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 21 

Abstract: The integration of microalgal cultivation with wastewater treatment offers a 22 

sustainable strategy for resource recovery and environmental remediation. This study 23 

demonstrated the direct upcycling of brewery wastewater into Chlorococcum am- 24 

blystomatis biomass, revealing strong metabolic robustness and intrinsic biotechnological 25 

potential, and providing a scientific basis for downstream valorisation pathways. Brewery 26 

wastewater did not exert toxic effects on microalgal cells, and urea supplementation sig- 27 

nificantly enhanced productivity, increasing maximum volumetric productivity by 28 

138.3%, specific growth rate by 128.5%, and maximum biomass concentration by 21.7%. 29 

Although biomass concentration in supplemented wastewater (0.63±0.02 g·L-1) was 30 

lower than in the optimised medium (0.80±0.02 g·L-1), it remained comparable to the 31 

basal industrial medium (0.66±0.01 g·L-1), confirming its suitability as a cultivation sub- 32 

strate. Under outdoor flat-panel cultivation, growth performance in brewery wastewater 33 

was equivalent to that observed in the optimised medium, further supporting process 34 

scalability. C. amblystomatis exhibited high nutrient removal capacity, achieving 35 

70.5±6.4% and 92.6±1.5% of nitrate-nitrogen and phosphate-phosphorus removals, re- 36 

spectively, confirming its effectiveness for wastewater bioremediation. Importantly, bio- 37 

chemical characterisation revealed remarkable stability across cultivation conditions, 38 

with consistently high protein content (59.86±1.88%), high omega-3 polyunsaturated 39 

fatty acids (28.47±3.19% of α-linolenic acid), and substantial carotenoid accumulation, 40 

including lutein (4.28±0.59 mg·g-1) and β-carotene (4.23±0.76 mg·g-1). Carbohydrate 41 

profiling revealed high content of arabinose (45.95±4.99 mol%), suggesting the presence 42 

of polysaccharides with potential biotechnological relevance. Overall, C. amblystomatis 43 

combines efficient wastewater treatment with the production of high-value biomass, re- 44 

inforcing its relevance within circular bioeconomy and supporting its further development 45 

for integrated environmental and biotechnological applications. 46 

Keywords: Microalgae; Wastewater treatment; Brewery effluent; Water recovery; High 47 

value bioproducts 48 
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Introduction 49 

Global water scarcity is expected to become one of the most critical social and eco- 50 

nomic challenges of the twenty-first century (Abdelfattah et al., 2022). . The increasing 51 

demand for water across industrial sectors, including food and beverage, pharmaceuticals, 52 

and agriculture, together with the growing generation of wastewater, highlights the urgent 53 

need for more sustainable water management strategies (Ngo et al., 2022; Abdur Razzak 54 

et al., 2024). Rapid urbanisation and industrial activities have led to the production of 55 

large volumes of wastewater rich in organic matter and nutrients, often reflected in high 56 

chemical and biological oxygen demand (COD and BOD). When inadequately treated, 57 

these effluents pose significant risks to ecosystems and human health by promoting eu- 58 

trophication through the excessive discharge of nutrients, particularly nitrogen and phos- 59 

phorus. This nutrient enrichment stimulates uncontrolled algal and microbial prolifera- 60 

tion, leading to oxygen depletion (hypoxia), disruption of aquatic ecosystems, biodiver- 61 

sity loss, and overall deterioration of water quality and usability (Abdelfattah et al., 2022; 62 

Fetisoa et al., 2024).  63 

The high energy demand and reliance on chemical additives associated with conven- 64 

tional wastewater treatment processes have raised increasing concerns regarding their en- 65 

vironmental and economic sustainability, despite their recognized effectiveness. Conse- 66 

quently, considerable attention has been directed toward the development of more sus- 67 

tainable and economically viable treatment alternatives for industrial effluents (Fetisoa et 68 

al., 2024; Pinar & Rodríguez-Couto, 2025). Among agro-industrial sectors, the brewing 69 

industry represents a major environmental challenge due to its intensive water consump- 70 

tion and the generation of approximately 3 to10 L of effluent per litre of beer produced. 71 

Brewery wastewater is typically characterised by high concentrations of biodegradable 72 

organic matter, including sugars, ethanol, and volatile fatty acids, and high levels of car- 73 

bon, nitrogen, and phosphorus, requiring adequate treatment before disposal into the en- 74 

vironment (Amenorfenyo et al., 2019; Ferreira et al., 2019).  75 

In this context, microalgae-based systems have emerged as promising and eco-effi- 76 

cient alternatives for wastewater remediation, owing to their capacity to assimilate nutri- 77 

ents and organic contaminants while producing oxygen through photosynthesis, thereby 78 

reducing aeration requirements and operational costs (Dias et al., 2023; Yu et al., 2024). 79 

In parallel, these systems enable the production of biomass that can be further valorised 80 

into high-value products, including biofertilisers, bioactive compounds, and environmen- 81 

tal remediation agents (Acién et al., 2016; A. Ferreira et al., 2024). Importantly, food and 82 

beverage wastewaters, particularly brewery effluents, generally present lower toxicolog- 83 

ical and pathogenic risks than livestock-derived effluents, which may contain antibiotics, 84 

pathogens, and residual veterinary compounds. This lower-risk profile facilitates biomass 85 

upcycling for agricultural and biotechnological applications without significantly com- 86 

promising biomass safety or quality (Ferreira et al., 2019, 2023; Bej et al., 2024).  87 

Furthermore, recent studies have highlighted the potential of brewery wastewater as 88 

a sustainable and low-cost substrate for microalgal cultivation within circular bioecon- 89 

omy frameworks, coupling nutrient recovery with the generation of valuable biomass 90 

while reducing the environmental burden associated with industrial effluents (Acién et 91 

al., 2016; Guignard et al., 2017). 92 

Among the various microalgal species, Chlorococcum amblystomatis has emerged 93 

as a promising candidate for wastewater-based cultivation due to its tolerance to fluctu- 94 

ating environmental conditions, rapid growth rate, and ability to synthesise valuable bio- 95 

compounds, such as proteins, fatty acids and pigments, under stress and nutrient-variable 96 

conditions (Conde et al., 2021; Correia et al., 2023). Given these characteristics, C. am- 97 

blystomatis may represent a suitable candidate for brewery wastewater treatment and bi- 98 

omass valorisation. Therefore, the present study aimed to investigate the potential of C. 99 

amblystomatis for brewery wastewater treatment and subsequent biomass valorisation. 100 
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Specifically, microalgal growth performance in brewery effluent was evaluated, and the 101 

resulting biomass was characterised regarding its biochemical composition and potential 102 

for environmental applications. By integrating wastewater remediation with biomass pro- 103 

duction, this work contributes to the development of a more sustainable and circular ap- 104 

proach for the management and upcycling of industrial effluents. To the best of the au- 105 

thors’ knowledge, despite the growing interest in microalgae-based systems, only a lim- 106 

ited number of studies have addressed their combined potential for integrated environ- 107 

mental remediation and agricultural applications. While the present study focuses on 108 

wastewater treatment and biomass biochemical characterisation, the valorisation of the 109 

resulting biomass for environmental and agricultural applications is explored in a com- 110 

plementary study. Within this framework, C. amblystomatis stands out as a highly prom- 111 

ising yet still underexplored species. 112 

Materials and Methods 113 

Brewery wastewater characterisation 114 

The brewery wastewater (BW) was supplied by Sociedade Central de Cervejas e 115 

Bebidas (SCC) (Vialonga, Portugal). The wastewater was pre-treated in a full-scale an- 116 

aerobic BIOPAQ® IC reactor at the brewery’s industrial wastewater treatment plant. The 117 

BWW was stored at -17 °C until use and thawed at room temperature prior to experi- 118 

ments. Elemental analysis was performed using fresh samples. Additional characterisa- 119 

tion, including nitrogen (ammonia and nitrates), phosphorus, and chemical oxygen de- 120 

mand (COD), was carried out after thawing and chlorine application for disinfection, both 121 

before and after microalgal cultivation. COD determination was carried out  by the Open 122 

Reflux method – Method 5220-B (APHA, 2005). Ammonium (NH₄⁺) concentration was 123 

determined using a commercial test kit (Sera, Heinsberg, Germany), following the man- 124 

ufacturer’s instructions. Absorbance was measured at 697 nm using a spectrophotometer 125 

(Genesys 10S UV–Vis), and concentrations were calculated based on a calibration curve 126 

previously established at Allmicroalgae. Nitrate (NO3
-) concentrations were determined 127 

using a Genesys 10S UV–VIS spectrophotometer (Thermo Scientific, Waltham, MA, 128 

USA). A 0.1 mol L-1 HCl solution was used as blank. Culture media and microalgal sam- 129 

ples were centrifuged at 4500 × g for 15 min prior to analysis. Absorbance values were 130 

calculated as the difference between readings at 220 nm and twice the absorbance at 275 131 

nm, and nitrate concentrations were determined by comparison with a calibration curve 132 

prepared using sodium nitrate. Phosphate concentration was determined using a similar 133 

commercial kit (Sera, Heinsberg, Germany), according to the manufacturer’s protocol. 134 

Absorbance was measured at 916 nm using the same spectrophotometer, and quantifica- 135 

tion was performed using a previously established calibration curve. 136 

To evaluate the efficiency of the microalgal-based treatment, the effluent was ana- 137 

lysed after settling and filtration at the end of the cultivation period. 138 

Microalgal strain and growth conditions 139 

Chlorococcum amblystomatis was obtained from the Allmicroalgae’s culture collec- 140 

tion (strain code AGF0066CA). All growth experiments were performed using a two- 141 

stage growth strategy, where heterotrophic culture was used to inoculate the autotrophic 142 

production systems.  143 

To compare the growth performance of C. amblystomatis, the following culture me- 144 

dia were tested: the optimised medium developed for this strain (Correia et al., 2023), 145 

Allmicroalgae’s basal industrial medium (MNS), brewery wastewater without supple- 146 

mentation, and brewery wastewater supplemented with 4 mM nitrogen as urea.  147 

Laboratory-scale trials were performed in 1-L bubble column reactors with a work- 148 

ing volume of 0.8 L. Cultures were at an initial concentration of 0.4 g·L-1. The experiment 149 
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was conducted for 7 days at 23 ± 1 °C under continuous LED irradiation of 100 µmol 150 

photons m-2·s-1, with continuous aeration using compressed air filtered through a 0.2-µm 151 

membrane. The pH was maintained between 7.5 and 8.0 by controlled CO2 injection. 152 

Scale-up to outdoor pilot-scale reactors was conducted as a proof of concept using 153 

laboratory-grown cultures to inoculate 50-L flat panel (FP) reactors. With an initial bio- 154 

mass concentration of 0.3 g·L⁻¹. The experiment was conducted over 7 days (from May 155 

