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Abstract: Aerobic granules are small, dense aggregates of microbial cells that form naturally in aerobic
wastewater treatment systems. They are characterized by their spherical shape, strong structural
integrity, and ability to rapidly settle. These granules are formed through a self-immobilization
process where different microbial species coalesce to degrade organic and inorganic compounds in
wastewater. This study summarizes the development of aerobic granulation technology in wastewater
treatment and the mechanism of aerobic granules’ formation, analyzes the characteristics and the
factors affecting the aerobic granules’ formation, and presents practical engineering examples of its
application from pilot-scale to full-scale operation.

Keywords: aerobic granular reactor; SBR; CFR; full-scale reactor; mechanism

1. Introduction

Successful wastewater treatment relies on choosing microorganisms with the right
metabolic capabilities and effectively separating them from the treated effluent. Significant
research efforts have been directed towards minimizing the settling time of activated
sludge. This is achieved by forming dense flocs or employing biofilm reactors. Biogranules,
a condensed form of biofilm created through self-immobilization, represent a noteworthy
innovation in this field [1]. They can be classified as aerobic or anaerobic granulation. These
granules are compact conglomerates of diverse bacterial species, with each gram of biomass
harboring millions of organisms.

The development of anaerobic granules is a well-researched area, particularly noted
for its application in the upflow anaerobic sludge blanket (UASB) reactor. This technology,
known as anaerobic granulation, has been implemented in numerous wastewater treatment
facilities [2–5]. In reactors that utilize granular sludge, these dense anaerobic granules
settle quickly. This swift settling significantly cuts down the time needed to separate the
treated water from the biomass. The distinctive characteristics of anaerobic granules have
captivated researchers, motivating them to focus on the development of aerobic granulation
technology. This shift aims to expand the application spectrum of granulation techniques,
potentially enhancing their utility in a wider range of scenarios.

Aerobic granules are small, dense aggregates of microbial cells that form naturally in
aerobic wastewater treatment systems. They are characterized by their spherical shape,
strong structural integrity, and ability to rapidly settle. These granules are formed through
a self-immobilization process where different microbial species coalesce to degrade organic
and inorganic compounds in wastewater. This paper aims to comprehensively summarize
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the development process of aerobic granules. It will delve into the formation mecha-
nism, explore the distinct characteristics, and examine the various factors influencing the
formation of aerobic granules. The paper will culminate with a discussion on the appli-
cation of these granules, focusing particularly on their implementation in pilot-scale and
full-scale settings.

2. The Development of Aerobic Granular Technology
2.1. Aerobic Granulation in Sequencing Batch Reactors

Aerobic granular sludge technology began to emerge in the early 1990s [6]. Toward
the late 1990s, there was a notable surge in research focused on the basic principles and
practical applications of aerobic granulation. This led to significant advancements in
the understanding of how storage polymers contribute to the development of aerobic
granules, facilitating their growth in sequencing batch reactors without the need for carrier
materials [7–9].

Aerobic granular sludge technology developed from the early 1990s [6]. Research
interest in the fundamental concepts and real-world uses of aerobic granulation intensified
towards the late 1990s. Investigations into the creation of storage polymers have paved
the way for progress in the growth of aerobic granules in sequencing batch reactors (SBR)
without the necessity for carrier materials [7–9]. The sequencing batch reactor (SBR),
originating in the United States in the late 1960s, gained widespread adoption throughout
the 1980s and 1990s [10]. In contrast to the operation of a suspended sludge SBR, an aerobic
granular sludge SBR does not include an idling phase in its operation.

The initial observation of aerobic granule formation in SBR was made by Morgenroth
et al. [7]. They operated the SBR with a notably brief sedimentation and draw phase, which
led to the removal of biomass with a low settling ability. After 40 days of this operation,
granules became the primary form of biomass in their reactor. Then, a large number of
papers on aerobic granular sludge cultivation in the laboratory were published.

In 2003, the Ede wastewater treatment facility in The Netherlands became the site of
the world’s inaugural pilot-scale operation of aerobic granular sludge technology [11]. In
2004, the first international seminar on aerobic granular sludge was held at the Technical
University of Munich in Germany, where the concept of aerobic granular sludge was
introduced [12]. In 2005, the Dutch company DHV developed the Nereda process, which
was successfully applied for the first time in a wastewater treatment plant [13]. In 2014,
the aerobic granular sludge technology was successfully applied in Yancang WWTP in the
Zhejiang province of China [13]. To date, aerobic granular sludge technology has been
applied in over 100 WWPTs worldwide by Nereda® (Royal haskoningDHV, Amersfoort,
The Nertherland) [14]. The development process of aerobic granulation technology in SBR
is shown in Figure 1.
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2.2. Aerobic Granulation in Continuous-Flow Reactors

Reports have also indicated the occurrence of aerobic granulation in continuous-flow
systems, specifically in an aerobic upflow sludge blanket (AUSB) reactor [6,15], a fluidized-
bed reactor [16], an airlift biofilm reactor [17], a flow baffled reactor [18] and an upflow
membrane-aerated biofilm reactor [19].

In the AUSB reactor, the granules are formed with low shear forces. This process is
driven by vertical stresses from the upward flow of liquid and horizontal stresses caused
by agitation at a rate of 1–6 rpm. Granule formation typically occurs within approximately
5 days [15], or up to three weeks [6], after initiation. However, the complexity of the AUSB
reactor system, along with its specific requirements for pure oxygen (i.e., 100% O2) and a
dissolved oxygen tank, may hinder its broader adoption.

In two-phase fluidized-bed reactors, the formation of nitrifying granules is likely due
to the relatively low shear forces and self-aggregation. Additionally, nitrifying granules
can form in airlift reactors, originating from fragments of broken biofilm. The depletion of
oxygen within the nitrifying biofilm leads to its breakup, and the resulting dense biofilm
fragments remain in the reactor. Generally, some carrier material is necessary to ensure
system stability.

Unlike traditional SBR aerobic granular sludge, continuous-flow reactors do not have
a static sedimentation process [20,21]. Therefore, an additional sludge–water separation
device is needed in the reactor for sludge–water separation. Based on the different sludge–
water separation mechanisms, continuous-flow aerobic granular sludge reactors can be
classified into the gravity sedimentation separation type, three-phase separation type,
and filtration separation type. The development of aerobic granulation technology in
continuous-flow reactors is shown in Figure 2.
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3. Mechanism of Aerobic Granulation

The process underlying microbial aerobic granulation remains a subject of significant
debate due to the intricate nature of aerobic granulation. According to the hypothesis
summarized in Table 1, aerobic granulation starts with the aggregation of microbial cells.
Fungi, using glucose as their carbon source, secrete H+ ions to lower the pH, creating
an environment conducive to their growth while suppressing competing bacteria [22].
Filamentous fungi grow from spores to mycelia under shear forces, serving both as an
attraction nucleus for other microorganisms and as a structural framework. Some bacteria
attach to inorganic precipitates within the granule’s core, with these precipitates acting
as a nucleus for growth and reproduction. Other bacteria use cations like Ca2+ and Mg2+

to promote aggregation by reducing electrostatic repulsion and enhancing van der Waals
forces. Shear forces in the granulation process stimulate the secretion of EPS, binding
organisms within the granule. The increased cell surface hydrophobicity and high hydraulic
stress, combined with the limited settling time, encourage microorganisms to adhere to
aggregates, forming aerobic granules.
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Table 1. The proposed mechanism of aerobic granulation.

Year Researcher The Proposed Mechanism Reference

1999 Beun et al.

(1) Aerobic granulation started with fungi. (2) Fungi easily formed pellets.
When the pellets grew up and lysed, (3) the pellets broke apart, and only the

adequately dense colonies were able to settle successfully. (4) As time
progressed, these colonies expanded and transformed into newly

formed granules.

[8]

2001 Tay et al.
With the condition of sequential operation, aerobic granules originate from seed
sludge, progress to compact aggregates, then develop into granular sludge, and

ultimately evolve into mature granules.
[23]

2002 Liu and Tay

(1) Cells moving randomly and colliding; (2) cells moving randomly and
colliding; (3) continued irreversible clustering and expansion within the matrix
of extracellular polymeric substances (EPSs); and (4) the formation of shape and

structure, influenced by shear forces.

[24]

2004 Liu et al.

Hydraulic pressure is a key factor in the formation of biogranules, whereas the
hydrophobicity of cells markedly contributes to the development of granules.

Furthermore, the formation of aerobic granules results from the combined
efforts of different functional groups and their interactions with the

ambient environment.

[25]

2010 Barr et al.
(1) A single microbial colony can gradually expand to form compact and smooth
granules. (2) The aggregation of multiple independent microbial colonies can

lead to the formation of relatively loose granules.
[26]

2015 Wu et al.
Under continuous flow conditions, the formation of aerobic granules is critically

dependent on two key factors: a high organic loading rate and intense
selection pressure.

[27]

2022 Edward et al.
(1) Selection of microorganisms, (2) targeted substrate utilization, (3) enhancing
substrate transport into the biofilm, (4) specific feeding strategies, (5) substrates

that either form or do not form particles, (6) breakdown of granules.
[28]

Granules initially form from small microbial clusters that grow via further aggregation.
These dense granules settle quickly due to selection pressure in the reactor, favoring
fast-settling biomass and eliminating slower settlers. The oxygen and nutrient gradients
within granules create different aerobic and anaerobic zones, allowing diverse microbial
communities to contribute to the granules’ structure and function. Granules mature and
grow, balancing microbial proliferation, EPS production, and shear forces that might cause
breakup. The reactor’s operation, including the feed composition, aeration, and cycle
management, is vital for sustaining granulation.

4. Characteristics of Aerobic Granules

Aerobic granular sludge is distinct from flocculent sludge. Its characteristics are
outlined as follows [29–40]:

It possesses a spherical and uniform shape with a distinct, smooth exterior;
It exhibits a tightly packed and robust microbial constitution;
It is sufficiently large to be visible as individual entities in the mixed liquor during both the
mixing and settling phases.
Sludge has a high biomass retention capability caused by its large size and fast settling
velocity.
It is capable of enduring high organic loading rates.
It is resilient against the toxicity substances present in wastewater.

Table 2 provides comprehensive details of aerobic granular sludge.
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Table 2. The characteristic data about aerobic granular sludge.

