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Abstract

The valorization of nutrient-rich institutional effluents represents a promising route for
sustainable algal biotechnology. This study investigates the potential of canteen wastewater
(CW) as an alternative culture medium for Spirulina platensis, integrating wastewater
treatment with high-value carotenoid and lipid production. Growth performance, bio-
chemical composition, and nutrient removal efficiencies were systematically evaluated
in 2 L photobioreactors under optimized conditions. Spirulina cultured in 75% CW un-
der 180 umol photons m~2 s~! achieved a biomass productivity of 0.071 g L1 day !,
nearly three-fold higher than the synthetic BG-11 control (0.023 g L~! day~!). Nutrient
remediation was highly efficient, with 92.12% nitrate and 90.05% phosphate removal, ef-
fectively reducing effluent concentrations below discharge limits. Biochemical profiling
revealed that wastewater-grown biomass contained 54.3% protein and 7.85% lipids, with a
remarkable carotenoid yield of 21.81 mg g~! DW—significantly higher than the control
(6.85 mg g~ ! DW). Mechanistic analysis suggests that the balanced nutrient stoichiometry
(C:N:P =~ 30:4:1) and mixotrophic conditions enhanced biomass quality while mitigating
ammonia toxicity. This study demonstrates the first integrated application of canteen
wastewater for dual-purpose bioremediation and pigment-rich biomass production, estab-
lishing a scalable circular bioeconomy framework for institutional waste management.

Keywords: Spirulina platensis; canteen wastewater; phycoremediation; carotenoids; circular
bioeconomy

1. Introduction

Global water scarcity has become one of the defining environmental challenges of the
twenty-first century. With the global population expected to reach 9.9 billion by 2050, fresh-
water demand is projected to increase by 20-30% within the next three decades [1,2].
Presently, over two billion people already live in regions experiencing high water
stress, a condition that is worsening due to the combined effects of urbanization, in-
dustrialization, and climate change [3]. In addition to quantitative depletion, fresh-
water systems face serious qualitative degradation, manifested not only by nutrient
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pollution but also by increased turbidity, pathogen accumulation, and the presence of
emerging contaminants [4,5]. These twin crises of scarcity and pollution demand sus-
tainable approaches that conserve water while simultaneously recovering resources from
waste streams.

Among the key contributors to nutrient pollution, the food service sector—particularly
institutional kitchens, canteens, and restaurants—has expanded rapidly over the past
two decades [6]. This has led to a proportional increase in the generation of canteen wastew-
ater (CW), characterized by high concentrations of biodegradable organic matter, fats, oils,
and nutrients such as nitrogen (N) and phosphorus (P) [7]. The nutrient and organic loads
in CW are often higher than those in domestic sewage, containing proteins, starches, and
detergents from dishwashing and food residues [8]. If discharged untreated, CW con-
tributes directly to eutrophication, algal blooms, and oxygen depletion in receiving water
bodies [9,10]. In developing regions lacking centralized wastewater treatment infrastruc-
ture, direct disposal of canteen effluents is common, causing blockages from fats, oils, and
grease (FOG) and aggravating both ecological and public health risks [11,12].

Despite its environmental burden, CW represents an underutilized resource due to
its nutrient richness. The high concentrations of N and P make it a potential feedstock
for biological valorization, especially through microalgae-based systems. Conventional
synthetic culture media such as BG-11 or Zarrouk’s medium provide reliable results for
laboratory-scale microalgal growth but are prohibitively expensive and resource-intensive
for large-scale use [13,14]. Repurposing CW as an algal cultivation substrate can therefore
achieve dual benefits—nutrient removal and biomass generation—while advancing the
principles of the circular bioeconomy, in which waste is transformed into value-added
products [15,16].

Microalgae have long been recognized as efficient agents for wastewater treatment
because of their ability to assimilate inorganic nutrients while generating high-value
biomass [17,18]. Compared with conventional treatment systems, algal-based processes
are more energy-efficient, carbon-sequestering, and capable of producing a wide range
of bioproducts such as pigments, lipids, and proteins. Among the various microalgal
species, Spirulina (genus Arthrospira) stands out for its robustness, rapid growth, and ex-
ceptional biochemical composition. It can tolerate wide fluctuations in pH, salinity, and
ammonia—typically enduring pH levels of 9.0-11.0, salinities up to 30 g L™!, and free
ammonia concentrations up to 100 mg L~!—conditions that often limit the growth of
other microalgae. Spirulina biomass typically contains 60-70% protein by dry weight,
along with vitamins, essential amino acids, and bioactive pigments. Of particular inter-
est are carotenoids, lipid-soluble antioxidants with applications in food, pharmaceuti-
cal, and cosmetic industries [8,19-26]. Compounds such as [3-carotene and zeaxanthin
can constitute up to 1-1.5% of dry biomass under optimized conditions and are known
for their role in vision health, immune regulation, and oxidative stress mitigation [27].
Growing consumer demand for natural pigments has created a rapidly expanding global
carotenoid market [28], reinforcing the economic incentive to develop sustainable algal
production systems.

