Jurnal Kimia Sains dan Aplikasi 28 (7) (2025): 387-395

Jurnal Kimia Sains dan Aplikasi 28 (7) (2025): 387-395

ISSN: 1410-8917

/ Jurnal Kimia
Sains &
Aplikasi

e-ISSN: 2597-9914

Journal homepage: http://ejournal.undip.ac.id/index.php/ksa

Jurnal Kimia Sains dan Aplikasi
Journal of Scientific and Applied Chemistry

The Production of Polyhydroxyalkanoate (PHA) Bioplastic from
Palm Oil Mill Effluent (POME) using Pseudomonas aeruginosa

Hasnah Ulia **, Selfa Dewati Samah 2, Enny Nurmalasari !

1 Agro Chemical Engineering Department, ATI Polytechnic Padang, Padang 25171, West Sumatra, Indonesia

I )
]

Check for
updates

2 Chemical Analysis Department, ATI Polytechnic Padang, Padang 25171, West Sumatra, Indonesia

* Corresponding author: hasnahuliai@gmail.com

https://doi.org/10.14710/jksa.28.7.387-395

Article Info

Abstract

Article history:

Received: 25t May 2025
Revised: 05™ August 2025
Accepted: 13th August 2025
Online: 10th September 2025
Keywords:
Polyhydroxyalkanoate; Palm Oil
Mill Effluent; Pseudomonas
aeruginosa; Bioplastic

Biodegradable plastics were continuously developed to replace non-degradable
plastics. One type of bioplastic that was used was poly(hydroxyalkanoate) (PHA).
In this study, PHA was synthesized using Palm Oil Mill Effluent (POME) and the
bacterium Pseudomonas aeruginosa through a fed-batch (aerobic—anaerobic)
fermentation process over six days. The study aimed to evaluate the use of POME
as the sole carbon source for PHA synthesis by Pseudomonas aeruginosa through a
fed-batch aerobic—anaerobic fermentation process. The total substrate volumes
used in this study were 30, 60, and 90% (v/v), which were gradually added (fed -
batch) at rates of 5, 10, and 15% (v/v)/day over the six-day fermentation period.
The analytical results showed significant reductions in BOD (Biological Oxygen
Demand), COD (Chemical Oxygen Demand), ammonia (NH3), and total suspended
solids (TSS) after the fermentation process, indicating that organic and chemical
compounds were degraded during fermentation. PHA production from POME
showed that the maximum yield occurred on the third day, with 16.89 g/kg dry
biomass and a PHA concentration of 9.089 wt% (1.53 g/kg) from a total substrate
volume of 9 L. The fermentation process reached the exponential phase on the
third day, declined on the fourth day, and stabilized by the sixth day, with an
average yield of 5.248 wt%. Characterization using X-ray diffraction (XRD)
confirmed that the produced PHA had a structure consistent with standard PHA.
Further analysis of water absorption and biodegradability showed fluctuating
results, with the best performance observed at a 5% concentration, indicating low
water absorption and good biodegradability. In addition, the bioplastic produced
had a tensile strength of 554.32 MPa and a modulus of elasticity of 5834.95 MPa.

1. Introduction

microorganisms from various substrates, including fatty

Currently, non-degradable plastics remain a serious
environmental issue. These types of plastics accumulate
in nature and take a very long time to decompose, making
them one of the main sources of pollution. Therefore, the
use of non-degradable plastics should be avoided, and
alternative raw materials that can degrade naturally are
needed [1]. Biodegradable plastics are continuously being
developed to replace non-degradable ones. One type of
bioplastic that can be used is poly(hydroxyalkanoate)
(PHA). PHA is an environmentally friendly plastic product
that can be broken down by microorganisms [2]. PHA is a
biodegradable plastic polymer that can decompose in the
environment. This compound is synthesized by

acids and sugars [3].

