required on how the hydro-
dynamics in aerobic granular sludge SBRs affect the development and stability of
aerobic granules.

15.4.8 LeNGTH OF AEroBIC FEEDING

Aerobic granules are often cultivated in SBRs with a very short fill or feeding time.
McSwain, Irvine, and Wilderer (2004) investigated the effect of intermittent feeding
on aerobic granule structure. Basically, intermittent feeding in an SBR can create a
period of high load, followed by a period of starvation in which external substrate is
no long available for microbial growth. It was found that aerobic granules formed in
all reactors operated at different aerated fill lengths ranging from 0% to 66% of the
total 90-minute fill phase. It can be seen in figure 15.24 that a long aerated fill length
seems to promote the development of filamentous granules, while compact and stable
aerobic granules were formed in the reactor with dump fill (e.g. 0% aerated fill). It
seems that an intermittent feeding strategy may affect the selection and growth of
filamentous organisms.

Decreased granule concentration and increased SVI were observed with increase
in the length of aerated fill from 0% to 66% (figure 15.25). These results seem to
imply that filamentous organisms can compete for organic substrate in the reactors
operated under the scheme of long aerated fill because of continuous feeding during
aeration, whereas the situation in the reactor run at the aerated fill of 0% is different.
As shown in figure 15.14, floc-forming organisms with high substrate utilization
kinetics are dominant over filamentous organisms. The following conclusions can be
drawn from the study by McSwain, Irvine, and Wilderer (2004): (1) feeding strategy
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FIGURE 15.24 Average MLSS M and SVI E at pseudo-steady state in SBRs operated at
the respective aerated fill of 0%, 55%, and 66%. (Data from McSwain, B. S., Irvine, R. L., and
Wilderer, P. A. 2004. Water Sci Technol 49: 19-25.)
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FIGURE 15.25 Propagation patterns of filamentous growth subject to periodic stresses in
an aerobic granular sludge SBR. (Adapted from Gaval, G. and Pernelle, J. J. 2003. Water Res

37: 1991-2000.)

has a significant effect on the structure of aerobic granules; (2) pulse feeding seems
to favor the formation of compact and dense aerobic granules; and (3) the feeding
strategy also alters the distribution of floc-forming bacteria over filamentous organ-
isms in aerobic granules.

15.5 PROPAGATION PATTERNS OF FILAMENTOUS GROWTH IN
AEROBIC GRANULAR SLUDGE SBRS

Development of filamentous growth can be regarded as a progressive process that is
associated with operational stresses, such as DO deficiency, nutrient deficiency, and
low substrate availability. Filamentous bacteria are likely to be present in almost all
kinds of aerobic granules, but at different levels. Gaval and Pernelle (2003) thought
that repetitive stresses would trigger a progressive increase in filamentous bacteria.
In aerobic granular sludge SBRs, the stresses are repetitive with the cyclic operation.
According to the repetitive stress theory and experimental observations, growth of
filamentous bacteria in aerobic granular sludge SBRs subjected to periodic stresses
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FIGURE 15.26 Change of sludge volume index (SVI) in an aerobic granular sludge SBR.
(Data from Schwarzenbeck, N., Borges, J. M., and Wilderer, P. A. 2005. Appl Microbiol
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FIGURE 15.27 Change in SVI during aerobic granulation in an SBR fed with a synthetic
wastewater containing mainly sucrose, peptone, and beef extract. (Data from Zheng, Y. M.,
Yu, H. Q., and Sheng, G. P. 2005. Process Biochem 40: 645-650.)

can be classified into three types: type 1, low-level or moderate-level filamentous
growth (figure 15.26a); type 2, transient filamentous growth (figure 15.26b); and
type 3, staircase filamentous growth (figure 15.26¢).

In the first response type (figure 15.26a), filamentous growth is negligible or
occurs at a low level without significant impact on granule settleability and stability.
This type of filamentous growth pattern has been observed experimentally in labora-
tory-scale aerobic granular sludge SBRs (Q.-S. Liu 2003; Yang, Tay, and Liu 2003;
de Kreuk and van Loosdrecht 2004; Tay et al. 2004; L. L. Liu et al. 2005). The
second response type (figure 15.26b) has been observed in aerobic granular sludge
SBRs treating dairy effluent and a synthetic wastewater, as illustrated in figure 15.26
and figure 15.27 (Schwarzenbeck, Borges, and Wilderer 2005; Y. M. Zheng, Yu,
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and Sheng 2005). The third response type (figure 15.26¢) is similar to that shown
in figure 15.4 and it eventually results in operational failure of the aerobic granular
sludge SBR.

15.6 CONTROL STRATEGY FOR FILAMENTOUS GROWTH

Filamentous growth in aerobic granular sludge SBRs is a more complicated phenom-
enon than in conventional activated sludge processes. This is mainly because the
diffusion of substrate, DO, and nutrients in aerobic granules can create stresses that
result in progressive filamentous growth. In aerobic granular sludge SBRs, multiple
stresses can exist simultaneously and filamentous growth may be a consequence of
the combined effect of more than one stresses.

In the activated sludge process, almost all control strategies of filamentous growth
are based on the kinetic or metabolic selection theory, for example, aerobic, anaerobic,
and anoxic selectors have been commonly employed to suppress filamentous growth
by creating high substrate gradients in the liquid phase (J. Chudoba, Grau, and Ottava
1973; Wanner et al. 1987; P. Chudoba 1991; Pujol and Canler 1994; Prendl and Kroiss
1998; Eckenfelder 2000; Y. Lee and Oleszkiewicz 2004). Likely, the same principle
can be applied to control filamentous growth in aerobic granular sludge SBRs.

