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Palm oil mill effluent (POME) discharged without proper treatment could cause severe
environmental problem. The conventional biological treatment method using activated sludge is
considered obsolete. The high COD and turbidity level has been the driving force to find an
efficient treatment. Hence, in this work, aerobic granular biomass was developed and utilized for
the treatment of POME in the sequencing batch reactor (SBR). The mean diameter of the
developed aerobic granules was 0.9 mm (with a maximum value of 3.1 mm). The aerobic granules
are able to remove 88% of the influent COD at organic loading rate (OLR) of 3.0 kg COD/m’day.
The increase of OLR to 6.0 kg COD/m’day did not affect the COD removal efficiency and the
aerobic granules immediately responded to the OLR increase. The sludge volume index (SVI) of
the biomass reduced from 80 to 30 ml/g. Aerobic dynamic feeding (ADF) strategy was applied to
accumulate polyhydroxyalkanoate (PHA) in aerobic granules. The volatile fatty acids (VFAs) in
the POME are the sole source of the PHA accumulation. In this work, 100% removal of propionic
and butyric acids in the POME were observed. The highest amount of PHA produced was 0.6833
mg PHA/mg biomass.

Efluen kilang kelapa sawit (POME) yang dilepaskan tanpa rawatan yang sewajarnya boleh
menyebabkan masalah alam sekitar yang teruk. Kaedah rawatan biologi konvensional yang
menggunakan enapcemar teraktif dianggap usang. Nilai COD dan tahap kekeruhan yang tinggi
menjadi penggerak untuk mencari rawatan yang lebih cekap. Dalam kajian ini, butiran aerobic
telah dihasilkan dan digunakan bagi rawatan POME dalam reaktor penjujukan (SBR). Garis pusat
min butiran aerobik yang dihasilkan adalah 0.9 mm (dengan nilai maksimum 3.1 mm). Butiran
aerobik tersebut dapat menyingkir 88% COD influen bagi kadar bebanan organik (OLR) sebanyak
3.0 kg COD hari/m>. Peningkatan OLR kepada 6.0 kg COD hari/m’ tidak menjejaskan kecekapan
penyingkiran dan butiran aerobik segera bertindak balas kepada peningkatan OLR itu. Indeks
isipadu enapcemar (SVI) biojisim menurun dari 80 ke 30 ml/g. Strategi aerobic dynamic feeding
(ADF) telah digunakan untuk mengumpul polyhydroxyalkanoate (PHA) dalam butiran aerobik.
Volatile fatty acids (VFA) dalam POME adalah satu-satunya sumber pengumpulan PHA. Dalam
kajian ini, 100% penyingkiran asid propionik dan butyric dalam POME berjaya dicapai. Jumlah
tertinggi PHA yang dihasilkan adalah 0.6833 mg PHA/biomass mg.
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SUMOMARY

Palm oil mill effluent (POME) discharged without proper treatment could cause severe
environmental problem. The conventional biological treatment method using activated sludge in
series of ponds is considered obsolete. The high COD and turbidity level of POME has been the
driving force to find an efficient treatment system. Hence, in this work, aerobic granular biomass
was developed and utilized for the treatment of POME in the sequencing batch reactor (SBR).
The mean diameter of the developed aerobic granules was 0.9 mm (with a maximum value of 3.1
mm). The aerobic granules are able to remove 88% of the influent COD at organic loading rate
(OLR) of 3.0 kg COD/m® day. The increase of OLR to 6.0 kg COD/m’ day did not affect the
COD removal efficiency and the aerobic granules immediately responded to the OLR increase.
The sludge volume index (SVI) of the biomass reduced from 80 to 30 ml/g.

Aerobic dynamic feeding (ADF) strategy was applied to the aerobic granules in
sequencing batch reactor (SBR) to accumulate polyhydroxyalkanoate (PHA) in aerobic granules.
The volatile fatty acids (VFAs) in the POME are the sole source of the PHA accumulation. In
this work, 100% removal of propionic and butyric acids in the POME were observed. The
highest amount of PHA produced in aerobic granules was 0.6833 mg PHA/mg biomass.

INTRODUCTION

Palm oil mill effluent (POME) is one of the enormous waste discharges from the oil palm
producing mill. At present, almost 85% of the palm oil companies are using biological treatment
to treat the POME prior to its release to the receiving bodies (Vijayaraghavan et al., 2007).
However, the microorganism involved in this treatment is fragile in nature. Hence, the
performance of the biological treatment system could be varying throughout the treatment
process, subsequently leads to variable effluent quality. Generally, the POME will undergo
neutralization and cooling process before the biological treatment. It was done to safeguard the
microorganisms from the fresh POME, which is acidic and discharged at high temperature.

In order to totally offset this problem, researchers have been enthusiastically looking for a
solution to treat the POME. Several researchers managed to come up with novel technologies in
POME treatment system such as membrane technology (Ahmad et al., 2009), adsorption (Ahmad
et al., 2005b) and coagulation-flocculation treatment (Bhatia et al., 2007). Nevertheless, these
technologies are either costly or ineffective in large scale.

Therefore, the search for the feasible technology in terms of cost and efficiency continue to
attract the attention of the researchers. One of the ways to approach this problem is by upgrading
the current biological treatment system of POME. It could be done by the means of digesting the
POME in a sequencing batch reactor (SBR). The land area needed to build the SBR treatment
system could be reduced by 80% and the pipe works required for it is minimal compared to
conventional biological treatment plant (de Bruin et al., 2004). These reasons have made the
researchers to shift their attention towards the SBR technology for wastewater treatment. Some



of the earlier works proven to be successful in improving the wastewater quality via SBR
technology (Arrojo et al., 2004; Wang et al., 2007). In fact, several researchers have proven that
the POME could be treated in the SBR and it has some commendable performance (Fun et al.,
2007).

Though SBR is one of the alternatives for the treatment of POME, but the microorganism
in the form of activated sludge will not provide fast and excellent separation between sludge and
treated POME. To overcome that problem, the microorganisms have to be transformed into more
stable and robust structure while treating the POME to enable them to have better settleability,
withstand any shock organic loadings of the POME and prevent biomass washout (Tay et al,,
2002; Adav et al., 2008). The transformation of the microorganism from loose into stable and
robust structure under the influence of oxygen is called aerobic granulation process. Aerobic
granulation happens due to the aggregation of self-immobilized microorganism present in the
reactor (Shi et al., 2010). Aerobic granulation could be influenced by several factors such as
hydrodynamic shear force, settling time, substrate composition, feeding strategy and dissolved
oxygen (Kong et al., 2009).

Apparently, aerobic dynamic feeding strategy (ADF) is a common strategy for both the
formation of aerobic granules and the accumulation of polyhydroxyalkanoate (PHA) (Serafim et
al., 2004). Thus, it can be deduced that aerobic granules can accumulate PHA. However, the
interaction between PHA storage and aerobic granulation technology has been overlooked and
not fully explored to date. Perhaps, the complex nature of the aerobic granules has made such
exploration difficult. Thus, it is interesting to scrutinize the dynamics of the aerobic granules
during the accumulation of PHA.

Thus, in this study, we intend to study the development of aerobic granular biomass in
POME and simultaneously treat the POME with high efficiency in the SBR. This study is
expected to give some hindsight of the aerobic granulation in POME treatment process and
accumulation of PHA inside aerobic granular biomass.

MATERIALS AND METHODS

Wastewater

The POME used in this study is taken from the facultative pond of an oil palm mill in Bagan
Serai, Perak, Malaysia. The POME was then filtered to remove debris inside the POME and
stored in the cold storage room at 4°C. When preparing the feed for the SBR, the POME is taken
out from the cold storage room and left in the open air for it to reach room temperature. Then it
was fed into the SBR by using peristaltic pump. Meanwhile, the seed sludge of the SBR was
taken from the aerobic pond of the POME treatment plant and inserted into the SBR. POME
characteristics are shown in Table 1.




Table 1 : Characteristics of POME

This work (Ahmad et al., 2005a}
pH 4.5 3.8-4.5
Chemical Oxygen Demand 29000-40000 mg/1 15500-106360
Total solid 11800 mg/l 11,450-164,950

Sample analysis

Dissolved Oxygen (DO) was monitored and controlled at 4.5 to 6.0 mg/l throughout the
experiment. Besides that, the samples are analyzed for COD content, mixed liquor suspended
solids (MLSS), sludge volume index (SVI) and surface morphology under microscope
(Olympus, SZX9). All these analysis were done according to the Standard Methods (APHA,
1998).

SBR operation

SBR used in the experiment is shown in Figure 1. The working volume of the SBR is 8 L. All the
processes in the SBR are controlled ON/OFF controller. The DO probe and pH probe are
connected to the computer and the reading is taken online. SBR operates in a 6 hours cycle. The
filling, aeration, settling and decanting period are set at 10 minutes, 340 minutes, 0.5 minutes and
9.5 minutes, respectively. The exchange ratio of the SBR is 25% of the working volume for each
cycle. The pH and temperature of the SBR is not controlled throughout the experiment. The
temperature recorded in the SBR was 30°C. Whereas, the pH increased gradually from acidic to
neutral range in each cycle, given the fact that the POME is acidic in nature. Meanwhile, the air
is introduced flow rate of 5 L/min. The effluent is withdrawn from the SBR through the sampling
port on the SBR. POME is the sole feed for the SBR in operation.

PHA extraction process

PHA was extracted at the end of the feast period of each cycle. Sodium hypochlorite-chloroform
method adapted from Hahn et al. (1994) was used for the PHA extraction process. The amount of
PHA produced in the resultant precipitate after drying was recorded. The amount of PHA
produced is calculated using Eq. (1).

Y, ____Total amount o f PHAmg Eq (1)
PHA/CDW — cpw of aerobic granulesmg :
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Figure 1: Experimental setup of SBR

RESULTS AND DISCUSSION

Development of aerobic granules
The seed sludge used in the SBR is activated sludge taken from the facultative pond in the
POME treatment plant. On the initial day of the SBR operation, the activated sludge was seen to
be in loose, individual entity and shapeless (Figure 2 (a)). In the SBR, POME provides the
carbon source for the microorganisms and simultaneously reducing the COD content of the
POME. The organic loading of the POME applied in the SBR is 1.47 kg COD/day.m’.
Nevertheless, the fast settling activated sludge was not in the form of granules for the next
112 days. After 70 days, the activated sludge began to form flocculate but the shape of granules
was nowhere to be seen (Figure 2 (b)). Only after 112 days, the transformation of fast settling
sludge into aerobic granules was completed and visible. However, the initial size of the aerobic
granules formed was in between 0.3 to 0.5 mm in average. Figure 2 (c) shows the images of the
aerobic granules after 120 days. After the SBR operation reached 120 days, the size of the
aerobic granules was observed to be increasing and the average value was 0.7 mm. Even though
the aerobic granules are grown, the aerobic granules were dominated by the filamentous growth
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around the granules. Hence, round but fluffy aerobic granules were seen during that period. On
130™ day of the SBR operation, the regular, non-fluffy and round shape of the aerobic granules
was dominant in the SBR (Figure 2 (d)). The filamentous growth on the granules (120" day)
quickly disappeared as the fast feeding in the SBR does not favor the filamentous growth of
microorganism. Besides these matured granules (seen on 130™ day), new granules were kept on
appearing even after 130 days. The diameter of these new granules increased in a similar trend to
the pioneer aerobic granules.

Aeration rate is one of the contributing factors towards the aerobic granulation. High
aeration rate will provide high shear force to the microbial community in the SBR. Under high
shear force influence, the secretion of extracellular polymeric substrate (EPS) is enhanced (Tay
et al., 2001). As a result, the high EPS value promotes the cell to cell adhesion and subsequently
forms the compact and robust aerobic granules (Liu and Tay, 2004). According to (Wana et al.,
2009), high aeration rate not only imposes hydrodynamic condition but also controls the oxygen
transfer. These factors are considered to enhance the aerobic granulation process (Wana et al.,
2009).

Apart from the aeration rate, the settling period of the aerobic granules is a crucial factor in
developing the aerobic granules. Commonly, short settling time is chosen to enable the small
loose sludge flocs to be removed from the SBR (Lemaire et al., 2008). This process enhances the
growth of the aerobic granules in the SBR. At the same time, there are some developed granules
that could not settle within the settling period of the SBR, subsequently they were washed out of
the SBR. However, the matured granules washout will be compensated by the growing granules
in the SBR.

The period for the aerobic granules to appear is quite long compared to the earlier
researches (Sheng et al., 2010). This could be due to the acidic real wastewater (POME) being
used to cultivate the aerobic granules. The activated sludge underwent the adaptation period
before it start to aggregate to form granules. Besides that, the absence of additional chemicals in
the SBR could be another reason for the late appearance of the aerobic granules. However, the
addition of chemicals was deliberately prevented to ensure this treatment to be sustainable and
cost saving.

Performance of aerobic granules in treating POME

After aerobic granules were formed, the COD, MLSS and SVI measurements were carried out
regularly to analyze the feasibility of using aerobic granules in treating POM wastewater. OLR
of about 3.0 kg COD/day.m> (same as in the before granulation period) was maintained
throughout this period.

The percentage of COD removal after granulation in the SBR and COD content of the
effluent are shown in Figure 3. It can be deduced that the highest percentage of COD removal
recorded after aerobic granules formed was 93%. It should be noted that the MLSS concentration
decreased after the formation of aerobic granules. However, the ability of aerobic granules to



oxidize COD was not affected. The average COD removal remained stable at about 88% even
after the decrease in MLSS concentration.

Figure 2 Aerobic granules on (a)1% day, (b) 70" day, (c) 120™ day and (d) 130" day.

The MLSS concentration in the reactor after granulation is shown in Figure 4. It can be observed
that the average MLSS value decreased slightly, after the formation of aerobic granules. This
phenomenon could be due to the filamentous growth around the aerobic granules during the
initial period of aerobic granules development. These filamentous aerobic granules affected the
settling ability of the granules and subsequently some of them were removed from the SBR. It is
obvious from Figure 2b, where the filamentous growth is seen around the aerobic granules. After
120th day, the MLSS started to increase gradually. This is due to the newly developing aerobic
granules in the SBR while the earlier formed aerobic granules were getting bigger. At the same
time, the filamentous growth around the aerobic granules disappeared gradually after 120th day
(Figure 2c). It can be inferred that the aerobic granules started to became compact and denser
without being fluffy after 120th day. The grown aerobic granules are shown in Figure 1d, where



the developed granules was seen to be around 3.1 mm and without the filamentous growth
around it. It is further supported by the decrease in the SVI value as observed in Figure 4.

Before Granulation After Granulation
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Figure 3: COD in influent and effluent, and percentage of COD removal

Figure 4 shows the plot of SVI against time. In the initial days after the formation
of the aerobic granules, the SVI slightly increased due to the poor settling characteristics of the
granules. However, after 120th day till 140th day, the SVI value decreased notably from 50 to 30
ml/g. This SVI value of aerobic granules is much smaller compared to the conventional activated
sludge used in the work done by Chan et al., (2010), where they treated the POM wastewater
using the SBR. As the aerobic granules have good settling characteristic compared to
conventional activated sludge, it results in shorter settling time. Thus, good separation of
biomass from the treated effluent was observed.
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Figure 4: MLSS and SVI of the reactor

Accumulation of PHA inside aerobic granules

Figure 5 shows the PHA accumulation profile in the aerobic granules in a cycle of 6 hours. In the
first two hours (feast period), the amount of PHA accumulated increases. Thereafter, the amount
of PHA in the aerobic granules started to decrease sharply during the famine period. Meanwhile,
for the first two hours of the reaction, a rapid decrease in COD can be observed as well, and the
COD concentration reaches a minimum value of 95 mg/L. This result indicates that
approximately 90% of the influent was removed in the first 2 hours of the reaction. The
remaining 10% of the COD in the SBR is either slowly biodegradable or non-biodegradable
COD. By correlating the end of the COD uptake and the decrease in PHA during the famine
phase, it could be concluded that PHA is used as the carbon source for maintenance energy needs
when the external carbon source is no longer available for the aerobic granules.
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Figure 5: Dissolved Oxygen, total PHA accumulation and COD concentration profile of
aerobic granules treating POME for one complete cycle.

CONCLUSION

In this study, for the first time, aerobic granules were successfully developed using POM
wastewater (which is acidic in nature), without any pH adjustment. The aerobic granules
formation in the POM wastewater took 140 days to achieve non-fluffy, regular and round
granules with largest diameter of 3.1 mm. The developed aerobic granules were able to remove
around 88% (at OLR of 3.0 kg COD/m3.day) of the influent COD and about 90% at OLR of 6.0
kg COD/m>.day. Further, this study demonstrated that aerobic granules can accumulate PHA in
their cells.
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Fig. 3. A typhat COD concentration profile of SBR dusing 3 treatment cyde.

