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ABSTRACT

The palm oil industry is one of the key players in contributing to Malaysia’s economy.
Palm oil mill efluent (POME), a significant by-product of the oil extraction process,
requires mandatory remediation to ensure proper treatment and disposal. Bioremediation
using microalgae is a cost-effective and sustainable approach. This study aims to utilise
pure and mixed microalgal species, Chlorella vulgaris and Tetradesmus bernardii, in
phycoremediation and biomass production in different concentrations of POME (20%, 40%,
60%, and 80%). Cultivation of microalgae was carried out in 200 mL medium with pH
7-7.8, room temperature of 254+1°C for 21 days and continuous light illumination at 2000
lux. The highest biomass productivity was observed in 20% POME for mixed microalgae
(mean = 0.1733 mg.mL"! &+ 0.0057), followed by C. vulgaris (0.1633 mg.mL"' £+ 0.0057)
and 7. bernardii (0.1603 mg.mL! + 0.0020). Similarly, the highest nutrient removal
was observed in 20% POME for mixed microalgae (COD:66.9801%, TN:86.9565%,
TP:86.9655%), followed by C. vulgaris and T. bernardii. The results showed positive
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highly efficient in nutrient removal. This research has contributed towards the use of
mixed microalgae to achieve effective nutrient removal and biomass for future industrial
applications.

Keywords: Biomass, Chlorella vulgaris, growth, Malaysia, microalgae, palm oil mill effluent (POME),
phycoremediation, Tetradesmus bernardii

INTRODUCTION

Malaysia is the second-largest producer and exporter of palm oil globally. (Khatun et al.,
2017). Manufacturing of palm oil 2020 was 19.14 million tonnes, with the total export
of palm products amounting to 26.73 million tonnes (Haryati et al., 2022). Palm oil
manufacturing is expected to raise production by 25 million tonnes in 2035. According to
the Food and Agriculture Organization (FAO), the demand for palm oil is anticipated to hit
156 million tonnes by 2050 (Chew et al., 2021). The palm oil expansion has contributed to
a large portion of the country’s Gross National Income (GNI), contributing towards 47%
of global production (Rowland et al., 2022).

The palm oil industry by-products include empty fruit bunches, mesocarps, fibres,
shells, and palm oil mill effluent (POME) (Singh et al., 2010). Manufacturing palm oil
requires an extensive amount of water. One tonne of palm oil requires 5—7 tonnes of
water for processing, with 2.5 m® of POME produced (Ratnasari et al., 2021). Wastewater
produced by POME contains various dissolved and suspended contaminants consisting of
95%—-96% water, 4%—5% total solids, and 0.6%—0.7% oil (Kamyab et al., 2015). POME
consists of a high level of nutrients such as nitrogen, phosphorus, and ammonia; exceeding
the level of these nutrients will cause contamination of the aquatic zone (Karim et al., 2021).
The production of huge volumes of by-products during oil extraction may contaminate
water bodies (Ahmad et al., 2016). Furthermore, the release of untreated POME can have
a crucial impact on the diversity of phytoplankton, a disorder in the aquatic ecosystems’
reproductive and physiological systems of fishes (Bala et al., 2015).

The conventional way of removing nutrients from palm oil mill effluent include
using an open pond, phytoremediation, supercritical water gasification, aerobic-anaerobic
process, coagulation-flocculation, and another option is using electrochemical advanced
oxidation process (Kamyab et al., 2022). This paper focuses on the use of microalgae
for the remediation and nutrient removal of palm oil mill effluent. Valuable by-products,
such as high-quality pigments and biomass, are also generated by applying microalgae
for remediation.

Several unconventional methods exist for POME treatment but are not without
problems. These include adsorption, membrane filtration and electrochemical oxidation.
The adsorption technique uses adsorbing materials such as activated carbon, clay, or other
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porous substances with a high surface area that can attract and trap pollutants through
physical and chemical interactions. However, the adsorbent has a limited capacity to
adsorb contaminants. Once saturated, they need to be replaced or regenerated, which can
be costly and require additional energy input, impacting the overall environmental footprint
of the treatment process. The adsorption selection and specific contaminant removal can
complicate the process (Mohammed, 2013).

Membrane filtration is a separation process that uses a semipermeable membrane
to remove suspended solids, oils, and other impurities from the effluent. The membrane
can become fouled or clogged over time, reducing their efficiency. Pre-treatment,
regular cleaning, and maintenance have caused the elevation of the operational cost
for the membrane filtration method (Azmi & Yunos, 2014; Udaiyappan et al., 2021).
Electrochemical advanced oxidation processes (EAOPs) are innovative techniques that
harness the in situ electro-generation of reactive oxygen species (ROS) and other powerful
oxidant species, enabling the efficient mineralisation of organic compounds into carbon
dioxide CO,, water, and essential inorganic ions (Kamyab et al., 2021). The choice of
(EAOPs) and the system’s complexity should be carefully considered in terms of energy
consumption, cost, and expertise.