In order to control filamentous growth in aerobic granular sludge SBRs, the
following points need to be carefully considered:

1. SRT must be controlled through daily granule discharge.

2. To avoid the DO-limiting situation, granule concentration should be con-
trolled within a reasonable range.

3. In view of intraparticle diffusion of substrate, nutrients, and DO, influent
COD:N:P ratio and DO level derived from the activated sludge processes
should be reexamined.

4. In most aerobic granular sludge SBRs, feeding time is often as short as a few
minutes. This diminishes substrate gradients in the liquid phase. Addition
of substrate in various aerobic feeding periods could create strong substrate
gradients in SBR and, consequently, improve the settleability of sludge
(Nowak, Brown, and Yee 1986; Bitton 1999; Martins, Heijnen, and van
Loosdrecht 2003a; McSwain, Irvine, and Wilderer 2004). As pointed out
by Bitton (1999), intermittent feeding patterns create favorable conditions
for the development of nonfilamentous bacteria that have high substrate
uptake rates during periods of high substrate concentration and a capacity
to store reserve materials during periods of starvation. In fact, increasing
evidence shows a positive role of materials storage in control of filamentous
growth (Martins et al. 2004).

5. Aerobic granules have a confined structure with different microbial species
coexisting. Research shows that selection of slow-growing bacteria (e.g.
P-accumulating bacteria and nitrifying bacteria) can help suppress filamen-
tous growth and further improve stability of aerobic granules (Lin, Liu, and
Tay 2003; de Kreuk and van Loosdrecht 2004; Y. Liu, Yang, and Tay 2004;
Zhu, Liu, and Wilderer 2004).
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15.7 CONCLUSIONS

Filamentous growth has been commonly reported in aerobic granular sludge SBRs.
This chapter discusses the problem of instability in aerobic granular sludge SBRs
from the perspective of filamentous growth. The possible causes of filamentous
growth are identified, including long retention times of solids, low substrate con-
centration in the liquid phase, high substrate gradient within the granules, DO and
nutrient deficiency in aerobic granules, temperature shift, and flow patterns. Present
experimental evidence shows that intermittent substrate feeding can offer an effec-
tive means of creating high substrate gradients in the liquid phase to help control
filamentous overgrowth in aerobic granular sludge SBRs.
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16.1 INTRODUCTION

There is evidence showing that the stability of aerobic granules is poorer than that of
anaerobic granules developed in upflow anaerobic sludge blanket (UASB) reactors
(Morgenroth et al. 1997; Peng et al. 1999; Zhu and Liu 1999). Experimental results
from two pilot plants operated as sequencing batch bubble columns demonstrated
the feasibility of the aerobic granulation technology in treating real industrial waste-
water; however, a big concern remains granule stability, as well as the economic
competitiveness (Inizan et al. 2005). Obviously, the poor stability of aerobic granules
would limit its application in wastewater treatment practice.

The instability of aerobic granules is probably due to the fact that aerobic bacte-
ria can grow much faster than anaerobic bacteria do. In fact, the stability of biofilm is
closely related to the growth rate of bacteria, that is, the higher growth rate of bacteria
resulted in a weaker structure of biofilm (Tijhuis, van Loosdrecht, and Heijnen 1995;
Y. Liu 1997; Kwok et al. 1998). To date, the question of how to improve the stability
of aerobic granules remains unanswered. Therefore, this chapter explores a micro-
bial selection-based strategy for improving the stability of aerobic granules. This
would be very useful for the development of a full-scale aerobic granular sludge
sequencing batch reactor (SBR) for wastewater treatment.

287
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FIGURE 16.1 Changes in size of microbial aggregates. ®: substrate N/COD ratio of
5/100; ©: 10/100; ¥: 20/100; A: 30/100. (Data from Liu, Y., Yang, S. F., and Tay, J. H. 2004.
J Biotechnol 108: 161-169.)

16.2 IMPROVED STABILITY OF AEROBIC GRANULES BY
SELECTING SLOW-GROWING NITRIFYING BACTERIA

Under hydrodynamic conditions, the growth of aerobic granules after the initial cell-
to-cell attachment is the net result of interaction between bacterial growth and detach-
ment, while the balance between growth and detachment processes in turn leads to
an equilibrium or stable granule size (Y. Liu and Tay 2002). Thus, size evolution
of the microbial aggregates can be used to describe the growth of granular sludge.
Figure 16.1 shows the evolution of microbial aggregates in terms of size observed at
different substrate N/COD ratios. It can be seen that the size of microbial aggregates
increases gradually and finally stabilizes. According to the granular growth curves
shown in figure 16.1, the aerobic granulation process can be categorized in three
phases, that is, the acclimation or lag phase, granulation, and maturation, indicated
by a stable granule size in the four reactors.
The specific growth rate (u,) by size of microbial aggregates can be defined as:

_dD/dt

d D (16.1)

in which D is the mean size of the microbial aggregates, and ¢ is operation time. In
the granulation phase, as shown in figure 16.1, integrating equation 16.1 gives:

InD = ,t + constant (16.2)
Hence, the observed size-dependent specific growth rate of microbial aggregate can

be determined from the slope of the straight line described by equation 16.2. It should
be pointed out that this approach has been successfully employed to estimate the
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FIGURE 16.2 Effect of substrate N/COD ratio on p, (® and (SOUR)/(SOUR), ()
of aerobic granules. (Data from Liu, Y., Yang, S. F., and Tay, J. H. 2004. J Biotechnol
108: 161-169.)

growth rates of biofilms and anaerobic granules (Y. Liu 1997; Yan and Tay 1997).
Figure 16.2 shows the effect of substrate N/COD ratio on . It is obvious that a higher
substrate N/COD ratio results in a lower specific growth rate of aerobic granules.