Analysis of the DO profile ( ) reveals that the drop in DO
during Stage 2 becomes sloweFiWith time. This indicates that the
OUR of the biomass in the reactor is decreasing during this period.

illustrates that the decrease in the DO proftle (S0—-360 min,
Fig. 3) can be divided into two stages, namely, 50~240 min (
5tigd 2) and 240-360 min . Stage 3) based on thé'i6ob
concentration. At 50 min nnvﬁﬁdlithe COD concentration drops
gradually until it reaches a constant value at approximately
240 min. Beyond this point (240-350 min), no clear drop in COD
concentration was observed, suggesting that there was no COD
consumption by the biomass in the reactor during this period.
However, the DO profile in clearly shows that during this
period (240~350 min), DO Vi donsumed by the biomass in the
reactor. Although the OUR during this period is lower compared to
that of during the oxidi of COD, a iderable amount of
axygen was consumed, which cannot be attributed to the COD
degradation. The biomass keeps utitizing oxygen until the end of
the aerated reaction phase, when the aeration and mixing is
stopped so that biomass can settle before decanting.

It shoutd be noted that a similar trend in the DO and COD pro-
files was observed in all the cycle studies carried out in this study.

investigation was carried out to observe the changes in the bio-
mass’s internal energy reserves during a treatment cycle.

43. Storage product

Generally, microorganisms store energy within the cell in the
form of polyhydroxybutyrate (PHB), which is a type of poly-
hydrexyalkanoate (PHA) ( ). In this study, the
quantity of PHB in the Bifififs€'wils #nitored throughout a
treatment cycle. The method used for PHB extraction and quanti-
Reation was ad oy d from the g ic method of

shows a typical profile of PHB in theXHTbffas;
(g8 eHer UGt the substrate COD concentration in one cycle of the
SBR. clearly shows that the PHB content i
whil€iheACOD concentration decreased during the first 50 min of

the cycle (Stage 1). This ind thatthet is ing the

COD and storing its energy in the cell in lhe form of PH&
InStage2of  ,the COD conc

at a much sto ce than that observed in Stage 1. Meanwhﬂc.

the PHB content has reached its peak and starts to decrease. This
observation suggests that during Stage 2, the biodegradable com-

G lly, itis d that in the p of biod ble COD,

p of the feed were nearly depleted, and the biomass started

h hic b oxygen to oxidize the biodegrad-
able COD allvwmg them to generate energy and build new cells

). However, this study reveals that the biomass
sﬁlﬁ'&&ﬂhe}g&en even when no observable COD

to use internal energy reserves for cefl maintenance processes. As
the treatment proceeded to Stage 3, in which there is no more COD

oceurs in the reactor, In the absence of external COD (organic
content in wastewater), biomass still needs energy to maintain cell
structure integrity and ather non-growth related functions. It is
believed that in the ab of COD, the bi will
consume the cells' internal carbon to xeneme energy to maintain
cell structure integrity ( This process, which occurs
during the absence of exm%?wéxndable COD, is known as the
endogenous process, Thus, the axygen consumption beyond the
240th minute ( ). which is not attributable to external
COD degradatiol%odid¥ dssociated with the endogenous process
( ). Another possibility is the con-
sUATp AR SFADNARY BiPA%RrdBRA predators present in the reactor,
which might result in the observed cxygen consumption. However,
weekly microscopic observations of the reactor biomass showed no
observable predators (or protozoa). To clarify this, further

reduction (but oxygen is still consumed, ) the PHB content in
the bi continues to d , reac minimum value at
the end of the cycle.

‘The results obtained here indicate that mi isms axidize

PHB when deprived cf an external COD supply to obtain energy.
Oxygen is d for the ion of PHB to the energy
needed for cell maintenance processes. Thus, it can be concluded
that the of oxygen ion while there is no COD
reduction in the SBR could be due to PHB oxidation. However, it
should be noted that PHB axidation alone might not be the sole
contributor to the observed axygen consumption.

4.4. Determination of growth kinetic parameters

44.1, Decay coefficient
The decay coefficient of the biomass treating POME obtained in
this study was computed based on the experimental data presented

w2 JX Um, VM. Vedivels / Journal of Environmental Management 146 (2014) 217-225
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Fig 4 Typical graph of COD conceatration versus time with the tested amount of PHB at each sample point kn a cycle study.

in supplementary docume
}and EquadﬁW’P’"Wﬂl’caﬁmeéem is

SRR WA D TBA3Y dayt. This vahi¥ Is celatively close to the
decay coefficient values previousl: d for h P
bacteria treating similar b lndusn'lal

) In these previous works, the COD content of mm@
WAlr studied is almost stmilar to the COD of POME used in this
current study. Thus this might well contribute to the similar decay
coefficient obtained.

In this study, the decay coefficient has been delen-nined by
measuring the decrease in respiration activity ( of
oxygen) over time when the biomass was kept under the absence of
organic carbon source (or commonly known as starvation).
Although this method has been used in this smdy and also in

to the internal decay. This is because the regular microscopy
observation of the mixed-liquor sample taken from the parent SBR
shows that there is no detectable amount of predator presence in
the reactor.

4.4.2. Biomass yield

During the steady-state operation, the MLVSS in the parent SBR
is approximately 4960 mg/L while the effluent MLVSS is approxi-
mately 1500 + 150 mg/L at organic loading rate of approximately
5000 + S00 mg/L day. Since the SBR manages to maintain a stable
level of MLVSS, theoreticaily the biomass yield in the system must
be higher or equal to 0.30 x 0.03 mg VSS/mg COD. In order to
determine the biomass yield, a series of experiments were carried
out with different biomass concentration at fixed Initial substrate

numerous earlier siudies, the decay coefficient d ined is not
necessarily representing the In-situ cell decay which ocmmng
during the normal
the starvation method used, it is assumed thal there is no mw(h
under starvation conditions and the decrease in respiration activity
(OUR) is caused by cell decay due to absence of food sources.
However, the decay coefficient obtained using this method may
over estimate the value due to the application of an unusual envi-
ronmental condition (in this casc is the absence of food). The actual
biomass decay rate in the wastewater treatment plant during the
normal ~ondition (with the p ef rood) may be
lower than in thi: study. N hel to our |

(1250 % 150 mg COD{L, the substrate concentration
in parent SBR). The i | data is p d in the supple-
mentary document (

The biomass confeRfEHARrYIe %Im 110 mg VSS/L
210 mg VSS/L, 420 mg V5S/L, 1220 mg VSSfL, 1610 mg VSS/L and
4270 mg VSS/L The biomass yield was calculated based on equa-
tions ). It also shows that the variation on the initial
Mwﬂ'&m&r does not have great influence on the biomass
yield. The result shows that the biomass in the reactor has an
average biomass yield of 0272 + 0.014 mg VSS/mg COD. The
average value of lhe biomass yield obtained is lower than the
d values of some typical heterotrophic microor-

experimentally deiermined in-situ decay rate during norrual
growth condition with presence of food has not been reported to
date.

Also, it should b noted that from the engineering point of view,
the term decay is generally defined as the reduction in number and/
or weight of mkmomnism and their specific activities in treat-
ment sysiem ( ). Further, it is
divided into ln%ﬂi MVS.% ﬂ%m‘fed?g?uumal decay is
normally caused by the cefl internal activity such as consumption of
storage product to rnzintzin the cetl integrity during the starvation
conditions. Besides, external decay Is caused by the external factor
such as predation( ... 201 11)- In this study, the decay coefficient
value obtained for tae gpomass treating POME could be mainly due

ganism (0. 38-0 .72 mg VsS/mg COD) (Eber 'ké{v MPS ﬁﬁ
W
ssve}awmms..msﬁs'snsaw&ﬁfm valoes fower than

0.3 mg VSS/mg CO

. a\sms SR BT BriHe Rl dP P
Bsh#ased L\ﬁgfilmxlar type of wastewater (in term of COD con-
centration) under aerobic treatment as in this study.

Batch experiments were carried out at different COD concen-
tration to observe the effect of COD concentration to the biomass
yleld. For all the tested COD concentration (1040 mg CODJL
2310 mg COD/L, 4620 mg COD/L), the initial MLVSS of the batch
tests was fixed at approximately 80 10 mg VSS/L and the data is
tabulated in supplementary document (5,“ plementary Table 3
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The experiments show that the blomass has demonstrated
different yleld value at different initizl COD concentration region. In
experiments which have COD region closer to the parent SBR
(1250 + 150 mgj/L), the biomass has showed that the yield obtained
is stmilar to the previous experiment. On the other hand, when the
tnitial COD is at 2310 mg/L, the biomass yield has increase to about
0.369 mg V5S/mg COD. Meanwhile, at initial COD of 4620 mg/L the
biomass yield has drop to approximately 0.266 mg VSS/mg COD.

In this ressarch, the initial COD concentration was found to
affect the blomass yield greatly. Based on this observation, it can
infer that the initial COD concentration of 2310 mgj/t. gives higher
yield value compared to the 1040 mg CODJL (the corcentration at
which the biomass grown in the SBR). However, further increase of
the substrate concentration to 4620 mg CODJL resuits in decrease in
the biomass yield. This result is in line with the outcome of the
substrate affinity study (presented in Section 4.4.3). The affinity
study shows that the activity of biomass (measured in term of OUR)
is at the i value at approxi ly 2000 mg COD/L and
beyond this substrate concentration, the activity is decreases. This
is highly believed due to the substrate inhibition towards the
biomass activities.

The lower yield valie obtzined at higher substrate concentra-
tion suggests that the biomass might use a greater portion of its
energy (obtained from the sub idation) to the
inhibiticn. High fraction of the d by bi may
be used to generate energy for cell maintenance processes in order
to preserve the cell integrity rather than using the substrate for ceil
growth. This could have possibly results in the lower yield value at
higher substrate concentration. It should be noted that in this study
and other previous studies on POME, the biomass yield was
[ ing that the ion is totally
resulting in biomass growth.

However, in reality, biomass might spend a portion of the sub-
strate consumed for non-growth related processes such as the cell
maintenance processes as well (Bitton, 2011). Therefore by

0080 -
0070
S 0060 -

H ©0.00%1+ Q0215
i 00%0 #a0s6

0.000 1.000 2,00 3.000 4.000 $.000 6.000
US;, L/mg O,

Fig. 5. Correlation between 1/5, verss 1y,

preferred. In this research, although the yield of bi is not high,
the biomass in SBR manages to treat the high strength wastewater
(about 90% COD removat) within a short time period (less than 1
day). As long as the biomass retains in the SBR can successfully treat
the POME, it is favored to have a lower biomass yield. However,
more investigation about true yield is needed to describe and
predict the biomass concentration changes using mathematical
model,

4.4.3. Maximum specific growth rate and half saturation coefficient
Table 2 shows the experimentally obtained SOUR from 5 re-

petitive experiments together with the calculated y, using Equation

(8) along with the average values and the associated standard er-

rors. Based on Equation (9) and the values in Table 2, Fig. 5 was

plotted to obtzin the pmux and K; values of the biomass. The

intercept point of the plot represents the pmax and K, value was

fated from the slope of the plot.

The maximum s| growth rate (4max) determined in this
study s 47.625 mg Oy/g h (1.143 day™"), which is higher than the

ail the sub will ibute to
growth, higher value of substrate may use for yield calculation. By
definition yield is the produced per unit of
consumed, Therefore, by assuming ail the sut dis
used for growth (neglecting the sut used for cell mail

previously reported values for biomass treating POME (Table 3).

processes) the yield value might be underestimated. The yield value
calcutated using this method is more to apparent yield than the

it should be noted that the values reported in the pre-
vious studies were obtained from biomass treating POME anacro-
bically. There are rarely any reported values from literature

H o ME L

true yield in the wastewater treatrnent plant. garding g lly, It is
Apparently, a high yield of bi is not ily preferred ized that growing in aerobic condition has higher
inabtol ] plant. For le, if the yield rate d to that of ving in bic condition
of biomass is very high, it is possible that the biomass will bulk up  (Tchobanoglous et al., 2004).
in the biological system and reteased to the The maximum growth rate of biomass in the aeroblc biclogical
of the process. Thereft a f of olive mill ( with similar COD

biomass concentration for optimum treatment efficiency is

strength with POME) was found to be relatively high compared to

Tabie 2
Specific OUR from § titlv and the .
Expesiment  Substrate (COD). g/L
02 04 a8 12
SUR mg0dsh  pem3Ogh SOURmgOxgh aemgOigh SOURMEOigh wemgOiigh SOUR myOigh s» 03 0igh
1 40.76 1537 6488 24.16 7236 2654 9431 3535
1 4155 1546 69.22 257 nn 28.79 89.88 3150
ul 3759 1398 7097 2644 69.73 2596 9543 3556
v 3328 1461 6358 2371 7875 2932 9726 3825
v 3830 1425 68.64 2557 7539 2826 8738 nn
Average 3950 1469 6752 2515 7481 2788 9297 3455
Sandird 155 [T+ 30 113 30 138 390 145
devistion
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Table3
Kinetic parameter in different type of reactor for POME treatment.

d: at different

indi of the bi affinity
t (Healey, 1980). Although the K; value of

this study is higher than that of average activated sludge, but the
(Bmax/Ks) ratio in this study is 2.664 (higher than unity) which in-
dicates that the biomass in this study has good affinity towards the
substrate (COD) (Healey. 1980).

half ! K; of

On the other hand, the
d ined dently (without using Fig. 5)

ring OUR at different COD concentrations in a different set

by
of experiments, These batch experiments were cartied out with
| conditions identical to the parent SBR, except that COD

conc fon was varied in each test. OUR was continuously
d and the i OUR at cach COD concentration

Type of reactor K (E) pous(8~") References
Upflow anaerobic sludge fixed 0582 0207 Zinatwzadeh et 2l (2006)
film bioceactor FF)
Continuous stisved tank 0100 0.780 Damayznti et 2 {2010}
seactor (CSTR)
Aerobic sequencing 0429 124 This study L
batch reactor (SBR) the was
the t ing the same ly (Hoyos
ot al., 2002), The biomass treating olive mill aerobi-

cally was reported to have of 0.912 day™" (Hoyos et al., 2002). The

recorded. Fig. 6 shows the dependency of (SOUR/SOURmaz) on the

maximum growth rate of in
mill effluent is 0.315 day™" (Borja et al., 1995). In this study. for the

of olive concentration.
Theoretically, the specific oxygen uptake rate is directly pro-
) to the activities of bi Fig. 6 indi that the ac-

first time the pqux of biomass treating POME ically was
determined using the well-recognized Moniod kinetic model and
linear regression analysis of the double reciprocal plot. The ob-
tained pgmax value may vary depending on the growth condition and
microbial species involved in the process. Nevertheless, the growth
activity of biomass is closely related to the condition of environ-
ment. Variables such as pH, P F/M ratio, DO level and
microbial population may affect the specific growth rate indefi-
nitely. Therefore, more thorough works are required to obtain more
precise values of growth kinetics of the biomass treating POME.
The K, value obtained in this study is 0.429 g COD/L The K; value
in this study is slightly higher than the values from other experi-
mental works reported which have similar COD content
(Damayanti et al., 2010). K value is normally depends on the nature
of sub pravided to the bi G 1 with both
readily and slowly biodegradable organic matter will lead to higher
K; value compared to substrate associated with a single compound.
Apart from that, the marphology of biomass could influence the
substrate diffusivity into the biomass and affect the K; value.
Generally, the value of 1/K, is used to reflect the affinity of the
bacteria toward substrate (Kovirova-Kovar and Egli, 1998), When
the value of K, s high, it indicates that the biomass has low affinity
ds sub the (1/K,)interpretation is not suitable
to describe the affinity of biomass at different substrate concen-
tration range. Therefore, the ratio of (smax/K;) was introduced as an

SOUR/SOUR_,,

tivities of the biomass in reactor are increasing rapidly towards the
maximum value as the COD concentration Increases up to
1500 mg COD/L The increase of COD concentration beyond
approximately 2000 mg COD/L to reactor will start to {nhibit the
biomass growth since it reduces the oxygen uptake rate. When the
(SOUR/SOURay) ratio is at 0.5, the concentration should indicate
the value of half saturation constant (K;). From Fig. 6, the K, value
determined is approximately 400 mg CODJ/L which is similar to the
value obtained using Monod kinetic model. That verifies the val-
idity of gmax and K; of the zerobic biomass determined using the
Monod kinetic model. Further, It indirectly confirms the accuracy of
kg and Y determined in this study which were used in the calcu-
lation of gy and K; using Equation (9).

