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Abstract - Aerobic granular sludge (AGS) is an advanced technology of activated sludge process in treating domestic 
wastewater cultivated in sequencing batch reactor (SBR) system (AGS-SBR). In this study, biomass concentration, settling 
velocity (νags), granular strength and the diameter of the granules as well as morphological and structural observation of the 
cultivated aerobic granules, were investigated during the treatment of real domestic wastewater at temperature of 27– 30 oC. 
This experiment was carried out for the treatment of low-strength domestic wastewater at an organic loading rate of 0.4 – 0.7 
kg COD m−3 d−1 in a SBR with a complete time cycle of 3 h. In terms of granular size, the highest average diameter of the 
mature granules was 3.36 mm and good biomass concentration of 14.02 g L−1 were observed in the bioreactor. The aerobic 
granular sludge achieved promising results in the treatment of domestic wastewater with good removal rates of 65.0 %, 49.21 

% and 36.51 % for chemical oxygen demand, ammoniacal nitrogen and total phosphorus, respectively. The study demostrated 
that aerobic granular sludge can be the most efficient biological wastewater treatment technologies. In the meantime, this 
technology can reduce the footprint of the plant and eventually will come to the cost saving of the plant. 
 

Keywords - Aerobic Granular Sludge, Domestic Wastewater,Sequencing Batch Reactor, Wastewater Treatment. 

 

I. INTRODUTION 

 
Domestic wastewater treatment is very important to 

ensure the safety and maintain a good condition of 

environment and ecosystem. The treated domestic 

wastewater only at 20 – 30 %, in fact, there has a few 

or no wastewater treatment plant in some small rural 

areas (Qadir et al., 2010). Besides, 75 – 80 % of the 

domestic wastewater in urban areas, discharged 

preliminary treated by septic tanks into water bodies 

such as rivers, stream and lakes (Cao et al., 2016). It is 

contributed largely of organic carbon, either in 

solution or as particulate matter (Ahansazan et al., 
2014).  

 

Nowadays, biological process is the most common 

process that is being used in domestic wastewater 

treatment plant. The current technology that being 

used is the activated sludge process (ASP). Various 

modified processes have been developed and applied 

after the invention of the ASP in order to meet 

significant effluent guidelines for nutrients removal 

and to save the treatment cost. Aerobic granular sludge 

(AGS) technology is an upcoming technology for the 

treatment of domestic and industrial wastewater 
(Morales et al., 2013). According to the construction 

investment, the land area needed for a municipal 

wastewater treatment plant could be reduced by 80 % 

through the application of a granular sludge system 

instead of a conventional activated sludge system, 

because of the excellent settling capacity of aerobic 

granules (de Bruin et al., 2004). 

Thus, studies found a new and advance technologies in 

order to increase the quality of effluent and also reduce 

the time required to treat the wastewater and in the 

same time reduce the footprint of the wastewater plant. 
Aerobic granular sludge is an advanced technology 

from activated sludge. AGS are to be understood as 

aggregates of microbial origin, which do not coagulate 

under reduced hydrodynamic shear, and which settle 

significantly faster than activated sludge flocs(de 

Kreuk et al., 2005). This new technology relies on the 

growth of compact and dense biomass in the form of 

granules which can overcome some of the limitations 

of conventional activated sludge process and offer 

more sustainable wastewater treatment option 

(Nancharaiah and Kiran, 2017).  
 

In the beginning of AGS discovery, a lot of researchers 

studied the AGS using sequencing batch reactor 

(SBR) system in a lab-scale. The temperature used in 

this study was ambient temperature which was around 

27 – 30 °C. The studies involved most of the aspect 

including: (і) formation of AGS; (іі) characterization 

of AGS; and (ііі) performance of AGS. The 

characterization of AGS include the physical 

characteristics, chemical characteristics, 

morphological and structural characteristics. Some 

previous studies that also focused on the activity, 
operation and morphology of AGS at lab-scale and 

full-scale (Brazil, the Netherlands) have been reported 

(Niermans et al., 2014; Zhang et al., 2016).  