Reactor Diameter
(mm)

SVI
(mL g−1)

MLSS
(g L−1)

Specific
Gravity

Settling
Velocity
(m h−1)

Substrate Reference

SBR 0.6–1.4 30–40 5 1.021 22–60

Synthetic wastewater with
sodium acetate as the main

carbon source, COD:
500 mg L−1

[41]

SBAR 0.3–3 7–10 - -
Influence synthetic wastewater
with an acetate concentration of

18.3 Cmmol L-1
[42]

SBR 0.3–0.5 80–100 - - - Acetate [9]

SBR 2 172 2 1.0038 - Phenol [43]

SBR 2.8 73 7.9 1.0068 - Phenol with Ca2+ [43]

CFR system
with baffled

bubble column
0.2–2 33.5 2.8–5.8 - -

Synthetic wastewater with
sodium acetate as the main

carbon source,
COD:1500 mg L−1

[44]

CFR system
with multiple

serial
chambers

0.13 43 3.0 - - Municipal (30%) and industrial
(70%) wastewater [45]

CFR system
with MBR 0.1–1.0 25–40 10 - 15–25

Synthetic wastewater with
glucose as the main carbon

source, COD: 100–300 mg L−1
[46]

The reactor type, feeding substrate, and operation conditions significantly influence
the characteristics of aerobic granules. Specifically, the choice of reactor, such as the Sequenc-
ing Batch Reactor (SBR) or Continuous-Flow Reactor (CFR), affects the formation, size, and
density of the granules due to differences in the flow dynamics and mixing patterns [40–44].
The nature of the feeding substrate, including its composition and concentration, impacts
the microbial community structure within the granules, as well as their metabolic capabili-
ties and pollutant removal efficiency. For instance, high-strength organic substrates can
lead to larger and denser granules with a diverse microbial community. Lastly, operation
conditions such as hydraulic retention time (HRT), sludge retention time (SRT), aeration
intensity, and temperature play crucial roles in determining the physical strength, settling
velocity, and overall stability of aerobic granules. Optimizing these parameters is essential
for achieving efficient wastewater treatment and enhancing the robustness and resilience
of aerobic granular sludge systems.

5. Structure and Strength of Aerobic Granule

Aerobic granules, spherical biofilms encapsulated within an extracellular polymer
(ECP) matrix, exhibit a complex, layered structure that is critical for their functionality.
Advanced imaging techniques, such as Confocal Laser-Scanning Microscopy (CLSM),
have been instrumental in delineating these layers, with each serving distinct roles in
the granules’ overall efficacy and stability [47–53]. Researchers have uncovered a layered
structure within these granules [9]. In granules fed with acetate, the outermost layer is
composed of viable cells, lysed cells, non-degradable cellular remnants, and solids from the
influent, constituting a layer that is 0.5–5 µm in thickness. Following this, the second layer
is made up of distinct aggregates enveloped in well-defined polymeric matrices. These
aggregates form roughly spherical microcolonies, varying in size from 5 to 50 µm. The
third layer is formed by embedding these numerous microcolonies within the extracellular
polymer [49].

Notably, a layer of deceased microbial cells is situated about 800–1000 µm beneath
the granules’ surface, and the anaerobic bacteria Bacteroides spp. have been detected at a
depth of 800–900 µm from the surface. The production of polysaccharides in these granules
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reaches its peak at approximately 400 µm below the surface [50]. The granules feature
channels and pores extending up to 900 µm beneath the surface, with the highest porosity
observed at depths ranging from 300 to 500 µm. These channels and pores play a crucial
role in facilitating the movement of oxygen and nutrients into the granules, as well as the
exit of metabolites. The arrangement of pores and channel layers within the granules affects
the distribution of the active biomass, which varies across granules of different diameters.
The porosity of these granules is critical to their strength and stability, enabling them to
withstand the mechanical stresses encountered in wastewater treatment processes.

The relationship between the structure and strength of aerobic granules is thus deeply
intertwined. The granules’ layered structure, with its distinct microbial compositions
and functions, underpins their strength, both in terms of physical integrity and metabolic
capacity. This structural strength is vital for the granules’ resilience against physical
shearing forces in reactors and their ability to maintain high rates of pollutant degradation.
Moreover, the size and arrangement of pores and channels within the granules directly
impact their effectiveness in nutrient and oxygen diffusion, further influencing the granules’
strength and stability.

6. Diversity of Aerobic Granules

To better understand the process of aerobic granulation and enhance the design and
operational efficiency of aerobic granulation systems, extensive studies have delved into
the microbial diversity within aerobic granules, employing advanced molecular biotechnol-
ogy methods [43,54–59]. These investigations have unveiled a broad spectrum of bacteria,
demonstrating the presence of heterotrophic bacteria, nitrifying and denitrifying bacteria,
phosphorus-accumulating bacteria, and glycogen-accumulating bacteria, cultivated under
a range of conditions and using various culture media [23,46,54,55,58,60–62]. Further ex-
ploration into the growth patterns of these microorganisms reveals a complex interplay
between reactor configurations, substrate types, and operational parameters. For instance,
the presence of heterotrophic bacteria is significantly influenced by the organic carbon
source and its availability, which, in turn, affects the granule formation by facilitating
biomass aggregation and structure stability. Nitrifying and denitrifying bacteria, on the
other hand, are crucial for nitrogen removal and are found to proliferate under specific
aeration and substrate concentration conditions, contributing to the structural integrity and
functional diversity of the granules. Phosphorus-accumulating organisms play a pivotal
role in biological phosphorus removal and are encouraged by alternating anaerobic and
aerobic conditions, which also affect the granule’s density and settling properties. Addi-
tionally, the role of glycogen-accumulating organisms in managing the internal carbon flux
within granules under fluctuating feeding conditions highlights the adaptive mechanisms
of microbial communities in aerobic granules.

The interdependence between these microbial communities under varied environ-
mental and operational conditions underscores the complexity of aerobic granulation.
Such diversity not only contributes to the robustness and resilience of granular sludge
systems but also offers insights into the optimal conditions for enhanced pollutant removal
efficiency. This expanded understanding emphasizes the need for tailored approaches to
reactor design and operation to harness the full potential of microbial diversity in aerobic
granulation processes.

7. Factors Affecting the Formation and Structure of Aerobic Granule
7.1. Shear Force

In SBR, the shear force is primarily determined by the upflow air velocity. Studies
have suggested that a higher shear force favors the creation of aerobic granules [8,15,22].
For instance, Tay et al. found that a superficial air upflow velocity of 0.8 cm s−1 led to the
formation of only loose flocs in an SBR, while a higher velocity of 2.5 cm s−1 facilitated the
formation of well-shaped granules. This observation was also noted by Beun et al. [63],
reinforcing the idea. Additionally, there is a proportional relationship between granule
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density and strength and the applied shear force. These insights reveal that shear force
plays a vital role in both the development of aerobic granulation and in shaping the
granules’ structure.

Moreover, Tay et al. [22] reported a close association between the production of
cellular polysaccharides and shear force, which further contributes to the stability of
aerobic granules. This suggests that the shear force not only encourages the formation of
aerobic granules but also stimulates the production of cellular polysaccharides, thereby
playing an essential role in their development.

In addition, the upflow velocity, indicated by the shear force, affects the hydrodynamic
conditions within the reactor, influencing the collision and adhesion rates of microbial cells.
Optimal upflow velocities can enhance the collision rate between microbial cells and flocs,
promoting granulation. However, too high or too low a velocity can disrupt this balance,
affecting the overall size and stability of the granules.

7.2. Settling Time

The settling time plays a pivotal role as a form of hydraulic selection pressure on
the microbial populations during the process of aerobic granulation. A reduced settling
time is crucial for two main reasons: firstly, it can eliminate slowly settling biomass while
preserving granules that settle quickly, and secondly, it can guarantee the biological sys-
tems operate both efficiently and cost-effectively. Studies have demonstrated that aerobic
granules became the predominant form in an SBR when the system was managed with
a settling time of only 5 min [64]. Extending the settling time beyond 5 min resulted in a
mixed culture of aerobic granules and free-floating sludge. In practice, the settling time is
typically maintained between 1 and 4 min [7,8,65]. Thus, identifying the ideal settling time
is essential for successful aerobic granulation.

7.3. Organic Loading Rate

While a high Organic Loading Rate (OLR) is beneficial to the formation of anaerobic
granules in UASB systems, it tends to be detrimental to aerobic granulation due to the
excessive proliferation of suspended forms. Aerobic granules can successfully form within
a range of COD loading rates, from 0.42 to 15 kg COD m−3·d−1 [62–64]. Although OLR
does not significantly impact the initial formation of aerobic granules, it is closely linked to
their physical characteristics.

Toh et al. [66] noted that the average diameter of aerobic granules tends to expand as
the OLR increases [67–69]. Nevertheless, characteristics such as the granules’ roundness,
dry biomass density, specific gravity, and Sludge Volume Index (SVI) do not show a
significant relationship with the OLR. On the other hand, the structural integrity of aerobic
granules weakens with an increase in OLR. This reduction in physical strength is linked
to the rapid growth in biomass caused by higher OLRs, which adversely affects the three-
dimensional structure of the microbial aggregates [70].

7.4. Substrate Composition

A diverse range of substrates, including glucose, acetate, ethanol, phenol, yeast extract,
particulate organic-matter-rich wastewater, and berberine wastewater, have been effec-
tively utilized to cultivate aerobic granules [64–69]. Additionally, granules with specific
nitrification and phosphorus accumulation abilities have been engineered [70–74]. It is
crucial to recognize that the choice of substrate can profoundly affect the microbial diversity,
microstructure, and elemental makeup of mature aerobic granules [71].

For example, aerobic granules formed using acetate as a substrate tend to have a
dense microstructure with predominantly radially arranged, rod-like bacteria. Conversely,
granules cultivated with glucose predominantly contain cocci-type bacteria internally, with
a surface layer composed of both filamentous and rod bacteria. These differences highlight
the significant role that substrate type plays in determining the physical and biological
properties of aerobic granules.
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7.5. EPS

Extracellular Polymeric Substances (EPS), secreted by microorganisms, are intricate
combinations of proteins, polysaccharides, humic substances, and nucleic acids. These
substances are instrumental in aerobic granulation.

Initially, EPS are pivotal to biofilm formation and development, serving as the foun-
dational element of aerobic granules. They facilitate the adhesion of microbial cells to
one another and to various surfaces, thereby fostering the creation of dense microbial
communities that are essential for effective wastewater treatment.

As granulation progresses, EPS form a structural matrix that encapsulates the microbial
cells within the granules. This matrix not only bestows shape and structural integrity upon
the granules but also supports the bacterial cells’ aggregation, enhancing the granules’
mechanical stability.