S. Conclusion

In this study, anaerobically pretreated, POME was treated bio-
logi hout any pH adji inan SBR. The aerobick

d app 90X of the COD content (rom
the POME up to an organic loading rate (OLR) of 11,550 mg COD/
Lday (the highest value tested in this study). Analysis of the stored
energy (PHB) of the biomass shows that oxygen uptake when there
is no significant reduction of COD may due to the oxidation of
storage product. It is believed that the biomass uses PHB as an

- & o--

0 1000 2000 3000 4000 S000 6000 7000 8000 9000 10000 11000 12000
COD Concentration, mg/L
Fig. 6. Ratio of SOUR/SOURm. Of biomass a3 the function of COD concentration in the feed.
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energy source when deprived of | Further, the
growth kinetic p of acrobic bi POME were
determined. The gmax of the biomass was determined to be around
1,143 day™", The K; was estimated to be 0.429 mg/L with respect to
the COD. Meanwhile, the decay coefficient and biomass yield were
found to be 0,131 day~" and 0.272 mg biomass/mg COD consumed,
respectively.
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Aerobic dynamic feeding as a strategy for in situ accumulation

of polyhydroxyalkanoate in aerobic granules
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HIGHLIGHTS

« For the first time aerobic granules developed in POME 2re used for PHA accumulation.
« PHA accumulation in aerobic granules matches pure culture PHA accumulation.

» Even with lower of VFA, PHA

were ob d

« Butyric and propionic acids were preferred over acetic acid for PHA accumulation.

ARTICLE INFO ABSTRACT

Asticle history: Asrobic dynamic feeding (ADF) strategy was applied In sequencing batch reactor (SBR) to accumulate

Recelved 4 February 2014 polyhydroxyaikanoate (PHA) in aeroblc granules. The aercbic granules were able to remove 90X of

Received in revised form 18 March 2014 the COD from palm ofl mill effuent (POME). The volatile fatty acids (VFAs) in the POME are the sole

:",“’I ‘“’l m m' " “' 2014 source of the PHA accumulztion. in this work, 100% remaval of propionic and butyric acids in the POME
were observed. The highest amount of PHA produced in aerobic granules was 05533 mg PHA/mg

" biomass. The PHA formed was identified as a P (hy ) P (HB-co-HV).

“"““"m ales © 2014 Elsevier Ltd, All rights reserved.

Mixed culture

Polyhydsoxyalkanoate (PHA)

Volatile fasty acids (VFA)

1. Introduction The major challenge in mixed culture is to produce PHA as

Aerobic dynamic feeding (ADF) is a fundamenta! feeding strat-
egy for polyhydroxyatkanoate (PHA) accumulation in pure and
mixed cultures (Serafim et al., 2004), ADF works on the basis of
feast-famine phase esnbllsnmsm in a wastewater treatment
system, PHA- will p and store
PHA (as energy. storage material) tn their cells when an external
carbon source is available in abundance (feast) (Serafim et al.,
2004). PHA is a biodegradable plastic and shares similar properties
ua pnlypmpylene (Marang et al, 2013) However, current

in exp the PHA pi is the high substrate
cost and utilization of pure culture + fermentation {Moita and Lemos,
2012), Thus, waste products (as substrate) and mixed culture
(as inoculums) were used as a measure of reducing the overall
PHA production cost (Bengtsson et al.. 2008: Davis et al., 2013;
Huang et al., 2012; Mumtaz et al.. 2010),

» Corresponding author. Tel: +60 4 5996460; (ax: +60 4 5341013,
E-mail address: chvel@usm.ay (V.M. Vadivelv).

http:/}dx doi.org/10.1016/;biortech.2014.03.104
0960-3524/0 2014 Elsevier Ltd. All rights reserved.

much as pure culture strain for a given volume (Campos et al.,
2014). [t is mainly because not 2!) the myriad types of microorgan-
ism In a mixed culture can accumulate PHA. Thus, in order to
optimize the PHA accumulation in a mixed culture, the ADF strat-
egy was adapted (johnson et al. 2009: Serafim et al., 2004). ADF
functions as a selection process to earich the PHA-accumulating
bacteria such as Ralstonia genus (Huang et al, 2012) or
Gammaproteobacteria group (Johnson et al. 2009) in a mixed
culture system. The successful implementation of this strategy
was reported in the work of Johnson et 2l (2009), in which 89%
of the cell dry weight (CDW) of the mixed culture consists of PHA.
Conoonﬁtzntly. ADF Is also being applied as one of the basic

ies in the ion of granules under aerobic conditions

(Tay et al., 2001). Esmaﬂally. during the formation stages of
aerobic granules, ADF is used to induce hydrophobiclty betwcen
the cells (Tay et al.,, 2001). sub-
stances (EPSs) d by the ria functions to bind the cells
to form the aerobic granules and act as a shield for the aerobic
granules when they are exposed to shock conditions (Wang
et al., 2005). Aerobic granules are superior to activated sludge in

442 K. Cobl, V.M. Vadivelu/Bioresource Technology 361 (2014) 441445

terms of settling ability, robustness, density and ability to
withstand shock loadings (Tay et al.. 2001).

Apparently, ADF is a common strategy for both the accumula-
tion of PHA and the formation of acrobic granules. Thus, it can be
deduced that aerobic can PHA. the
interaction between PHA storage and aerobic granulation

hnology has been {ooked and not fully explored to date,
Perhaps, the complex nature of the aerobic granules has made such
explorannn difficult. The cross-sectional area of the zerobic

hibits the exi: of an oxygen concentration

3radlent across the granule. The core of the granule {t was reported

to be an amemblc zone (Li e: al., 2008). Conventionally, PHA

occurs prefe ially under aerabic conditions. Only

a few researchers agree that PHA accumulation can occur under

anzerobic conditions (Satoh et al., 1999), Thus, It is interesting to

scrutinize the dynamics of the aerobic granules during the
accumulation of PHA.

The atm of this study is to analyze the in situ accumulation of
PHA in aerobic granules during the treatment of agro-based indus-

i “The total PHA acc duction yield and
the PHA content with respect to CDW were evaluated. In addition,
the PHA monomer produced using the readily available volatile
fatty acid (VFA) in the feed is reported and discussed in this work.
Regarding related literature studies, no comprehensive work has
been reported on the accumulation of PHA inside aerobic !

A

PHA p d in the i after drying was se-
corded. The amount of PHA produced is calculated using EQ. (1),

v, _ _Total amount of PHA, mg m
AW = EBW of aerobic granules, mg

24, Anglytical method

The chloroform layer enriched with PHA was Injected Into the
gas chromatography (GC) An Agilent 7830A GC system
equipped with a flame lonization detector (FID) and a GsBP-5MS
column (length: 30 m, internal diameter: 250 pm, film thickness:
0.25 pm) were used with helium as the carrier gas. A modification
of the method of Bengtsson et al. (2008) was used for the PHA
analysis. The injector and the detector temperatures were set at
200°C and 260°C, respectively. Calibration of PHA was performed
using poly (3 ic acid-co-3-h \! acid)
(12wtX PHV) of natural origm as the standard (Sigma Aldrich).
Meanwhile, the calculation of PHA yield in terms of the COD
consumption was performed using Eq. (2).

Y, -, .__Yotal amount of PHA, mg @
PAE0D = Rmount of COD converted, mg/L

'l'he volanle fatty acid (VFA) was also analyzed using gas

to date, Thus, the PHA accumulation inside aerobic granules Is

expected to elucidate the wider appli of aerobic granules in
the future.
2. Methods
2.1. Cultivation of aerobic granules
Aerobic les were culti dina batch reactor

(SBRY). The sole substrate for the culuvatmn process is palm oil mill
effluent (POME), an agro based i Act

sludge from an aerobic pond of a POME treatment plant was used
as the sced sludge for the zerobic granules formation. The SBR was
operated in a 6-h cycle with filling for 20 min, aeration for 330 min,
settling for 1.5 min and decanting for 8.5 min. A 25X volume
exchange ratio was applied for the SBR system. The height over
diameter (H/D) ratio of the SBR used is 10. Meanwhile, fine
aeration with a flow rate of 3 Lfmin was used for ing the

The (influent and efftuent of SBR) were
cemnfuged. and the supernatant was filtered using a syringe filter
(9 22 mm and mesh size of 0.45 pm) and then injected into the GC
instrument. An Agilent 7890A GC system equipped with flame
tonization detector (FiD) and 3 Nuko! Supelco column (length:
30m, internal diameter: 250 pm, film thickness: 0.25 pm) were
used with helium as the carrier gas. The initial oven temperature
was set to 100 °C with a gradual increase at a rate of 8 °C/min to
a final temperature of 200 °C, which was maintained for 2 min.
Split injection at 200 °C with a 10:1 ratio was used. The injector
and detector temperatures were set at 200°C and 260°C,
respectively. Calibration of VFA was performed using a volatile free
acid mix solution stzndard (Sigma Aldrich).

The feed concentration (in terms of COD), aerobic granules
concentration (in terms of mixed liquor volatile suspended solids
(MLVSS)) and settling ability (in terms of sludge volume index
(SV1)) were measured using standard APHA method (APHA,
2012). Meanwhile, the presence of PHB-co-PHV was confirmed
with Fourier Ti P py (FTIR). The

SBR. The SBR has been in operation for approximately 450 days.

2.2, Substrate and feeding strategy for aerobic granule cultivation

POME was used as the sole substrate for aerobic granule
cultivation. The average chemical oxygen demand (COD) content
and pH of the POME are 51,000 mg/L and S, respectively. Prior to
SBR feeding. the POME was filtered to remove debris and diluted
with tap water to achieve an organic loading rate (OLR) of
2.25kg COD/m? day. During the 330 min of aeration, the ADF
strategy was adopted, The substrate was taken up within the first
50-120 min (feast period) and for the remaining period, the
umblc zranules were under starvation mode (ramlne penod).
Th t-famine catio was
and 0.36 in each cycle,

2.3. PHA extraction process

PHA was extracted ax the end of the feast perlod of each cycle.
Sodium | hl met| dapted from Hahn et al.

(1994) was used for the PHA extraction process. The amount of

himadzu IRAffinity sp was used to record the FTIR
spectra of the PHA in the range of 750-40600cm™" and 0.4 cm™*
resolution.
3. Results and discussion

3.1. Aerobic g1

and feed ch

POME was aerabically treated in an SBR using activated sludge
as the seed sludge. The activated sludge tumed into aerobic
granules within nine days. The diameter of the aerobic granules
slowly incrcucd unnl it ruchcd approxirmtcly 3 mm. Thereafter,

the ing in the f ion of new
aerobic granules ‘l'hls cycle occurs in a period of 14 days. The
aerobic g < in SBR have llent settling ability

with a sludge volume index (SVI) In the range of 25-40 mL{g.
Meanwhile, in terms of the COD removal efficiency, the granules
m::aged to remove approximately 90% of the influent COD in each
cycle.

On average, 90X of the COD removal was achieved after 2 h of
feeding, resulting in a famine period for the rest of the cycle (4 h).
Fig. 1 shows a typical dissolved oxygen (DO} concentration profile
of a 6-h cycle of the SBR. The establishment of two phases (feast
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and famine) can be seen in the graph based on the DO and COD
profiles. The start of the famine period is indicated by the DO
saturation level (close to 100%) and the end of the COD uptake
process (at approximately 95 mg/L). Indirectly, the start of the fam-
ine period indicates that oxygen is no longer being used by the aer-
obic granules to digest the remaining organic components in the
POME. Identification of the feast-famine period in a cycle helps with
the collection of samples for polyhydroxyalkanoate (PHA) accumu-
lation. It has been widely reported that the accumulation of PHA is
the highest at the end of the feast period (Moita and Lemos, 2012).

Meanwhile, the feed used in this study was POME, which is a
high-strength industrial wastewater. In POME, volatile fatty acid
(VFA) is naturally available but in a limited amount. Fig. 1b shows
the breakdown of the available VFA in the feed and effluent of the
SBR. Generally, acidogenesis treatment is applied to enhance the
amount of VFA in the feed for the PHA accumulation (Mumtaz
et al., 2010). However, in this work, this treatment was not per-
formed. The readily available VFAs in the POME were the sole feed
for the aerobic granules to convert them into PHA.

3.2, Accumulation of PHA inside gerobic granules

Fig. 1 also shows the PHA accumulation profile in the aerobic
granules in a cycle of 6 h. In the first two hours (feast period),

the amount of PHA accumulated increases. Thereaftzr, the amount
of PHA in the aerobic granules started to decrease sharply during
the famine period. Meanwhile, for the first two hours of the reac-
tion, a rapid decrease in COD can be observed as well, and the
COD concentration reaches a minimum value of 95 mg/L. This
result indicates that approximately 90% of the influent was
removed in the first two hours of the reaction. The remaining
10% of the COD in the SBR is either slowly bicdegradable or
non-biodegradable COD. By correlating the end of the COD uptake
and the decrease in PHA during the famine phase, it could be
concluded that PHA is used as the carbon source for maintenance
energy needs when the external carbon source is no longer
available for the aerobic granules.

Meanwhile, the EPS content of the aerobic grarules remained
stable at approximately 40-45 pg/mL throughout 2ach cycle. No
drastic changes were recorded over the 4 h of the famine period.
Previously, it was reported that EPS is consumed during the starva-
tion period (Wang et al, 2005). It was reported that the EPSs pres-
ent at the core of the granules were consumed for the maintenance
of cells during the starvation period. Thus, this consimption of EPS
makes the structure of the granules weaker, and the granules are
more easily broken. However, in this study, the morphology and
structure of the aerobic granules remain intact after the starvation
period, It should be noted that the starvation peried in this study

800

$ & £

o
-

DO (x100%), PHA fmg PHA/mg

Fig. 1. Dissolved oxygen. total PHA and COD
compasition of SBR feed and effluent.

ie n-Veleric Isocaproic n-Caproic
Becid neid scid

profile of aerchic granules treating POME for one complete cycle, (b). Voladle fatty acid (VFA)
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Table 1

Comparisen of the yield (rom various types of accumulator,
Type of accumulater Substrate Yield COD{mg PHA/mg COD) PHA content (X COW) References
Activated sludge Olive oil pomace 036 39.00 Waller er al. [2012)
Activated sludge Paper mill wastewater 011 48.00 Bengtsson et al. {2008]
Activated sludge Bio-ail 0.62 9.20 Maita and Lemos (2012
Aerobic granules Raw POME 0.66 (0.065) 68.33 (0.03) This wark

Standard deviation in brackets,

was only approximately 4 h, whereas in the work of Wang et al.
(2005), the aerobic granules were exposed to a starvation period
of 20 days. This difference between this study and previous studies
may be one of the reasons for the non-consumption of EPS in this
study and the subsequent maintenance of the structure of the
granules. Moreover, the consumption of PHA during the famine
period suggests that PHA is preferred over EPS as the carbon source
for the maintenance needs of the acrobic granules.

The aerobic granules used in this study managed to accumulate
0.6833 mg PHA/mg biomass. Because the POME used was not
optimized for VFA production, the concentration of readily available
VEA was only 15 mM. For a low amount of available VFA, a yield of
0.6833 mg PHA/mg biomass is commendable. Thus, it is envisaged
that optimization of the VFA production via the acidogenesis process
of POME will provide a larger concentration of VFA for the aerobic
granules to take up. A higher amount of VFA may provide a sufficient
driving force to overcome the mass transfer resistance and
thereafter diffuse across aerobic granules to form a larger amount
of PHA. It appears that among all of the available VFAs, propionic
and butyric acids were the most consumed VFAs, The amounts of
propionic and butyric acids were 2.1 and 1.43 mM, respectively
(Fig. 1b). Overall, 100% remaval of both of these acids was recorded.

Nevertheless, the ability of aerobic granules to accumulate PHA,
even with a small amount of VFA, is advantageous. For a similar
volume of aerobic granules and activated sludge. the amount of
cells present in aerobic granules is higher compared to that of acti-
vated sludge (Tay et al., 2001). Thus, in terms of velumetric pro-
ductivity, the amount of PHA produced using aerobic granules is
higher compared to that of activated sludge. In addition, the aero-
bic granules are able to accumulate PHA up to 68.33% of the CDW.
Though PHA primarily functions as energy storage material in aer-
obic granules, the capability of aerobic granules to accumulate PHA
up to 68.33% of its CDW could be used to commercialize PHA as a
valuable commodity.

Table 1 shows the comparison of the PHA yield in activated
sludge and aerobic granules. It is clearly seen from Table 1 that
the yield of accumulated PHA in aerobic granules is higher com-
pared to the yield in conventional activated sludge. Even when aer-
obic granules are fed with a limited amount of VFA, the PHA yield
obtained (0.6600 mg PHA/mg COD) is commendable. However, it
is more relevant to observe the amount of PHA accumulated per cell
dry weight (CDW). Compared to conventional activated sludge, the
amount of PHA accumulated per aerobic granule is approximately
68.33% on average. Note that the VFA in the feed was not optimized:
otherwise, it is predicted that more PHA could be accumulated. The
optimization of acidogenesis would enhance the VFA accumulation
and subsequently used for PHA accumulation. As a result of VFAs
accumulation, the pH of the wastewater would be below 5.5, This
pH inhibits the growth of methanogens. Inhibited growth of meth-
anogens would leave the VFAs intact, without turning them into
methane gas. Higher amount of VFA would enhance its diffusion
process across the granules for PHA accumulation process.

