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Abstract

Cheese production generates large volumes of whey, high-strength wastewater with elevated organic
load, salinity, and nutrient content. Although whey contains valuable components including lactose,
proteins, and minerals, approximately half of global production remains underutilized, contributing
to eutrophication and oxygen depletion in aquatic ecosystems. Conventional physicochemical and
biological treatment methods are limited by high operational costs, energy demands, and secondary
waste generation. Microalgae-based bioremediation has emerged as a promising sustainable strategy
for whey valorization, enabling simultaneous nutrient removal and biomass production. Through a
focused review of current literature, this study analyzes microalgal strains commonly applied in
whey remediation, their cultivation modes (photoautotrophic, heterotrophic, and mixotrophic),
nutrient uptake mechanisms, and operational conditions. The review highlights cultivation systems,
biomass recovery techniques, and potential conversion of microalgal biomass into high value
bioproducts, including biofuels, pigments, proteins, and biofertilizers. Critically, a major research
gap exists: no studies systematically examine whey-grown microalgal biomass for bioplastic or film
production, despite its elevated polysaccharide and protein content. Future development requires
integrated biorefinery approaches, optimized -cultivation strategies, and supportive policy
frameworks to enable large-scale circular economy implementation within the dairy industry.

Keywords: cheese whey; circular economy; microalgae; water treatment

1. Introduction

Cheese production, a major segment of the dairy industry, stands out as one of the most
resource-intensive processes, generating substantial volumes of high-strength wastewater with
significant environmental implications. Whey, the liquid byproduct of cheese production, constitutes
a major fraction of dairy wastewater. It is estimated that the global dairy industry produces over 10
billion tons of whey annually. Despite the potential for whey valorization, only approximately 50%
of this byproduct is utilized for the production of whey protein, lactose, and other derivatives, leaving
a substantial volume unprocessed and contributing to serious environmental challenges [1].

Cheese whey is composed primarily of water, lactose, proteins, lipids, and various dissolved
minerals (Table 1). The composition of whey is influenced by factors including the type of milk,
processing parameters, and the method of casein coagulation. Whey is generally categorized into two
types according to the coagulation process: sweet whey and acid whey, also known as sour whey [2].

Sweet whey is produced when rennet or other proteolytic enzymes are used to induce casein
precipitation, resulting in a final pH ranging between 6.0 and 7.0 [3]. This type of whey is typically
obtained from the production of rennet-coagulated cheeses such as cheddar, mozzarella, and Swiss
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cheese. Due to its relatively neutral pH and higher lactose content, sweet whey is often considered
more suitable for further processing and utilization in food and pharmaceutical applications [3].

In contrast, acid whey is generated through acid-induced milk coagulation, which leads to a
lower pH, typically below 5.0, due to the accumulation of organic acids, particularly lactic acid [4].
Acid whey is predominantly produced during the manufacture of fresh cheeses such as cottage
cheese, ricotta, and Greek yogurt. The higher acid content and the presence of residual casein
fragments can limit its reuse potential compared to sweet whey [4].

In industrial cheese production, sweet whey is frequently repurposed for secondary
applications, including the formulation of whey-based beverages, the production of whey protein
concentrates and isolates, and the development of food-grade lactose [4]. Figure 1 illustrates the
generation of whey, secondary whey, and their by-products throughout the cheese production
process. Despite these advancements, a substantial proportion of whey remains underutilized, often
being discarded as waste. The improper disposal of whey, particularly in large-scale dairy industries,
poses significant environmental challenges, primarily due to its high organic load, which can
contribute to oxygen depletion in water bodies if discharged untreated.

" Cheese
(Cheddar, Mozzarella etc.)

Rennet \ ﬁfg)@

Sweet Acid Coagulation
whey

Ricotta & Cottage

/ Cheese
Sour/Acid

Sewer disposal Whey powder l
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Figure 1. Generation of whey, secondary whey and their by-products during the cheese production process
reproduced from [2] licensed under CC BY 4.0.

Table 1 not only highlights the compositional differences between sweet and acid whey but also
reveals characteristics that directly determine the feasibility of microalgal cultivation. The higher
lactose content of sweet whey contributes to elevated chemical oxygen demand (COD) yet remains
largely unusable by most microalgal strains without pretreatment [5]. Conversely, acid whey exhibits
lower protein content and a more acidic pH, conditions that may impede photosynthetic growth
unless corrected. Importantly, the concentrations of nitrogen, phosphorus, and minerals present in
both whey types align with the macro- and micronutrient requirements of microalgae, positioning
whey as a potentially valuable growth medium after proper conditioning [6]. These observations
emphasize the bioprocessing challenges inherent to raw whey and justify the need for substrate
modification strategies such as enzymatic lactose hydrolysis, bacterial co-culturing, or dilution
protocols to unlock its full potential as an algal cultivation medium.
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Table 1. Composition (g-L™) of sweet and acid whey reproduced from. [7] licensed under CC BY 4.0.

