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The present study investigates the formation of aerobic granular sludge in sequencing batch reactor (SBR)
fed with palm oil mill effluent (POME). Stable granules were observed in the reactor with diameters
between 2.0 and 4.0 mm at a chemical oxygen demand (COD) loading rate of 2.5 kg COD m�3 d�1. The
biomass concentration was 7600 mg L�1 while the sludge volume index (SVI) was 31.3 mL g SS�1 indicat-
ing good biomass accumulation in the reactor and good settling properties of granular sludge, respec-
tively. COD and ammonia removals were achieved at a maximum of 91.1% and 97.6%, respectively
while color removal averaged at only 38%. This study provides insights on the development and the capa-
bilities of aerobic granular sludge in POME treatment.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The palm oil today is the leading agro-based industry in
Malaysia, covering about three million hectares of the cultivated
area with 410 operating mills in 2008 (Lam and Lee, 2011). Palm
oil is used for food and non-food manufacturing industries and
as a biofuel. However, the production of palm oil generates a large
amount of wastes in the form of palm oil mill effluent (POME). In
the year 2008 alone, at least 44 million tonnes of POME was gen-
erated in Malaysia and the number is expected to increase in sub-
sequent year. Direct discharge of POME into the environment is not
encouraged due to the high chemical oxygen demand (COD) and
biological oxygen demand (BOD) concentrations of up to 50,000
and 25,000 mg L�1, respectively.

SBR technology has been implemented in the treatment of high-
strength industrial wastewater (Shaw et al., 2002) and was
previously reported to have simultaneously removed organic com-
pounds in one single reactor. Aerobic granulation technology has
been used in the SBR formulation (Arrojo et al., 2004; Wang
et al., 2007; Kishida et al., 2009). However, aerobic granulation in
the treatment of real wastewaters is still relatively under-research.
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The aim of this study was to investigate the possibility of devel-
oping aerobic granular sludge using POME in an SBR, providing in-
sights on granule microstructure and morphology throughout the
granulation process in high-strength wastewater. Moreover, this
study attempted to observe the biomass profile and reactor perfor-
mances for the treatment of POME with the presence of success-
fully developed aerobic granular sludge. This work is expected to
contribute to further understanding of the aerobic granulation
mechanism as well as for its application in the treatment of
high-strength industrial wastewaters.
2. Methods

2.1. Experimental set-up

Experiments were performed in an open, cylindrical column-
typed SBR with a total volume of 3 L and a working volume of
1 L. Influent was fed from a 5 L storage canister at a loading rate
of 2.5 kg COD m�3 day�1 and introduced through a port located
at the bottom of the reactor while effluent was discharged through
an outlet port placed at medium height of the reactor resulting in
volumetric exchange ratio of 50%. Aeration was provided by means
of air bubble diffusers at a superficial air velocity of 2.5 cm s�1. The
reactor was operated in successive cycles of 3 h comprehended a
feeding period of 5 min, a reaction period consisting an anaerobic
and aerobic condition of 45 and 110 min, respectively, a settling
period of 15 min, an effluent withdrawal period of 3 min and an
idle period of 2 min.
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Table 1
Characteristics of POME.

Parametersa POME values (this study) POME (range)c

pH 3.8 3.4–5.2
Chemical oxygen demand 69,500 15,000–100,000
Biochemical oxygen demandb 25,000 10,250–43,750
Total solid 55,000 11,500–79000
Suspended solid (SS) 33,560 5000–54,000
Total volatile solid 24,000 9000–72,000
Ammoniacal nitrogen (AN) 45 4–80
Total nitrogen (TN) 650 180–1400

a All parameters unit in mg L�1 except pH.
b Sample is incubated for 3 days at 30 �C.
c Source: Lam and Lee (2011).
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2.2. Wastewater and seed sludge preparations