3.3. Compasition of PHA accumulated

FTIR analysis was done to confirm the type of PHA produced. In
the FTIR analysis of PHA accumulated in aerobic granules, peaks

present at 2924.09 cm™" and 1130.29 cm~" represents the C-CHy
and C-0-C chemical groups of the PHA, respectively. Meanwhile
the peak at 1720.50cm™" indicates the presence of C=0 from
PHA. Meanwhile, the adsorptions band at 3429.43 cm™" shows
the stretching of CHy asymmetric (Venkateswar Reddy et al.,
2012). Similarities of peaks between PHA accumulated in aerobic
granules and PHB-co-PHV found in the work of Venkateswar Reddy
et al. (2012) confirms that the PHA produced is a PHB-co-PHV
copolymer. For the yield of 0.6600 mg PHA/mg COD, the composi-
tion of the copolymer PHB-co-PHV is 55% HB and 45X HV. As seen
in Fig. 1b, almost all of the VFA exhibits a reduction in concentra-
tion after aerobic treatment. Most notably, two VFA compenents,
namely, propionic and butyric acids, show 100% removal. The com-
plete removal of these VFAs and the formation of the PHB-co-PHV
copolymer validate that propionic and butyric acids are responsi-
ble for the PHA formed (Kulkarni et al. 2010) In fact, the
PHB-co-PHV copolymer is preferred for plastic production because
it is more stable and less brittle compared to the PHB monomer
alone (Kulkarni et al, 2010). Meanwhile, other PHA
monomers were not detected in this study. This lack of other
PHA monomers may be due to the utilization of the other VFAs
(apart from propionic and butyric acids) for growth and respiration
(Bengtsson et al. 2010). Moreover, aerobic granules prefer to use
propicnic and butyric acids because they are converted to PHA
via a simple pathway of f-ketothiolase (PhbA) and acetoacetyl-
CoA reductase (PhbB). Meanwhile, the uptake of caproic and
iso-caproic acids for the conversion into PHA requires a complex
p-oxidation cycle (Ren et al., 2000).

In the meantime, the amount of acetic acid consumed is lower
compared to that of butyric acid, even though acetic acid represents
the highest proportion of VFA in the POME (Fig. 1b). The generation
of nicotinamide adenine dinucleotide hydrogenase (NADH) in the
process of butyric acid consumption may be one of the reasons
for the butyric acid uptake preference. Conversion of 1 mol of buty-
ric acid produces 0.5 mol of NADH, which, in turn, could produce
excess amounts of adenosine triphosphate (ATP) via oxidative
phosphorylation (Marang et al., 2013), Meanwhile, the conversion
of acetic acid to PHB requires NADH (a reverse of butyric acid con-
version mechanism). As a result of this NADH requirement, a suffi-
cient amaunt of ATP must be generated via an external source,
which reduces the utilization of acetic acid (Marang et al., 2013),
Thus, it could be concluded that aerobic granules share a similar
mechanism with activated sludge in taking up the available VFA.

4. Conclusion

This study demonstrated that aerobic granules can accumulate
PHA in their cells. The accumulated PHA is identified as the
PHB-co-PHV copolymer, which arises from the consumption of
propienic and butyric acids, With the limited amount of VFA pres-
ent in the feed, the highest total PHA accumulation, the PHA yield,
and the proportion of PHA in terms of CDW are 0.6833 mg PHA/
mg biomass, 0.6600 mg PHA/mg COD, and 68.33%, respectively. In
the future, the acidogenesis treatment of raw POME is expected
to enhance the amount of VFAs and subsequently increase the
amount of PHA produced in aerobic granules,
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effuent efficiently. The growing demand for palm oil has caused a substantial increase in the generation
of POME. To meet the discharge limit proposed by the Department of the Environment, the POME must

|/ August 2013 be treated effectively before being released into the receiving water bodies. The open pond system is
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presently being used to treat the POME because the open pond system is cheap and less maintenance is
required. However, the failure of this technique in the current scenario has spurred the research into new

Keywords: technologies to explare their applicability in treating POME. Although the discovery of new technologies
:‘l:’h‘“‘:ih'z::t'y'm“’”(m“E) is commendable, the financial infeasibility of these new treatment techniques has stagnated their
u :
progress. In this work, a role for the by-products of the t systems in the new
:ﬁ{:yﬁ:ur:zﬂhmur (P4 technologies with return of i has been revealed. A thorough review of the characteristics and
recent trends for producing polyhydroxyalkanoate (PHA), 3 by-product, is also discussed in this work.
Moreover, the opportunities available to further enhance the production of PHA in POME wastewater
have been addressed and are presented in this work. Production of bichydrogen, another by-product, is
also discussed in this review. In a nutshell, the enhancement of PHA production coupled with
biohydrogen production as a by-product may provide 3 new dimension to the POME treatment plant
by generating revenue. Production of PHA and biohydrogen from POME contributes significantly towards
the cause of sustainability.
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1. Introduction

An industrial wastewater treatment plant is generally consid-
ered a money depletion zone in a business operation, Little invest-
ment would therefore be made in the wastewater treatment plant.
As a result, the wastewater is either insufficiently treated or not
treated at all. If this trend continues, the environment will be
severely polluted, and access to clean water will be limited in the
future, An increase in the volume of industrial wastewater has
been reported in developing countries [1]. The increase in the
volume of industrial wastewater in developing countries can be
related to the growth of the population. Population growth causes
the demand for end products to increase, Similar developments
can be expected for palm oil derivative products. An increase in
the demand for end products causes the production rate to
increase and concomitantly increases the amount of wastewater
released into water bodies. Fig. 1 shows the projected world
population growth for developing countries and industrialised
countries, An exponential increase in world population is expected
in developing countries in another 30 years.

Developing countries such as Malaysia, Indonesia, Nigeria and
Thailand are the major force in supplying palm oil to the world [3].
Fig. 2 shows the palm oil producers in the world. In particular, the
oil palm industry is the fourth largest contributor to the Malaysian
economy, contributing approximately RM 53 billion of the Gross
National Income of Malaysia [4]. This industry has grown in
tandem with the nation’s growth. The production of palm cil
contributes approximately 39% of the total palm oil production in

the world, and 44% of the palm oil is exported around the world
|5]. Essentially, the palm oil demand grows because palm oil is
cheap and has high oxidative stability. Biodiesel production from
palm oil has recently escalated the demand for palm oil further.
With the growing demand for palm oil, the plantation area of oil
palm trees has reached approximately 5 million hectares in
Malaysia |6]. The crude palm oil (CPO) production was 18.8 million
tonnes in 2012. Under the Tenth Malaysian Program, the palm oil
is expected to contribute approximately RM 69.3 billion through
exportation [7].

In tandem with the increase in demand for palm oil, CPO
production rate has escalated approximately 171% in the span of
20 years in Malaysia (as shown in Fig. 3). Higher CPO production
has increased the amount of waste released from the oil extraction
process, and this waste has a critical need to be addressed. Empty
fruit bunches, press fibre, palm kernel endocarp, palm kernel press
cake and liquid effluent (palm oil mill effluent (POME)) are the
wastes generated through processing to produce CPO [9]. These
wastes cause detrimental effects to environmental quality if they
are left untreated. Among those wastes, POME makes up the
largest portion. For every 1t of CPO, approximately 5-7.5¢ of
water are necessary. More than 50% of this water that is used in
the production of CPO will end up as liquid waste [10]. POME
characteristics as determined by different researchers are pre-
sented in Table 1. Table 1 shows that POME is evidently an agent
causing severe pollution (high chemical oxygen demand (COD)
and the presence of oil and grease). The critical need to treat the
POME has sparked the interest among researchers to find new

WOrld Pupuhnnn Development

Billions

8 [ndustrialized Countries

e
1950
Year 2050

B Developing Countrics

Fig. 1. Projected population of the warld [2].
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Table 1

Characteristics of POME from various previous studies.
pH BOD (mg/L) €OD (mgfl) 0il and grease (mg/L) Suspended solids (mg/L) Nitrogen Content (mg/L) Reference
35-45 11,000-30,000 30,000-70,000 5000-13,000 8000-25,000 500-900 2]
5 11,000 246,000 - - - 13]
47 25,000 50,000 4000 18,000 750 114
452 - 70,300 - 25,800 - [15]
4.0-48 - 30,000-50,400 1300-4700 11500-22.000 660-850 [16]
3542 10,000-44,000 16,000-100,000 - 5000-54,000 - (17]
415445 21.500-28,500 45,500-65,000 1077-7582 15,660-23,560 300-410 (18]
56 - 46,000 - 42,800 - (19]
55 - 35,000-50,000 - 35,000 - f20]

efficient treatment methods. The treatment method must comple-
ment the increasing growth of the CPO production rate and
comply with the demand of the Department of the Environment
(DOE) to release waste to the environment within safe parameters.

POME is generally treated using series of large shallow ponds
(biological treatment system). The ponds cannot be very deep, so
large reaction volumes are obtained by increasing the surface area.
The restriction on depth is mainly because there is difficulty in
oxygen penetration to the bottom of the pond if the pond is deep.
Therefore, large land areas and long HRTs (approximately 40 days)
are required for the series of aeration ponds to treat the POME
effectively [21]. However, this technique is considered obsolete

and as a result, POME is being treated ineffectively. The failure of
the treatment system is caused by the sensitivity of the micro-
organisms present in the treatment ponds towards climate
changes (related to temperature changes) and pH fluctuation [14],
The series of shallow ponds also occupies a large land area,
releases obnoxious gases such as hydrogen sulphide and methane
openly to the environment and has a long hydraulic retention time
(HRT) [22]. By addressing the hazards posed by POME, various
efforts have contributed towards the improvement of the POME
treatment system.

The absolete open pond method has been the stimulus either
to explore new technologies or to modify the existing treatment

K. Gobi, VM. Vadivelu / Renewable and Sustainable Encrgy Reviews 28 (2013) 785-803 791

technology. Through intensive research, a number of innovative
technologies to treat the POME have been found. Physical and
chemical treatment systems such as membrane technology are
among the new technologies used to treat the POME [23-25], The
results of these technologies are highly encouraging (COD removal
of approximately 96.5%) [24]. However, the newly invented tech-
nologies remain at laboratory scale without seeing much progress
to industrial scale because a high cost is required to operate a
sophisticated treatment system compared to the current ponding
system. Difficulty in upscaling the laboratory-scale technologies
also contributes to the lack of new technologies applied at the
industrial level. A profitable and feasible technology is desired to
cause new ireatment technologies to be implemented on an
industrial scale. Most of the innovative technologies fail in terms
of financial feasibility [26].

Failure of the innovative technologies to be upscaled has led to
attention reverting to biological treatment method. However, new
perspectives must be found to make the biological treatment
method feasible in terms of treatment efficiency as well as
financial sustainability. One of the attractive new approaches is
to transform the POME treatment plant into an income-generating
source rather than an investment depletion zone. Income could be
generated through the trading of by-products from the wastewater
treatment plant. Most of the by-products are largely underutilised
and their economic potential is yet to be exploited, Nevertheless,
the by-products could be generated only through a systematic
treatment system. A systematic and efficient treatment system
would ensure that the POME is treated efficiently and simulta-
neously generate income through the by-products. Return of
investment (ROI) from the wastewater treatment plant is a win-
win situation for the mill operation as well as the environment.

With these considerations, this review will focus on the by-
products from POME that have been reported in previous work.
First, the available POME treatment methods and their by-
products will be discussed. The current utilisation and the poten-
tial uses of the by-products will be reviewed in this work. This
review will also determine the appropriate treatment method to
treat POME efficiently and to simultaneously produce by-products
that have return of investment value, Profitable by-products from
wastewater may attract a palm oil mill to invest in a wastewater
treatment plant. Production of profitable by-products would
ensure that wastewater treatment could achieve its goal, suppress
the operating cost to a minimal level and concurrently protect
environmental quality. Current constraints in producing by-
products and future work are discussed in this review.

2. POME treatment methods
2.1, Methods to treat POME

To chart a new dimension for a POME treatment plant (or for
any agricultural wastewater), the available and currently used
treatment methods must be understood. By understanding the
current treatment methods, a relevant solution could be found and
implemented in the future. POME is generally treated in various
ways at industries, These treatment methods have been in use for
decades, and their efficiency is widely variable.

2.1.1. Biological treatment

In the current scenario, biological treatment is the commonly
used method in industries due to its low cost, high organic loading
capability, and simple and low energy demand [25]. Microorgan-
isms present in the treatment system will degrade the biodegrad-
able substances, which in turn reduces the COD of the wastewater.
The anaerobic treatment is preferred at the beginning stage of the

POME treatment process due to the ability of the anaerobic
treatment to reduce the COD and the BOD rapidly in the absence
of oxygen [27]. As aeration is not needed, an anaerobic treatment
reduces the operating costs, During the anacrobic process, a
sequence of reactions occurs, namely, hydrolysis, acidogenesis
and methanogenesis [28]. For anaerobic treatment, series of open
ponds have commonly been used to degrade the POME. The open
ponds consist of a de-oiling tank, acidification ponds, anaerobic
ponds and facultative or aerobic ponds [22], The ponding system
has been in practice to treat the POME since the mid-1980s [29]. At
present, 85% of the POME treatment is based on the anaerobic and
facultative ponding system [10]. However, the effluent from the
pond system was not able to meet the DOE discharge standards
even after 80 days of retention time. The COD and biochemical
oxygen demand (BOD) for the final effluent of the aerobic pond
were 1725 mg/L and 610 mg/L, respectively [29].

Drawbacks of the open pond system led to other biological
technologies that were tested for POME treatment. Borja and
Banks [30] have treated the POME with an upflow anaerobic
sludge blanket reactor (UASB). The results from the treatment
showed that up to 96% of the COD was removed. The UASB reactor
also has a noteworthy advantage over the ponding system because
the hydraulic retention is much shorter (1.5-3 days), and the area
required for the UASB reactor is smaller. One of the salient features
of the UASB is the formation of granular sludge [25]. However, the
UASB could not retain an adequate amount of microorganisms for
the high loading treatment. Consequently, the experiment was
conducted in an upflow anaerobic filtration (UAF) for POME
treatment [31]. The necessity of introducing the UAF is to retain
the denser microorganisms in the reactor, which eventually allows
efficient treatment of the higher loading of POME. In the UAF
method, almost 90% of the substrate was oxidised, and the
operation of the reactor was reported to show good stability
under acidic and alkaline conditions [31]. Unlike the ponding
system, the UASB or UAF can capture the methane in the reactor.
Methane gas can be utilised as an energy source to power the
palm oil processing mill, subsequently saving the operating cost of
the mill. Methane is produced in the methanogenesis step of the
anaerobic reaction. The organic compounds in POME will be
converted into methane and carbon dioxide by methanogens.
For every 1g of COD removed from the POME, 0.69-0.79 dm® of
methane gas is produced in the UAF [31], Despite the production
of methane, the common problem associated with the UAF is
malfunctioning at a high organic loading rate due to the presence
of suspended solids in the POME [25]. To overcome this short-
coming, the integration of the UASB with the Upflow Fixed Film
(UFF) reactor was proposed and used successfully to treat the
POME on a laboratory scale [25]. The integrated reactor is called
the upflow anaerobic sludge fixed film (UASFF) reactor. The
schematic diagram of the UASFF is shown in Fig. 4. Through the
UASFF reactor, the retention of solids would be higher and
improve the solidjliquid/gas separation in the reactor. The 97%
COD removal (reactor was operated at 3 days HRT) was achieved
by using this reactor [25], However, this technology could not be
implemented at the industrial level because of the failure of the
upscaling process.

Apart from the anaerobic treatment techniques for POME
discussed earlier, research has been performed on aerobic treat-
ment as well. The major drive for aerobic treatment research is to
reduce the hydraulic retention time of the anaerobic POME
treatment. Vijayaraghavan et al. [32] have investigated the aerobic
treatment of POME using an activated sludge reactor. They
reported that the COD removal achieved for aerobically treated
POME was 98% for a hydraulic retention time of 60 hours.
Compared to the work done by Borja and Banks [30), almost 96%
COD removal could be achieved with a shorter hydraulic retention
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time for POME treatment using an aerobic system. Meanwhile, the
use of aerobic digestion of POME decreases the carbon content and
inorganic nitrogen whilst changing the pH from acidic to alkaline [33].
Although aerobic treatment offers a methed with a shorter
retention time, the aerobic treatment also has drawbacks. In the
method used by Vijayaraghavan et al, [32], the presence of
biomass in the effluent poses problems for the receiving water
body. These problems paved the way for the development of
aerobic granules for treating POME. Gobi et al. [20] have success-
fully developed aerobic granules in POME and simultaneously
used these aerobic granules to treat POME. Aerobic granules have
good settling ability in addition to being robust in nature [34] and
enable the effluent to be biomass-free. Work done by Gobi et al.
|20 differs from the work of Vijayaraghavan et al. [32] in terms of
the reactor setup as well as the biomass morphology. Emphasis
was given to establishing a greater height over diameter (H/D)
ratio in the reactor operated by Gobi et al. [20] to promote the
formation of aerabic granules in the reactor. The sequencing batch
reactor (SBR) system used by Gobi et al. [20] occupies a small
footprint compared to the activated sludge reactor. The compar-
ison in terms of the morphology of the biomass used is shown in
Fig. 5. The conventional activated sludge (as a seed sludge for
granular formation) used by Gobi et al, [20] is shown in Fig. 5(i).
Meanwhile, the fully developed aerobic granules could be seen in
Fig. 5(ii). Another salient feature of the SBR aerobic granule system
is the hydraulic retention of POME. The SBR aerobic granule

system requires only 24 h for the POME to be treated with 90%
efficiency. Though the granulation could be promising, aeration
could increase the overall operating cost.