Biological treatment, especially microalgal treatment methods, offers unique advantages
compared to other methods. Microalgae are highly efficient at removing nutrients such
as nitrogen and phosphorous from POME. They can reduce nutrient content to a level
that meets environmental discharge standards, potentially facilitating nutrient recovery to
reuse (Khalid et al., 2016). Microalgae can rapidly grow and multiply in POME, leading
to biomass production; during the process, it can sequestrate the CO,. Microalgae are
adaptable to a wide range of environmental conditions and can thrive in different POME
compositions, making them a versatile option for treatment (Hazman et al., 2018). The
microalgae-based treatment of POME offers unique benefits related to nutrient removal,
biomass production, carbon capture, and resource recovery. It represents a promising and
environmentally sustainable approach for POME treatment, especially. In the context of
sustainability and circular economy goals (Anto et al., 2020; Cheah et al., 2018).

Microalgae serve as multifunctional agents in wastewater treatment, with capabilities
encompassing the efficient removal of excess nutrients, reduction of chemical oxygen
demand (COD), and the accumulation of heavy metals through biosorption. These
microorganisms also effectively inhibit harmful pathogen growth and, notably, enhance
the visual appeal of treated water. Their comprehensive role is pivotal in preventing
eutrophication, enhancing water quality, and beautifying treated water, underscoring their
significance in sustainable wastewater remediation. Studies used microalgae species,
Chlorella vulgaris, Characium sp., and Scenedesmus sp. for remediation of POME,
municipal and polluted surface water (Talib et al., 2023).
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Microalgae effectively capture carbon dioxide (CO,) during photosynthesis and store it
as biomass in the form of complex carbohydrates and lipids. Lipids can be used for biofuel
applications, such as biodiesel, offering a renewable energy source. Among the microalgal
species, Chlorella sp., Chlamydomonas sp., and Nannochloropsis were used in remediating
palm oil mill effluent (POME), CO, sequestration, and biomass production (Ding et al.,
2016; Hariz et al., 2018; Resdi et al., 2021). Haematococcus pluvialis and Chromochloris
zofingiensis were used for phycoremediation of POME and producing valuable by-product,
pigment astaxanthin (Fernando et al., 2021). Applications of astaxanthin can be used in
diverse industries such as healthcare, cosmetics, and aquaculture.

Microalgae Roles in Wastewater Treatment and Bioremediation

Chlorella vulgaris/Chlorella sp. Chlorella vulgaris has been widely studied due to its
potential in various industries, such as supplementary food that provides essential nutrients
(Orusmurzaeva et al., 2022). Mass cultivation of Chlorella sp. has produced a large
amount of biomass that has been incorporated into various products such as animal feed
(Medvedeva et al., 2022), aquaculture (Ahmad et al., 2020), cosmetics (Morais et al., 2020)
and pharmaceutical as it contains a significant concentration of carotenoids that associated
with anti-inflammatory and antioxidant properties (Velmurugan & Muthukaliannan, 2022).
Another sector that has benefited from this alga is wastewater treatment and bioremediation.
Studies have been conducted to assimilate them in heavy metal treatment of aqueous
environment, such as removing cadmium and zinc (Al-Khiat et al., 2023; Ahmad et al.,
2017).

In Malaysia, the palm oil industry has contributed to a large amount of wastewater
from palm oil mill effluent’s by-products. Chlorella sp. has been proven to have tolerance
towards high pollutants and nutrients from the POME and managed to sequester the carbon
content through the carbon fixation process (Hariz et al., 2019), apart from nutrient removal
such as total nitrogen (TN) and total phosphorus (TP) along with biological oxygen demand
(BOD) and chemical oxygen demand (COD) (Ahmad et al., 2017; Kamarudin et al., 2013;
Tan et al., 2022).

Tetradesmus bernardii

Tetradesmus bernardii is another species of green algae of Phylum Chlorophyta, classified
under Chlorophyceae. This species is the basionym of an earlier identified species,
Scenedesmus bernardii (Wynne & Hallan, 2015). This genus has previously been studied
as one of the bioindicators of water quality assessment (El-Din et al., 2022), as different
water quality levels impacted the size and shape of the cells and organelles (Bauer et al.,
2012) and due to its rich components of lipids, protein, and carbohydrates made them
suitable to be incorporated as the raw materials for bioplastics production (Song et al.,
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2022). The potential of Tetradesmus sp. for the application of wastewater treatment and
bioremediation has also been studied extensively. A study conducted to assess the capacity
for nutrient removal from hydroponic greenhouse wastewater has discovered this genus
to acquire a complete removal of N and T from the medium (Salazar et al., 2023). With a
similar capability as the Chlorella, it has also been applied to include this alga in the studies
of nutrient removal in POME (Kamarudin et al., 2013; Tan et al., 2022).

Most research focuses on using unialgal cultures for the bioremediation of wastewater.
Limited work was done on using mixed algal species for remediation. In this study, we
are testing the effects of using unialgal cultures of microalgae versus a mixed culture
of microalgae. We hypothesised that using a mixture of two microalgae species will
benefit wastewater remediation (POME). Unialgal cultures, C. vulgaris and T. bernardii,
were isolated from the remediation ponds and will be tested for remediation as unialgal
cultures versus a mixed culture. The cultures were tested towards different concentrations
of POME to evaluate the efficiency of microalgae growth, biomass accumulation, and
nutrient removal.

