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Abstract
A bench-scale expanded granular sludge bed (EGSB) reactor was applied to the treatment of palm oil mill effluent (POME). The
reactor had been operated continuously at 35°C for 514 d, with organic loading rate (OLR) increased from 1.45 to 17.5 kg COD/(m3 ·d).
The results showed that the EGSB reactor had good performance in terms of COD removal on the one hand, high COD removal of
91% was obtained at two days’ of hydraulic retention time (HRT), and the highest OLR of 17.5 kg COD/(m3 ·d). On the other hand,
only 46% COD in raw POME was transformed into biogas in which the methane content was about 70% (V/V). A 30-d intermittent
experiment indicated that the maximum transformation potential of organic matter in raw POME into methane was 56%. Volatile fatty
acid (VFA) accumulation was observed in the later operation stage, and this was settled by supplementing trace metal elements. On the
whole, the system exhibited good stability in terms of acidity and alkalinity. Finally, the operational problems inherent in the laboratory
scale experiment and the corresponding countermeasures were also discussed.
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Oil palm (Elaeis guineensis) is one of the most versatile
crops in the tropical region, particularly in Malaysia and
Indonesia. About 1.5 m3 water are used to process one
ton of fresh fruit bunches (FFB), and half of this quantity
results in palm oil mill effluent (POME) (Chungsiriporn et
al., 2006). On account of its extremely high biological and
chemical oxygen demands, POME poses a great threat to
the quality of the water environment nearby.
Over the past decades, many methods have been developed to control POME pollution, including crop irrigation,
serving as animal fodder, decanting and drying (Edewor,
1986), evaporation (Ngan, 1999), simple skimming, coagulation (Ng et al., 1987; Ahmad et al., 2005a), flotation,
adsorption (Ahmad et al., 2005b), ultrafiltration (Ahmad
et al., 2003), and various biodegradation technologies.
However, few has been put into full-scale application
because of their unsatisfactory performance and/or high
operating costs. Compared with the physical and chemical
technologies, conventional biological treatment methods
of anaerobic, facultative, and aerobic degradation are more
widely used in the treatment of POME.
Aerobic treatment efficiency of POME was investigated
using suspended growth in an activated sludge process,

with a diffused aeration system (Vijayaraghavan et al.,
2007). The treatability was also examined using attached
growth in an aerobic rotating biological contactor (Najafpour et al., 2005).
Anaerobic biological systems offer more potential for
the treatment of POME because of its highly organic
characteristics, as these systems do not require high energy
for aeration and allow the recovery of energy in the form
of methane, in a closed system.
Nowadays, about 85% of POME treatment is based on
the facultative anaerobic pond system in Malaysian palm
oil mills. The use of conventional anaerobic lagoon or tank
digester to treat POME is characterized by long residence
time, often in excess of 20 d. A pond system, consisting of
eight ponds in a series, was studied to evaluate its efficiency for POME treatment. After a total hydraulic retention
time (HRT) of 60 d, residual COD and BOD5 in the effluent
were 1,725 and 610 mg/L, respectively (Chin et al., 1996).
Another drawback of the conventional anaerobic digester
is its difficulty in collecting and utilizing the methane
generated, which has a detrimental greenhouse effect on
the environment.
To shorten the treatment time needed, lessen the land
required, and at the same time collect the biogas produced,
high-rate reactors, such as, tank digester (Ho and Tan,
1985; Ugoji, 1997), anaerobic filter (Borja et al., 1994b),
anaerobic fluidized reactor (Borja, 1995), anaerobic baffled
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reactor (Setiadi et al., 1996; Faisal and Unno, 2001),
upflow anaerobic sludge bed (UASB) (Borja et al., 1994a;
Borja et al., 1996a), and other hybrid reactors were put
forward and evaluated in treating POME (Borja et al.,
1996b; Najafpour et al., 2006).
Expanded granular sludge bed (EGSB) reactor, a modification of UASB, has been primarily developed, to improve
substrate-biomass contact within the treatment system,
by expanding the sludge bed and intensifying hydraulic
mixing. Consequently it has a better reactor performance
and stability than the UASB. Many researchers, including
this research group, have done a lot of study on EGSB
in such areas as flow pattern, kinetics, toxicity inhibition, and startup and operation characteristics. Moreover,
EGSB reactors have been successfully applied to treat
many kinds of wastewater, such as, brewery wastewater,
starch wastewater, molasses alcohol slops, domestic and
municipal wastewater, and so on. However, the use of
EGSB reactors in treating POME has not been reported in
the literature to date. The main objectives of the present
research were to explore the feasibility of mesophilic
anaerobic digestion of POME by using an EGSB reactor.