20th to May 27th, 2024). Cultures were aerated with 0.2-µm filtered air, and pH was 156 

maintained between 6.5 and 7.0 by automated CO₂ pulse injection. The average temper- 157 

ature was 18.5 °C and light irradiance average was 25 MJ·m-2·day-1. 158 

Growth assessment 159 

Growth of C. amblystomatis cultures under the different experimental conditions was 160 

monitored by daily sampling and analysis. Cell growth was assessed by measuring the 161 

optical density (OD) at 600 nm using a spectrophotometer (Genesys 10S UV–Vis). Dry 162 

weight (DW) was estimated based on a previously established calibration curve, de- 163 

scribed by Equation (1): 164 

 165 

6000.4914 0.2265DW OD=  +           (1) 166 

        167 

The specific growth rate (μ) was calculated by the quotient of the linear regression 168 

of biomass concentration (X) (in g·L-1) over time (t) within the exponential phase, ex- 169 

pressed in d-1, according to Equation (2):  170 

 171 

2

1

2 1

ln
X

X

t t


 
 
 =
−

             (2) 172 

          173 

Biomass volumetric productivity (P) was calculated as the difference in biomass con- 174 

centration (X) (in g·L-1) over a given time interval (t). Productivity was expressed in g·L-
175 

1·d-1, according to Equation (3): 176 

 177 

2 1

2 1

X X
P

t t

−
=

−
             (3) 178 

Elemental analysis, protein estimation and ash content determination 179 

Biochemical composition analysis was performed on biomass harvested at the late 180 

exponential growth phase. The samples were freeze-dried prior to analysis.  181 

Elemental analysis of carbon, hydrogen, and nitrogen was performed using a Vario 182 

EL III analyser (Elementar Analyser System GmbH, Hanau, Germany), following the 183 

manufacturer’s instructions. Protein content was estimated from the measured nitrogen 184 

content using a conversion factor of 6.25, as reported for this strain (Correia et al., 2020). 185 

Ash content was determined by measuring the weight difference before and after 186 

biomass combustion. Freeze-dried samples were heated at 550 °C for 4 h in a muffle 187 

furnace (LE062K17N1, Nabertherm, Germany). 188 

 189 

Carbohydrates analysis 190 

Neutral sugar composition was determined following the method described by 191 

Ferreira et al., (2020). Briefly, a pre-hydrolysis of C. amblystomatis biomass (2 mg) was 192 

performed with 72% (w/w) sulphuric acid (200 µL) for 3 h at room temperature, followed 193 

by a hydrolysis with 1 M sulphuric acid (2.4 mL) for 2.5 h at 100 °C. After hydrolysis, 194 
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reduction and acetylation steps were performed. An internal standard (1 mg·mL-1 of 2- 195 

deoxyglucose) was added (200 µL per sample), followed by neutralization with ammo- 196 

nium hydroxide. Monosaccharides were reduced by adding 100 µL of sodium borohy- 197 

dride (NaBH₄; 15% w/v in 3 M NH₃, Sigma-Aldrich) and incubating at 30 °C for 1 h. 198 

After cooling, excess borohydride was removed with glacial acetic acid. For acetylation, 199 

aliquots were transferred to reaction tubes, and 1-methylimidazole (450 µL) and acetic 200 

anhydride (3 mL) were added, followed by incubation at 30 °C for 30 min. The reaction 201 

was stopped in an ice bath by adding distilled water, and dichloromethane was used for 202 

phase separation. The organic phase containing the alditol acetate derivatives was washed 203 

repeatedly with distilled water, collected, and evaporated under vacuum. The alditol de- 204 

rivatives were re-dissolved in anhydrous acetone, evaporated again, and this step was 205 

repeated to ensure complete purification. 206 

Alditol acetates were analyzed by gas chromatography with flame ionisation detec- 207 

tion (GC-FID, Perkin Elmer Clarus 400, USA) using a DB-225 capillary column (30 m 208 

× 0.25 mm × 0.15 µm of film thickness, J&W Scientific, Folsom, CA). Samples were 209 

dissolved in anhydrous acetone, and 2 µL were injected. Injector and detector tempera- 210 

tures were set at 220 °C and 230 °C, respectively. The oven temperature program started 211 

at 200 °C, increased at 40 °C·min⁻¹ to 220 °C (held for 7 min), followed by a second slope 212 

of 20 °C·min⁻¹ to 230 °C (held for 1 min). The carrier gas (H2) had a flow rate set at 1.7 213 

mL min⁻¹. Monosaccharides were identified based on their chromatographic profiles by 214 

comparison with standards and quantified using the internal standard. 215 

Uronic acids were quantified using the colorimetric 3-phenylphenol method 216 

(Blumenkrantz & Asboe-Hansen, 1973), with D-galacturonic acid used as standard for 217 

calibration. Following pre-hydrolysis as described for neutral sugars, the samples were 218 

hydrolysed in 2.4 mL of 1 M sulfuric acid for 1 h at 100 °C and then diluted (1:4, v/v). 219 

Briefly, 100 µL of each sample and standard was added to 1 mL of 200 mM boric acid 220 

prepared in 98% (w/w) sulfuric acid. The mixture was stirred and heated at 100 °C for 10 221 

min. After cooling, 20 μL of m-phenylphenol solution (0.15% w/v in 0.5% NaOH) were 222 

added, and absorbance was measured at 520 nm. Carbohydrates were calculated by sum 223 

of neutral sugars and uronic acids content. 224 

 225 

Lipid extraction 226 

Lipids were extracted from 25 mg of freeze-dried biomass based on Folch method as 227 

described in Lopes et al., (2026). Briefly, 2.5 mL of dichloromethane and 1.25 mL of 228 

methanol were added to each sample, followed by vortex mixing and incubation for 30 229 

min on an orbital shaker. Extracts were centrifuged (Selecta JP Mixtasel, Abrera, Barce- 230 

lona, Spain) at 2000 rpm for 10 min, and the supernatant was collected. The residual 231 

biomass was re-extracted twice as described above, and the combined supernatants were 232 

dried under a nitrogen (N2) stream. 233 

The dried extracts were then re-dissolved in 2 mL of dichloromethane and 1 mL of 234 

methanol, vortexed, and mixed with 0.75 mL of Milli-Q water, followed by additional 235 

vortexing for 2 min. Phase separation was achieved by centrifugation at 660 × g for 10 236 

min, and the organic phases were collected. The aqueous phase was re-extracted twice, 237 

as previously described, and the combined organic phases were again dried under a N2 238 

stream, transferred to pre-weighed vials and weighed to determine lipid content. 239 

The total lipid content was calculated relative to the initial dry weight (DW) of the 240 

biomass. 241 

Fatty acids analysis 242 

Fatty acid methyl esters (FAMEs) were prepared from the total lipid extracts by al- 243 

kaline transmethylation using a methanolic potassium hydroxide solution (2.0 M), as de- 244 

scribed by Lopes et al., (2026). A 2 μL aliquot of a hexane solution containing FAMEs 245 
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and 1.0 μg·mL⁻¹ methyl nonadecanoate (Sigma, St. Louis, MO, USA), used as an internal 246 

standard, was injected into a gas chromatography–mass spectrometry (GC–MS) system 247 

(Agilent Technologies 8860 GC System, Santa Clara, CA, USA) equipped with a DB- 248 

FFAP column (30 m length, 0.32 mm internal diameter, 0.25 μm film thickness; J & W 249 

Scientific, Folsom, CA, USA). The GC–MS system was coupled to a selective mass de- 250 

tector (Agilent 5977B). Helium was used as the carrier gas at a constant flow rate of 1.4 251 

mL·min⁻¹. The injector and detector temperatures were set at 220°C and 230°C, respec- 252 

tively, with an injection volume of 2 μL. The oven temperature program was as follows: 253 

58 °C for 2 min, increased at 25 °C·min⁻¹ to 160 °C, followed by an increase of 2 °C·min⁻¹ 254 

to 210 °C, and finally 30 °C·min⁻¹ to 225 °C, maintained for 20 min. Data acquisition 255 

was performed with the software GCM 5977B/Enhanced MassHunter. 256 

Pigment extraction and quantification 257 

Chlorophyll a and b were extracted and quantified according to Ritchie’s method 258 

(Ritchie, 2008). Briefly, fresh biomass (10 mg) was extracted with 6 mL of acetone (99%) 259 

using glass beads, using a vortex mixer ELMI Intelli-mixer RM) for 10 min. The samples 260 

were then centrifuged at 2500 × g (HERMLE Z 400K) for 10 min, and the procedure was 261 

repeated until complete loss of colour in either the pellet or the supernatant. The superna- 262 

tant was analysed using a spectrophotometer (Genesys 10S UV-VIS, Waltham, MA, 263 

USA) at 630, 647, 664, and 691 nm, and chlorophyll concentrations were calculated using 264 

Equations (4) and (5): 265 

 266 

630 647 664 6910.3319 1.7485 11.9442 1.4306aChl Abs Abs Abs Abs= − − + −    (4) 267 

 268 

 269 

630 647 664 6911.2825 19.8839 4.8806 2.3416bChl Abs Abs Abs Abs= − + − −    (5) 270 

 271 

The carotenoid content was determined following the method described by (Couso 272 

et al., 2012). Briefly, 5–10 mg of freeze-dried biomass was extracted with 1 mL of meth- 273 

anol containing 0.03% butylhydroxytoluene and homogenised for 3 min using a mixer 274 

mill (MM400, Retsch GmbH, Germany) with glass beads at 20 Hz. Samples were centri- 275 

fuged at 12000 × g for 6 min, and the extraction was repeated until complete loss of colour 276 

in the pellet or supernatant. Extracts were evaporated under nitrogen flow using a sample 277 

concentrator. The pellet was dissolved in 0.5 mL of high-performance liquid chromatog- 278 

raphy (HPLC) grade methanol and filtered through a 0.22 μm PTFE filter. Carotenoids 279 

were analysed using a Chromaster HPLC system (Hitachi, VWR, Portugal) equipped with 280 

a diode-array detector (5430 DAD, Hitachi, VWR, Portugal) and a Purospher® STAR 281 

RP-18 endcapped column (250 × 2.1 mm, 5 μm; Merck, Portugal). The mobile phase 282 

consisted of ethyl acetate (solvent A) and acetonitrile:water (9:1, v:v) (solvent B), with 283 

the following gradient: 0–16 min, 0–60% A; 16–30 min, 60% A; 30–32 min, 100% A; 284 

and 32–35 min, 100% B. The injection volume was 100 µL. Carotenoids were identified 285 

using the Chromeleon Chromatography Data System (version 6.3, ThermoFisher Scien- 286 

tific, USA). 287 

Statistical analysis 288 

All experiments were performed in triplicate (n=3). Results are presented as mean ± 289 

standard deviation for each experimental group. Statistical comparisons between groups 290 

were performed using one-way analysis of variance (ANOVA), followed by Tukey’s 291 

multiple comparison test to evaluate differences among the collected data. 292 

GraphPad Prism software (version 10.4.2) was used for all statistical analyses, and 293 

differences were considered statistically significant when p < 0.05. 294 
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Results 295 

Elemental composition of brewery wastewater 296 

The given elemental composition of the brewery wastewater (BW) was evaluated 297 

and compared with the optimised culture medium (OPT) previously developed for 298 