MATERIALS AND METHODS
Experimental Design

All the experiments in this research study were conducted in the plant physiology laboratory,
Department of Biology, University Putra Malaysia (UPM). Microalgae C. vulgaris and
T. bernardii, collected from the remediation ponds, were isolated into pure cultures. The
cultures were grown in a 250 mL conical flask with a light intensity of 2000 lux, pH
7-7.8, and room temperature of 25+1°C for 21 days in triplicates. Palm oil mill effluents
(POME) were collected in two 5 L plastic containers from the aerobic pond Bell Sri
Lingga palm oil mill industry, Melaka (2°22°40.3” N 101°59°10.4” E). The POME was
transferred to the Plant Physiology lab, Department of Biology, University Putra Malaysia
and stored at 4°C to avoid microbial degradation. Mixed microalgae C. vulgaris and T.
bernardii were cultivated in different concentrations of POME (20%, 40%, 60%, and
80%). The concentrations were based on preliminary research that included 100% POME
concentration; however, microalgae cultivation was unsuccessful. The POME was prepared
at different concentrations by dilution with autoclaved distilled water.

Purification and Identification of Microalgae

The microalgal cultures are from the Plant Physiology Lab UPM. The cultures
were purified on agar plates to obtain single colonies. Isolated microalgal cultures
were subjected to DNA extraction using DNeasy PowerSoil pro kit Qiagen
(Qiagen GmbH, Qiagen Strasse 1, 40724 Hilden, Germany). The eukaryotic
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primer for V8 forward 5’-ATAACAGGTCTGTGATGCCCT-3", and for V9 reverse
5’-CCTTCYGCAGGTTCACCTAC-3’ were used to amplify the 18S ribosomal RNA genes
(Bradley et al., 2016). The primer synthesis and PCR product sequencing were carried
out by Apical Scientific (Seri Kembangan, Selangor). The 18S sequences were compared
against the National Centre for Biotechnology Information (NCBI) BLAST database.

Growth Rate of Microalgae (Optical Density)

The growth rate of mixed microalgae (C. vulgaris and T. bernardii), C. vulgaris, and T.
bernardii were measured in different concentrations of POME (20%, 40%, 60%, 80%)
in triplicates by using optical density (OD) spectrophotometer (HITACHI U-1900). The
OD was measured at three different wavelengths (680 nm, 685 nm, and 700 nm). The 680
nm was chosen as the optimum wavelength for this study (Hazman et al., 2018; Jasni et
al., 2020). Cultivation of microalgae was carried out in 200 mL medium with pH 7-7.8,
room temperature of 25+1°C for 21 days and continuous light illumination at 2000 lux.

Biomass of Microalgae (Dry Weight)

The biomass, in terms of dry weight, of microalgae was quantified on both day zero and day
21 of the study. Initially, the palm oil mill effluent (POME) underwent a filtration process
employing 150 pum filters to eliminate undesired particles. Subsequently, the filtrate was
subjected to a secondary filtration step utilising 0.45 pm autoclaved glass membrane filters
(Schleicher & Schuell, Germany) to capture the microalgal cells. These samples were then
transferred to sterile petri dishes and subjected to desiccation in an oven set at 60°C for 24
hours. The filter papers were weighed using an analytical balance with 0.1 mg sensitivity
(AL204, Mettler Toledo) (Ding et al., 2016; Hazman et al., 2018). The biomass (dry weight)
of microalgae was calculated in gL' as in the following Equation 1:

DCW (gL) = =20 [1]
where WF+s is the weight of the filter plus sample, Wf is the weight of the filter, and V is

the volume of the sample collected.

Pigment Content of Microalgae

Microalgal chlorophyll ¢ and carotenoid were determined following trichromatic
spectrophotometry methods with some modifications (Johan et al., 2014). Samples (25
mL) were centrifuged at 4000 rpm for 10 minutes. Then, 5 mL of 99% acetone was added
to the samples and ground by mortar and pestle. Three mL of samples were transferred to
a glass cuvette, and the chlorophyll @ was measured using a spectrophotometer (HITACHI
U-1900) (Aminot & Rey, 2000; Johan et al., 2014). Chlorophyll @ was measured at three
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wavelengths (630, 647, 664 nm) and (452 nm) for carotenoids. Chlorophyll a and catenoid
were calculated in mgL! as in Equations 2, 3 and 4.

(Ca)*(Va)

Chlorophyll-a = (mgm) - [2]

where, Ca= (11.6*0D664) — (1.31*0D647) — (0.14*OD630); Va= Volume of acetone used
for extraction (mL); and Vc= Volume of algal culture filtered (mL)

_3
Chlorophyll-a (mgL™") = % [3]

(0D452)+(3.86)*(Va)
Vb (4]

Carotenoid (mgL™") =

where, Va = Volume of acetone used for extraction (mL); and Vb = Volume of algal culture
filtered (mL)

Nutrient Removal

The chemical parameter measurements of palm oil mill effluent (POME), including nutrients
such as total nitrogen (TN), total phosphorous (TP) and chemical oxygen demand (COD),
were measured in the laboratory at day 0 and day 21 by using Hach Multiparameter Portable
Colorimeter (DR900, HACH). The chemical profiles of the sample collected were assessed
based on the instructions: TN (Persulfate digestion method — 10072), TP (Molybdovanadate
with Persulfate digestion acid method — 10127), COD (Reactor digestion method — 8000).

Statistical Analysis

Statistical analysis was performed using Statistical Packages for the Social Sciences (SPSS)
software (version 21.0, SPSS Inc., Chicago, IL). The data was assessed using One-way
ANOVA to determine the differences in the mean value of the dependent variable associated
with the effect of the controlled independent variable. The standard deviation was used
to measure variability, and post-hoc analysis (Duncan) was performed to determine the
significant difference between species of algae in different concentrations of POME with
the significant level for the p-value (p<0.05).

