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ABSTRACT

Palm oil production continues to grow in line with global market demand; however, production waste is also ex-
pected to increase. The treatment of  Palm Oil Mill Effluent (POME) remains a critical environmental challenge 
due to its high organic load and complex pollutant composition, thereby requiring serious management. This 
study investigates the potential of  four microalgal consortia in remediating POME. A quantitative experimental 
approach was employed to evaluate the efficiency of  the microalgae consortium exposed to different POME 
concentrations (25%, 50%, and 75%) over 14 days. The results revealed that the three-species consortium CNT 
(Chlorella vulgaris, Nannochloropsis oculata, and Tetraselmis chuii) exhibited superior performance in reducing COD, 
BOD, and TSS, with removal efficiencies of  77.55%, 72.73%, and 49.7%, respectively, compared to the two-spe-
cies consortium. The optimal physicochemical parameters supporting CNT growth were recorded at pH 9.19-9.6, 
29.1-30.6 °C, and adaptive salinity up to 41 ppt. The biomass yield of  the CNT consortium (3.862 g L⁻¹ at 25% 
POME) was lower than that of  NT (4.671 g L⁻¹ at 25% POME), indicating that CNT allocated more energy to 
detoxifying and remediating POME than to biomass accumulation. Future research should focus on optimizing 
response surface methodology and scaling up photobioreactor systems through metagenomic and transcriptomic 
analyses to simultaneously maximize remediation efficiency and biomass productivity of  the CNT consortium. 
These findings provide strategic opportunities to harness polyculture microalgae consortium as a sustainable, 
scalable, and economically viable technology for POME remediation.
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INTRODUCTION

One of  the most important economic sec-
tors in the Tropics is the palm oil industry. Count-
ries in Southeast Asia that dominate this industry 
are Indonesia and Malaysia, which are used in 
the food, cosmetics, and biofuel industries (Em-
paran et al., 2020). The palm oil industry has 
provided jobs directly and indirectly. Initially, the 
development of  the palm oil industry prioritized 
social, economic, and environmental aspects in 
its implementation (Khatiwada et al., 2021). Ho-

wever, as the palm oil industry develops, it turns 
out to cause serious environmental problems. 
This is related to the liquid waste produced, na-
mely Palm Oil Mill Effluent (POME). POME 
waste is produced as a by-product in large quan-
tities during the palm oil extraction process (Ma-
hidin et al., 2020). POME is a deep brown liquid 
waste with high temperatures and contains very 
high concentrations of  COD and BOD, accom-
panied by high levels of  suspended solids (TSS) 
and nutrients such as nitrogen and phosphorus 
(Kacaribu et al., 2025). If  discharged into the en-
vironment without proper treatment, POME has 
the potential to cause serious water pollution, dis-
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rupt aquatic life, and promote eutrophication and 
odor pollution (Choong et al., 2018).

Conventional POME waste treatment met-
hods require large land areas, take a long time to 
remove pollutants, and often still leave environ-
mental problems (Soo et al., 2022). Serious envi-
ronmental problems require the development of  
efficient, environmentally friendly POME waste 
treatment technologies. This development aims 
to eliminate pollutants and recover resources or 
energy derived from waste, in accordance with 
the principles of  the circular economy (Siagian 
et al., 2024). One environmentally friendly waste 
treatment approach is bioremediation. Bioreme-
diation is a process of  removing pollutants that 
utilizes the activities of  microorganisms, both in 
situ and ex situ, to degrade pollutants biologically 
and has economic value. Bioremediation degra-
des harmful substances such as heavy metals, hyd-
rocarbons, polycyclic aromatics, and other toxic 
compounds. The advantages of  bioremediation 
include its natural approach, relatively low opera-
tional costs, minimal disturbance to surrounding 
species during waste treatment, and potential for 
resource recovery (Almomani & Bohsale, 2021).