Raw undiluted POME was collected from Felda Bukit Besar Oil
Mill, Kulai, Malaysia. The characteristics of the raw POME were
analyzed and summarized in Table 1 (Lam and Lee, 2011). The col-
lected POME and activated sludge were kept at temperature of 4 �C
(Vijayaraghavan et al., 2007) to prevent the wastewater from
undergoing biodegradation due to microbial activity (Chan et al.,
2010). The raw POME was centrifuged at 15,000 rpm for 40 min
to eliminate suspended solids and debris which can cause clogging
to the influent tubes. A suitable amount of tap water was added to
the POME according to the desired organic loading rate (OLR), tak-
ing into consideration the change of characteristics of POME after
centrifugation. The POME wastewaters had alkalinities of around
90 and 15–25 mg L�1 as CaCO3, respectively. Prior to feeding the
pH of the mixed liquor was adjusted to a level of between 6.5
and 7.0 using 2 M NaOH resulting in alkalinity of mixed liquor in
the reactor of between 1000 and 2000 mg L�1 as CaCO3. A suitable
amount of NH4Cl and K2HPO4 were supplemented to ensure a feed
COD:N:P ratio of 100:5:1. The sludge was sieved with a mesh of
1.0 mm twice to remove large debris such as dry leaves and palm
fruit fibers before inoculation. The reactor was inoculated with
500 mL of seed sludge resulting in an initial MLSS concentration
of 3000 mg L�1 in the reactor.
2.4. Analytical methods

Parameters such as MLSS, MLVSS, COD, NH3, SVI and color were
carried out according to Standard Methods for the Examination of
Water and Wastewater (APHA, 2005). The pH was measured by
using a pH/DO meter (Orion 4-Star Benchtop pH/DO Meter). The
SVI procedure was carried out according to the procedure de-
scribed by de Kreuk et al. (2005). The morphological and structural
observations of granular sludge were conducted by using a stereo
microscope equipped with digital image analyzer (PAX-ITv6, ARC
PAx-CAM). The microstructure compositions within the granule
were observed with scanning electron microscope (FESEM-Zeiss
Supra 35 VPFESEM).
Fig. 1. The change of biomass concentrations in the reactor (s) MLSS concentra-
tion; (d) MLVSS concentration; (N) SVI.
3. Results and discussion

3.1. Formation and morphology of aerobic granular sludge

When viewed under the stereomicroscope, the initial granules
were unevenly distributed consisting of irregular shapes and sizes
(0.5–1.0 mm) with a non-clear boundary. In the initial stage of
granule cultivation, the suspended flocs gradually disappeared
and were replaced by small, brown granules with an average diam-
eter of 1.0 mm. The suspended flocs became denser under high
shear force, presumably due to the bridging process among EPS,
microbial cells and ion (Liu et al., 2004). Subsequently, the quantity
and diameter of the granular sludge steadily increased between 2.0
and 4.0 mm, while more flocculent sludge was washed out in the
effluent resulting in the accumulation of aerobic granules in the
system. Upon mature granulation, the initial smooth granules in-
creased in size from 2.0 to 5.0 mm with a clearly defined outline
boundary.

SEM analyses of the sludge used as an inoculum indicated a typ-
ical flocculent activated sludge with a comparatively feathery
structure surrounded by fluffy edges and were comprised of
seed-like sludge particles. The sludge volume index (SVI) for the
initial seeds was 203 mL g�1 VSS which indicated poor settling
ability. During start-up operations, the reactor experienced an al-
most complete washout of the suspended biomass. The system
was unable to retain the biomass in the reactor although the initial
settling time was high (i.e. 30 min). This is presumably due to the
short effluent withdrawal period of 3 min and excessive foaming
conditions associated with POME. The remaining particles in the
reactor exhibited an easily distinguished micro colonies consor-
tium dominating the surface.

The mature granules obtained in POME exhibited a dense mix-
ture of bacteria on its outer layer. This could be due to the limita-
tions in diffusion and mass transport of nutrients towards the
center of granule, causing certain starved bacterial cells to die
which were then consumed by outer bacteria. These bacteria oc-
curred in a large variety of morphologies. Microstructure of rods,
cocci and spirilli organisms could be found on the same mature
granule cultivated in POME.
3.2. Biomass profile and settling properties

The physical strength and settling ability of aerobic granules are
important factors if the biomass is to be successfully retained with-
in a reactor. Granules began to form after 17 days of operation and
mature granules were observed after approximately 8 weeks. The
change of biomass concentration and SVI values throughout the
experiment is shown in Fig. 1. Although most of the biomass was
washed out at the beginning of reactor operation, the biomass con-
centration subsequently increased from 2400 mg L�1 on day-1 to
7600 mg L�1 on day-60 of experiments. It was found that the MLSS
decreased from 4860 to 2400 mg L�1 in the first week and from
6040 to 3800 mg L�1 in the second week of reactor start-up, pre-
sumably due to the foaming conditions associated with POME. In
the initial stage of operation, the clumped bioparticles remained
in the reactor while most disintegrated bioparticles were
washed-out into the effluent. The MLSS began to improve on
day-17 when small granules started to appear in the reactor.
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Thereafter, the MLSS content steadily increased to 7600 mg L�1 to-
wards the end of the experiment. The MLVSS indicated a similar
trend as MLSS ranging from 900 to 4320 mg L�1. The stable bio-
mass concentration indicates good accumulation of biomass in
the reactor.