RESULTS
Isolation and Identification

Unialgal cultures were identified as C. vulgaris and T. bernardii species, with 100%
similarity. The gene sequences have been deposited in the NCBI GenBank with accession
numbers (ON158767) for C. vulgaris and (OP804515) for T’ bernardii ( Figure S1).
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Growth Rate, Optical Density (OD) of
Microalgae in Different Concentrations
of POME

The microalgae cultured in treatment batches
showed relatively similar growth patterns
for microalgae. Figure 1 indicates the
growth performance of mixed microalgae,
C. vulgaris, and T. bernardii in various
concentrations of POME. It was shown
that the highest growth rate was observed
in 20% POME for mixed microalgae,
followed by C. vulgaris and T. bernardii.
The lowest growth was found in 80% POME
for 7. bernardii, followed by C. vulgaris
and mixed microalgae, respectively. The
trend showed that the reduction of POME
concentration increases the growth rate
of mixed microalgae, C. vulgaris, and
T. bernardii, with 20% POME being the
optimal concentration.

Biomass of Microalgae (Dry Weight)

Figure 2(a) shows biomass accumulation
in different concentrations of POME for
mixed microalgae, C. vulgaris, and T.
bernardii. The microalgal species biomass
accumulation cultivated in POME in
different concentrations was described
by mean biomass (dry weight). The
result obtained from dry-weight cells of
microalgae in different concentrations of
POME indicates that the highest biomass
was significantly observed in 20% POME
for mixed microalgae (p <0.05). At the same
time, unialgal cultures of C. vulgaris and T.
bernardii were not significant. The lowest
biomass was found in 80% POME for all
groups between the treatment groups. It
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Figure 1. The growth of (a) mixed microalgae,
(b) unialgal cultures of Chlorella vulgaris, and
(c) unialgal cultures of Tetradesmus bernardii in
different POME concentrations
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was shown that by decreasing POME concentration, the biomass accumulation of mixed
microalgae, C. vulgaris and T. bernardii increased, with the optimal concentration of 20%
POME for all microalgae species.

Microalgae Pigments (Chlorophyll a and Carotenoids)

The productivity of algal pigments such as chlorophyll a and carotenoids was also noted
in Figure 2(b); the highest chlorophyll a was recorded in mixed microalgae culture and C.
vulgaris at 20% POME concentrations. The

lowest chlorophyll a was recorded in 80% 0.2 m Mixed microalgae

POME concentration. 018 = Chiorella vulgaris

As for the carotenoids Figure 2(c), 0.16

7 D b uTetradesmus bemardii
mixed microalgae show the highest TE' 0.14 “‘
concentration of carotenoids, followed by g 0.12
C. vulgaris and T. bernardii (p < 0.05) at £ 01
20% POME. The lowest carotenoids were 2008
found in 80% POME. Cultures of 20% 2 0.06
POME were found to have the highest 0.04
[ “‘ III III

chlorophyll a and carotenoid levels of

mixed microalgae, C. vulgaris, and T. 0% 20% 40% 60% 8O0%

bernardii. Concentration of POME (%)
(a)
u Mixed microalge = Mixed microalge
0.0025 u Chlorella vulgaris 0.7 u Chlorella vulgaris

u Tetradesmus bernardii w Tetradesmus bernardii

a
a
0.002 a, b
d
0.0015 e e
: ) f
0.001 ) 9h
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. il
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T ' I
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g/L
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Chlorophyll a mg/L
o O o
N W s
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0% 20% 40% 60% 80% 0% 20% 40% 60% 80%
Concentration of POME (%) Concentration of POME (%)
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Figure 2. (a) Biomass, (b) chlorophyll @, and (c) carotenoids of mixed microalgae, unialgal cultures of
Chlorella vulgaris, and Tetradesmus bernardii in different POME concentrations. Values are presented
as average + standard deviation (n = 3). Lowercase letters indicate significant differences between mixed
microalgae, C. vulgaris and T. bernardii (One-way ANOVA, p < 0.05, Duncan test). Error bars without
lowercase letters indicate no significant difference
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Nutrient Removal

Figure 3(a) shows the nutrient removal from POME in different concentrations of POME
by mixed microalgae, C. vulgaris, and T. bernardii. Mixed microalgae showed significantly
the highest COD removal percentage (p <0.05) in comparison to unialgal cultures.
All treatments found the lowest growth in 80% POME concentration. At 20% POME
concentration, mixed microalgae were most efficient at removing COD.

