Strategy for the biotransformation of fermented palm oil mill effluent
into biodegradable polyhydroxyalkanoates by activated sludge
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HIGHLIGHTS

« Effective production of valuable PHA from fermented POME by activated sludge.
« Successful enrichment of PHA producers via aerobic dynamic feeding process.

« PHA production is best conducted at pH 7.

« Highest PHA content achieved was 64 wt% PHA per sludge dry weight.
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Management of wastewater by resource recovery approach allows the transformation of wastewater into
valuable resources. This work examines the biotransformation of fermented palm oil mill effluent (POME)
into biodegradable plastics — polyhydroxyalkanoates (PHA) - through cultivation and enrichment of PHA-
accumulating organisms in activated sludge and the subsequent production of PHA by the cultivated
sludge. Enrichment of PHA-accumulating organisms via aerobic dynamic feeding process was effective
and had significantly enhanced the PHA storage capacity of the sludge (wt% PHA per sludge dry weight)
from 4 wt% (seed sludge) to 40-64 wt% (sludge cultivated for 50 days and more). The cultivated sludge
comprised of 42 + 12% Betaproteobacteria, 35 * 7% Alphaproteobacteria, and 13 + 4% Gammaproteobacteria,
as estimated by fluorescent in situ hybridization. The influence of pH (4.5 in the absence of pH control;
and pH 7, 8 and 9) on the production of PHA by the cultivated sludge was subsequently investigated. Neu-
tral pH was the most favorable for PHA production, resulting in a PHA content of 64 wt% in 8 h. The PHA
produced was made up of 77 mol% 3-hydroxybutyrate and 23 mol% 3-hydroxyvalerate. These findings
signify that the combination of fermented POME and activated sludge offers an alternative to the palm
oil and the plastics industries for a more sustainable POME management and an economical PHA produc-
tion route.

@ 2015 Elsevier B.V. All rights reserved.

1. Introduction

mated that one tonne of palm oil production could result in more
than 2.5 tonnes of POME [1].

Palm oil is a vegetable oil with numerous industrial applica-
tions. It has been used extensively in food, oleochemical and
energy industries for the manufacturing of cooking oil, margarine,
soap, biodiesel, etc. Palm oil is produced from oil palm fruit
bunches through a series of processes namely sterilization, thresh-
ing, digestion, pressing and oil purification. Large volume of high
strength wastewater - known as palm oil mill effluent (POME) -
is generated from the processing of oil palm fruit bunches. It is esti-
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POME is commonly managed via treatment-oriented approach
and most palm oil mills adopt the open ponding system to treat
POME [23]. This system requires a large footprint due to a long
retention time of 20-200 days [2]. Besides, the open emission of
methane gas generated from the anaerobic pond contributes sub-
stantially to global warming. These drawbacks have prompted
the development of better POME management system. One of
the options is resource recovery which transforms the organic
pollutants in POME into useful resources such as organic acids
[4], hydrogen [5] and electricity [6]. Resource recovery manage-
ment approach allows concurrent minimization of waste and
generation of valuable products. We are interested to utilize



List of abbreviations and symbols

3HB 3-hydroxybutyrate
3HV 3-hydroxyvalerate
ADF aerobic dynamic feeding

Cy3 sulfoindocyanine dyes

DO dissolved oxygen

FISH fluorescence in situ hybridization

FLUOS  5(6)-carboxyfluorescein-N-hydroxysuccinimide ester
HRT hydraulic retention time

MLSS mixed liquor suspended solids

MLVSS  mixed liquor volatile suspended solids

P(3HB) poly(3-hydroxybutyrate)

P(3HB-co-3HV) poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

PHA polyhydroxyalkanoates

PHA;;iiai concentration of PHA measured at the beginning of
batch PHA production

PHAf.. concentration of PHA measured at the end of batch PHA
production

POME  palm oil mill effluent

Qpua specific PHA production rate

Qvra specific VFA consumption rate

qx specific growth rate

sCOD soluble chemical oxygen demand
SRT solids retention time

t duration of batch PHA production

VFA volatile fatty acids
VFA,iiq concentration of VFA measured at the beginning of
batch PHA production

VFAg,, concentration of VFA measured at the end of batch PHA
production

VSS volatile suspended solids

vvm gas volume flow per reactor working volume per minute

Xinitial concentration of cell measured at the beginning of batch
PHA production

Xfinal concentration of cell measured at the end of batch PHA

production
Ypranea PHA yield on VFA
Yywa  biomass yield on VFA
Yo, vra  respiration yield on VFA

fermented POME rich in volatile fatty acids (VFA) for the produc-
tion of polyhydroxyalkanoates (PHA).