The isolate Pseudomonas aeruginosa is known to
produce up to 52.3% PHA, while Bacillus subtilis produces
up to 38.4% when grown on used cooking oil as the
substrate [4]. Cultivated Sphingobacterium sp. in a
molasses-based medium and found that at a certain
concentration, the PHA content remained constant [5].
Previous studies have also reported PHA production from
volatile fatty acids (VFAs) derived from palm oil mill
effluent (POME) using Ralstonia eutropha JMP 134. The
PHA concentration and cell dry weight (CDW) obtained
with batch addition of VFAs from palm oil mill wastewater
at 20 and 40 hours were 0.014 g/L'h, 2.76 g/L, and 3.66
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g/L, respectively. The results also showed that the timing
of VFA addition significantly influenced cell growth, with
the best addition time being at the 20th hour [6]. PHA
production from POME using Pseudomonas aeruginosa has
also been conducted. The results showed that a 50%
POME concentration produced 0.3913 wt% PHA, and
fermentation for six days yielded more PHA than
fermentation for five days [2]. PHA cell growth requires a
carbon source and a substrate as an energy source [7]. An
alternative low-cost and abundantly available carbon
source in Indonesia is POME. POME is a liquid waste
generated from the palm oil extraction process in palm oil
mills. It has a high BOD level and low nitrogen content
(less than 200 ppm as ammonium nitrogen and less than
500 ppm as total nitrogen). These characteristics make
POME a potential substrate and suitable carbon source for
PHA production [8].

In 2023, Indonesia produced approximately 45.5
million tons of palm oil. Palm oil mills generate 0.7—1 m3
of POME for every ton of Fresh Fruit Bunches (FFB)
processed. A palm oil mill with a processing capacity of 30
tons of FFB per hour is estimated to produce about 21 m3
of POME per hour (around 400 m3/day), equivalent to 1.1
MWe. POME from the mill has a temperature of 60-80°C,
a pH of 3.3-4.6, a dark brown color, and contains solids,
oil, and grease (190—14,720 mg/L), COD (15,103—-65,100
mg/L), and BOD (8,200-35,000 mg/L) in high amounts
[9]. POME must be properly treated because it contains
high levels of greenhouse gases that contribute to global
warming [2].

In this study, PHA bioplastic was produced using
POME as the raw material. The synthesis was conducted
through fermentation with Pseudomonas aeruginosa
employing a hybrid fed-batch method under anaerobic—
aerobic conditions. The fed-batch method involves the
repeated addition of substrate (carbon source) during
fermentation, which can enhance bioplastic production
compared to the batch method, as reported in a previous
study [10]. This increase is due to the sufficient
availability of carbon sources during fermentation,
allowing for higher conversion. The fermentation process
was carried out with total accumulated substrate levels of
30%, 60%, and 90% (v/v). Dry cells were extracted using
acetone by maceration for 24 hours, and the resulting
PHA was subsequently used to produce bioplastic sheets
with varying concentrations. The PHA was characterized
using Fourier Transform Infrared Spectroscopy (FTIR)
and X-ray Diffraction (XRD). The bioplastics were then
analyzed for water absorption, biodegradability, tensile
strength, and modulus of elasticity. This study is expected
to produce PHA with a high yield and bioplastics with
optimal characteristics.

2. Experimental
2.1. Equipment and Materials

The equipment used in this study included glassware,
an autoclave, a centrifuge, a magnetic stirrer, a hotplate,
a vacuum filtration setup, a desiccator, and an oven. PHA
characterization was carried out using FTIR and XRD. The
bioplastic was analyzed for water absorption,
biodegradability, tensile strength, and elastic modulus.

The main materials used in this study were pure
Pseudomonas aeruginosa culture, Nutrient Broth (Merck),
POME (from a palm oil industry in Padang), distilled
water, phosphate buffer (Merck), 5% NaOCl (Merck), and
acetone (Merck).

2.2. Substrate Preparation

First, the POME sample was sterilized. A total of 18 L
of POME was placed into a beaker and sterilized using an
autoclave at 121°C for 15 minutes to eliminate unwanted
microorganisms. The pH was then adjusted to
approximately 7.0 using KOH, and a buffer solution was
added to maintain a stable environment. The POME was
subsequently stirred for 2 hours at 35°C and stored in a
sealed container at room temperature for 2 days under
anaerobic conditions. These anaerobic conditions
promote acid fermentation, resulting in the production of
short-chain fatty acids (such as acetic, butyric, propionic,
and valeric acids), which serve as essential carbon
substrates for PHA production [11].