Mixed microalgae were also found to be efficient at removing total nitrogen

at 20% POME concentration (p < 0.05)

in comparison to the two unialgal cultures 80.0 = Mixed microalage
of C. vulgaris and T. bernardii (Figure 3(b)). 700 2 = Chlorella vulgaris
. C .
For total phosphorus, the mixed 60.0 = Tetradesmus bernardii
microalgae cultures were also found to S 50.0 d ge o
be significantly higher in removing total g '
. . 40.0
phosphorus (p < 0.05), while the unialgal & f
C e . 9
cultures were not significantly different g 300 9
. o
(Figure 3(c)). 20.0 hh
Table 1 describes the nutrient removal 10.0 Ili
of POME using various microalgae species. 0.0
From this research, mixed microalgae 20%  40%  60%  80%
H 0,
removed 66% of COD, 86% of TN, and 68% Concentrations of POME (%)
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Figure 3. (a) COD, (b) TN, and (c) TP removal efficiency of mixed microalgae, unialgal cultures of Chlorella
vulgaris, and Tetradesmus bernardii in different POME concentrations. Values are presented as average +
standard deviation (n = 3). Lowercase letters indicate significant differences between mixed microalgae, C.
vulgaris and T. bernardii (One-way ANOVA, p < 0.05, Duncan test)
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Table 1
Comparison of nutrient removal of POME using various microalgal species
Microalgae COD (%) TN (%) TP (%) Description References
Mixed Microalgae 66 86 68 This study
Chlorella vulgaris 61 80 56 This study
Tetradesmus bernardii 64 79 49 This study
Scenedesmus sp. strain 57 100 91 Cultivation and application ~ Udaiyappan
UKM?9 for nutrient removal etal., 2021
Haematococcus pluvialis 50.9% 49.3 3.95 Phycoremediation and Fernando et
and Chromochloris astaxanthin production al., 2021
zofingiensis
Nannochloropsis sp. 71% - - Cultivation and application =~ Emparan et
48% for nutrient removal with and  al., 2020)

without beads
Chlorella sorokiniana sp.  47.09% 62.07 30.77 Cultivation and application ~ Cheah et al.,

for nutrient removal for lipid 2018
production
Chlamydomonas sp. 15-20% - 5-20 Microalgae-bacteria Udaiyappan
UKM6 interaction in palm oil mill et al., 2020
effluent treatment
Chlorella sp. - 80.9 - CO, sequestration by using ~ Hariz et al.,
microalgae sustainable 2018
strategies for environmental
protection
Chlamydomonas sp 56% 65 34 CO, fixation capability of Hazman et
UKM®6, Chlorella Chlorella sp. and treating al., 2018
soroliniana POME
Chlamydomonas sp. 8.59- 43.5- 58.58-  Cultivation and application Ding et al.,
UKM¢6 29.13% 72.97 100 for nutrient removal and 2016
biomass production
Chlamydomonas 67.35% - - Efficiency of microalgae in Kamyab et
nutrient removal from POME al., 2015
Micro and macroalgae 71 - - Micro-macroalgae mixture as ~ Kamyab et
a promising agent for treating al., 2014
POME

of TP. The nutrient removal efficiency of POME by mixed microalgae was higher than C.
vulgaris or T. bernardii unialgal cultures (see supplementary data Tables S1, S2, and S3).
The comparison of other research using microalgae is also shown in Table 1.

DISCUSSION
Growth Rate

Wastewater originates from a range of agriculture, domestic, and industrial water activities,
and it encompasses contaminants along with inorganic and organic compounds (Ahmed
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et al., 2022). Treating wastewater before releasing it into the environment is essential to
prevent contamination from entering natural water systems and harming the environment
(Otondo et al., 2018). The utilisation of microalgae in biological wastewater treatment is
widely applied due to their environmental advantages and cost-effectiveness.

Particulate and suspension substances of POME affect microalgae growth and
significantly decrease the growth rate. In this study, by increasing the concentration of POME,
the growth of microalgae is limited and influenced by the physical characteristics of POME.
High suspensions of POME gradually limited light penetration for microalgae growth. The
dark colour of POME also inhibits the light intensity from the bottom of the culture flasks.
As a result, it disrupts photosynthesis and limits algal growth (Talib et al., 2023).

Microalgae cultures cultivated in highly concentrated wastewater POME require a long
time to reach the stationary phase because the growth is slower than in low concentrations.
The dark colour of POME affected the growth rate of microalgae. Coelastrella sp.,
Chlamydomonas sp., and Scenedesmus sp. cultures showed a low growth rate in high
concentrations, resulting in algae cells staying longer in the adaptation phase (Ding et al.,
2016; Udaiyappan et al., 2020). Diluting POME in different concentrations reduces the
effect of higher concentrations of POME in the culture media, limiting the growth rate
and reducing the lag phase for the algae (Cheah et al., 2018; Khalid et al., 2016). Diluted
palm oil effluent (POME) effectively grew microalgae Characium sp. (Khalid et al., 2016).

POME is rich in organic compounds such as nitrogen, phosphorus, and ammonia,
with high levels of chemical oxygen demand (COD) and low levels of biological oxygen
demand (BOD) (Fernando et al., 2021). On the other hand, these organic compounds are
still essential for microalgae growth at a certain concentration range (Emparan et al., 2020).

In conclusion, the results indicate that the highest growth was for 20% concentration
for mixed microalgae. As the concentration of POME decreases, the growth rate increases.
It suggests that POME can be cost-effective and is readily available for microalgae
cultivation. However, the physical characteristics of POME, such as dark colour and high
levels of suspended solids, have negatively affected microalgae growth by limiting light
penetration and inhibiting photosynthesis. Diluting POME in different concentrations
can mitigate these effects and improve the growth profile of microalgae in wastewater
treatment applications.