PHA are biodegradable plastics with similar mechanical proper-
ties to polyethylene and polypropylene [7]. Commercial PHA pro-
duction is achieved by pure microbial culture using pure carbon
substrate [8]. This results in high PHA production cost which has
reduced the competitiveness of PHA in commercial market. The
market price of PHA is approximately $ 4.4-6.0 per kg [9] which
is considerably higher than that of the conventional petrochemi-
cal-based plastics at around $ 1.5 per kg [10]. One of the ways to
reduce PHA production cost is by replacing the pure microbial cul-
ture with mixed microbial culture such as activated sludge [11].
Such substitution eliminates the need of maintaining high-
energy-demanding sterile condition in PHA production by pure
microbial culture. The non-sterile condition also permits the use
of waste-derived carbon substrate, thus the cost of PHA production
can be further reduced as carbon substrate accounts for 31% of the
total cost [12].

The production of PHA from wastes (e.g. paper mill effluent and
sugar cane molasses [13-15]) by activated sludge is commonly
accomplished in a three-step system, as illustrated in Fig. 1. In
the first step, waste is converted into VFA - the preferred carbon
substrate for PHA production - via acidogenic fermentation pro-
cess conducted in an anaerobic reactor. Subsequently, a portion
of the VFA-rich fermented waste is used in the cultivation and
enrichment of PHA-accumulating organisms in activated sludge.
The cultivation step aims to produce sludge of high PHA storage
capacity. Finally, the cultivated sludge is employed for PHA pro-
duction with VFA-rich fermented waste as the carbon substrate.
Through such a system, Jiang et al. [13] obtained a PHA content
of 77 wt% using paper mill effluent as feedstock.
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Fig. 1. Biotransformation of waste into VFA for the production of PHA by activated
sludge.

In the literature, several studies [16-18] had examined the pro-
duction of PHA from POME by activated sludge. Din et al. [16]
investigated the effect of COD:N:P on PHA production. In their
study, the highest PHA content of 44.5 wt% PHA per sludge dry
weight was achieved at COD:N:P ratio of 180:0.7:1. On the other
hand, Salmiati et al. [17] managed to attain a maximum PHA con-
tent of 40 wt% by doubling the loading of fermented POME sup-
plied to the reactor. Din et al. [18] achieved a relatively high PHA
content of 74 wt% through the application of microaerophilic con-
dition, but the entire PHA production process was fairly long as it
took about 40 h. Hence, there is a need for more studies on the
strategy for efficient production of PHA from POME. A shorter
PHA production process yielding higher PHA content is highly
desirable.

This study adopts the above-mentioned three-step system for
PHA production from POME. The first step of acidogenic fermenta-
tion of POME had been examined in our recent work [19]. It proved
the viability of producing high concentration of VFA from POME. It
was also recognized that the fermented POME having a high molar
ratio of VFA-C:N:P is a suitable feedstock for PHA production. By
using fermented POME as the sole carbon substrate, the present
work investigates possible ways for enhancing the performance
of PHA production by activated sludge. Two aspects are explored,
i.e. enriching the activated sludge with PHA-accumulating organ-
isms and fine-tuning the conditions of PHA production using the
cultivated sludge as inoculum.

2. Materials and methods
2.1. Source and preparation of the fermented POME

Fermented POME was obtained from a lab-scale fed-batch
anaerobic reactor operating at room temperature (~30 °C). The
operational details of the anaerobic reactor could be found in Lee
et al. [19]. The characteristics of fermented POME are listed in
Table 1.

To maintain a reasonably uniform feed quality, the fermented
POME was first filtered (MGC glass microfiber filter, Sartorius) to
remove coarse solid particles, diluted with reverse osmosis water,
and the pH adjusted (where needed) with 1M NaOH solution
before being fed into the reactors. Unless specified otherwise,



Table 1

Characteristics of the raw, undiluted fermented POME (standard deviations
are due to different batches of fermented POME generated from the
anaerobic reactor).