Samples of POME, collected before and after
fermentation, were analyzed to evaluate the reduction of
biodegradable organic pollutants, specifically BOD, COD,
total ammonia (NH3;-N), and ammonium ions (NH,*).
BOD was determined following the APHA Standard
Method 5210B, which involves a 5-day incubation at 20°C
in the dark. COD was measured using the Closed Reflux
Colorimetric Method in accordance with APHA 5220D,
employing dichromate digestion under acidic conditions.
The concentration of NH;-N was quantified using the
phenate method (APHA 4500-NH; F) with
spectrophotometric detection at 640 nm, while NH,* ions
were specifically analyzed using ion chromatography
based on APHA 4110B. All analytical procedures were
performed in accordance with the Standard Methods for
the Examination of Water and Wastewater (APHA, 2017)
and supported by related findings in Osman et al. [12].

2.3. Activation of Pseudomonas aeruginosa

The pure culture of Pseudomonas aeruginosa was
activated by inoculating it into 10 mL of sterile Nutrient
Broth, which had been autoclaved at 121°C for 15 minutes.
It was incubated in a water bath shaker at 120 rpm and
30°C for 24 hours. The active culture was then grown on
slanted Nutrient Agar as a stock culture. The Pseudomonas
aeruginosa strain used in this study was FNCC 0063, a
standard Gram-negative strain obtained from the Food
and Nutrition Culture Collection (FNCC). This strain
originated from the ATCC standard culture and had been
officially registered. A starter for PHA production was
prepared by inoculating 2% (1 mL) of the active culture
into 50 mL of liquid Nutrient Broth. This was incubated in
a water bath shaker at 100 rpm and 30°C for 20 hours.

2.4. Fermentation Process

Fermentation was carried out in a fed-batch system
for six days using a 10 L fermenter with a working volume
of 6 L. A total of 5 mL (2%) of the starter was added to the
fermentation medium to initiate the process. The
fermentation medium consisted solely of POME that had
undergone acidogenic fermentation to produce VFAs,
such as acetic acid, propionic acid, and butyric acid [13].
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The substrate, POME, was added every 24 hours at
increasing concentrations of 5%, 10%, and 15% (v/v),
resulting in total accumulated substrate levels of 30%,
60%, and 90% (v/v), equivalent to 3L, 6L, and 9L,
respectively. This strategy aimed to maintain a
continuous carbon supply, prevent the buildup of toxic
compounds such as VFAs, and support microbial growth
and PHA accumulation [14].

Fermentation was conducted in a water bath shaker
at a constant temperature of 30°C and a shaking speed of
180rpm to maintain homogeneity and a stable
temperature. The process alternated between an aerobic
phase of 8 hours and an anaerobic phase of 16 hours.
During the aerobic phase, aeration was supplied via an
external air pump connected through a sterile filter and
air stone to ensure efficient oxygen transfer. In the
anaerobic phase, aeration was stopped, and the fermenter
was tightly sealed to create oxygen-free conditions. This
two-phase approach created a feast—famine pattern in
the fed-batch system, which could increase PHA
accumulation by controlling carbon supply and oxygen
availability [15]. During fermentation, parameters were
monitored every 24 hours, including culture pH, biomass
concentration (g/L), and PHA content (% dry weight) to
evaluate microbial growth and the efficiency of PHA
biosynthesis.

2.5. PHA Extraction

After incubation, 50 mL of the bacterial culture was
centrifuged at 4000 rpm for 15 minutes to separate the
biomass from the liquid medium. The supernatant was
discarded, and the resulting pellet was washed twice with
n-hexane to remove residual oil and undegraded
substrate, considering that the substrate used was
complex POME. The pellet was then washed again with
sterile distilled water to ensure the cleanliness of the
biomass. Subsequently, the pellet was resuspended in
5 mL of distilled water, placed into an aluminum foil
molded into a container shape, and dried in an oven at
70°C for 24 hours until a constant weight was achieved.
This dry weight was used to determine the total biomass.
Additionally, 1 mL of the cell suspension was dried under
the same conditions for further dry weight measurement,
if needed.