Biomass

For this study, low concentrations of POME for microalgae revealed a significantly higher
biomass production because of adequate light intensity for the cell to speed up growth and
biomass accumulation. In other studies, low concentrations of POME also showed higher
biomass production in microalgae Chlamydomonas, whereas high concentrations of POME
(100% and 50%) limit biomass accumulation (Ding et al., 2016).
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Meanwhile, high concentrations of POME indicate less biomass accumulation, which
may be due to the dark colour of POME and inadequate light intensity at the bottom of
culture flasks. Additionally, the high number of cells prevents light penetration for other
cells. Excessive number of algal cells causes self-shading on the cells. Therefore, it causes
low light intensity for algal growth and biomass production. Furthermore, it will reduce
photosynthesis, resulting in less biomass production (Kumaran et al., 2023). It is possible
to correlate the CO, amount with biomass production. Higher biomass production results
from high CO, fixation in low POME concentrations, and less biomass accumulation is
due to poor CO, absorption (Hariz et al., 2018).

Microalgal biomass cultivated in POME has much potential to be utilised in various
applications. Microalgal biomass has the potential to produce biofuel because of its low
lignin content, a higher growth rate than plants and a high range of nutrient absorption
from wastewater (Ahmad et al., 2016). Microalgae are emerging as a highly promising
option for biofuel production, mainly attributable to their exceptional photosynthetic
efficiency, which enables efficient CO, sequestration. They also exhibit remarkable attributes
such as elevated biomass yields, significant lipid and carbohydrate accumulation, robust
adaptability to various environmental conditions, resistance to contamination, and the
presence of valuable components that hold significant potential for the development of
non-fuel bioproduct (Cheah et al., 2016; Saidu et al., 2017).

Numerous species of algae are cultivated as human food sources and used as a
biofertiliser, animal feed, and pharmaceuticals (Michalak et al., 2019). Consequently, less
growth and biomass yield in higher concentrations of POME directly affected the amount
of chlorophyll a and carotenoid in culture batches (Hazman et al., 2018). POME may
contain various nutrients, including nitrogen and phosphorus compounds essential for
microalgae growth. However, the specific impact on microalgae growth can depend on the
composition and concentration of nutrients within the POME (Hadiyanto & Nur, 2014).

Microalgal Pigments (Chlorophyll ¢ and Carotenoids)

Microalgal biomass contains essential pigments such as chlorophyll a, carotenoid, and other
components, which might be useful for various industrial applications (Aburai et al., 2013).
The chlorophyll a concentration is a significant indicator for assessing the nutritional state
of water (Johan et al., 2014). Accurate measuring of algal chlorophyll « is crucial to predict
the biomass production and the photosynthetic rate of algae (Simon & Helliwell., 1998).
Chlorophyll a is an important element indicating the photosynthetic level in microalgae
(Hariz et al., 2018). The concentration of chlorophyll @ and other pigments available in
algae implies the algal growth and biomass production (Aminot & Rey, 2000).
Photosynthetic organisms such as plants and algae utilise carotenoids within the
photosynthesis light-harvesting complex. They serve as supplementary pigments and
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are recognised for safeguarding photosystems against oxidative harm, acting as a
photoprotective shield (Aburai et al., 2013). Microalgae contain several types of carotenoids
that act as free-radical foragers or antioxidants (Nobre et al., 2013; Takaichi., 2011).
Various colourants derived from microalgae, such as phycocyanin (the blue pigment from
Spirulina), - carotene (the yellow pigment from Dunaliella), and astaxanthin (ranging
from yellow to red, obtained from Haematococcus), are increasingly valued over synthetic
alternatives due to their non-toxic and non-carcinogenic properties (Begum et al., 2016).

Microalgae grown in wastewater were used for the production of astaxanthin from H.
pluvialis and C. zofingiensis (Fernando et al., 2021), phycocyanins from Nostoc sp., and
Arthrospira platensis; as well as phycoerythrin from Porphyridium purpureum (Arashiro
etal., 2020).

Nutrient Removal

A comparison of nutrient removal efficiencies of microalgae in POME is shown in Table
1. From this study, we found that mixed microalgae removed the highest COD (66%),
followed by C. vulgaris (64%) and T. bernardii (61%) in concentrations of 20% POME.
Other studies have reported COD percentage removal of 15%—71%. As indicated in Table
1, various microalgae species perform differently when removing COD (Ding et al., 2016;
Emparan et al., 2020; Kamyab et al., 2014).

The highest removal of total nitrogen (TN) using mixed microalgae was 86%. Other
studies have reported between 43.5 % (Chlamydomonas sp. UKM6) (Ding et al., 2016)
to 100% (Scenedesmus sp. UKM9) (Udaiyappan et al., 2021). The highest removal of
total phosphorus (TP) in this study was mixed microalgae at 68%. Other studies have
reported between 3.95% (H. pluvialis and C. zofingiensis) (Fernando et al., 2021) to 100%
(Chlamydomonas sp. UKM6) (Ding et al., 2016). In Nannochloropsis, 60% POME and
Walnes medium effectively removed 62% COD (Resdi et al., 2021).

Nitrogen is a necessary compound for algal growth and metabolism. POME contains
high amounts of nutrients, which are viable for algal growth. In this study, microalgae
exhibit substantial nitrogen removal efficiency when exposed to low concentrations of
POME. In contrast, their nitrogen removal capacity decreased as the POME concentration
increased, in alignment with prior research findings on mono species of H. pluvialis and
C. zofingiensis (Fernando et al., 2021), as well as on mono species of Chlorella UKMS8
and Chlamydomonas UKM6 (Hazman et al., 2018).