Parameters Concentration
pH 45£0.1

sCOD (mg/L) (2.0+0.4) = 10°
VFA (mg/L) (82+16) % 10°

Composition of VFA
Formic acid (mg/L)
Acetic acid (mg/L)
Propionic acid (mg(L)
Butyric acid (mg/L)
Valeric acid (mg/L)

19456
(3.1£06) = 10°
(25+0.8) = 10°
(19+404) = 10°
(7.0+1.7) = 10°

NH;-N (mgL) 70+16
PO; -P (mg/L) 80£16
VFA/sCOD (%) 62 +4

VFA-C:N:P (on molar basis) 130%£19:2+0.5:1

W Formic acid @Acetic acid B Propionic acid O Butyric acid M Valeric acid
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Fig. 2. Compositions of VFA in the fermented POME fed to the cultivation reactor of
PHA-accumulating organisms. Formic acid was included for completeness sake, but
it was barely noticeable. A total of 25 batches of fermented POME were used
throughout the cultivation process.

hereafter “fermented POME" refers to “filtered, diluted, and pH-
reguiated fermented POME”.

22. Cultivation of PHA-accumulating organisms via aerobic dynamic
feeding (ADF) process

The cultivation of PHA-accumulating organisms was conducted
in a 1.2-L sequencing batch reactor (SBR) operating on the ADF pro-
cess at pH 7 and 28-30°C. Air was supplied to the reactor at
1.0 vwvm without any dissolved oxygen (DO) monitoring or control.
The cultivation reactor was inoculated with activated sludge col-
lected from a local municipal wastewater treatment plant located
in the federal territory of Kuala Lumpur, Malaysia. The reactor
was operated at a cycle length of 24 h. Each cycle consisted of three
phases: (a) 6-min simultaneous feeding of 0.3 L fermented POME

Table 2

(carbon substrate) and 0.3 L nutrient solution, respectively, (b)
23.7-h reaction (feast and famine) and (c) 13-min withdrawal of
0.6 L mixed liquor from the reactor. The last step gives a volumetric
exchange ratio (total volume of mixed liquor withdrawn from
reactor/total working volume of reactor) of 50%. There was no set-
tling phase, resulting in identical hydraulic retention time (HRT)
and solids retention time (SRT) of 2 days [13]. The daily loading
of fermented POME to the reactor was kept at 360 mg VFA-C/L.
The compositions of VFA in the raw, undiluted fermented POME
are summarized in Table 1 and detailed in Fig. 2. The latter shows
that the VFA fractions in each batch of fermented POME fed into
the cultivation reactor remained fairly similar, indicating that
these would not affect the microbial selection in our experiments.
Nutrient solution was provided to assist microbial growth and it
contained ammonium chloride (1070 mg/L), potassium dihydro-
gen phosphate (1460 mg/L), magnesium sulfate heptahydrate
(660 mg/L), N-Allylthiourea (20 mg/L) and a trace element solution
(3.33 mL/L) adapted from the work of Ong et al. [20]. N-Allylthio-
urea was part of the nutrient solution to prevent nitrification
[21]. The resulting molar ratio of VFA-C:N:P of the feed was
approximately 10:2:1.

2.3. Batch PHA production by cultivated sludge

0.6 L of mixed liquor was withdrawn from the cultivation reac-
tor of PHA-accumulating organisms at the end of its cyclic opera-
tion. The mixed liquor was centrifuged to separate the sludge
from supernatant. Subsequently, the sludge was subjected to batch
PHA production to determine the maximum attainable PHA con-
tent. In the batch PHA production, fermented POME was employed
as the sole carbon substrate. Its pH was adjusted to 7 before being
added into the PHA production reactor at concentrations and com-
positions as shown in Table 2. The concentration of fermented
POME was increased with the cultivation days to ensure sufficient
amount of VFA was available for PHA production, as the VFA
uptake ability of the sludge had improved considerably over
50 days of cultivation. A starting dose of 950 mg VFA-C/L was even-
tually used as it approached the upper limit of VFA consumable
within 8 h. Unlike the cultivation reactor, no nutrient solution
was provided to the PHA production reactor in order to suppress
microbial growth and to promote PHA production. The PHA pro-
duction was carried out at room temperature of 28-30 °C with
an air supply rate of 1.0 vvm. The oxygen mass transfer coefficient
was estimated by using the dynamic method as described in the
work of Nittami et al. [22]. The oxygen mass transfer coefficient
was estimated to be 13.9h~', which was reported by Third et al.
[23] as an oxygen-limited condition.

