Int Aquat Res (2025) 17:339-351
https://doi.org/10.22034/IAR.2025.2009393.1866

ORIGINAL RESEARCH

Microalgal growth, bioremediation, and nutritional
composition in aquaculture wastewater

Lily Anne G. Pifiosa ® . Greta G. Gabinete . Mary Jane S. Apines-Amar . Eleodoro L. Alicante .
Helen G. Genandoy . Joel A. Araquil. Jr . Jerry A. Ceballos . Fiona L. Pedroso

Received: 10 March 2025 / Accepted: 17 September 2025 / Published online: 02 October 2025
© The Author(s) 2025

Abstract Microalgae have been utilized as eco-friendly bioremediation agents in aquaculture wastewater
with concomitant biomass production. However, growth, bioremediation efficiency, and the nutritional
components of the resulting biomass still need assessment to evaluate their potential as bioremediation
agents, growth performance, and fertilizer sources. This study evaluated five microalgae, namely,
Tetraselmis tetrathele, Nannochlorum sp., Chaetoceros calcitrans, Isochrysis galbana, and Thalassiosira
sp., grown using milkfish wastewater. Specific growth rate (SGR), biomass productivity and concentration,
nutrient removal efficiency, and the nutritional components of the biomass were analyzed as bases for
determination. Results showed that Nannochlorum sp. and Isochrysis galbana had the highest SGR of
0.263 and 0.255 p day’!, respectively. However, due to their larger size, T. tetrathele and Thalassiosira sp.
had the highest biomass productivity and concentrations of 0.075 and 0.065 g L' day" and of 0.933 and
0.879 g L, respectively. Tetraselmis tetrathele is best in removing N and P, achieving removal efficiency of
98.24% and 98.87% for NH,-N and NO,-N, respectively, while 72.50% for P. T_ tetrathele and Thalassiosira
sp. had significantly higher N, with no significant difference among microalgae for P. At the same time,
Thalassiosira sp. was significantly higher in K. There was no significant difference among algae in terms of
Cu, while T. tetrathele and Thalassiosira sp. were significantly higher in Zn, T. tetrathele, Nannochlorum
sp., and 1. galbana for Mn, and Thalassiosira sp. for Fe. Results indicate that T tetrathele emerged as the
most efficient species for bioremediating aquaculture wastewater compared to the other microalgae. While
T. tetrathele and Thalassiosira sp. exhibited high biomass productivity and potential as fertilizer sources,
they outperformed the other microalgae.
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Introduction

Aquaculture pollution is an unfortunate result of the rapidly growing industry. Shrimp farming in the Philip-
pines, for instance, was a significant success in the 1980s until its decline in the mid-1990s (Tendencia and
de la Pefia 2001), with an estimated loss of 40,080 mt in 1997 and 51,000 mt in 2014 (Macusi et al. 2022)
due to disease outbreaks caused by water pollution when culture intensified (Iber and Kasan 2021). Accord-
ingly, only 20 to 40% of nitrogen and phosphorus applied to ponds from feed is recovered in harvested fish,
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and less than 30% of nitrogen and 10% of phosphorus applied to ponds exit in the effluent (Facey 2024).
The high levels of these nutrients may cause pathogen proliferation (Niu et al. 2025).

One way to mitigate the adverse effects of nutrient-rich aquaculture effluents is through bioremedia-
tion (Skriptsova and Miroshnikova 2011). In aquaculture, this means utilizing living organisms, such as
algae or bacteria, to break down waste generated by operations. Algal bioremediation, on the other hand,
uses live algae to absorb excess nutrients from the wastewater (Vijayaram et al. 2024). Algae are known
to remove up to 90% of the ammonium produced by marine animals (Skriptsova and Miroshnikova 2011)
and over 90% of pathogenic bacteria (Abdel-Raouf et al. 2012). However, further research is needed to
determine which microalgal species are most effective at sequestration. Liu et al. (2018) suggested that
screening microalgal species is a promising strategy to improve the removal efficiency of aquaculture
pollutants.

Aside from removing pollutants and nutrients from wastewater, microalgae also produce biomass. This
is a promising approach that combines biomass generation with nutrient removal (Huang et al. 2022).
This method also addresses three main goals: remediation of aquaculture wastewater for cleaner water and
sustainable aquaculture, provision of a low-cost medium for microalgae cultivation through wastewater
nutrients utilization, and generation of microalgal biomass for product development.

While microalgae can grow in most wastewaters, their growth rates, however, vary with species and cul-
ture medium, making it essential to assess the growth rate for each type to select high-yielding species and
enhance production output. For instance, in a study performed by Ansari et al. (2017), Chlorella sorokini-
ana produced lower biomass yields, ranging only from 1.25 g L' to 2.20 g L', compared to Ankistrodesmus
falcatus, which ranged from 2.25 g L'to 2.86 g L}, even though both were grown in the same aquaculture
wastewater. In terms of microalgal responses to culture media, Zhang et al. (2023) observed two growth
patterns: the non-influencing growth, where microalgae hardly accumulate biomass and cell division in
a nitrogen-rich medium, and the inhibitory growth, where they can accumulate biomass and divide more
readily under nitrogen-limited conditions.