One of  the unique and interesting bio-
remediation agents to research is microalgae 
(Kaloudas et al., 2021). Microalgae are photo-
synthetic organisms that can grow rapidly in va-
rious types of  liquid waste, including POMEs, by 
utilizing nutrients (nitrogen and phosphorus) as 
well as carbon dioxide as their growth sources. In 
addition, microalgae used for waste remediation 
can be reused as fertilizer or animal feed (Devi 
et al., 2023). Microalgae can accumulate biomass 
rich in proteins, lipids (oils), carbohydrates, and 
pigments, making them potential feedstocks for 
various applications, such as biofuels (biodiesel), 
animal feed, biofertilizers, and other high-value 
products (Rashid et al., 2019; Chhandama et al., 
2021). The microalgae species that have been wi-
dely researched for bioremediation are Spirulina 
platensis, Chlorella sp, Tetraselmis chuii, Nannochlo-
ropsis oculata, Dunaliella salina, etc.

Single-cultured microalgae for remediati-
on have been extensively researched, but micro-
algae consortia remain under-researched. A con-
sortium comprises two or more distinct species 
of  microalgae with complementary properties 
and functions. The specific goal of  microalgae 
consortia is to improve the efficiency of  more 
complex biological processes compared to using 
a single species of  microalgae. These cultiva-
tions can interact competitively or cooperatively 
(Rashid et al., 2019). The use of  a consortium of  
microalgae is often superior to monoculture (one 

species). Microalgae consortia improve waste tre-
atment efficiency, enhance tolerance to variations 
in sewage conditions, and increase system stabili-
ty (Gururani et al., 2022).

The application of  microalgae consortia 
for POME waste bioremediation poses an inte-
resting challenge due to its highly concentrated, 
cloudy, and high-temperature nature. This ne-
cessitates optimal adaptation of  the microalgae 
consortium first (Raza et al., 2024). The POME 
waste to be applied also needs to be analyzed for 
several important parameters, such as pH, aerati-
on, light intensity, salinity, BOD, COD, TSS, and 
temperature, so that it can achieve efficient waste 
treatment efficiency and optimal microalgae bio-
mass production (Sari et al., 2022; Mohd et al., 
2024). The parameters of  palm oil mill effluent 
are adjusted in accordance with the Minister of  
Environment Regulation No. 5 of  2014 concer-
ning the quality standards for palm oil industrial 
wastewater. Further research is needed to identi-
fy and isolate the consortium of  local microalgae 
that are most suitable and resilient to the charac-
teristics of  POME. Species that are efficient in 
nutrient absorption and resistant to inhibition by 
toxic compounds in POME are key to the success 
of  large-scale applications (Ahmad et al., 2022). 
The integration of  microalgae bioremediation 
systems with other technologies, such as POME 
pretreatment or efficient biomass harvesting, can 
improve the economic feasibility and sustaina-
bility of  this approach. The use of  microalgae 
biomass as a value-added product can compen-
sate for the cost of  waste treatment (Liu & Hong, 
2021; Sengupta et al., 2023; Uma et al., 2023). 
Therefore, this study aims to explore the potential 
of  microalgae consortia in POME bioremediati-
on as a sustainable wastewater treatment approa-
ch. The focus of  this study is the efficiency of  pol-
lutant removal and the potential for microalgae 
biomass production from processed POME. The 
results of  this study are expected to provide a dee-
per understanding of  the mechanism of  POME 
bioremediation by microalgae consortia, as well 
as to serve as the basis for the development of  
more innovative, efficient, and environmentally 
friendly POME processing technologies, suppor-
ting the sustainability of  the palm oil industry in 
the future.

METHODS

Sampling and Characterization of POME 
Palm Oil Mill Effluent (POME) was ob-

tained from a palm oil industry in South Sulawe-
si, Indonesia. The POME sample was collected 
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from the wastewater treatment facility (IPAL) at 
sediment pond no. 13. For experimental purpo-
ses, a total of  one gallon (15 L) of  POME was 
collected and subsequently analyzed at the Uni-
versitas Negeri Semarang laboratory. The com-
position of  POME in the treatment pond is pre-
sented in Table 1. 

