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Abstract - In this work, the performance of a sequencing batch reactor (SBR) on aerobic granular sludge was 
studied for urban wastewater treatment. The system was inoculated with aerobic activated sludge collected 
from a wastewater treatment plant and, after 30 days of operation, the first granules observed had an average 
diameter of 0.1 mm. The biomass concentration reached a maximum value around 4 g VSS L-1, and COD 
removal and nitrification efficiency achieved stable values of 90%. The predominant oxidizing ammonium 
bacteria in the granules were identified as Nitrosomonas spp.  
Keywords: Aerobic granulation; Nitrification; Wastewater; SBR. 

 
 
 

INTRODUCTION 
 

The development of aerobic granules has recently 
been studied as a method of improving conventional 
activated sludge processes due to its applications in 
removing organic matter, nitrogen, and phosphorus 
compounds from wastewater (de Kreuk et al., 2005a). 
Aerobic granular technology presents several advan-
tages compared to activated sludge processes. These 
include good biomass retention, the ability to with-
stand shock and toxic loadings, and the presence of 
both aerobic and anoxic zones inside the granules 
which can simultaneously permit different biological 
processes (Beun et al., 1999). In such systems, the 
biomass grows as compact and dense microbial 
granules, which allows better biomass retention in 
the reactor, and, consequently, high biomass concen-
trations. Therefore, these systems have lower space 
requirements than systems relying on activated sludge.  

The key operational factors that promote the 
granulation have already been established, and 

granular sludge from different kinds of industrial 
wastewater can be grown in sequencing batch reac-
tors (SBRs) (de Kreuk and van Loosdrecht, 2006; 
Arrojo et al., 2004; Inizan et al., 2005; Schwarzenbeck 
et al., 2005; Wang et al., 2007) under different 
operational conditions such as oxygen limitation or 
low temperature (de Kreuket al., 2005b). However, 
only a few works apply this technology to sewage 
(Jungles et al., 2011). Additionally, most of these 
works were conducted on laboratory scales with only 
a few conducted on pilot scales (de Kreuket al., 
2005a; de Bruin et al., 2005; Tayet al., 2005). Scale-
up of granular systems modifies hydrodynamic con-
ditions, which have large effects on both the forma-
tion and stability of aerobic granules.  

In Brazil, many small communities lack wastewa-
ter treatment facilities. The low space requirement, 
simplicity and operational flexibility of aerobic 
granular systems make it possible to apply this tech-
nology for sewage treatment in such communities. 
Therefore, the objective of this work is to evaluate 
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the performance of a pilot granular aerobic SBR in 
treating sewage by measuring carbon, nitrogen, and 
phosphorous removal efficiencies under fluctuating 
loading rates and relatively high temperatures. Addi-
tionally, special attention was paid to the morpho-
logical properties and evolution of the granular 
biomass. 
 
 

MATERIAL AND METHODS 
 
Experimental Set-Up 
 

A reactor with a total volume of 11 L and a 
working volume of 9 L was used. It consisted of a 
closed cylindrical poly(methyl methacrylate) vessel 
with a height of 1.90 m, a diameter of 0.09 m, and a 
minimum level after effluent withdrawal of 0.88 m. 
The effective height to diameter ratio (H/D) was 19.5 
(Figueroa et al., 2009) (Figure 1). 

 
 
Figure 1: Experimental lab-scale reactor. (1) Influent 
pump. (2) Storage tank. (3) Mixing tank. (PLC) Pro-
grammable logic controller. (4) Feeding pump. (5) 
Effluent pump (6) Effluent. (A) Air compressor.  (B) 
Air valve. (C) Fine bubble diffuser. (S1) Minimum 
level sensor. (S2) Maximum level sensor.  
 

Air was supplied at a flow rate of 240 L h-1 
through a fine bubble dome diffuser placed at the 
bottom of the reactor, which allowed the formation 
of small bubbles. This provided the tank with 
oxygenation and guaranteed complete mixing.  

Influent was introduced in the system through an

opening located at the middle of the reactor by 
means of a centrifugal pump. Another pump was 
utilized to discharge the effluent through a different 
opening located halfway up the reactor. The whole 
system was controlled by a programmable logic 
controller (PLC; Siemens model: AG-A5E00380839-
02). 
 
Operational Conditions 
 

The system was operated at 3 hour cycles accord-
ing to Table 1. The exchange volume ratio was 50%, 
and the hydraulic retention time (HRT) was 
maintained at 0. 25 days. The reactor operated at 
room temperature (16-27 ºC) without pH control, 
and dissolved oxygen (DO) concentrations during 
operational cycles remained higher than 4 mg O2 L-1 

during the feast period.  
 

Table 1: Operational cycle distribution. 
 

Feeding (min) 1 
Aerobic reaction (min) 168 
Settling (min) 10 
Effluent withdrawal (min) 1 

 
The system was inoculated with 3.5 L of acti-

vated sludge (23 g Total Suspended Solids TSS L-1) 
collected from a municipal wastewater treatment 
plant (WWTP). 
 