On the other hand, microalgal biomass holds potential for various product applications. However,
most research has focused on its use in biofuels, nutraceuticals, and pharmaceuticals, with relatively
little attention given to its role as a fertilizer source. This may be because organic fertilizers are devalued
compared to the products mentioned above. In agriculture, however, the value of organic fertilization is
indispensable, as this prevents soil from degradation, reduces chemical residues, promotes a balanced
ecosystem, and ultimately contributes to long-term agricultural sustainability. Among the microalgal
studies that explored their use as fertilizers were: microalgal extracts and biomass on seed germination,
hydroponic systems, and soil-based crop cultivation (Zhang et al. 2024), as biofertilizer (Castro et al.
2024), and as biomass from wastewater to enhance the shoot, root, and grain biomass of barley (Sulei-
man et al. 2020). However, these studies only incorporated microalgae into the growing medium and
evaluated their impact on plant growth, whereas studies that focus on the characterization of microalgal
nutritional components for fertilizer production are scarce. Though Alvarez-Gonzélez et al. (2022) were
able to characterize the nutritional components of microalgal biomass grown in wastewater as a potential
replacement for inorganic fertilizer, their study utilized mixed algae and domestic wastewater. Niccolai
et al. (2019) noted that the biochemical composition of microalgae can vary depending on the culture
conditions and the microalgal strains used.

In addition, a wide range of factors must be considered in the bioremediation process, and accordingly,
selecting an appropriate target species is one of the critical steps for the removal of aquaculture waste. The
algal characteristics in the selections are: high growth rates, endemic to the area, and with broad distribution
(Lawton et al. 2013). The five microalgae in this study, however, were selected due to their availability and
local abundance, making them practical candidates for testing.

Based on the previously identified research gaps, there is a need to assess the growth and productivity of
microalgae for selecting high-yielding species, assess their nutrient removal efficiency for effective biore-
mediation, and understand their nutritional composition to identify those best suited as organic fertilizer.
Thus, this study aimed to evaluate the growth, bioremediation efficiency, and nutritional composition of
five microalgal species: T. tetrathele, Nannochlorum sp., C. calcitrans, I. galbana, and Thalassiosira sp.,
grown in aquaculture wastewater.
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Materials and methods

This study is a single-factor experiment in which the single variable factor is the different species of mi-
croalgae. The experimental set-up was laid out in a Randomized Complete Block Design (RCBD) where
the experimental runs acted as treatment replicates or blocks to control potential sources of variability.
Time was used as the blocking factor because environmental conditions could vary across different runs.
By treating each run as a block, the design controls for this variability, ensuring that temporal changes do
not confound any differences among treatments. A total of three (3) experimental runs were performed. The
experiment was done at the Multispecies Hatchery of the Institute of Aquaculture, College of Fisheries and
Ocean Sciences, University of the Philippines Visayas, Miagao, Iloilo, Philippines.

Preparation of microalgae and wastewater source

The microalgae used in this study, namely, T tetrathele, Nannochlorum sp., C. calcitrans, 1. galbana, and
Thalassiosira sp., were obtained from the Southeast Asian Fisheries Development Center/Aquaculture De-
partment (SEAFDEC-AQD) in Tigbauan, Iloilo, Philippines. Upon arrival at the hatchery, the microalgae
were examined under a microscope for possible contamination, cultured in 1-L-capacity glass bottles, and
subsequently scaled up to 10-L-capacity carboys using chlorinated water. The microalgal propagation used
Conway media (Pifiosa and Apines-Amar 2024), with aeration, and illuminated horizontally using 40 W
fluorescent lamps until growth stabilized and the required volume of microalgae for the experiment was
obtained.

The aquaculture wastewater came from the milkfish culture tank. The wastewater inorganic nitrogen
(N) (ammonia-N (NH,-N) and nitrite-N (NO,-N)) and phosphorus (P) concentrations were checked, as
these nutrients are toxic to fish at higher concentrations, but are needed for microalgal growth. The analyses
were performed using a UV-Vis Spectrophotometer (Shimadzu UV-1280, Germany) following the proce-
dures described in Strickland and Parsons (1972) to ensure that it contained sufficient nutrients to support
the growth of algae. When the desired nutrient concentrations were reached, the wastewater was filtered
through a 12-inch-wide and 23-inch-long, 5 um mesh filter bag (BNH Marketing, Philippines) to remove
debris and other impurities from the water column, and subsequently distributed in five 500-L-capacity fi-
berglass tanks. Initial concentrations of water NH,-N, NO,-N, and P were determined using a UV-Vis Spec-
trophotometer, while water salinity and pH were determined using a refractometer (Atago S/Mill-E, Japan)
and a digital pH meter (Suntex TS-1, China), respectively. The characteristics of aquaculture wastewater
were as follows: NH,-N - 0.934+0.1 - 1.23+0.2 mg L, NO-N - 0.857+0.1 - 1.01+0.1 mg L"'; P - 2.1140.2
-2.5240.2 mg L', pH - 7.16 - 7.58, and salinity - 29 - 32 ppt.