The aerobic granules grown on POME had good settling ability
in terms of SVI. As illustrated in Fig. 1, the SVI value improved from
50.0 mL g�1 at the beginning of the experiment to 31.3 mL g�1 at
the end. It is thought that the sharp increase in the SVI value on
day-21 of experiment could be due to the drastic biomass washout
in the effluent where MLSS decreased sharply from 6040 to
4100 mg L�1. Nevertheless, the SVI value improved to 33.5 mL g�1

on day-31 as the biomass became denser and heavier which is a
manifestation of good settling properties of the granules. The bio-
mass settled very well, leaving a clear supernatant in the reactor.
Thus it appears that the operational system has caused biomass
to be retained in the reactor and encouraged the formation of more
granules and a better biomass accumulation in the reactor.
Fig. 2. Profile of removal performances of the SBR system for (a) COD, (b) ammonia
and (c) color of POME. (D) Percentage removal; (s) effluent; (d) influent.
3.3. Reactor performance and removal efficiencies

Although granular sludge was successfully formed in dairy
wastewater at a loading rate of 7 g COD L�1 d�1 with overall COD
removal efficiencies between 85% and 95% (Arrojo et al., 2004),
granular sludge was developed at a much lower organic loading
rate of 2.5 kg COD m�3 d�1 in this study. Fig. 2 depicts the profiles
of COD, ammonia and color removal performances of the SBR
throughout the granulation process. During the first week of oper-
ation, the COD concentrations in the effluent were above
100 mg L�1 causing a significant decrease in the COD removal per-
centage to below 70%. The effluent quality in the reactor was
unsatisfactory. Stable COD removal was observed after 20 days of
operation although flocculent sludge was still dominating the reac-
tor content. As the flocculent sludge grew and developed into gran-
ular sludge, the COD removal efficiency improved to between
86.7% and 91.1% which is comparable to previous observation by
Wang et al. (2007) in brewery wastewater treatments using aero-
bic granular sludge. Reactor performance stabilized during the
remainder of the experimental period with an average of 85.8%
of COD being removed. This was attributable to both microbial aer-
obic degradation of POME and acquisition of good settling proper-
ties as mentioned earlier.

The ammonia concentrations in the effluent shows a significant
decrease from 41.4 to 23.0 mg L�1 and remained below
10.0 mg L�1 resulting in good ammonia removal efficiencies of be-
tween 89.3% and 97.6% upon aerobic granular sludge formation.
Tsuneda et al. (2003) reported a higher ammonia removal of more
than 98% which suggested that the presence of granules promotes
the retention of large amounts of nitrifying bacteria in the reactor
which warrants highly efficient nitrification in the system. More
than 80% of ammonia was oxidized in the aerobic phase mainly
due to sufficient supply of oxygen enabling a stable and efficient
nitrification in the system.

During start-up, color removal fluctuated between 24% and 30%.
The low percentage of color removal could be due to adaptation of
activated sludge to the reactor’s environment and operational con-
ditions. When granular sludge started to form, the final effluent of
POME is beginning to improve by showing a lighter brown color if
compared to the diluted feed POME in the influent canister. The per-
centage of color removal increased to 66% towards the end of the
experiment. It is assumed that the granular sludge is mainly respon-
sible for the increase in color removal due to the oxidation of the
phenolic compounds which may form different intensity of colors.

4. Conclusion

Stable aerobic granular sludge could be developed in an SBR
system with POME. The SEM and microscopic examinations
showed that the matured granules depict a clear spherical-shaped
outline boundary consisting a dense mixture of bacteria on its out-
er layer including rods, cocci and spirilli organisms. Following
granulation, good accumulation of biomass in the reactor and good
settling characteristics were observed. When tested for COD,
ammonia and color removal, the granules showed 91.1%, 97.6%
and 66.0% maximum removal, respectively indicating the feasibil-
ity of a single SBR system for the treatment of POME.
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