Table 1. Initial POME Waste Test on Pond No. 
13

Parameters Unit Result Method

BOD mg/L 788 5210 B #)

COD mg/L 2382 SNI 6989 2 
2019

TSS mg/L 1758 2504 D #)

Oils & fats mg/L ˂ 2.7 SNI 6989 10 
2011

Total N mg/L 41,2 4500-NH3 
C#)

pH 7,87 4500-H*B #)

Microalgae Cultivation 
Three species of  microalgae were used in 

this study: Chlorella vulgaris, Nannochloropsis ocu-
lata, and Tetraselmis chuii. These microalgae were 
obtained from the Brackish Water Aquaculture 
Research Institute (BBPAP) in Jepara, Indone-
sia. Prior to experimentation, each species was 
cultured as stock according to research require-
ments (Figure 1). The culture medium used was 
F/2 Guillard, prepared at a ratio of  1 mL of  stock 
solution per 1 L of  microalgae culture. Each spe-
cies was cultivated in five separate jars, for a total 
of  15. Optical Density (OD) measurements were 
performed using a spectrophotometer at 680 nm. 
Microalgae selected for consortium preparation 
had an OD of  approximately 0.300 ± 0.300.

Figure 1. Microalgae Cultivation for POME Re-
mediation

Phytoremediation Procedure of POME 
When microalgae cultures reached the op-

timal OD (±0.300 Å), a microalgae consortium 
was prepared at a 1:1 ratio for each treatment. 
Four types of  consortiums were tested: Chlorella 
vulgaris with Nannochloropsis oculata (CN), Chlo-

rella vulgaris with Tetraselmis chuii (CT), Nanno-
chloropsis oculata with Tetraselmis chuii (NT), and 
Chlorella vulgaris with Nannochloropsis oculata and 
Tetraselmis chuii (CNT). The consortium cultures 
were monitored for 14 days to achieve optimal 
OD for remediation. In addition, the microalgae 
consortium culture in POME remediation was 
repeated 3 times.

Subsequently, the consortium (CN, CT, 
NT, and CNT) with the optimal OD was expo-
sed to POME at 25%, 50%, and 75% for 14 days. 
For instance, CN 25 refers to the CN consorti-
um treated with 25% POME. The same coding 
system applies to other treatments. POME con-
centrations of  0% (consortium only) and 100% 
(without consortium) were used as controls to es-
tablish baseline conditions. Cell growth, pH, tem-
perature, and salinity were monitored daily for 14 
days. Cell growth was measured by OD using a 
UV-Vis spectrophotometer, while environmental 
parameters (pH, temperature, salinity) were me-
asured using a pH meter, a thermometer, and a 
salinity refractometer. COD, BOD, TSS, and the 
morphology of  the microalgae consortium was 
analyzed after 14 days of  incubation.

Measurement of Chemical Oxygen Demand 
(COD) 

COD was determined using the closed 
reflux spectrophotometric method. Both samp-
les and blanks (distilled water) were prepared for 
COD measurement. A 10 mL sample was placed 
in a 50 mL Erlenmeyer flask and diluted to 30 
mL. Then, 2.5 mL of  the sample was transferred 
into a test tube containing 1.5 mL of  K

2
Cr

2
O

7
 and 

3.5 mL of  H
2
SO

4
. The same procedure was app-

lied to the blank. Samples and blanks were placed 
in a COD reactor at 150°C for 2 hours, then coo-
led to room temperature. COD absorbance was 
measured using a UV-VIS spectrophotometer 
(Thermo Scientific Genesys 10S UV-Vis). COD 
values were recorded in mg/L.

Measurement of Biological Oxygen Demand 
(BOD) 

BOD was measured using the BOD
5
 (5-

day BOD test) method. Distilled water (2 L) was 
aerated for 1 hour and supplemented with nut-
rients, including phosphate buffer, CaCl

2
, FeCl, 

and MgSO
4
, each at 1 mL. Two 100 mL bottles 

were prepared: the first for an initial DO measu-
rement, and the second for a DO measurement 
after 5 days of  incubation (DO

5
).

For the initial DO measurement, 2 mL 
of  sample was placed in a test tube and diluted 
to 60 mL with nutrient-enriched distilled water. 
Then, 1 mL each of  alkali, iodine, and MnSO

4
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was added, and the mixture was left for 15 mi-
nutes. Subsequently, 1 mL of  H

2
SO

4
 was added, 

and the mixture was shaken until the precipitate 
dissolved. A clear sample (50 mL) was taken, 4–5 
drops of  starch indicator were added, and titrati-
on was performed using sodium thiosulfate until 
the solution became clear. The result was recor-
ded. DO

5
 was measured using the same procedu-

re as the initial DO, but the sample was incubated 
at 20°C for 5 days in the dark.