Feeding Media 
 

Urban wastewater was used as a substrate for 
microorganisms.  COD concentrations were around 
160 to 200 mg COD L-1. Since these values were 
lower than that recommended for guaranteed granule 
formation (Beun et al. 2002), a synthetic medium 
was added to maintain inlet COD concentrations of 
around 600 mg COD L-1 (Table 2). The synthetic 
medium was added because the effluent suffered 
many variations due to the occurrence of rain, thus 
sharply lowering the concentrations of COD affect-
ing the grain (less than 100 mg L-1), causing the 
biomass forming the granules to be washed out of 
the reactor and the system affected by little food. 
 
Table 2: Feeding media used in this study. 
 

Compounds Concentration gL-1 
CH3COONa·3H2O 2. 0 
NH4

+ 0. 040 
PO4

3- 0. 014 
NaCl 0. 080 
SO4

2- 0. 012 
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Analytical Methods 
 

The samples were filtered with a membrane of 
pore size 45μm (MF Millipore® Membrane, MCE, 
0.45 µm, 47 mm). The pH values and DO, nitrate, 
nitrite, ammonia, phosphate, and volatile suspended 
solids (VSS) concentrations were determined accord-
ing to Standard Methods (APHA-AWWA-WPCF 
1998). Sludge volumetric index (SVI) values were 
measured according to Ramalho (1991). Chemical 
Oxygen Demand (COD) concentrations were deter-
mined according to Soto et al. (1989), and granule 
morphology and size distribution were regularly 
measured according to Tijhuis et al. (1994). Scan-
ning electron microscopy (SEM) and fluorescence in 
situ hybridization (FISH) were used to track the 
evolution of microbial populations. 

Biomass samples from the reactor were collected, 
disrupted, and fixed with 4% paraformaldehyde solu-
tion, as described by Amann et al. (1995). Hybridi-
zation was performed at 46 ºC for 90 minutes, and 
bacterial cells were hybridized and detected with the 
following FISH probes: the EUB338 mix for 
members of the domain Bacteria; Nso 190 for the 
majority of ammonium oxidizing bacteria (AOBs) of 
the β-Proteobacteria; NIT3 for nitrite oxidizing 
bacteria (NOBs); and NEU653 for halophilic and 
halotolerant Nitrosomonas spp. Details on these 
oligonucleotide probes are available at probeBase 
(Loy et al., 2007). The 5’ ends of the probes were la-
beled with FITC fluorochromes. Fluorescence 
signals were recorded using an acquisition system 
coupled to an epifluorescence microscope.  
 
 

RESULTS AND DISCUSSION 
 
Granule Formation and Properties 
 

Most of the initial biomass washed out during the 
first days of operation because the biomass settling 
velocity was lower than 5.3 m h-1. This is the bio-
mass settling velocity required for biomass retention 
by the system. After 30 days of operation, small 
granules with an average diameter of 1 mm were 
observed (Figure 2(a)). The average diameter of 
granules increased over the course of the operational 
period, and the average diameter was 4 mm at the 
end of the experiment (Figure 2(b)). 

The diameters of granules found in urban sewage 
are smaller than those found in other types of 
effluents (Zhang et al., 2005). Small granules formed 
at the beginning of the operation in this study and 
their diameters gradually increased over the entire 

operating period. These granules were larger in 
diameter than those seen in other wastewater studies 
(Tayet al., 2003; Weber et al., 2007).  
 

 
(a) 

 

 
 (b) 

 
Figure 2: The evolution of biomass in the granular 
reactor throughout the operational period at (a) day 
30 and (b) day 200. 
 

Ni et al. (2009) succeeded in forming aerobic 
granules by using a SBR that treated urban wastewa-
ter with a COD concentration around 200 mg L-1. 
After 300 days of operation, a biomass concentration 
of 9.5 g VSS L-1 was achieved, and the diameter of 
the formed granules was between 0.2 and 0.8 mm.  

The solids concentration in the reactor increased 
from 0.94 g VSS L-1 on day 8 to 3.92 g VSS L-1 on 
day 91 day of operation. After day 91, the solids 
concentration decreased to around 1.5 g VSS L-1 
(day 120) and remained at this value until the end of 
the experiment. The average VSS/TSS ratios of the 
reactor and effluent were 0.86 and 0.80 g SS L-1, 
respectively, and the suspended solids concentration 
of the effluent remained nearly constant around 0.1 g 
VSS L-1. The solids retention time (SRT) ranged 
from 8 to 26 days. Beun et al. (1999) reached SRT 
values around 50 days in a granular system. The 
lowest SVI10 and SVI30 values of 80 and 77 mL g 
VSS-1, respectively, were achieved when suspended 
solids reached their maximum concentration. 
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(a) (b) 

 
(c) (d) 

Figure 3: Granular sludge sample taken at day 84. (a) 500 µm; (b) 100 µm; 
(c) 50 µm; and (d) 10 µm. 