Experimental setup and sampling

The experiment used five 500-L-capacity fiberglass containers filled with 450 L filtered aquaculture waste-
water. The microalgal inoculants were stocked at a density of 0.2 optical density. Stocking was performed
by diluting the concentrated algal inoculants with the wastewater until the density of 0.2 for each alga
was achieved at a wavelength of 680 nm using a UV-Vis spectrophotometer. All cultures were aerated and
placed in an open structure with transparent roofing, allowing sunlight to penetrate, which was needed for
microalgal growth. The use of transparent roofing allowed the sunlight to penetrate the culture area, which
can enhance algal growth but may also introduce variability in light intensity, potentially affecting mi-
croalgal reproducibility. However, this set-up also served to protect the experiment from rain, which could
negatively impact the cultured algae. Sampling for the microalgae’s specific growth rate was performed
daily for five days, at the onset and the end of the experiment, for biomass productivity and bioremediation
efficiency, while samples were taken at the end of the experiment for biomass concentration before all mi-
croalgae were harvested. After five days of culture, microalgae were harvested through electro-flocculation.
Floated and settled algae in the tanks were collected, filtered, and dewatered using a fabricated microalgal
collector, a plastic container with a 30 pm mesh size net at the bottom. The five-day culture duration was
adopted from other studies, where microalgae exponential growth was spotted during the first three days
(Wang et al. 2014; Pifiosa and Apines-Amar 2024). Harvested algae were air-dried, homogenized, and sam-
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pled for their macronutrient and micronutrient content, ash, organic matter (OM), organic carbon (OC), and
moisture. Specific analysis and its procedures were outlined as follows:

Specific growth rate

The specific growth rate of the five microalgae was evaluated through cell enumeration using a Neubauer
improved hemocytometer (Germany) and a compound microscope (Motic BA410, China) following the
methods of Pifiosa (2018) for algal count and Martinez et al. (1975) for calculations. The specific growth
rate was calculated based on Gani et al. (2016) formula:

In (Nf/Ni)

Specific growth rate (u/day) = TF—Ti

Where Nf and Ni were defined as the cell concentration (cell mL!) at time Tf and Ti, respectively.
Biomass productivity and concentration

The biomass productivity and concentration were determined by quantifying the dry weight of the algae
through filtration using a glass microfiber filter (GF/C Whatman, USA), washed with distilled water to re-
move the salt, and dried at 100 °C until a constant weight was obtained. The dry weight was determined by
obtaining the difference between the filter weights before and after filtration. The dry weight is the biomass
concentration, while the biomass productivity calculation follows the formula of Kumar et al. (2019) as
shown below:

Biomass productivity (g L'd")

Cl1-cCo
T TI-TO
Where C1 and CO are the microalgae biomass concentrations at the end and at the beginning of the culture
at time T1 and TO, respectively.

Nutrient removal efficiency

The water samples for nutrient removal efficiency were analyzed immediately after sampling by obtaining
a clear supernatant through centrifugation with a tabletop centrifuge at 3000 rpm. The concentrations of
NH,-N, NO,-N, and reactive P in the water were analyzed using the methods described by Strickland and
Parsons (1972) with modifications, using a Shimadzu UV-Vis Spectrophotometer. The phenol hypochlorite
method was used for the inorganic NH,-N analysis. Briefly, 25 mL of the supernatant water sample was
transferred into a 125 mL Erlenmeyer flask. Successive additions of 1 mL phenol solution, 1 mL sodium
nitroprusside solution, and 2.5 mL of oxidizing reagent were made, with thorough mixing after each addi-
tion. The samples were allowed to stand for 1 hour, and the absorbance was recorded against distilled water
using a UV-VIS spectrophotometer at a wavelength of 640 nm. For the analysis of NO -N, the diazotization
process was used. Briefly, 25 mL of the supernatant water sample was measured into a 125 mL Erlenmeyer
flask. A sulfanilamide solution of 0.5 mL was added, mixed, and allowed to react for 2 and 8 minutes, then
the naphthyl-ethylenediamine solution of 0.5 mL was also added and mixed. The absorbance of the solu-
tion was read against distilled water between 10 minutes and 2 hours using a UV-VIS spectrophotometer
at a wavelength of 543 nm. For the analysis of reactive P, the orthophosphate molybdate method was used.
Briefly, 25 mL of the supernatant water was transferred into a 125 mL Erlenmeyer flask and allowed to react
with a 2.5 mL composite reagent containing ammonium molybdate solution, sulfuric acid solution, ascorbic
acid solution, and potassium antimonyl solution. After 5 minutes or preferably 2-3 hours, the extinction of
the solution was measured against distilled water in a UV-VIS spectrophotometer at a wavelength of 885
nm. The calculation for nutrient removal efficiency of these three nutrients followed the formula of Anibal
et al. (2014):