According to Y. Liu, Yang, and Tay (2004), the overall activity of the hetero-
trophic population in stable aerobic granules can be quantified by its specific oxygen
utilization rate (SOUR),;, while the overall nitrifying activity is represented by the
sum of the activities of ammonia oxidizer and nitrite oxidizer, namely (SOUR)y.
The relative activity of the nitrifying population over the heterotrophic population in
aerobic granules developed at different substrate N/COD ratios is shown in figure 16.2.
The (SOUR)/(SOUR),, ratio exhibits an increasing trend with the increase of sub-
strate N/COD ratio. It has been reported that the activity distribution of the nitri-
fying population over the heterotrophic population in biofilms was proportionally
related to the relative abundance of two populations under given conditions (Moreau
et al. 1994). Figure 16.3 further indicates that the increased (SOUR)/(SOUR), ratio
would result in a lower observed growth rate of aerobic granules and an improved
cell surface hydrophobicity; figure 16.4 and figure 16.5 reveal that aerobic granules
with low growth rate have smaller size and more compact structure. As can be seen
in figure 16.6, both specific gravity and the sludge volume index (SVI) of aerobic
granules are closely correlated to the cell surface hydrophobicity, that is, high cell
surface hydrophobicity leads to a compact structure of the aerobic granule.

It appears from figure 16.1 that aerobic granulation is a gradual rather than instant
process from dispersed sludge to mature aerobic granules with a stable size. The
acclimation phase observed in figure 16.1 implies that a newly inoculated culture does
not begin growing immediately, and a period of about 10 days is required for bacteria
to adopt to a new environment instead of growth. The observed growth rate by size
and mean size at equilibrium of aerobic granules are closely related to the substrate
N/CQOD ratio, that is, higher substrate N/COD ratio results in smaller granules with
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FIGURE 16.4 Effect of p, on stable granule size. (Data from Liu, Y., Yang, S. F., and
Tay, J. H. 2004. J Biotechnol 108: 161-169.)

lower growth rate (figure 16.2). Figure 16.2 also reveals that the nitrifying population
in aerobic granules is enriched with the increase of the substrate N/COD ratio. As a
result, the heterotrophs in aerobic granules become less and less dominant at high
substrate N/COD ratio. It seems that the high substrate N/COD ratio is an important
factor that selects nitrifying population. Since the growth of nitrifying bacteria is
much slower than heterotrophs (Sharma and Ahlert 1977), aerobic granules may offer
a protective matrix for the nitrifying population to grow on without the risk of being
washed out of the system.
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FIGURE 16.6 Relationships of specific gravity () and SVI (0) to cell hydrophobicity
of aerobic granules. (Data from Liu, Y., Yang, S. F.,, and Tay, J. H. 2004. J Biotechnol
108: 161-169.)

It appears from figure 16.3 that the specific growth rate of aerobic granules
is closely related to the distribution of the nitrifying population over the hetero-
trophic population in aerobic granules. This suggests that the enriched nitrifying
population in aerobic granules is mainly responsible for the lowered growth rate of
aerobic granules developed at high substrate N/COD ratios. In a study of anaerobic
granulation, Yan and Tay (1997) thought that if granulation is purely the result of
bacterial aggregation and growth and the granule formed is ideal, a relationship
between specific growth rate by size and that by biomass can be derived as follows:
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in which , is specific growth rate by biomass (g biomass g~ biomass d™'), X is bio-
mass concentration of granules, and p is density of granules. According to equation
16.3, the specific growth rate by size can be converted to the specific growth rate by
biomass. The respective y, value of aerobic granules developed at substrate N/COD
ratios of 5/100, 10/100, 20/100, and 30/100 is 0.3, 0.21, 0.15, and 0.12 d~! (Y. Liu,
Yang, and Tay 2004). The p, values of nitrifying population-enriched aerobic
granules are comparable with those found in nitrifying biofilms (Oga, Suthersan,
and Ganczarczyk 1991).

Aerobic granules have been considered to have relatively low stability (Morgenroth
et al. 1997; Zhu and Liu 1999). Obviously, the poor stability of aerobic granules will
limit their application in wastewater treatment. The cause behind the poor stability
of aerobic granules would be due to the fast growth of heterotrophic bacteria that
dominate aerobic granules. The nitrifying population grows much more slowly than
heterotrophs, while the physical structure of nitrifying biofilms is much stronger than
heterotrophic biofilms (Oga, Suthersan, and Ganczarczyk 1991). Figure 16.3 reveals
that the observed growth rate of aerobic granules can be significantly lowered by
enrichment of the nitrifying population, and this can be realized through properly
controlling the substrate N/COD ratio. As can be seen in figures 16.4 and 16.5, the
lowered growth rate in turn results in a smaller size of aerobic granules, but with a
higher specific gravity, indicating a compact, strong microbial structure. It further
appears from figure 16.7 that large granules have a loose structure. This observation is
consistent with those found in biofilms, that is, the compactness of biofilm is reduced
with the increase in biofilm thickness (Kwok et al. 1998; Y. Liu and Tay 2002). These
all point to the fact that the structural stability of aerobic granules can be significantly
improved by selecting slow-growing nitrifying bacteria.