Where:
Di:	 initial dissolved oxygen (mg/L)
Df:	 dissolved oxygen after 5 days of  incuba-
tion (DO

5
, mg/L)

P :	 the dilution factor
V :	 sample volume (mL)

Measurement of Total Suspended Solids (TSS)
TSS was measured using the gravimetric 

method. Whatman filter paper was placed into a 
filter funnel. A total of  10 mL of  distilled water 
was filtered through the paper, then dried until 
no water droplets remained. The filter paper was 
subsequently placed in an oven at 105°C for 60 
minutes, then cooled in a desiccator for 15 minu-
tes. The filter paper was weighed using an ana-
lytical balance and recorded as the filter weight.

Next, 10 mL of  the POME sample was 
prepared. The same procedure described above 
was applied to the sample until the final weight 
of  the filter paper containing the sample residue 
was obtained. TSS was calculated using the follo-
wing formula:

Where:
Wf : final weight of  filter paper after sample filtra-
tion (mg)

Wi : initial weight of  filter paper (mg)
V : volume of  sample filtered (mL)

Measurement of microalgal consortium 
biomass

The microalgae consortium culture was 
centrifuged at 3000 rpm for 7 minutes, follo-
wed by filtration to determine the sample’s wet 
weight. The resulting pellet was dried in an oven 
at 70°C for 24 hours and subsequently weighed 
on an analytical balance (PX224e) to determine 
the sample’s dry weight. Biomass was calculated 
using the following formula:

Biomass concentration:  

Biomass productivity:   

Specific growth rate: 

Where:
DW: 	 dry weight of  the sample (g)
V: 	 sample volume (L)
X1: 	 initial dry weight of  the sample (g)
X2: 	 final dry weight of  the sample (g)
t1: 	 initial observation time (days)
t2:	 final observation time (days)

Statistical Analysis
The experiment was repeated three times. 

Differences in growth rates during the culture of  
microalgae consortia in POME were statistically 
analyzed using SPSS version 25 and Microsoft 
Excel. All data are presented as mean ± standard 
error (SE), and a 5% significance level was used 
for statistical significance.

Morphology of Microalgae Consortium
Cell morphology of  the microalgae con-

sortium was observed using a Scanning Electron 
Microscope (SEM) to identify structural charac-
teristics, cell integrity, and potential morphologi-
cal changes during the remediation process.

The research flowchart is illustrated in Fi-
gure 2.

Figure 2. Research Flowchart
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RESULTS AND DISCUSSION

COD removal efficiency
A significant increase in COD removal 

was observed from day 7 to day 14 of  cultivation, 
indicating that a longer cultivation period enab-
les the microalgal consortium to achieve its opti-
mal capacity for mineralizing and metabolizing 
complex organic compounds in POME. On day 
14, the CNT consortium demonstrated superior 
performance, achieving the highest COD remo-
val efficiency of  77.55% in 50% POME, followed 
by 74.95% in 25% POME, and 64.74% in 75% 
POME. In contrast, the CT consortium exhibited 
the lowest performance, with a maximum effi-
ciency of  only 52.09% in 25% POME.

The CNT consortium demonstrated the 
best COD removal performance due to functio-
nal complementarity and metabolic diversity 

not found in a dual-species consortium. Chlorella 
vulgaris plays a role in rapid nutrient uptake and 
utilization of  dissolved organic compounds; Nan-
nochloropsis oculata contributes to osmoregulation 
and produces accessory pigments that enhance 
light-harvesting efficiency; while Tetraselmis chuii 
exhibits heterotrophic growth under dark condi-
tions, adapts to high-COD POME with elevated 
salinity, and maintains metabolic stability. This 
synergistic combination enables CNT to degra-
de a broader spectrum of  organic compounds in 
POME. In contrast, dual-species consortia such 
as CN or CT rely primarily on one species as the 
main degrader of  organic compounds, while the 
other species plays only a limited complementa-
ry role, resulting in incomplete mineralization of  
organics in POME (Cheah et al., 2018; Hasnain 
et al., 2023).