Microalgae assimilate phosphorus as phosphate for algal growth, biomass production,
and metabolism (Goh et al., 2022; Nakarmi et al., 2023). Microalgae can thrive in lower
concentrations of POME because nitrogen and phosphorus, which are vital nutrients for
their growth, may be scarce. In such conditions, microalgae can efficiently absorb and use
these limited nutrients since they are not in surplus, facilitating their growth (Dominic
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& Baidurah., 2022). The high concentrations of wastewater and POME can encompass
diverse organic compounds and heavy metals, including recalcitrant and potentially harmful
organic substances (Al-Amshawee et al., 2020). These compounds possess the capacity to
impede the growth of microalgae and their uptake of nutrients.

Toxic compounds have the potential to disrupt the microalgal capacity to efficiently
assimilate and utilise nutrients and heavy metals (Zhao et al., 2023). Microalgae are
capable of environmental adaptation; for instance, of lower POME concentrations, they
demonstrate the ability to acclimate by adjusting their physiological processes and nutrient
uptake mechanisms, thereby optimising nutrient utilisation. Conversely, when confronted
with higher POME concentrations, microalgae may encounter challenges adapting to
fluctuating and potentially more hostile conditions (Saidu et al., 2017).

Consortium species might have superior nitrogen removal than the mono species as
different microalgae species can have varying growth rates and responses to environmental
conditions (Fallahi et al., 2020). If one species faces unfavourable conditions, the other
species may continue to thrive and contribute to nutrient removal. Mixed microalgae are
more effective at removing nutrients due to the diverse nutrient needs of each species and
can compensate for the nutrient loss of another. If one species is highly efficient at utilising
nitrogen but less so at using phosphorus, and another species is the opposite (efficient at
phosphorus but not nitrogen), they can complement each other’s nutrient demand. It means
that mixed microalgae can effectively utilise the available nutrients in the POME, leading
to higher overall nutrient removal and reduction of COD. Higher nutrient removal and
COD reduction in agricultural wastewater using mixed microalgae were due to microalgal
selection, medium composition, and physicochemical variables (Qin et al., 2016).

The research findings reveal the effectiveness of microalgae-based treatment as a highly
efficient biological method for substantially removing nutrients and organic loads. The
variability in bioremediation of palm oil mill effluent (POME) efficiency using microalgae
is affected by several factors: (1) POME composition, (2) microalgal selection, (3) inoculum
size, (4) POME physicochemical state after collection and treatment, and (5) duration of
the remediation.

In terms of POME composition, the starting material for POME was different for each
experiment (for example, 2.5%—-100% for anaerobic ponds and 20%—-80% for aerobic
ponds). POME composition indicates diverse nutrient levels in different ponds (cooling,
anaerobic and aerobic) as well as sampling time (wet or dry season). The source of palm
oil and the condition of the trees and fruits during the oil extraction and residue can directly
affect the viability of the nutrients in POME.

The selection of microalgae significantly affects the bioremediation of POME due to
their capacity for nutrient absorption, tolerance towards adverse seasons (dry and wet)
and toxic substances in POME. Inoculum size (the number of microalgae introduced
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into the culture media) can also affect the bioremediation of POME. A higher amount of
inoculum is essential for acclimatising the culture that undergoes the lag phase after some
time (Khalid et al., 2016). A high amount of inoculum also contributes to controlling the
cultivation and remediation of POME by microalgae (Lau et al., 1995).

The physicochemical state of POME after collection and treatment differs in terms of
pH, temperature, suspended solids, and heavy metals concentration. Raw POME samples
were collected from the cooling pond, and the treated POME samples were collected from
anaerobic and aerobic ponds. Untreated POME from cooling ponds is highly acidic and
contains particles (sand, wood, residue from extraction of oil) that can cause a reduction
in microalgal growth and nutrient removal. The experimental design and duration in each
research differed in terms of nutrient removal, growth, and biomass accumulation. These
factors make comparing the current study findings with previous research difficult.

CONCLUSION

Mixed microalgae are superior in the remediation of POME compared to single-culture
algae. This research reports for the first time a mixed microalgae combination of C.
vulgaris and T. bernardii in bioremediating wastewater from the palm oil mill effluent.
Mixed microalgae have the benefit of fulfilling each other’s specific nutrient demands for
growth. This research found a significant reduction in COD, TN and TP levels from the
palm oil mill effluent. Based on the data, the optimal concentration for effective nutrient
reduction was 20% of POME.

The research was conducted indoors in controlled lab conditions. The results may vary
if conducted on a large scale outdoors. When evaluating the performance of microalgae in
nutrient removal efficiencies, the parameters are usually different in terms of the growth
parameters, algae selection and cultivation or time of remediation.