For the seed sludge (taken from the municipal wastewater
treatment plant) and the activated sludge collected from the culti-

Source of the activated sludge and the concentration of the fermented POME added into the batch PHA production reactor.

Source of activated sludge Description of activated

Concentration of fermented POME added

Composition of VFA in fermented POME (wt%)

sludge (mgVFA-CIL) Acetic Propionic Butyric Valeric
aad acid acid acid
Municipal wastewater treatment plant  Seed sludge 750 at hour 0 41 25 25 10
PHA-accumulating organisms Day 4° 750 at hour 0 and 350 at hour 8 42 24 24 10
cultivation reactor Day 14 950 at hour 0 and 550 at hour 8 43 24 23 10
Day 26 950 at hour 0 and 550 at hour 8 40 23 24 13
Day 33 950 at hours 0 and 8 40 24 25 11
Day 50 950 at hours 0 and 8 41 24 25 10
Day 74 950 at hour D 39 28 23 10
Day 131 950 at hour 0 38 32 23 7
Day 158 950 at hour D 38 33 23 7
Day 177 950 at hour 0 38 36 21 6

# Cultivation day.



vation reactor of PHA-accumulating organisms between day 4 and
day 50, the production of PHA was carried out in a 0.5-L aerobic
reactor at an initial pH of 7 for 24 h with feeding of fermented
POME at hours 0 and 8. The pH was not controlled throughout
the PHA production. For activated sludge taken from the cultiva-
tion reactor from day 74 onwards, the production of PHA was con-
ducted in a 1-L aerobic reactor at pH 7 for 8 h with a single feeding
of fermented POME at hour 0. The duration of PHA production and
the feeding frequency of fermented POME were reduced because
the maximum PHA storage capacity of the sludge could be reached
in 8 h. This observation is detailed in Section 3.3.

2.4. Batch PHA production at different pH

To fine-tune the batch PHA production condition, the effect of
pH was investigated. This operating parameter was chosen due
to its great influence on the production of PHA [24]. There was at
least one report [25] that PHA producing microbes cultivated at
pH=8.5 performed better at pH=9.5. It is thus of interest to
explore to what extent the microbes could handle production
broths at different pH without further acclimatization. Guided by
typical ranges used in the literature [24-28], four pH conditions
were examined, i.e. without pH control and with pH control at
pH 7, 8 and 9. For the PHA production experiment performed with-
out pH control, the pH was found to be 4.5, i.e. the intrinsic pH
value of the fermented POME (Table 1), throughout the whole
experiment. The production of PHA was carried out in an aerobic
reactor for 8 h at room temperature of 28-30 °C. Air supply was
maintained at 1.0 vvm. The initial fermented POME loading was
kept at 950 mg VFA-C/L. The experiments were conducted by using
activated sludge collected from the cultivation reactor of PHA-
accumulating organisms on days 72-76 as the inoculum.