Aerobic granulation is known as a microbial self-immobilization process that
should be similar to the growth of biofilm (Y. Liu and Tay 2002). In a study of
biofilms, there is evidence that the strength of biofilms is negatively related to the
growth rate of microorganisms (Tijhuis, van Loosdrecht, and Heijnen 1995). Kwok
et al. (1998) reported that the biofilm density decreased as the growth rate increased,
while the density of nitrifying biofilm was found to be higher than that of hetero-
trophic biofilm (Oga, Suthersan, and Ganczarczyk 1991). This is consistent with the
results reported in figures 16.4 and 16.5. Similarly, in the anaerobic granulation pro-
cess, it was also observed that a high biomass growth rate led to a reduced strength
of anaerobic granules, that is, partial loss of structural integrity and disintegration
occurs at high biomass growth rates (Morvai, Mihaltz, and Czako 1992; Quarmby
and Forster 1995). It becomes clear that the high observed growth rate would encour-
age the outgrowth of aerobic granules, leading to a rapid increase in the size of the
granules, as well as a loose structure with low biomass density.

As discussed earlier, a high substrate N/COD ratio appears to favor the selection
of nitrifying bacteria in aerobic granules, thereby one possible operation strategy
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FIGURE 16.7 Relationship between stable mean size and specific gravity of aerobic
granules. (Data from Liu, Y., Yang, S. F,, and Tay, J. H. 2004. J Biotechnol 108: 161-169.)

that can help to improve the stability of aerobic granules is to select slow-growing
nitrifying bacteria in aerobic granules by controlling the feed N/COD ratio.

A mushroom-like structure was observed in aerobic granules cultivated at the sub-
strate N/COD ratio of 20/100 (figure 16.8a), and a similar structure was also observed
in granules developed at the substrate N/COD ratio of 30/100. However, the aerobic
granules developed at the substrate N/COD ratio of 5/100 displayed a nonclustered
structure. CLSM (confocal laser scanning microscope) images of FISH (fluorescent
in situ hybridization) further revealed that the nitrifying population was dominant
in the clusters (figure 16.9). Figure 16.8b shows that the top layer mainly consists
of cocci-shaped bacteria, while rod-shaped bacteria are dominant subsequently. Tay
et al. (2002) also reported that the nitrifying population was mainly located at a
depth of 70 to 100 pm from the surface of the granule. In fact, previous research
showed that biofilm of mixed bacterial communities formed thick layers consisting
of differentiated mushroom-like structures (Costerton et al. 1994), which are very
similar to that observed in figure 16.8a. Figure 16.2 shows that the relative abundance
of the nitrifying population over the heterotrophic population in the aerobic granules
grown at the substrate N/COD ratio of 5/100 is very low as compared to the granules
developed at high substrate N/COD ratios. At high substrate N/COD ratio, competi-
tion between nitrifying and heterotrophic populations on nutrients is significant.

It has been demonstrated that biofilm can form the mushroom-like structure
by simply changing the diffusion rate, that is, the biofilm structure is largely deter-
mined by nutrient concentration (Wimpenny and Colasanti 1997). In fact, bacteria
may sense and move towards nutrients (Prescott, Harley, and Klein 1999). Because
of their slow growth rate, the mushroom-like structure would result from the demand
of the nitrifying population on nutrients, and it in turn ensures that the nitrifying
population in aerobic granules can maximize access to nutrients. As Watnick and
Kolter (2000) noted, in mixed biofilms, bacteria distribute themselves according to
who can survive best in the particular microenvironment, and the high complexity
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FIGURE 16.8 Mushroom-like structure of an aerobic granule developed at a substrate
N/COD ratio of 20/100. (From Liu, Y., Yang, S. F., and Tay, J. H. 2004. J Biotechnol
108: 161-169. With permission)

of a microbial community would be beneficial to its stability. These findings seem
to indicate that the mushroom-like structure of densely slow-growing nitrifying
bacteria would contribute to the stability of aerobic granules developed at high sub-
strate N/COD ratios. In a study of activated sludge floc stability, a similar remark
was also made by Wilen, Jin, and Lant (2003). Consequently, the organization of dif-
ferent microbial populations may have an effect on the stability of aerobic granules.

16.3 IMPROVED STABILITY OF AEROBIC GRANULES
BY SELECTING SLOW-GROWING P- OR
GLYCOGEN-ACCUMULATING ORGANISMS

It is clear that selection of slow growing organisms can improve the density and
stability of aerobic granules. de Kreuk and van Loosdrecht (2004) thought that
to lower the growth rate of organisms in aerobic granules, easily biodegradable
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FIGURE 16.9 Distribution of ammonium-oxidizing bacteria (AOB) in an aerobic granule.
White color represents AOB. (Courtesy of Dr. V. Ivanov, Nanyang Technological University,
Singapore.)

substrate needs to be converted to slowly degradable organics, namely microbial
storage polymers. It has been known that phosphate- or glycogen-accumulating
organisms can perform such a conversion of external organic carbon to storage
polymers. The experimental work by de Kreuk and van Loosdrecht (2004) showed
that the selection or enrichment of P-accumulating or glycogen-accumulating organ-
isms in aerobic granules indeed would lead to stable aerobic granules.