Carotenoid accumulation in Spirulina is highly responsive to environmental and
nutritional factors, including light intensity, nitrogen and phosphorus availability, and
oxidative stress [29,30]. Hence, the nutrient-rich but variable composition of CW of-
fers a unique opportunity to couple bioremediation with carotenoid enrichment through
controlled cultivation. Previous studies have reported promising results using various
wastewater sources—municipal, aquaculture, piggery, and dairy effluents—for Spirulina
cultivation [19,28,31,32]. However, systematic investigations of canteen wastewater re-
main scarce, despite its consistent composition and widespread availability in institutional
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settings [7]. This research gap limits the practical deployment of algae-based systems for
treating food-service wastewater.

Valorizing canteen wastewater via Spirulina cultivation offers distinct environmen-
tal and economic advantages. Conventional treatment technologies, including acti-
vated sludge and membrane bioreactors, are energy-intensive and often fail to recover
valuable by-products [33]. In contrast, algal cultivation can significantly reduce COD,
BOD, nitrate, and phosphate concentrations while producing protein- and pigment-rich
biomass [7,34]. Furthermore, photosynthetic Spirulina growth captures atmospheric CO,,
linking wastewater management with climate mitigation [35,36]. Integrating such systems
in institutional facilities—such as university canteens—can transform waste management
into a resource recovery process that simultaneously alleviates environmental impacts and
generates bioactive compounds for commercial use.

While extensive research exists on Spirulina growth in industrial or municipal effluents,
the potential of canteen wastewater as a cultivation medium remains underexplored. The
predictable nutrient composition of CW and its availability in urban institutions present
a consistent substrate for circular biotechnological applications. Moreover, the ability to
achieve both nutrient remediation and carotenoid-rich biomass production in a single
system has not been previously demonstrated.

Therefore, this study aims to evaluate the feasibility of using diluted canteen wastew-
ater as a growth medium for Spirulina platensis and to compare its performance against
the conventional BG-11 medium. Specifically, the work quantifies biomass productivity,
nutrient removal efficiencies, and carotenoid yield under optimized light and dilution
conditions. To the best of our knowledge, this represents the first integrated assessment of
canteen wastewater as a dual-purpose substrate for Spirulina-based wastewater treatment
and carotenoid enrichment, offering a scalable and sustainable model for institutional
circular bioeconomy applications.

2. Materials and Methods
2.1. Wastewater Collection and Pre-Treatment

Canteen wastewater (CW) was collected from the dining facility of the University of
Moratuwa in sterile polyethylene containers, transported on ice, and processed within
24 h. Suspended solids were removed by filtration through glass microfiber filter papers
(Hyundai GF/C, $47 mm, 1.2 pm pore size), and the clarified wastewater was used as the
experimental medium. Preliminary screening experiments were conducted to determine
optimal dilution and illumination conditions for Spirulina sp. cultivation. Based on these
results, a 75% (v/v) dilution of wastewater with sterile distilled water was selected, with
pH adjusted to 9.1 using 1 M NaOH (Sigma-Aldrich, St. Louis, MO, USA). The initial
chemical oxygen demand (COD) of the diluted wastewater was 342.4 mg L~!. BG11
medium (HiMedia, Mumbeai, India) served as the control. Both media were sterilized by
autoclaving at 121 °C for 20 min.

2.2. Wastewater Characterization

Initial characterization of the canteen wastewater was performed according to APHA
Standard Methods (2007) [37]. All measurements were conducted in triplicate (n = 3). The
following parameters were determined:

e pH: Measured using a benchtop pH meter (Mettler Toledo SevenCompact).

e  COD: Determined by the open reflux titrimetric method with potassium dichromate
digestion.

e Nitrate (NO3~-N): UV absorbance at 220 nm with baseline correction at 275 nm.

e  Phosphate (PO43~-P): Molybdenum blue method, absorbance at 880 nm.
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The characterized wastewater parameters were compared against national dis-
charge standards (Central Environmental Authority, Sri Lanka, 2022) [38]. COD levels
(420-480 mg L 1) exceeded the permissible discharge limit of 250 mg L~!, while nitrate
(8-12 mg L~!) and phosphate (5-7 mg L~!) concentrations also surpassed thresholds
for secondary-treated effluent (NO3~ < 5 mg L~1; PO~ < 2 mg L !). These findings
confirmed the necessity of nutrient remediation prior to discharge.