In this study, the sample of domestic wastewater was 

taken at Bunus Indah Water KonsortiumSdnBhd 

(IWK) in Kuala Lumpur. IWK Bunus Regional 

Sewage Treatment Plant was most modern and one of 

the largest in Kuala Lumpur, covering a total sewerage 

catchment of 70 km2 including north-eastern Kuala 
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Lumpur and Ampang-UluKlang conurbation areas in 

Selangor.  
A pilot scale of SBR system used in this study to treat 

domestic wastewater which was located at Bunus 

IWK. Based on the studied and research performed, 

researches believes that aerobic granular sludge can be 

the most efficient biological wastewater treatment 

technologies. Generally, the aim of this study is to 

investigate the cultivation of aerobic granular sludge 

in domestic wastewater treatment by using pilot scale 

bioreactor. Hence, the study was carried out to achieve 

objectives of cultivating AGS in treating domestic 

wastewater by using pilot scale bioreactor in SBR 

system and to characterize the cultivated AGS in terms 
of morphological and physiochemical properties. 

 

II. MATERIALS AND METHODS 

 

A. Experimental procedures and bioreactor set-up 

The working volume that is being used in this study is 

15 litres (L). A set of experiment was carried out in an 

acrylic column bioreactor (internal diameter of 172 

mm and total height of 650 mm). Half of the total 

volume of the reactor which is 7.5 L of activated 

sludge took from Bunus IWK was added into the 
bioreactor during the start-up period as inoculums. 

Aerator pump, feeding pump and discharge pump with 

the setting time for each phase in the bioreactor were 

controlled by digital timers programmed according to 

appropriate period. The bioreactor was specifically 

designed to be operated for 24 hours continuously 

under sequencing batch mode at a cycle of 3 hour 

which contained 60 min of feeding from the bottom of 

the bioreactor, 110 min of aeration, 5 min of settling 

and 5 min of effluent withdrawal. The sludge retention 

time (SRT) was determined by the discharge of total 

suspended solids (TSS) with the effluent. The 
domestic wastewater was fed and discharged by a set 

of two peristaltic pumps. The effluent was discharged 

through the outlet ports which located at the middle 

height in the glass column and had a 50 % of 

volumetric exchange ratio (VER). Meanwhile, Fig. 1 

below shows the flow diagram taken place in the 

bioreactor. 

 

 
Fig. 1 Schematic diagram of operational reactor setup. 

 

B. Real domestic wastewater characteristics and 

seeding sludge (inoculum) 
In order to provide an ideal seeding sludge (inoculum), 

the sample of seed sludge was obtained from the 

aeration tank of the Bunus IWK. 7.5 L of the activated 

sludge sample seeded in the bioreactor for the start-up 

stage. The seed sludge was sieved with a mesh of 1.0 

mm to eliminate large debris and inert impurities. It 

was aerated for 24 hours and then it was fed 

continuously with domestic wastewater. After a period 

of decay, the biomass then grew up indicating the 

acclimatization of microorganisms to the new feed and 

condition to start the main stages of the experimental 

study. The seed sludge was brown in colour with fluffy 
loose structure. The sample of domestic wastewater 

was obtained from Bunus IWK, Titiwangsa, Kuala 

Lumpur, which is a local municipal wastewater 

treatment plant (WWTP). The raw wastewater sample 

was collected from the inlet point to the plant before 

any type of treatment and was then sieved with a mesh 

of 1.0 mm. The domestic wastewater characteristics 

showed a typical variation of raw wastewater samples 

collected from WWTP in terms of chemical oxygen 

demand (COD), ammoniacal nitrogen (NH3–N) and 

total phosphorus (TP).  

 

C. Analytical methods 

The sludge volume index (SVI5) measurement was 

determined by the following method proposed by de 

Kreuk et al. (2005). Chemical oxygen demand (COD), 

ammoniacal nitrogen (NH3−N) and total phosphorus 

(TP) were determined using a spectrophotometer (DR 

6000, Hach Co., USA). The biomass concentration of 

MLSS and MLVSS measurements were determined 

according to Standard Methods for the Examination of 

Water and Wastewater (APHA, 2012). The value of 

pH and dissolved oxygen (DO) were monitored 
constantly by the pH and DO probe which was 

inserted in the bioreactor and these values were 

recorded by a pH/DO meter (Orion 4-Star Benchtop 

pH/DO Meter).. The morphology and structure of the 

developed aerobic granular sludge were observed 

regularly by using a stereomicroscope equipped with a 

digital image analyser (Olympus). The granules were 

prepared according to Rosman et al. (2013) and 

Dahalan et al. (2015) approach. Platinum sputter 

coating for 60 seconds (Q150R S, Quarum, UK) was 

chosen for a pre-treatment procedure for SEM image. 
Other parameters for granules were also carried out 

such as the granular strength and the settling velocity. 