Composition (g-L-!) Sweet Whey Acid Whey
Total solids 5.72-8.50 5.20-5.90
Ash 0.50-0.65 0.60-0.80
Lactose 3.06-5.02 3.00—4.60
Total protein 0.60-1.20 0.20-0.50
Fat 0.05-0.40 0.01-0.32
Lactic acid 0.14-0.28 0.50-0.60
Ca 0.03-0.06 0.09-0.14
K 0.08-0.16 0.10-0.14
Mg 0.01-0.02 0.01-0.02
Na 0.02-0.32 0.02-0.05
Citrate 0.06-0.07 0.07-0.09
Phosphate 0.06-0.07 0.06-0.10

The amount of whey generated is directly proportional to cheese production, with
approximately 9 liters of whey produced per kilogram of cheese [8]. In Portugal, cheese production
reached approximately 86,078 tons in 2023, yielding around 775 million liters of whey. Alarmingly,
nearly 50% of this whey remains unprocessed [9], exacerbating environmental concerns. Due to its
high organic load, whey poses a significant pollution risk, particularly for wastewater treatment
facilities, as its components are difficult to degrade. Whey contains high levels of organic matter,
mineral salts, salinity, acidity, nutrients, and total suspended solids (TSS). A significant
environmental concern related to whey disposal is its exceptionally high biological oxygen demand
(BOD) and COD. The high lactose content significantly contributes to these values, with BOD levels
ranging between 40 and 60 g/L and COD levels between 50 and 80 g/L [8]. Elevated COD and BOD
levels in cheese effluents are primarily attributed to the high concentrations of lactose and fat. These
organic components contribute to excessive consumption of dissolved oxygen in aquatic
environments, leading to oxygen depletion. The presence of significant amounts of total nitrogen and
phosphorus in the effluents further exacerbates the risk of eutrophication, which can result in water
quality deterioration, including toxic algal blooms, increased purification costs, and potential
livestock mortality. Additionally, the high concentrations of ammonium nitrogen (NH,*-N) in cheese
whey pose a toxic threat to aquatic life [4,10,11].

Cheese whey represents the primary pollutant in dairy wastewater, primarily because of its high
organic load and the considerable volumes produced. The amount of whey generated is directly
proportional to cheese production levels, which are determined by the type of milk processed (Table
2) [4].

Table 2. Production of whey volume, according to yield of cheese, by type of milk labored reproduced from [4]

licensed under CC BY 4.0.
Type of Milk Average Density of  Cheese Yield (kg/100 kg Volume of Whey
Labored Milk (g/cm?) milk) Produced (L/L)
Cow 1.032 9.86 0.85-0.90
Sheep 1.036 14.78 0.82-0.90
Goat 1.034 9.84 0.85-0.90

The growing environmental impact of whey has underscored the urgent need for innovative
and sustainable treatment technologies. Conventional treatment methods, including
physicochemical and biological processes, have demonstrated efficacy in managing whey; however,
they are often associated with significant drawbacks. These drawbacks include high operational
costs, substantial energy consumption, and the potential generation of secondary pollutants, which
can further contribute to environmental degradation (Table 3) [12,13]. Table 3 illustrates that
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conventional whey treatment technologies, while established, are limited by high operational costs,
energy intensity, and secondary pollution potential. This comparative analysis provides a clear
rationale for investigating biotechnological alternatives. Algal systems emerge as uniquely
positioned to overcome these limitations, offering simultaneous nutrient removal, CO, sequestration,
and biomass valorization. The comparison therefore provides the conceptual foundation for the
microalgae-based strategies explored in the following sections, highlighting why these biological
systems merit deeper investigation within a circular economy framework.