The next step was cell disruption and PHA
purification. A total of 3 mL of phosphate buffer (pH 7.0)
and 1 mL of 5% NaOCl solution were added to the cell
suspension. The mixture was then incubated at 25°C with
shaking at 180 rpm for 24 hours to degrade non-PHA
organic matter. The remaining pellet containing PHA was
recovered by centrifugation at 4000 rpm for 15 minutes
and dried in an oven at 70°C for 24 hours. The PHA
contained in the dry biomass was then extracted using
acetone at a 1:2 ratio (dry cell weight: solvent volume)
through a 24-hour maceration process [16]. The resulting
solution was distilled to remove the solvent, and the
PHA-rich fraction was washed with cold methanol to
precipitate the polymer. The PHA precipitate was then
dried at 70°C for 8 hours to obtain purified PHA. The
purified PHA was subsequently characterized and used to
fabricate bioplastic sheets.

2.6. PHA Characterization

The extracted PHA was characterized to identify its
functional groups and crystalline structure using Fourier
Transform Infrared Spectroscopy (FTIR) and X-ray
Diffraction (XRD). The FTIR spectra were recorded using
an FTIR spectrometer (Shimadzu IRSpirit-T) in the range
of 4000- 400 cm~*with a resolution of 4 cm-and 32 scans
per sample. The polymer crystallinity was observed using
an XRD (Shimadzu XRD-7000) with Cu-Ka radiation (A =
1.5406 R), operated at 40 kV and 30 mA. Data were
collected in the 26 range of 5° to 60° with a scan rate of
2°/min [17].

2.7. Bioplastic Production from PHA

Bioplastic films were made using the solvent casting
method with PHA concentrations of 4, 5, and 6% w/v.
PHA was dissolved in acetone with a solvent-to-polymer
ratio of 2:1. The mixture was stirred for 8 hours at 30°C to
ensure the PHA was completely dissolved. Sonication was
then carried out for 3 hours to improve the homogeneity
of the solution, reduce polymer aggregation, and enhance
the uniformity of the film. Sonication also helped to
partially modify the polymer surface to support better
film formation [18]. The homogeneous polymer solution
was then poured onto clean glass plates and dried at room
temperature to evaporate the solvent [19]. After drying,
the films were carefully removed and stored in a
desiccator until further analysis. The resulting films were
then characterized to measure water absorption,
biodegradability, tensile strength, and elastic modulus.

2.7.1. Measure Water Absorption

Bioplastic films, each measuring 3 x 3 cm, were
initially cleaned and weighed (W:). They were then
submerged in 20 mL of distilled water in petri dishes for
48 hours. After soaking, the films were gently blotted to
remove surface moisture without complete drying and
weighed again (W,). Water absorption was calculated
using Equation 1.

%Water absorption = % x 100% (1)
1

2.7.2. Biodegradability

PHA films were cut into 3 x 3 cm pieces and weighed
(W1), then buried in soil at a depth of approximately 10 cm
(pH ~7.3, 80% moisture, and temperature of ~30°C). The
films were buried for seven days, then retrieved, gently
cleaned, and reweighed (W>). The biodegradability of the
PHA films was calculated using Equation 2.

Wo—Ws
wy

%Biodegradability = x 100% (2)

Where, W1 was the initial dry weight, and W> was the
final dry weight after burial.

2.7.3. Tensile Strength and Elastic Modulus

Tensile strength and elastic modulus of the PHA film
were measured according to ASTM D882-12 using a
universal testing machine (Model 55434, Instron
Engineering Corp., Norwood, MA, USA). Film strips
(approximately 1 x 8 cm?) were placed between grips with
an initial gauge length of 40 mm and pulled at a constant
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crosshead speed of 5mm/min. Tensile strength (the
maximum stress at break) and elastic modulus (the initial
slope of the stress—strain curve) were recorded [20].

3. Results and Discussion

3.1. Characterization of POME Before and After
Fermentation

The pollutant content in the substrate can be used to
evaluate the effectiveness of the fermentation process
[21]. The values of BOD, COD, NHj3, and TSS before and
after fermentation are shown in Table 1.

Table 1 shows changes in POME characteristics
before and after fermentation. There was a significant
decrease in BOD level from 46,250 mg/L to 2,553 mg/L.
COD level also decreased from 12,250 mg/L to 5,550 mg/L.
The NH; concentration dropped from 18.3 mg/L to 8.51
mg/L, and the TSS level decreased from 3.034 mg/L to
2.52/ mg/L after fermentation. These results indicate that
the majority of biodegradable organic matter and other
oxidizable compounds were degraded during the
fermentation process [22].