Chlorococcum amblystomatis. The values are presented in Table 1. This comparison al- 299 

lowed a better understanding of the suitability of BW in relation to the nutritional require- 300 

ments of this microalgal strain. 301 

Table 1 – Comparison of elemental composition of optimised medium (OPT) developed for Chlorococcum 302 

amblystomatis and brewery wastewater (BW). 303 

Element source OPT 

mg·L-1 

BW 
(mg·L-1) 

Nitrogen source 720.72 (NH2)2CO 18.10 (NH3) 

NaH2PO4·H2O + K2HPO4  73.27 

P = 15.485 
K = 9.230 
Na = 8.781 

- 

P = 14.977 
K = 79.191 

Na = 888.136 

CaCl2·2H2O 22.05 
Ca = 6.012 

- 
Ca = 29.407 

MgSO4·7H2O 67.84 
Mg = 6.684 

- 
Mg = 10.873 

FeSO4·7H2O 4.17 
Fe = 0.838 

- 
Fe = 0.122 

ZnSO4·7H2O 21.57 
Zn = 4.904 

- 
Zn < 0.001 

Cl2Co·6H2O 0.24 
Co = 0.059 

- 
Co = 0.018 

Na2MoO4·2H2O 0.60 
Mo = 0.240 

- 
Mo < 0.001 

MnSO4·H2O 7.18 
Mn = 2.335 

- 
Mn = 0.011 

CuSO4·5H2O 0.06 
Cu = 0.016 

- 
Cu < 0.001 

H3BO3 3.09 
B = 0.541 

- 
B = 0.180 

NiCl2·6H2O 0.12 
Ni = 0.029 

- 
Ni = 0.070 

Vitamins Mix* 1 dose - 

*Vitamins Mix: Thiamine-HCl (350 mg·L-1), d-Biotin (50 mg·L-1), cyanocobalamin (B12) (30 304 

mg·L-1). Dose: 0.5mL·L-1. 305 
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According tho the values presented in Table 1, the K concentration in the BW 306 

(79.191 mg·L-1) was considerably higher than that of the OPT (9.230 mg·L-1). A similar 307 

trend was observed for Ca, with values of 29.407 mg·L⁻¹ in the BW compared to 6.012 308 

mg·L-1 in the OPT. Furthermore, Na concentration in the BW was approximately 100 309 

times higher than the value in OPT (8.781 mg·L⁻¹), which could potentially inhibit 310 

microalgal growth performance.  311 

Cultivation in brewery wastewater 312 

Growth performance of C. amblystomatis was analysed and compared between OPT, 313 

MNS (Allmicroalgae’s industrial medium) and BW with and without nitrogen supple- 314 

mentation. 315 

The biomass volumetric productivities, specific growth rates and biomass concen- 316 

tration of cultures grown with the different media, in 1-L bubble column, are described 317 

in Table 2 and growth curves are presented in Fig. 1. 318 

Table 2 - Maximum and overall volumetric productivities (g·L-1·d-1), specific growth rates (d-1), and 319 

maximum biomass concentration (g·L-1) of Chlorococcum amblystomatis grown in optimised medium 320 

(OPT), Allmicroalgae’s industrial basal medium (MNS), brewery wastewater (BW) and brewery 321 

wastewater supplemented with urea (BW+U). Different letters indicate significant differences between con- 322 

ditions (p < 0.05). Values are given as mean ± standard deviation (n=3). 323 

 

Volumetric productivity 

(g·L-1·d-1) 

Specific growth 

rate 

(d-1) 

Maximum biomass con-

centration 

(g·L-1) 

Overall Maximum   

BW 0.02 ± 0.00c 0.03 ± 0.01c 0.07 ± 0.02b 0.52 ± 0.03c 

BW + U 0.04 ± 0.00b 0.07 ± 0.01a,b 0.16 ± 0.01a 0.63 ± 0.02b 

MNS 0.04 ± 0.00b 0.05 ± 0.01b,c 0.11 ± 0.01b 0.66 ± 0.01b 

OPT 0.06 ± 0.00a 0.09 ± 0.01a 0.16 ± 0.01a 0.80 ± 0.02a 

 324 
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      325 

Fig. 1 - Growth curves of Chlorococcum amblystomatis grown in 1-L bubble columns with: (a) opti- 326 

mised medium (OPT), (b) Allmicroalgae’s industrial basal medium (MNS), (c) brewery wastewater (BW) 327 

and (d) brewery wastewater supplemented with urea (BW+U). Values are given as mean ± deviation error 328 

bars (n=3). 329 

Supplementation of the brewery wastewater with urea (BW+U) resulted in signifi- 330 

cant improvements in growth performance compared to the non-supplemented 331 

wastewater (BW). According to the results presented in Table 2, increases of 92.9% in 332 

global volumetric productivity, 138.3% in maximum volumetric productivity, 128.5% in 333 

specific growth rate, and 21.7% in final biomass concentration were observed after sup- 334 

plementation. 335 

Although biomass concentration obtained in cultures grown in BW+U (0.63±0.02 336 

g·L-1) was lower than that obtained in cultures grown in the OPT (of 0.80±0.02 g·L-1) (p 337 

< 0.05), it was very similar to that achieved using the basal industrial medium (MNS) 338 

(0.66±0.01 g·L-1), as shown in Table 2. In fact, despite a longer lag phase observed in 339 

Fig. 1, cultures grown in BW+U showed increases of 33% in volumetric productivity and 340 

42% in specific growth rate when compared with MNS (Table 2). The MNS medium is 341 

widely used for microalgal cultivation at Allmicroalgae, being adjusted according to the 342 

specific requirements of each species. For industrial-scale production, the use of a gen- 343 

eral, highly concentrated medium is often preferred because it simplifies logistics and can 344 

reduce operational costs. 345 

The present results demonstrate that brewery effluent supplemented with urea can be 346 

successfully used for the cultivation of Chlorococcum amblystomatis, replacing the inor- 347 

ganic and more expensive industrial media without losses in productivity. This approach 348 

may contribute to reducing production costs while promoting wastewater reuse, support- 349 

ing a more sustainable and circular microalgal production process. 350 

 351 

Pilot-scale outdoor validation 352 

To better understand the impact of scale-up and the effect of outdoor conditions on 353 

biomass growth performance and biochemical composition, C. amblystomatis was culti- 354 

vated in 50-L flat-panel photobioreactors. In order to assess the cultivation performance 355 

in brewery wastewater supplemented with urea (BW+U) relative to the maximum growth 356 

potential of Chlorococcum amblystomatis, only the optimised medium (OPT) was se- 357 

lected for comparison. The results obtained in OPT and BW+U conditions are presented 358 

in Table 3 and Fig. 2. 359 
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Table 3 - Maximum and overall volumetric productivities (g·L-1·d-1), specific growth rates (d-1), and 360 

maximum biomass concentration (g·L-1) of Chlorococcum amblystomatis cultivated in flat panels with op- 361 

timised medium (OPT) and brewery wastewater supplemented with urea (BW+U). No significant statistical 362 

differences were observed between conditions (p ≥ 0.05). Values are given as mean ± standard deviation 363 

(n=3). 364 

 

Volumetric productivity 

(g·L-1·d-1) 

Specific 

growth rate 

(d-1) 

Maximum biomass 

concentration 

(g·L-1) 

Overall Maximum   

BW + U 0.04 ± 0.01 0.07 ± 0.03 0.14 ± 0.05 0.62 ± 0.09 

OPT 0.05 ± 0.01 0.08 ± 0.01 0.14 ± 0.02 0.74 ± 0.10 

 365 

  366 

Fig. 2 - Growth curves of Chlorococcum amblystomatis grown in 50-L flat panels (a) with optimised 367 

medium (OPT) and brewery wastewater supplemented with urea (BW+U). Values are given as mean ± 368 

deviation error bars (n=3). 369 

The results obtained at pilot scale (Table 3) were very similar to those observed at 370 

laboratory scale (Table 2), indicating that the scale-up and outdoor cultivation conditions 371 

did not significantly affect the overall growth performance of C. amblystomatis. 372 

Although BW+U exhibited slower growth during the first two days (p < 0.05), no 373 

significant differences were observed between culture media during the subsequent 374 

growth stages (Fig. 2) or for the evaluated parameters (Table 3) (p ≥ 0.05). 375 

 376 

Brewery wastewater treatment after cultivation 377 

To assess the effectiveness of microalgal-based wastewater treatment, the nutrient 378 

composition was determined before and after cultivation, focusing on nitrate (NO3
-), am- 379 

monium (NH4
+), phosphate (PO4

3-), and chemical oxygen demand (COD). The results are 380 

shown in Table 4.  381 
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Table 4 - Composition of brewery wastewater (mg·L-1) before and after cultivation of Chlorococcum 382 

amblystomatis and respective removal percentage of nitrate (NO3
-), ammonium (NH4

+), phosphate (PO4
3-), 383 

and chemical oxygen demand (COD). Different letters indicate significant differences between conditions 384 

(p < 0.05). Values are given as mean ± standard deviation (n=3). 385 

 
NO3- 

(mg·L-1) 
NH4+ 

(mg·L-1) 
PO43- 

(mg·L-1) 
COD 

(mg·L-1) 

Before microalgae 
cultivation 

410.0 ± 5.4a 0.2 ± 0.0a 29.8 ± 0.4a 649.1 ± 17.5a 

After microalgae 
cultivation 

120.9 ± 26.2b 0.2 ± 0.0a 2.2 ± 0.4b 484.6 ± 6.6b 

Removal percentage 70.5 ± 6.4 n.d. 92.6 ± 1.5 25.3 ± 1.0 

1 n.d.: not detected 386 

 387 

The results demonstrated that after 7 days of cultivation, NO₃⁻ concentration de- 388 

creased from 410.03±5.4 to 120.9±26.2 mg·L-1, corresponding to a nitrate–nitrogen (N- 389 

NO3
-) removal efficiency of 70.5%, while PO₄³⁻ concentration decreased from 29.8±0.4 390 

to 2.2±0.4 mg·L⁻¹, corresponding to a phosphate–phosphorus (P-PO₄³⁻) removal effi- 391 

ciency of 92.6%. In contrast, COD removal had an efficiency of 25.3%, corresponding to 392 

a reduction of 164.5 mg O₂·L⁻¹ (Table 4). Although an ammonium concentration of 18.1 393 

mg·L⁻¹ (Table 1) was initially detected in the fresh sample, it was no longer measurable 394 

after thawing and chlorine application for disinfection, indicating its complete depletion 395 

or transformation.  396 

 397 

Proximate composition 398 

Protein, lipid, carbohydrate, and ash contents were determined to characterise the 399 

biochemical composition of the biomass obtained from cultivation in flat panels with 400 

brewery wastewater supplemented with urea (BW+U), as well as to compare with the 401 

biomass produced under the reference condition, optimised medium (OPT). The results 402 

are presented in Table 5. 403 

Table 5 - Proximate composition (%) of the biomass of Chlorococcum amblystomatis cultivated in 404 

flat panels with brewery wastewater supplemented with urea (BW+U) and in optimised medium (OPT). 405 

Proteins, lipids, carbohydrates, and ash are presented as the percentage of the biomass dry weight. Different 406 

letters indicate significant differences between reactors (p < 0.05). Values are given as mean ± standard 407 

deviation (n=3). 408 

Reactor 
Proteins 

(%) 
Lipids 

(%) 
Carbohydrates 

(%) 
Ash 
(%)  