Figure 3. COD Removal Efficiency in Each Microalgae Consortium with Various POME Waste 
Variations In 7-Day And 14-Day Cultivation

The mechanism of  COD removal by CNT 
is presumed to involve a series of  biochemical 
processes activating both autotrophic and hete-
rotrophic degradation pathways. The autotrophic 
pathway begins with the uptake of  inorganic nut-
rients (N, P, K) from POME by all three microal-
gae species. Chlorella vulgaris acts as the primary 
nutrient accumulator, while Nannochloropsis and 
Tetraselmis assimilate specific minerals according 
to their niche preferences. During photosynthesis, 
all three species generate oxygen, which is subse-
quently utilized for the oxidative degradation of  
organic compounds bound in POME. Tetrasel-
mis exploits the heterotrophic pathway, using dis-
solved organic carbon as an energy source, while 
the other two species perform photorespiration 
simultaneously (Putra et al., 2023).

Additionally, the consortium’s production 
of  exopolysaccharides (EPS) serves as a biofilm 
matrix, enhancing surface area and supporting 
enzyme-catalyzed degradation. Intermediate 
products excreted by one species serve as substra-
tes for the others, preventing the accumulation 
of  inhibitory intermediates and maximizing the 

complete oxidation of  COD into CO₂ and H₂O 
(Alazaiza et al., 2023). The advantage of  CNT 
lies in the ability of  these three species to simul-
taneously execute multiple degradation pathways 
without inhibitory competition, resulting in a cu-
mulative COD reduction efficiency of  77.55%, 
significantly higher than that of  a dual-species 
consortium that activates only one or two limited 
pathways.

This three-species consortium aligns with 
findings from the past five years, emphasizing the 
importance of  species diversity. The consortium 
of  Chlorella vulgaris and Nannochloropsis oculata 
reduced COD in POME to 70.3% at 75% con-
centration under laboratory-ale conditions (Ama-
lia et al., 2025). Moreover, a semi-continuous 
system based on a natural microalgae consortium 
achieved an efficiency of  81.3% after 12 days of  
cultivation (Nur et al., 2019).

BOD removal efficiency
One of  the critical parameters of  wastewa-

ter quality is Biological Oxygen Demand (BOD). 
The initial BOD content in POME was recorded 
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at 788 mg/L, which is attributed to the high le-
vels of  suspended solids, lipids, and carbohydra-
tes resulting from the palm oil extraction process. 
According to Indonesian regulations, the permis-
sible threshold for BOD discharge into the envi-
ronment is 100 mg/L, whereas Malaysia imposes 

a stricter limit of  20 mg/L for POME effluent. 
The BOD parameter is directly associated with 
the risk of  eutrophication; therefore, monitoring 
BOD is essential in the remediation of  POME 
using a microalgae consortium.

Figure 4. BOD Removal Efficiency of  Each Microalgae Consortium with Various Variations of  
POME Waste

Based on Figure 4, the three-species micro-
algae consortium CNT at a 75% POME con-
centration exhibited the highest BOD reduction 
efficiency, achieving 72.73%. Among the two-
species consortia, NT demonstrated relatively 
superior performance with BOD removal effi-
ciencies ranging from 33.33% to 63.64% across 
all POME concentrations. In contrast, the CT 
consortium showed lower performance, with the 
lowest BOD removal efficiencies ranging from 
21.21% to 52.73%.

The superior BOD removal capacity of  
the three-species consortium can be attributed 
to synergistic interactions among species within 
complex metabolic processes, where each species 
plays a unique role in utilizing different organic 
substrates. POME concentrations of  50–75% pro-
vided optimal nutrient availability to support the 
growth of  the microalgae consortium. Previous 
studies have reported that microalgae consortium 

achieved bio removal efficiencies of  57.8–88% in 
POME treatment due to the availability of  nitro-
gen and phosphorus elements in microalgae me-
tabolism (Sari et al., 2022)

TSS removal efficiency
The measurement of  Total Suspended So-

lids (TSS) over 14 days of  cultivation revealed that 
the highest TSS removal efficiency was achieved 
by the CNT consortium at 49.66%, followed by 
NT (47.95%), CN (42.72%), and the lowest per-
formance was observed in CT with a reduction 
efficiency of  33.62% (Figure 6). All these results 
were obtained at 75% POME concentration. 
Across all concentration levels, the TSS remo-
val efficiency of  the four consortia ranged from 
11.43% to 49.66%, indicating that higher POME 
concentrations supplied to the microalgae con-
sortium resulted in lower TSS levels.