Furthermore, the findings suggest that bacteria
reduced the oxygen demand required for organic matter
decomposition. The reduction in ammonia concentration
also implies that nitrogen in the form of ammonia was
utilized by the microbes as a nitrogen source,
contributing to cell growth and PHA synthesis. The
results indicate that PHA was produced as a carbon and
energy storage material under nutrient stress conditions,
specifically, when excess carbon sources were present
while nitrogen was limited [23]. The decrease in NH;
supports the idea that nitrogen limitation triggered PHA
production by the bacteria. The data show a significant
reduction in all parameters after fermentation. The
average BOD decreased from 46,249.3mg/L to
2,548 mg/L, COD from 12,249 mg/L to 5,550 mg/L, NH;
from18.326 mg/L to 8.5 mg/L, and TSS from 3,032.6 mg/L
to 2,522.6 mg/L. These reductions were accompanied by
low standard deviations, indicating consistent and
accurate measurements. Statistically, these results
confirm that the fermentation process was effective in
reducing the pollutant content in the substrate.

3.2. PHA Formation from POME Fermentation

The PHA synthesis process using Pseudomonas
aeruginosa was carried out for six days using a fed-batch
method under aerobic conditions, with aeration applied

for 8 hours per day. During the fermentation process,
biomass levels and relative PHA production were
monitored, as shown in Figure 1.

Figure 1a shows biomass production over a 6-day
fed-batch fermentation under alternating aerobic and
anaerobic conditions. On the first day, biomass remained
low as the microorganisms were in the lag phase,
adapting to the fermentation environment. The initial
sub-phase (Lag1) reflects metabolic adaptation, whereas
the subsequent sub-phase (Lag2) involves slow cell
growth before entering the exponential phase [24].
Following the addition of POME as a substrate and daily
aeration for 8 hours, a significant increase in biomass was
observed on day 3 across all substrate concentrations
(5%, 10%, and 15% v/v), reaching approximately 12.08,
15.12, and 16.89 g/kg, respectively. These results indicate
that the culture had entered the exponential growth phase
and was actively synthesizing PHA. A decline in biomass
was recorded on day 4, and fermentation was terminated
on day 6, yielding final biomass concentrations of 9.78,
10.55, and 10.95g/kg for each respective substrate
concentration.

Previous studies using Pseudomonas fluorescens for
PHA production from waste cooking oil under fed-batch
conditions have reported significantly higher dry cell
densities compared to batch cultures. Moreover, both 3 L
and 10L-scale fermenters demonstrated high
productivity within a relatively short duration (48-60
hours), with dry biomass reaching up to 0.64 g/L [25].
These findings support the effectiveness of the fed-batch
strategy in enhancing cell density and PHA accumulation
due to its gradual carbon feeding mechanism, which
mitigates substrate toxicity and maintains optimal
growth conditions [26].

Figure 1b presents the relative PHA yield, which
aligns with the corresponding biomass levels across
different substrate concentrations. On day 3, 5%, 10%,
and 15% (v/v) resulted in relative PHA contents of 7.208,
8.616, and 9.089 wt%, respectively—corresponding to an
average of 8.304% PHA based on biomass. These data
indicate that the dry weights of PHA were 0.87, 1.302, and
1.535 g, respectively. This observation aligns with earlier
studies reporting that, under fed-batch conditions with
excess carbon and limited oxygen availability,
microorganisms such as Pseudomonas aeruginosa tend to
shift their metabolism toward PHA accumulation as an
energy storage strategy [25].
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Table 1. POME specifications before and after fermentation
Before After
Parameter fermentation Error Mean gtar_ldgrd fermentation Error Mean Stapdgrd
eviation deviation
(mg/L) (mg/L)
BOD 46,250 +1.333 46,249 0.577 2,553 +12.3 2,548 5.686
COD 12,250 +/ 12,249 1 5,550 +/, 5,550 1
NH; 18.3 +0.0025 18.33 0.025 8.51 +0.004 8.5 0.01
TSS 3,034 +5.333 3,033 1154 2,524 +9.333 2,523 1.527