2.3. Microalgal Strain and Inoculum Preparation

A pure culture of Spirulina sp. was obtained from Progreen Laboratory, University of
Moratuwa. Pre-cultures were grown in Zarrouk’s medium under controlled conditions
(25 £ 2 °C, continuous illumination at 150 pmol photons m~2 s~ with cool-white LED
lights, and aeration at 0.5 vvm sterile-filtered air) before being transferred to experimental
flasks. Stationary-phase pre-cultures were used to provide a physiologically robust inocu-
lum able to withstand rapid changes in osmotic and chemical conditions when transferred
to diluted canteen wastewater. Cultures were harvested at stationary phase (defined as the
plateau in OD600 of the pre-culture) and standardized to an initial biomass concentration
of 0.30 g L~ prior to inoculation [39,40].

2.4. Experimental Setup and Cultivation Conditions
2.4.1. Screening of Wastewater Dilution Factors

Four dilutions of canteen wastewater (25%, 50%, 75%, and 100% v/v) were prepared
using distilled water, with 400 mL working volume in 500 mL Erlenmeyer flasks. Initial pH
was adjusted to 9.1 using NaOH. BG11 medium (400 mL) served as the control. Cultures
were incubated at 32 °C under a 12:12 h light-dark cycle, aerated continuously, and illu-
minated at 100 umol photons m~2 s~! (LED, cool-white). Biomass growth was monitored
every 48 h by optical density (ODgpp) and dry weight measurement.

2.4.2. Screening of Light Intensities

The effect of light intensity on biomass production was evaluated using the can-
teen wastewater medium. Four light intensities (60, 120, 180, and 240 pmol photons
m~2 s~1, provided by cool-white LEDs) were tested, with BG11 at 100 umol photons
m~2 s~ ! serving as the control. Cultures were incubated under the same conditions as
described in Section 2.4.1. Biomass accumulation was monitored every 48 h. The results
indicated that 180 pumol photons m~2 s~! supported the highest growth and pigment
synthesis. Consequently, this intensity was selected for the main experiment, considering

practical energy-use implications.

2.4.3. Main Cultivation Experiment

The main batch cultivation was performed in 2 L laboratory glass bottles (GL45)
containing 1.5 L of autoclave-sterilized media. The bottles were equipped with 3-port screw
caps for aeration and pressure compensation. Aeration ports were fitted with 0.45 pm
polytetrafluoroethylene (PTFE) membrane filters for sterile air supply and to minimize
evaporative losses. The photobioreactors were illuminated with cool white LED strips at
180 umol photons m~2 s~! under a 12/12 h light/dark cycle [41].

2.5. Analytical Procedures
2.5.1. Biomass Concentration

Microalgal growth was evaluated at 2-day intervals. Optical density (ODggg) was
measured with a UV-Vis spectrophotometer (Shimadzu UV-1800, Shimadzu Corporation,
Kyoto, Japan). For dry weight determination, 5 mL culture aliquots were filtered through
pre-dried and pre-weighed glass microfiber filter papers (Hyundai GF/C, $47 mm, 1.2 um
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pore size). The filters were oven-dried at 60 °C for 24 h [41]. Biomass concentration was
determined using the following equation:

Wf_Wi

Dry Weight (DW,,) = v

where DW,, is the biomass concentration (g L~!) on day n, Wr is the final weight of the
dried filter with biomass, W; is the initial weight of the filter, and V is the sample volume.

2.5.2. Nutrient, Phosphate and COD Removal

Nitrate, phosphate, COD concentrations, and pH were determined at 2-day intervals.
Culture samples (10 mL) were centrifuged at 4000 rpm for 20 min, and the supernatant was
filtered through 0.22 um nylon syringe filters [41]. Nitrate and phosphate were determined
as described in Section 2.2, and COD was determined by the open reflux titrimetric method.
Nutrient removal efficiency (RE, %) was calculated as:

- Ci—Cy
Removal Efficiency (RE%) = o 100
1

where (C;) and () are initial and final concentrations (mg LY, respectively. COD removal
efficiency was calculated similarly.

2.5.3. Analytical Validation

All analyses were performed in triplicate. UV-Vis measurements were calibrated
with standard solutions (potassium nitrate, KHp,PO4, and potassium hydrogen phthalate).
Calibration curves showed excellent linearity (R?> > 0.996). Instrumental blanks were run
for each batch to eliminate baseline drift.

2.6. Biomass Harvesting and Carotenoid Extraction

At the end of the 20-day cultivation period, biomass was harvested by centrifuga-
tion at 5000 rpm for 10 min (Eppendorf 5810R, Eppendorf, Hamburg, Germany), washed
twice with sterile distilled water, and oven-dried at 60 °C to constant weight [41-43]. For
carotenoid extraction, 100 mg dried biomass was homogenized with 10 mL of analytical
grade 95% ethanol (Merck, Darmstadt, Germany), incubated in the dark at room tempera-
ture for 1 h, and centrifuged at 5000 rpm for 10 min. Absorbance of the supernatant was
measured at 470 nm (Shimadzu UV-1800), and total carotenoid content was calculated
using the extinction coefficient (E'%;cm = 2500 in ethanol) [44]. Carotenoid yield was
expressed as mg g~ ! dry weight.