Nutrient Removal Efficiency = 100 — (100 X

Nutrient concentration at the beginning )
Nutrient concentration at the sampling moment
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Microalgal nutritional compositions
Macronutrient and micronutrient

Homogenized air-dried algal samples were sent to two analytical laboratories, the Department of Agri-
culture, Regional Organic Soils Laboratory, in Iloilo City, Philippines, and the Department of Agriculture
— Sugar Regulatory Administration, Bacolod City, Philippines for the analyses of macronutrients N, P, and
Potassium (K) and micronutrients Iron (Fe), Manganese (Mn), Zinc (Zn), and Copper (Cu) to determine
their potential as source of organic fertilizers. For the macronutrient content, total N was analyzed using
the Kjeldahl method described in AOAC (2005). The volumetric method was used in the analyses of total
P and total K. The phosphoric acid method was used to determine total P, while sodium tetraphenyl borate
(STPB) was used to determine K; both methods followed the procedure described in AOAC (1975). For the
micronutrients Cu, Mn, and Fe, samples were prepared into pressed powdered pellets and analyzed using
the elemental analyzer X-ray fluorescence spectroscopy (Malvern Panalytical Epsilon 4 XRF Analyzer, The
Netherlands) following Karathanasis and Hajel (1996), while diethylenetriaminepentaacetic acid (DTPA)
micronutrient extraction method was performed for Zn and was analyzed using the Atomic Absorption
Spectroscopy (Agilent Technologies, 200 Series AA, USA), following the procedure described in AOAC
(2005).

Microalgal ash, organic carbon (OC), organic matter (OM), and moisture

The microalgal ash, OC, and moisture contents were determined gravimetrically by oven drying at 105 °C
to a constant weight, and incineration in a muffie furnace at 550 °C, respectively. For the OM, values were
derived by multiplying the percent OC by 1.72. This conversion factor assumes that OM contains 58% OC.

Statistical analysis

All data were analyzed statistically for their significance using the Statistical Package for the Social Scienc-
es (SPSS version 16.0). Levene’s test was performed to evaluate whether the data were distributed normally
and to determine the homogeneity of variances. The differences among microalgae in terms of specific
growth rate, biomass production, and concentrations, macronutrient and micronutrient contents, were eval-
uated using a one-way analysis of variance (ANOVA). The Duncan’s Multiple Range Test (DMRT) post
hoc analysis was performed at a 5% level of significance to evaluate the comparisons in the differences in
means.

Results
Specific growth rate

Measurement of specific growth rates was performed daily to identify the optimal growing days for each
alga, aiding future culture for improved production. Results showed a high specific growth rate in four
microalgae on the first day of culture. The rate declined thereafter, except for T. fetrathele where an almost
equal increase in growth was observed for the entire culture period at a range of 0.210-0.274 p day-! (Fig-
ure 1). Thalassiosira sp. had the highest specific growth rate on day 1 of 0.525 p day-! but was statistically
comparable with other algae, except for T. tetrathele, which was the lowest. From day 2 to day 3, the
specific growth of all the microalgae was significantly the same, except again for 7. tetrathele, which was
low on day 2 at 0.274 p day-'. On day 4, Nannochlorum sp. had the highest specific growth rate of 0.295
day-! but was not significantly different from other algae except C. calcitrans, which had the lowest specific
growth rate of 0.256 p day-!. On day 5, Nannochlorum sp. and Isochrysis galbana had the highest specific
growth rate among microalgae of 0.263 p day-'and 0.255 p day-!, respectively. After five days of culture,
the specific growth rate of the five microalgae grown in aquaculture wastewater ranged from 0.214 p day!
to 0.263 p day™.
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Microalgal biomass productivity and concentration

The biomass productivity of microalgae grown in aquaculture wastewater is presented in Figure 2. Tet-
raselmis tetrathele had significantly high biomass productivity among the algae (0.075 g L' day') but was
statistically comparable with Thalassiosira sp. (0.065 g L' day™'). Nannochlorum sp. and I. galbana fol-
lowed, with C. calcitrans being the lowest. The range of biomass productivity among the algae in this study
was 0.032 - 0.075 g L! day!. Likewise, the biomass concentration of the five microalgae after 5 days is
presented in Figure 3. T tetrathele and Thalassiosira sp. had the highest microalgal biomass concentrations
0f0.933 g L' and 0.879 g L', respectively.
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Microalgae nutrient removal efficiency

The nutrient removal efficiency of N and P by five microalgae was evaluated after five days of culture.
For NH,-N removal, all microalgae achieved a removal efficiency of over 93% (Figure 4a). T. tetrathele
exhibited the highest removal (98.24%), which was not significantly different from /. galbana (98.00%).
Thalassiosira sp. followed (94.64%), which was significantly comparable to Nannochlorum sp. (95.14%)
and C. calcitrans (93.16%), both of which had relatively lower NH,-N removal efficiencies.