Furthermore, the EPS matrix acts as a protective barrier for the microbial cells against
environmental stressors such as toxic substances, pH fluctuations, and shear forces, ensur-
ing their viability and functionality within the wastewater treatment process.

EPS’s ability to bind nutrients, metals, and other substances plays a critical role in their
retention within the granules and facilitates exchange within the microbial community.
This trait is vital for the microorganisms’ metabolic activities, improving the wastewater
treatment’s overall efficiency. Additionally, during periods of scarcity, the degradation of
EPS components like proteins, polysaccharides, and humic compounds serves as a carbon
source, increasing cell surface hydrophobicity and enhancing granule stability.

Moreover, EPS act as conduits for cell-to-cell communication within granules, orches-
trating metabolic activities and enabling the microbial community to adapt to environmen-
tal changes.

7.6. Hydraulic Retention Time

Hydraulic Retention Time (HRT) is a critical factor in the functioning of SBR, associated
with both the cycle duration and the volume exchange rate of the SBR. Defined by the ratio
between the volume of effluent that is released and the SBR’s operational volume, HRT
significantly influences the granulation process as a form of hydraulic selection pressure,
deterring the proliferation of dispersed sludge. Selecting a suitable HRT is essential for
encouraging the development of granules [72–74].

An HRT that is too short could lead to significant sludge loss without adequate com-
pensation, negatively impacting the system’s efficiency. On the other hand, an excessively
long HRT could result in bioflocs becoming dominant in the system, which might not be
desirable depending on the specific goals of the treatment process. It has been observed
that the stabilization of seeded aerobic granules is achievable with an HRT ranging from
2 to 12 h [73]. Furthermore, HRTs of 12 and 24 h are particularly beneficial for nitrifying
bacteria, indicating that the optimal HRT can vary depending on the specific microbial
community or process goals within the SBR [74].

The strategy of controlling HRT within a moderate range is also applied to CFRs,
given their incorporation into an internal settling zone [75–78].

7.7. Dissolved Oxygen

The Dissolved Oxygen (DO) concentration is indeed a vital parameter in managing
aerobic wastewater treatment systems. However, when it comes to the formation of
aerobic granules, the DO concentration does not play a decisive role. Research has shown
that aerobic granules can successfully form even at relatively low DO concentrations,
specifically in the range of 0.7–1.0 mg L−1 in an SBR [9]. Additionally, aerobic granules have
been successfully developed at DO concentrations exceeding 2.0 mg L−1. This indicates
that aerobic granules can form and sustain under a broad range of DO concentrations,
making them adaptable to various operating conditions in aerobic wastewater treatment
processes [43,69].
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7.8. Aerobic Starvation

In a typical SBR cycle, there are two distinct phases: the degradation phase and the
aerobic starvation phase. During the degradation phase, the substrate is progressively
depleted to a minimal level. This phase is succeeded by the aerobic starvation period,
during which the microorganisms in the SBR lack access to any external substrate.

Consequently, these microorganisms experience periodic starvation. It has been
proposed that this intermittent starvation could induce microbial adhesion and aggregation,
possibly through its impact on cell hydrophobicity [79,80]. This concept suggests that the
stress of intermittent starvation could alter the surface properties of the cells, making them
more likely to adhere to each other and form aggregates. Nonetheless, it is critical to
acknowledge that, despite thorough investigations into the link between starvation and cell
hydrophobicity, the particular notion that it initiates microbial adhesion and aggregation
within SBR systems lacks direct validation through experimental proof. Further research is
needed to validate this hypothesis and fully understand the mechanisms at play.

7.9. Trace Elements

Trace elements, particularly calcium and iron, play a significant role in enhancing
aerobic granulation. The study by Jiang et al. demonstrated that adequate amounts of
calcium can significantly expedite the formation of aerobic granules, reducing the required
time by about 50% [70]. These calcium-augmented aerobic granules not only settle better
but also exhibit improved strength characteristics and have an increased polysaccharide
content. Ca2+ are thought to act as a bridge that promotes bacterial aggregation. They
achieve this by binding the negatively charged groups present on bacterial surfaces and
extracellular polysaccharide molecules, facilitating the formation of more cohesive and
robust granules. In a separate study, Tsuneda et al. [80] observed that introducing iron (Fe)
into the system led to its accumulation in the central part of the nitrifying granules in an
AUFB reactor. Furthermore, they found that sludge pre-aggregated with iron could enhance
the formation of nitrifying granules. This indicates that iron, like calcium, may play a crucial
role in the development and structural integrity of aerobic granules, particularly in systems
focused on nitrification. Magnesium carbonate played a similar role in strengthening the
formation of aerobic granules [81]. Such insights are valuable for optimizing the process of
aerobic granulation in wastewater treatment systems.

8. Application of Aerobic Granulation Technology

Aerobic granulation technology is a versatile and efficient solution for wastewater
treatment, offering benefits like a high treatment efficiency, space savings, energy-efficiency,
and environmental sustainability. Its application spans across municipal and various
industrial sectors, addressing both conventional and challenging wastewater treatment
needs [23,40,61,69,82–89].

In treating high-strength organic wastewater, biological systems need to maintain a
high biomass concentration and a high rate of microbial degradation. Aerobic granulation
in SBRs has proven effective in achieving this, with biomass concentrations between 6.0 to
12.0 g L−1 being reported due to the compact and dense structure of the granules. This was
highlighted in the research by Tay et al. [23,82].

The practicality of using aerobic granulation technology for treating high-strength
organic wastewater was demonstrated by Moy et al. [69]. They found that aerobic granules
could withstand a maximum organic loading rate of 15.0 kg COD m−3 d−1 using glucose
as a substrate, while achieving more than 92% COD removal. This high efficiency can be
attributed to the granules’ compact structure, which also enhances their ability to degrade
toxic compounds.

For example, studies by Jiang et al. [61,83] showed that aerobic granules are partic-
ularly effective in degrading toxic substances like phenol. In one instance, an aerobic
granular sludge reactor successfully maintained a steady effluent phenol concentration
below 0.2 mg L−1, despite the influent having a phenol level of 500 mg L−1. This high
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resilience of the granules to phenol can be attributed to the fact that a significant portion of
the biomass inside them remains shielded from the elevated concentrations encountered in
the wastewater.

Aerobic granules are gaining recognition for their ability to eliminate not just phenol,
but also other challenging and toxic organic substances from concentrated industrial
wastewater. Additionally, recent research has shown their ability to efficiently reduce
phosphate and ammonia levels [40,84,85]. Their adaptability and effectiveness position
aerobic granules as a viable option for sophisticated wastewater treatment endeavors.

9. The Engineering of Aerobic Granular Sludge Technology

Following the first pilot-scale study of aerobic granular sludge reported in 2003,
dozens of pilot-scale studies were completed (Table 3). The influent of the pilot-scale
reactors include sewage, industrial wastewater, and their mixture. The volume of the
reactors ranged from a minimum of 30 L to a maximum of 6 m3. The inoculation sludge
was mostly obtained from the activated sludge of urban wastewater plants, and the raw
water included domestic sewage, industrial wastewater, and agricultural wastewater. In
the pilot studies, the COD of the raw water ranged from 100 mg L−1 to 2000 mg L−1, and
NH4

+-N was between 10 mg L−1 and 200 mg L−1. The size of the cultivated granular
sludge ranged from a minimum of 0.2 mm to a maximum of 3.5 mm.

Table 3. The list of pilot-scale aerobic granulation processes.

Year Reactor
Working
Volume

(m3)
Inoculation Sludge Influence Flow Pattern MLSS

(g/L)

Diameter of
Granules

(mm)

SVI
(mL/g) Reference

2003 SBR 1.5
Sludge from

municipal wastewater
treatment plant

Sewage Intermittent
flow 9–10 >0.6 60 [90]

2010 SBR 0.03

Sludge from
municipal wastewater
treatment plant, MLSS:

2 g L−1, SVI:
145 mL g−1

40% sewage + 60%
industrial wastewater,

COD: 360–1832 mg
L−1, NH4

+-N:
37.5–108.5 mg L−1

Intermittent
flow 20 0.8 30 [91,92]

2010 SBR 0.226

Sludge from
municipal wastewater
treatment plant, MLSS:

2.6 g L−1, SVI:
120–160 mL g−1

Municipal wastewater,
COD: 91.3–157.1 mg

L−1, NH4
+-N:

39.4–68.2 mg L−1

Intermittent
flow 4.0 2.45 45–55 [93]

2010 SBR 6.0 Activated sludge,
MLSS: 3.0 g L−1

Municipal wastewater,
COD: 200–350 mg L−1,

NH4
+-N:

15–40 mg L−1

Intermittent
flow 8.0 0.33 30 [94]

2010 SBR 1.0

Sludge from
municipal wastewater

treatment plant,
MLSS: 5.0–7.0 g L−1,

SVI: 75 mL g−1

Municipal wastewater,
COD: 100–400 mg L−1,

NH4
+-N:

10–40 mg L−1

Intermittent
flow 8.0 0.8 40 [95]

2011 SBR 0.032

Sludge from
municipal wastewater
treatment plant, MLSS:

2.6 g L−1, SVI:
180 mL g−1

40% sewage + 60%
industrial wastewater,

COD: 250–1800 mg
L−1, NH4

+-N:
39–93 mg L−1

Intermittent
flow 7.0–9.0 1.976 25–85 [96]

2011 SBR 0.1

Sludge from
municipal wastewater
treatment plant, MLSS:

3.7g L−1, SVI:
190 mL g−1

The synthetic
wastewater (acetate)

Intermittent
flow 3.5 3.5 - [97]

2011 SBR 5.95

Sludge from
municipal wastewater
treatment plant, MLSS

of 2.7 g L−1

Sewage with
industrial wastewater,

COD: 271–1839 mg
L−1, NH4

+-N:
16.98–214 mg L−1

Intermittent
flow 2.236 - 65.02 [98]

2012 SBR 1.47

Sludge from soy
protein wastewater

treatment plant with
SVI of 125.6 mL g−1

Soy protein
wastewater anaerobic

digest effluent with
COD of 800–1800 mg

L−1, NH4
+-N of

80–160 mg L−1

Intermittent
flow - 0.5–1.0 - [99]

2012 SBR 0.085
Anaerobic digest
sludge, MLSS of

20 g L−1

Sewage with COD of
200–320 mg L−1, TN

of 38–55 mg L−1

Intermittent
flow 5.9 0.75 20–35 [100]
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Table 3. Cont.