Heterotrophic bacteria growing on the slowly biodegradable storage polymers,
such as poly-B-hydroxybutyrate (PHB) or glycogen, may have smaller growth rates
as compared to those growing on easily biodegradable organic substrates (Carta et al.
2001). For promoting the conversion of an external carbon source to the storage poly-
mers, a long anaerobic feeding period has been often practiced followed by an aerobic
reaction phase. By implementing such an operation strategy in an SBR, selection of
slow-growing P- or glycogen-accumulating organisms would be expected (de Kreuk
and van Loosdrecht 2004). On the contrary, Li, Kuba, and Kusuda (2006) found that
when the aerobic filling time was extended from 5 to 30 minutes, the dense and com-
pact aerobic granules were gradually shifted into a light and loose filamentous granular
structure, that is, the extension of the aerobic filling time eventually led to instability
and the failure of the aerobic granular sludge SBR. It has been reported that when
dosage of external phosphate was no longer available, P-accumulating organisms
tended to gradually disappear and be replaced by glycogen-accumulating organisms
in aerobic granules. Even in this case, the characteristics of aerobic granules seemed
not to change significantly, and smooth, dense and stable aerobic granules could be
maintained in the SBR (de Kreuk and van Loosdrecht 2004).

So far, evidence shows that a high dissolved oxygen (DO) concentration is
necessary for stable aerobic granulation in SBRs (see chapter 8). However, low oxygen
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concentration is desirable in order to make aerobic granulation technology economi-
cally competitive over the conventional activated sludge processes. According to the
substrate availability, the operation of an SBR can be roughly divided into two dis-
tinct phases or periods, that is, feast and famine periods (Tay, Liu, and Liu 2001; Q.-S.
Liu 2003; de Kreuk and van Loosdrecht 2004). Theoretically, the feast period is the
period in which the external energy source (e.g. substrate) is available for microbial
growth, while after depletion of the external substrate, the culture comes to the famine
phase in which only internally stored polymers are available for microbial use.

Y. Q. Liu and Tay (2006) looked into the possibility of variable aeration in an
aerobic granular sludge SBR, and they found that after the aeration rate was reduced
from 1.66 to 0.55 cm s7! in the famine period, the settleability of aerobic granules in
the SBR with reduced aeration was the same as that of aerobic granules in the SBR
with constant aeration rate of 1.66 cm s~!. It is apparent from figure 16.10 that reduc-
ing the aeration rate during the famine period would not have a significant effect
on the stable operation of the aerobic granular sludge reactor, whereas the aeration
rate in the feast period is crucial for the stable operation of the aerobic granular
sludge. Obviously, by implementing an operation strategy with reduced aeration in
the famine phase, a significant reduction in energy consumption would be expected
in aerobic granular sludge SBRs.

16.4 IMPROVED STABILITY OF AEROBIC GRANULES
BY SELECTING AGED AEROBIC GRANULES

It can be seen in the above discussion that selection of slow-growing bacteria can sig-
nificantly improve the stability of aerobic granules developed in SBRs. In terms of the
process operation, a long solids retention time (SRT) means a low specific microbial
growth rate. Based on this basic idea, Li, Kuba, and Kusuda (2006) tried to control
the growth rate of aerobic granules by specifically selecting young or aged granules.
When young aerobic granules were regularly removed, more and more aged granules
would accumulate in the system, leading to a reduced biodiversity of those remaining
aerobic granules. It has been thought that the reduced biodiversity due to enriched
aged aerobic granules would help to select slow-growing bacteria and thus increase the
stability of aerobic granules (Li, Kuba, and Kusuda 2006). Along with the takeout of
young aerobic granules, granules remaining in the SBR would become more aged, and
subsequently a remarkable increase in the granule ash content was observed (Li, Kuba,
and Kusuda 2006). If the aged aerobic granules were removed from SBR, Li, Kuba,
and Kusuda (2006) found that large, loose aerobic granules appeared and dominated
the system. This may be due to the fact that filamentous microorganisms grew exces-
sively in the system, eventually leading to instability of aerobic granules.

16.5 CONCLUSIONS

The stability of aerobic granules is key to long-term and stable operation of aerobic
granular sludge bioreactors. In this respect, the selection and enrichment of
slow-growing organisms, such as nitrifying bacteria, P-accumulation and glycogen-
accumulating organisms, appears to be the most feasible engineering strategy.
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FIGURE 16.10 SVI, biomass concentration, and average particle size of aerobic granular
sludge in two SBRs operated at (A) reduced aeration rate of 0.55 cm s~! and (A) constant
aeration rate of 1.66 cm s'. (Data from Liu, Y. Q. and Tay, J. H. 2006. J Biotechnol
124: 338-346.)
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17.1 INTRODUCTION

Aerobic granulation technology has been applied for the high-efficiency treatment of a
wide variety of wastewater including toxic wastewater, and it has been demonstrated
in pilot-scale plants (de Bruin et al. 2004; de Kreuk, de Bruin, and van Loosdrecht
2004; Liu et al. 2005), while its full scale application has not yet been reported.
In industrial practice, the fast and easy startup of upflow anaerobic sludge blanket
(UASB) reactors can be realized by seeding anaerobic granules directly into the
reactor. This will significantly reduce the time required for anaerobic granulation
which usually takes 2 to 8 months. A similar startup strategy is also applicable
in initiating aerobic granular sludge sequencing batch reactors (SBRs). Existing
evidence shows that aerobic granules can be stored over a period of 7 weeks, and its
activity quickly recovered (Zhu and Wilderer 2003), while J. H. Tay, Liu, and Liu
(2002) also found that aerobic granules can be stably stored for 4 months at 4°C.
These findings suggest that use of the stored aerobic granules as seed would be
feasible in full-scale operation of aerobic granular sludge SBRs.