2.1.2. Non-biological treatment

Apart from biological treatment methods, several alternative
methods were found that could be used to treat the POME. Among
these alternative methods are coagulation-flocculation, adsorption,
membrane technology, and integrated technologies. In the coagula-
tion-Mocculation treatment method, several types of chemicals
have been used to destabilise the colloids in the POME. Chemicals
such as polyacrylamide derivatives, aluminium sulphate and poly-
aluminium chloride have been used as coagulants and flocculants
for POME treatment [35]. In the coagulation-flocculation treatment
system, only the suspended solids would be separated from the
POME wastewater. The coagulation-flocculation treatment system
does not reduce the COD value significantly. The adsorption
technique is limited to removal of the residual oil in POME and
used as a final polisher. The effectiveness of the adsorption
technique in reducing the COD is evidently not reported |36,37).
Apart from low COD removal, both coagulation-flocculation and
adsorption techniques could not be used comprehensively to treat
the POME due to the maintenance and operating cost [17]

As far as membrane technology is concerned, the results obtained
from the experimental work appear to be excellent. Ahmad et al. [14]
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Fig. 5. Morpholegical comparisons between (i) activated sludge and (i) aerobic granules for POME treatment |20},

have reported that 99% of the influent COD was removed from the
raw POME. However, prior to the membrane treatment, POME must
be pre-treated with several techniques. In the study done by Ahmad
et al. [23], POME underwent three stages of pre-treatment. The
function of these three stages was to partially reduce the turbidity,
€OD and BOD before the membrane treatment. In each stage of the
membrane treatment, either chemical or external energy is needed
to produce the final effluent, which directly raises the operating cost
of a treatmment plant. By acknowledging the shortcomings of a
membrane treatment method for POME, a comparison of overall
operating costs has been conducted with different setups of the
membrane treatment system. The lowest cost of the three setups
studied was RM 7.03/m’ [38]. The membrane treatment system is
still considered high end technology compared to the biological
treatment method [39], but implementation of the membrane
technology at the industrial level has been unsuccessful.

2.1.3. Integration of biological and non-biological treatment

Zhang et al. [17] have integrated biological treatment with the
membrane separation system. The first stage of the treatment
consist of an expanded granular sludge bed (ECSB) and an acrobic
reactor, The second stage of treatment consists of an ultrafiltration
membrane and reverse osmosis membrane. This treatment system
is capable of producing biogas energy as well. The effluent produced
at the end of the treatment system was almost crystal clear and
could be used as boiler feed water | 17]. A similar concept of recycling
the water has been investigated by others as well [14,2340].
Chaiprapat and Laklam [41] have integrated an ozone pre-
treatment system with an anaerobic treatment system. The break-
down of recalcitrant companents in POME by ozone would ease the
subsequent anaerobic treatment system. The anaercbic sequen-
cing batch reactor (ASBR) was reported to manage to treat the
POME efficiently at high organic loadings (9.04 kg COD m~? day™"),
shorter cycle times (12h) and longer hydraulic retention times
(10 days). In anather work, Chan et al. [42] integrated anaerobic
and aerobic technologies into a single bioreactor for the treatment of
POME. This technique is indeed a fresh approach in terms of
reducing the land area needed for the inefficient ponding system.
Ideally, a single reactor could be used for the POME treatment
because anaerobic and aercbic treatment could be carried out in the
same reactor. The removal efficiency reached more than 99% in
terms of BOD and TSS removal In addition to the high removal
efficiency, 0.42 /g COD of methane gas is produced in this bior-
eactor. Though the long term implications and operation of this
reactor are still being evaluated, the early results from this reactor
look promising. However, the presence of biomass in the effluent
was not addressed in their work. Choi et al. [43) used an anaerobic

hybrid reactor (AHR), anaerobic baffled filter (ABF) reactor and an
anaerobic downflow filter (ADF) reactor in a single system for the
treatment of POME. The main purpose of this treatment method
was 10 sustain a high ratio of effluent recycling as well as to reduce
the retention time for the POME treatment. This technology
has managed to remove 95.6% of influent COD at an OLR of
13 kg COD m~>day~". The combination of the anaerobic reaction
and the filtration process helps to maintain the effluent clear of
biomass. Moreover, as a result of the anaerobic process, methane gas
was produced at 0.171 and 0.269 L CHy/g COD removed,

POME could be treated in various ways. The choice of treatment
system depends on the capital cost as well as the concern of
the operators about the environment. The summary of POME
treatment methods and their respective COD removal is given in
Table 2,

2.2, Summary of POME treatment methods

All of the methods reported exhibited various degrees of
efficiency in terms of treating POME. Clear comparison in terms
of advantages and disadvantages of the methods used to treat
POME is given in Table 3. Nevertheless, the biological treatment is
still preferred by the mill operators as it is cheap and requires less
maintenance. However, considering the impact of the effluent on
nature, many alternatives research efforts have been conducted, as
discussed in the previous section.

Thus, to strike a fine balance between safeguarding the
environment and keeping the operaticnal cost of the POME
treatment low, industrially feasible solutions must be decoded.
‘The most obvious issues with the currently implemented biologi-
cal treatment system (series of pands) are the occupancy of large
areas and the release of abnoxious gases to the environment
These issues could be reselved with either altogether new tech-
nology or improvements to the biological treatment system.
However, investment is needed for the new technology or
improvement to occur. Taking the necessary investment into
consideration, return of investment from the new technologies
or improved technologies would be an exciting prospect that can
be explored. Return of investment from the treatment plant could
be generated by marketing the by-products, By-products from
treatment plant are an added boon for the investors in palm oil
mills. Moreover, If the by-preducts can replace any non-
sustainable raw materials for the production of end products, this
type of replacement would contribute significantly towards sus-
tainability. Production of marketable by-products could give a new
dimension altogether for a treatment plant. More investment
can be expected in the treatment methods as well as pledging
the efficient treatment of wastewater. Ultimately, production of




Aetobic-anzerobic integrated
system

Anaerobc-filtration integsated
system

Coagulation-flocculation

Sequencing batch reactor -
aerobic granutes

o Small footprint
@ Can treat high organic loading of POME

o Capable of treaiing high organic loading of POME

@ Low cost

« No formation of pollution causing gases
o Excellent sepasation becween treated effluent &nd
biomats

o Small footprint
@ Able to be operated at higher loading rate

» Poor szparation between the treated eflluent 3nd
blomass

. frequen: maintenance to sustain desirzble
product

o Removes only suspended solids and residual oll
@ Release of residual elements from coagulant
pollutes water

@ High energy for aecation ks required to breakdown the
organic content of POME
 No production of methane
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Table 2
POME treatment methods and COD remaval.
Treztment methods Detalls 0D removal (%) Reference
Blolegical treatment » Anzerobic * Pond 65 [29)
o UASB 0 (30]
® UASFF 97 (251
@ Aerobic ® ASR 8 32)
« SBR 90 (201
Physkal treatment « Membrane technology - 89 144
© Microblal fue! cell - 965 (23]
» Adsorption o Rubber powder NA {36)
» Chitosan NA (3s]
@ Activated carbon 1745 137}
Chemical treatment @ Cozgulation-flocculition o Moringa oleifera seeds 522 144)
Integration technology o Biological- - 93 nn
® Ozone-anacrobic treatment - NA 141
® Anaerobic-aeroblc - 9 142]
» Anacrobic-filtration @ AHR-ABF-ADF 965 {43]
NA = Not awilable.
Table 3
Comparison between various trestment methods of POME.
Methods Adwactages Disadvantages Raferences
Membeine treztment system o Excellent pollution removal eficency o Costly treatment system 114]
o Needs high maintenance
o High peessure is required
Biological-membrane Inzegrated o Excellent remaval performance o Costly treatment method n?
system
Microblal fuel cell @ Generation of electricity « Difficult ¢o scale up [24}
» High removal perfarmance o Costly trestment method
Upliow ansesobic studge fixed o Small footprint ® Poor separation between treated efftuent and biomass  25]
il (UASFF) o Produce and capture methine gas
@ Able to retain blomass in the rector foc higher
organic loading treatment
Ponding system » Low cost @ Large land area required 29}
o Less/no malntenance needed o Long HRT (> 50 days)
o Direct refease of methane and hydrogen sulphide to
environment
o Poor separation between treated efftuent and biomass
Uplow anaerobic » Small footprint & Unable to retain blomass for higher organic lozding 130)
blanket (UASB) @ Produce 2nd capture methane gas treatment
» Poor separation between treaced effiuent and biomass
Aegobic digestion ® No formation of pollution-causing gases o High energy for acration required to breakdown the 132)
. organic content of POME
o Poor sepasation between treated effluent and biomass
Ozone-anzeroblc digestion o Efficient in conwvesting recalcitrant poliutants into » Costly treatment method 142)
integrated system blodegradable crganics

142)

1431

1454

(48]
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marketable by-products could achieve zero discharge for the treat-

functional groups on the surface (51]. Waste sludge aids the
i { and chemical ad: i hod:

ment plants and i inability.
Thus, screening of the possible by-products (rom the various
hods is a tl

L

3. By-prod

of POME systems

Various types of by-prod are g d while ing

POME. Some of the by-products are extremely undervalued, and

quently, their . o H d. Very

little h has been ds research into the further

utilisation of these by-products. By-products produced to date

from various forms of POME treatment methods and their poten-
tial to replace existing products are given in Table 4.

3.1. Gas by-products

P process via physi P
Meanwhile, waste aerobic granules are produced from SBR. Excess
aerobic granules in SBR are wasted to retain the balance of the
food to microorganism ratio and to maintain solid retention times.
The wasted aerobic granules are still active biomass that could be
re-used for other purposes.

Based on the 2012 market price, PHA has the highest market
value of all of the by-products (Table 4). The reason for the
expense is the cost of the raw materials used to produce PHA. As
a result, the applicability of PHA is limited, and the market is
continually being flooded with cheaper petroleum-based plastics.
The market price of PHA is appraximately 20-80% higher com-
pared to conventional petroleum-based plastics [57}. Production of
PHA from waste streams is highly welcomed to reduce the market
price and make the production of PHA competitive with the
petroleum-based plastics. Mass production of PHA from waste
streams would reduce the reliznce on conventional plastics. From

the ofan PHA production from waste streams

From Table 4, methane gas is one of the by-prod:

p d from the thod has been proven to
be an energy source to power the mill {50}, The utilisation of methane
gas to produce electricity will directly reduce the overall production
cost of CPO, However, not al} the palm oil mitls have the facility to
convert the methane energy source into electricity. As a result, the
potential of the methane gas is not used at all. Apart from methane
gas, hydrogen gas could also be produced from the anaerobic
treatment plant. Biochydrogen is formed during the acidogenic

provides an additional income to the overall plant operation.

in 2012, the estimated release of POME was approximately 58
million tonnes (based on the CPO production). By envisaging the
yield of PHA production ta be 0.257 t PHA/t substrate (similar to
Chakravarty et al. [S8]), POME is capable of producing approxi-
mately 2.5 million tonnes of PHA annually (based on the average
COD value of POME). Use of POME as a carbon substrate and high
volume of PHA production would lower the price of PHA and

fermentation of wastewater [46|. During the progess,
volatile fatty acids (VFAs) and biohydrogen gas are produced. How-
ever, these VFAs will not be converted into methane gas due to the
inhibition of the methanogenesis process (a process to produce
methane gas). Lower pH value (below 6) and higher temp

expand the use of PHA. The estimated PHA production
and its income are summarised in Table 6. On average, the
estimated annual income for each palm oil mill in Malaysia is
projected to be around RM 10.75 million. This gross income looks

(above 60 °C) in the reactor inhibit the methanogenesis process.
32 Solid by-products

As depicted in Table 4, waste sludge is another by-product of

very app App ly. the annual net revenue is expected to
be around RM 4.3 million (40X of the total income) after consider-
ing the tax and operating cost. Hence, PHA production from POME
can be considered as a profitable venture for the investors.

the plant. h on waste sludge s quite ~ Tadle$
sporadic, and the growing amount of sludge needs serious atten- Utlizacion of studge a3 adsorbent.
tion. Generally, waste activated sludge from various sources of Adsorbent Adsorption capacity Reference
wastewater has been used as adsorbent to remove textile dyes (mefg)
151,52] or used as fertiliser [22]. The adsorpti pacity of the praT—— wn ot
waste-aftiwtcd studge is .shoufn in ;I:ble S. Tsai et al [53) have Reactive Black § 9300 154)
P that jat carbon has an adsorption Methylene Blue 13069 [s2]
capacity of 373 mgfg for chloroform adsorption. Table 5 clearly Chioroform 24400 153]
shows that the P ity of Ivated sludge is Toluene 35000 1551
parable to that of cial activated carbon, Waste sludge ~ Pheme! 10600 1581
is applicable as an adsorbent due to the 1l i bt tsel
Table 4
By-products of various POME treatment methods.
POME treatment mathod Valuable by-product Potential use(s) for Market price of potential Reference
product (RM)
UASS » Waste znacrobic granular sludge » Activated cisbon 168-6.01/kg* (25)
o Biohydrogen « Power generation 0I2/kW h*
© Methane gas « Power generation 032KWH°
o Volatile fatty acid o PHA feedstock -
Acrobic digestion » Waste sctivated sludge © Activated catbon 1.68-6.01/kg’ 1321
Sequencing Batch Reactor » Waste serobic granules » Activated carbon 168-601/kg" {20}
® PHA synthesls 1-1937/kg"
o Blolydrogen « Power generation 0321w h™
Membrane Technology » Water o Bailer feed - 123)
» Methane gas ® Power generation 032/kW h*

1USD=RM 3.19 (a5 on 19¢h july 2013).
2 Congyi City Xianke Water Supply Material Co, Ltd. 147i.
* Feed-tn-TarifT {FIT) cates for biogas (48],
< Bioplastic developinent increases with new applications [49],
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Moreover. this ymjmd amount of PHA is estimated to reduce the

d based plastics by at least SOX. However,

xhis pmjemd value is achievable only with proper regulation of

d in Table 4, aerobic granules

could be used to awumulam PHA inslde its cells. Research alternpt—
re-use of waste aerobic g for PHA

the treatment area smaller. This minimisation of the treatment area
is one of the reasons for the application of granulation technology to
increase ar wastewater treatment plants in recent years.

4.2, Mechanism of action of aerobic granules applied to the
of

discussed in the following section.

4. Waste aerobic granules
4.1. Generuaf structure of aerobic granules
Aerobtc granules differ from waste activated sludge in terms of

logy, and l3461] Fig. 5(i) and (xl)
clearly exhibits the ph | difference b

Like mnvennonal activated sludge, the aercbic granules will
the biodegradable arganic of the for
both growth and maintenance, In conventional activated sludge,
after cach cycle of substrate feeding, some portion of the con-
sumed organic content wtu be sxor:d as polyhydroxyalkmom
(PHA) inside the cells of micr i as the
energy storage material which will be used duﬁn; famine per{ods
[64). In aerobic PHA acc has been rep
tously [65.66]. a sole focus on extracting PHA from

sludge and aerobic granules. The mechanism of formation of aerobic
granules is shown in Fig. 6. Because the aerobic granules originated
from activated sludge, the aerobic granules inherit the microbial
behaviour of activated sludge. The aeroblc granules formed are
compact and denser. Henoe. aeroblc gramxlu have better settling
ability d to d sludge (62). The good
settting ablluy of aerobic granules makes the efftuent free of residual
biomass. The use of darifier could therefore be eliminated, making

Table 6
Estimated production of PHA and projected gross income.

aerobic granules has thus far not been done.