Table 3. Comparative Analysis of Whey Treatment Methods Based on Cost-Effectiveness and Sustainability

[14].
Method Process Cost-Effectiveness Sustainability
Moderatel tainabl
. Moderate to High oderately sustainable
Thermal Thermocoagulation . . (depends on energy
(Energy-intensive)
source)
. Moderate (Cost Low to moderate
. Use of reagents (salts, acids, .
Chemical depends on reagent (Chemical waste
coagulants) .
type) generation)
1 inabl
. . Reverse osmosis, High (High energy Moderately sustainable
Physicochemical o (Membrane waste, energy
ultrafiltration, ion exchange and membrane costs) use)
Microbial, enzymatic, and High cost- Highly sustainable (Low
Biotechnological  algal (phycoremediation) effectiveness (Low energy, CO, capture,
treatment operational cost) biomass valorization)
Low t derate (High
. Electrodialysis, High (Significant ow O,H,IO erate (Hig
Electrophysical L . electricity use, waste
electroactivation energy requirements)

generation)

Treatment methods differ considerably in cost-effectiveness and sustainability. Thermal
approaches, such as thermocoagulation, are moderately to highly effective but energy-intensive,
making their sustainability dependent on energy sources. Chemical methods, though moderately
cost-effective, generate waste and thus offer low to moderate sustainability. Physico-chemical
techniques like reverse osmosis and ultrafiltration are highly effective but costly and limited by
energy use and membrane waste. By contrast, biotechnological strategies microbial, enzymatic, and
algal treatments combine high cost-effectiveness with strong sustainability due to low energy needs,
carbon capture, and biomass valorization. Electro-physical processes, including electrodialysis and
electro activation, are effective but constrained by high electricity demands and associated waste,
resulting in only moderate sustainability.[13]

The increasing environmental burden associated with cheese whey requires the development of
advanced and sustainable treatment strategies that enhance pollutant removal while maximizing
resource recovery. Conventional treatment methods often involve high energy inputs and generate
secondary waste, underscoring the need for more efficient and eco-friendly alternatives [12].

Algae-based bioremediation has emerged as a promising approach, offering multiple
advantages, including improved nutrient removal efficiency, reduced energy consumption, and the
bioconversion of waste streams into high-value bioproducts [15].

The valorization of cheese whey aligns with the principles of the circular economy and plays a
crucial role in advancing the United Nations Sustainable Development Goals (SDGs), particularly
SDG 2 (Zero Hunger), SDG 6 (Clean Water and Sanitation), SDG 7 (Affordable and Clean Energy),
and SDG 12 (Responsible Consumption and Production) [16]. Emerging strategies and technological
advancements provide a promising outlook for transforming cheese whey into valuable products,
reducing environmental impact, and promoting sustainability in the dairy industry.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Efforts to enhance the sustainability of the dairy and whey industries include improving waste
management practices, optimizing processing technologies, and developing innovative approaches
for whey utilization. The integration of circular economy principles within the dairy sector can help
reduce waste generation and promote the transformation of whey into high-value products,
ultimately contributing to a more sustainable and economically viable industry.

2. Methodology

A targeted literature review combined with a bibliometric analysis was conducted to identify,
compare and synthesize recent scientific advances in the treatment and valorization of cheese whey
using microalgae within a circular economy framework. The methodological workflow comprised
database searching, eligibility screening and structured data extraction, followed by comparative and
bibliometric analysis.

2.1. Database Search Strategy

Scientific literature was retrieved from the Scopus and Web of Science (WoS) databases, selected
due to their broad multidisciplinary coverage and rigorous peer-review indexing standards. The
search covered the period from 2016 to 2025 to capture recent developments and emerging research
trends. Search queries were constructed using combinations of relevant keywords and Boolean
operators, including “cheese whey”, “dairy wastewater”, “microalgae”, “water treatment” and
“circular economy”. Searches were applied to the title, abstract and keyword fields, and only peer-
reviewed publications written in English were considered.

The initial dataset obtained from the database search was subsequently subjected to a
bibliometric assessment to characterize publication trends, thematic focus and research evolution
within the field.

2.2. Eligibility Criteria

Studies were selected based on predefined inclusion and exclusion criteria. Eligible publications
focused on cheese whey, whey permeate or other dairy wastewater streams and involved the
application of microalgal strains, consortia or mixed cultures for wastewater treatment, nutrient
removal or biomass valorization. Studies conducted at laboratory, pilot or outdoor scale were
included, provided that they reported quantitative treatment or productivity outcomes. Only peer-
reviewed journal articles and review papers indexed in Scopus or WoS were considered.

Publications were excluded if they were unrelated to dairy wastewater treatment, investigated
microalgae without a direct link to whey-based substrates, lacked quantitative performance
indicators or originated from non-indexed or non-peer-reviewed sources.

2.3. Data Extraction and Comparative Table Construction

For each eligible study, detailed technical and operational information was systematically
extracted and organized into a structured comparative table. Extracted variables included the
microalgal strain or culture type, type of whey or dairy wastewater treated, cultivation or treatment
method, initial substrate concentration or dilution strategy, experimental duration, recovered
bioproducts and key performance indicators such as chemical oxygen demand removal, nutrient
uptake and biomass productivity.