2.5. Nile blue A staining, morphology and the relative abundance of
bacterial groups

Activated sludge taken from the cultivation reactor of PHA-accu-
mulating organisms when the reactor reached stable operation was
examined for the presence of PHA granules and the morphologies of
microbes. Nile blue A staining was used to detect the PHA granules
stored inside the microbes [13,29-31]. Nile blue A solution was pre-
pared by dissolving 5 mg of Nile blue A in 50 mL of ethanol. Prior to
staining, the sludge sample was air-dried on a glass slide. It was
then stained with Nile blue A solution for 15 min at room temper-
ature. After staining, the sludge was examined using a fluorescence
microscope (DM2500, Leica, Germany) equipped with filter cube
Y3. The morphology study was performed using wet sludge sample
and a light microscope (DM2500, Leica, Germany). The relative
abundance of Alphaproteobacteria, Betaproteobacteria and Gamma-
proteobacteria was estimated by fluorescent in situ hybridization
(FISH). The sludge sample collected during the steady state of culti-
vation reactor was fixed in 4% paraformaldehyde and the FISH was
performed according to Daims et al. [32] using the following
probes: EUBmix (EUB-338-1, EUB-338-11 and EUB-338-111), targeting
all bacteria [33,34]; ALF968, targeting Alphaproteobacteria [35];
BET42a with the competitor (GAM42a), targeting Betaproteobacte-
ria [36]; and GAM42a with the competitor (BET42a), targeting Gam-
maproteobacteria [36]. Oligonucleotide probes were labeled with
5(6)-carboxyfluorescein-N-hydroxysuccinimide ester (FLUOS) or
with the sulfoindocyanine dyes (Cy3) supplied by either Rikaken
(Nagoya, Japan) or Nippon Gene (Tokyo, Japan), which were applied
at the concentration recommended in the publications for each
probe. All samples were observed with a BX51 epifluorescence

microscope (Olympus, Tokyo, Japan). Note that samples for quanti-
fication with FISH were homogenized by ultrasonic treatment

before microscopic observation. Biovolume values, which represent
the area of cells hybridised with bacterial group probes as a per-
centage of the total area hybridised with the EUBmix probe, were
calculated using the Daime software [37]. The mean values and
the standard deviations were calculated on the basis of 20 fields
of view.

2.6. Analytical methods

The analyses of VSS, soluble chemical oxygen demand (sCOD),
ammonium, phosphate, VFA (formic, acetic, propionic, butyric
and valeric acids) and PHA (3-hydroxybutyrate (3HB) and 3-
hydroxyvalerate (3HV)) were carried out according to the methods
reported by Lee et al. [19].

2.7. Performance evaluation

The PHA storage capacity of the activated sludge was evaluated
based on PHA content calculated according to Eq. (1):

PHA N
PHA content = Tudge dry welght x 100%
PHA % 100% (1)

~ Mixed liquor VSS

Meanwhile, the specific VFA consumption rate, the specific PHA
production rate and the specific growth rate were computed using
Egs. (2)-(4). The cell concentration was taken as the difference in
concentration between mixed liquor volatile suspended solids
(VSS) and PHA [38]:

Specific VFA consumption rate (—qyg,)
VFA consumed
"~ Initial cell concentration x Duration of batch PHA production
_ VFAiiia — VFAGma
Kinitia X ¢

(2)

Specific PHA production rate (G, )
PHA produced
"~ Initial cell concentration x Duration of batch PHA production
_ pHAﬂnal — pHAlmtlal
Kinitia T

3)

Specificgrowth rate (qy)
Cell produced
~ Initial cell concentration x Duration of batch PHA production

Krinal = Xinitial
= ha - ha 4)
Xinitial Xt (

The PHA, biomass and respiration yields on the VFA consumed
were calculated using Egs. (5)-(7).

PHA produced
~ VFA consumed

PHAgna — PHAGnitia
B VFAmmaL - V-FAﬁnal

PHA yield on VFA (Y pyaves)

Cell produced

VFA consumed
Xeinal = Xinitial

- VFAmmaL - V-FAﬁnal

Biomass yield on VFA (Yyyes) =

Respiration yield on VFA (Yo, /vea) = 1 — Yorawea — Yxpvea (7)



3. Results and discussion

3.1. Feasibility of direct application of activated sludge for PHA
production

In this work, seed sludge employed for cultivating PHA-accu-
mulating organisms was collected from a municipal wastewater
treatment plant. Prior to cultivation, the sludge was subjected to
batch PHA production test to evaluate its PHA storage capacity. It
was found that the PHA storage capacity of the sludge was extre-
mely low as it could accumulate only about 9 wt% PHA per sludge
dry weight in 24 h. This result was similar to that obtained by Tak-
abatake et al. [39]. They evaluated the PHA storage capacity of 18
activated sludge samples taken from 4 different municipal waste-
water treatment plants and realized that those sludge were capa-
ble of accumulating 6.0-29.5 wt% PHA per sludge dry weight. The
low PHA content obtained in this work implies that the direct
use of raw activated sludge employed in our work for PHA produc-
tion is ineffective. Instead, the sludge should be subjected to a
proper cultivation process to enhance its PHA storage capacity
through the enrichment of PHA-accumulating organisms.