4.3. Formation of aerobic granules in POME

Formation of aerobic granules in POME has been reported by
Abdullah et al. [67] and Gaobi et al [20]. In both of the papers, the
aerobic granules were reported to be formed inside the sequencing
batch reactor with POME as the substrate. The maturation period of
the aerobic granules as reported in the two research papers differs.
A period of 120 days was required for Gobi et L [20], while the
ion period was only approximately 60 days in the work

done by Abdullah et al. [67). The difference is presumably due to the
ratios and reactor configurations. [n both of the

papers, the amount of COD removed was approximately 90X. These
research efforts prove that acrobic granules could be developed

44, Generation of waste aerobic granules

The growth process of aerobic granules has led to the presence
les in SBR. To in sludge

time (SRT) inside the reactor, some of the excess aerobic granules
must be wasted. Rather than just disposing of the waste aerobic

loput Parameter Unis Valus v
different
A o 3 Tonne 18,785,030
B POME production® m* 58.703218.75
c €OD in POME' kgtm® s1 in POME.
] Estimaed COD® kg COD 2544784533 in
13 PHA yicld* kg PHA/Kg COD 0257
E PHA production’ kg PHA 6540096249
G Price of PHA® RM/kg 200
H Estimated M 457806137500
PHA price”
1 Number of palm 430 of excess aerabic
ofi mill in Malzysia
i) Estimated average M 10,646,668.31
annuat income for
each palm oll mill’

 Based on statistics reported by Malaysian Palm Oil Board (59).

® Assume 1125 m? of POME produced for cvery 1 ¢ of CPO production.

< Average COD value of POME [60}.

4 Efficiency of COD convertion is 2ssumed to be 85% (D=0.85°8°C).

* PHA yield is assumed o be similar co Chakravasty et al [58].

f (F=D"E).

£ Price of PHA Is assumed to be half of the current price with the envisaged
escalation in PHA production.

* (HaFC).

! (=Hp)-

lnoculation

76@#%

. *%
E-J)

httahmhnl

granules, they could be re-used for some other purposes, The
re-use of the excess acrobic les is b

only a handful of researchers have reported on the growth process
of aerobic granules in the literature to date.

44.1. Application of waste aerobic granutes

Gao et al. [68] have used inactive aerobic granules for the
adsorption of Yellow 2G and Reactive Briliant Red K-2G. The bio-
sorption capacity of the aerobic granules has been reported as 58.50
and 66.18 mgg~" for Yellow 2G and Reactive Brilliant Red K-2G,

Pellet Sh
formation

llminﬂnn

Fig. 6 Formarion of aerobic granules from activated sludge [63).
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respectively. Gobi et al. [20] have used inactive aerobic granules to
adsorb remaining COD and to reduce the turbidity of POME treated
in SBR. The removal percentage of the remaining COD and turbidity
is reported as 21X and 99%, respectively. The two papers indicate
that aerobic granules can be useful as adsorbents.

Acrobic granules have ziso been used as seed sludge to develop
aerobic granules in a new reactor. Pjuan et al. [69) have used
crushed aerobic granules as seed studge to reduce the startup time
of the reactor. Only 18 days were required for the aerobic granules to
develop [69]. The time required was far less compared to 120 days in
the work of Gobi et al. {20] using activated sludge as the seed sludge.
The time difference can probably be explzined by the fact that some
portion of the crushed aerobic granules mrnamed intact. As a result,

In wastewater, PHA will be accumulated inside the microorgan-
isms by taking up the available volatile fatty acid (VFA). Production
of PHA has been reported to be higher [n fermented substrates
mher than an unrcrmcnted carbon source [77], The fermented

ins a higher prop! of VFA, which has

a shorter chain length. The PHA a«umulaling microorganism can
more easily take up the VFA rather than a complex substrate.
will ily undergo ic fermentation to

produce VFA. The VFA is then fed into a reactor that contains PHA-
accumulating organisms. VFA will be transformed Into the respec-
tive acyl-CoA and subsequently converted into PHA by the organ-
isms present in the reactor [80|. The common equations for PHA
production from various carbon sources are summarised in as

the crushed aerobic i d the h of the  (follows [81}:

floccular sludge on the crushed aerobic tes, This ph A hydrate = :

has Ited in faster lop of aerobic tes simulk ACarbon C: AP(HB/HV)+ AActive biomass
neously reducing the startup time of the reactor. This novel method +ASoluble microbial products+ACO; m

reduced the startup time of the reactor without altering the

dimensions or changing the operating parameters of the reactor.

In another research effort, Wanget al.[70] havc used bmken aerob::

granular sludge to prod

(Klebsiell hinolyti NB!).The d dati nheof b

2ene reached 929 mg L~ h=? with the use of that bacterium.
However, of all the re-utilisation schemes for aerobic granules,

To accumulate PHA inside the microorganisms, operann; con-
dmons play a vital role. Aerobic dynamic feeding (ADF) is the
d by the to accumulate

PHA inside cells. In ADF, feast and famine phase will be established
in the reactor. ADF suppresses the internal growth of the micro-
orgamsm. thus forcing the microorganism to adapt itself to the
jon of nutrients arising from ADF. During the adaptation

the most attractive use of acrobic gr is to pi PHA. The
synthesis of PHA has been overlooked because | PHA is an mler-
mediate product. Thus, the I of the up

would be finding a way to promote bulk production of PHA In
aerobic granules (by using POME as the substrate) and subse-
quently using PHA as a substitute for the petrol based plastics.

period, the substrate will be stored as PHA inside the cells of
microorganism [82). Gao et al. (83] recently illustrated the overall
pathway of PHA production clearly, and this pathway s shown in
Fig. 9, Although an overall idea of PHA accumulation Inside the
microorganisms were established, PHA accumulation inside the

This substitution, if it could be actomplished would slgnlﬁcamly
reduce the depend on the
biopolymer and simultaneously promote green technology.

S. Polyhydroxyalkanoate (PHA)
5.1. Production mechanism

Polyhydrexyalkanoate (PHA) is an energy storage molecule accu-
mulated naturally inside microorganisms [71]. PHA is a common term
mmmsmthemulamulmonolmmmmsuduslwdm-

(HB) and 3-hydroxy (3HB-3HV), 3-hyd .----
HV), 3-hydroxy-2-methy} (3H2MV) or 3-} dn
(3Hik)l72].PHAangemraﬂybedasslﬁedacmtdmswthecarbon
chain length, either short chain length (SCL) or medium chain length
(MCL). The general chemical structure of the PHAIssMwn in Fig. 7.

is mainly applicable to pure culture methods only.
With a comprehensive undersundlng of the accumulation in the
pure culture method, apprmdmatcly 86% COW PHA was accumu-
lated inside mi {84]. H similar of
PHA accumulation were not accomplished inside mixed culture
microorganisms. As viewed from 2n economic perspective, 3 mixed
culture method is more feasible to be applied at the industrial level
rather than a pure culture method |79,85]. Current research there-
fore focuses on PHA production via mixed culture microorganisms
[73,77].

52. Production of PHA via mixed culture

A mixed culture method of producing PHA offers a good
solution to the high cast of a pure culture method [86]. However,
the major problem of this mixed culture method is poor accumu-
lation of PHA inside the microorganism [79). Though myriads of

microor

PHA is a readily blodegradable and b with
properties almost similar to conventional phsdslm. However,

jalisation of PHA is hindered by the high sut cost as
weil as the non-sustainable nature of the feedstock |74]. R h

are present in the mixed culture, not all of the
microorgznisms can function to accumulate PHA inside their cells.
The researchers therefore came up with a solution by enriching

found that waste streams rich in carbon sources could be used as a
substrate to produce PHA [75|. Various types of wastes such as olive
oil mill eflluent, sugar molasses and food waste have been used as the
substrate to produce PHA [76,77), The PHA accumulation profile in a
mixed culture is shown in Fig. 8. Fig. 8 shows that the accumulation of
PHA occurs during the feast period with concurrent reduction of
carbon content. A similar trend will be observed in any other mixed
culture used to accumulate PHA.

the PHA- in the mixed culture system
|76,86]. Just by altering the operating conditions of the reactor,
microbial communities that are highly enriched in PHA-accumula-
ting organisms could be cultured,

However, in a mixed culture method, the chatlenge would be
ceasing the inhibition of the PHA accumulation process. Johnson
et al. [87] recently studied the effect of 2mmonium on PHA accumu-
lation in a mixed culture and found that only 69 wiX of PHA was
accumulated under conditions of excess ammonium after 44 h.

Ry

\[\ / (%)x-u\ -~

lI

L /]/
e 1-4\0 N=100-30000

Fig. 7. General chemica) structure of polyhydroxyalkanostes. R1 3nd R2 are alkyl groups (C1-C13) {78),
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Table 7

PHA production in POME.
Micoorganism Type of microorgaaism PHA yldd Reference

(% cell dry weight)
Commmonas sp. EB172 Pure culture 03t . 858 184)
Pure culture os 670 198)

Burkhelderia cepacia Pure culture 574 99]
Alcatigenes eutrophus Pure culture 032 450 {100]
Heterotrophic aerobic bacterium and activated studge Mixed culture 740 (93]

NA - not available.

+ C-moyC-mo! acetic acid (HAC)

Table s factors in the mixed culture must be studied extensively before
Producdon of bishydrogen from POME. overall conclusions can be drawn regarding commercalisation.
Medium Wy production rate  Reference Proper modetling of the PHA production has yet to be done.
(L Ho/L-POME) Modelling of a process is essential in upscaling the process to the
prT— pp Ton in;nbl ial Izel. M?deuingu:‘; PHA producﬂanp;ll\:uld indude
h ibitory effects of oper: on d
Angerobic shudge ‘:35 Rgﬁ and the imp of the composition of VFAs, The interaction
Thermophilic microfiora 44° 1107) between these parameters would be useful in determining the
Thermoanaerobacterium 4800 [108] yield of the PHA. Once il these factors are scrutinised, a compre-
thermosaccharolyticum hensive model mtght be dcveloped ror PHA production from POME.
Rhodopscudomenas pahustris 1050 1109] is p ing the PHA in a contin-
mm,n 4200 o] uous mode rather than in batches. Currently, 8o atwempts have
Anzesobic mixed microflora 6700 [} been made to study the feasibility of the PHA production in a
mmolumr;m consartia ‘:2‘152” { ;zll continuous mode using POME. Only a handful of papers have been
u produced using this techni for her source of
Mised clre i hal (58], The main problem is the time of the
POME at each snge of the operauon Adequare time !s needed for
4+ (L Ha/L-POME. day). the orxznic mds to be ynthesised at the process | for
PHAp i Perhaps. if ad
with their tem tag (th hilic and hilic). Biohy- ume could be round in the POME treatment plant for PHA
drogen ion is highly in the th hilic region the of this hod to be imp d at
(appmma&ely 60°C). A: this temperature, the actMty of the lndnmial level would be enhanced.
will be inhibited, and this inhibition will p PHA p also faces p interms of a inabl

the production of bichydrogen. [n a nutshell, biolwdmxen is aby-
product that can be generated in large amounts by using POME.
However. to date, the applintlons of bnohydmgen are very limited.
Biok be led with PHA
producﬂon at the POME uutment plant for the benefit of the

exmcﬂonpmmusfu.aha!ogemwdmzmod has been in use
for the extraction of PHA (115). Hazardous chemicals such as
chloroform and sodium hypochtlorite, which are y for the
halogenated method, are not feasible for commercizl use. Moreover,
a complex treatment system would be required to remove the

palm oil mill. Reliance on biohydrogen and PHA could it

b once PHA has been extracted. Recent work on

significantly green technology and inability. How-
ever, some ints need to be 2dd d before impl

tion of these by-products could be falised.

8. C in PHA and biohydrogen p

8.1. PHA from POME

The papers on PHA production from POME indicate some

an eco-friendly PHA recovery system was reported by Mohammadi
et al {115}, this method req further study to ensure
that a higher purity of PHA Is recovered. Moregver, PHA accumu-
lated inside aerobic granules might require a complex mechanism
for the recovery process.

82. Biohydrogen from POME

The production of biohydrogen from POME is yet to be
oommercia.used due © several factors. Most commonly, the biohy-

persistent problems that must be add fore

PHA production from POME to the industrial level. First and
foremost, the pure culture method has been used to produce
PHA inside the microarganisms. This methodology is very fragile

drogen-p must be in the mixed
culture medium of the POME treatment plant to ensure the
maximum production of hydrogen from the

and incurs a high cost for lmplemenndon az the industrial level

(86). this method is very

mental changes as well as the operating parameters of a reactor.
Though the pure culture method could give high yield in terms of
PHA accumulation, the pure culture method is always susceptible
to failure on a large scale. The mixed culture method is very much
at the beginning stages for large scale Implemenunon Further
studies are required for ding of PHA
2ccumulation using @ mixed culmre. Most significantly, inhibition

POME. Clostridi 7 Sp. and E; b sp. have been identificd as
ydrog d bacteri [116!. H the methods for
hing these species th of the

parameters of the reactor have yet to be identiffied. Current
methods of enriching these species of bacteria sre castly and not
feasible to be implemented at the industrial level,

Biohydrogen is a product of the acidogenesis process. In the
acidogenesis process, the volatile farty acids (VFAs) are produced
at a higher proportion, These VFAs will cause the pH to decrease
and consequently make the mixed liquor acidic. This phenomenon

K Gobi, VM. Vadivelu / Renewable and Sustainadle Energy Reviews 28 (2013) 788-803 801

is indeed an inhibitor for the pmduaion of biohydrogen [117].
Previous work has d d that the opti pH for biohy-
drogen production from wastewater is 5.5 [118). To ensure opd-

The main focus has to be given to the y:eld of the PHA accumulation
inside the waste aerobic g such
as presence of toxic material inslde the wastewater should be

mum biohydrogen production, a balance b
production and the pH of the mixed liquor must be found. VFA
productlon could not be tompmn'used twmerely for the sake of

idered during the modelling process. A complete model would

aid the upscaling process significantly.
In depth cost analysis of the PHA and biohydrogen production

hydrog ion as VFA Is imp for the using aerobic granules in SBR Is critically needed. In depth cost
of PHA. analysis would provide an all-inclusive knowledge zbout the
The g ion of biohydrogen in a mode is an  economic feas:bl!ny of PHA production using aerobic granules in
another :hzllenge that must be add d. ldeally, i an SBR ng POME. PHA produced in aerobic granules could be
generation of biohydrogen is highly desired in a able to g profit with the use of SBR uchmlogy However,

treatment plant to ensure the chain of energy supply for the
treatment plan( or trading purposes. However, few have reported

application of SBR technology to the POME treatment itself is very
rare. The cost analysis for PHA production in an SBR treating POME
on the industrial level is difficult (almost impossible). Thorough

on the of bichydrogen in the
treatment plant, lex alone a POME treatment plant.

9. Future work

From this review, pmdumnn of PHA in waste aerobic granules is
evidently one method tn plant
into a latfc This i would

ensure the release of cleaner wastewater and at the same time,
the palm oil mill would be able to operate sustzinably. As a first
step, aerobic granules should be formed on a pilot plant scale SBR by
using POME. Later, the wasted aerobic granules can be used as a

cost analysis using pilot plant scale SBR waould help to estimate the
overall operating cost and the return of

isaging the potential of the aerobic granules, the
POME wastewater treatment plant could be a real 'gold mine” if
this method could be implemented in the future.

10. Conclusion
ducts of the POME plant, dail PHA and
biohydmgen, have a major potential to be d. Com-

merdallsauon of PHA and blohydroxzn would offer a return of
as well as zero dxscharxe from the POME treatment

medium to accumulate PHA inside the cells with fe d POME
as the carbon source. PHA, POME and acrobic granules have
previously been studied as sep enttes, and promising results
were obtained from those studies {20,93). Later, a continuous mode
reactor must be designed to ensure that PHA accumulation could

plant. ds to the p jvity must be devell

and impl d. PHA prod from a POME treatment plan(
could be given attention as PHA production from a POME treat-
ment plant has high market value and is sustainable. This naturaily

occur at the same HRT of the This ive design of
the reactor setup requires extensive detailing before the process
could be further upscaled, Comprehensive smdies on the inhibition
process, ditions for PHA in waste aerobic
granules and a sustainable PHA recovery process are critically
needed to ensure the success of this treatment system. The inhibi-
tion may be caused by the presence of various non-accumulating
microorganisms, the operating parameters of the reactor or the
predators present in the POME. Therefore, the reed to analyse the
inhibitory mechanism and its effect on PHA accumuladon Is
critically needed if this technology is to be to the
industrial scale. Efforts must be dedicated towards finding a higher
yield of PHA production per unit of POME treated. These aforemen-
tioned steps are the fundamentals in producing the PHA on a large
scale by using waste :mbic granules,
Biohyd , can be

d with the PHA accu-
source of 3 POME treatment
plant. onhydro;en production lies in the pathway of PHA produc-

forming PHA could be cnmmerdallsed by proper mntigauon af

i and via P ofthe
eatire acc h Biohyd duction would
also generate income for the ueatmenl plant. In tandem with
these findings, SBR tcf.hnology using urobn: granulcs should
be studied SBR technology using aerobic
granules is able to pmdu:e both PHA and biohydrogen as the
by-product while maintaining its primary role to treat FOME
efficiently. Adoption of this technology at the industrial level is
expected to pique the interest of the mill operators to invest in

new tect fora plant.
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tion, so the need for any dditi p for hydrog
may be It is therefore a win-win situati "
for the production of biohyd: and PHA lation in bulk

amounts. To make the palm oil mill sustainable, the opportunity of
using (he biohydmgm Bas s a power source should not be
d. The d could power the palm oil mill,
and at the same time. the waste of an energy source could be
avoided. Moreover, using the biohydrogen gas as a power source
will reduce the dependence on the national grid for electricity and
if there is any surplus of electricity generated, surplus electricity
could be sold to the national power grid or utility companles [119}].
Another source of income could be tapped for maximum usage.
Modelling also plays an important fole in the transformation of
this technology from laboratory scale to pilot and industrial scale.
Thus, the development of models for PHA production in an aerobic
granular system is highly desired. Modelting could first be done for
the pilot plant scale PHA production using waste aerobic granules.