301
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FIGURE 17.1 Morphology of bioparticles in the pilot-scale SBR at day 1 (A), day 5 (B),
day 20 (C), and day 65 (D). Scale bar: 4 mm. (From Tay, J. H. et al. 2004. Proceedings of
Workshop on Aerobic Granular Sludge, Munich, Germany. With permission.)

17.2 STARTUP OF PILOT-SCALE AEROBIC GRANULAR
SLUDGE SBRS

J. H. Tay et al. (2004) investigated aerobic granulation in a pilot-scale SBR. The
pilot-scale aerobic granular sludge SBR was initiated by seeding mature aerobic
granules harvested from a laboratory-scale SBR.

17.2.1 CoMmPpARISON OF PiLOT- AND LABORATORY-SCALE SBRs

The seed aerobic granules used in the pilot study had a mean diameter of 0.83 mm
(figure 17.1A). It was found that aerobic granules tended to disintegrate shortly after
seeding into the pilot-scale SBR, and loose flocs became dominant in the reactor
on day 5 (figure 17.1B). As a result, the mean diameter of bioparticles decreased
to 0.19 mm and the sludge volume index (SVI) increased from 19 to 175 mL g
(figure 17.2A). However, compact aggregates were gradually re-formed on day 20,
indicated by a mean diameter of 0.4 mm and an SVI of 63 mL g (figure 17.1C).
The granule size continued to increase up to a peak value of 1.4 mm on day 50, and
finally stabilized at this level with an SVI of around 26 mL g! (figure 17.2A). It can
be seen that the steady-state granules in the pilot-scale SBR had a compact structure
similar to the seed granules, but they were larger in size (figure 17.1A and D). Unlike
the evolution of aerobic granules in the pilot-scale SBR, aerobic granules in the labo-
ratory-scale SBR remained stable throughout the whole study period, indicated by
relatively constant granule size and SVI, and there was an increase in size during the
first 2 weeks (figure 17.2B).
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FIGURE 17.2 Changes in mean diameter (®) and SVI (O) of bioparticles in the course of
operation of a pilot-scale SBR (A) and a laboratory-scale SBR (B). (Data from Tay, J. H. et al.
2004. Proceedings of Workshop on Aerobic Granular Sludge, Munich, Germany.)

The initial increase in granule size in the laboratory-scale SBR was probably due to
the relatively low sludge concentration when the reactor was started up (figure 17.3B).
Low biomass concentration would lead to fewer collisions among granules and
weaker detachment from individual granule. Difference in granule size observed in
the pilot- and laboratory-scale SBRs at steady state can likely be attributed to differ-
ent shear and detachment forces in the two reactors. Figure 17.4 shows that more bio-
mass was retained in the bottom half of the laboratory-scale SBR, whereas an even
biomass distribution was observed in the pilot-scale SBR. The high accumulation of
granular sludge at the bottom of the laboratory-scale SBR would certainly increase
the collision and detachment rate among the granule particles. Consequently, smaller
granules were developed in the laboratory-scale SBR. As discussed in chapter 2, the
size of aerobic granules is inversely correlated to the shear force generated by the
air bubbles and collisions among the sludge particles (J. H. Tay, Liu, and Liu 2004).
The size of the granules developed in the stable laboratory-scale SBR was similar to
the seed granules (figure 17.2). The similarity in size is not unexpected because the
reactor configuration and operating conditions were similar in the laboratory-scale
SBR and the reactor used for precultivation of seed granules.

The biomass concentration in both pilot- and laboratory-scale SBRs was the
same at the level of 0.4 g L' at the reactor startup (figure 17.3). The biomass concen-
tration tended to gradually increase to 6.5 g L' in the first 3 weeks of operation in
both reactors. A drop in biomass concentration was observed in the period of day 30
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FIGURE 17.3 Sludge concentration versus time in pilot-scale (A) and laboratory-scale (B)
SBRs. (From Tay, J. H. et al. 2004. Proceedings of Workshop on Aerobic Granular Sludge,
Munich, Germany.)

to 40, which resulted from a reduced settling time in the SBR from 5 to 2 min. Obvi-
ously, this would cause the washout of slow-settling sludge, leading to a temporary
reduction in biomass concentration. On the other hand, the shorter settling time also
exerted a stronger selection pressure on biomass, which in turn encourages the reten-
tion of biomass with excellent settleability, as discussed in chapter 6. Consequently,
the biomass concentration gradually increased over time and finally stabilized at
8.0 g L' in both reactors. These results seem to indicate that the seed granules
in the laboratory-scale SBR can be successfully maintained, and new granules can
grow immediately after the reactor startup, while granules can be lost but re-formed
shortly from disintegrated granules in the pilot-scale SBR.

