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ABSTRACT 
Microbial granulation in mesophilic (MAF) and thermophilic (TAF) upflow anaerobic filters 
during treatment of palm oil mill effluent was examined at lab scale. Both filters were operated in 
parallel for a period of 210 days at organic loading rate varied from 1.0 to 13.5 kg COD m-3d-1. The 
biomass distribution profiles, specific methanogenic activity and the composition of the occluded 
biomass in both reactors were recorded during start-up, steady state and shock loading stages. 
Microbial granulation had initiated within the 7th (MAF) and 10th (TAF) week and had matured 
within 3 and 3.5 months in MAF and TAF, respectively. Thermophilic microbial granules 
exhibited better settleability, even during shock loading experiment and had more uniform shapes.  

Key Words : Mesophilic, Thermophilic, Upflow anaerobic filter, Biomass granulation,                        
Palm oil mill effluent 

   
INTRODUCTION 

For an optimal operation in an anaerobic, 
fixed-film reactor system for treatment of 
wastewater, the biomass density should be as 
high as possible.1 The biomass should be 
firmly-attached on the carrier, therefore not to 
be detached by the turbulence current or shear 
stress of the by passing effluent stream. 
Suspended growth of biomass can lead to 
washout, which will subsequently impair the 
reactor performance. Once the biomass had an 
established growth, viz. as granular particle or 
formed a biofilm onto a support surface, the 
operation of the reactor will become very 
stable.2 Previous studies on biomass growth 
and granulation had reported that the amount 
of the attached biomass on the packing media 
only contributes a meager fraction of the total 
biomass in the reactor.3,4 The attached Volatile 
Suspended Solids (VSS) amounted up to only 
8.3% of the total biomass in the reactor.4 Since 
most of active biomass in the previously 
studied reactors was in suspension, the report 
on biomass granulation behavior and bacterial 
growth focused only on the suspended fraction 
of biomass in the reactor. This paper presents 

comparative studies on mesophilic and 
thermophilic microbe’s granulation behavior 
and their activities during various operational 
stages, i.e. start-up, steady state and shock 
loading, in packed-bed filter systems for 
pretreatment of Palm Oil Mill Effluent 
(POME). 

MATERIAL AND METHODS 
Upflow anaerobic filter setup 
Fig. 1 shows the setup of the upflow 
anaerobic filters system used in this work. The 
cylindrical filters were constructed of 
PerspexTM material with an internal diameter 
of 19.6 cm. An inlet section of 10 cm long at 
the bottom of the filter and a partitioning 
chamber of 15 cm at the top were provided. 
Both columns were packed with commercial 
helical plastic rings – TolleretteTM, as a support 
surface for bacterial growth. The packing 
medium has dimensions of 4.2 – 4.5 cm in 
diameter and 1.8 – 1.9 cm in length. It has high 
porosity of approximately 93%, which only 
occupy a small fraction of the reactor volume 
(effective volume = 23.8 litres). The working 
volume of the reactor was 22.85 litres, which 
represents 89% of the total reactor volume. * Author for correspondence 
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Fig. 1 : Schematic diagram of the upflow anaerobic filter experimental rig 

The reactors were operated at two different 
temperature ranges, i.e. mesophilic and 
thermophilic. The mesophilic anaerobic filter 
(MAF) was operated at 37+1ºC and the 
thermophilic anaerobic filter (TAF) was 
operated at 55+1ºC. These operating 
temperatures were maintained by continuous 
circulation of hot water from a thermostatic 
water bath through water jackets around the 
columns. A thermometer was inserted at the 
top of each column to monitor the operating 
temperature of the filter. Three sampling ports 
were provided at 35 cm (lower), 60 cm 
(middle) and 85 cm (upper) intervals from the 
bottom of the filter for the purpose of samples 
collection at various depths of the filter. 
Anaerobic conditions in the filter were 
maintained by introducing the feed (POME), at 
the bottom of the filter via a variable speed 
peristaltic pump. The feed was stored at 4ºC 
and was daily fed to the filter system at room 
temperature. The treated effluent was 
withdrawn through a gas-liquid closed 
separator, in which the gas bubbles were 
separated from the liquid effluent. The volume 
of the evolved biogas was measure using a 
wet-test gas meter. The start-up procedures 