For NO,-N removal, T. tetrathele achieved the highest removal efficiency (98.87%), which was sig-
nificantly comparable to that of 1. galbana (97.42%) and Thalassiosira sp. (96.58%). Nannochlorum sp.
(95.05%) and C. calcitrans (95.54%) displayed lower removal efficiencies, but were significantly compa-
rable to Isochrysis galbana and Thalassiosira sp. (Figure 4b).

For P removal, all microalgae had low removal efficiencies of less than 72% (Figure 4c). T. tetrathele
(72.50%) and C. calcitrans (62.00%) showed high phosphorus removal efficiencies, followed by Nan-
nochlorum sp. (55.23%) and Thalassiosira sp. (54.40%). I. galbana demonstrated the lowest removal,
achieving only 42.90%.
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Microalgae macronutrient content

The macronutrients N, P, and K of the five microalgae grown using aquaculture wastewater are presented
in Table 1. After five days of culture, the total N contents among the algae ranged from 0.87%-2.01% with
T. tetrathele as the highest, followed by Thalassiosira sp., while C. calcitrans, Nannochlorum sp., and 1.
galbana were significantly low. The total P content of the microalgae was found to be high, ranging from
1.43% to 1.84%. Although T. tetrathele had the highest P content among the algae, the value was not sig-
nificantly different from that of the other algae. On the other hand, of the five microalgae, Thalassiosira sp.
had the highest total K content, while the rest of the microalgae were not significantly different from each
other. The five microalgae had K values ranging from 1.34% to 1.84

Microalgal micronutrient content

Results of the micronutrient analysis of the five microalgae are shown in Table 2. The Cu contents found in
five microalgae ranged from 41.33 to 48.41 mg kg! dry-weight samples. Although T tetrathele and I. galbana
had the highest Cu values, these values did not differ significantly from those of the other microalgae. In terms
of Zn content, Thalassiosira sp. and T. tetrathele had significantly higher Zn, compared to C. calcitrans, I.
galbana, and Nannochlorum sp. The amount of Zn found in five microalgae ranged from 3.76 to 7.44 mg kg™'.
Results on Mn contents showed that 7. tetrathele, Nannochlorum sp., and Isochrysis galbana had significantly
higher content, compared to C. calcitrans and Thalassiosira sp. The Mn contents among algae ranged from
336.67 to 482.67 mg kg'. On the other hand, the Fe content of the five microalgae ranged from 1484 to 2140
mg kg'. Thalassiosira sp. had the highest Fe content of 2140 mg kg™, followed by 7. tetrathele (1880 mg kg™),
which was significantly higher than Nannochlorum sp., C. calcitrans, and 1. galbana.

Microalgal ash, OC, OM, and moisture content

Table 3 presents the Ash, OC, OM, moisture, and pH contents of the five microalgae cultured in aquacul-
ture wastewater. Results showed that the five microalgae had ash and OC contents ranging from 54.45% to
59.88% and from 40.11% to 45.55% respectively. OM values ranged from 68.99% to 78.35%, and moisture
from 19.18% to 23.52%. Thalassiosira sp. had higher ash while Tetraselmis tetrathele had higher OM and

Table 1 The macronutrient contents of air-dried microalgal biomass cultured in aquaculture wastewater (n = 3, mean + SD)

Macronutrients

Total N (%) Total P (%) Total K (% K,0)

Tetraselmis tetrathele 2.01+0.11* 1.85+0.42* 1.653+0.41°
Nannochlorum sp. 1.11£0.13¢ 1.76+0.10° 1.449+0.21°
Chaetoceros calcitrans 0.88+0.09° 1.53+0.48* 1.730+0.31°
Isochrysis galbana 0.87+0.15° 1.43£0.24* 1.338+0.29°
Thalassiosira sp. 1.45+0.14° 1.66+0.01° 1.835+0.50°
F-values 41.252 0.885 0.959

P-values 0.000 0.507 0.041

Means within a column having different letter superscripts indicate significant differences

Table 2 The micronutrient contents of air-dried microalgal biomass cultured in aquaculture wastewater (n = 3, mean + SD)