Year Reactor
Working
Volume

(m3)
Inoculation Sludge Influence Flow Pattern MLSS

(g/L)

Diameter of
Granules

(mm)

SVI
(mL/g) Reference

2012 SBR 0.1 -

The synthetic
wastewater (Sodium
acetate) with COD of
400 mg L−1, NH4

+-N
of 40 mg L−1

Intermittent
flow 12±4 2.4 13±6 [101]

2013 SBR 1.47
Activated sludge with
MLSS of 2.8 g L−1, SVI

of 105.51 mL g−1

Soy protein
wastewater anaerobic

digest effluent with
COD of 700–2400 mg

L−1, NH4
+-N of

200 mg L−1

Intermittent
flow 7.02 1.2–2.0 42.99 [102]

2013 MBR 0.06

Sludge from
pharmaceutical

wastewater treatment
plant

Berberine wastewater
with COD of

1717–4393 mg L−1,
NH4

+-N of
91.8–158.7 mg L−1

Continuous
flow 7.0 0.1–1.0 90 [103]

2013 SBR 0.1
Sludge from

municipal wastewater
treatment plant

Swine wastewater Intermittent
flow 11–13 2.0–2.8 - [104]

2014 SBR 3.5

Sludge from
municipal wastewater
treatment plant with
MLSS of 4.581 g L−1

Municipal wastewater,
COD of 100–450 mg

L−1, NH4
+-N of

20–30 mg L−1

Intermittent
flow 1.2 1.0 - [105]

2014 SBR 0.105
Sludge cultivated in

lab with MLSS of
3.0 g L−1

The synthetic
wastewater (Sodium
acetate) with COD of

8000 mg L−1

Intermittent
flow 5.0 1.58 80 [106]

2014 SBR 20
Activated sludge with
MLSS of 3.8 g/L, SVI

of 78 mL g−1

30% sewage + 70%
industrial wastewater
with COD of 500–1000

mg L−1, NH4
+-N of

30–80 mg L−1

Intermittent
flow 8.55 0.3 38 [107]

2015 SBR 4
Sludge from enhanced
biological phosphorus

removal treatment

Sewage with Sodium
acetate

intermittent
flow 12 1.1 - [108]

2016 SBR 1.5 Activated sludge Sewage intermittent
flow 9–10 >0.6 60 [109]

2016 MBR 14

Sludge from
municipal wastewater
treatment plant with

SVI of 210 mL g−1

Municipal wastewater,
COD of 300 ± 25 mg

L−1, TN of
30 ± 5 mg L−1

intermittent
flow 7 0.2 30 [110]

2017 SBR 0.098

Sludge from
municipal wastewater
treatment plant with

VSS of 3.2 g/L, SVI of
220.2 mL g−1

Sewage with COD of
150–450 mg L−1,

NH4
+-N of

36–68 mg L−1

intermittent
flow - 0.29 67 [111]

2017 SBR 0.16

Sludge from
municipal wastewater
treatment plant with

MLSS of 6.5 g L−1

Municipal wastewater,
COD of 300 mg L−1,

NH4
+-N of

43–52 mg L−1

intermittent
flow 12.19 1.269 21.31 [112]

2019 CSTR 0.128 Activated sludge with
4.284 g L−1

Sewage, COD of
200–400 mg L−1,

NH4
+-N 0f 10–35 mg

L−1, TN of 30–55 mg
L−1 and TP of

1–5 mg L−1

Continuous
flow 4.1–5.8 3.4 64 [113]

2022 RFBR Activated sludge - Continuous
flow 1.3 - 43 [18]

2023 SFD-
SBR

Sidestream
reactor:
1.4 m3,

mainstream
reactor:
14 m3

Sludge from
municipal wastewater

treatment plant

The municipal
wastewater, TOC of

48–59mg L−1

Continuous
flow 3 - 80 [114]

2023 CFR 0.2

Sludge from
municipal wastewater
treatment plant with

MLSS of 2.5 g L−1

The municipal
wastewater, COD of

161–1145
mg L−1; TN of 14–103

mg L−1 and TP of
2.5–19 mg L−1

Continuous
flow 6.1 0.5–1.0 40 [115]

The first full-scale AGS reactor was set up in the Garmerwolde Wastewater Treatment
Plant in The Netherlands. At present, more than 80 AGS plants are operated worldwide by
Nereda®. The operation condition and results of a few of these full-scale reactors, located
in Poland, The Netherlands, and South Africa, were published [109–116]. Full-scale aerobic
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granulation is a complex process that requires careful design, monitoring, and management
to successfully treat wastewater in an efficient and environmentally friendly manner. The
technology’s scalability and adaptability to various wastewater treatment needs make it an
increasingly popular choice in modern wastewater treatment facilities (Table 4).

Table 4. The list of full-scale continuous-flow aerobic granulation processes.

Year Location Name Granulation
Strategy

Reactor
Type

Wastewater
Treatment

Plant
Capacity

(m3/d)

Inoculation
Sludge Influence MLSS

(g/L)

Diameter of
Granules

(mm)

SVI
(mL/g) Reference

2008 South
Africa

Gansbaai
WWTP

SBR
(Nereda) Column 4000 Activated

Sludge

Sewage,
COD:

1265 mg L−1,
NH4

+-N:
175 mg L−1,

TP:
19 mg L−1

- - - [117]

2010 Zhejiang
Province

Yancang
WWTP SBR Column 50,000 Activated

Sludge

70%
industrial

wastewater
+ 30%munic-

ipal
wastewater,

COD:
200–700 mg

L−1,
NH4

+-N:
28–40 mg L−1,

TP:
2–4 mg L−1

- 0.5 47 [13]

2013
The

Nether-
lands

Garmerwolde SBR
(Nereda) Column 13,000 Activated

Sludge

Sewage,
COD:

146–715 mg
L−1,

NH4
+-N:

13.4–56.5 mg
L−1, TN:

14–81 mg
L−1, TP:

1.9–9.7 mg L−1

8.5 1 35 [117]

2014 Portugal Frielas
WWTP

SBR
(Nereda) Column 70,000 Activated

Sludge Sewage 6–8 - 40 [117]

2022

The James
R. Dilorio

Water
Recla

mation
Facility

Colorado,
USA

Hydrocyclone-
based wasting

helped
improve
settling

characteristics

Several
tanks 60,000

Sludge
from

municipal
wastewater
treatment

plant

Sewage 2.2 >0.2 83 [118]

2024 WWTP in
Hebei

province,
China

A novel
microaerobic–

aerobic
configuration
with internal

separators

Several
tanks 25,000

Sludge
form

Municipal
wastewater
treatment

plant

30% sewage
+ 70%

industrial
wastewater,

COD:
200–700 mg

L−1,
NH4

+-N:
28–40 mg L−1

20

0.138,
granules

larger than
200 µm

constituting
28.9%

51.4 [119]

10. Conclusions and Challenges in Future

This paper offers an extensive review of the advancements in aerobic granular sludge
research, highlighting the evolution of aerobic granulation technology, the mechanisms
behind granulation, the properties of aerobic granules, the factors that drive aerobic forma-
tion, and their practical uses. Despite the growing worldwide implementation of AGS in
wastewater treatment plants (WWTPs), indicating a promising future for AGS in boosting
wastewater treatment efficiency, several critical challenges hinder AGS application. The
key obstacles and future research opportunities in AGS include the following:

(1) The process of aerobic granule formation remains largely unknown. Various theories
have been proposed to explain this phenomenon, yet conclusive experimental support
is lacking.
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(2) Achieving low substrate concentrations during steady-state operations to enable
feast/famine conditions in CAGS is difficult. Research into how CAGS’s operational
parameters affect the feast/famine ratio is scarce, necessitating future investigations
into its impact on granule stability.

(3) Employing a particle-size-based selection pressure could potentially facilitate CAGS
granulation. However, research in this area is still in its infancy, and such a selection
pressure might compromise CAGS stability in the long term.

(4) While most CAGS setups incorporate a settling tank or clarifier for granule recycling,
the recycling process can lead to granule disintegration. This calls for the creation of
more sophisticated CAGS reactors with optimized recycling mechanisms.
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ALR Airlift reactor
CFR Continuous-flow reactor
COD Chemical oxygen demand
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References
1. Lee, D.-J.; Chen, Y.-Y.; Show, K.-Y.; Whiteley, C.G.; Tay, J.-H. Advances in aerobic granule formation and granule stability in the

course of storage and reactor operation. Biotechnol. Adv. 2010, 28, 919–934. [CrossRef] [PubMed]
2. Yan, Y.G.; Tay, J.H. Characterization of microbial granulation process during UASB start-up. Water Res. 1997, 31, 1573–1580.

[CrossRef]
3. Alves, M.; Cavaleiro, A.J.; Ferreira, E.C.; Amaral, A.L.; Mota, M.; da Motta, M.; Vivier, H.; Pons, M.N. Characterization by image

analysis of anaerobic sludge under shock conditions. Water Sci. Technol. 2000, 41, 207–214. [CrossRef]
4. Lettinga, G.; Rebac, S.; Zeeman, G. Challenge of psychrophilic anaerobic wastewater treatment. Trends Biotechnol. 2001, 19,

363–370. [CrossRef] [PubMed]
5. Kassam, Z.A.; Yerushalmi, L.; Guiot, S.R. A market study on the anaerobic waste-water treatment systems. Water Air Soil Pollut.

2003, 143, 179–192. [CrossRef]
6. Mishima, K.; Nakamura, M. Self-immobilization of aerobic activated sludge–a pilot study of the aerobic upflow sludge blanket

process in municipal sewage treatment. Water Sci. Technol. 1991, 23, 981–990. [CrossRef]
7. Morgenroth, E.; Sherden, T.; Van Loosdrecht, M.; Heijnen, J.; Wilderer, P. Aerobic granular sludge in a sequencing batch reactor.