1 Materials and methods
1.1 Experimental setup
The schematic diagram of the bench-scale EGSB reactor
used in this study is shown in Fig.1. The EGSB reactor
was made up of a plexiglass column with an internal
diameter of 11 cm and an overall height of 195 cm.
The total volume of the reactor was 21,560 ml and the
working volume was 20,500 ml (excluding head space).
The column consisted of three parts: bottom, middle, and
top. The bottom part of the column, with a height of 12 cm
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was the influent distribution area. The middle part served
as the main biochemical reaction section, with a height
of 156 cm and a height-per-diameter ratio of 15. The top
part, with a height of 27 cm, played the role of a gasliquid-solid separator, which had the function of allowing
the separation of biogas and washed-out solids from the
liquid phase. An inverted funnel shaped gas separator was
used to conduct the biogas to the wet gas flow meter,
to measure the volume of the biogas produced. Thirteen
sampling ports were placed at suitable distances along the
height of the column, and the effluent was collected from
the top of the reactor. A liquid upflow velocity (Vup ) of 3.5
m/h was maintained by applying effluent recirculation. The
EGSB reactor was operated under mesophilic condition
(35°C) and its temperature was maintained by circulating
hot water through the reactor jacket.
The aerobic reactor, although it is not the core, and as the
authors have discussed in this article, plays important role
in eliminating the acidity produced in EGSB, and diluting
the raw POME by circulating its effluent back to EGSB.
The aerobic reactor is also made of a plexiglass column,
with an internal diameter of 15 cm and an overall height
of 108 cm, and the working volume is 19,700 ml. A PVC
(polyvinyl chloride) flexible filler was used as the support
medium. The temperature in the aerobic reactor is kept
constant at 25°C by a temperature controller.
1.2 Palm oil mill effluent
The POME samples were collected from the Sungai
Burung Palm Oil Mill, located in the state of Sabah,
Malaysia, and were preserved in PVC containers at a
temperature of less than 4°C, but above freezing point, to
prevent the wastewater from undergoing biodegradation on
account of microbial action. A detailed description of the
composition and features of the wastewater is summarized
in Table 1.
Table 1

Characteristics and composition of raw POME (unit: mg/L,
except pH)

Parameter

Value

Parameter

Value

pH
COD
BOD
Total solid (TS)
Suspended solid (SS)
Volatile suspended solids
Kjeldahl nitrogen
Ammoniacal nitrogen
Volatile fatty acida (VFA)
Total alkalinityb (TA)
Oil and grease
Al
Ba

4.8
79,723.2
35,432.5
67,200
49,300
35,935
873.6
173.8
2,287
523
17,410
6.299
0.4802

Ca
Cu
Fe
K
Mg
Mn
Na
P
S
Si
Sn
Zn

607.3
5.08
61.17
5,533
1,065
8.572
87.92
277.7
400
99.67
3.669
6.83

a

total alkalinity,

1.3 Inoculum (seed sludge)

.a

c.

The inoculum for seeding was a mixture of 3 L of digested sludge and 9 L of granular sludge. The digested sewage
sludge, which contained 22,450 mg/L suspended solids
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Fig. 1 Schematic diagram of anaerobic expanded granular sludge
bed reactor treating POME. (1) feed tank; (2) peristaltic pump; (3)
recirculation pump; (4) sampling ports; (5) gas meter; (6) gas seal; (7)
gas; (8) water bath; (9) heater; (10) centrifuge pump; (11) water jacket;
(12) effluent.