 
For FISH, the EUB338 mix showed positive 

results for organisms belonging to the domain 
Bacteria. Additionally, an important portion of these 
bacteria belonged to β-Proteobacteria, and AOBs 
were also detected by using the Nso 190 probe. Most 
of the AOBs were identified as Nitrosomonas spp. 
by the NEU653 probe. The NIT3 probe also yielded 
positive results, indicating the presence of Nitrobacter 
spp. and/or Nitrospira spp..  
 
Organic Matter Removal 
 

Because the inlet Soluble  Chemical Oxygen 
Demand (sCOD) concentration fluctuated between 
422 and 817 mg sCODL-1, the applied Organic 
Loading Rate (OLR) ranged from 1.77 to 3.60 g 

sCOD L-1 d-1. In spite of this fact, the organic matter 
removal efficiency remained very stable at values 
around 75% from day 0 to 60, which then reached 
90% throughout the remainder of the operational 
period (Figure 4(a)). Wang et al. (2004) achieved a 
similar COD removal efficiency in an aerobic 
granular SBR treating synthetic wastewater at an 
OLR of 4.8 g COD L-1 d-1 under similar hydrody-
namic conditions.  

COD concentration was periodically tracked in 
the liquid phase during selected operational cycles in 
order to establish a COD profile. The COD measure-
ments showed that organic matter was consumed 
during the first 20 minutes of aeration (feast period) 
at which time the DO concentration was around 4-6 
mg O2 L-1 (Figure 4(b)). 

 

0
10
20
30
40
50
60
70
80
90
100

0
100
200
300
400
500
600
700
800
900

0 25 50 75 100 125 150 175 200

R
em

ov
al

 E
ff

ic
ie

nc
y 

(%
)

C
O

D
 m

g 
L

-1

Operation Time (Days)  

0

200

400

600

800

0

2

4

6

8

10

0 30 60 90 120 150 180

C
O

D
 m

g 
L

-1

O
2

m
g 

L 
-1

Cycle Time (min)  
(a) (b) 

Figure 4: (a) Influent COD concentration (♦); Effluent COD concentration (●); and removal COD 
efficiency (٭) during operation. (b) COD concentration during an operational cycle on day 19. 
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Nitrogen and Phosphate Removal 
 

The ammonia loading rate (ALR) ranged from 
0.1 to 0.36 g N L-1 d-1. Nitrification was already 
observed during the start-up period, although its 
efficiency fluctuated between 50 and 90% during the 
first 60 days of operation due to the fluctuations in 
the pH of the system (Figure 5(a)). After day 60, the 
pH value of the influent was adjusted in order to 
maintain stable nitrification.  

Nitrite presence was always observed in the 
effluent and at a higher concentration than that of 
nitrate (Figure 5(a)). Nitrite accumulation is fre-
quently described in these kinds of systems (Figueroa 
et al., 2008). This could be related to the effect limiting 
oxygen conditions have on the growth of NOBs 
during the operational cycles (Vázquez-Padín et al., 
2010).  

Average nitrogen removal was only 21%, which 
indicated that denitrification was limited (Figure 
5(b)). The mean COD/N ratio was 13.23, and this 
value contributed to the denitrification that occurred.  
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Figure 5: (a) Influent NH4
+-N (♦), effluent NH4

+-N 
(○), effluent NO2

--N (Δ), and effluent NO3
--N (×) in 

mg L-1. (b) Nitrogen removal (*) and nitrification (●) 
which is shown as a percent. 
 

Nitrification is detected when the SRT is higher 
than 12 days (Sousa et al. 2008), and this agrees with 

the SRT values obtained during the operational 
period in this study. Zhou et al. (2007) also found 
that the aerobic granular SBR system can achieve 
high ammonia removal rates. In this study, a SRT of 
2 to 3 days already reached ammonia removal per-
centages of around 80%. This could be attributed to 
the relatively high influent temperatures (16-27 °C). 

There was not a clear trend for phosphate 
removal efficiency. This was probably due to the 
changes in inlet phosphate concentrations (Figure 6). 
A maximum value of around 80% was achieved 
between 71 and 119 days.  
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Figure 6: Influent (♦) and effluent (○) phosphate 
concentrations in mg L-1. 
 
 

CONCLUSIONS 
 

Granule formation under the tested operational 
conditions occurred relatively quickly, only taking 
30 days, and biomass concentrations up to 4 g VSS 
L-1 were achieved.  

The system performance was stable in terms of 
organic matter and ammonia removal. Nitrification 
occurred throughout the entire operational period 
with an end product of primarily nitrite. However, 
the phosphorus removal efficiency fluctuated, which 
was probably due to the variations of inlet phosphate 
concentrations.  

The system was able to achieve OLRs and ALRs 
up to 3.60 g COD L-1 d-1 and 0.36 g N L-1 d-1, respec-
tively, under fluctuating conditions. This demon-
strates the high capacity and flexibility of the system. 
Therefore, incorporating this system into small waste-
water treatment plants may be a feasible option.  
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