Water Res. 1997, 31, 3191–3194. [CrossRef]
8. Beun, J.; Hendriks, A.; van Loosdrecht, M.; Morgenroth, E.; Wilderer, P.; Heijnen, J. Aerobic granulation in a sequencing batch

reactor. Water Res. 1999, 33, 2283–2290. [CrossRef]
9. Peng, D.C.; Bernet, N.; Delgenes, J.P.; Moletta, R. Aerobic granular sludge—A case report. Water Res. 1999, 33, 890–893.

https://doi.org/10.1016/j.biotechadv.2010.08.007
https://www.ncbi.nlm.nih.gov/pubmed/20728530
https://doi.org/10.1016/S0043-1354(96)00354-5
https://doi.org/10.2166/wst.2000.0273
https://doi.org/10.1016/S0167-7799(01)01701-2
https://www.ncbi.nlm.nih.gov/pubmed/11514000
https://doi.org/10.1023/A:1022807416773
https://doi.org/10.2166/wst.1991.0550
https://doi.org/10.1016/S0043-1354(97)00216-9
https://doi.org/10.1016/S0043-1354(98)00463-1


Processes 2024, 12, 707 14 of 18

10. Tchobanoglous, G.; Burton, F.L. Wastewater Engineering, Treatment, Disposal, Reuse, 3rd ed.; McGraw-Hill Book Company: New
York, NY, USA, 1991.

11. Hamza, R.; Rabii, A.; Ezzahraoui, F.-Z.; Morgan, G.; Iorhemen, O.T. A review of the state of development of aerobic granular
sludge technology over the last 20 years: Full-scale applications and resource recovery. Case Stud. Chem. Environ. Eng. 2022, 5,
100173. [CrossRef]

12. Liu, Y.; Tay, J.-H. State of the art of biogranulation technology for wastewater treatment. Biotechnol. Adv. 2004, 22, 533–563.
[CrossRef] [PubMed]

13. Zhao, X.F.; Li, X.Q.; Li, J.A. Review on Pilot-scale study and application progress of the aerobic granular sludge technology. China
Water Wastewater 2020, 36, 30–37.

14. Royal Haskoning DHV. Available online: https://global.royalhaskoningdhv.com/nereda/projects (accessed on 30 December
2023).

15. Shin, H.-S.; Lim, K.-H.; Park, H.-S. Effect of shear stress on granulation in oxygen aerobic upflow sludge bed reactors. Water Sci.
Technol. 1992, 26, 601–605. [CrossRef]

16. de Beer, D.; Heuvel, J.C.v.D.; Ottengraf, S.P.P. Microelectrode measurements of the activity distribution in nitrifying bacterial
aggregates. Appl. Environ. Microbiol. 1993, 59, 573–579. [CrossRef] [PubMed]

17. Tijhuis, L.; Huisman, J.L.; Hekkelman, H.D.; van Loosdrecht, M.C.M.; Heijnen, J.J. Formation of nitrifying biofilms on small
suspended particles in airlift reactors. Biotechnol. Bioeng. 1995, 47, 585–595. [CrossRef] [PubMed]

18. Li, J.; Cai, A.; Ding, L.; Sellamuthu, B.; Perreault, J. Aerobic sludge granulation in a Reverse Flow Baffled Reactor (RFBR) operated
in continuous-flow mode for wastewater treatment. Sep. Purif. Technol. 2015, 149, 437–444. [CrossRef]

19. Li, X.; Sun, S.; Badgley, B.D.; Sung, S.; Zhang, H.; He, Z. Nitrogen removal by granular nitritation–anammox in an upflow
membrane-aerated biofilm reactor. Water Res. 2016, 94, 23–31. [CrossRef] [PubMed]

20. Liu, Y.Q.; Lan, G.H.; Zeng, P. Excessive precipitation of CaCO3 as aragonite in a continuous aerobic granular sludge reactor. Appl.
Microbiol. Biotechnol. 2015, 99, 8225–8234. [CrossRef]

21. Huang, Q.J.; Wang, S.F.; Wu, N.; He, H.; Yu, W.T.; Cong, L. Research progress on aerobic granular sludge technology under
continuous flow condition. Chem. Bioeng. 2016, 33, 12–14.

22. Tay, J.H.; Liu, Q.S.; Liu, Y. Characteristics of aerobic granules grown on glucose and acetate in sequential aerobic sludge blanket
reactors. Environ. Technol. 2002, 23, 931–936. [CrossRef] [PubMed]

23. Tay, J.H.; Liu, Q.S.; Liu, Y. The effects of shear force on the formation, structure and metabolism of aerobic granules. Appl.
Microbiol. Biot. 2001, 57, 227–233.

24. Liu, Y.; Tay, J.-H. The essential role of hydrodynamic shear force in the formation of biofilm and granular sludge. Water Res. 2002,
36, 1653–1665. [CrossRef] [PubMed]

25. Liu, Y.; Yang, S.-F.; Tay, J.-H.; Liu, Q.-S.; Qin, L.; Li, Y. Cell hydrophobicity is a triggering force of biogranulation. Enzym. Microb.
Technol. 2004, 34, 371–379. [CrossRef]

26. Barr, J.J.; Cook, A.E.; Bond, P.L. Granule formation mechanisms within an aerobic wastewater system for phosphorus removal.
Appl. Environ. Microbiol. 2010, 76, 7588–7597. [CrossRef] [PubMed]

27. Wu, K.C.; Wu, P.; Xu, Y.Z.; Li, Y.H.; Shen, Y.L. Formation Mechanism of Aerobic Granular Sludge and Removal Efficiencies in
Integrated ABR-CSTR Reactor. Huanjing Kexue 2015, 36, 2947–2953. [PubMed]

28. van Dijk, E.J.; Haaksman, V.A.; van Loosdrecht, M.C.; Pronk, M. On the mechanisms for aerobic granulation—Model based
evaluation. Water Res. 2022, 216, 118365. [CrossRef] [PubMed]

29. Cai, C.-G.; Zhu, N.-W.; Liu, J.-S.; Wang, Z.-P.; Cai, W.-M. Characteristics of aerobic granules grown on glucose a sequential batch
shaking reactor. J. Environ. Sci.-China 2004, 16, 624–626. [PubMed]

30. Tsuneda, S.; Ejiri, Y.; Nagano, T.; Hirata, A. Formation mechanism of nitrifying granules observed in an aerobic upflow fluidized
bed (AUFB) reactor. Water Sci. Technol. 2004, 49, 27–34. [CrossRef] [PubMed]

31. Liu, Y.Q.; Nilsen, p.; Maulidiany, N.D. Thermal pretreatment to enhance biogas production of waste aerobic granular sludge with
and without calcium phosphate precipitates. Chemosphere 2019, 234, 725–732. [CrossRef] [PubMed]

32. Hu, L.L.; Wang, J.L.; Wen, X.H.; Qian, Y. The formation and characteristics of aerobic granules in sequencing batch reactor (SBR)
by seeding anaerobic granules. Process. Biochem. 2005, 40, 5–11.

33. Zheng, Y.-M.; Yu, H.-Q.; Sheng, G.-P. Physical and chemical characteristics of granular activated sludge from a sequencing batch
airlift reactor. Process. Biochem. 2005, 40, 645–650. [CrossRef]

34. Bengtsson, S.; de Blois, M.; Wilén, B.-M.; Gustavsson, D. A comparison of aerobic granular sludge with conventional and compact
biological treatment technologies. Environ. Technol. 2019, 40, 2769–2778. [CrossRef] [PubMed]

35. Kehrein, P.; van Loosdrecht, M.; Osseweijer, P.; Posada, J. Exploring resource recovery potentials for the aerobic granular sludge
process by mass and energy balances–energy, biopolymer and phosphorous recovery from municipal wastewater. Environ. Sci.
Water Res. Technol. 2020, 6, 2164–2179. [CrossRef]

36. Szabó, E.; Liébana, R.; Hermansson, M.; Modin, O.; Persson, F.; Wilén, B.-M. Microbial Population Dynamics and Ecosystem
Functions of Anoxic/Aerobic Granular Sludge in Sequencing Batch Reactors Operated at Different Organic Loading Rates. Front.
Microbiol. 2017, 8, 770. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cscee.2021.100173
https://doi.org/10.1016/j.biotechadv.2004.05.001
https://www.ncbi.nlm.nih.gov/pubmed/15262316
https://global.royalhaskoningdhv.com/nereda/projects
https://doi.org/10.2166/wst.1992.0440
https://doi.org/10.1128/aem.59.2.573-579.1993
https://www.ncbi.nlm.nih.gov/pubmed/16348875
https://doi.org/10.1002/bit.260470511
https://www.ncbi.nlm.nih.gov/pubmed/18623438
https://doi.org/10.1016/j.seppur.2015.04.045
https://doi.org/10.1016/j.watres.2016.02.031
https://www.ncbi.nlm.nih.gov/pubmed/26921710
https://doi.org/10.1007/s00253-015-6727-6
https://doi.org/10.1080/09593332308618363
https://www.ncbi.nlm.nih.gov/pubmed/12212607
https://doi.org/10.1016/S0043-1354(01)00379-7
https://www.ncbi.nlm.nih.gov/pubmed/12044065
https://doi.org/10.1016/j.enzmictec.2003.12.009
https://doi.org/10.1128/AEM.00864-10
https://www.ncbi.nlm.nih.gov/pubmed/20851963
https://www.ncbi.nlm.nih.gov/pubmed/26592026
https://doi.org/10.1016/j.watres.2022.118365
https://www.ncbi.nlm.nih.gov/pubmed/35413626
https://www.ncbi.nlm.nih.gov/pubmed/15495968
https://doi.org/10.2166/wst.2004.0796
https://www.ncbi.nlm.nih.gov/pubmed/15303719
https://doi.org/10.1016/j.chemosphere.2019.06.104
https://www.ncbi.nlm.nih.gov/pubmed/31234089
https://doi.org/10.1016/j.procbio.2004.01.056
https://doi.org/10.1080/09593330.2018.1452985
https://www.ncbi.nlm.nih.gov/pubmed/29533707
https://doi.org/10.1039/D0EW00310G
https://doi.org/10.3389/fmicb.2017.00770
https://www.ncbi.nlm.nih.gov/pubmed/28507540


Processes 2024, 12, 707 15 of 18

37. Fan, X.-Y.; Gao, J.-F.; Pan, K.-L.; Li, D.-C.; Zhang, L.-F.; Wang, S.-J. Shifts in bacterial community composition and abundance of
nitrifiers during aerobic granulation in two nitrifying sequencing batch reactors. Bioresour. Technol. 2018, 251, 99–107. [CrossRef]
[PubMed]

38. Liébana, R.; Modin, O.; Persson, F.; Szabó, E.; Hermansson, M.; LiÉ, R.; Bana; Wilen, B.-M. Combined Deterministic and Stochastic
Processes Control Microbial Succession in Replicate Granular Biofilm Reactors. Environ. Sci. Technol. 2019, 53, 4912–4921.
[CrossRef]