A x 1000
hlorophyll trati =—
Chlorophyll concentration (C) Exd
. C
Yield (Y) = DW

where A is absorbance at 470 nm, E is extinction coefficient, d is path length (1 cm), and DW
is dry biomass weight (g).

2.7. Biochemical Composition
2.7.1. Protein Content

Protein content was determined by the micro-Kjeldahl method [45]. Dried biomass
(0.1 g) was digested with concentrated H,SO4 and catalyst (K;SO4:CuSOy, 10:1), distilled
using a Kjeltec™ 8400 Analyzer (Foss, Hillerod, Denmark), and titrated with standardized
0.1 N HCL Total nitrogen was converted to protein using a factor of 6.25.
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2.7.2. Carbohydrate Content

Carbohydrate content was determined using a modified phenol-sulfuric acid method.
A 10 mg biomass sample was treated with 0.5 mL acetic acid and heated at 80 °C for
20 min in a water bath (Memmert WNB7, Memmert, Schwabach, Germany). After cooling,
pigments were extracted with 10 mL acetone and removed by centrifugation at 3500x g
for 10 min. The resulting pellet was hydrolyzed with 2.5 mL of 4 M trifluoroacetic acid at
95 °C for 4 h. The hydrolysate was separated by centrifugation at 10,000 g for 5 min, and
the carbohydrate content in the supernatant was quantified [41,46].

2.7.3. Lipid Content

Lipids were quantified using the Bligh and Dyer method. Dried biomass (0.5 g) was
homogenized in chloroform/methanol (2:1, v/v), phase-separated with saline solution, and
the organic phase evaporated to dryness. Lipid content was gravimetrically determined
and expressed as % dry weight [47].

2.8. Statistical Analysis

All experiments were performed in triplicate (n = 3). The experimental data are
presented as mean =+ standard deviation (SD). Statistical differences between the treatment
groups (different light intensities) were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test for multiple comparisons. A p-value of <0.05
was considered statistically significant. All statistical analyses were performed using
Minitab 17 software.

3. Results

The growth performance of Spirulina sp. was evaluated under different wastewater
dilutions, light intensities, and optimized culture conditions. Key parameters included op-
tical density (ODgqp), dry biomass concentration, pH variation, nutrient removal efficiency,
biomass productivity, carotenoid yield, and biochemical composition.

3.1. Effect of Wastewater Dilution on Growth

The ODg profiles demonstrated a typical sigmoidal growth pattern across wastewater
dilutions (Figure S1, see Supplementary Materials). The 75% wastewater dilution exhibited
the most sustained growth, achieving an ODgg of 1.09 by day 19. The 100% wastewater
condition peaked at 1.03 on day 14 but declined to 0.80 by day 22, indicating possible
nutrient or ammonia toxicity.

Dry biomass concentrations supported these findings (Figure 1). The 75% wastewater
culture reached a maximum of 0.92 g L~! by day 19, significantly higher than the BG11
control (0.71 g L™!, p < 0.05). The 100% wastewater treatment reached 0.88 g L~! before
declining, while the 25% and 50% dilutions supported only 0.46 and 0.64 g L1, respectively.

3.2. Effect of Light Intensity on Growth

Light intensity exerted a strong influence on Spirulina growth in wastewater
(Figure S2, see Supplementary Materials). Cultures grown under 180 umol m~2 s~ ! at-
tained the highest ODgq (1.16 by day 16). No statistically significant difference (p > 0.05)
was observed between 180 umol m~2 s~ ! and 240 umol m 2 s~ ! (1.10). Therefore, 180 umol
m~2 57! was selected as the optimal intensity to minimize energy consumption. Lower
light intensities (60 and 100 pmol m~2 s~ 1) produced significantly lower values. Biomass
measurements confirmed this trend, with 180 umol m~2 s~! achieving 1.05 g L~! by

day 16 (Figure 2).
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Figure 1. Dry biomass concentration of Spirulina sp. cultivated in different canteen wastewater
dilutions.
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Figure 2. Dry biomass concentration of Spirulina sp. under different light intensities.

3.3. Growth Performance in 2 L Bioreactors (Main Experiment)

In the main experiment conducted under optimized conditions (75% CW and
180 umol m~2 s71), Spirulina achieved markedly higher growth compared with BG11.
ODgqp increased from 0.05 £ 0.00 at inoculation to a peak of 1.88 £+ 0.01 on day 18
(Table S1). Notably, the biomass accumulation in this phase exceeded that of the screen-
ing phase (ODggp~1.16), attributable to the superior mixing efficiency and gas exchange
provided by the 2 L bioreactors compared to the Erlenmeyer flasks used in screening.