Micronutrients

Cu (mgkg™) Zn (mgkg") Mn (mg kg™) Fe (mg kg'")
Tetraselmis tetrathele 48.04+2.94* 6.59+0.78° 482.67+18° 1880+105°
Nannochlorum sp. 44.35+3.54* 3.60+0.59° 441.00+£30° 1500+50¢
Chaetoceros calcitrans 41.334£3.51* 4.15+0.78° 340.00+15° 1484+145¢
Isochrysis galbana 48.41+4.13* 3.76+0.89° 400.00+£20° 1640+80°
Thalassiosira sp. 41.00+4.00* 7.44+1.43% 336.67+19° 2140+90*
F-values 2.820 1.188 288.038 23.802
P-values 0.084 0.001 0.000 0.000

Means within a column having different letter superscripts indicate significant differences
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OC contents, but values were not significantly different from the rest of the algae. For moisture content,
Nannochlorum sp. had the highest, followed by C. calcitrans and I. galbana, then T tetrathele, while
Thalassiosira sp. showed a significantly lower value.

Discussion

Microalgae have been utilized to bioremediate effluents through their autotrophic metabolism, absorbing N
and P for growth. Generally, growth corresponds to the amount and kind of nutrients being removed, and
the rate may vary depending on the environmental conditions and the species of microalgae. Using synthet-
ic wastewater, for instance, with the algae Chlorella vulgaris, Ferro (2019) observed removal of 58.8% and
100% for N and P, respectively, under heterotrophic and mixotrophic conditions with specific growth rates
of 0.02 h'' and 0.114 h', respectively. Even though nutrient removal efficiency was the same in both con-
ditions, growth was higher in the mixotrophic condition. In contrast, the present study found greater N re-
moval (NH,-N from 93.16% to 98.24%; NO,-N from 95.05% to 98.87%) than P (42.90% to 72.50%), with
a specific growth rate of 0.210 to 0.525 p day!, comparable to the heterotrophic condition in Ferro (2019).
The results of this study were understandably lower than the growth observed under mixotrophic conditions
in the above-cited study, because the heterotrophic bacterium Rhizobium aided algal bioremediation. The
current study relies solely on the nutrients present in the aquaculture wastewater. However, despite nutrient
limitations, the specific growth rate of microalgae in this study was within the range reported by Kawaroe
et al. (2015) for Nannochloropsis sp. cultured in a photobioreactor and an open raceway pond.

On the other hand, when comparing microalgal growth in other studies using aquaculture wastewater
as growth media, the five microalgae in this study exhibited a slightly higher growth rate than that reported
for Chlorella vulgaris, which had a growth rate of 0.260 d"' (Esteves et al. 2022). While the specific growth
rates of mixed algal cultures of Euglena gracilis with Selenastrum grown in aquaculture wastewater ranged
from 0.27 day ! to 0.38 day™! (Tossavainen et al. 2019), supporting the findings of this study

On the other hand, Nannochlorum sp. and I. galbana had higher specific growth rates, which almost sur-
passed the other three algae on day 4 and exceeded them all on day 5. The higher growth of Nannochlorum
sp. was observed in the current experiment and confirmed in another study (Kawaroe et al. 2015). On the
other hand, despite the potential of 7. tetrathele for removing N and P (NH,-N - 98.24%, NO,-N - 98.87%
and P - 72.50%), the microalgae-specific growth rate was observed to be low. It could be speculated that,
due to its larger size, the growth of T. tetrathele was slightly affected, resulting in a lower specific growth
rate compared to the rapid proliferation observed in smaller algae such as Nannochlorum sp. and I. galbana.
The same observation was also seen in the larger algae Thalassiosira sp., confirming the above hypothesis.
These findings were also confirmed by the report of Piflosa and Amar (2024) on two microalgal species, 7.
tetrathele and Nannochlorum sp., grown using the same cell density. The larger microalga, 7. tetrathele,
exhibited a significantly higher specific growth rate at lower densities, but its growth rate declined at higher
densities. Conversely, the smaller microalga, Nannochlorum sp. maintained a consistent specific growth
rate across all tested densities. The measured mean length and width of 7. fetrathele and Thalassiosira sp.
ranged from 12.90 to 14.04 um and 8.41 to 11.84 pm, respectively, while for /. galbana and Nannochlorum
sp., they only ranged from 2.29 to 4.13 pm and 2.13 to 3.66 um, respectively.

