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Preface

Aerobic Granular Sludge has recently received growing attention by researchers and
technology developers, worlswide. Laboratory studies and preliminary field test have been
executed leading to the conclusion that granular activated sludge can be readily established
and profitably used in activated sludge plants, provided “correct” process conditions are
chosen. But what makes process conditions “correct”? And what makes granules different
from activated sludge flocs? Answers to these questions offered by the various researchers
were quite different, and they have changed as knowledge about the granulation processes
evolved. Time appeared to be ripe to bring together the core group of researchers and
technology developers working on activated sludge granulation, discuss the various aspects
of granulation and granula application, exchange knowledge, develop a common
nomenclature, and explore open research questions. Consequently, the Intemational Water
Association (IWA) in cooperation with the Institute of Water Quality Control and Waste
Management of the Technical University of Munich (TUM) and the Institute of Advanced
Studies on Sustainability of the European Academy of Sciences and Arts (EASA) organized
an international workshop which was held on September 27 and 28, 2004 in Munich,
Germany.

The papers presented during the workshop and a summary of the discussions are compiled
in this issue of the IWA Water and Environment Management Series. Invited were papers
pertaining to the formation, structure, and application of aerobic granular sludge. The major
topics for the workshop included:

¢ Reasons and mechanism of aerobic granule formation
Structure of the microbial population of aerobic granules
Role, composition and physical properties of extracellular polymeric substances
Diffusion limitation and microbial activity within granules
Physico-chemical characteristics
Operation and application of granule reactors
Scale-up aspects of granular sludge reactors, and case studies

The papers which were received prior to the meeting underwent a rigorous peer review
process. 18 papers were eventually selected, but the time allowed for oral presentation was
limited to only 10 minutes to leave ample time for discussion. In fact, seven hours of the
discussion time were allocated and actively filled by the delegates with top-level discussion.

The participants attending the workshop represented countries such as China, France,
Germany, Italy, Japan, Mexico, Singapore, Spain, South Africa, The Netherlands, and
Turkey. Most of them had never been to the Munich Octoberfest which happened to take
place during the time the workshop was held. Happily, everybody joined in an excursion to
the “Wies'n”, participated in table dancing and singing, and everybody managed to drink his
or her share of Octoberfest beer, be it a litre or two. No headaches the next day, but a great
deal of enhanced openness to exchange ideas and visions. Excellence in research depends not
only on bright brains but on friendship and trust among scholars as well. Small IWA
specialised conferences and workshops proved to be so successful because they provided a
unique opportunity to get to know each others scientific excellence as well as each others
personality. It is certainly worth to keep cultivating the IWA Specialised Conference culture.

Munich, 23 — October - 2004 Peter A. Wilderer

[ vii]






The Unity of Biofilm Structures

M.C.M. van Loosdrecht, M.K. de Kreuk and J.J. Heijnen

Department of Biotechnology, Delft University of Technology, Julianalaan 67, 2628BC, Delft,
The Netherlands (E-mail: m.dekreuk@tnw.tudelft.nl; m.c.m.vanloosdrecht@tnw.tudelft.nl)

Abstract The morphology of biomass structures has been studied in many different ways for
the last decades. However, the complexity of biofilm or granular structures makes it difficult to
find cause and effect in questions concerning morphogenesis. With all stated research
questions, one can ask if it is the microbiology or the process conditions that determines the
structure of the aggregates. In this paper, biofilm, aerobic granular sludge, and bulking sludge
experiments, as well as biofilm modeling studies, are presented to show that process
conditions are of major importance to determine the final biofilm structure.

Keywords: Aerobic granular sludge, biofilm, growth rate, process parameters, shear

Introduction

Over the past ten years, much research has been performed in the field of aerobic granular
sludge. This research has two reasons: first studies are performed because of a general
interest in background and morphogenesis of bacterial structures. Secondly, granular sludge
has the potential to form the base of a new compact wastewater treatment system.

Morphology of biomass structures is studied in many different ways: syntrophic relations
of bacteria in anaerobic granular sludge studies, presence of specific organisms in bulking
sludge, and the role of the microorganisms in building the porous structure of biofilms.
Behind all these research questions, one can ask if it is the microbiology or the process
conditions that are decisive for structuring the morphology.