Dry biomass concentrations followed a similar trend (Figure 3 and Table 1), reaching
1.47 £ 0.01 g L~! in wastewater compared with 0.52 & 0.01 g L~! in BG11 (p < 0.05). Color
differences were evident, with wastewater cultures developing a dense green pigmentation,
while BG11 remained pale.
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1 (Il Main Exp. (WW + 180 umol)
1.6 4 | Control (BG11 + 100 pmol)

1.4

Dry biomass concentration(mg/L)

0 8 10 16 18 20
Time(Day)

Figure 3. Dry biomass concentration of Spirulina sp. cultivated in Main Experiment (75% CW
vs. BG11).

Table 1. Dry biomass concentration of Spirulina sp. cultivated in optimized canteen.

Day 75% Wastewater + 180 umol (g/L) Control BG11 (g/L)
0 0.05 + 0.00 Ea 0.05 + 0.00 f
8 0.90 + 0.01 DPa 0.35 + 0.01 EP
10 1.20 + 0.01 <a 0.40 4+ 0.01 PP
16 1.45 + 0.01 Ba 0.45 + 0.01 <P
18 1.48 + 0.01 A2 0.48 + 0.01 BP
20 1.47 + 0.01 ABa 0.52 4+ 0.01 AP

Values that do not share the same lowercase letter (s) within a row and the same uppercase letter(s) within
a column are significantly different (p < 0.05). Results are mean + standard deviation of triplicate findings.
Lowercase letters indicate statistical differences between treatment; uppercase letters indicate statistical differences
between time.

The pH of wastewater-grown cultures rose from 7.51 & 0.03 on day 0 to 9.73 £ 0.05 by
day 16, remaining stable thereafter, while the BG11 control increased only from 7.50 & 0.02

to 8.60 + 0.04 (Table 2, Figure S3).

Table 2. pH—Main Experiment (75% CW + 180 pumol).

Day pH—Main Experiment (75% WW + 180 umol)  pH—Control (BG11)

0 7.51 £ 0.03 7.50 £ 0.02
2 7.82 £0.03 7.65 £0.03
4 8.30 £ 0.04 7.90 £ 0.03
6 8.55 £ 0.04 8.10 + 0.03
8 8.68 £ 0.05 8.30 £ 0.04
10 8.85 £ 0.05 8.45 + 0.04
12 9.20 £ 0.05 8.55 + 0.04
14 9.72 £ 0.05 8.60 £ 0.04
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Table 2. Cont.

Day pH—Main Experiment (75% WW + 180 pmol)  pH—Control (BG11)

16 9.73 £0.05 8.60 = 0.04
18 9.72 £ 0.05 8.58 + 0.04
20 9.70 £ 0.05 8.55 £ 0.04

3.4. Nutrient Removal Efficiency

The system demonstrated high efficiency in removing inorganic nutrients. As shown
in Figures 4 and 5, phosphate and nitrate levels dropped significantly over the cultiva-
tion period. The overall nutrient removal efficiencies are summarized in Table 3. In
addition to inorganic nutrients, the system effectively reduced organic loading. The Chem-
ical Oxygen Demand (COD) in the 75% wastewater culture decreased from an initial
342.4 + 52 mg L~! to 58.2 4 3.5 mg L~! by day 20, corresponding to a removal efficiency
of 83.00 & 1.25%. Reductions in COD were negligible in the BG11 control, as the synthetic
medium is composed primarily of inorganic salts. The substantial COD reduction in the
wastewater culture confirms the mixotrophic capability of Spirulina to metabolize organic
carbon compounds present in the canteen effluent, which correlates with the observed
increase in lipid accumulation.

Phosphate Removal Efficiency

100%

= 80%
60%
40%
20%

0%

Control-BG 11 Canteen Wastewater((75% WW +
180 pmol)

Removal efficiency(%)

Culture media

Figure 4. Phosphate removal efficiency.

Nitrate Removal Efficiency

100%

80%
60%
40%
20%

0%

Control-BG 11 Canteen Wastewater((75%
WW + 180 pmol)
Culture media

Removal efficiency(%)

Figure 5. Nitrate removal efficiency.
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Table 3. Nutrients removal efficiency (%).
Parameter BG11 Control Canteen Wastewater
Phosphate removal efficiency (%) 81.16 +2.45 90.05 £ 2.15
Nitrate removal efficiency (%) 87.93 4+ 2.62 92.12 +2.32
COD removal efficiency (%) - 83.00 £ 1.25%

3.5. Biomass Productivity and Biochemical Composition

Biomass productivity in wastewater cultures was 0.071 g L~! day~!, nearly three
times higher than BG11 at 0.023 g L~! day~! (Table 4). Carotenoid yield under op-
timized conditions was 21.81 mg g~! DW, significantly higher than the BG11 control
(6.85 mg g~ ! DW).