Figure 5. Total Suspended Solid (TSS) Removal Efficiency in Each Microalgae Consortium on Day 
14
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The superiority of  the CNT consortium 
lies in the synergistic interactions among micro-
algae. Chlorella vulgaris contributes to high bio-
mass production and efficient organic nutrient 
uptake  (Kandimalla et al., 2016; Sidabutar et al., 
2024), Nannochloropsis oculata plays a role in lipid 
optimization and salinity tolerance, and can re-
move most nitrogen and phosphate (Minturo et 
al., 2022), while Tetraselmis chuii enhances system 
stability (de Alva & Pabello, 2021). The three-spe-
cies consortium creates high functional diversity, 
thereby reducing the risk of  system failure if  one 
species experience severe environmental stress. 
This consortium demonstrates greater stability 
than monocultures and exhibits high adaptability 
to variations in POME concentration.

Previous studies have reported that micro-
algae consortium efficiently reduced TSS levels 
by 80–95% through auto-flocculation, bio sedi-
mentation, and biological adsorption (Nur et al., 
2019). In auto flocculation and bio sedimentati-
on, microalgae cells naturally aggregate to form 
flocs that trap pollutant particles, resulting in cells 
that contain absorbed TSS particles. These cells 
subsequently settle at the bottom of  the medium 
(bio sedimentation) due to increased weight. In 

biosorption, negatively charged cell walls bind 
and retain TSS and other organic pollutants 
through physicochemical interactions. In certain 
systems, microalgae may also form biofilms with 
bacteria or fungi, within which fine particles can 
be physically entrapped (Low et al., 2021).

Physicochemical parameters during the 
remediation process

An appropriate pH condition fosters op-
timal growth of  the microalgae consortium, as 
pH directly influences cellular metabolism by 
affecting enzymatic activity. As shown in Figure 
6, all consortia operated within the pH range of  
8.4-9.75 during POME remediation. Increasing 
POME concentrations consistently elevated the 
medium’s pH across all the consortia. 

The pH tended to rise slightly over time, 
then stabilized toward the end of  the 14-day ob-
servation period. This increase was attributed to 
microalgal photosynthetic activity, in which inor-
ganic carbon (typically as CO₂ or HCO₃⁻) was 
assimilated from the medium and converted into 
biomass. The uptake of  inorganic carbon reduced 
hydrogen ion concentrations, thereby shifting the 
medium toward a more alkaline state.

Figure 6. pH in a Microalgae Consortium with A Concentration of  POME Waste Of  0%, 25%, 50%, 
and 75%

Consortium paired with Tetraselmis chuii 
(NT, CT, CNT) generally exhibited higher avera-
ge pH values, whereas the CN consortium—wit-
hout T. chuii—maintained lower pH levels. Tetra-
selmis chuii is recognized as a microalgae species 
tolerant to environmental variability, including 
pH fluctuations. Previous studies have reported 
that Chlorella vulgaris grows optimally at pH 7-7.5, 

Nannochloropsis oculata at pH 8, and Tetraselmis 
chuii at pH 7-8.5  (Amalia et al., 2025). Research 
on another species within the genus, Tetraselmis 
striata, further confirmed that pH 8 supports op-
timal growth and biomass productivity (Patrinou 
et al., 2022). Daily monitoring of  pH stability is 
therefore essential to maximize microalgal bio-
mass productivity and to prevent oxidative stress.
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As illustrated in Figure 7, each microalgae 
consortium demonstrates distinct salinity fluctu-
ation patterns in response to varying concentra-
tions of  POME. Under the 0% POME control, 
the three consortia (CNT, NT, CN) consistently 
maintained high, stable salinity levels (CNT: 42-
56 ppt; NT: 40-60 ppt; CN: 40-60 ppt), reflecting 
their intrinsic osmotic resilience in the absence of  
POME. Increasing POME concentrations led to 
a marked decline in salinity, which subsequent-
ly stabilized at lower levels. In contrast, the CT 
consortium exhibited a unique profile, maintai-
ning relatively constant salinity (20-42 ppt) across 
both the control and all POME concentrations. 
This observation suggests that the CT consortium 
possesses comparatively limited osmoregulatory 
adaptation relative to the other consortium.