(1) Rupam PF. Sm‘n RP, tbrahim MH, E3 N. Review of current ;ulm oil amtl
effluent (POME) fmethods: a8
peactice. Wnrld Applied Saiences Journal 2010:11:70-81,

[2] The Sustainable Scale Project: 2003, Available: ¢ hitp:/www.sustainablescale.

apxy

[accessed 20032013}

[3] MPOC. Malaysian Palm Oil tndustry: 2012, Available: ¢ hitp:/fwww.mpoc.
org.iy/Malaysizn_Palm_Oil_Industryaspx ) [sccessed 31.7.2012).

[4) Economic Contribution. Malaysian Palm O1l Counal (MPOC); 2013, Available:

) l3ccessed 17.03.2013).

[S] MPOC. The Oil Palm Tree: 2009. Avaitable: ¢hup:/jwww.mpocorg.my/
The Oil_Palm Tree.aspx> {accessed 15.5.2010].

[6] MPOC, Mzlaysia Patm Ol Industry, 2011, Available: ¢ hirp://www.mpoc.org
my/Maiaysizn_Paim_0ilindustry.aspx ) faccessed 31.72012),

[7) Economic Plansung Urct. Rancangan Malaysia ke 10. Prime Minuster's Office.
2010. Avatlable: {herp:j pmo. 10
Mds.pdf) faccessed 30.12.2002]. i




TLOT "Dy e1sAriely [PUOIEN UPYRPINIdY
undumr eEny ‘1107 1V K313 Jqrmauy - §7¢ 1V ESATTIY jo M) GINNG [611)
Vi
AZoj0uy293014 §9 (ERenof HUENNGY SEARUE AUNUIDO) IEIQOINIY PUE UCAER(PAd
wua-Buof paeyR o po ugrd ey uownposd  uaSampkjoq o
Hd frurn pur amursadie) jo O] 4 unbaey ) ununiry s Rey-o [11)
9-L01
Z1°000Z Yurds3y wird (10 jo [rino] o wied jo Sumsaod ap o1
1 gm0 wied jo osd aamr 3TunS ) o4 W moud [LLt)
“L-EPL:0T'BE61 $19MIT AB0jouydN0g swatasar
3 pue 1> 30 AN paxnu ® AQ ydsers
wouj vousnpord ZH ‘A IXESTXPL 'S MreArH { dsony 'L 33rjsnxol *H 1ox0A [91t)
09-£SELLTOT
UOIINPOIY JXITI)) J0 {rumof T [10 tjed Y1 UI UOISIID 0192 SPSTMO) SPO
i 2a55-uaTofry JXIr3[> AQ K13A0D38 sairoury|PAX0IpAYALOS JTIn|jaIeIIL]
H Uyuy DN UPW A 1oy AT Suryg VI ursseH ‘W sprunueyop [st1)
*L-TY'PEI0107 AB10u01g § ssRWIOg "nin)
POXIW pIpuddsns FUIN (IPNOJ) UMD [itu o wied wosp totwnposd
13%01p4401q HrydotiLiat|L S U0OS VN UPLIIFY (PGY VI uesseH ') ewsst [vin)
"P9-659:61:€107 Ansiuar) FuuaauiBug pur [risnpul Jo frusnof 3smind
PIXTY PIZIQOLILL TUISN LUING)3 HRY (10 trd wes) uoudnposd udSorpiyolg
VZ PHIYM YN HTUES VKIV uinry Y prumy iy mbipprs 1 usus (g1
z107 A%1ou3 ualozpAH Jo ruinof ruoury
<oy (rqosw pue vis05u0)
2uttn uange W (o wird oy uot wosospAy vo
PUF SUAINU KA e Jo 1333 d uesuastiy ' Tuoyl-o ‘s urssop {ZE)

“6-T16$:9€:110Z A3su3
©aYOIpAH JO (ruanof (PUONRIIAIL] “JOE IIEq BuudnbIs dqosdeut
o1 Juanys (i po wied woy uonInpoid uaBaIpAIoIq HO AU LOLUIZ
MOPIPAY Jo DI WS YEIAPQY s ‘N senuy WI wingel W sarpeg [1ut]
°Z10Z A333u3 uaTospAY jo jrumof
-a3pnys 4 £q uangy? [ qio uned
W08} |eAOwEds [oudyd pue uafesphy
§ Fuow-Q ') W] g UESLISRYY 'V vrwiuy ‘g nfwnpBuoyy ‘) ununuty [018]
“TU-TOSLYE600T AR1ug LS
-01pAH Jo frusnof [riourtIdzt UIIEIP (IVILILAAXI [PINSNTIS 1A LOOINNDE
susaged A ulouply
10 uonezIUAQ 'S AtmexionA ‘S winfezq) S rrnuuy prireioly Z el {601)
*9€1:(295
2uawaddngigo0z ASojouysatorg Jo jrusrof ‘ushirue LnuRNO) [FIQOINY
1M UONPAIND YI1vq-PIJ PP UIPQ S3PUN WIN(YS [ [1o uiprd Wwos) ton
~3nposd usorpRietq Mmdoutsail H-N purlwig 's Suoy1-0 'd uesuastad [gol]
“06-£85: 1¥:£00 A30100
4139, (PIQOLNY PUP RWAAIS TIOREN YOITg TudUINDIS NqOIdTUE U Suisn

‘22-ZIL11017010Z AB010UYII] SUN0SAOH] VOINIS AN 0]

WS YIS STers-Z ¥ Jo 250 XY} SISTPOW NS Wwoy vornpasd sareoseqed
-xaipeiAiod IR AW WVIN SI78 'S UOSIDUIY 'S SEXI0D 30 anbudnbnary [v6]

*91-B0T:PT1ITI0Z A20j0UY 9L 330082:019 (3NWOJ) NI

Jiews 10 wied §0 SN Paxi L APerols s1t pue uowdNPosd (vH) sarroue

“A[eAx0spAuAlod Joj wINsAs X IYOY-018 JO WALHOPAN] 1712 'S tedeig)
WS SIUNA ‘W 1UI2PS00T Uea 2 Turin ‘g SIOPTURVOW IW Ut DI g6l

‘8-€€S:0211€10 ATopouyL

2)1nosas01g Sar3as 2U1P33) Pur Hd JO 132 SPI3E ALT) ARLI0A PANILLI)
woy uownpord arrouryieAxaspAukiod ‘W BUTUZ 2 #N H JUIN H U [z6]

“6-$82:0Z1: 2102 AZOIOUY ), 210053101 '33WOd T[RU [£0 IALIO WOJ) UON
-3nposd InrourneAxoIpAyAlOd sann-paxiy ‘(4 3107 “Dd LN I 1nem [16)

“£-2091:22:0107 SIWIS

1RUALUONAUZ JO (EUNO] ITPNIS PNLANDE i} LONONPEId YHY LG LoneIwL
ustonu pue truoydsoyd Jo ST "M U L umL 2 ua) D uam [06]

*91-8:S817 1107 STPUITW SopreaTy JO [rumof BLfrur Arununcod

friqaLny pue a2pars paeAde €533 Aq uoudNpaid (gHi1) JeIAIngAxaipRyfiod
Jo vonrzundQ e 19 ‘M ovys W mz T RUTH N 3H A Surm Z nn (el

‘09-511

1£8'9007 SuL pue Fuipsv) snueuAp

2Iq019P O1 pannuans sainnn> paxnu Aq uondnpoxd JreskingAxoiphifiod
jo uvonrznundo WYW B9y N eneano ‘)d sowa sl wyesss fag]

“6=££:L71:0102 AOjoutd10rg Jo [EUInof SintNY

paxnw uado iqosde ut (GHA) Jo ot an
UO WANIOKILLE JO H3U3AYY) "WIW IUSIPSO0] GPA Y 11323qaa1 X uosuuof (48]

*g-0£9:01:6002 SInjowonnuory Kiedes 222018

trouex[PAx0IpAYAI0d YBIY T YA 21NN [PIILILG DIXNY € O WIAYIY
WO YIIPO0] URA ‘0 19ZANW Y wWAzaqIRR A Fuei| W vosuyof (98]

*11-Z0R:E¥E102 $100p03d pue sdos)

truisnpu) -a3tnf 1aquesns Duisn spp SR AQ (GHd) esfingleasp
-Rifiod jo uoudNpeld VS LrEY ‘Mf UOSIO MY rddrans-ruureys g 2uem (s8]

“TOY-£6£1:81°0107 won

-3nPosg 1ULILD JO [RUINO[ PANINESIAd UrisKereiy ® - WIS [Inul (10 tujed

usoly Aod sauseid 3 1q-L}2Tam 0) Jisem Sumieng,
TP 13 °A (RIS I A VYN UPLREY S TTV-PQY YN PAruTA L Tenuniy (v8)
L-SOLTTI0T

Aojonyastorg w1 uomiidg IUALNY SpRjoiq pur ‘sinuAlod Csieduxgy
Jo 92mos ¥ se saeourx|rAxoipAiAiod ‘0-0 UM D awm ")-f ua) X oro (e8]

*E1-€OPE TLIBG61

42eIsIY NEA BUIPID) WANRILIIUL JIPUn PANVIS Intodsds aTesors
Y2np Y1 FIPNS FUNING ¥ H LOPTUINY *d OSSRIPSSTIY "I Xiolri "y 1eaag (28]

‘B=£L¥S 70111102 A3010UYIIL INUII0NG BN LONUINA

adpnis Jo 132 ‘wshs [eaowal sruondiond (raSotolq paNITLD e jO

P 10 ot IUINY YNM IINYS [ 10 SX102 J1XO0 PUP NQOIIFUT WO saTpals PIrrAILIT AQ UCINPOId SITPOUTIPA
wird uo Ludvyyd pue Jo d d jo 3 1A Bued H-s Juvayd 3-m Buryd 3-H e (18l
NN PUMATIG 'S VIOYIYOIMIIIYQ ‘N eSunsesiul ' ursuasesg s SuoyL-g (¢ot] “UZ-0615°P¥ 0102 Y2153y J31em sruondsoxd

“16-¥8Z1 109007 A3

uaSespAH Jo frunof [rEONRLN JAY 1PIU0Y Jiqoldvnr Suisn uan|d
tlrt (1o wied wosy ‘Q pruy A A [s0t)

*g8-6£2:££°8007 AX1au] UIHOIPAH jo |ruInof Jruonruaiu)
Jo 3 ¥ Mg s usurw [sot)

“L8-LLTE V6007 A313u3 ua301pAH jO rusno]

PUONEPUIANY] UONFIINUIY WED AQ SIISPM [ZLISIPUI PUP TITWON WO
uonanposd usBoIphuotg VIN URSSPH A 1eINS ‘A wnnesrges W Suot) votl

*6=16:1£'2102 UOUINPAlY I3UFIL)

0 [ruznof eanyyd jiu po wird Butsh uonrswss Ait3U1d9)2 pue vordnposd
Ua¥01pAaTq UG JULLIERING PUE JHWAZUI JO WINPUI AL 'S 1aqeg 4T oyr leot)

“L-€6£1°0£'S007 Al1au) Jo jeusnof | )

qozarur Buisn tanYYd (P 10 tied wWol) uIToIpAY o to1dnPeId ynrq
D3 °IN NSOIZOA “I5 ANA T CI0WNIOGN VIN UEEN Y bery-Luynes ‘Avy juy [zot]

*LL-F9L:PE:6002 B3 uaBosphN jo

sossax01d

{runof (UG 121} TUINYI HY PO Luted 1503} 683 wnduing wmpuisoy
AQ uononpo:d ualoipAor] VIN UPSSTH ‘A 1PIYS VY wrRY "1 2uoy) {101l
*g-§9h1:19°L661 Anstiaorg pue ‘Nﬂo_ﬂiuu—e‘w_

pur uafonm ‘s>nrdio dQNIOS JO SPAI YN RPN wrans aEpnis
LM ¥ U101} SHTUNL PAXRU VIO U1 sIrrouirX[rAXaIPRIA(od jO UoINpPOLY
18 13 °d TUT] 'N £00G 'S 1EI4 'g UOSTURYOf 'V uOssIIEY ' SwmseSesurkion log]
*£8-825'L51°2102 ABojouyasoig jo (ruznof “spnposd-Aq srskjaiAd
pue sasmnd paniu wouy wounpoyd sunuAiodarg 4 sow N enow |6zl
“9-17€:£1:0107 AT0j01q0L |y th torurdQ 2ua1in)
; 140¥°L fe)
“12-£1€:£01:210Z ASojou
430) 3DIN0SAI0IG TIMESUO Iqaide Jish SUINEY3 MITOPIE PuE TTM
Pooj o) (vHa) d uo
Jxour pue NQOII JO AXIINYU] § ULYOW EINUIA W App semsarexudp (eL)
“0L=99:11:110Z AZorotnpaoeg §o fewnof saturadaid pur vowsodutod
KANPe3d Vi Lo NS UIPaY) pUe Lowsodiiiey ARLLGS JO IYI ‘surrans
PuviA) pue Aury Sfurioa way (vHdg)
UMD PN WVIN FI7Y "] SHIMY 3 110d ‘A QURUTW “I0W Jnbuanbaary 2]
“6009-9665:001°6002 ¥ )
J1es-prios pue Paliauqgns AQ 5230poid-Aq PUP STTUIITI AISTM 110J) (SYHA)
o $ NG 3134 VU 1RW W) ourased {5zl

rpualr uaasg et

“uawsorg snydanndy Aq jo
U1 10) uanysa fpw 1o wird pATIN Aledgosarue woy) uopesrdds poe
J1337% "% CIOUNYSTH Y YSIIeEN VI WUEN H N ‘A veiS YIN urssed {001)
"PE-GTTL-96°5007
anbnng3an ur Aq ruaprq Suvapord
{vHd) 1couryieAxoipAAiod Bursipn-10 wied jo uoNPIOs] ‘gl urL Z sey les]
R-SRY-E8IL66L SudaTudag
Aq mangys put

pur Jo prumef
1o wied paredsy woy 10 EETY
N CIOUIRISEH Y RSIEXEN VIN WHEN ‘N Ricekeqnem) A 1IN VI§ uessel lesl
“6-7L1'L¥1:010Z
ASojoctydai0ig o (eusnol 'sasmnd  paviw uado Aq sIsseiouw: iefns
woy) painposd o TG pue

WM PO SNVIV SIY “Dd S01U] g HOSTURIO Yy 035 'S vossatuag [¢£6]

0f-¥TLLL LE
‘2102 A320u3 30 jewanof yonpuod Jpun
Jonrasoiq W FNNg patean A oy}

Jo SISSirie JuBUY VN UPSSER LPUAIPH VN (UPQY L ‘Triumiy Z 1psey (96]
*PE-6Z2:681:1107 SIPLATIN SNOPIEZLY [0 {eumnof {3IWO0J)

JUSNYES 110 10 fed PINIOID PUT AV JO IULITLI S0) ‘IXTIC} $101¥3

1507 Pue govn Jo uesurdulo) 1 TPARUY N 208 'S 2uoxy1-0 °) fues [6)

*6L-192:TT¥00Z s3xeapy Alojou
~yaar0g “Ierodun [PHS0[OUYINMQ PUT SPUIL MDD NN PN AQ
fiod jo 1 WON 1UeAH ozl
“EL-6LPEPY'0I0T
Qreasay 1212 UOIIIIS MM UG UOHEUINIOD NELIGAS HINJYY M)
10 133 sasseiows seIns Juin JmENd QoW PIxXIL ¥ Aq uoudnposd
(VHd) arrournirAxoipAufiod "WV 5193 'AVD sauol ‘IO dnhssnbngiv (g2]
*S5-€051:52:0007 A3DS JAtALed Ut sxassend unskiod fersororg (savour
mexaspiaAiod jo sarudasd prre amonsts REAUAS ‘A 100 H Q¥ A usIpns {zz)
*6-1:05°€10Z ALiavaorg 13 ssrwong
seeutorq tufed-po woyy 0
QRTINS TE 13 A ILNS YV EUTY H UILUY Td A N1 398 VI uessey (1£]
'9-16:011:2102 £Bojout)da, 323nossorg “28pnis
semuesS Q0T WAL 1AN atsgaDl
-3UTUIQOINY P JO UOHPTUIEITVY PUT LCNEIOS] ] nOYZ "D 2Nz 'Q Tura loz]
*ER-SLOS:SP'LI0Z YIPILY I2EM S3jnuesd
31qosse PAYSTUY ynam 3IBpAjs Jrnddoy 2uipdds YIom) sioweds pors
senueS 21qosde jo wn dALEIS ) FUDNP3Y Z ueny, ‘) RUIM "W uenlly [69)