39. Muñoz-Palazon, B.; Rodriguez-Sanchez, A.; Hurtado-Martinez, M.; Gonzalez-Lopez, J.; Pfetzing, P.; Gonzalez-Martinez, A.
Performance and microbial community structure of aerobic granular bioreactors at different operational temperature. J. Water
Process. Eng. 2020, 33, 101110. [CrossRef]

40. Layer, M.; Adler, A.; Reynaert, E.; Hernandez, A.; Pagni, M.; Morgenroth, E.; Holliger, C.; Derlon, N. Organic substrate diffusibility
governs microbial community composition, nutrient removal performance and kinetics of granulation of aerobic granular sludge.
Water Res. X 2019, 4, 100033. [CrossRef] [PubMed]

41. Yang, S.-F.; Liu, Q.-S.; Tay, J.-H.; Liu, Y. Growth kinetics of aerobic granules developed in sequencing batch reactors. Lett. Appl.
Microbiol. 2004, 38, 106–112. [CrossRef] [PubMed]

42. Beun, J.; van Loosdrecht, M.; Heijnen, J. Aerobic granulation in a sequencing batch airlift reactor. Water Res. 2002, 36, 702–712.
[CrossRef] [PubMed]

43. Tay, J.-H.; Ivanov, V.; Pan, S.; Tay, S.-L. Specific layers in aerobically grown microbial granules. Lett. Appl. Microbiol. 2002, 34,
254–257. [CrossRef]

44. Wang, Y.; Liu, Y.Q.; Li, J.; Ma, R.R.; Zeng, P.; Ng, C.A.; Liu, F.H. The dynamic shift of bacterial communities in hybrid anaerobic
baffled reactor (ABR)—Aerobic granules process for berberine pharmaceutical wastewater treatment. Processes 2022, 10, 2506.
[CrossRef]

45. Liu, Y.Q.; Kong, Y.H.; Zhang, R.; Zhang, X.; Wong, F.S.; Tay, J.H.; Zhu, J.R.; Jiang, W.J. Microbial population dynamics of granular
aerobic sequencing batch reactors during start-up and steady state periods. Water Sci. Technol. 2010, 62, 1281–1287. [CrossRef]
[PubMed]

46. Schwarzenbeck, N.; Erley, R.; Wilderer, P. Aerobic granular sludge in an SBR-system treating wastewater rich in particulate matter.
Water Sci. Technol. 2004, 49, 41–46. [CrossRef] [PubMed]

47. Geng, M.; You, S.; Guo, H.; Ma, F.; Xiao, X.; Zhang, J.; Ma, X. Response of aerobic granular sludge to loading shock: Performance
and proteomic study. Chem. Eng. J. 2022, 444, 136458. [CrossRef]

48. Etterer, T.; Wilderer, P.A. Generation and properties of aerobic granular sludge. Water Sci. Technol. 2001, 43, 19–26. [CrossRef]
[PubMed]

49. Tay, S.-L.; Ivanov, V.; Yi, S.; Zhuang, W.-Q.; Tay, J.-H. Presence of anaerobic bacteroides in aerobically grown microbial granules.
Microb. Ecol. 2002, 44, 278–285. [CrossRef] [PubMed]

50. Tay, J.-H.; Tay, S.-L.; Ivanov, V.; Pan, S.; Jiang, H.-L.; Liu, Q.-S. Biomass and porosity profiles in microbial granules used for aerobic
wastewater treatment. Lett. Appl. Microbiol. 2003, 36, 297–301. [CrossRef] [PubMed]

51. Liu, Y.Q.; Lan, G.H.; Zeng, P. Size-dependent calcium carbonate precipitation induced microbiologically in aerobic granules.
Chem. Eng. J. 2016, 285, 341–348. [CrossRef]

52. Tay, J.; Liu, Q.; Liu, Y. The effect of upflow air velocity on the structure of aerobic granules cultivated in a sequencing batch reactor.
Water Sci. Technol. 2004, 49, 35–40. [CrossRef] [PubMed]

53. Zeng, P.; Wang, Y.; Liu, Y.Q.; Li JLiu, F.H.; Chang, M.; Zhang, Y.Z. The Impact of berberine pharmaceutical wastewater on aerobic
granules formation: Change of granules’ size. Processes 2022, 10, 792. [CrossRef]

54. Meyer, R.L.; Saunders, A.M.; Zeng, R.J.X.; Keller, J.; Blackall, L.L. Microscale structure and function of anaerobic-aerobic granules
containing glycogen accumulating organisms. FEMS Microbiol. Ecol. 2003, 45, 253–261. [CrossRef] [PubMed]

55. Tsuneda, S.; Nagano, T.; Hoshino, T.; Ejiri, Y.; Noda, N.; Hirata, A. Characterization of nitrifying granules produced in an aerobic
upflow fluidized bed reactor. Water Res. 2003, 37, 4965–4973. [CrossRef] [PubMed]

56. Zhang, H.; Liu, Y.Q.; Mao, S.; Steinberg, C.E.W.; Duan, W.; Chen, F. Reproducibility of aerobic granules in treating low-strength
and low C/N ratio wastewater and associated microbial community structure. Processes. 2022, 10, 444. [CrossRef]

57. Aqeel, H.; Basuvaraj, M.; Hall, M.; Neufeld, J.D.; Liss, S.N. Microbial dynamics and properties of aerobic granules developed in a
laboratory-scale sequencing batch reactor with an intermediate filamentous bulking stage. Appl. Microbiol. Biotechnol. 2016, 100,
447–460. [CrossRef] [PubMed]

58. Tay, J.-H.; Maszenan, A.; Tay, S.-L. A culture-independent approach for studying microbial diversity in aerobic granules. Water
Sci. Technol. 2003, 47, 283–290.

59. Jiang, H.-L.; Tay, J.-H.; Maszenan, A.M.; Tay, S.T.-L. Bacterial diversity and function of aerobic granules engineered in a sequencing
batch reactor for phenol degradation. Appl. Environ. Microbiol. 2004, 70, 6767–6775. [CrossRef] [PubMed]

60. Lin, Y.-M.; Liu, Y.; Tay, J.-H. Development and characteristics of phosphorus-accumulating microbial granules in sequencing
batch reactors. Appl. Microbiol. Biotechnol. 2003, 62, 430–435. [CrossRef] [PubMed]

61. Liu, Y.; Lin, Y.-M.; Yang, S.-F.; Tay, J.-H. A balanced model for biofilms developed at different growth and detachment forces.
Process. Biochem. 2003, 38, 1761–1765. [CrossRef]

62. Yang, S.-F.; Tay, J.-H.; Liu, Y. A novel granular sludge sequencing batch reactor for removal of organic and nitrogen from
wastewater. J. Biotechnol. 2003, 106, 77–86. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biortech.2017.12.038
https://www.ncbi.nlm.nih.gov/pubmed/29272774
https://doi.org/10.1021/acs.est.8b06669
https://doi.org/10.1016/j.jwpe.2019.101110
https://doi.org/10.1016/j.wroa.2019.100033
https://www.ncbi.nlm.nih.gov/pubmed/31334496
https://doi.org/10.1111/j.1472-765X.2003.01452.x
https://www.ncbi.nlm.nih.gov/pubmed/14746540
https://doi.org/10.1016/S0043-1354(01)00250-0
https://www.ncbi.nlm.nih.gov/pubmed/11831218
https://doi.org/10.1046/j.1472-765x.2002.01099.x
https://doi.org/10.3390/pr10122506
https://doi.org/10.2166/wst.2010.408
https://www.ncbi.nlm.nih.gov/pubmed/20861541
https://doi.org/10.2166/wst.2004.0799
https://www.ncbi.nlm.nih.gov/pubmed/15303721
https://doi.org/10.1016/j.cej.2022.136458
https://doi.org/10.2166/wst.2001.0114
https://www.ncbi.nlm.nih.gov/pubmed/11381904
https://doi.org/10.1007/s00248-002-2014-z
https://www.ncbi.nlm.nih.gov/pubmed/12219266
https://doi.org/10.1046/j.1472-765X.2003.01312.x
https://www.ncbi.nlm.nih.gov/pubmed/12680942
https://doi.org/10.1016/j.cej.2015.10.020
https://doi.org/10.2166/wst.2004.0798
https://www.ncbi.nlm.nih.gov/pubmed/15303720
https://doi.org/10.3390/pr10040792
https://doi.org/10.1016/S0168-6496(03)00159-4
https://www.ncbi.nlm.nih.gov/pubmed/19719594
https://doi.org/10.1016/j.watres.2003.08.017
https://www.ncbi.nlm.nih.gov/pubmed/14604643
https://doi.org/10.3390/pr10030444
https://doi.org/10.1007/s00253-015-6981-7
https://www.ncbi.nlm.nih.gov/pubmed/26394861
https://doi.org/10.1128/AEM.70.11.6767-6775.2004
https://www.ncbi.nlm.nih.gov/pubmed/15528543
https://doi.org/10.1007/s00253-003-1359-7
https://www.ncbi.nlm.nih.gov/pubmed/12783225
https://doi.org/10.1016/S0032-9592(02)00260-1
https://doi.org/10.1016/j.jbiotec.2003.07.007
https://www.ncbi.nlm.nih.gov/pubmed/14636712


Processes 2024, 12, 707 16 of 18

63. Jiang, H.-L.; Tay, J.-H.; Tay, S.-L. Aggregation of immobilized activated sludge cells into aerobically grown microbial granules for
the aerobic biodegradation of phenol. Lett. Appl. Microbiol. 2002, 35, 439–445. [CrossRef] [PubMed]

64. Tay, J.-H.; Pan, S.; He, Y.; Tay, S.T.L. Effect of organic loading rate on aerobic granulation. ii: Characteristics of aerobic granules. J.
Environ. Eng. 2004, 130, 1102–1109. [CrossRef]

65. Liu, Y.Q.; Tay, J.H. Fast formation of aerobic granules by combining strong hydraulic selection pressure with overstressed organic
loading rate. Water. Res.. 2015, 80, 256–266. [CrossRef] [PubMed]

66. Toh, S.; Tay, J.; Moy, B.; Ivanov, V.; Tay, S. Size-effect on the physical characteristics of the aerobic granule in a SBR. Appl. Microbiol.
Biotechnol. 2003, 60, 687–695. [CrossRef] [PubMed]