were carried out following the procedures 
outlined.5,6 
Experimental program 
A microbiological study on bacterial 
morphology and biomass granulation was 
carried out in both reactors during start-up, 
steady state and shock loading operation 
stages. Table 1. shows the experimental design 
of this work. The sludge samples were 
collected from three different zones along the 
column height. During the start-up stage, the 
anaerobic sludge samples were collected from 
the middle zone of both reactors. 
In MAF, the sampling process was carried out 
on the 50th day, during which the reactor was 
operated with organic loading rate of 10.2 kg 
COD/ m3.day with hydraulic retention time 
(HRT) of 6 days. Whereas in TAF, the sludge 
sampling was conducted on the 75th day when 
the reactor has already reached the targeted 
operating temperature (55ºC). Other operating 
parameters were fixed to be similar for both 
reactors (Organic Loading Rate (OLR) = 9.4 
kg COD/m3 day and HRT = 6 days). Two 
samplings were done at the lower and upper 
zones during steady state and shock loading 
operations.
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Table 1 : Sludge sampling schedule 

  Study      
  stage Start-up Steady-state Shock loading 

Sampling 
day 

50th  (MAF) 
75th (TAF) 150th 165th 

Sampling 
zone 

Lower Middle Upper Lower Middle Upper Lower Middle Upper 

MAF 
reactor 

- + - + - + + - + 

TAF 
reactor 

- + - + - + + - + 

 
During the steady state operation, the samples 
were collected on the 150th day during which 
the OLR was 10.9 kg COD/ m3.day and 13.6 
kg COD/ m3.day in MAF and TAF which 
corresponds to HRTs of 5 and 4 days, 
respectively. 
Specific Methanogenic Activity (SMA) 
The sludge samples from each reactor were 
tested for Specific Methanogenic Activity 
(SMA) after 10 hours of commencement of 
each test stage. These samples were withdrawn  
 

from the middle zone sampling port of the 
reactors. Fig. 2 illustrates the experimental set-
up for this test. 
Approximately 100ml of adjusted effluent was 
transferred to a 250ml conical flask. Then, 25 
ml – 50 ml (0.5 – 1.0 g VSS) of sludge sample 
and 7.5 ml – 12.5 ml (0.75 – 1.25 g COD) of 
the concentrated substrate were added. These 
preparations were carried out in a precautious 
manner to avoid overexposing the effluent and 
sludge to air. The initial pH was maintained at      

 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 2 : Apparatus setup for estimation of specific methanogenic activity 

approximately 7.2. After sealing all the 
connections, the flask was purged with pure 
nitrogen to displace all prevalent oxygen. The 
flask was incubated were maintained at the 
same operating temperature of the reactors, i.e. 
37°C and 55°C by placing the flask in a static 