Treating wastewater through microalgal bioremediation is effective at nutrient
removal and environmentally friendly. This research has contributed towards the use of
mixed microalgae to achieve effective nutrient removal and biomass for future industrial
applications. Further research is needed on lower concentrations of POME as well as
different microalgae consortia on effective palm oil waste effluent wastewater remediation.
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Table S1
Nutrient removal efficiency in different dilutions of POME by mixed microalgae
Parameter 20% 40% 60% 80%
.. 319.0000 + 408.0000 + 579.6667 +
. Initial value 1.0000 6.5574 40414 729.6667 + 3.5118
©) Terminal val 105.3333 + 210.0000 + 403.6667 + 629.6667 +
& termmatvaiue 3.51188 3.0000 8.0208 4.0414
Removal efficiency 66.98016% 48.52941% 30.36228% 13.52215%
.. 103.6667 + 133.0000 +
Initial value 69.0000 £ 1.0000 15275 119.3333 £ 1.5275 1.0000
+
E Terminal value 9.0000 +£2.0000  23.6667 +1.5275  76.0000 + 2.0000 1025 3332
Removal efficiency 86.95652% 75.88452% 36.31283% 20.80203%
Initial value 0.9667 + 0.0577 1.2867 +0.088 1.8000 £ 0.1000  2.5000 £ 0.1000
£ Terminal value 0.3000 £ 0.1000  0.5567 +£0.0513 1.3000 £ 0.1000  2.0367 = 0.1305
Removal efficiency 68.96553% 56.73574% 27.77778% 18.53332%
Initial value 16.3000 £ 0.2000  21.4000 £ 0.3000  28.7333 +£0.2087  33.3667 + 0.2516
Z Terminal value 3.1000 £ 0.1000  6.1333+0.3055  17.5333 £0.3511 23.4667 + 0.2516
Removal efficiency 80.9816% 71.33957% 38.97912% 29.67033%
Initial value 0.8267 + 0.0404 1.1000 £+ 0.2000 1.5700 £0.1212  2.2000 = 0.1000
~ Terminal value 0.2433 £ 0.0450  0.4500 + 0.0458 1.1400 + 0.0529 1.6767 £ 0.0305
Removal efficiency  64.84017808% 81.84931102% 40.72163163% 31.37653211%
Table S2

Nutrient removal efficiency in different dilutions of POME by Chlorella vulgaris

COD

TN

TP

Parameter

Initial value

Terminal value
Removal efficiency

Initial value

Terminal value

Removal efficiency
Initial value
Terminal value
Removal efficiency
Initial value
Terminal value
Removal efficiency
Initial value
Terminal value

20%
319.0000 +
1.0000

114.6667 + 3.5118
64.05433%

69.0000 + 1.0000

14.0000 =+ 2.0000

79.71014%
0.9667 +0.0577
0.4867 +0.0808

49.65516%
16.3000 £ 0.2000
4.5000 + 0.2000

72.39264%
0.8267 +0.0404
0.3367 +£0.0251

40%
408.0000 =
6.5574

218.0000 =
3.0000

46.56863%

103.6667 +
1.5275

28.6667 + 1.5275

72.34724%
1.2867 + 0.088

0.8000 + 0.1000

37.82385%
21.4000 £ 0.3000
7.3667 +0.2081

65.57632%
1.1000 + 0.2000
0.5533 +0.0251

60%
579.6667 +
4.0414

419.3333
2.5166

27.65958%

119.3333 +
1.5275

84.3333 +2.0816

29.32962%
1.8000 + 0.1000
1.4800 +0.0721

17.77778%

28.7333 £ 0.2087
18.7667 £ 0.1527

34.68676%
1.5700 +0.1212
1.1767 +£0.0152

80%
729.6667 £
3.5118

635.3333 £
3.5118

12.92829%

133.0000 +
1.0000

110.0000 +
1.0000

17.29323%
2.5000 + 0.1000
2.1667 +0.1527

13.33332%
33.3667 £ 0.2516
24.5000 + 0.2645

26.57343%
2.2000 + 0.1000
1.7800 + 0.0360
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Table S3
Nutrient removal efficiency in different dilutions of POME by Tetradesmus bernardii
Parameter 20% 40% 60% 80%
Initial value 319.0000 + 408.0000 + 579.6667 + 729.6667 £
1.0000 6.5574 4.0414 3.5118
?.) Terminal value 123.3333 + 224.0000 + 433.3333 + 651.6667 £
3.5118 5.0000 7.3711 7.5718
Removal efficiency 61.33752% 45.52941% 30.36228% 13.52215%
o 103.6667 + 119.3333 = 133.0000 +
Initial value 69.0000 £ 1.0000 15275 15275 1.0000
E Terminal value 19.0000 +£2.000  33.3333 +3.0550 93.3333+2.0816 12222222 *
Removal efficiency 72.46377% 67.8457% 21.78772% 8.270677%
Initial value 0.9667 £ 0.0577 1.2867 + 0.088 1.8000 £ 0.1000  2.5000 + 0.1000
&  Terminal value 0.6200 +0.0200  0.9000 +0.1000  1.5533+£0.0152  2.2967 +0.0513
Removal efficiency 35.86209% 30.05183% 13.88889% 8.13332%
Initial value 16.3000 £ 0.2000  21.4000 + 0.3000 28.7333 £0.2087 33.3667 = 0.2516
Z Terminal value 6.1533+£0.0503  9.2667 +£0.1527  19.4333 £0.3055 26.3000 + 0.1000
Removal efficiency 62.24949% 56.69782% 32.36659% 21.17883%
Initial value 0.8267 +£0.0404  1.1000+0.2000  1.5700+0.1212  2.2000 + 0.1000
A Terminal value 0.3833+0.0152  0.6167 +0.0251 1.2533 +£0.0152  1.8367 + 0.0305

Removal efficiency

53.62909%

43.93936%

20.16987%

17.19242%
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