Scanning electron microscope (SEM) (JSM 7800F, 

Jeol, Japan) was used to visualize in detailed the 

microstructure compositions of the cultivated granules. 

The settling velocity (SV) was measured in a glass 

column filled with tap water by obtaining the average 

time required for a single granule to settle at a certain 

height. On the other hand, shear force was introduced 

on the granules through agitation using an orbital 

shaker at 200 rpm for 5 min in order to determine the 

granular strength. At certain amplitude of force, parts 
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of the granules that are weakly attached with the 

granules will be detached. The quantity of the ruptured 
granules was separated by allowing the fractions to 

settle for 1 min in a 150 ml measuring cylinder. The 

dry weight of the settled granules and the residual 

granules in the supernatant were recorded. The ratio of 

the solid in supernatant to the total weight of the 

granular sludge used for granular strength analysis 

was expressed in percentage as an integrity coefficient 

(IC). This percentage indirectly indicates the granular 

strength. The lower IC value indicates the higher 

granular strength and vice versa. 

 

III. RESULTS AND DISCUSSION 

 

A. Formation mechanism of AGS in SBR and 

morphology observation 

In the beginning of the experiment, at day 0, the fresh 

activated sludge with the presence of filamentous 

microorganisms appeared as fluffy, having 

loose-structure and irregular morphology. After few 

weeks of experiments, a mixture of fluffy and smooth 

granules was also discovered and a significant amount 

of small granules started to appear. Fluffy granules 

might contributed to partial washout of the biomass. 
Based on Liu and Tay (2002), they stated that high 

shear forces induced aggregation of biomass inside the 

bioreactor resulted in denser flocs and secreting more 

extracellular polysaccharides (exopolysaccharides or 

EPS). Thus, it is cleared that the interactions among 

EPS, ions and microbial cells through inter-particle 

bridging process was one of the factors that lead to the 

formation of granules from the flocs of the seed sludge 

(Liu et al., 2004). During the end of the experiment, 

fluffy granules and more flocculent sludge washed out 

from the system gradually while small granules were 

retained to increase in size and became more regular in 
shape. Table 1 shows the characteristics of the 

granules at day 30. 

 

Parameter Characteristics  

COD load (g (L.d)-1) 5 

Temperature (°C) 27.8 

Total cycle time (hour) 3 

Aeration time (min) 110 

Air flow (m3 h-1) 0.24 

Mean diameter at day-30 

(mm) 

 

MLSS (g L-1) 70.1 

MLVSS (g L-1) 12.7 
Table 1Characteristics of granules at day-30. 

 

Fig. 2 and Fig. 3 below show the mature granules 

obtained in this study expressed a very clear outline 

boundary with spherical-shaped. The morphology of 

dark colored granules appeared more compact 

compared to the light colored granules. This is due to 

the formation of mature aerobic granules as a result of 

adequate adaption to the SBR cyclic operations. In this 

study, the capability of the seeding sludge to grow and 

form granules is high. This is because the granules 

starts to form small particles at day-10 and 
continuously form bigger and compact granules from 

time to time. It shows the adaptively to the reactor 

environment is fast. Dark colored aerobic granules 

also represents a stable and compact formation of 

granules. 

 
 
In terms of the size of granular, the early stage of the 

experiment, the size of the sludge was less than 0.2. 

Then, on day 10, small particles starts to appear with 

the average size of 0.27 mm. Movingon to day 20, the 

particles began to form a larger and compact structure 

of granules. The average size of the granules at day 20 

was 0.43 mm. After that, towards day 30, the granules 

became larger in size as compared to the granules in 

day 20 with the average size of 0.66 mm.  

 

According to SEM images, there are several identified 
bacteria on the outer surface of the matured granules. 

Some of the bacteria is cocci colonies and filamentous 

bacteria. Fig. 4 shows the morphology of mature 

granules from the bioreactors after 30 days of 

operation. The consortium of bacteria is enclosed in a 

thick EPS matrix as dense architecture of microbial 

arrangement or as single cells promoting to the dense 

surface of granule. Filamentous bacteria presented in 

Fig. 5 was appeared may be because of the organic 

compounds availability during the aeration stage. 

Based on Liu and Tay, 2007, filamentous bacteria 

commonly act as the ―back-bone‖ in order to increase 
the strength of the AGS structure. Besides, de Kreuk 

and van Loosdrecht (2004) stated that a denser and 

smoother aerobic granules could be obtained by 

optimizing removal rate of COD during the anaerobic 

stage. 