3.3. Characterization of PHA

XRD is commonly used to verify the crystalline
structure of PHA, as its degree of crystallinity
significantly affects its mechanical properties and
biodegradability [27]. The XRD characterization results of
the synthesized PHA and standard PHA (poly(3-
hydroxybutyrate)) (PHB) are shown in Figure 2. Figure 2
presents the XRD characterization results of the
synthesized PHA and the standard PHA (poly(3-
hydroxybutyrate)) (PHB). The standard PHA exhibits low
peak intensity and a broad diffraction pattern in the 26
range of 20°-30°, indicating a predominantly amorphous
structure with characteristic crystalline features of PHB.

The ratio between the crystalline and amorphous
regions in PHA significantly affects its physical and
mechanical properties [28]. In contrast, the synthesized
PHA exhibits increased peak intensity compared to the
standard. Sharper diffraction peaks around a 20 angle of
20°-30° indicate the development of a more crystalline
structure, although not yet reaching optimal crystallinity.
The sharper and higher intensity peaks suggest that the
molecular structure of PHA became more ordered after
synthesis. This increase in crystallinity could potentially
slow down the degradation rate, which is beneficial for
certain applications [29].

Sharper diffraction peaks in the 26 range of 20°-30°
indicate that the synthesized PHA is a short-chain-
length PHA (SCL-PHA), such as poly(3-hydroxybutyrate)
(PHB). This observation aligns with previous reports
stating that SCL-PHAs generally possess a highly
crystalline structure, which gives rise to distinct XRD
patterns in this region [28]. The XRD profile of the sample
also displays characteristic peaks at approximately 26 =
13.5°16.9°, 20.0°, and 25.5°, corresponding to the (020),
(110), (101), and (121) crystal planes of PHB, a well -known
SCL-PHA [27]. These peaks are indicative of the
semicrystalline nature of PHB, reflecting its organized
molecular structure. In contrast, medium-chain-length
PHAs (MCL-PHAs) typically exhibit broader and less
defined diffraction patterns due to their more amorphous
structure [30].

To verify the presence of specific functional groups
in the synthesized PHA, FTIR spectroscopy analysis was
conducted. The resulting FTIR spectra are shown in
Figure 3. Based on Figure 3, the FTIR spectra of the
standard PHA (poly(3-hydroxybutyrate)) and the PHA
synthesized from POME exhibit significant similarities.

The main absorption band in the standard PHA appears
around 2900 cm™, corresponding to C—H stretching,
while another prominent peak at approximately 1700
cm-is attributed to C=0 stretching of ester groups. These
findings are consistent with previous studies reporting
that FTIR peaks at 1720—1730 cm™ (C=0 of esters), 2920—
2935 cm™ and 2850 cm™! (asymmetric and symmetric C—
H stretching of —CH,— and —CH;-), along with bands at
1270-1280 cm™ and 1375-1460 cm™, indicate the
presence of SCL-PHA, such as PHB [31]. SCL-PHAs
typically show strong ester C=0 absorption around 1720—
1730 cm™?, and sharp methylene and methyl peaks in the
2800—-3000 cm range [27]. In contrast, MCL-PHAs tend
to exhibit broader spectra and slightly shifted carbonyl
peaks due to longer side chains, which influence
crystallinity and molecular mobility [32].
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The FTIR spectrum of the synthesized PHA shows
slight variations in peak intensity and position,
suggesting that its main chemical structure is comparable
to that of the standard PHA. Minor differences may result
from the production method or the characteristics of the
substrate used. The identification of ester (C=0) and
methylene (CH.) groups in both spectra confirms that the
PHA produced from POME fermentation has a chemical
composition consistent with standard PHA. These results
indicate that POME is a promising alternative carbon
source for the environmentally friendly and
biodegradable production of PHA.

3.4. PHAFilm Analysis

Water absorption is an important factor in
determining the mechanical stability and environmental
resistance of PHA-based materials. Biodegradability
refers to the ability of a material to break down naturally
by microorganisms into simpler substances, such as
water, carbon dioxide, and biomass, without leaving
harmful residues in the environment [20]. Figure 4 shows
the water absorption and biodegradability of PHA
bioplastics prepared at concentrations of 4, 5, and 6%
w/v. At 4%, the water absorption was 5.842%, which
decreased to 5.357% at a concentration of 5%, indicating
improved water resistance.