water bath throughout the experiment period. 
The biogas that was produced during the 
incubation was passed through a 2N NaOH 
solution saturated with NaCl. A glass capillary 
was attached at the end of the gas-through 
tubing to provide a controlled release of gas, 
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viz. in small volume, so that the CO2 in the gas 
will be completely absorbed in the NaOH 
solution. The amount of the accumulated gas 
in the measuring cylinder was recorded at 
hourly interval. 
Scanning electronic microscopy analysis 
Sample preparation for Scanning Electron 
Microscopy (SEM) involves five steps, namely 
fixation, post-fixation, dehydration, mounting 
and coating. The granule sample from the 
reactor was fixed in 5 ml vials, which 
contained 3% glutaraldehyde in 0.1M 
cacodylate buffer (pH = 7.2), at 4ºC for 
approximately 24 hours in order to stop the 
metabolism and preserve the sample in a 
condition which resembles its living state. 
Glutaraldehyde which has cross-linked amino 
groups creates a fibrous extracellular artifact 
and stabilizes the granular structure. 
Cacodylate buffer solution prevents pH change 
during handling. The granules were post-fixed 
with 1% osmium tetroxide in 0.1M cacodylate 
buffer for 2 hours. 
Dehydration was performed in a laboratory 
grade ethanol. The fixed granules were placed 
in 5ml vials and then the following ethanol 
solutions were exchange in the vials; 50%, 
75%, 95% and 100%, each for 10 minutes and 
followed by 5 minutes centrifugation at 7,000 
rpm. The procedure entails gradual 
replacement of water in the specimen with 
ethanol. Dehydration was performed in a 
Denton CPD critical point dryer, where sample 
was placed in a pressure chamber. Then, the 
cooled and pressurized chamber was filled 
with liquid CO2 to substitute the prevalent CO2 
molecules for the dehydration medium. Next, 
the chamber’s temperature was increased to 
the critical point (T = 31.1ºC), at which the 
phase boundary disappears, allowing the liquid 
CO2 to sublime. 
The dehydrated sample was mounted on 
aluminum studs with conductive carbon glue, 
and then coated with gold as it will increase 
the sample’s conductivity and prevents charge 
accumulation on the sample’s surface. Samples 
were examined using Philips XL-3D field 
emission scanning electron microscope. 

RESULTS  AND DISCUSSION 
Granulation and bioparticle formation 
In MAF reactor, granulation of biomass was 
first observed on the 48th day after start-up. At 
this point, the reactor was operating at OLR of 
10.2 kg-COD/m3 day, which is equivalent to 
HTR of 6 days. The color of the liquid inside 
the column had turned to dark green and a 
formation of biomass microgranules started to 
develop in forms of very small green 
suspensions (Fig. 3).The size of the 
bioparticles continues to grow steadily from a 
fraction of a millimetre during the start-up 
stage to 3 - 5 mm in diameter (fully grown 
granules). 
In TAF reactor, the appearance of thermophilic 
biomass suspensions was first observed on the 
68th day. At the time of observation, the reactor 
was operating at OLR of 9.4 kg-COD/m3.day 
and HRT of 6 days. The median diameter of 
the observed bioparticles in this reactor during 
the start-up stage range from fractions of a 
millimetre to 2.5 – 4.0 mm. This diameter 
range is slightly smaller than those in MAF 
(Fig. 3). However, the biomass concentration 
(VSS) in TAF reactor (6.26 g/l) was 
remarkably lower than that in MAF reactor 
(8.97g/l). Similar results have been reported 
previously7 as the VSS ratio in TAF to MAF 
reactors in treatment of seafood-processing 
waste was 1.0 to 7.2. The reason of this 
phenomenon could be similar to Mendez’s 
observation as in the mesophilic reactor the 
biomass aggregates were observed to retain not 
only the biomass flocculates but also the 
influent biodegradable VSS.  
When compared to other industrial wastewater, 
POME is characterized by its high suspended 
solids content, i.e. 2-3%.8,9 
According to a number of previous studies, it 
was stated that wastewaters with high content 
of suspended solids may inhibit the sludge 
granulation10, impair the methanogenic activity 
of the sludge11,12 and may cause a sudden 
washout of the suspended sludge granules.10,13 
However, none of these adverse effects were 
observed during the steady state operation of 
POME treatment in this work. This was 
probably due to the readily biodegradable 
nature   of   the   waste   as  well  as   the  well- 
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Fig. 3 : SEM micrograph of microbial granules in MAF (left) and TAF (right) reactors 

designed start-up plan using a  good quality 
and selective bacterial seed of high 
methanogenic activity with extended 
acclimatization period. 
Microparticle size growth of biomass 
The microbial activity and size of the grown 
granules are two important parameters to 

describe the biomass granulation process. 
These two parameters were represented by 
Specific Methanogenic Activity (SMA) and 
median diameter of the bioparticle. The data 
presented in Fig. 4 illustrate the median size of 
the granules collected at various reactor 
operational stages.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 : Median size (mm) of the biomass granules at various operational stages in MAF and TAF 