67. Liu, Y.Q.; Zhang, X.; Zhang, R.; Liu, W.T.; Tay, J.H. Effects of hydraulic retention time on aerobic granulation and granule growth
kinetics at steady state with a fast start-up strategy. Appl. Microbiol. Biotechnol. 2016, 100, 469–477. [CrossRef] [PubMed]

68. Liu, Q.S.; Tay, J.H.; Liu, Y. Substrate concentration-independent aerobic granulation in sequential aerobic sludge blanket reactor.
Environ. Technol. 2003, 24, 1235–1242. [CrossRef] [PubMed]

69. Moy, B.-P.; Tay, J.-H.; Toh, S.-K.; Liu, Y.; Tay, S.-L. High organic loading influences the physical characteristics of aerobic sludge
granules. Lett. Appl. Microbiol. 2002, 34, 407–412. [CrossRef] [PubMed]

70. Jiang, H.-L.; Tay, J.-H.; Liu, Y.; Tay, S.T.-L. Ca2+ augmentation for enhancement of aerobically grown microbial granules in sludge
blanket reactors. Biotechnol. Lett. 2003, 25, 95–99. [CrossRef] [PubMed]

71. Tay, J.-H.; Liu, Q.-S.; Liu, Y. Microscopic observation of aerobic granulation in sequential aerobic sludge blanket reactor. J. Appl.
Microbiol. 2001, 91, 168–175. [CrossRef] [PubMed]

72. Li, D.; Lv, Y.; Cao, M.; Zeng, H.; Zhang, J. Optimized hydraulic retention time for phosphorus and COD removal from synthetic
domestic sewage with granules in a continuous-flow reactor. Bioresour. Technol. 2016, 216, 1083–1087. [CrossRef] [PubMed]

73. Pan, S.; Tay, J.-H.; He, Y.-X.; Tay, S.-L. The effect of hydraulic retention time on the stability of aerobically grown microbial
granules. Lett. Appl. Microbiol. 2004, 38, 158–163. [CrossRef] [PubMed]

74. Tay, J.H.; Yang, S.F.; Liu, Y. Hydraulic selection pressure-induced nitrifying granulation in sequencing batch reactors. Appl.
Microbiol. Biot. 2002, 59, 332–337.

75. Corsino, S.; Campo, R.; Di Bella, G.; Torregrossa, M.; Viviani, G. Study of aerobic granular sludge stability in a continuous-flow
membrane bioreactor. Bioresour. Technol. 2016, 200, 1055–1059. [CrossRef] [PubMed]

76. Xin, X.; Lu, H.; Yao, L.; Leng, L.; Guan, L. Rapid formation of aerobic granular sludge and its mechanism in a continuous-flow
bioreactor. Appl. Biochem. Biotechnol. 2016, 181, 424–433. [CrossRef] [PubMed]

77. Wan, C.L.; Yang, X.; Lee, D.J.; Sun, S.P.; Liu, X.; Zhang, P. Influence of hydraulic retention time on partial nitrification of
continuous-flow aerobic granular-sludge reactor. Environ. Technol. 2014, 35, 1760–1765. [CrossRef] [PubMed]

78. Kent, T.R.; Bott, C.B.; Wang, Z.-W. State of the art of aerobic granulation in continuous flow bioreactors. Biotechnol. Adv. 2018, 36,
1139–1166. [CrossRef] [PubMed]

79. Tay, J.-H.; Liu, Q.-S.; Liu, Y. The role of cellular polysaccharides in the formation and stability of aerobic granules. Lett. Appl.
Microbiol. 2001, 33, 222–226. [CrossRef] [PubMed]

80. Tsuneda, S.; Ejiri, Y.; Ogiwara, M.; Nagano, T.; Hirata, A. Characterization of Nitrifying Granules Produced in an Aerobic Upflow
Fluidized Bed Reactor; Institute of Water Quality Control and Waste Management: Munich, Germany, 2004.

81. McSwain, B.; Irvine, R.; Wilderer, P. The effect of intermittent feeding on aerobic granule structure. Water Sci. Technol. 2004, 49,
19–25. [CrossRef] [PubMed]

82. Lee, D.-J.; Chen, Y.-Y. Magnesium carbonate precipitate strengthened aerobic granules. Bioresour. Technol. 2015, 183, 136–140.
[CrossRef] [PubMed]

83. Tay, J.-H.; Liu, Q.-S.; Liu, Y. Aerobic granulation in sequential sludge blanket reactor. Water Sci. Technol. 2002, 46, 13–18. [CrossRef]
[PubMed]

84. Jiang, H.L.; Tay, J.H.; Tay, S.T.L. Changes in structure, activity and metabolism of aerobic granules as a microbial response to high
phenol loading. Appl. Microbio. Biotechnol. 2004, 63, 602–608. [CrossRef] [PubMed]

85. Beun, J.J.; Heijnen, J.J.; van Loosdrecht, M.C.M. N-Removal in a granular sludge sequencing batch airlift reactor. Biotechnol.
Bioeng. 2001, 75, 82–92. [CrossRef] [PubMed]

86. Dulekgurgen, E.; Ovez, S.; Artan, N.; Orhon, D. Enhanced biological phosphate removal by granular sludge in a sequencing
batch reactor. Biotechnol. Lett. 2003, 25, 687–693. [CrossRef] [PubMed]

87. Liu, Y.Q.; Lan, G.H.; Zeng, P. Resistance and resilience of nitrifying bacteria in aerobic granules to pH shock. Lett. Appl. Microbiol.
2015, 61, 91–97. [CrossRef] [PubMed]

88. Liu, Y.Q.; Tay, J.H. The competition between flocculent sludge and aerobic granules during the long-term operation period of
granular sludge sequencing batch reactor. Environ. Technol. 2012, 33, 2619–2626. [CrossRef] [PubMed]

89. Chen, F.Y.; Liu, Y.Q.; Tay, J.H.; Ning, P. Rapid formation of nitrifying granules treating high-strength ammonium wastewater in a
sequencing batch reactor. Appl. Microbiol. Biotechnol. 2015, 99, 4445–4452. [CrossRef] [PubMed]

90. Liu, Y.Q.; Maulidiany, N.; Zeng, P.; Heo, S. Decolourization of azo, anthraquinone and triphenylmethane dyes using aerobic
granules: Acclimatization and long-term stability. Chemosphere 2021, 263, 128312. [CrossRef] [PubMed]

91. Liu, Y.Q.; Moy, B.Y.P.; Tay, J.H. COD removal and nitrification of low-strength domestic wastewater in aerobic granular sludge
sequencing batch reactors. Enzyme Microb. Tech. 2007, 42, 23–28. [CrossRef]

https://doi.org/10.1046/j.1472-765X.2002.01217.x
https://www.ncbi.nlm.nih.gov/pubmed/12390497
https://doi.org/10.1061/(ASCE)0733-9372(2004)130:10(1102)
https://doi.org/10.1016/j.watres.2015.05.015
https://www.ncbi.nlm.nih.gov/pubmed/26005786
https://doi.org/10.1007/s00253-002-1145-y
https://www.ncbi.nlm.nih.gov/pubmed/12664147
https://doi.org/10.1007/s00253-015-6993-3
https://www.ncbi.nlm.nih.gov/pubmed/26403920
https://doi.org/10.1080/09593330309385665
https://www.ncbi.nlm.nih.gov/pubmed/14669803
https://doi.org/10.1046/j.1472-765X.2002.01108.x
https://www.ncbi.nlm.nih.gov/pubmed/12028420
https://doi.org/10.1023/A:1021967914544
https://www.ncbi.nlm.nih.gov/pubmed/12882281
https://doi.org/10.1046/j.1365-2672.2001.01374.x
https://www.ncbi.nlm.nih.gov/pubmed/11442727
https://doi.org/10.1016/j.biortech.2016.05.061
https://www.ncbi.nlm.nih.gov/pubmed/27265087
https://doi.org/10.1111/j.1472-765X.2003.01479.x
https://www.ncbi.nlm.nih.gov/pubmed/14746549
https://doi.org/10.1016/j.biortech.2015.10.065
https://www.ncbi.nlm.nih.gov/pubmed/26526094
https://doi.org/10.1007/s12010-016-2221-6
https://www.ncbi.nlm.nih.gov/pubmed/27600810
https://doi.org/10.1080/09593330.2014.881423
https://www.ncbi.nlm.nih.gov/pubmed/24956768
https://doi.org/10.1016/j.biotechadv.2018.03.015
https://www.ncbi.nlm.nih.gov/pubmed/29597030
https://doi.org/10.1046/j.1472-765x.2001.00986.x
https://www.ncbi.nlm.nih.gov/pubmed/11555208
https://doi.org/10.2166/wst.2004.0794
https://www.ncbi.nlm.nih.gov/pubmed/15303718
https://doi.org/10.1016/j.biortech.2015.02.058
https://www.ncbi.nlm.nih.gov/pubmed/25727761
https://doi.org/10.2166/wst.2002.0540
https://www.ncbi.nlm.nih.gov/pubmed/12361000
https://doi.org/10.1007/s00253-003-1358-8
https://www.ncbi.nlm.nih.gov/pubmed/12802532
https://doi.org/10.1002/bit.1167
https://www.ncbi.nlm.nih.gov/pubmed/11536130
https://doi.org/10.1023/A:1023495710840
https://www.ncbi.nlm.nih.gov/pubmed/12882167
https://doi.org/10.1111/lam.12433
https://www.ncbi.nlm.nih.gov/pubmed/25900745
https://doi.org/10.1080/09593330.2012.673011
https://www.ncbi.nlm.nih.gov/pubmed/23437662
https://doi.org/10.1007/s00253-014-6363-6
https://www.ncbi.nlm.nih.gov/pubmed/25573473
https://doi.org/10.1016/j.chemosphere.2020.128312
https://www.ncbi.nlm.nih.gov/pubmed/33297248
https://doi.org/10.1016/j.enzmictec.2007.07.020


Processes 2024, 12, 707 17 of 18

92. Liu, Y.Q.; Moy, B.; Kong, Y.H.; Tay, J.H. Formation, physical characteristics and microbial community structure of aerobic granules
in a pilot-scale sequencing batch reactor for real wastewater treatment. Enzym. Microb. Technol. 2010, 46, 520–525. [CrossRef]
[PubMed]

93. Min, J.; Chao, L.; Yunxia, Z.; Hongzhi, S.; Xin, L.; Li, G. Pilot test of domestic wastewater treatment in anaerobic/aerobic granular
sludge SBR system. Chin. J. Environ. Eng. 2010, 4, 1276–1282. (In Chinese)