In general biofilm structures are highly complex ecosystems, according to microbiology,
morphology and flow. In these systems, the structure of the biofilm influences the activity
(posttion of different organisms, porosity), and the activity of the organisms influences the
structure of the biofilm. Due to this complexity of biofilm structures, it is very difficult to
find cause and effect in questions concerning the morphogenesis. It is difficult to get
representative samples from most biofilm processes. For example, how many granules
should be analyzed by a microelectrode or sliced for FISH analysis before a statistically
significant conclusion can be drawn about the average position of different groups of
organisms in a structure? It is also very difficult to change only one experimental parameter
in biofilm experiments. As an example, changing a concentration causes changed fluxes,
penetration depth, biological activity and eventually granule structure. In this case, modeling
can be used in order to evaluate efficiently the relative importance of parameters on the
biofilm or granule system.

Biofilm Complexity

From experiments in existing biofilm systems as expended granular sludge bed (EGSB)
reactors, Internal Circulation (IC) reactors and Biofilm airlift systems, it can be seen that
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three different factors lead to the same change. An increased surface loading rate, a
decreased shear force and an increased potential growth rate of the microbial population all
lead to thicker, less dense and more porous biofilms/granules. Additionally, it has been
shown in steady-state systems that a large part of detaching biomass is growth related, not
shear related as generally assumed (Van Loosdrecht ez al., 1995). Experiments also showed
that the redox gradient forms a more important parameter in granule structure than the
growth rate gradient. In other words, biofilm structures are primarily affected by the
concentration of the electron acceptors, and secondly by the maximum growth rate of the
specific microbial populations. For example, anaerobic organisms can only grow in the
anaerobic core of a granule (lowest redox), while their actual growth rate can be higher than
the nitrifying organisms that are more on the outside in the granule at high redox potentials.

The general hypothesis of the formation of smooth and dense biofilms that was postulated
is: the lower the actual growth rate and the higher the shear stress, the smoother the biofilms
will become (Van Loosdrecht et al., 1995, 1997) (Figure 1).

Shear Forces

<

allac.c.e

Diffusion Limitation

Figure 1: Schematic representation of the interaction between growth and detachment on the
biofilm (or granule) structure (From: Van Loosdrecht et al., 1995)

Lessons from Modelling

As mentioned above, biofilm models can help to understand the importance of different
parameters. In the 1970’s, biofilm modeling started with a 1- dimensional model, in which a
uniform biomass was defined with a substrate gradient in the biofilm. This model was
extended to a multi-species and multi-substrate biofilm model, which was still 1D. In the late
1990’s, 2-D and even 3-D multi-species and multi-substrate biofilm models were developed,
in which the change of substrate concentration, growth rate and biomass density and
behavior is determined for every biofilm domain in the modeled reactor. In this model,
different relations for the main processes are solved:

1) Laminar flow equations according to Navier-Stokes relations;

2) Diffusion, convection and reaction in mass balances of all available substrates;

3) Mass balances of the biomass, growth;

4) Discrete or continuous biomass spreading, in which biomass shifts to a different
position when the actual particle concentration exceeds the maximum particle
concentration in a certain domain;

5) Mechanical equilibrium equations determining the stresses and strains on the biofilm;

6) Discrete and continuous biofilm detachment.
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Different models based on different calculatory procedures (cellular automata, continuum,
and individual particles) were developed, all leading to a good description of the
experimental observations that a fingertype outgrowth of the biofilm forms at increased
substrate gradients in the biofilm or increased substrate limitation (Figure 2). The main
conclusion that can be drawn from biofilm modeling results, so far, is that the morphology of
the biofilms are a result of interaction between growth velocity of the biofilm front,
depending on growth rate and loading rate, and the shear rate. Furthermore, there is no need
to assume specific microbiological processes influencing biofilm morphology in order to
explain the present observations of biofilm systems.

Cellular . Individual .
Continuum . Experimental
automata particles

" S—.

Rp—

Picioreanu et al (1998) Eberl et al (2001) Picioreanu (2002) Stoodley et al. (1999)

Figure 2: Different models based on three different calculatory procedures that lead to the
same description of experimental results

Applications to Granular Sludge

Lessons from biofilm experiments and models show that there are different circumstances
under which granule formation can be expected. First, sufficient shear is needed in relation
to the maximal growth rate of the type of organisms (methanogens versus acidogens,
nitrifiers versus heterotrophs; the latter groups will form less dense structures under the same
circumstances as the first groups and would require higher shear rates). Second, high
substrate concentrations are needed, in order to prevent strong gradients inside the granule.
This can be obtained in a plug-flow or SBR process. Third, selection for slow growth is
necessary (as obtained by applying a feast-famine regime if needed). For aerobic granule
formation, this last condition seems to be crucial. This can be met by the conversion of
readily degradable COD in slowly degradable substances, as internal storage polymers. To
convert all available easy degradable COD, phosphate or glycogen accumulating organisms
should be selected. Research showed that this leads so far to the most stable aerobic granules
under unfavorable circumstances at low dissolved oxygen concentrations and low shear
stress (De Kreuk and Van Loosdrecht, 2004).