Table 4. Comparative analysis of biomass productivity and biochemical composition of Spirulina sp.
grown in optimized Canteen Wastewater (CW) vs. BG11 Control.

Parameter Canteen Wastewater BG 11 Control

Biomass Productivity (g L~ day 1) 0.071 & 0.003 2 0.023 + 0.002 ©
Carotenoid Yield (mg g~ DW) 21.81 +1.152 6.85 +0.45°
Protein Content (%) 543+2472 61.5+2.1P
Carbohydrate Content (%) 13.8+1.22 154 +1.272
Lipid Content (%) 7.85 +0.452 5.90 + 035

Values are mean =+ standard deviation (n = 3). Different lowercase letters within a row indicate statistically
significant differences (p < 0.05).

The biochemical composition of the wastewater-grown biomass was characterized
by 54.3% protein, 13.8% carbohydrates, and 7.85% lipids. While the protein content was
slightly lower than the control (61.5%), the lipid content was significantly enhanced in the
wastewater culture (p < 0.05), likely due to mixotrophic assimilation of organic carbon.

4. Discussion

The present study demonstrates the feasibility of using diluted canteen wastewa-
ter (CW) as a nutrient-rich growth medium for Spirulina platensis, achieving enhanced
biomass productivity, effective nutrient remediation, and enriched carotenoid accumula-
tion. Optimization of wastewater dilution (75%) and light intensity (180 pmol m~2 s
produced results superior to those obtained in the standard BG-11 synthetic medium,
confirming the dual potential of CW for sustainable wastewater treatment and
bioproduct generation.

The screening experiments revealed that the degree of wastewater dilution critically
influenced algal growth dynamics. Although undiluted (100%) CW initially supported
rapid biomass accumulation, growth declined after day 14, reflecting nutrient and or-
ganic overload. This inhibition is attributable to excessive concentrations of free ammonia
nitrogen, which is recognized as one of the main limiting factors in Spirulina cultiva-
tion. Previous threshold studies have established that concentrations above 1.6 mM
(0.027 g L) impair growth and that levels above 2 mM (0.034 g L~!) are toxic. Simi-
larly, total ammonia nitrogen above 217-246 mg L~! induces cell death. These thresholds
correspond well with the observed growth inhibition in the 100% CW treatment, where
nutrient loads likely exceeded tolerance limits [48,49].

High organic loading (COD > 400 mg L 1) also contributes to growth suppression by
reducing light penetration and creating oxidative stress conditions unfavorable to photo-
synthesis. The decline in pigmentation and biomass after day 17 in undiluted CW further
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supports this effect. Conversely, the 75% CW dilution provided balanced nutrient availabil-
ity while maintaining non-inhibitory levels of ammonia and organic matter. Maintaining
ammonium below 50% of total nitrogen is reported to sustain stable Spirulina growth, this
condition was met in the optimized treatment. Consequently, cultures in 75% CW achieved
the highest ODgg (1.09) and dry biomass (0.92 g L), confirming that moderate dilution
ensures sufficient nutrient supply while preventing toxicity [50-53].

Light intensity was another decisive parameter governing biomass yield and metabo-

lite formation. The maximum growth obtained at 180 pmol m 2 s~!

corresponds to
the reported optimal range (150-200 umol m~2 s~!) for photosynthetic efficiency in
Spirulina [54,55]. At this irradiance, photosynthetic energy supply and metabolic demand
were optimally balanced, maximizing chlorophyll and phycocyanin synthesis without
inducing photoinhibition. The slightly reduced productivity at 240 pmol m~2 s~! indicates
the onset of oxidative stress, corroborated by elevated reactive oxygen species (ROS) and
lipid peroxidation under high light exposure [56]. Under such conditions, Spirulina acti-
vates antioxidant enzymes—superoxide dismutase, catalase, and peroxidase—yet overall
photosynthetic efficiency declines.

In contrast, cultures maintained at lower irradiances (60-100 umol m 2 s~1) exhibited
light limitation, where photon flux was insufficient to support optimal metabolic activity
despite the organic carbon contribution of CW. These observations confirm that balanced
irradiance is critical for achieving high biomass and pigment productivity in nutrient-rich
media. The optimized 180 umol m 2 s~! condition thus provides the best trade-off between
light energy utilization and oxidative stress control.

This value is comparable to or exceeds yields reported for various food-industry,
agro-industrial and other wastewaters (0.06-0.08 g L~ day ') (Table 5) [51,57-63]. It has
been observed that Spirulina platensis cultivated in nutrient-rich wastewaters achieved pro-
ductivities between 0.06 and 0.08 g L~ day~!, depending on light and nitrogen availability.
Likewise, previous studies have highlighted that domestic and food-industry effluents offer
effective nutrient sources for microalgal biomass production, often surpassing synthetic

media due to their organic complexity [61-65].