BW + U 57.52 ± 3.76a 11.26 ± 0.58a 21.05 ± 1.73a 9.64 ± 1.36b 

OPT 59.86 ± 1.88a 12.68 ± 1.07a 16.81 ± 1.16b 12.64 ± 0.56a 

 409 

Protein was the main macronutrient present in the biomass of C. amblystomatis, and 410 

no significant differences (p ≥ 0.05) were observed between the OPT and BW+U condi- 411 

tions, with protein contents of 59.86±1.88 and 57.52±3.76% of dry weight (DW), respec- 412 

tively (Table 5). Lipid content also showed no significant differences (p ≥ 0.05), with 413 

average values of 12.68±1.07% of DW for OPT and 11.26±0.58% of DW for BW+U. In 414 

contrast, carbohydrate content differed significantly between the two conditions (p < 415 
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0.05), with biomass cultivated in BW+U presenting a higher percentage (21.05±1.73% of 416 

DW) compared to OPT (16.81±1.16% of DW). Ash content also showed significant dif- 417 

ferences (p < 0.05), with higher values observed in OPT (12.64±0.56% of DW) compared 418 

to BW+U (9.64±1.36% of DW).  419 

 420 

Fatty acids profile 421 

The fatty acid (FA) profile was assessed through quantification of the fatty acid 422 

methyl esters, expressed as the percentage of total esterified fatty acids (TEFA) (Table 423 

6).  424 

Table 6 - Fatty acid profile, presented in percentage of total esterified fatty acids (TEFA) of Chloro- 425 

coccum amblystomatis biomass cultivated in flat panels with brewery wastewater supplemented with urea 426 

(BW+U) and in optimised medium (OPT). No significant differences were observed between conditions (p 427 

≥ 0.05). Values are given as mean ± standard deviation (n=3). Abbreviations: SFA, saturated fatty acid; 428 

MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. 429 

Fatty acid 
BW + U 

(% of TEFA) 
OPT 

(% of TEFA) 

FA 14:0 0.23 ± 0.06 0.23 ± 0.12 
FA 16:4ω-3 19.23 ± 2.12 18.05 ± 1.85 
FA 16:3ω-3 2.29 ± 0.62 2.77 ± 0.27 
FA 16:2ω-6 0.48 ± 0.03 0.53 ± 0.08 
FA 16:1ω-7 0.89 ± 0.76 0.87 ± 0.34 

FA 16:1 1.52 ± 0.51 1.98 ± 0.36 
FA 16:0 20.80 ± 3.47 23.07 ± 1.23 
FA 17:0 0.12 ± 0.11 0.12 ± 0.04 

FA 18:4ω-3 5.78 ± 1.48 3.30 ± 0.12 
FA 18:3ω-3 23.69 ± 3.78 28.47 ± 3.19 
FA 18:3ω-6 3.25 ± 0.81 2.06 ± 0.27 
FA 18:2ω-6 2.87 ± 0.42 3.11 ± 0.19 
FA 18:1ω-9 1.85 ± 0.29 2.56 ± 0.60 

FA 18:1 6.20 ± 1.99 6.62 ± 0.61 
FA 18:0 10.80 ± 6.64 6.23 ± 4.35 
Σ SFA 31.96 ± 3.40 29.66 ± 5.07 

Σ MUFA 10.46 ± 3.52 12.04 ± 1.35 
Σ PUFA 57.58 ± 5.20 58.30 ± 5.34 

Σ ω-3 50.98 ± 4.83 52.60 ± 5.26 
Σ ω-6 6.60 ± 0.48 5.71 ± 0.10 

Σ ω-6/Σ ω-3 0.13 ± 0.01 0.11 ± 0.01 
PUFA/SFA 1.84 ± 0.36 2.05 ± 0.47 

 430 

A total of fifteen fatty acids were identified in both Chlorococcum amblystomatis 431 

biomasses (Table 6). No significant differences (p ≥ 0.05) were observed between the two 432 

cultivation conditions (OPT and BW+U) for the individual fatty acids, indicating a robust, 433 

reproducible fatty acid profile, in this case independent of the utilised medium formula- 434 

tion. The dominant fatty acid in both conditions was FA 18:3ω-3 (α-linolenic acid, ALA), 435 

representing 28.47±3.19% of total esterified fatty acids (TEFA) in OPT and 23.69±3.78% 436 

in BW+U. The second and third most abundant fatty acid were FA 16:0, with values of 437 

23.07±1.23% of TFA in OPT and 20.80±3.47% of TEFA in BW+U, followed by FA 438 

16:4ω-3, with 18.05±1.85% and 19.23±2.12% of TEFA in OPT and BW+U, respectively.  439 



 

13 

 

PUFAs represented 58.30% and 57.58% of TEFA in OPT and BW+U, respectively, 440 

while MUFAs accounted for 12.04±1.35% and 10.46±3.52%, and SFAs for 29.66±5.07% 441 

and 31.96±3.40% in OPT and BW+U, respectively. 442 

 443 

Pigments profile 444 

Carotenoid and chlorophyll contents were also determined in C. amblystomatis bio- 445 

mass to enable the biochemical comparison between the two cultivation conditions. The 446 

results are presented in Table 7. 447 

Table 7 - Pigment profile (mg·g-1) of Chlorococcum amblystomatis biomass cultivated in flat panels 448 

with brewery wastewater supplemented with urea (BW+U) and in optimised medium (OPT). Different 449 

letters indicate significant differences between conditions (p < 0.05). Values are given as means ± standard 450 

deviation (n=3). 451 

Pigments 
BW + U 

(mg·g-1) 

OPT 

(mg·g-1) 

Neoxanthin 0.62 ± 0.23b 1.32 ± 0.27a 
Lutein 4.11 ± 0.26a 4.28 ± 0.59a 

β-carotene 4.23 ± 0.76a 4.03 ± 1.04a 

Chlorophyll a and b 24.86 ± 4.25a 23.07 ± 1.90a 

 452 

Chlorophyll content was similar in both cultivation conditions (p ≥ 0.05), with mean 453 

values of 23.07±1.90 and 24.86±4.25 mg·g-1 of DW in OPT and BW+U, respectively. 454 

The main carotenoids identified in C. amblystomatis were lutein and β-carotene. In 455 

the OPT condition, lutein and β-carotene contents were 4.28±0.59 and 4.03±1.04 mg·g-1 456 

of DW, respectively, while in BW+U the values were 4.11±0.26 and 4.23±0.76 mg·g-1 of 457 

DW. No significant differences were detected between conditions (p ≥ 0.05). 458 

Pigment analysis revealed that neoxanthin was the only pigment showing significant 459 

variation, with higher content observed in cultures grown in OPT (1.32±0.32 mg·g-1). 460 

 461 

Carbohydrates profile 462 

The neutral sugars composition and total uronic acids content, determined after acid 463 

hydrolysis of C. amblystomatis biomass cultivated in optimized medium (OPT) and brew- 464 

ery wastewater supplemented with urea (BW+U), are presented in Table 8. 465 

Table 8 - Neutral sugars composition and total uronic acids content, presented as molar percentage 466 

(mol%) of Chlorococcum amblystomatis biomass cultivated in flat panels with brewery wastewater sup- 467 

plemented with urea (BW+U) and in optimised medium (OPT). Different letters indicate significant differ- 468 

ences between reactors (p < 0.05). Values are given as means ± standard deviation (n=3). 469 

Sugars 
BW+U 

(mol%) 
OPT 

(mol%) 

Ribose 2.85 ± 0.52 b 4.84 ± 0.93 a 
Arabinose 45.95 ± 4.99 a 44.58 ± 0.72 a 

Xylose 6.69 ± 0.38 b 7.89 ± 0.41 a 
Mannose 6.88 ± 0.84 a 5.88 ± 1.28 a 

Galactose 23.11 ± 1.48 b 26.47 ± 1.44 a 

Glucose 8.86 ± 2.25 a 7.29 ± 4.00 a 

Uronic acids 5.66 ± 3.83 a 3.06 ± 2.20 a 

 470 
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Beyond the differences observed in total carbohydrate content (Table 5), expressing 471 

the neutral sugar profile and uronic acid content on a molar percentage basis reveals sig- 472 

nificant differences in three sugars, namely galactose, xylose, and ribose. BW+U condi- 473 

tion showed a lower molar percentage of these sugars compared to OPT. However, arab- 474 

inose was the most abundant sugar in both conditions, accounting for 44.58±0.72 mol% 475 

in OPT and 45.95±4.99 mol% in BW+U, with no significant differences (p>0.05). 476 

In biomass obtained under OPT conditions, the second most abundant monosaccha- 477 

ride was galactose (26.47±1.44 mol%), followed by xylose (7.89±0.41 mol%), glucose 478 

(7.29±4.00 mol%), mannose (5.88±1.28 mol%), ribose (4.84±0.93 mol%), and uronic ac- 479 

ids (3.06±2.20 mol%). A similar profile was observed for BW+U, in which galactose was 480 

also the second most abundant sugar (23.11±1.48 mol%), followed by glucose (8.86±2.25 481 

mol%), mannose (6.88±0.84 mol%), xylose (6.69±0.38 mol%), uronic acids (5.66 482 

±3.83mol%), and ribose (2.85±0.52 mol%).  483 

Discussion 484 

Brewery wastewater (BW) represents a valuable resource for microalgal cultivation 485 

due to its residual nutrient content and considerable water volume around the world, sup- 486 

porting its reuse within circular bioeconomy. The recovery and reutilisation of nutrients 487 

from industrial effluents not only reduces dependence on synthetic culture media but also 488 

mitigates the environmental risks associated with direct wastewater discharge, such as 489 

eutrophication and ecosystem imbalance (Ngo et al., 2022; Pinar & Rodríguez-Couto, 490 

2025). 491 

The composition of BW showed a clear imbalance in macronutrient availability com- 492 

pared to the optimised growth medium for C. amblystomatis. Nitrogen limitation was 493 

evident, indicating the need for supplementation to sustain higher biomass productivity, 494 

consistent with its role as a key growth-limiting nutrient in microalgal systems (Markou 495 

et al., 2019). The present results indicated that the composition of the brewery effluent 496 

did not show toxic effects on microalgal cells, providing suitable conditions for growth, 497 

with only a major adjustment requirement, namely nitrogen supplementation to sustain 498 

higher biomass production. This led to increases in 138.3% in maximum volumetric 499 

productivity, 128.5% in specific growth rate, and 21.7% in final biomass concentration 500 

(Table 2) compared to non-supplemented wastewater. Although biomass concentration, 501 

in laboratory trials, in supplemented wastewater (0.63±0.02 g·L-1) was lower than in the 502 

optimised medium (0.80±0.02 g·L-1), it was comparable to that obtained in the basal in- 503 

dustrial medium (MNS) (0.66±0.01 g·L-1). Furthermore, outdoor flat-panel cultivation 504 

resulted in comparable growth performance between the supplemented wastewater and 505 

the optimised medium (p ≥ 0.05), reinforcing the suitability of wastewater as an alterna- 506 

tive cultivation medium for this microalga. 507 

The MNS medium is widely used for microalgal cultivation at Allmicroalgae, being 508 

adjusted according to the specific requirements of each species. For industrial-scale pro- 509 

duction, the use of a general, highly concentrated medium is often preferred because it 510 

simplifies logistics and can reduce operational costs. The present results demonstrate that 511 

brewery effluent supplemented with urea can be successfully used for the cultivation of 512 