b
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Volatile fatty acid, expressed as HAc (acetic acid);
expressed as CaCO3 (calcium carbonate)
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(SS) and 19,560 mg/L volatile suspended solids (VSS)
was initially screened to remove the debris. The anaerobic
granular sludge, which contained 97,975 mg/L SS and
67,040 mg/L VSS was taken from a UASB reactor treating
beer wastewater. The granular sludge was methanogenically active as the biogas bubbles were apparently observed
stripping from the water surface during the sampling time.
The initial VSS of the seed sludge were 662,040 mg, about
69% of the total SS.
1.4 Analytical methods

from the EGSB reactor was pumped into an aerobic biofilm
reactor for further digestion. Discharge from the aerobic
reactor had a pH between 8.5–9.0, and was recycled back
to the EGSB reactor. The purpose was to supply alkalinity
by blending the raw POME with low COD and a high
alkalinity recycled stream. Without pumping the aerobic
effluent back to EGSB, to take 4 L of raw POME diluted
with 16 L of tap water as an example. A pH of 4.74, 100
g of NaHCO3 would be needed to adjust the pH to 6.35.
Admittedly, effluent recirculation alleviated the need for
the addition of alkalinity to the feed of the EGSB reactor,
which could reduce the running costs especially when done
on a large-scale process.
Once a steady state was achieved, samples were collected and subjected to the analysis of the following
parameters: feed and effluent COD, effluent TA, effluent
bicarbonate alkalinity (BA), effluent VFA, reactor pH, gas
production, and composition.

2 Results and discussions
2.1 Startup stage
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After only 2-d operation, little bubbles were found to be
attached on the granular sludge, meanwhile, COD removal
efficiency in the EGSB reactor reached more than 85%.
All these evidences indicated that the granular sludge
had regained its anaerobic activity. From then on, diluted
POME was fed to the EGSB reactor continuously.

c.

To recover the microbial activity of the seed granular
sludge that had been conserved for six months, glucose
solution of 3,000 mg/L COD was fed at the beginning
of the operation. Reactor pH was adjusted to 7.0 using
saleratus (NaHCO3 ). Supplementary nutrients nitrogen
(NH4 Cl) and phosphorous (KH2 PO4 ) were added to yield
a COD:N:P ratio of 250:5:1, and 50 ml stock solution
was added to supply the trace metal elements. The stock
solution per liter consisted of: 2,000 mg of FeCl3 ·4H2 O;
50 mg of H3 BO3 ; 44 mg of ZnCl2 ; 40 mg of CuCl2 ·2H2 O;
30 mg of AlCl3 ; 500 mg of MnCl2 ·4H2 O; 175 mg of
(NH4 )6 Mo7 O24 ·4H2 O; 150 mg of CoCl2 ·6H2 O; and 100
mg of NiCl2 ·6H2 O.
In the first three days, the EGSB reactor was operated
in a batch-feed mode to recover microbial activity. After
that, diluted POME (initially, tap water was used to dilute
raw POME, with NaHCO3 adjusting pH; later, after the
aerobic reactor was put into operation, discharge from
the aerobic reactor was recycled, and alkalinity addition
was not required anymore.) was fed to the EGSB reactor
continuously. The experimental procedure is illustrated in
Fig.2. When effluent COD, VFA, total alkalinity (TA),
and biogas production rate became comparatively constant
(a variation of less than 3%), influent COD was raised
stepwise from 4,331 to 35,000 mg/L in 8–111 d according
to Fig.2.
A HRT of 3 d was kept constant throughout the startup
duration, and after that, the HRT was shortened to 2 d in
the later operation stage. Anaerobically digested POME

Startup and operation strategy for EGSB reactor.