3.2. Cultivation of PHA-accumulating organisms via the ADF process

To enrich the activated sludge with PHA-accumulating organ-
isms, a cultivation reactor operating on the ADF process was

(a) Day 3
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established. Fig. 3(a-e) show the concentration profiles of VFA,
PHA and sCOD in the cultivation reactor obtained on days 3, 20,
49, 85 and 126. As seen in Fig. 3(a-e), the sludge was exposed to
transient availability of substrate (also known as feast and famine)
repetitively in the ADF process. It was observed that VFA were
available only for 4-8 h in the 24-h cyclic operation of the cultiva-
tion reactor. VFA were the dominant organic substrate in fermented
POME (62% of the sCOD was VFA; Table 1) and the preferred carbon
substrate for PHA production. After the depletion of VFA, other
organic substrates were still present in the cultivation reactor, as
indicated by the residual sCOD concentration. Nevertheless, the
rate of sCOD uptake was low in the famine phase (Fig. 3(d and
e)), implying that the sludge had to endure a long period of famine
once VFA were no longer available in the cultivation reactor.

Transient availability of the preferred substrate in the cultiva-
tion rector would favor the selection of PHA-accumulating organ-
isms because these organisms manage to store the substrate as
intracellular PHA and utilize the PHA to survive the long famine
(i.e. no external substrate). As depicted in Fig. 3(a-e), the profiles
of VFA and PHA in the cultivation reactor were in agreement with
the metabolic behavior of the PHA-accumulating organisms.
Simultaneous uptake of VFA and storage of PHA was observed in
the feast phase. Meanwhile, in famine phase, consumption of
PHA was noted after the depletion of VFA. This observation signi-
fies that the ADF process is capable of promoting the cultivation
of PHA-accumulating organisms in activated sludge.

)

S

o —————

4 6 B 10121416 18202224

Time (h)

Famine

B
S S

VFA & PHA (m
8

(=]
=]
o @l-b-

(e) Day 126

Feast
500

PN
o
6 8

10 12 14 16 18 20 22 24
Time (h)

Famine

)

X

-
T 400

o

m;
s
=]
=]

=)
=
=]

VFA & PHA (r
=]
=]

0

< T
02 4 6 8 101214 1618 20 22 24

Time (h)

(b) Day 20
Feast Famine

4 500 :

!
T 400 :
s '
£ 300 & :

i
g 200 !
& |
- 100
= !
& \

0 <
0246 81012141618202224
Time (h)
(d) Day 85
- 500 Fea:;(l Famine 2000
3 ! =)
2 400 ' 1600 g
= 300 1 1200 T
= , Ed
z 0 : 80 2
Q
LE 100 ! 400 3
=
a O-o-0— 7 0
0246 81012141618202224

Time (h)

Fig. 3. Concentration profiles of VFA (C), PHA () and sCOD (M) in the cultivation reactor of PHA-accumulating organisms monitored on (a) day 3, (b) day 20, (c) day 49, (d)
day 85 and (e) day 126. The vertical dash line represents the changeover from the feast phase to the famine phase. The concentrations of sCOD were not measured on days 3,

20 and 49.



An increase in the PHA content was observed at the end of feast
phase during the cultivation process. On day 3, the PHA content
was 8 wt%. It increased to 22 wt% on day 20, and varied in between
22 and 33 wt% thereafter. The increment in the PHA content signi-
fies the success in the enrichment of the population of PHA-accu-
mulating organisms in the activated sludge through the ADF
process.

Results of Nile blue A staining (Supplementary Fig. 1(a-d)) were
consistent with the data acquired from the chemical analyses. Sup-
plementary Fig. 1 (a-b) and (c-d) correspond to the sludge collected
at the end of the feast and the famine phases, respectively. The
orange fluorescence signals in Supplementary Fig. 1(b) and (d)
indicate the presence of PHA granules. It can be seen that there
are more signals in Supplementary Fig. 1(b) than in Supplementary
Fig. 1(d) because PHA was accumulated in the feast phase while
PHA was consumed in the famine phase, resulting in little PHA
being detected. Supplementary Fig. 1(a and b) show that PHA gran-
ules were mostly observed in floc-forming bacteria while filamen-
tous bacteria stored PHA to a lesser degree.