One question that rises from the aerobic granular sludge research is if bulking sludge is
the other side of the same medal. In other words, are the same mechanisms responsible for
the existence of filamentous bulking sludge flocs as the mechanisms responsible for aerobic
granule formation? From bulking sludge research it was found that the specific maximum
substrate uptake rates in bulking sludge are more or less equal to the specific maximum
substrate uptake rates of well settling sludge (-qs"™ puiking studge = ~Gs  well settling shdge)-
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Furthermore, the specific PHB production rate of the two types of sludge is also more or
less similar ("™ puiking studge = G well seuling sdge) (Martins et al., 2004). These two
observations contradict the conventional kinetic selection theory and underlines that the
substrate concentration in bulking sludge phenomena is important as well. Experiments show
that with decreasing substrate concentration and therefore decreasing substrate uptake rates,
activated sludge flocs become more and more irregular. When the substrate uptake rate is
bigger than 0.8 times the maximum substrate uptake rate granules with a diameter larger than
0.5 mm will form and that only a few filaments exist. With substrate uptake rates between
0.6 and 0.8 times the maximum uptake rate, fingertype structures come into existence and
flocs become more porous, while still few filaments are present. Substrate uptake rates below
0.6 times the maximum uptake rate lead to filamentous outgrowth and fingertype structures
(Figure 3) (Martins et al., 2003).

n qn
s 5038 0.6<—15 <038
max max
Qg Qs

g, is controlled by q, is limited by
micro-organism Decreasing bulk liquid Substrate addition rate

Substrate concentration

Figure 3: Schematic representation of the morphology of the sludge at different substrate
uptake rates under aerobic conditions without dissolved oxygen limitation (from: Martins et al.,
2003)

Unity of Biofilm Structures

Experiments and modeling of bulking sludge, granule formation and biofilms led to the
same conclusions towards structure and morphology. It can be said that these different
morphologies of microbial structures are outings of the same phenomena and can be
explained from the same basic principles. In conclusion, it can be stated that there is no need
for theories based on specific microbial processes and that process conditions are of major
importance for the final structure.
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Comparison of the granulation of activated sludge
grown on carbohydrate- and protein-rich wastewaters

Han-Qing Yu*, Yu-Ming Zheng, Kui-Zu Su

*Department of Chemistry, The University of Science & Technology of China, Hefei, Anhui,
230026 China (E-mail: hgqyu@ustc.edu.cn)

Abstract Granular activated sludge was cultivated in two sequencing batch reactors fed
respectively with a synthetic sucrose-rich wastewater and a soybean-processing wastewater.
The formation of granular activated sludge in the two reactors and their physicochemical
characteristics were compared. With the granulation, the settling ability of the sludge
continuously improved, as evidenced by a decreased sludge volume index and an increased
settling velocity. The mature granular sludge was nearly spherical and had a strong structure.
The granular activated sludge in the two reactors had similar physicochemical characteristics.
This suggests that the substrate component was not a crucial factor for the granulation of
activated sludge. The data reported in this study provided useful information about the
development of aerobic-granule-based bioreactors for the treatment of carbohydrate- and
protein-laden wastewaters.

Keywords Activated sludge; Carbohydrates; Granulation; Sequencing batch reactor (SBR);
Soybean-processing wastewater; Sucrose

Introduction

After the original activated sludge process was invented, various modified processes have
been developed and applied to treatment municipal and industrial wastewaters. Since the
performance of the activated sludge processes is limited by the capacity of a clarifier for the
separation of the activated sludge from the treated effluent, the self-immobilization of sludge
is an attractive option because of its prompting solid-liquid separation in the clarifier. It has
been recently reported that the biomass in the sequencing batch reactor (SBR) produces
settling granules, which facilitates good solid-liquid separation and the accumulation of high
amounts of activated sludge (Morgenroth et al., 1997; Beun et al., 1999; Etterer and Wilderer,
2001).