“108-£6£5°101:0107 APOIOUYD3] 32INALI10M “SAPIUS WIR[I0S)
pur £Anduo1oydonddds IANPALIP 1IPIo-151P AQ SI4P ©M) JO LOUTUTINININD

€08 €08~882 (€107) 5T wsmay [uau3 qouinims pup qomILsy / RAPEA WA 1990 X

snodueNWIS SANUTIT 2RGOIIL IANITUT OIUC DTN DAY UMjUG IAIENY
puP D7 MOIIA 10 vondsesoiq Jaunadiio H-f Suem N 05 D Suryz '4-f ot 1g9)
“18-8£L9:201°110Z
X posrg-asfe  yiguass
Bty 20) uonruLIo} FIpnls JeinuesS niqosy Y PAITA 2 Bueln ‘N urinpav [Z9]
Pi- 0B OI07 YHTIRRY JATTA “TEIS-QIXUL €F -02IA 11053 33pnjs seruess
q feaousas srackdsoqd [rai2otoq PSKITYU] ‘A FIN ‘A5 IeM 7oA udg ‘-3 na [99]
*EL=L9L:98:T10T BWISALAN) J01¥3) YNPG
feaowas # U1 2Zpajs PAUTALLE O SI00ID
tournueI a1 FuTpUTItLAGEN X-A NKZ GH RITM 24 Ruad “x) o [s9]
“5002 -966¢:901:600Z AZo[OIQLIN
panddy jo pznof wydonna reoxsiry Aq drvoursreAxaiphudtod cul spie
A a1rioA jo >k ] M 10914 ) [¥9)
E10T 135D PUT YLMOS JQELILIEIE - MOU STRUOY
TWINLTIN 1AIEAIISEM HUXS) 10§ ITpnys sepnuesS peqoany Rusn AZajens
257yd 1gasde-garave frijuanbas 7 WIGEIQ YW WPS V SUY X vpni (£9)
"8-ELTNT!H SRS haug jo (eusnof
“s100e2) PN yneq [} 3103 JO HISL
a1 wo asmyesaduras jo udnguy ‘A1 fuol W Turyz BN U ‘Mz Buos (29}
*E9-E£5:TLP00Z 53urADY AT0pOUd3101 TuNEIN
50 10 3¢ a3 Jo aress HI Aee ‘A AR (9]
lz10z201E passaae] ¢ 0T
ATBQOAIrMMMILAIR] > SIIqPIteAY TIOZ SUINDS [ - wransumod BOIN [09]
101622008 Passadr] (UNNTIOL-1L0T-HO-Wird
prLs)-J )1 9671210 pasd-1z/uondnp
q > Ay €lot ‘TI0L
g 1107 (sx5u03) torpnpazd fio wied apru Jo 5E310) PUE {ENULY BOIN 165)
'6-9687:101:010Z ABojouy29] 32:n0%a101g Watshs
poty eas 20nd ui voumposd (VHJ)
Atod uo Aprug "L A ‘4 1) les)

“Ip=bZ1:62: 1107 SIXUPADY AZOIOuLINONG UOIIN0ID 12iuNY
~UGHAUD 013G PIEMO) SHBITEUS UM-ULM ((FNOd) ISNY;S IRU 1O wied
wou e "I 931 ¥ we (6€)

“HL-891:121°6007 AITUNL
snopsezed Jo (eutnof ‘wueid ustnran (JWOd) UINIEd L 1o wied
pasrq JULIGUIL 21 U0 Apnis anerdiuod v 'S FuTYg ‘I Tuo) v prumv [8€)

°8-1£6+8L€007 Aoiouy3101g
g ASojouysa) [PIRUBYY JO fruInOf TIALYD |fu (10 wred wiol) (1o fenpu
pu $p1i0s PIPuISNS 1O [PAGWLIY 'S ITUR N WRIESQ) 'S pews] v pewuy (2]
“6-1L£:22:5007 MLy
PonuY) Jo [rumof urzesg 1apmod 1qqry Butsn Ju3nYI I Nio wifed
Loy (10 [YRPISA2 JO UOAIOSPY 'S IYITWING ‘N WINIEIQ] S FITLY TV prusyy Isgl
*S01-6G:811:000T 1rusnof Zuuaauitu3
|PMUND IVd pUP WM uesonyd> AQ WIS pw {10 wird w1 pros
PuE 110 3pisas JO ) 'HA PadwTH 'S msrums Tv prusuy {gel
TE-TTICEYI6007
YAPIEY JITEM ‘SIMUEIS HGOIFE UO UOURAIRIS JIQCITP/NGAIIEUP UM
3100 pue dgossrur UL RO JO 1VI Z UPNA N NI W uenly re)
2~ 1ZLIS1ISRGL SASTM [PIRITOLSY (IWOd) N( 10 Lifed o totisoduics
212 UO [N0UN {105 PUP UONEISE J0 WIYT YV (RS 11T el 'd mpnuredy [£€)
*1€~pT:2B:£007 WRUITFUTIY [PIILVONAUT J0 (RLINO] TWINYS
1w 110 wied J0 AU NQOIIY W ATY 'Q PrUMY N uearyZeivAena (2€)
*6~£01:19'¥651 AZojouyanoi 13 AZ0jOUYII] eI Jo Jrusmof uonen(y
pIELY: moydn £q tuanytys [ o wed Jo mauyes) Ty syueg Y riog 1€l
“6-18€:9:p661 AXISI01Y R} STPWOIY “J0RA3 Jaxurlq SEPNIS diqasdrur moy
~dn ue Bursn uanyga [T 1o wed Jo vonsaSip qossruy 1) Hueg Y ebeg (of]
£Z-611:VEI0661 ABO[OULIIL PUT NS FITPM "WANTAS puod ¢ R
WALTEAN IND W |10 125{rd J0 APRLs V "HH PRIUIPYOW "MS 371 Y01 ) (62]
*€00T ‘UL
AU AI533] MIN ‘SISILIP Ngosariie o AE0[0IQOINRY ML HIN 1resdd (8Z]
“E00Z ‘HIH

cuoy IR0
MuoreMEmWWiAIND ey TIMA EL0C ‘waosuodayunisoday

1 9502 pue ! 1PN [22]
96-£81:99£:0007 JURLRICHAUT [PIOL A1 JO INIIPS

 Vodsy YTITY MIN Ut QI0Z 15EI0) § ST
SaNAE POO) TENPIL-0N BUPOPd VHA - Mymu arecubeSosplafog (28]
‘£ Ga g BALTAY “Knisotod Y2y pue sanundun
StUERIOI JO [PADWDI Yitm LOGIED PIALIP-IIpnis 3Temas jo satuadosd
uondiospe pur RIANS [P 33 Urd ") UL 2 u3y X Ruram ‘A 10 f noz l9g]
1€ 1162 (mumnof 1F (EnuRt) PIsPQ-a2pnis.
Buisn )0/ SHOINOPO JO [PACLIIY VIN UTLOW-sIIu0W TiN uarriy v sunjuv [ss]
“9=061:¥E 119002 SITUI1LI SNOPIYIPH JO [ruInof 3P 2ANIEA JO
uoIId05p® 10} SEPNIS PAIEANSE PIUP JO ISNAI ML 'S J9IIQ 'V BARY ‘O ZvuinD [vs)

WIANYL (j1u 130 tujed JO $PUOd JIQOIITUE L) UOISEILLS TR

4O ADRIS JUNIST °S USEANS ‘N EXPSHIEM ‘A TPINS W UESSEH 4V 'S qoara 92l

*6-0LE:15:900Z A1ISTUING01G $53001 "JONPAIOIQ WY PIXY-Fpnis 3gosaeue

Moydn ue u) uangd M 110 wied jo vousSRP RGosdEUE NeI-YRIH H 4P

-FTENiQISEN "IN €S] UITUSEH ‘5 PaLITIOW TVV yapezieusz ‘gD modjefen [52)
"BE-6TLZ: 1012010 ABOIOUN] 9L NS0 WI[Y PATINY

[eor20{01G PITIIGOWWN LItm PIIPIIN WAISAS 51193 130 [rIGEY S5RIS-CA

© ZuISh SUAALIPIS WAL [IRY [0 Witd V wMYoA T IN X nyz T Tuad [v2]

ph=SE:161:9007

“16-E211°¥51:0002 STPUNEN
Jo munol ‘SIaqY UOQIPY PIIVALDIT PuT UOGIYd PAIPALY semuesd e
~J3WLI0) ‘RIIQIOSPE PIALIP-IZPN[S 110 ALIILOIAIL PUP ULDJOIONS “KIOIIE
10 SMSUIDRITY LonAIOSPY I-H RiEy) ‘A-D Turni WeH Tuewd Hof 1esy (es)
“GR-6L1:9LZ" 1107 UONTUNYSI) TURILYIL SITEMIIEM M 20§
UOIITAIIIE WIS AQ 32PNis JTemas (L1 3aded LUGL IPRLLI VOGITI PAPALN PIST]
TN J0 UOMEIRGAY TP 19 DA ORIZ ‘A D X RIEM A4 070 AD 30U MmN [25)
*TS-OVTLLLL 1102 prenof
SULANRNY PN SAPAIS IURING PUP SHUFUAPOLIIXGS Wnuqinb>
:33pNis PIIFALIP JISTM UINYD (I [0 tujed WO JUIQIOSPE [dA0u Buttn
N1 SUAKNIIN JO TeAcusss 3ALKLIOSPY ‘WA DIFAIPTA ‘GIN UFIIUSTI X 109 (15)
09-$S1:111TI0T
A20/y39) 3)M0S0)G 600 O1 ZOOT WOy TURYD Ul Ausmpui pio
wird 1 U1 pAIEIXIaY IO 31 O (PuUII0d Koy ¥ 201D W Uy [05)
11072081 passanse] Cquny ek

g duy > S3GYReAV ‘0162
quopedndde mau quam saseanul uatudopdadp Stseidotg ‘pa trurnd {6¥)
(€107L0°81 passar] (Aw
“AOTepITAMM ) 12IGENPAY TIOT 5¥301q 10) SaTeL (1) el u1-pad4 Va3s' [8y]
“{€10720°8) PISSa0IE] (LI UOGIEI PAPAIY DO
~19pMOJ PTG D 207
‘Mamfl:dan > 3QEIRAY ‘GOOT TPN 0D [rudrw Kiddng Joiway axuery
A1) UR0DG00Z PIPN “0) [rudtey Aiddng satea et ity Uuod [¢b]
*§8-LLP:TT:P00Z ABO{OULIAN0IG U1 SPUIAL “INPMIISTM

framnause pue feuisnput woy Y pue o d
W rsouds3-zanSanog VA VUMM HIN UTRYRG-IV ¥ wuey ‘1] mauatuv [ov)
‘PE-BTRT6L°S00Z PUL NN

‘ASojopoyiaw wepns dsuodsal Burn AN W o wied Joj stdesd

oy o 0 s ruryg 's frwsy v prunv [sy)
“B-7SRL:18:9007
ASopouydaolg B ATojouyday ey Jo [rusnol ‘sprus Jurid tojd pue
Kipuauy Aie UE S $DIIS TIIJIR(0 TRULIOW

rsn uowirandnd RNKS [IRU 1O Wwird TV PRUYY Z ururgio 'S ervg (vl
“b-GE1:1p1:10Z ATOJOUNIIL SAINO0SII0NG 101383
qessrue ates-ySy PaIqUIOd B WINYS PNy 1o wied o sudnea
1qosaeuy Al wied T-[ W V4 IPPUIOYD W= UOS H-D UIls H-m fod) (ebl
"GG-SRY:LY TI0Z AUSRURIIOIG $520014 "DUPULONIA Aes Aprass
pur dn-uris {(IWO0A) MINWD I 11O wed jo uUnFIN A 39f (GWVI)
1019001q N1QOIIE-21QOIIEUR pALIFIRI UV T M I Tuoyd A ury) [zv]
"8~ 190:Z01°110Z ATO0UYI3] IAUN0FII0IG VONINDR
ity K> PUP JUAUIPAA UOLTUOZO YuM JOLER) ynrq Bududabis
21qasaeue u) IO Jo AXIYYS vons>Mp Bupueyuy | wrepie) ' rdradiry [1y)
*6ZP:6£1:1007 usuvulEsag “Ausnput
[PAUYSY X1 U0y IIIEMIISTM O UOUPIIYOUEN Y TNTA ‘AW ontopy [0¥)

£09-882 (€102) 97 sMA7y AR13u3 SOUIINS PUD AGMIUR] [ MISRIPDA WA 190D X

Rutn (IX0G) WAL (I o Lifed
1013 UONPUIEAS JINTM BuntLLQ S W) 'S Tieug ‘I Riot) TV prunjy [ez)

26-$81 'd ‘861 usunean

wanpe g i po wyed {euortas ap jo

1) UL JUINYD LR 10 wited Jo) watsAs Fuipdod ‘23 tooyd ‘s uwy) [z2l

*Op-gEL1°16°010Z WIWITPUTIY [PIUNUVOIIAU] Jo jruinof (¥ES)

10102y YNTY TUKAAbIS AES-GE] © TISH (IR0 LN TN 10 wWird
pasafip Aenqosdrue J0 wdusean jentojorg 1) Met i Suoyd A uryd {§2)

“0T-€12: 111107 fewsnof Ryl

[PORUSYD UAMLPIN JPMASEM (INOd) liRY 10 wird A Joj sHnurS
21OIIT 0 UOTZIUN puE HudOIASQ WA RIBAPTA ‘G YIRS ) 190D 0Z]

“6-¥¥1:101:01067 ABolouydaL

23:10£3304 “TUANYYD (W 110 Wied WAL FIPot IFPNIS PATALIT JO SiThjrur
JNAMORAEY 7Y UPLIVING *D UOSSID W \npes Z Sueln v uuekaweq (61)

*§L~696V:001:6007 3O

-JOUYIIL A2NOLIIONG LIS W [0 Wird Jo JuARLLEIN prod UONFTGYIS
slqozaTur o uouvniEAd U [exSoiorg Ll UL "W IPEN 'SA From fa1)

“$9-855'0'800Z SANILS [EIUSURICHALT O

Jrwnof WaRLR (P o twied SURPAn Ui ACIOUYIA REPIGIINY POP POYINL
1£2180{01 JO UGNTBIN 1P 33 '[Z IO X TN "1 1D TTX 02D ] ueA A 2uruz |zi]

6-021:6¥1:£00Z STPUAIT

nopezel Jo [rwnof “WEINSRQD [RIRINL SP SPAXS EIdjI3j0 PRULOH fuien
(2IOd) 10313 [t PO NEd J0 URUNPINSIY TV Prunly Zurunpo s rurig 9]

‘LL-60E:6L:L002

yruanof “Buinoy vo amesad o
0P Suisn K13A032) pur
(3W0d) WanD (I 110 WIFG N JPNuY KT Wrel ‘MY Prunurion ‘AL o (St
*$6-£8:£51:£007 UOUTUITESI( *ABojouny33) eiquiay 2NN (IN0J)
wanpyd [ 1o wied wosp SNDK JAIPA S PTG 'S st TV pruny (K]
*L~GE$8:7007 ATOforttfad] 32nCsasong 1SV e [exdas)
£ £Q JUAWILSN JUINTJD (L (10 UAIRd V UPG 'SS IPIPIIZ ‘W LTS N femsO (2]
*SE-ST1:5¥19661 ABojouyaaong
30 truanof twashs (gsvN) 1uerg 33PN qaudtUE moy-dn feis-on ¢
Ut IO (T 110 TR JO IALIEIN GOISTUY F ZRIRIES °[) sen W xhog (1]
1€10220°51 passade]

3 10 ured ‘WU, uoday (1t]
'9Z-€11 'd ‘6661

[URC) S12M0IY LRy 11O ersAe(riy andium efeny “Jandadsiad veisAriTi

€ uawuonAUS ) PuT WITd 110 1 ParQ 'L 293 'HY W "D uBws ‘N e (ot

rap I} mooqsumy>
Amffduy ) GEITAY €10T >

‘Z5-SPPLipLI0107 smandy ARiaug jqruirng

@ 3lqPMIUSY SEM [EnHNOUBE [PLISTPUL ) JO UOUFTLN JZMXIAS
» :quan(y (1w {10 tjrd jo suourstidde 3 o1 nBisu) “HE POSWPH AN 003 [6]
Q10T $¢3UISSI T 10 FTIND [PIUIOIALD 110 wifed ¥ 03A (8]

08