Chlorococcum amblystomatis, replacing the inorganic and more expensive industrial me- 513 

dia. This approach may contribute to reducing production costs while promoting 514 

wastewater reuse, supporting a more sustainable and circular microalgal production pro- 515 

cess. 516 

In agreement with the observed growth performance, C. amblystomatis exhibited a 517 

strong capacity for nutrient removal from brewery wastewater, particularly for nitrate and 518 

phosphate. Nitrogen and phosphorus are essential nutrients for primary production but, 519 

when in excess, contribute to eutrophication. (Guignard et al., 2017; Paerl et al., 2019). 520 
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The nitrate–nitrogen removal efficiency of 70.5±6.4% and phosphate–phosphorus re- 521 

moval efficiency of 92.6±1.5% (Table 4) demonstrate the strong performance of the mi- 522 

croalgal treatment in nutrient remediation. Given the increasing concern regarding the 523 

depletion of global phosphorus reserves, phosphorus recovery from waste streams has 524 

emerged as a major priority within circular bioeconomy strategies (Yuan et al., 2012). In 525 

this context, the phosphorus removal efficiency achieved by C. amblystomatis was sub- 526 

stantially higher than the 22% phosphorus removal reported by Ferreira et al. (2017) for 527 

Tetradesmus obliquus (formerly Scenedesmus obliquus), cultivated in brewery effluent, 528 

and also exceeded the 69.32% total phosphorus removal reported for Scenedesmus sp. 529 

cultivated in aerobically digested brewery wastewater by Yirgu et al., (2023). Similarly, 530 

phosphorus removal efficiencies reported for Chlorella vulgaris ranged from 54–66% in 531 

brewery wastewater (Raposo et al., 2010) to approximately 90% in brewery wastewater 532 

(Darpito et al., 2014), while Gouveia et al., (2016) reported 92% phosphorus removal in 533 

urban wastewater. Therefore, the phosphate removal efficiency obtained for C. am- 534 

blystomatis was comparable to or higher than those reported for other well-established 535 

chlorophyte microalgae, reinforcing the strong potential of this species for phosphorus 536 

recovery and brewery wastewater bioremediation applications. 537 

Despite the observed decrease in nitrogen and phosphorus, the nitrate concentration 538 

(120.9±26.2 mg·L-1) and COD (484.6±6.6 mg·L-1) in the supernatant after cultivation 539 

remained above the emission limit values (ELVs) (50 and 150 mg·L-1, respectively), es- 540 

tablished by Portuguese legislation (Decree-Law No. 236/98). This regulation is used to 541 

assess the feasibility of discharging the wastewater into aquatic environments or soil after 542 

biomass harvesting and separation, indicating that the treated wastewater did not meet the 543 

requirements for direct discharge into the environment. At industrial scale, the recycling 544 

and reuse of culture supernatants as a cultivation medium is a common practice. The su- 545 

pernatant obtained after biomass harvesting still contained residual nutrients, highlighting 546 

its potential for water reuse through subsequent cultivation cycles and additional nutrient 547 

removal. This suggests that the treated effluent could be recirculated within the cultiva- 548 

tion process, contributing to improved resource efficiency and process sustainability. Pre- 549 

vious studies have already demonstrated that water reuse in microalgal cultivation sys- 550 

tems is not only technically possible but also operationally feasible (Cunha et al., 2026). 551 

This strategy may enable process scale-up and near-complete nutrient removal, allowing 552 

treated wastewater to meet discharge regulations and be safely released or reused for ag- 553 

ricultural irrigation (Lima e Silva et al., 2024). Therefore, the reuse of this industrial ef- 554 

fluent may thus represent an environmentally friendly alternative for microalgal cultiva- 555 

tion, contributing to water recycling and to the reduction of production costs. This ap- 556 

proach may allow a significant reduction in the consumption of fresh water, which is 557 

particularly relevant for large-scale microalgal production (de Souza Silva et al., 2025). 558 

Ammonium, which was present at 18.1 mg·L⁻¹ (Table 1) during the initial elemental 559 

characterisation, decreased to 0.2±0.0 mg·L⁻¹ (Table 4) immediately before microalgal 560 

cultivation. This reduction is likely associated with the sample thawing process and the 561 

addition of chlorine for wastewater disinfection, which may have promoted ammonia ox- 562 

idation, leading either to its conversion into nitrogen gas (N2) under breakpoint chlorina- 563 

tion conditions or to nitrate (NO3
-) formation (Brandt et al., 2017; Mugwili et al., 2023). 564 

This chemical transformation may also explain the relatively high nitrate concentrations 565 

observed in the wastewater, suggesting that part of the reduced ammonia was oxidised 566 

rather than removed from the system.  567 

The biochemical composition of C. amblystomatis cultivated in BW+U was assessed 568 

to validate the nutritional potential of this biomass The protein content of microalgae is 569 

typically reported to range between 30 and 70% of dry weight (DW) (Dolganyuk et al., 570 

2020). In agreement with previous studies on C. amblystomatis, protein was the main 571 
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macronutrient present in the biomass, presenting values from 48.22±0.43 to 73.45±1.91% 572 

of DW (Correia et al., 2020; 2023). In the present work, no significant differences were 573 

observed in protein content between the optimised medium (OPT) and brewery 574 

wastewater supplemented with urea (BW+U) conditions, with values of 59.86±1.88 and 575 

57.52±3.76% DW (Table 5), respectively, indicating that cultivation in BW+U does not 576 

impair protein accumulation when compared to optimised conditions. Regarding the lipid 577 

content in microalgae is generally reported to vary between 20 and 50% of DW 578 

(Dolganyuk et al., 2020), Lower values have been described for species commonly used 579 

in food and feed applications. For example, Chlorella vulgaris, widely used for nutritional 580 

purposes, typically presents lipid contents ranging from 5 to 9% DW (Maurício et al., 581 

2023) while Chlorococcum amblystomatis reported from 13.28±0.45 to 31.44±4.10% of 582 

DW (Conde et al., 2021; Correia et al., 2020; 2023). In the present work, the total lipid 583 

content, from 11.26±0.58 to 12.68±1.07% obtained for BW+U and OPT, respectively, is 584 

in line with the previous described for the same species. The absence of significant dif- 585 

ferences between conditions further confirms that BW+U can sustain lipid production at 586 

levels comparable to those achieved in OPT medium. In contrast, carbohydrate content 587 

differed significantly, presenting a higher percentage (21.05±1.73%) in biomass culti- 588 

vated in BW+U compared to OPT (16.81±1.16%). The higher carbohydrate content ob- 589 

served in wastewater-grown biomass compared to optimised medium can be attributed to 590 

nutrient imbalance, which can influence carbon partitioning and storage metabolism in 591 

microalgal cells, being considered a key mechanism of carbon partitioning under stress 592 

conditions. This might be advantageous, as polysaccharides are known to protect micro- 593 

algae from environmental stress (Hanifzadeh et al., 2018; Maltsev et al., 2023). Ash con- 594 

tent also differed significantly between conditions, with higher values observed in OPT 595 

(12.64±0.56%) compared to BW+U (9.64±1.36%). Wastewater-based media often pre- 596 

sent a more variable and less balanced mineral composition, which may limit the assimi- 597 

lation of certain inorganic elements. Additionally, the lower ash content in BW+U may 598 

be associated with the higher accumulation of organic compounds, such as carbohydrates, 599 

under nutrient stress conditions, leading to a relative decrease in mineral fraction (Chia et 600 

al., 2018). 601 

Fatty acid profiles from both cultivation conditions were characterised by a predom- 602 

inance of α-linolenic acid (ALA, FA 18:3n - 3), accounting for 28.47±3.19% of total 603 

esterified fatty acids (TEFA) in OPT and 23.69±3.78% in BW+U. Polyunsaturated fatty 604 

acids (PUFAs) represented 58.30±5.34% and 57.58±5.20% of TEFA in OPT and BW+U, 605 

respectively, confirming the high degree of lipid unsaturation in this strain. These findings 606 

are consistent with previous reports for the same microalgal strain, which also identified 607 

ALA as the dominant fatty acid and highlighted its high PUFA content (Correia et al., 608 

2023). The elevated proportion of PUFAs, particularly ω-3 fatty acids such as ALA, re- 609 

inforces the potential of this microalga as a valuable source of nutritionally relevant lipids 610 

for food, feed, and biotechnological applications (Baker et al., 2016; Ahmmed et al., 611 

2020; Gutierres et al., 2025).No significant differences were observed in the overall fatty 612 

acid composition between the two cultivation conditions. This indicates that growth in 613 

brewery wastewater does not adversely affect lipid quality, preserving the biochemical 614 

profile of the biomass. Such stability is particularly advantageous for industrial applica- 615 

tions, as it supports the use of low-cost and sustainable substrates without compromising 616 

the production of high-value lipid fractions (Markou et al., 2019; Ngo et al., 2022; Lima 617 

e Silva et al., 2024). 618 

Carotenoid-derived compounds, including xanthophylls such as neoxanthin, act as 619 

key intermediates in abscisic acid (ABA) biosynthesis, a central phytohormone regulating 620 

seed germination and plant stress responses. In addition, neoxanthin contributes directly 621 

to photoprotection and the mitigation of oxidative stress, enhancing plant resilience under 622 

adverse environmental conditions (Jia et al., 2022; Mo et al., 2024). Consistent with this 623 
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functional relevance, pigment analysis revealed that neoxanthin was the only pigment 624 

showing variation between cultivation conditions, with higher content observed under 625 

optimised medium (1.32±0.27 mg·g-1).  626 

Overall, pigment composition did not show substantial differences between the two 627 

cultivation conditions. This strain maintained high levels of lutein and β-carotene, ranging 628 

from 4.11±0.26 to 4.28±0.59 mg·g-1 and 4.03±1.04 to 4.23±0.76 mg·g-1, respectively. 629 

These values are in line with those reported for well-known pigment-producing microal- 630 

gae, further supporting the potential of this strain for carotenoid-based applications (Del 631 

Campo et al., 2007). Pigments have received increasing attention due to their antioxidant 632 

properties and broad applications in the food and cosmetic industries(Iwamoto et al., 633 

2024; Varela et al., 2015). The growing demand for natural pigment sources supports the 634 

use of C. amblystomatis as a potential alternative. This microalga, even when cultivated 635 

in brewery wastewater, showed high contents of chlorophylls and lutein without the need 636 

for intentional biosynthesis induction, indicating its suitability for applications requiring 637 

natural, high-value bioactive compounds. 638 

In general, microalgal polysaccharides are heteropolymers, i.e., they are composed 639 

of different monosaccharides present in varying proportions and linked by glycosidic 640 

bonds (Costa et al., 2021). However, their detailed composition and structure is species- 641 

specific. In the present study, arabinose was the predominant monosaccharide quantified 642 

after hydrolysis in both cultivation conditions, accounting for 44.58±0.72 mol% in OPT 643 

and 45.95±4.99 mol% in BW+U. Galactose was the second most abundant sugar, repre- 644 

senting 26.47±1.44 mol% in OPT and 23.11 mol% in BW+U. The exopolysaccharides of 645 