Salinity plays a pivotal role in regulating 
gas and nutrient solubility within the medium, 
thereby influencing metabolic activity and modu-
lating other physicochemical parameters such as 
pH and temperature. Optimal salinity conditions 
are essential for sustaining microalgal growth, 
ensuring osmoregulatory balance, and enhancing 
photosynthetic efficiency. Microalgae consortium 

employs several mechanisms to regulate salinity, 
including selective ion uptake from POME, me-
tabolite excretion, and pH modulation (Ahmad et 
al., 2022; Muthukumaran et al., 2024; Kacaribu 
et al., 2025).

Cell density of the microalgae consortium
Cell density data in Figure 10 showed 

highly variable growth patterns among the four 
microalgae consortia at different POME concent-
rations. The peak cell density of  the consortium 
(exponential phase) occurred between days 4 and 
8 of  remediation, followed by a stationary phase 
and, by day 14, a decline toward cell death. The 
CNT consortium exhibited the best performance, 
with the highest cell density and the most con-
sistent growth under all waste conditions. At a 
75% POME concentration, CNT reached a peak 
of  0.811 Å on day 8 of  remediation, and its cell 
density remained stably high, with OD ranging 
from 0.656 to 0.798 Å until the end of  the period. 
In contrast, the CT consortium showed the lo-
west cell density. Its peak cell density occurred on 
day 6 of  remediation (OD ranging from 0.406 to 
0.480 Å), then declined to the end of  the period.

Figure 7. Salinity In Microalgae Consortia with POME Waste Concentrations Of  0%, 25%, 50% And 
75%
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Figure 8. Optical Density in Each Microalgae Consortium in POME Waste Remediation For 14 Days

Cell density reflects the accumulation of  
microalgae biomass that produces metabolic 
enzymes for photosynthesis and organic matter 
degradation (Huang et al., 2024; Kong et al., 
2024). In the CNT consortium, photosynthesis is 
presumed to be highly effective because the three 
species use different photosynthetic pigments to 
enhance efficiency. High cellular respiration in 
CNT also enables substantial ATP production for 
cell division and protein synthesis. This leads to 
rapid increases in microalgae biomass, thereby 
accelerating organic matter degradation. Conse-
quently, CNT achieved higher COD, BOD, and 
TSS removal efficiencies in POME remediation 
compared to other consortia (Abate et al., 2024).

Productivity of microalgae consortium
The productivity of  the microalgae con-

sortium in POME remediation can be measured 
by biomass, biomass productivity, and specific 
growth rate (Table 2). At 25% POME concent-
ration, the NT consortium achieved the highest 
biomass and biomass productivity, with values of  
4.671 g/L and 0.244 g/L, respectively. 

For the specific growth rate, the CN con-
sortium showed the highest value of  0.111 µ/d 
at 25% POME. Previous studies have reported 
that mixed microalgae with equal proportions 
can more effectively exploit organic waste com-
pounds, completely removing nitrogen and 
phosphate, compared to monocultures (Fallahi et 
al., 2020).

Table 2. Productivity Of  Microalgae Consortium in POME Wastewater

Sample Biomass Concentration (g L-1) Biomass Productivity (g L-1 d-1) Specific Growth Rate (µ d-1)

CNT 25 3,862 0,102 0,032

CNT 50 3,456 0,070 0,024

CNT 75 2,887 0,027 0,010

NT 25 4,671 0,244 0,088

NT 50 3,788 0,176 0,072

NT 75 1,681 0,014 0,009

CN 25 3,343 0,197 0,111

CN 50 2,793 0,154 0,098

CN 75 2,659 0,144 0,094

CT 25 3,230 0,169 0,088

CT 50 2,845 0,140 0,078

CT 75 2,624 0,123 0,072
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Increasing POME concentration from 25% 
to 75% significantly reduced biomass productivi-
ty and growth across all microalgae consortia. 
This decline was likely caused by several factors, 
including the accumulation of  toxic compounds 
in high-concentration POME that potentially in-
hibited photosynthesis and cellular metabolism; 
increased osmotic stress from POME exceeding 
the osmoregulatory capacity of  each consortium, 
leading to cell plasmolysis; and the limitation of  
specific nutrients required by microalgae, particu-
larly nitrogen and phosphorus, which were bound 
in complex forms and thus difficult to access.