This standardized data organization enabled direct cross-study comparison and facilitated the
identification of similarities and differences across microalgal species, cultivation strategies and
treatment conditions. The comparative table included representative studies such as Acutodesmus
dimorphus cultivated in raw dairy wastewater, polyculture systems treating whey permeate,
Arthrospira platensis grown in diluted whey and Chiorella species applied to primary and secondary
whey streams.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Analytical Approach

The compiled dataset was analysed using a qualitative comparative approach supported by
bibliometric indicators. The analysis focused on identifying recurring operational conditions,
treatment efficiencies and biomass valorisation pathways across the selected studies. Particular
emphasis was placed on wastewater treatment performance, including chemical oxygen demand and
nutrient removal, biomass yield and biochemical composition, and the potential integration of
microalgal systems within circular economy frameworks.

This combined analytical approach enabled the identification of technological gaps, dominant
research trends and emerging opportunities for sustainable cheese whey valorisation using
microalgae.

3. Microalgae in Cheese Whey Treatment

Algae are a diverse and versatile group of photosynthetic organisms that play a vital role in both
natural ecosystems and industrial applications. They range from unicellular microalgae to large
multicellular macroalgae, such as seaweed [17]. These organisms contribute significantly to global
oxygen production and carbon sequestration while also serving as a foundation for aquatic food
chains [18]. Due to their rapid growth rates, adaptability, and ability to capture carbon dioxide, algae
have been extensively studied for applications in biofuels, pharmaceuticals, water treatment, and
bioplastic production [19].

Algae are broadly classified into microalgae and macroalgae, each with distinct bio-logical and
industrial significance. Microalgae are microscopic, unicellular algae, including genera like Chlorella,
Scenedesmus, and Spirulina, are widely utilized in biotechnology due to their ability to rapidly
accumulate biomass and valuable bioproducts. On the other hand, macroalgae are larger,
multicellular algae, such as kelp and seaweed that play essential roles in marine ecosystems and are
used in food, fertilizers, and bioactive compound extraction.

Microalgae have gained significant attention in cheese whey treatment due to their high nutrient
uptake efficiency, adaptability to diverse environmental conditions, and ability to assimilate
pollutants while generating valuable biomass. These microorganisms play a crucial role in
bioremediation by removing excess nitrogen, phosphorus, and organic matter from industrial and
municipal effluents, thereby improving water quality. Additionally, microalgae contribute to
sustainable resource recovery by producing bio-based compounds such as proteins, lipids, pigments,
and biopolymers [20]. Among the various microalgal species employed in cheese whey treatment the
most representative examples are illustrated in Figure 2.

Chlorella, Scenedesmus, and Spirulina are among the most widely studied due to their rapid
growth rates, resilience to variable water compositions, and efficiency in pollutant removal [21].
These species exhibit robust mechanisms for nutrient assimilation, including ammonium and nitrate
uptake, phosphate sequestration, and organic carbon metabolism. Furthermore, their biomass can be
valorized into bioproducts such as biofuels, bioplastics, animal feed, and biofertilizers, aligning with
circular economy principles [22].

In the context of cheese whey valorization, microalgae serve as promising candidates for
bioremediation due to the high organic load and nutrient richness of dairy effluents. A wide range of
microalgal and cyanobacterial strains have been investigated for their potential in dairy and cheese
whey wastewater treatment, with notable variations in treatment conditions, biomass productivity,
nutrient removal efficiency, and bioproduct recovery. Table 4 presents a comprehensive overview of
the various microalgae species utilized in the treatment of cheese whey.

Across the dataset, wastewater remediation efficiencies remained consistently high with COD
reductions above 80-90% for several microalgae. For example, Acutodesmus dimorphus demonstrated
over 90% COD reduction within four days of cultivation in raw dairy wastewater, generating biomass
suitable for subsequent biodiesel and bioethanol production [23], while Tetradesmus sp. SVMIICT4
achieved 95.5% COD removal and significant nutrient uptake under mixotrophic conditions in a flat-
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panel photobioreactor [24]. Similarly, Monoraphidium sp. KMC4 cultivated in simulated wastewater
produced biocrude with biomass yields of 3.69 g/L. and COD removal exceeding 90% [25]. Arthrospira
platensis (Spirulina) used diluted cheese whey, resulting in biomass production of 1.06 g/L with COD
removals of approximately 85% [26]. Also Chlorella sorokiniana achieved consistently high COD
removal across all wastewater types, reaching 93% in raw dairy wastewater, 93% in anaerobically
treated dairy wastewater, and 91% when cultivated in cheese whey[27]. The Euglena gracilis WZSL
mutant exhibited strong remediation capability, achieving 91% COD removal in undiluted raw dairy
wastewater over 11 days [28] while Nannochloris sp. reduced COD by up to 96% when grown
mixotrophically in lactose-supplemented whey wastewater [29] Other cyanobacteria, including
Oscillatoria spp. and Lyngbya ceylanica, demonstrated nutrient reduction capabilities suitable for
biofertilizer and biofuel applications [30].