The distribution of biomass concentration along the reactor height was different
in the pilot- and laboratory-scale SBRs (figure 17.4). The biomass was distributed
rather evenly along the reactor height in the pilot-scale SBR, whereas more biomass
was accumulated in the lower half of the laboratory-scale SBR. This may be due to
the difference of hydrodynamic conditions in the two reactors. It is believed that the
initial disappearance of aerobic granules and dominant growth of bioflocs in the
pilot-scale SBR was likely linked to the prevailing hydrodynamic conditions due to
different reactor diameters. Moreover, the size and location of air diffusers in the
column SBR would also affect the hydrodynamic flow pattern. However, the cycle
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FIGURE 17.4 Sludge distribution along the reactor height during the first day (A) and at
steady state (B). ®: pilot-scale SBR; A: laboratory-scale SBR. (From Tay, J. H. et al. 2004.
Proceedings of Workshop on Aerobic Granular Sludge, Munich, Germany.)

operation of SBR provides a selective process that allows for the gradual redevelop-
ment of granular biomass with good settling characteristics. For instance, a short
settling time promotes the selection of fast-settling bioparticles.

17.2.2  CHARACTERISTICS OF AEROBIC GRANULES DEVELOPED IN
PiLoT- AND LABORATORY-SCALE SBRs

17.2.2.1 Granule Size and Morphology

The mean diameter of aerobic granules developed in the pilot-scale SBR was 1.37 mm
(table 17.1), which was larger than that of the seed granules with a typical size of
0.83 mm. Aerobic granules cultivated in the laboratory-scale SBR had a similar size
as the seed granules. These two kinds of aerobic granules exhibited a similar mor-
phology in terms of aspect ratio and roundness. In fact, a very wide size range of
aerobic granules has been reported, from 0.2 mm up to 16 mm (Morgenroth et al.
1997; J. H. Tay, Liu, and Liu 2001; Zheng et al. 2006).

17.2.2.2  Settling Property

Aerobic granules in the pilot-scale SBR had an SVI as low as 26.5 mL g! and a high
specific gravity of 1.017, while the SVI was 34.4 mL g' and specific gravity was
1.015 for those granules cultivated in the laboratory-scale SBR. The volatile solids
content of granules in the pilot-scale SBR (62.4%) was lower than that of granules
cultivated in the laboratory-scale SBR (74.9%). This indicates a significant accumu-
lation of inorganic materials in the granules developed in the pilot-scale SBR. The
higher inorganic content was partially responsible for the observed low SVI.
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TABLE 17.1
Characteristics of Aerobic Granules Cultivated in
Pilot-Scale and Laboratory-Scale SBRs.

Items Pilot-Scale SBR  Laboratory-Scale SBR
Mean diameter (mm) 1.37 (= 0.09) 0.89 (= 0.07)
Aspect ratio 0.67 (= 0.16) 0.69 (= 0.15)
Roundness 0.69 (+0.15) 0.69 (+0.16)
SVI(mL g™!) 26.5(+5.9) 344 (£6.9)
Specific gravity 1.017 (+ 0.0005) 1.015 (= 0.0005)
VSS/SS (%) 62.4 (£2.8) 74.9 (+3.6)
Integrity coefficient (%) 96.0 (+2.0) 96.9 (£ 2.5)
SOUR (mg 0, g VSSh') 741 (+ 12.4) 80.6 (+ 18.2)

17.2.2.3  Physical Strength

The physical strength of aerobic granules, expressed as integrity coefficient, was
96.0% in the pilot-scale SBR and 96.9% in the laboratory-scale SBR, that is, aerobic
granules developed in the laboratory-scale SBR were comparable with those in the
pilot-scale SBR.

17.2.2.4 Microbial activity

The specific oxygen uptake rate (SOUR) as an indicator of microbial activity was
74.1 mg O, g! volatile suspended solids (VSS) h-! for granules in the pilot-scale SBR
and 80.6 mg O, g! VSS h! for the granules in the laboratory-scale SBR (table 17.1).
The slightly low microbial activity of aerobic granules in the pilot-scale SBR is
thought to be size-related. In fact, the limitation of mass transport and diffusion is
generally more pronounced for larger granules, which would result in low microbial
activity, as discussed in chapter 8. It is apparent that use of fresh aerobic granules as
seed is feasible to quickly start up an aerobic granular sludge SBR.

17.3 STARTUP OF A PILOT-SCALE SBR USING
STORED GRANULES AS SEED

Liu et al. (2005) used aerobic granules that had been stored for 4 months to initiate
a pilot-scale SBR, and found that the seed granules were maintained stably, and new
granules could be successfully formed thereafter. The size of granules gradually
increased from 1.28 to 1.7 mm within 1 week (figure 17.5), and then decreased to a
size similar to the seed granules. Similar to figure 17.2B, the initial increase in granule
size is due to the fewer collisions among granules and subsequent weak detachment,
because of low biomass concentration in the reactor in the initial period. New granules
began to form after day 5, and biomass concentration gradually increased accordingly
(figure 17.6).
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FIGURE 17.5 Sludge particle size versus operation time in the pilot-scale SBR. (From
Liu, Q.-S. et al. 2005. Environ Technol 26: 1363-1369. With permission.)
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FIGURE 17.6 Biomass concentration (/) and SVI (®) versus operation time in the pilot-
scale SBR. (From Liu, Q.-S. et al. 2005. Environ Technol 26: 1363-1369. With permission.)