Interestingly, the CNT consortium 
displayed a distinct pattern. While CNT showed 
the best performance in reducing COD, BOD, 
and TSS in POME, its biomass productivity and 
specific growth rate were lower than those of  the 
dual-species consortium. Energy allocation in 
CNT was likely prioritized for detoxification and 
remediation of  complex POME rather than for 
growth. Similar patterns have been reported in 

other studies. A consortium combining Scenedes-
mus and Tribonema successfully reduced COD by 
up to 86.7%, but the species exhibited different 
biomass productivity levels (Gupta & Marchet-
ti, 2024). Another study reported that Chlorella, 
Scenedesmus, and Parachlorella formed a less effec-
tive composition, resulting in decreased biomass 
productivity (Cho et al., 2020). Optimal bicultu-
res are often easier to regulate and tend to show 
higher productivity compared to monocultures or 
polyspecific cultures (La Bella et al., 2023; Liu et 
al., 2024).

Salinity and pH affect the biomass pro-
duced by microalgae consortia. Salinity above 
60 ppt causes microalgae death, and microalgae 
consortia are only effective in remediating POME 
between 40-50 ppt. Another environmental para-
meter, pH, also affects the biomass produced by 
microalgae consortia. The optimal pH for micro-
algae cultivation in POME is between 9 and 9.5.

Morphology of microalgae consortium

Figure 9. A Microalgae Consortium Observed Using a Scanning Electron Microscope (7500x)

Based on Figure 9, the CNT consortium 
exhibited well-ordered and organized cell aggre-
gation with relatively clear boundaries between 
microalgae clusters. This indicates preservation 
of  cellular membrane integrity. In contrast, the 
NT consortium displayed more loosely arranged 
aggregation patterns, though cellular structures 
remained intact. The CN consortium showed 
early signs of  cellular damage with visible degra-
dation at cell boundaries. The most significant 
damage was observed in the CT consortium, 
where SEM imagery revealed severe morpholo-
gical disruption with collapsed cell structures and 
clearly damaged cell walls, indicating severe oxi-
dative stress during POME remediation. These 
differences in morphological viability positively 
correlated with COD, BOD, and TSS removal 
efficiency: CNT and NT, which demonstrated 
structural preservation, achieved superior remo-
val, while CT, with severe cellular damage, ex-
hibited the lowest performance (Mathew et al., 
2022). The superior surface morphology of  

CNT cells are likely due to their greater ca-
pacity to mitigate oxidative stress during POME 
remediation. Enzymatic and non-enzymatic 
mechanisms in CNT operate more synergistically 
and powerfully in a multi-species system than in 
a dual-species consortium.

CONCLUSION

A three-species CNT microalgae consor-
tium (Chlorella vulgaris, Nannochloropsis ocula-
ta, and Tetraselmis chuii) demonstrated superior 
performance in COD, BOD, and TSS removal 
compared to a two-species consortium. Optimal 
physicochemical parameters supporting CNT 
growth were recorded at pH 9.19-9.6, tempera-
tures of  29.1–30.6 °C, and adaptive salinity up 
to 41 ppt. However, the biomass yield of  the 
CNT consortium (3,862 g L⁻¹ at 25% POME) 
was lower than that of  NT (4,671 g L⁻¹ at 25% 
POME), indicating that CNTs allocated more 
energy to POME detoxification and remediation 
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than biomass accumulation. The microalgae 
consortium demonstrated enhanced nutrient 
uptake and greater environmental resilience, 
making it a promising candidate for large-scale 
applications to validate its effectiveness and 
develop environmentally friendly strategies for 
addressing POME treatment.
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