94. Tu, X.; Su, B.-S.; Kong, Y.-H.; Zhu, J.-R. Cultivation of aerobic granules in a large pilot SBR with domestic sewage. Environ. Sci.
2010, 31, 2118–2123. (In Chinese)

95. Tu, X.; Su, B.-S.; Kong, Y.-H.; Zhu, J.-R. Characteristics of extracellular fluorescent substances of aerobic granular sludge in
pilot-scale sequencing batch reactor. J. Cent. South Univ. Technol. 2010, 17, 522–528. [CrossRef]

96. Liu, S.; Mei, Z.; Xie, W.; Ni, B.; Li, W.; Yu, H. Cultivation and granulation process of aerobic granular sludge applied to treat
municipal wastewater. Res. Environ. Sci. 2010, 23, 918–923. (In Chinese)

97. Liu, Y.-Q.; Kong, Y.; Tay, J.-H.; Zhu, J. Enhancement of start-up of pilot-scale granular SBR fed with real wastewater. Sep. Purif.
Technol. 2011, 82, 190–196. [CrossRef]

98. Jungles, M.K.; Figueroa, M.; Morales, N.; del Río, Á.V.; da Costa, R.H.R.; Campos, J.L.; Mosquera-Corral, A.; Méndez, R. Start up
of a pilot scale aerobic granular reactor for organic matter and nitrogen removal. J. Chem. Technol. Biotechnol. 2011, 86, 763–768.
[CrossRef]

99. Li, Z.-H.; Fu, J.-F.; Li, S.; Liu, Z.-K.; Ji, X.-Q.; Wang, X.-C. Pilot study on aerobic granular sludge for treating comprehensive
municipal wastewater. China Water Wastewater 2011, 27, 4–8.

100. Wei, D.; Si, W.; Zhang, Y.; Qiao, Z.; Yao, Z.; Zhao, W.; Zhao, J.; Chen, G.; Wei, Q.; Du, B. Aerobic granulation and nitrogen removal
with the effluent of internal circulation reactor in start-up of a pilot-scale sequencing batch reactor. Bioprocess Biosyst. Eng. 2012,
35, 1489–1496. [CrossRef] [PubMed]

101. Su, B.S.; Cui, X.J.; Zhu, J.R. Optimal cultivation and characteristics of aerobic granules with typical domestic sewage in an
alternating anaerobic/aerobic sequencing batch reactor. Bioresour. Technol. 2012, 110, 125–129. [CrossRef] [PubMed]

102. Isanta, E.; Suárez-Ojeda, M.E.; del Río, Á.V.; Morales, N. Long term operation of a granular sequencing batch reactor at pilot scale
treating a low-strength wastewater. Chem. Eng. J. 2012, 198–199, 163–170. [CrossRef]

103. Wei, D.; Qiao, Z.; Zhang, Y.; Hao, L.; Si, W.; Du, B.; Wei, Q. Effect of COD/N ratio on cultivation of aerobic granular sludge in a
pilot scale sequencing batch reactor. Appl. Microbiol. Biotechnol. 2013, 97, 1745–1753. [CrossRef] [PubMed]

104. Qiu, G.; Song, Y.; Zeng, P.; Duan, L.; Xiao, S. Characterization of bacterial communities in hybrid upflow anaerobic sludge blanket
(UASB)—Membrane bioreactor (MBR) process for berberine antibiotic wastewater treatment. Bioresour. Technol. 2013, 142, 52–62.
[CrossRef] [PubMed]

105. Morales, N.; Figueroa, M.; Fra-Vázquez, A.; del Río, A.V.; Campos, J.L.; Mosquera-Corral, A.; Méndez, R. Operation of an aerobic
granular pilot scale SBR plant to treat swine slurry. Process Biochem. 2013, 48, 1216–1221. [CrossRef]

106. Yang, S.F.; Zhang, J.J.; Zou, G.L.; Du, Z.L. Formation and characterization of aerobic granules in a pilot-scale reactor for real
wastewater treatment. Environ. Sci. 2014, 35, 1850–1856. (In Chinese)

107. Long, B.; Yang, C.Z.; Pu, W.H.; Yang, J.K.; Jiang, G.S.; Dan, J.F.; Li, C.Y.; Liu, F.B. Rapid cultivation of aerobic granular sludge in a
pilot scale sequencing batch reactor. Bioresour. Technol. 2014, 166, 57–63. [CrossRef] [PubMed]

108. Ding, L.B.; Ma, J.J.; Li, J.; Chen, T.; Zhou, Y.N.; Xie, K.; Huang, G.X. Evaluation of operation efficiency of pilot-scale SBR with
aerobic granular sludge. China Water Wastewater 2014, 30, 87–90. (In Chinese)

109. Rocktäschel, T.; Klarmann, C.; Ochoa, J.; Boisson, P.; Sørensen, K.; Horn, H. Influence of the granulation grade on the concentration
of suspended solids in the effluent of a pilot scale sequencing batch reactor operated with aerobic granular sludge. Sep. Purif.
Technol. 2015, 142, 234–241. [CrossRef]

110. de Kreuk, M.K. Aerobic Granular Sludge: Scaling up a New Technology. Ph.D. Thesis, Delft University of Technology, Delft, The
Netherlands, 2006.

111. Sajjad, M.; Kim, I.S.; Kim, K.S. Development of a novel process to mitigate membrane fouling in a continuous sludge system by
seeding aerobic granules at pilot plant. J. Membr. Sci. 2016, 497, 90–98. [CrossRef]

112. Guimarães, L.B.; Mezzari, M.P.; Daudt, G.C.; da Costa, R.H. Microbial pathways of nitrogen removal in aerobic granular sludge
treating domestic wastewater. J. Chem. Technol. Biotechnol. 2017, 92, 1756–1765. [CrossRef]

113. Sun, Y.; Angelotti, B.; Wang, Z.W. Continuous-flow aerobic granulation in plug-flow bioreactors fed with real domestic wastewater.
Sci. Total Environ. 2019, 688, 762–770. [CrossRef] [PubMed]

114. Miyake, M.; Hasebe, Y.; Furusawa, K.; Shiomi, H.; Inoue, D.; Ike, M. Enhancement of nutrient removal in an activated sludge
process using aerobic granular sludge augmentation strategy with ammonium-based aeration control. Chemosphere 2023, 340,
139826. [CrossRef]

115. Zhao, K.; Zhang, T.; Tian, Y.; Li, H.; Wan, J.; Wang, Y. Efficient partial nitrification with hybrid nitrifying granular sludge based on
a simultaneous fill/draw SBR mode. Chemosphere 2023, 313, 137579. [CrossRef] [PubMed]

116. RHDHV. Available online: https://www.royalhaskoningdhv.com/en-gb/nereda/nereda-plants (accessed on 30 December 2023).
117. Sepúlveda-Mardones, M.; Campos, J.L.; Magrí, A.; Vidal, G. Moving forward in the use of aerobic granular sludge for municipal

wastewater treatment: An overview. Rev. Environ. Sci. Bio/Technol. 2019, 18, 741–769. [CrossRef]

https://doi.org/10.1016/j.enzmictec.2010.02.001
https://www.ncbi.nlm.nih.gov/pubmed/25919629
https://doi.org/10.1007/s11771-010-0517-1
https://doi.org/10.1016/j.seppur.2011.09.014
https://doi.org/10.1002/jctb.2589
https://doi.org/10.1007/s00449-012-0738-9
https://www.ncbi.nlm.nih.gov/pubmed/22562444
https://doi.org/10.1016/j.biortech.2012.01.127
https://www.ncbi.nlm.nih.gov/pubmed/22342584
https://doi.org/10.1016/j.cej.2012.05.066
https://doi.org/10.1007/s00253-012-3991-6
https://www.ncbi.nlm.nih.gov/pubmed/22526775
https://doi.org/10.1016/j.biortech.2013.04.077
https://www.ncbi.nlm.nih.gov/pubmed/23735790
https://doi.org/10.1016/j.procbio.2013.06.004
https://doi.org/10.1016/j.biortech.2014.05.039
https://www.ncbi.nlm.nih.gov/pubmed/24905043
https://doi.org/10.1016/j.seppur.2015.01.013
https://doi.org/10.1016/j.memsci.2015.09.021
https://doi.org/10.1002/jctb.5176
https://doi.org/10.1016/j.scitotenv.2019.06.291
https://www.ncbi.nlm.nih.gov/pubmed/31255814
https://doi.org/10.1016/j.chemosphere.2023.139826
https://doi.org/10.1016/j.chemosphere.2022.137579
https://www.ncbi.nlm.nih.gov/pubmed/36529172
https://www.royalhaskoningdhv.com/en-gb/nereda/nereda-plants
https://doi.org/10.1007/s11157-019-09518-9


Processes 2024, 12, 707 18 of 18

118. Regmi, P.; Sturm, B.; Hiripitiyage, D.; Keller, N.; Murthy, S.; Jimenez, J. Combining continuous flow aerobic granulation using an
external selector and carbon-efficient nutrient removal with AvN control in a full-scale simultaneous nitrification-denitrification
process. Water Res. 2022, 210, 117991. [CrossRef] [PubMed]

119. Yu, C.; Wang, K.; Zhang, K.; Liu, R.; Zheng, P. Full-scale upgrade activated sludge to continuous-flow aerobic granular sludge:
Implementing microaerobic-aerobic configuration with internal separators. Water Res. 2024, 248, 120870. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.watres.2021.117991
https://www.ncbi.nlm.nih.gov/pubmed/34973545
https://doi.org/10.1016/j.watres.2023.120870
https://www.ncbi.nlm.nih.gov/pubmed/38007885

	Introduction 
	The Development of Aerobic Granular Technology 
	Aerobic Granulation in Sequencing Batch Reactors 
	Aerobic Granulation in Continuous-Flow Reactors 

	Mechanism of Aerobic Granulation 
	Characteristics of Aerobic Granules 
	Structure and Strength of Aerobic Granule 
	Diversity of Aerobic Granules 
	Factors Affecting the Formation and Structure of Aerobic Granule 
	Shear Force 
	Settling Time 
	Organic Loading Rate 
	Substrate Composition 
	EPS 
	Hydraulic Retention Time 
	Dissolved Oxygen 
	Aerobic Starvation 
	Trace Elements 

	Application of Aerobic Granulation Technology 
	The Engineering of Aerobic Granular Sludge Technology 
	Conclusions and Challenges in Future 
	References