The five microalgae exhibited a high specific growth rate after only a day grown in aquaculture waste-
water, indicating their good adaptability to the culture medium, and supporting its effectiveness for microal-

Table 3 Ash, OC, OM, and moisture of air-dried microalgal biomass cultured in aquaculture wastewater (n = 3, mean + SD)

Ash (%) OC (%) OM (%) Moisture(%)

Tetraselmis tetrathele 54.45+0.6 * 45.55+0.6* 78.35+0.4 * 20.31£0 ¢
Nannochlorum sp. 57.12+0.4 ° 42.88+0.9 * 73.76+0.5*° 23.52+3
Chaetoceros calcitrans 57.14+0.4 * 42.86+0.4* 73.72+£0.2 223446 "
Isochrysis galbana 59.44+0.9 * 40.14+£1.0* 69.76+0.6 * 21.47+5°
Thalassiosira sp. 59.88+0.6* 40.11+0.4° 68.99+0.2 * 19.18+3 ¢
F-values 2.875 2.875 2.875 28.435
P-values 0.080 0.080 0.080 0.000

Means within a column having different letter superscripts indicate significant differences
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gal production. Exponential growth was further observed during the first 1-3 days. Although growth was
still observed in the succeeding days, production was already low, and most microalgae tended to collapse
at any time if not added with nutrients or re-cultured. The same observation was also reported by Wang et al.
(2014), who noted that the cell density of 1. zhangjiangensis increased only up to three days under depleted
N conditions.

For biomass productivity, findings showed that 7. tetrathele and Thalassiosira sp. had higher values
than the other three microalgae, making both microalgae candidates for production. The microalgae’s high
biomass productivity and concentration could be attributed to the organism’s efficiency in absorbing nu-
trients and converting them to biomass, or to their size, where the larger the microalgae, the higher their
biomass. In this study, 7. tetrathele and Thalassiosira sp. were both bigger (12.01 - 14.04 pm in length) than
the rest of the algae (2.13 - 3.66 um in length). Likewise, both had high N and P wastewater absorption,
with more than 90% removal efficiencies for N and 72.50% and 54.40% removal efficiencies for P in 7.
tetrathele and Thalassiosira sp., respectively. Although Nannochlorum sp. and I. galbana had higher spe-
cific growth rates than the rest of the algae, T fetrathele displayed the lowest growth, and Thalassiosira sp.
had low growth only in the latter days; however, due to the large size of their cells, both had higher biomass
production at the end of the experiment. The biomass productivity in this study was lower than that reported
by Piflosa and Apines-Amar (2024), despite using the same aquaculture wastewater and microalgal species.
Their study utilized smaller containers of 10 L carboys, and the culture was performed under controlled
room temperature (20-22 °C) and with continuous lighting support. In contrast, the present experiment uti-
lized larger fiberglass containers of 500 L, conducted in an open structure with a transparent roof, allowing
sunlight as the sole source for algal growth. According to Razzak et al. (2024), culture conditions such as
light and solar irradiation affect the growth of microalgae. However, compared to some studies, biomass
productivity values obtained in the current experiment were comparable to those of Viegas et al. (2021),
which ranged from 20.9 to 146.4 mg L' day™! using Nannochlorum sp. and Chlorella vulgaris cultured in
brown crab effluent under laboratory conditions. This comparison suggests that aquaculture wastewater is
a promising culture medium for microalgae, as they can still grow abundantly despite environmental and
nutrient limitations.

On the other hand, studies have shown that microalgae possess remarkable nutrient bioremediation
potential. Mohamed and Abdallah (2024) reported a 93% reduction in NH,-N from sewage plant effluent
by mixed cultures of Chlorella vulgaris and Micrococcus luteus. In this study, the five microalgae tested
also exhibited high NH,-N removal efficiency after five days of culture, ranging from 93.16% to 98.24%.
Among them, T. tetrathele exhibited the highest NH,-N removal efficiency, making it particularly promis-
ing for wastewater treatment.

Similar to NH,-N, the removal of NO,-N in this study was also high, ranging from 95.05% to 98.87%
after five days of culture. These results fall within the range (73.83% to 99.73%) reported by Ansari et al.
(2017) in a study using Scenedesmus obliquus, Chlorella sorokiniana, and Ankistrodesmus facultatus to
treat aquaculture wastewater. Among the five microalgae tested in this study, 7. tetrathele again demon-
strated the highest NO,-N removal efficiency, highlighting its potential as an effective agent for remediating
NO,-N contaminated ponds.

Although most microalgae have demonstrated high P removal efficiency (Lananan et al. 2014), this
study observed relatively low removal rates ranging from 42.90% to 72.50%. These findings, however, are
supported by a study using water hyacinth in an aquatic treatment system, which reported that P removal
rates rarely exceed 60% -70% (Abdel-Raouf et al. 2012). In addition, general observations on the nutrient
removal efficiency by the five microalgae showed that N removal was higher than P removal. This may
be because microalgae preferentially take up N over P (Collos and Harrison 2014). Several studies have
reported lower P removal compared to N (Choi and Lee 2012), which supports the current findings. Among
the five microalgae tested in this study, 7. tetrathele exhibited significantly higher removal efficiency, with
C. calcitrans being similarly effective in removing P.