Chlorophytes exhibit considerable heterogeneity among species. However, galactose is 646 

frequently reported as the predominant monosaccharide, often accompanied by glucose, 647 

while arabinose is also commonly detected, although generally at lower proportions 648 

(Laroche, 2022). In previous studies, arabinose was identified as the major monosaccha- 649 

ride in Chlorococcum sp., followed by galactose (Badary et al., 2024). To the best of the 650 

authors’ knowledge, no studies have specifically described the detailed monosaccharide 651 

composition of Chlorococcum amblystomatis. Nevertheless, the monosaccharide profile 652 

observed in the present study is consistent with previous investigations on Chlorococcum, 653 

which reported heteropolysaccharides predominantly composed of arabinose and galac- 654 

tose. This monosaccharides profile is markedly different from that commonly reported 655 

for Chlorella species. For instance, Banskota et al., (2024) reported galactose and glucose 656 

as the main constituents in Chlorella sorokiniana, while arabinose was not detected. This 657 

defines a fundamentally distinct monosaccharide signature for C. amblystomatis and may 658 

confer added value in terms of novelty and functional diversification of microalgal bi- 659 

opolymers. Arabinose occurs in both D- and L-isoforms, with L-arabinose being com- 660 

monly associated with plant and algal cell wall matrices (Kotake et al., 2016). Beyond its 661 

structural role, L-arabinose has been reported to exhibit functional bioactivities, including 662 

modulation of glucose metabolism and antioxidant-related effects, which may contribute 663 

to protection against hyperglycaemia (Newman et al., 2025). Overall, the dominance of 664 

arabinose clearly distinguishes C. amblystomatis from established Chlorella production 665 

strains and expands the known diversity of microalgal polysaccharide architectures. In 666 

contrast, the low glucose content suggests a limited presence of cellulose in the cell wall, 667 

supporting the idea of a branched arabinogalactan-like matrix rather than a cellulose- 668 

dominated architecture. This unique biochemical fingerprint reinforces its potential as a 669 

non-conventional and high-value platform for the development of functional polysaccha- 670 

rides with applications in several biotechnological sectors, including biodegradable films, 671 

thickeners, and bioactive compounds (e.g., antioxidant or immunomodulatory effects) 672 

(Khavari et al., 2021; Moreira et al., 2022).On the other hand, uronic acids confer an 673 

anionic nature to exopolysaccharides (EPS), a feature that enhances their affinity for 674 

metal ions and makes them promising candidates for bioremediation applications 675 
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(Naveed et al., 2019; Costa et al., 2021). The presence of uronic acids in the biomass of 676 

C. amblystomatis, with higher levels observed under brewery wastewater cultivation 677 

(BW+U, 5.66±3.83 mol%) compared to OPT (3.06±2.20 mol%), suggests a potential role 678 

of this biomass in the removal of heavy metals from contaminated environments. More- 679 

over, microalgal polysaccharides have also been associated with plant biostimulant activ- 680 

ity and stress mitigation, further supporting the potential of C. amblystomatis biomass for 681 

downstream biotechnological applications (Prisa & Spagnuolo, 2023). 682 

Despite some differences, the overall biochemical profile of the biomass grown with 683 

BW+U remained within the range for the biomass grown with OPT. The ability to main- 684 

tain similar biochemical composition while using an industrial effluent as culture medium 685 

highlights the potential of this approach for reducing production costs and freshwater 686 

consumption. In addition, the reuse of brewery wastewater contributes to a more sustain- 687 

able and circular production process, supporting the integration of microalgal cultivation 688 

into industrial wastewater management strategies (Ngo et al., 2022; Pinar & Rodríguez- 689 

Couto, 2025). However, despite this potential, regulatory constraints remain a significant 690 

limitation for the valorisation of biomass produced on waste-derived media. Current 691 

frameworks, particularly within the European Food Safety Authority and under regula- 692 

tions such as Regulation (EU) 2015/2283, impose strict safety and traceability require- 693 

ments that may restrict the use of such biomass in food and feed applications, even when 694 

the waste originates from the food industry. This regulatory uncertainty represents a key 695 

barrier to the large-scale implementation of this otherwise promising and sustainable ap- 696 

proach (Caporgno & Mathys, 2018). 697 

Overall, these findings highlight the potential of C. amblystomatis cultivated in brew- 698 

ery wastewater as an effective and sustainable approach for wastewater valorisation, re- 699 

inforcing its relevance within circular bioeconomy strategies. This biomass can be further 700 

explored in different application contexts, including agricultural uses, reinforcing its rel- 701 

evance within circular bioeconomy strategies. 702 

 703 

Conclusions 704 

This study demonstrated that C. amblystomatis can be effectively cultivated in brew- 705 

ery wastewater supplemented with urea without compromising productivity, biochemical 706 

composition, or functional properties. The use of industrial effluents as culture media 707 

represents a sustainable and cost-effective strategy, enabling simultaneous wastewater 708 

valorisation and the production of functional biomass with applications in agriculture and 709 

environmental bioremediation. Importantly, the biomass produced under both cultivation 710 

conditions exhibited a valuable biochemical profile, characterised by high protein con- 711 

tent, together with relevant levels of ω-3 fatty acids, lutein and β-carotene, and structur- 712 

ally distinctive polysaccharides enriched in arabinose and galactose. These components 713 

further enhance its interest for several biotechnological applications, reinforcing the po- 714 

tential of this strain. In this context, wastewater-grown biomass provides a dual benefit 715 

by coupling resource recovery with environmental remediation. This integrated approach 716 

aligns strongly with circular bioeconomy principles, supporting the reuse of wastewater- 717 

derived biomass for pollution mitigation and contributing to more sustainable environ- 718 

ment. Overall, this work confirms the feasibility of directly upcycling brewery 719 

wastewater into metabolically robust Chlorococcum amblystomatis biomass with intrin- 720 

sic biotechnological value, establishing a solid foundation for its future application in 721 

downstream valorisation strategies. 722 

 723 



 

19 

 

Author contributions: CRediT: Nádia Correia: Writing – original draft; Writing – re- 724 

view and editing, Visualization, Supervision, Methodology, Investigation, Formal analy- 725 

sis, Data curation; Conceptualization. Mariana Machado: Writing – original draft, Meth- 726 

odology, Investigation, Formal analysis. Alice Ferreira: Writing – review, Supervision, 727 

Methodology, Investigation, Formal analysis. Beatriz Simões: Supervision, Methodol- 728 

ogy, Investigation, Formal analysis. Sara Ferreira: Supervision, Methodology, Investiga- 729 

tion, Formal analysis. Rita Pais: Writing – review, Supervision, Methodology, Investiga- 730 

tion, Formal analysis. Tiago Conde: Writing – review, Supervision, Methodology, Inves- 731 

tigation, Formal analysis. Diana Lopes: Writing – review, Supervision, Methodology, In- 732 

vestigation, Formal analysis. Ana Moreira: Methodology, Investigation, Formal analysis, 733 

Writing – review, Supervision. Rosário Domingues: Writing – review, Supervision, Re- 734 

sources. Hugo Pereira: Writing – review, Supervision, Resources. Helena Cardoso: Writ- 735 

ing – review and editing, Supervision, Project administration, Funding acquisition. Joana 736 

L. Silva: Writing – review and editing, Supervision, Resources, Project administration, 737 

Funding acquisition. Luísa Gouveia: Writing – review and editing, Supervision, Project 738 

administration, Funding acquisition. João Varela: Writing – review and editing, Supervi- 739 

sion, Resources, Project administration, Funding acquisition. All authors have read and 740 

agreed to the published version of the manuscript. 741 

 742 

Funding: This research was funded by FCT - Foundation for Science and Technology 743 

through PhD fellowships 2020.07229.BD. This research has been carried out at the Bio- 744 

mass and Bioenergy Research Infrastructure (BBRI)-LISBOA2030-FEDER-01318200 745 

which is supported by Lisbon Portugal Regional Operational Programme (Lisboa 2030), 746 

Portugal 2030, and the European Union. Thanks are also due to the funding of research 747 

units CESAM (UIDP/50017/2020+UIDB/50017/2020+LA/P/0094/2020), CICECO- 748 

Aveiro Institute of Materials, UID/50011 & LA/P/0006/2020 (DOI 749 

10.54499/LA/P/0006/2020), and UID/50006/2025 (DOI 10.54499/UID/50006/2025) - 750 

Laboratório Associado para a Química Verde - Tecnologias e Processos Limpos financed 751 

by national funds through the FCT/MCTES (PIDDAC) and RNEM. 752 

Acknowledgments: The authors would like to acknowledge all members of CCMAR, 753 

CESAM, LAQV-REQUIMTE, CICECO, GreenCoLab, Allmicroalgae and LNEG for 754 

their kind support and help throughout this work. 755 

Conflicts of Interest: The authors declare no conflict of interest. 756 

References 757 

Abdelfattah, A., Ali, S. S., Ramadan, H., El-Aswar, E. I., Eltawab, R., Ho, S. H., 758 

Elsamahy, T., Li, S., El-Sheekh, M. M., Schagerl, M., Kornaros, M., & Sun, J. 759 

(2022). Microalgae-based wastewater treatment: Mechanisms, challenges, recent 760 

advances, and future prospects. Environmental Science and Ecotechnology, 13, 761 

100205. https://doi.org/10.1016/J.ESE.2022.100205 762 

Abdur Razzak, S., Bahar, K., Islam, K. M. O., Haniffa, A. K., Faruque, M. O., Hossain, 763 

S. M. Z., & Hossain, M. M. (2024). Microalgae cultivation in photobioreactors: 764 

sustainable solutions for a greener future. Green Chemical Engineering, 5(4), 418– 765 

439. https://doi.org/10.1016/J.GCE.2023.10.004 766 

Acién, F. G., Gómez-Serrano, C., Morales-Amaral, M. M., Fernández-Sevilla, J. M., & 767 

Molina-Grima, E. (2016). Wastewater treatment using microalgae: how realistic a 768 

contribution might it be to significant urban wastewater treatment? Applied 769 



 

20 

 

Microbiology and Biotechnology 2016 100:21, 100(21), 9013–9022. 770 

https://doi.org/10.1007/S00253-016-7835-7 771 

Ahmmed, M. K., Ahmmed, F., Tian, H., Carne, A., & Bekhit, A. E. D. (2020). Marine 772 

omega-3 (n-3) phospholipids: A comprehensive review of their properties, sources, 773 

bioavailability, and relation to brain health. Comprehensive Reviews in Food Science 774 

and Food Safety, 19(1), 64–123. https://doi.org/10.1111/1541-4337.12510 775 

Amenorfenyo, D. K., Huang, X., Zhang, Y., Zeng, Q., Zhang, N., Ren, J., & Huang, Q. 776 

(2019). Microalgae Brewery Wastewater Treatment: Potentials, Benefits and the 777 

Challenges. International Journal of Environmental Research and Public Health 778 