As compared with conventional activated sludge flocs, the advantages of granular
activated sludge are compact and strong in structure (Etterer and Wilderer, 2001). It also has
good settle ability and high capacity for biomass retention, and is able to withstand high
organic loading rates (Morgenroth et al., 1997). With molasses as the sole carbon source,
round-shaped aerobic granules with an average diameter of 0.6 mm started to appear in an
SBR after around 40 days of operation. In an aerobic SBR fed with sodium acetate, granules
with a diameter of 0.3-0.5 mm were formed after one month of operation (Peng et al., 1999).
Large-sized aerobic granules with an average diameter of 3.3 mm were produced in an SBR
fed with ethanol and operated at a short hydraulic retention time of 6.75 h and influent
chemical oxygen demand (COD) of 830 mg/l. A relative high shear was found favorable for
granulation (Beun et al., 1999). Aerobic granules could be formed within 3 weeks in two
SBRs fed respectively with glucose and acetate (Tay et al., 2002).

(7]
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However, so far, information about the physicochemical characteristics of aerobic granules
grown on different carbon sources, especially protein, is still sparse. Therefore, the main
objective of this work was to explore the granulation process and to compare the
physicochemical properties of granules cultivated respectively with sucrose- and protein-rich
wastewaters.

Materials and Methods

Experimental Set-Up and Operation

Two SBRs were used in this study. The SBR receiving the synthetic sucrose-rich wastewater
was designated as R, while another treating the soybean-processing wastewater was
designated as Rs. Each reactor had a working volume of 2.2 liters with an internal diameter
of 6.0 cm and a height of 90 cm (Fig. 1). Air was introduced through an air diffuser by an air
pump at the bottom of the reactor at an air velocity of 2.2 cm/s. The airflow rate was control
by a gas-flow controller. The temperature of the reactor was maintained at 25°C.

Influent =1
Gt 5

Figure 1: Schematic diagram of the reactor (1.Feed pump; 2.Air pump; 3.Electromagnetism
valve; 4.Time controller; 5.Mass-flow controller)

Both reactors were operated in a fill-draw mode. R¢ was operated at a loading rate of 3.75
kgCOD/(m’.d) with a hydraulic retention time of 480 min and influent COD of 1250 mg/l.
R¢ had successive cycles of 240 min each. One cycle consisted of 10 min of influent addition,
220 min of aeration, 5 min of settling, and 5 min of effluent withdrawal. For Rg, it was
operated at a loading rate of 6.00 kgCOD/(m’.d) with a hydraulic retention time of 240 min
and influent COD of 2100 mg/1. It had 5 min of influent filling, 220 min of aeration, 5 min of
settling and 10 min of effluent withdrawal. For both reactors, effluent was withdrawn from
the port at 50 cm from the reactor bottom with a volumetric ratio of 50%.

Activated sludge from a local municipal wastewater treatment plant was used as inoculum.
The inoculum was seeded to each reactor, resulting in initial mixed liquor volatile suspended
solids (MLVSS) of 3000 mg/1 in R¢ and 3400 mg/l in Rs.
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Wastewater

The composition of the synthetic wastewater was as follows (in mg/l): sucrose, 830; peptone,
250; beef extract, 160; NH,Cl, 125; K,HPO,, 30; CaCl,, 20; MgSO,, 15; FeSO,+7H,0, 15.
The protein-COD accounted for 30% of total-COD. The trace element solution contained (in
mg/l): H;BO;, 50; ZnCl,, 50; CuCl,, 30; MnSO4+H,0, 50; (NH,)sM070,4°4H,0, 50; AICl;,
50; CoCl,*6H,0, 50 and NiCl,, 50. The influent pH value was adjusted to 7.0 by the addition
of NaHCO; and H,SO,.

A protein-laden wastewater, obtained from a local soybean-processing plant, was used to
feed Rs. This wastewater had 2100 mg/l of COD, 547 mg/l of proteins, 422 mg/l of
carbohydrates and 574 mg/l of total nitrogen. The soluble COD of the wastewater was 1650
mg/l. Since the wastewater contained sufficient amounts of nitrogen, only phosphorus as
Na,HPO, was added to ensure the ratio of COD to P to be 100:1. The trace element solution
was also dosed.

Analytical Methods

Microbial observation was conducted by using an optical microscope (Olympus CX41). The
granular activated sludge size was measured by an image analysis system (Image-pro
Express 4.0, Media Cybemetics) with an Olympus CX31 microscope and a digital camera
(Olympus C5050 Zoom).