 

 
Fig. 4 SEM analysis of the mature AGS surface developed in 

SBR. 
 

A closer observation on the surface of granules 
developed exposed the compact structure composed of 

various types of non-filamentous coccal-shaped 
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bacteria which were tightly linked to one another. 

Large amount of bacterial micro colonies seem to be 
embedded in a thick EPS matrix either as a single cell 

or dense clusters to grow and become a more compact 

of AGS.  

 
Fig. 5 SEM images of the aerobic granular sludge developed in 

SBR displaying the flagellum of filamentous bacteria. 

 

Cocci usually exposed in spherical clusters of 

abundant cells as illustrated in Fig. 6. It shows that a 
lot of cocci bacteria appeared on similar granules. 

 

 
Fig. 6 SEM images of the AGS developed in SBR indicating of 

cocci colonies on granule surface. 

 

Simultaneously, the bacteria cluster also led to the 

appearance of numerous cavities which contribute in 

enhancing transportation of substrate, oxygen and 

nutrients into the inner cores of the granules. Other 

than EPS, the bacterial colonies arrangements on the 

aerobic granules were also surrounded by open 

cavities as presented in Fig. 7. Such cavities were 

discovered in almost every granules surface 

discovered in this study. The cavities function in the 

transportation of substrates and metabolites in and out 
of the granules as well as important for equal 

distribution of mass substrate within a granule 

(Lemaire et al., 2008). 

 

 
Fig. 7 SEM images of the AGS developed showing cavities on 

the aerobic granules. 

B. Biomass and settlebility development of Aerobic 

Granular Sludge 
In Fig. 8, the value of MLSS starts to increase 

gradually at day 15. This indicates that the flocs starts 

to transform to granules from day to day. The value of 

MLSS from day 15 to day 30 was 19.9 g/L to 70.1 g/L 

respectively. Commonly a large number of 

microorganisms from biomass in the bioreactor 

promote the development of aerobic granules. 

 

 
Fig. 8 Biomass development of MLSS in the SBR. 

 

In this study, Fig. 9 reveals that MLVSS has 

corresponding trend to MLSS. The value of MLVSS 

starts to increase constantly form day 12 until day 21, 

but it then continue decreasing until day 30. The 
increment from day 12 to day 21 was 11.4 g/L and 

20.9 g/L respectively. While, until day 30, the value of 

MLVSS was 12.7 g/L. 

 

 
Fig. 9 Biomass development of MLVSS in the SBR. 

 

C. Elemental Compositions of the Aerobic 

Granular Sludge 

From the EDS analysis based on SEM conducted in 

this research, the elemental compositions of the 

aerobic granules differ according to the age of the 
granules. In addition, the composition also differ from 

each spot of the granules. During the development of 

aerobic granular sludge, some elements are necessary 

for the microorganism activities. Furthermore, 

elemental compositions of the AGS can assist in 

microbial aggregation. The percentage amount of 

elements in the aerobic granules is subjected to the 

physiochemical characteristics of wastewater. 

 

Meanwhile, Fig. 10 shows the graph of elements 

contained in the aerobic granules. Based on the graph, 
the highest percentage was carbon with 48.3 % 
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followed by oxygen and silicon which is 25.31 % and 

8.84 % respectively. Then, aluminium, phosphorus 
and sulphur contain below than 8 % of weight with 

percentage of 7.17 %, 6.44 % and 3.93 % respectively. 

 

 
Fig. 10 Elemental composition of aerobic granules cultivated in 

the SBR using SEM-EDX analysis. 

 

D. Profile performance in one complete cycle of 

wastewater treatment in reactor 

At the first 60 minutes of influent feeding period, 
anoxic phase occurred followed by aerated phase 

occurred until the minutes of 180. During anoxic 

period, the foods or the substrates were fed to the 

microbes in the presence of very little amount of 

oxygen. In Fig. 11 shows the presents of COD, 

Phosphate, Nitrate, Nitrite and Ammoniacal Nitrogen. 

This system demonstrated a remarkable potential of 

nitrification as well as phosphate removal during a 

steady-state cycle. During the anoxic feeding phase, 

phosphate was released. The removal efficiency for 

the biological phosphorus improved gradually during 

the aerobic phase and achieved an average removal 
rate of 36.51 %. 

 

 
Fig. 11 Graph displays concentration of different parameter 

throughout one cycle test in the SBR30: COD (×), phosphate 

(Δ), ammoniacal nitrogen (■), nitrite (♦) and nitrate (○). 