Table 5. Comparison of biomass productivity in Spirulina cultivation using different wastewater

sources.
Maximum System Key Production
Scale/System Type Productivity y Performance .. Species/Strain  References
(gL-1day 1) Volume/Area Metrics Conditions
Commercial 5 2 Semi-
raceway pond O.(1528§18.Zlg . 6:;)5 m 1 38.77g1m continuous, Spirulina 208 [61]
(605 m2, strain 208) m ay™) (industrial) ay”" DW outdoor
Commercial 5 2 Semi-
raceway pond 0.(14121C§13.31g . 6:;)5 m 1 iﬁ{%m continuous, Spirulina 220 [61]
(605 m?, strain 220) m ay™) (industrial) ay”" DW outdoor
Indoor raceway 0.045 (44.75 mg 5 Highest in Controlled .
pond (4 m?) L1 day_l) 4m strain 220 indoor, pH 9.5 Spirulina 220 [61]
Inssr?é EZC;:;; Y 0-??2(3259;;5; 4 m? pH 9.5 optimal Cci)rrll(’;rgélred Spirulina 208 [61]
Pilot-scale 0.12 (0.84 g L1 w=053d"! Seawater
cultivation (162 L) biomass) 162L (first 3 days) medium 5. subsalsa [62]
Large-scale 0.21(243gL"! 243gL7! o
cultivation (10 L) in 10 days) 10L biomass Batch, 10 days Spirulina sp. (5]
Lab-scale 023 (2.89gL! 2.89 gL} . o
cultivation (1 L) in 10 days) 1L biomass Batch, optimal Spirulina sp. (5]
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Table 5. Cont.
Maximum System Key Production
Scale/System Type Productivity Y Performance . Species/Strain  References
1 -1 Volume/Area . Conditions
(gL-1day 1) Metrics
Outdoor pilot ] 240 L Weather- Outdoor, .
(aquaculture WW) 1.10-3.33 g L (Pilot scale) dependent variable Spirulina LEB 18 [63]
Raceway pond Modified Standard .
(1400 1) 0.05 1400 L Zarrouk operation A. platensis [61,64,65]
Present study Threefold 180 1mol m—2
(canteen WW, 0.071 2 L (lab scale) higher than Bl 1(.) ht Spirulina sp. -
75% dilution) BG-11 s 18

The productivity achieved in this work positions CW within the lower-to-middle
range of industrially relevant substrates. Considering its moderate nutrient load compared
with dairy or brewery wastewaters, the result reflects efficient nutrient uptake and favor-
able light-nutrient synergy. The achieved yield also approaches the median productivity
reported for pilot- and industrial-scale systems (0.095-0.161 g L~! day~!), underscoring
the scalability of the approach [66-69].

Nutrient removal efficiencies were equally remarkable: 90.05% for phosphate and
92.12% for nitrate. These values are comparable to or exceed removal rates reported for
Spirulina grown in swine effluent (94% nitrate, 85% phosphate) [19,70] and align with mixed
microalgal consortia treating secondary effluents (70-90% nitrate removal) [52]. Addition-
ally, the system achieved a substantial 83% reduction in Chemical Oxygen Demand (COD),
lowering concentrations from 342.4 mg L~! to 58.2 mg L~!. This significant organic re-
moval confirms that Spirulina actively utilized the available organic carbon via mixotrophic
metabolism, a mechanism that not only remediates the effluent but also contributes to
the enhanced lipid accumulation observed in the biomass. Such high efficiencies confirm
that Spirulina can effectively scavenge nutrients even from relatively dilute substrates
such as CW.

The observed performance can be mechanistically explained by Spirulina’s adaptable
nutrient uptake kinetics and stoichiometric flexibility. Phosphate assimilation occurs
preferentially and more rapidly than nitrate reduction, with maximum specific uptake rates
(qmax) of up to 6.5 mg PO4-P g TSS~! h~1 [71,72]. Corresponding uptake constants range
from 0.4 to 1.0 d ! for phosphorus and 0.2-1.8 d~! for nitrogen, consistent with the slightly
higher phosphate removal observed in this study. Optimal pH (~9.0) and short adaptation
times further enhance uptake efficiency, enabling Spirulina to maintain a relatively stable
intracellular N:P ratio (10-16:1) even under variable external concentrations [73-77]. These
properties make the strain particularly suitable for treating effluents with unbalanced
nutrient ratios.