The extraceltular polymeric substances (EPS) of sludge were extracted by using EDTA
method (Duncan-Hewitt et al, 1989). The carbohydrate concentration in EPS was
determined as glucose equivalent using the Dubois method (1956). Protein concentration was
measured as bovine albumin equivalent using the Lowry method (1951). The hydrophobic
nature of the activated sludge particles was determined by measuring contact angle by
axisymmetric drop shape analysis following the method proposed by Duncan-Hewitt et al.
(1989).

Measurement of COD, mixed liquor suspended solids (MLSS), MLVSS and sludge
volume index (SVI) were performed using the Standard Methods (1992). The settling
velocity was measured by recording the time taken for individual granules to fall from a
certain height in a measuring cylinder.

Results and Discussion

Granular sludge after 60 days of operation were obtained from the two reactors. Their
characteristics were determined in terms of SVI, and mean diameter, settling velocity,
hydrophobicity and EPS. These data are summarized in Table 1.

Overall performance of R¢ and Rg

As illustrated in Fig. 2A, at the initial operating stage the COD removal efficiency of Rc was
about 88%, as the seed sludge had a high bioactivity. With the granulation, the COD removal
efficiency increased slightly. It even reached 97% at the end of the experiment. For Rs, its
COD removal efficiency was constant around 95%. It kept steadily at 98-99% afterwards.
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Table 1: Characteristics of the seed sludge and granular sludge in Rc and Rg

Parameter Seed sludge Granules in R¢ Granules in Rs
Diameter (mm) 0.10+0.05 1.01+0.03 1.22+0.09
SVI (ml/g) 74+6 23+4 3145
Settling velocity (m/h) 7+1 2514 37+9
Contact angle (°) 40.5+5.3 46.3+4.2 19.3+3.2
Carbohydrate in EPS (mg/g- 3.240.2 59+05 3.1+£05
SS) 9+0.
Protein in EPS (mg/g-SS) 22406 514+04 4.1%0.8
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Figure 2: Performance of the two reactors: (A) COD removal efficiency; (B) MLSS

Figure 2B illustrates that after seeding, the biomass concentration in R increased slightly.
However, on day 20, the MLSS values of the sludge decreased steeply attributed to a
disorder of the time controller. After recovery from this failure, the MLSS of the activated
sludge slightly rose again, and reached 6.0 g/l as the experiment terminated on day 68. For
Rs, a settling period of 10 min was applied in the first week to prevent severe wash out of
sludge and then decreased to 5 min in the subsequent 7 days. As a result of the improving
settling ability, MLSS kept increasing in spite of the excess sludge wash out. After day 25,
the MLSS was stabilized at 9.1 g/l, which was much higher than that of the seed sludge in Rg.

Formation of granules in R¢ and Rg

The seed sludge had a fluffy, irregular and loose-structure morphology, as shown in Figs. 3A
and 3B. The color of biomass changed from brown to yellow gradually with the process of
the experiment.

The activated sludge in Rc showed no significant change in the first week. In the fifth
week, tiny granules appeared. From then on, the number of granular sludge increased, and its
size increased gradually as well. After 60-day operation, as show in Fig. 3C, granular sludge
was matured in Re. At this stage, Rc was dominated by the mature granular sludge, and little
flocs could be observed in this reactor.
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Figure 3: Microscopic observation of (A) seed sludge in Rc; (B) seed sludge in Rg; (C)
granular sludge in Rc; (D) granular sludge in Rg

Figure 4: Morphology of (A) granular sludge in Rc; (B) granular sludge in Rs

After two-week operation, in Rg, small granules with diameters of about 0.3-0.5 mm were
observed. Thereafter, the number and average diameter of the granules steadily increased. At
day 45, granules had a mean diameter of about 1.5 mm.

Figure 4 shows the images of the granular sludge in R and Rg on day 60. The granules
from the two reactors exhibited a compact structure. As shown in Fig. 4, the granular sludge
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in Rg had similar morphology to that of the granules in Rc. Figure 5 shows the changes of
mean diameter of the granules in the two reactors. The divergence between granule diameters
in the two reactors started around day 20. The drop in granule size in R; coincided with the
biomass loss due to time controller disorder. This failure might be partially attributed to the
difference between the granule sizes.

In the formation of acrobic granules, it seems to be important to keep a sufficient length of
famine period in each cycle. As shown in Fig. 6, within one cycle the COD concentration
decreased sharply in the initial 30-min in the two reactors. After that, the COD concentration
declined slowly before leveling off at hour 2. The degradation of substrate mainly occurred
in the initial 2-h operation. In the latter 2-h operation was a famine period. Such an operating
manner was beneficial for the formation of granules (Schwarzenbe