During the start-up stage in MAF reactor, the 
average median size of the sludge aggregates 
was 1.5 mm and the bioparticles was 
uniformly distributed in the column. This can 
be described by the low density of the formed 
bioparticles as it does not settle to the bottom 
of the reactor. In the steady state stage, the 
median size of the matured granules was in the 
range of 4.6 mm. These granules formed a 
sludge bed of at least 30 cm high from the  

bottom of the reactor. In addition, the 
configuration of these granules was found to 
be irregular with filamentous surface shape. 
However, the porous texture of mesophilic 
bioparticles’ surface promotes trapping of the 
unhydrolysed solids, which are most likely 
responsible for the loose granules’s surface 
shape. Therefore, these granules are highly 
prone to shear and attrition induced by the 
rising gas bubbles and inert solids at high OLR  
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operation.11 However, the median size of the 
settled granules at the bottom of MAF reactor 
had slightly decreased (4.6 mm to 4.1 mm) 
during shock loading operation. This 
observation, as pointed earlier, might be due to 
the shear force of the bypassing biogas bubbles 
and inert solids which had cut through the 
bioparticles. Hence, the granules had lost their 
capabilities to retain and settle down in the 
reactors due to their break down and division 
caused by the excessive attrition and shaking. 
The granules in TAF reactor had smaller 
median size at various operational stages and 
different column heights but they showed 
better settleability compared to those in MAF 
reactor. This observation could be attributed to 
the compact form and smoother surface shape 
of these grown granules. During the steady 
state operation, the biomass granules had 
median sizes of <0.9 mm and are prone to be 
washed out of the reactor. These obtained 
results however, impart one more advantage 
for the application of anaerobic filter at 
thermophilic temperature. Similarly, during the 
shock loading operation, granules of median 
sizes of <2.9 mm were washed-out in TAF 
compared to granules of median sizes of <3.2 
mm in MAF. 
Specific methanogenic activity of biomass 
The SMA results had showed that the 
microbial activity increased rapidly in both 
reactors immediately after start-up operation. 
In MAF reactor, the SMA was averaged by 
0.725, 0.760 and 0.536 g-CH4-COD/g-
VSS.day during start-up, steady state and 
shock loading, respectively. Whereas, the 
SMA results were higher by 1.5 folds in TAF 
reactor compared to the MAF reactor. The 
averages SMA in TAF reactor were 1.095, 
1.170 and 0.806 g-CH4-COD/g-VSS.day 
during start-up, steady state and shock loading 
stages, respectively. These results were 
comparable to the one reported.7,12,13 The rapid 
increase in the microbial activity could be due 
to high microbial load index applied during the 
start-up of the reactors. In addition, the 
readiness of POME for biodegradation, as well 
as the appropriate environment maintained 
especially for the temperature and consistency 
of the substrate characteristics, led to rapid 
increase in both cell enzymatic activity and 
viable bacterial number per unit biomass         