3.3. PHA production by cultivated sludge

Although the cultivation reactor was operated at a low SRT of
2 days, the sludge was still capable to grow and sustain itself,
allowing it to be harvested for PHA production. As illustrated in
Fig. 4, the MLVSS concentration in the cultivation reactor dropped
progressively from 2650 mg/L to 633 mg/L in the first 31 days of
the reactor operation but was thereafter maintained in a range of
548-653 mg/L (day 31-85), followed by a higher range of 908-
966 mg/L (day 126-173).

To evaluate and quantify the efficiency of the ADF process in
cultivating PHA-accumulating organisms, activated sludge was
withdrawn from the cultivation reactor on different cultivation
days and subjected to batch PHA production. The efficiency of cul-
tivation was assessed through the maximum PHA content that
could be attained by the cultivated sludge during the batch PHA
production.

Fig. 5 shows the concentration profiles of VFA and PHA in the
24-h PHA production test. In the first 8 h, it was observed that
the PHA concentration increased concomitantly with the con-
sumption of VFA, but at a decreasing rate. After that, VFA were
replenished through the addition of fermented POME into the reac-
tor. Due to challenges in prolonged data collection, and considering
the typical duration of a work shift in industrial production, it was
decided to conduct and compare the PHA production for 8 h only.

Fig. 6 presents the final PHA content achieved by the cultivated
sludge (cultivation days 0-177) in the 8-h batch PHA production
test. The seed sludge (day 0) could accumulate 4 wt% PHA per
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Fig. 4. Profiles of MLSS and MLVSS in the cultivation reactor of PHA-accumulating
organisms. These were measured at the end of the cyclic operation, except for day 0
which was at the beginning of the operation to determine the inoculum
concentration.
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Fig. 5. Concentration profiles of VFA () and PHA (@) in PHA production using
activated sludge taken from the cultivation reactor of PHA-accumulating organisms
on day 50. A similar profile was obtained on day 74.
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Fig. 6. PHA content of the activated sludge achieved after 8 h in the batch PHA
production experiment. The sludge was taken from the cultivation reactor of PHA-
accumulating organisms on different cultivation days.

sludge dry weight. Such low PHA content indicates that the PHA-
accumulating organisms composed only a minor fraction of the
total microbial species in the seed sludge. After 4 days of cultiva-
tion, the PHA storage capacity of the sludge improved tremen-
dously to 29 wt%. From day 14 to day 33, the PHA content
dropped to a range of 18-25 wt%. The decrease in the PHA produc-
tion capacity of the cultivated sludge was chiefly due to the culti-
vation reactor being still in the process of reaching the steady state.
The MLVSS fell sharply from day 0 to day 31 (Fig. 4), as the short
SRT of 2 days would wash out the slow growers. The fairly low
PHA content obtained within this period of time implies that
PHA-accumulating organisms were not the dominant microbial
species. A longer cultivation period might be necessary to attain
steady-state condition and to further eliminate the non-PHA-accu-
mulating organisms from the cultivation reactor. Indeed, the
MLVSS became stabilized at around 548-637 mg/L on days 42-
85. The PHA storage capacity of the sludge also enhanced remark-
ably, achieving a PHA content of 40-64 wt%. The MLVSS later sta-
bilized at 908-966 mg/L on days 126-173. The PHA content
attained within this period of time was in a similar range of 45-
58 wt%, suggesting that PHA-accumulating microbes had increased
in numbers while maintaining their storage capacity. It will be of
interest to study the microbial population in future to cross-check
and ascertain the nature of this shift in MLVSS. Nevertheless, the
great improvement in the PHA content achieved after day 33 con-
firms the enrichment of PHA-accumulating organisms in the
sludge. However, for better process control, it would be highly
preferable that the range of variability in the PHA content be nar-
rower. For this, the dynamics and the stability of the mixed micro-
bial system require further exploration.

The long famine phase experienced by the sludge in the cultiva-
tion reactor plays a significant role in the enrichment of PHA-accu-
mulating organisms. In this study, the duration of famine phase
was in between 14 h and 20 h, which accounted for 58-83% of
the total cycle length. This is akin to the typical length of famine
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