For the macronutrients of the microalgal biomass grown in aquaculture wastewater, the N content
among the microalgae was lower (0.87% to 2.01%) than that reported for freshwater and marine microal-
gae (3.74% to 11.67%) (Tibbetts et al. 2015). This lower N content may be attributed to the low N concen-
trations in the aquaculture wastewater, particularly NH,-N (0.934 - 1.23 mg L"), which was controlled, as
elevated levels would be harmful to fish.
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In contrast, the five microalgae in this study offered the advantage of providing higher P levels (1.43%
to 1.85%) compared to most commonly used animal-based manures (Sager 2007). Like N, the higher P lev-
els in microalgae may be attributed to the higher P concentrations in the aquaculture wastewater (2.1 to 2.5
mg L"). The microalgae likely absorbed and stored this nutrient in their tissues, as many species are capable
of taking up and storing large amounts of P whenever available (Solovchenko et al. 2019).

On the other hand, although the K content of the microalgae in this study was lower than that grown
in synthetic effluent (Silva et al. 2015), the aquaculture wastewater appeared comparable with commercial
media. The K content of the microalgae in this study was similar to that reported by Tibbetts et al. (2015),
which ranged from 0.67% to 2.39% grown using /2, {/2+Si, or Bold’s media.

For the micronutrients, the Cu contents of microalgae in this study were comparable to those grown
using commercial F/2 medium (Di Lena et al. 2020), suggesting that aquaculture wastewater could serve
as an alternative nutrient source. On the other hand, Zn levels were lower than in most algae grown with
growth media (Silva et al. 2015; Tibbetts et al. 2015), likely due to the limited Zn availability in aquacul-
ture wastewater, with the only source coming from uneaten milkfish feed. Compared to most animal-based
manures, microalgae had lower Cu and Zn levels (Sager 2007). The Cu and Zn in animal-based manures
are logically high because they were used as feed additives for poultry and livestock. However, lower Cu
and Zn levels are preferred for use as fertilizers, as these minerals, when in excess, lead to soil pollution. In
China, the use of animal-based manure has already contributed to soil Cu pollution (Xiong et al. 2010), and
in the Philippines, allowable limits of only 300 mg kg for Cu and 5 mg kg! for Zn in organic fertilizers
have already been established. Other requirements, including acceptable levels of pathogens, heavy metals,
and additional criteria for classifying organic fertilizers, have also been standardized (PNS/BAFS 2013).

In terms of Mn, the microalgae in this study had Mn contents ranging from 340 to 482.62 mg kg™'. Con-
sistent with values from microalgae grown in photobioreactors (Tibbetts et al. 2015). For suitability as a
fertilizer source, these values were slightly lower than in poultry manure (Sheppard and Sanipelli 2012), but
higher than in cattle manure and pig and poultry dung (Sager 2007). While the Fe contents of microalgae in
this study ranged from 1,484 mg kg - 2,140 mg kg™', comparable to some microalgae (Tuzen et al. 2009),
and within the range of some known animal-based manures (Sager 2007). Although some variability was
observed in the data, this is expected since the replicates were conducted in separate runs.

While microalgae hold great potential for bioremediating aquaculture wastewaters and generating valu-
able biomass, challenges remain that can affect microalgal growth. Among these, fluctuations in waste-
water quality are one such factor. In this experiment, nutrient levels in the wastewaters varied, affecting
microalgal growth. However, to minimize variations among runs, nutrient levels were checked before use.
Likewise, light intensity influences the growth performance of microalgae. Generally, as light intensity in-
creases, microalgal growth also increases up to a photoinhibitory threshold (Razzak et al. 2024). Light lim-
itation in the current experiment may have contributed to the lower specific growth compared to microalgae
cultivated using wastewater but provided with sufficient light (Borg-Stoveland et al. 2024).

Conclusion

In conclusion, our study highlights the potential of microalgae as effective bioremediation agents for aquacul-
ture wastewater, with 7. tetrathele demonstrating superior performance compared to four other microalgae.
The study likewise suggested that aquaculture wastewater is a cost-effective medium for microalgae cultiva-
tion, as evidenced by the rapid proliferation of all microalgae, even at the onset of wastewater exposure. More-
over, microalgae cultured in aquaculture wastewater are a possible source of macronutrients with minimal
concentrations of micronutrients, making them a potential source of organic fertilizer. Among the microalgae
studied, 7. fetrathele and Thalassiosira sp. showed significant potential as organic fertilizer sources due to
their high macronutrient and micronutrient contents, as well as their biomass productivity and concentration.
While aquaculture wastewater enhances the nutrient content of microalgal cells, further research on other
types of wastewater, such as fish processing waste, which may have lower heavy metal contamination than
industrial wastewater. This could help optimize nutrient levels in microalgal biomass, enhancing its potential
as a source of organic fertilizer and other valuable products for utilization.
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