Fig. 3

.a

1.5 Startup and operation scheme

Fig. 2

Change of acidity and alkalinity during the startup stage.
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Biogas production was measured daily with a wet gas
flow meter, making correction for atmospheric pressure
and temperature. Methane and carbon dioxide concentration were determined by GC2010A gas chromatography
(Shimadzu, Japan) with a stainless steel column (300 cm
× 0.3 cm) packed with active carbon (30–60 mesh) using
thermal conductivity detection (TCD). Volatile fatty acid
(VFA) was analyzed with HP5890 series II gas chromatograph (HP, USA) equipped with a flame ionization detector
(FID). Elemental composition was analyzed with inductively coupled plasma (ICP) emission spectrophotometry
(Thermo Electron, USA) after being predigested in aqua
regia.
The following parameters were also analyzed: COD,
BOD5 , alkalinity, ammonia nitrogen, and Kjeldahl nitrogen, and the analyses were carried out according to the
standard procedures (APHA, 1999).
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Changes in acidity and bicarbonate alkalinity in the
effluent from the EGSB reactor during the startup stage is
shown in Fig.3. As can be seen, the pH is comparatively
stable, varying from 6.98 to 7.53, which is suitable for
efficient methanogenesis, indicating that the system has
sufficient alkalinity to neutralize organic acids coming
from the influent and from the hydrolysis and fermentation
stage. System stabilization is also validated by the ratio of
VFA/TA, which is in the range of 0.1–0.3 at all times. BA
in the effluent presents an ascending tendency, rising from
2.4 to 66 mmol/L during the startup stage. Unlike pH and
BA, VFA in the effluent from the EGSB reactor changes
regularly. After the organic loading rate is raised, the
concentration of the effluent VFA will rise remarkably in
a comparatively short time of less than one day. However,
after two to three days operation, it will reconvert again,
even a slightly higher than the former steady value. The
sudden increase in OLR will result in organic shocks to the
microorganisms, and the microflora will need time for acclimation to the new environment. However, the response
of the acid producing fraction of the microbial consortium
is consistently more rapid than that of the methanogens.
The increase in effluent VFA implies that the acidogenic
bacteria produce more VFA than what can be utilized by
the acetogenic and methanogenic bacteria. However, the
self-regulation capability inherent in the biological system,
makes it possible for the biology consortium to acclimate

itself to the new environment. After two to three days, a
new balance is obtained, and VFA concentration regresses
to the former level.
Figure 4a illustrates the biogas production rate during
the startup stage. By comparing Fig.3 and Fig.4a. It can be
found that the gas production rate has undergone changes
opposite to VFA. When effluent VFA concentration is
at a high level, the proportion of COD transformed into
methane is accordingly small, which results in a low gas
production rate. Apparent COD removal efficiency during
the startup stage is shown in Fig.4b. As shown in the
figure, although COD concentration is raised from 5,000
to 35,000 mg/L in the first 150 d, the effluent COD is
consistently less than 2,500 mg/L and the average COD
removal efficiency is kept as high as 92%, indicating that
the anaerobic reactor is in good condition for digesting
POME.
2.2 Later operation stage
Apparent COD removal efficiency during the later operation stage is illustrated in Fig.5a. During the first 399 d,
COD reduction rate was well above 90% with a mean value
of 92.7%, which indicated that the processing system was
in good condition. However, because of an accident that
happened on day 405, with the heat preservation system,
the temperature in the EGSB reactor fell to the room
temperature of 15°C in the next two days. In the following

Biogas production rate (a) and apparent COD removal efficiency (b) during startup stage.