The biochemical composition of CW-grown Spirulina reflected nitrogen-replete condi-
tions, with protein content of 54.3% and carbohydrate content of 13.8%. These values are
consistent with reports for nutrient-rich wastewater cultures (protein 50-65%; carbohydrate
10-17%) [78,79]. Notably, lipid content increased significantly to 7.85% in the wastewater
culture compared to 5.90% in the BG11 control (p < 0.05). This accumulation is likely
driven by mixotrophic growth, where the organic carbon available in the wastewater is
assimilated and diverted toward lipid storage rather than protein synthesis [80]. The high
protein fraction indicates potential for use in functional foods, animal feed, or biofertilizer
applications. However, it is crucial to note that before any commercial application in food
or feed chains, the biomass must undergo rigorous screening for potential contaminants,
including heavy metals, pathogens, and cyanotoxins, to ensure safety compliance [81].
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Carotenoid accumulation reached 21.81 mg g~! DW under optimized cond-
itions—among the highest values reported for Spirulina cultivated in waste-based me-
dia. This yield compares favorably with the typical range of 2-20 mg g~! DW [63,82,83]
and approaches the upper values achieved under optimized light and nutrient regimes [30].
The enhanced carotenoid synthesis can be attributed to the synergistic effects of moder-
ate irradiance and balanced N:P ratios, which maintain cellular redox homeostasis while
activating pigment biosynthesis pathways [76,77]. Adequate nitrogen availability also
supports the synthesis of pigment—protein complexes such as phycobiliproteins, crucial for
light harvesting and photoprotection [84,85]. Excessive light or nutrient stress may further
increase carotenoid accumulation but usually compromises biomass yield, emphasizing
the advantage of the balanced conditions identified in this study [30,86].

From a sustainability perspective, integrating Spirulina cultivation into institutional
wastewater management systems offers significant techno-economic benefits. Canteen
wastewater is generated continuously and generally contains a balanced nutrient profile,
reducing or eliminating the need for synthetic fertilizers. Utilizing such wastewater in
photobioreactors or open raceway ponds can substantially lower medium preparation
costs. Additionally, this approach contributes to carbon mitigation by enabling biomass to
sequester CO,, supporting institutional carbon neutrality targets. When combined with on-
site renewable energy systems, such as biogas or solar, these phycoremediation frameworks
can operate with minimal net energy input. Scaling up this strategy can therefore provide
both economic and environmental co-benefits, aligning with circular bioeconomy principles
and Sustainable Development Goal 12 (Responsible Consumption and Production) [87,88].

Collectively, these findings establish that diluted canteen wastewater can serve as an
effective medium for Spirulina cultivation, achieving simultaneous wastewater remedia-
tion and high-value biomass production. The process exemplifies a circular bioeconomy
approach, converting institutional food-service effluents into carotenoid-rich algal biomass
while mitigating environmental pollution. With further pilot-scale validation, techno-
economic evaluation, and integration of on-site CO, capture, this system can be scaled for
institutional or municipal applications, linking wastewater management with nutraceutical
and bioproduct manufacturing.

5. Conclusions

This study successfully demonstrated the dual potential of canteen wastewater (CW)
as a sustainable medium for Spirulina platensis cultivation, simultaneously achieving effec-
tive phycoremediation and high-value biomass production. Under optimized conditions
(75% CW dilution and 180 pmol m~2 s~ light intensity), the system yielded a biomass
productivity of 0.071 g L~ day~!, which was three-fold higher than that of the synthetic
BG-11 control (0.023 g L~! day~'). The cultivation process effectively remediated the
effluent, achieving removal efficiencies of 92.12% for nitrate and 90.05% for phosphate,
thereby reducing pollutant loads below standard discharge limits.

Biochemical profiling confirmed that CW-grown biomass is a rich source of valuable
metabolites, containing 54.3% protein, 7.85% lipids, and a remarkable carotenoid yield
of 21.81 mg g~ ! DW. The significantly enhanced carotenoid and lipid accumulation com-
pared to the control highlights the ability of Spirulina to valorize wastewater stress into
commercially relevant bioproducts. These findings validate the proposed circular bioecon-
omy model, offering a low-cost, energy-efficient alternative to conventional wastewater
treatment that aligns with Sustainable Development Goals 6 and 12.

Future research should prioritize scaling up this system to pilot-stage photobioreactors
to assess hydraulic stability and techno-economic viability. Furthermore, rigorous analysis
of the harvested biomass for potential contaminants, including heavy metals and pathogens,
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is essential to ensure safety compliance for application in animal feed or nutraceutical chains.
Ultimately, this work provides a scalable framework for transforming institutional liquid
waste into renewable biological resources.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/phycology6010015/s1, Figure S1: Optical density (OD 600) profile
of Spirulina sp. cultivated in different canteen wastewater dilutions; Figure S2: Optical Density of
Spirulina sp. under varying light intensities. Figure S3: Detailed variation of pH during Spirulina sp.
cultivation in 75% Canteen Wastewater compared to BG11 control. Table S1: Optical Density (OD600)
of Spirulina sp. cultivated in optimized canteen.
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