A biomass concentration of the stored aerobic granules of 1.03 g L~! was initially
seeded into the pilot-scale SBR, and remained unchanged in the first 4 days. After-
wards, it gradually increased to a stable level of 6.0 g L-!. It should be pointed out that
the pilot-scale SBR was initiated with an initial biomass concentration of 1.03 g L
and low influent COD of 400 mg L-!. This resulted in a granule surface loading
rate of 8.7 g COD m2 d-! at the beginning of the study, as shown in figure 17.7. The
granule surface loading rate then fluctuated from 6.5 to 11.0 g COD m=2d! till day 6,
depending upon the biomass concentration in the reactor and the organic loading
rate applied. At steady state, the surface loading rate dropped to 1.4 g COD m= d-!
because of the high biomass concentration in the reactor. It is mostly likely that a
high granule surface loading rate would promote the growth of suspended bacterial
cells instead of granules. Thus, a low granule surface loading rate might be applied
for the reactor startup in order to prevent the outgrowth of sludge flocs, particularly
during the initial period.
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FIGURE 17.7 Granule surface loading rate versus operation time. (From Liu, Q.-S. et al.
2005. Environ Technol 26: 1363-1369. With permission.)
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FIGURE 17.8 Activity recovery of stored aerobic granules during the operation of the pilot-
scale SBR. (From Liu, Q.-S. et al. 2005. Environ Technol 26: 1363-1369. With permission.)

The seed aerobic granules after 4 months of storage had a SOUR of 13.4 mg O, g!
VSS h! (figure 17.8). After 2 days of cultivation in the pilot-scale SBR, the SOUR
increased to 94.5 mg O, g' VSS h!, which is comparable to that of fresh aerobic
granules. These results clearly showed that the stored aerobic granules can be revived
with a full recovery of microbial activity within 2 days. The short recovery time of
the microbial activity of stored granules would be very much advantageous for its
application in industrial practice. Seed granules had a light grey color with a black
core (figure 17.9A), which is suspected to be due to the sulfide generated by sulfate-
reducing bacteria during storage, while fresh aerobic granules often have brown-
ish-yellow color. However, after 2 days of reviving, the apparent color of the stored
aerobic granules turned to that of fresh granules (figure 17.9B).

Figure 17.10 shows the reactor performance of the pilot-scale SBR in terms of
influent and effluent COD. The reactor was initiated by supplying an influent COD
of 400 mg L-!, and after the first SBR cycle, the effluent COD was 173 mg L. With
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FIGURE 17.9 Apparent colors of stored aerobic granules (A) and those after 2 days of
reviving (B). (From Liu, Q.-S. et al. 2005. Environ Technol 26: 1363-1369. With permission.)
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FIGURE 17.10 COD concentration profiles observed in the pilot-scale SBR seeded with
stored aerobic granules. A: influent; ®: effluent. (From Liu, Q.-S. et al. 2005. Environ Technol
26: 1363-1369. With permission.)

the gradual recovery of granule microbial activity, the effluent COD decreased to
82 mg L' after 1 day of SBR operation, and further to 60 mg L-! at the end of the
second day. The influent COD was increased to 550 mg L~! on day 4 and further to
800 mg L' on day 7 because aerobic granule activity had been fully recovered and
new granule development was also observed. It appears from figure 17.10 that the
increase in the influent COD had little impact on the removal efficiency, and stable
effluent COD concentration of 37 mg L' was recorded, corresponding to a COD
removal efficiency of 96%.

Successful startup of the pilot-scale aerobic granular sludge SBR by seeding
stored granules was demonstrated to be feasible. The microbial activity of stored
granules can fully recovered within 2 days. In fact, the granules cultivated from
benign substrates, such as acetate, can be used as the microbial seeds to produce
granules to degrade toxic substrates, such as phenol (S. T. L. Tay et al. 2005). This
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Two parallel
column reactors

FIGURE 17.11 Aerobic granular sludge pilot plant installed in the Netherlands. (From
De Kreuk, M. K., De Bruin, L. M. M., and van Loosdrecht, M. C. M., 2004. Paper presented
at IWA Workshop on Aerobic Granular Sludge, Munich, Germany.)

further extends the application of seed granules to other types of wastewater or toxic
wastewater treatment.

17.4 STARTUP OF A PILOT-SCALE SBR USING
ACTIVATED SLUDGE AS SEED

Aerobic granulation directly from activated sludge flocs with municipal wastewater
was successfully demonstrated in a pilot-scale plant in the Netherlands (De Bruin
et al. 2004). Two column SBRs 6 m in height and 0.6 m in diameter were operated
in parallel treating wastewater at a flow rate of 5.0 m® h™! (figure 17.11). Forma-
tion of aerobic granules with an SVI of 55 mL g! could take place in a few weeks.
Granular sludge also had a good capability for the removal of nitrogen and phosphate
present in the municipal wastewater. It was found that pretreatment to remove sus-
pended solid particles in order to improve granulation and the post-treatment might
be needed so as to satisfy the stringent discharge limits. It appears that there will be
no problem for aerobic granulation from bioflocs in pilot-scale SBRs.
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17.5 CONCLUSIONS

Aerobic granulation in pilot-scale SBRs is an important step for its full application
in the industrial-scale plant. Aerobic granular sludge SBRs can be initiated by seed-
ing either fresh or stored aerobic granules. The microbial activity of stored aerobic
granules can be quickly recovered within a short time of 2 days. Meanwhile, aerobic
granulation directly from bioflocs as seed has also been demonstrated in the pilot
plant. Results from the pilot studies show that aerobic granulation is a promising
technology for wastewater treatment due to its compact footprint, lower sludge pro-
duction, and simultaneous organic and nutrient removal.
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