 

According to Fig. 12, the COD value decreased 

gradually from time 0 to 180 minutes. It shows that 

oxygen is fully utilized to oxidize organic matter into 

inorganic matter. Same goes to Phosphate, the value 
dropped throughout the process starting from feeding 

to effluent which was 23.1 mg L-1 to 14.7 mg L-1 

respectively. On the other hand, the value of Nitrate, 

Nitrite and Ammoniacal Nitrogen are almost flat 

throughout the whole process.  

 
Fig. 12 Graph displays removal of different parameter 

throughout one cycle test in the SBR: COD (×), phosphate (Δ), 

ammoniacal nitrogen (■), nitrite (♦) and nitrate (○). 

 

In Fig. 13, the nitrification process took place with the 

production of nitrate and nitrite. Besides, excellent 

ammoniacal nitrogen removal started to happen 

drastically after minutes of 60 in aerated phase with 

the highest removal of 49.21 %. This occurred perhaps 

due to assimilation of biomass formation (Song et al., 

2009).  

 
Fig. 13 Graph displays DO value throughout one cycle test in 

the SBR. 

 

Based on Fig. 13 above, it shows that the value of DO 

in SBR starts to appeared on 50 minutes. This is 

because at minutes of 50, the water level reaches the 

DO meter and the DO meter detector starts to collect 

data. The value of DO rising continuously until the 

minute of 90. Starts from that time, the DO value starts 

to maintain its value until the end of the cycle. This 

phenomena occurred because during minute of 90, the 

aerobic sludge and the wastewater already mixed 

together in aeration process. Thus, the value of DO 

maintain until the process completed. 

 

E. Settling velocity and granular strength of 

Aerobic Granular Sludge 

After 30 days of operation, the settling velocity 

analysis resulted that floc particles and aerobic 

granules cultivated in the bioreactors settled at rates 

ranging from as low as 11.28 m h–1, and as high as 

63.17 m h–1. The average settling velocities of the 

matured aerobic granules cultivated in SBR were 

36.46 m h–1. Fig. 14 shows the graph of settling 

velocity of granules from day 0 to day 30. According 

to the graph above, the settling velocity increased as 
the operation day increases. This shows that as the 

operation day increases, the granule become more 
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dense and compact in size. Thus, it settle faster 

compared to the flocs and sludge. 
 

For the strength of AGS, the value was determined 

according to the integrity coefficient (IC). Smaller IC 

value signifies higher strength of aerobic granules and 

thus represents the granules capability to tolerate the 

increase of shear force during aeration stage in order to 

retain as high structural integrity granules.Fig. 15 

exhibits the strength of AGS in terms of IC scheme as 

a function of operation time. By referring to the figure, 

overall IC values of the granules declined gradually as 

the granules became matured. At the beginning of 

experiment, the initial value of IC for the granules 
developed were 38.05 %. Towards the end of 

experiment, the IC value of granules decreased to 

19.29 %. 

 

 
Fig. 14 Settling velocity of aerobic granules cultivated in the 

SBR. 

 

IV. CONCLUSION 

 

AGS was successfully cultivate in the pilot scale SBR 

feed at ambient temperature which is 30°C. The 

process of wastewater treatment takes 3 hours to 

complete which consists of 60 minutes feeding, 110 

minutes of aeration, 5 minutes settling and 5 minutes 

of drained. Besides, the characterization of cultivated 
AGS can be obtain based on physical, chemical and 

biological characteristics.  For physical characteristic, 

biomass concentration, sludge volume index, granular 

strength and AGS settling velocity. While for 

chemical characteristic, element composition for AGS 

to test the compound found in AGS. Lastly, for 

biological characteristic, the morphological and 

structural characteristics will be observed form SEM 

image. The response of the granules characteristics, 

biomass development and removal performances can 

be summarized as follows: 

 In terms of granular size, the highest average 

diameter of the mature granules was 3.36 mm.  

 The biomass concentration was 14.02 g L−1 for 

MLSS and 2.57 g L−1 for MLVSS in the 

bioreactor and acceptable settling layouts of 

aerobic granular sludge. 

 The low integrity coefficient (IC) value of 19.29 

% denoted that the cultivated granules possessed a 

good strength and stability at the end of 

experimental period. 

 At the end of the granulation period, COD and 

ammoniacal nitrogen removals were achieved at a 
maximum of 65.0 % and 49.21%, respectively 

while the removal efficiency for phosphorus was 

up to 36.51 %. 
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