However, at 6%, the absorption slightly increased to
6.212%. The decrease at 5% is likely due to a more even
distribution of the PHA polymer within the matrix,
creating a more effective barrier against water
penetration. This is consistent with previous studies,
showing PHA’s good water resistance, with absorption
below 5% after 30 days, due to its semi-crystalline
structure that slows water diffusion [33]. Lower water
absorption indicates higher stability and durability,
which is critical for industrial applications such as
packaging and medical devices made from biopolymers.

The slight increase in water absorption at 6% is
attributed to microstructural changes that increase
porosity and facilitate water uptake [34]. Biodegradability
also fluctuated with varying PHA concentrations. At 4%,
biodegradability reached 28.314%, but dropped to
25.591% at 5%. A significant increase was observed at 6%,
reaching 36.029%, indicating that higher polymer
concentrations promote microbial degradation. This
increase is due to the higher availability of PHA polymer
chains that are more susceptible to enzymatic
decomposition [35]. However, the decrease of 5%
suggests that there may be optimal interactions within
the material matrix that reduce its environmental
degradation potential. The 5% concentration presents the
best compromise between water resistance and
biodegradability, making it the preferred formulation for
further modification. This outcome aligns with reports
that optimal polymer composition yields more balanced
material performance for specific applications [36].

To further evaluate the material performance, the
mechanical properties of PHA, particularly tensile
strength and elastic modulus, were analyzed, as
presented in Figure 5. At a concentration of 4%, PHA
exhibited a tensile strength of 449.12 MPa and an elastic

modulus of 5,443.88 MPa. Increasing the concentration to
5% resulted in a tensile strength of 554.32 MPa and a
modulus of 5,834.95 MPa. At 6% concentration, the
tensile strength further increased to 587.23 MPa,
accompanied by a slight increase in the elastic modulus to
5,872.30 MPa. These findings indicate that tensile
strength improves with higher polymer concentration,
possibly due to a denser and more crystalline polymer
structure, which contributes to greater mechanical
integrity [37]. The increase in tensile strength suggests
that higher PHA concentrations produce materials that
are more resistant to mechanical stress and deformation.

The increase in PHA concentration from 4% to 5%
produced a substantial rise in the elastic modulus (from
5,443.88 MPa to 5,834.95 MPa), with a difference of
391.07 MPa. However, at 6%, the modulus only slightly
increased to 5,872.30 MPa, representing a relatively small
gain of 37.35 MPa compared to 5%. This result indicates
the occurrence of a plateau, where further increases in
polymer concentration no longer proportionally enhance
stiffness. It also demonstrates that at higher monomer
concentrations, the elastic modulus may reach saturation
due to excessive entanglement and pre-strain within the
polymer network. Moreover, studies on PHA have shown
that while an increase in the crystalline phase enhances
stiffness, it simultaneously reduces chain flexibility,
leading to a balance between modulus and elasticity [38].
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4. Conclusion

Based on the results obtained, the fed-batch
fermentation of palm oil mill effluent (POME) using
Pseudomonas aeruginosa proved effective in reducing
major pollutants such as BOD, COD, NH3, and TSS. The
process was able to significantly degrade organic and
chemical substances. Fermentation also supported
biomass formation and PHA production, with a
significant increase in biomass observed on the third day
at all substrate concentrations (5%, 10%, and 15% v/v),
reaching approximately 12.08, 15.12, and 16.89 g/kg,
respectively. Relative PHA stability was achieved by the
sixth day. Characterization of PHA using XRD and FTIR
confirmed that the product obtained from POME
fermentation was indeed PHA. Furthermore, water
absorption and biodegradability analyses showed that the
5% concentration provided the best balance between
water resistance and biodegradability. Although higher
concentrations improved biodegradability, they reduced
water stability. At the 5% concentration, PHA exhibited a
tensile strength of 554.32 MPa and an elastic modulus of
5834.95 MPa. Therefore, the 5% concentration is
considered the optimal condition for producing stable
PHA, and POME can be regarded as a promising carbon
source for environmentally friendly PHA production.
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