Apparent COD removal efficiency (a) and change of acidity and alkalinity (b) during the later operation stage.
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90 d, COD removal efficiency declined from 91% (on
day 399 d) to only 50% (on day 489). VFA concentration
increased from 31 to 171 mmol/L (Fig.5b). Supposing all
the VFA was acetic acid (the assumption is reliable in
a single-phase anaerobic system when it is in a steadystate. In this experiment, the proportion of acetic acid was
about 87.5% (n/n) of total VFA, the authors may deduce
that about 60% effluent COD could be attributed to VFA.
This further proved the estimation that approximately twothirds of the anaerobic effluent COD was caused by VFA
(Borja, 1995). Comparing Figs.5a and 5b carefully, the
authors could find that when VFA increased, COD removal
efficiency would decrease simultaneously, hence, there was
a negative correlation between the two parameters, just
as the foregoing phenomenon observed during the startup
stage.
The trend of VFA accumulation in the anaerobic system
might eventually lead to acidity failure. Therefore, to
reduce the VFA concentration and improve treatment efficiency, 50 ml trace metal elements stock was supplemented
on day 489. It was found that the effect of trace metal
element supplementation was remarkable (Fig.5a and 5b).
After only a month, effluent COD decreased from 16,044
to 4,548 mg/L, COD removal efficiency improved from
50% to 87%, and effluent VFA decreased from 171 to only
48 mmol/L, correspondingly. Performance improvement
after trace metal addition verified that trace metals were
necessary for the activation of key enzymes for methanogenesis, and lack of sufficient trace metals may be a reason
for the failure of anaerobic digestion.
2.3 Anaerobic digestibility of POME
As shown in Figs.4b and 5a, apparent COD removal
efficiency at the steady state was invariably in the range
of 89% and 96%, however, the biogas produced was
comparatively low. By taking into account 70% methane
content (V/V) in biogas and using the measured biogas
production data, the COD to methane conversion ratio
was calculated and illustrated in Fig.6. Conversion ratio
fluctuated between 33%–50%, whereas, the average COD
conversion efficiency was 46%. It was noticed that a big
gap existed between the two parameters: apparent COD
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removal efficiency and COD conversion ratio.
The following intermittent experiment was designed
to reveal the anaerobic digestibility and transformation
potential of POME, which would explain the phenomenon.
A conical flask (250 ml) and water bath shaker (temperature: 35°C; vibrating frequency: 60 r/min) were used. Two
parallel flasks were loaded with 50 ml raw POME diluted
by 150 ml tap water, and the control experiment was made
by the third flask filled with 200 ml tap water. In the three
flasks, except for the substrate, other factors such as seed
sludge, alkalinity, and trace metal element supplementations were all identical. In the two parallel experiments,
influent COD concentration was 6,855 mg/L, and effluent
COD concentrations after a 30-d experiment were 809.6
and 769.1 mg/L, respectively. However, the summation
methane produced was 268 and 264 ml (standard temperature and pressure, STP), respectively. Apparent COD
reduction efficiency was as high as 89%, but only 56%
of organic matter in raw POME was transformed into
methane. In the later experiment, when only the dissolved
portion of POME (the above substrate was filtered with
the help of qualitative filter paper) was used instead of
diluted POME, the apparent COD removal and conversion
rate were increased to 98.6% and 95%, respectively. From
the experiment, the authors could find out not only the
anaerobic digestibility of POME, but also make the reason
for the low methane transformation rate clear.
The particulates–plant cell debris and fragments, on
the one hand, did not appear to be easily hydrolysable
on account of their high lignin content, and hence, low
digestibility (Ho et al., 1984). On the other hand, they
settled to the bottom of the reactor shortly after entering
the reactor, because the particulate matters had a higher
specific gravity than water. Therefore, no reflection of
particulate COD was presented in the effluent sample. As
a result, the apparent COD reduction efficiency could be
as high as 90%, whereas, the actual conversion ratio was
only about 46%. To improve the COD conversion ratio,
and also to avoid SS accumulating in the anaerobic reactor,
pretreatment should be made to enhance the hydrolysis and
fermentation efficiency.

3 Operational problems and countermeasures
Some of the operational problems inherent in the laboratory scale experiment and countermeasures are listed here.
3.1 Scum formation

.a
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Fig. 6 COD to methane conversion ratio and apparent COD removal
efficiency at steady state.
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It was observed that excessive surface scum entered into
the gas outlet line, and choked it, thus a high pressure
buildup in the EGSB reactor was created, resulting in the
spillage of the contents, even granular sludge. Scum was
formed because of the presence of oil and grease in the
raw POME, and no pretreatment had been made before
entering the anaerobic reactor. One modification was to
furnish a certain scum breaking mechanism on the digester
surface. This could be realized by using an independently
rotatable top rake, which served to break up the scum and
release the entrapped gas.
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Pipelines were frequently choked not only by oil and
grease separated from the influent, but also by inorganic
mineral compound sedimentation. Regular manual cleaning of the sediment from the pipelines was required, to
prevent it from clogging.
3.4 Corrosion and blockage of gas meter
The presence of water vapor, hydrogen sulfide, and
carbon dioxide in biogas caused rusting and blockage
of the gas meter. Therefore, anticorrosive gas meters are
recommended.

4 Conclusions
Anaerobic digestion of POME was carried out in an
EGSB reactor. The reactor had been operated at 35°C for
514 d, and OLR was increased step by step from 1.45
to 17.5 kg COD/(m3 ·d). The reactor exhibited high efficiency in treating this high strength organic wastewater.
Apparent COD removal 91% was achieved at HRT of 2
d and OLR of 17.5 kg COD/(m3 ·d), but only 46% organic
matter in POME was transformed to methane. The reactor
was stable in terms of acidity and alkalinity during most
of the operation time, and the alkalinity supplementary
was unnecessary for pH adjustment after the effluent
was recirculated from the aerobic reactor, indicating that
the system had sufficient alkalinity to neutralize VFA.
However, an accumulation of VFA was observed after
489 d operation, and this was solved by supplementing
trace metal elements. The operational problems inherent in
the laboratory scale experiment and countermeasures were
also given. Longer term running at higher OLR in larger
scale bioreactors was required to assess the stability and
potential of the EGSB reactor.
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