2019, Vol. 16, Page 1910, 16(11), 1910. https://doi.org/10.3390/IJERPH16111910 779 

APHA. (2005). Standard Methods for the Examination of Water & Wastewater (A. D. 780 

Eaton & M. A. H. Franson (eds.); 21st ed.). American Public Health Association. 781 

Badary, A., Hidasi, N., Ferrari, S., & Mayfield, S. P. (2024). Isolation and 782 

characterization of microalgae strains able to grow on complex biomass hydrolysate 783 

for industrial application. Algal Research, 78, 103381. 784 

https://doi.org/10.1016/J.ALGAL.2023.103381 785 

Baker, E. J., Miles, E. A., Burdge, G. C., Yaqoob, P., & Calder, P. C. (2016). Metabolism 786 

and functional effects of plant-derived omega-3 fatty acids in humans. Progress in 787 

Lipid Research, 64, 30–56. https://doi.org/10.1016/j.plipres.2016.07.002 788 

Banskota, A. H., Stefanova, R., Hui, J. P. M., Bermarija, T., Stemmler, K., McGinn, P. 789 

J., & O’Leary, S. J. B. (2024). Comprehensive Analysis of Biomass from Chlorella 790 

sorokiniana Cultivated with Industrial Flue Gas as the Carbon Source. Molecules, 791 

29(14), 3368. https://doi.org/10.3390/MOLECULES29143368/S1 792 

Bej, S., Swain, S., Bishoyi, A. K., Mandhata, C. P., Sahoo, C. R., & Padhy, R. N. (2024). 793 

Recent advancements on antibiotic bioremediation in wastewaters with a focus on 794 

algae: an overview. Environmental Technology, 45(21), 4214–4229. 795 

https://doi.org/10.1080/09593330.2023.2245166 796 

Blumenkrantz, N., & Asboe-Hansen, G. (1973). New method for quantitative 797 

determination of uronic acids. Analytical Biochemistry, 54(2), 484–489. 798 

https://doi.org/10.1016/0003-2697(73)90377-1 799 

Brandt, M. J., Johnson, K. M., Elphinston, A. J., & Ratnayaka, D. D. (2017). Specialized 800 

and Advanced Water Treatment Processes. Twort’s Water Supply, 407–473. 801 

https://doi.org/10.1016/B978-0-08-100025-0.00010-7 802 

Caporgno, M. P., & Mathys, A. (2018). Trends in Microalgae Incorporation Into 803 

Innovative Food Products With Potential Health Benefits. Frontiers in Nutrition, 5. 804 

https://doi.org/10.3389/FNUT.2018.00058 805 

Chia, S. R., Ong, H. C., Chew, K. W., Show, P. L., Phang, S. M., Ling, T. C., Nagarajan, 806 

D., Lee, D. J., & Chang, J. S. (2018). Sustainable approaches for algae utilisation in 807 

bioenergy production. Renewable Energy, 129, 838–852. 808 

https://doi.org/10.1016/J.RENENE.2017.04.001 809 

Conde, T. A., Couto, D., Melo, T., Costa, M., Silva, J., Domingues, M. R., & Domingues, 810 

P. (2021). Polar lipidomic profile shows Chlorococcum amblystomatis as a 811 



 

21 

 

promising source of value-added lipids. Scientific Reports 2021 11:1, 11(1), 1–23. 812 

https://doi.org/10.1038/s41598-021-83455-y 813 

Correia, N., Pereira, H., Silva, J. T., Santos, T., Soares, M., Sousa, C. B., Schüler, L. M., 814 

Costa, M., Varela, J., Pereira, L., & Silva, J. (2020). Isolation, Identification and 815 

Biotechnological Applications of a Novel, Robust, Free-living Chlorococcum 816 

(Oophila) amblystomatis Strain Isolated from a Local Pond. Applied Sciences 2020, 817 

Vol. 10, Page 3040, 10(9), 3040. https://doi.org/10.3390/APP10093040 818 

Correia, Nádia, Pereira, H., Schulze, P. S. C., Costa, M. M., Santo, G. E., Guerra, I., 819 

Trovão, M., Barros, A., Cardoso, H., Silva, J. L., Gouveia, L., & Varela, J. (2023). 820 

Heterotrophic and Photoautotrophic Media Optimization Using Response Surface 821 

Methodology for the Novel Microalga Chlorococcum amblystomatis. Applied 822 

Sciences (Switzerland), 13(4). https://doi.org/10.3390/APP13042089 823 

Costa, J. A. V., Lucas, B. F., Alvarenga, A. G. P., Moreira, J. B., & de Morais, M. G. 824 

(2021). Microalgae Polysaccharides: An Overview of Production, Characterization, 825 

and Potential Applications. Polysaccharides 2021, Vol. 2, Pages 759-772, 2(4), 759– 826 

772. https://doi.org/10.3390/POLYSACCHARIDES2040046 827 

Couso, I., Vila, M., Vigara, J., Cordero, B. F., Vargas, M. Á., Rodríguez, H., & León, R. 828 

(2012). Synthesis of carotenoids and regulation of the carotenoid biosynthesis 829 

pathway in response to high light stress in the unicellular microalga Chlamydomonas 830 

reinhardtii. European Journal of Phycology, 47(3), 223–232. 831 

https://doi.org/10.1080/09670262.2012.692816 832 

Cunha, P., Guerra, I., Matinha-Cardoso, J., Cardoso, H., Pereira, H., Silva, J., & Varela, 833 

J. (2026). Successive recycling of culture medium in the outdoor cultivation of 834 

Nannochloropsis oceanica in pilot-scale photobioreactors. Journal of Applied 835 

Phycology 2026, 1–13. https://doi.org/10.1007/S10811-026-03839-3 836 

Darpito, C., Shin, W. S., Jeon, S., Lee, H., Nam, K., Kwon, J. H., & Yang, J. W. (2014). 837 

Cultivation of Chlorella protothecoides in anaerobically treated brewery wastewater 838 

for cost-effective biodiesel production. Bioprocess and Biosystems Engineering 839 

2014 38:3, 38(3), 523–530. https://doi.org/10.1007/S00449-014-1292-4 840 

de J. Raposo, M. F., Oliveira, S. E., Castro, P. M., Bandarra, N. M., & Morais, R. M. 841 

(2010). On the utilization of microalgae for brewery effluent treatment and possible 842 

applications of the produced biomass. Journal of the Institute of Brewing, 116(3), 843 

285–292. https://doi.org/10.1002/J.2050- 844 

0416.2010.TB00433.X;JOURNAL:JOURNAL:23973331;CTYPE:STRING:JOUR 845 

NAL 846 

de Souza Silva, P. H. B., Esposti, G. D., Ndiaye, N. C. G., Pedro, G. A., & Maass, D. 847 

(2025). Microalgae for brewery wastewater treatment and biomass valorization: a 848 

systematic review. Environmental Science and Pollution Research International, 849 

32(43), 24511–24527. https://doi.org/10.1007/S11356-025-37057-0 850 

Del Campo, J. A., García-González, M., & Guerrero, M. G. (2007). Outdoor cultivation 851 

of microalgae for carotenoid production: current state and perspectives. Applied 852 

Microbiology and Biotechnology, 74(6), 1163–1174. 853 



 

22 

 

https://doi.org/10.1007/S00253-007-0844-9 854 

Dias, C., Santos, J. A. L., Reis, A., & Lopes da Silva, T. (2023). The Use of Oleaginous 855 

Yeasts and Microalgae Grown in Brewery Wastewater for Lipid Production and 856 

Nutrient Removal: A Review. Waste and Biomass Valorization 2023 14:6, 14(6), 857 

1799–1822. https://doi.org/10.1007/S12649-023-02032-8 858 

Dolganyuk, V., Belova, D., Babich, O., Prosekov, A., Ivanova, S., Katserov, D., Patyukov, 859 

N., & Sukhikh, S. (2020). Microalgae: A Promising Source of Valuable Bioproducts. 860 

Biomolecules 2020, Vol. 10, Page 1153, 10(8), 1153. 861 

https://doi.org/10.3390/BIOM10081153 862 

Ferreira, A., Figueiredo, D., Ferreira, F., Marujo, A., Bastos, C. R. V., Martin-Atanes, G., 863 

Ribeiro, B., Štěrbová, K., Marques-dos-Santos, C., Acién, F. G., & Gouveia, L. 864 

(2023). From piggery wastewater to wheat using microalgae towards zero waste. 865 

Algal Research, 72, 103153. https://doi.org/10.1016/J.ALGAL.2023.103153 866 

Ferreira, A., Ribeiro, B., Ferreira, A. F., Tavares, M. L. A., Vladic, J., Vidović, S., 867 

Cvetkovic, D., Melkonyan, L., Avetisova, G., Goginyan, V., & Gouveia, L. (2019). 868 

Scenedesmus obliquus microalga‐based biorefinery – from brewery effluent to 869 

bioactive compounds, biofuels and biofertilizers – aiming at a circular bioeconomy. 870 

Biofuels, Bioproducts and Biorefining, 13(5), 1169–1186. 871 

https://doi.org/10.1002/bbb.2032 872 

Ferreira, A., Ribeiro, B., Marques, P. A. S. S., Ferreira, A. F., Dias, A. P., Pinheiro, H. 873 

M., Reis, A., & Gouveia, L. (2017). Scenedesmus obliquus mediated brewery 874 

wastewater remediation and CO2 biofixation for green energy purposes. Journal of 875 

Cleaner Production, 165, 1316–1327. 876 

https://doi.org/10.1016/J.JCLEPRO.2017.07.232 877 

Ferreira, A. S., Ferreira, S. S., Correia, A., Vilanova, M., Silva, T. H., Coimbra, M. A., & 878 

Nunes, C. (2020). Reserve, structural and extracellular polysaccharides of Chlorella 879 

vulgaris: A holistic approach. Algal Research, 45, 101757. 880 

https://doi.org/10.1016/J.ALGAL.2019.101757 881 

Ferreira, A., Vladić, J., de Oliveira Corrêa, D., Butzke, V. L. L., Martins, P. L., Ribeiro, 882 

B., Marques-dos-Santos, C., Acién, F. G., & Gouveia, L. (2024). Innovative 883 

approach in sustainable agriculture: Harnessing microalgae potential via subcritical 884 

water extraction. Environmental Technology & Innovation, 36, 103797. 885 

https://doi.org/10.1016/J.ETI.2024.103797 886 

Fetisoa, M. R., Acheampong, A., Bondzie-Quaye, P., Bashir, M. A., & Huang, Q. (2024). 887 

Synergistic strategies for optimizing microalgae-based wastewater treatment: a 888 

comprehensive review. Journal of Water Process Engineering, 68, 106409. 889 

https://doi.org/10.1016/J.JWPE.2024.106409 890 

Gouveia, L., Graça, S., Sousa, C., Ambrosano, L., Ribeiro, B., Botrel, E. P., Neto, P. C., 891 

Ferreira, A. F., & Silva, C. M. (2016). Microalgae biomass production using 892 

wastewater: Treatment and costs. Scale-up considerations. Algal Research, 16, 167– 893 