(g VSS), resulting respectively from the rapid 
bacterial adaptation and multiplication.8,11  
The volumetric COD removal rate (VSRR) 
had increased linearly with the volumetric 
methane production rate (VMPR) in \MAF 
reactor. During the steady state stage, the 
increase rate of VSRR over VMPR has a slope 
of 0.81. This slope indicates that of all the 
COD removed, 82.1% was converted to 
methane and the rest was presumably 
converted to biomass. The F/M ratio 
(COD/VSS) in the MAF reactor was 1.12. The 
sludge yield (Y) was estimated to be 0.159 g-
VSS/g-COD applied, which is slightly higher 
that than the reported values (0.13 g-VSS/g-
COD) Kwong and Fang.4 In TAF reactor, the 
sludge yield was estimated at approximately 
0.128 g-VSS/g-COD (slope = 0.871, F/M ratio 
= 1.01), which is more comparable with other 
reported values, i.e. 0.13 g-VSS/g-COD14 and 
0.23 g-VSS/g-COD 15 for the anaerobic sludge 
in treatment of carbohydrate wastewater.  
The operation of upflow anaerobic filter at 
thermophilic temperature imparts another 
advantage over the mesophilic operation where 
the generated sludge can be reduced by about 
20%. Hence, the operation cost, i.e. sludge 
removal, of the reactor can be reduced. 
Morphological studies of the anaerobic 
bacteria 
From the SEM observations, the granules were 
generally composed of different predominant 
bacterial species. Two types of predominant 
methanogenic bacteria, namely 
Methanosarcina sp. and Methanosaeta sp. 
(formerly known as Methanothrix sp), were 
found in both operations. The SEM 
micrograph (Fig. 5) for the surface of the 
granules obtained in MAF reactor showed a 
composition of cocci, rod and filamentous 
serial species. The Methanosaeta sp was also 
observed on the same granules surfaces, which 
were identified by its bamboo-shaped 
morphology and size of 0.8 µm in diameter 
and 1.8-2.0 µm in length.4 However, 
streptococci with a diameter of about 0.7 µm 
(Fig. 6), which predominantly covers the 
granule’s surfaces, is apparently responsible 
for carrying out the initial hydrolysis of 
organic particles in the digestion process. 
These bacteria were observed to be dominant 
on the surfaces of the bioparticles collected 
from the lower zone of both reactors. 
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Fig. 5 : Plane view of mesophilic (left) and thermophilic (right) microbial granule’s surface 
collected during steady state operation 

  

        

 

 

 

Fig. 6 : Syntrophic associations of microbes in MAF (left) and TAF (right) under SEM 
observation 

In TAF reactor, most of the collected granules 
appeared to be compact with a few crates and 
pores (Fig. 5), possibly for the release of the 
produced gases or to facilitate substrate 
diffusion.16,17 The fibrous and irregular 
surfaces of the granules were almost absent in 
the thermophilic bioparticles. This 
phenomenon could be explained by to the fact 
that higher temperatures speed up the 
dissociation of oils and gelatinous compounds, 
which are responsible for entrapment of the 
fibers and some organic debris on the surface 
of the grown granules.11,16 
In almost all sludge samples, heterogeneous 
population of bacteria was observed. This 
includes various types of rods, cocci, filaments 
and some of similar morphology to 
Methanosaeta sp., as shown in Fig. 6. 
However, the sludge samples that were 
collected from both reactors during shock 
loading operation had loose, weak and broken 
granules. These observations are in full 
agreement with those reported.13 This 
observation adds another reason for the 
excessive biomass washout during shock 
loading operations apart from the excessive 

rising biogas bubbles and the upward liquid 
current.  

CONCLUSION 
The granulation of biomass in the anaerobic 
reactor is a time dependent process which 
highly rests on the type of bacterial seed 
(inoculum) used mode of process operation, 
characteristics of wastewater and the start-up 
strategy. The appearance of granules in the 
mesophilic and thermophilic reactors was 
observed on the 48th and 68th day, 
respectively.The size of the matured granules 
(both mesophilic and thermophilic) was in the 
range of 3 mm - 5 mm. During the steady state 
conditions, bioparticles of median size >4.6 
mm were capable to settle at the lower part of 
the mesophilic reactor whilst, in the 
thermophilic operation, granules with smaller 
median size (>4.1 mm) were observed. The 
specific methanogenic activity (SMA) was 
higher in TAF reactor compared to MAF 
reactors. The SMA was 1.01, 1.17 and 0.81 g-
CH4-COD/g-VSS.day during start-up, steady 
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state and shock loading stages, respectively in 
the thermophilic reactor. Whereas, in the 
mesophilic reactor, SMA was in the average of 
0.72, 0.76 and 0.54 g-CH4-COD/g-VSS.day 
during start-up, steady state and shock loading 
stages, respectively. In the studied operations, 
the bioparticle granules were composed of 
cocci, rods and filamentous bacterial species. 
SEM pictures showed that Methanosarcina sp 
and Methanothrix sp, were the two 
predominant methanogenic bacteria observed 
on the granule’s surface. 
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