176. https://doi.org/10.1016/j.algal.2016.03.010 894 

Guignard, M. S., Leitch, A. R., Acquisti, C., Eizaguirre, C., Elser, J. J., Hessen, D. O., 895 



 

23 

 

Jeyasingh, P. D., Neiman, M., Richardson, A. E., Soltis, P. S., Soltis, D. E., Stevens, 896 

C. J., Trimmer, M., Weider, L. J., Woodward, G., & Leitch, I. J. (2017). Impacts of 897 

nitrogen and phosphorus: From genomes to natural ecosystems and agriculture. 898 

Frontiers in Ecology and Evolution, 5(JUL), 258706. 899 

https://doi.org/10.3389/FEVO.2017.00070/FULL 900 

Gutierres, D., Pacheco, R., Reis, C. P., Gutierres, D., Pacheco, R., & Reis, C. P. (2025). 901 

The Role of Omega-3 and Omega-6 Polyunsaturated Fatty Acid Supplementation in 902 

Human Health. Foods 2025, Vol. 14, 14(19). 903 

https://doi.org/10.3390/FOODS14193299 904 

Hanifzadeh, M. M., Garcia, E. C., & Viamajala, S. (2018). Production of lipid and 905 

carbohydrate from microalgae without compromising biomass productivities: Role 906 

of Ca and Mg. Renewable Energy, 127, 989–997. 907 

https://doi.org/10.1016/J.RENENE.2018.05.012 908 

Iwamoto, H., Soccol, C. R., Molina-Aulestia, D. T., Cardoso, J., de Melo Pereira, G. V., 909 

de Souza Vandenberghe, L. P., Manzoki, M. C., Ambati, R. R., Ravishankar, G. A., 910 

& de Carvalho, J. C. (2024). Lutein from Microalgae: An Industrial Perspective of 911 

Its Production, Downstream Processing, and Market. Fermentation 2024, Vol. 10, 912 

Page 106, 10(2), 106. https://doi.org/10.3390/FERMENTATION10020106 913 

Jia, K. P., Mi, J., Ali, S., Ohyanagi, H., Moreno, J. C., Ablazov, A., Balakrishna, A., 914 

Berqdar, L., Fiore, A., Diretto, G., Martínez, C., de Lera, A. R., Gojobori, T., & Al- 915 

Babili, S. (2022). An alternative, zeaxanthin epoxidase-independent abscisic acid 916 

biosynthetic pathway in plants. Molecular Plant, 15(1), 151–166. 917 

https://doi.org/10.1016/J.MOLP.2021.09.008 918 

Khavari, F., Saidijam, M., Taheri, M., & Nouri, F. (2021). Microalgae: therapeutic 919 

potentials and applications. Molecular Biology Reports 2021 48:5, 48(5), 4757– 920 

4765. https://doi.org/10.1007/S11033-021-06422-W 921 

Kotake, T., Yamanashi, Y., Imaizumi, C., & Tsumuraya, Y. (2016). Metabolism of l- 922 

arabinose in plants. Journal of Plant Research 2018 129:5, 129(5), 781–792. 923 

https://doi.org/10.1007/S10265-016-0834-Z 924 

Laroche, C. (2022). Exopolysaccharides from Microalgae and Cyanobacteria: Diversity 925 

of Strains, Production Strategies, and Applications. Marine Drugs 2022, Vol. 20, 926 

Page 336, 20(5), 336. https://doi.org/10.3390/MD20050336 927 

Lima e Silva, A., Kurpan, D., Ribeiro de Moura, M., Costa dos Santos, A., de Souza Silva, 928 

T., de Lemos Novo, B., de Oliveira Santo, I., Balata, L. Q., Carvalho de Assis, L., 929 

Barbarino, E., Freire, D. M. G., & do Valle, A. F. (2024). Bioremediation of brewery 930 

wastewater using Arthrospira sp.: Preliminary assessment of biomass as a 931 

biofertilizer toward circular economy. Journal of Applied Phycology 2024 37:1, 932 

37(1), 55–65. https://doi.org/10.1007/S10811-024-03263-5 933 

Lopes, D., Moreira, A. S. P., Conde, T., Ferreira, A., Oliveira, K., Conde, A., Ramos, A. 934 

A., Pereira, H., Nunes, C., Ventura, S. P. M., Coelho, N., Rodrigues, A. M. C., Rocha, 935 

H. R., Coelho, M., Gomes, A., Pintado, M., Coimbra, M. A., & do Rosário 936 

Domingues, M. (2026). Seasonal biochemical fingerprints of outdoor cultivated 937 



 

24 

 

Spirulina (Limnospira platensis) and Microchloropsis gaditana: insights into 938 

compositional and functional shifts. Algal Research, 94, 104520. 939 

https://doi.org/10.1016/J.ALGAL.2026.104520 940 

Maltsev, Y., Kulikovskiy, M., & Maltseva, S. (2023). Nitrogen and phosphorus stress as 941 

a tool to induce lipid production in microalgae. Microbial Cell Factories, 22(1), 239. 942 

https://doi.org/10.1186/S12934-023-02244-6 943 

Markou, G., Wang, L., Ye, J., & Unc, A. (2019). Cultivation of Microalgae on 944 

Anaerobically Digested Agro-industrial Wastes and By-Products. Application of 945 

Microalgae in Wastewater Treatment, 147–172. https://doi.org/10.1007/978-3-030- 946 

13909-4_7 947 

Maurício, T., Couto, D., Lopes, D., Conde, T., Pais, R., Batista, J., Melo, T., Pinho, M., 948 

Moreira, A. S. P., Trovão, M., Barros, A., Cardoso, H., Silva, J., Domingues, P., & 949 

Domingues, M. R. (2023). Differences and Similarities in Lipid Composition, 950 

Nutritional Value, and Bioactive Potential of Four Edible Chlorella vulgaris Strains. 951 

Foods, 12(8), 1625. https://doi.org/10.3390/foods12081625 952 

Mo, W., Zheng, X., Shi, Q., Zhao, X., Chen, X., Yang, Z., & Zuo, Z. (2024). Unveiling 953 

the crucial roles of abscisic acid in plant physiology: implications for enhancing 954 

stress tolerance and productivity. Frontiers in Plant Science, 15, 1437184. 955 

https://doi.org/10.3389/FPLS.2024.1437184/FULL 956 

Moreira, J. B., Vaz, B. da S., Cardias, B. B., Cruz, C. G., Almeida, A. C. A. de, Costa, J. 957 

A. V., & Morais, M. G. de. (2022). Microalgae Polysaccharides: An Alternative 958 

Source for Food Production and Sustainable Agriculture. Polysaccharides 2022, Vol. 959 

3, Pages 441-457, 3(2), 441–457. 960 

https://doi.org/10.3390/POLYSACCHARIDES3020027 961 

Mugwili, M. E., Waanders, F. B., Masindi, V., & Fosso-Kankeu, E. (2023). An update 962 

on sustainabilities and challenges on the removal of ammonia from aqueous 963 

solutions: A state-of-the-art review. Journal of Environmental Management, 347, 964 

119172. https://doi.org/10.1016/J.JENVMAN.2023.119172 965 

Naveed, S., Li, C., Lu, X., Chen, S., Yin, B., Zhang, C., & Ge, Y. (2019). Microalgal 966 

extracellular polymeric substances and their interactions with metal(loid)s: A review. 967 

Critical Reviews in Environmental Science and Technology, 49(19), 1769–1802. 968 

https://doi.org/10.1080/10643389.2019.1583052 969 

Newman, P. P., Schmitt, B. L., Maurmann, R. M., & Pence, B. D. (2025). Polysaccharides 970 

with Arabinose: Key Players in Reducing Chronic Inflammation and Enhancing 971 

Immune Health in Aging. Molecules 2025, Vol. 30, Page 1178, 30(5), 1178. 972 

https://doi.org/10.3390/MOLECULES30051178 973 

Ngo, H. H., Nguyen, T. T., Guo, W., Nguyen, D. D., Pandey, A., Bui, X. T., Varjani, S., 974 

Dan Nguyen, P., & Nguyen, T. T. N. (2022). Circular bioeconomy for resource 975 

recovery from wastewaters using algae-based technologies. Algae-Based 976 

Biomaterials for Sustainable Development: Biomedical, Environmental 977 

Remediation and Sustainability Assessment, 217–236. 978 

https://doi.org/10.1016/B978-0-323-96142-4.00006-3 979 



 

25 

 

Paerl, H. W., Havens, K. E., Xu, H., Zhu, G., McCarthy, M. J., Newell, S. E., Scott, J. T., 980 

Hall, N. S., Otten, T. G., & Qin, B. (2019). Mitigating eutrophication and toxic 981 

cyanobacterial blooms in large lakes: The evolution of a dual nutrient (N and P) 982 

reduction paradigm. Hydrobiologia 2019 847:21, 847(21), 4359–4375. 983 

https://doi.org/10.1007/S10750-019-04087-Y 984 

Pinar, O., & Rodríguez-Couto, S. (2025). Valorization of Wastewater into Renewable 985 

Energy: An Approach for Resource Recovery. A Green Vision Towards a Renewable 986 

Energy Future: Volume II: Technical Perspectives and Alternative Routes, 399–457. 987 

https://doi.org/10.1007/978-3-031-93926-6_15 988 

Prisa, D., & Spagnuolo, D. (2023). Plant Production with Microalgal Biostimulants. 989 

Horticulturae 2023, Vol. 9, Page 829, 9(7), 829. 990 

https://doi.org/10.3390/HORTICULTURAE9070829 991 

Ritchie, R. J. (2008). Universal chlorophyll equations for estimating chlorophylls a, b, c, 992 

and d and total chlorophylls in natural assemblages of photosynthetic organisms 993 

using acetone, methanol, or ethanol solvents. Photosynthetica, 46(1), 115–126. 994 

https://doi.org/10.1007/s11099-008-0019-7 995 

Varela, J. C., Pereira, H., Vila, M., & León, R. (2015). Production of carotenoids by 996 

microalgae: Achievements and challenges. Photosynthesis Research, 125(3), 423– 997 

436. https://doi.org/10.1007/S11120-015-0149-2/TABLES/2 998 

Yirgu, Z., Asfaw, S. L., Dekebo, A. H., Khan, M. M., & Aragaw, T. (2023). Simultaneous 999 

Phycoremediation and Lipid Production by Microalgae Grown in Non-Sterilized and 1000 

Sterilized Anaerobically Digested Brewery Effluent. Sustainability 2023, Vol. 15, 1001 

Page 15403, 15(21), 15403. https://doi.org/10.3390/SU152115403 1002 

Yu, B. S., Pyo, S., Lee, J., & Han, K. (2024). Microalgae: a multifaceted catalyst for 1003 

sustainable solutions in renewable energy, food security, and environmental 1004 

management. Microbial Cell Factories 2024 23:1, 23(1), 1–20. 1005 

https://doi.org/10.1186/S12934-024-02588-7 1006 

Yuan, Z., Pratt, S., & Batstone, D. J. (2012). Phosphorus recovery from wastewater 1007 

through microbial processes. Current Opinion in Biotechnology, 23(6), 878–883. 1008 

https://doi.org/10.1016/J.COPBIO.2012.08.001 1009 

 1010 