)

Figure 2. Microalgal species deployed in cheese whey treatment: (A) Acutodesmus dimorphus, (B) Arthrospira
platensis (Spirulina), (C) Chlorella sorokiniana, (D) Chlorella vulgaris, (E) Desmodesmus sp., (F) Euglena
gracilis, (G) Monoraphidium sp, (H) Nannochloris sp., (I) Oscillatoria spp., (J) Scenedesmus sp., (K)

Tetradesmus obliquus.

BOD removal data were less frequently reported, indicating a recurring knowledge gap. Where
available, results demonstrate strong performance, such as the 92% BOD reduction achieved by the
Euglena gracilis WZSL mutant in undiluted raw dairy wastewater [28] and the 85.61% BOD removal
observed for Chlorella vulgaris in dairy effluent [31]. The limited reporting of BOD, despite its
relevance for regulatory compliance, suggests the need for more standardized wastewater
characterization to improve comparability across studies.

Nitrogen removal performance also varied across species and cultivation configurations.
Removal by Chlorella sorokiniana ranged from 80% to 94% depending on wastewater type [27], while
Euglena gracilis removed 88% NHs-N in raw dairy wastewater [28]. Nitrate removal was particularly
efficient in sequential systems; for example, Chlorella sp. and Scenedesmus sp. achieved 98.36% and
99.39% NOj3~ removal, respectively, when integrated with Lemna minor pretreatment [15]. Other
strains demonstrated substantial nitrogen uptake through biomass composition, such as
Monoraphidium sp. KMC4, which accumulated 48.5 wt% protein alongside 90.54% COD removal [25].
While these results indicate excellent nitrogen assimilation, the lack of consistent reporting of
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nitrogen speciation (NH4*, NOs;~, TKN) limits the ability to identify strain-specific preferences or
metabolic constraints.

Phosphorus removal also showed high variability. Chlorella sorokiniana removed between 20%
and 84% of total phosphorus depending on the wastewater matrix [27], while Chlorella vulgaris
achieved 65.96% total phosphorus (TP) removal in dairy effluent and up to 46% in coagulated whey
[31,32]. High phosphorus (P) removal was observed in integrated systems such as Lemna—
Chlorella/Scenedesmus, which reached 84-88% PO4*- removal [15], and in Scenedesmus sp., which
achieved 97.07% P removal in cheese-processing wastewater [33]. The disparity in phosphorus
removal results may reflect differences in wastewater pretreatment and solubility rather than purely
biological performance, highlighting the need for more detailed reporting on phosphorus speciation.

Biomass production differed substantially across strains and cultivation designs. Acutodesmus
dimorphus produced 840 mg/L within eight days [23], whereas Arthrospira platensis reached 1.06 g/L
in diluted whey [26]. High productivities were achieved by Chlorella sp. in mixed whey streams
(~1552 mg/L in Pre-treated Cheese Whey — Secondary Clarified Wastewater (PCW-SCW) and >900
mg/L in undiluted whey under sequential cultivation) [34,35], and by Chlorella vulgaris, which
produced up to 0.38 g L' day™ in coagulated whey at high inoculum densities [32]. The highest
biomass values were reported for Euglena gracilis, reaching 3.2 g/L [28], and for Monoraphidium sp.
KMC4, which reached 3.69 g/L in synthetic dairy wastewater [25]. These results suggest that strains
capable of strong mixotrophic metabolism, particularly Euglena and Monoraphidium, may be better
suited for high-organic-load effluents. Still, wide variations in inoculum size, reactor configuration,
and reporting conventions complicate cross-study comparisons.

Additional bioproduct profiles further illustrate strain-specific advantages. Chlorella species
produced valuable pigments (lutein, chlorophylls, carotenoids) and proteins [36] [27], while Euglena
gracilis generated high-value paramylon (2.6 g/L) [28]. Scenedesmus sp. reached lipid contents as high
as 51%, reinforcing its suitability for biofuel applications [33] , whereas Nannochloris sp. and
Monoraphidium sp. demonstrated strong potential for antioxidant and biocrude production,
respectively [25,29]. Despite these promising results, the lack of standardized reporting for
biochemical yields (e.g., dry-weight normalization, extraction methods) remains a barrier to
evaluating biorefinery potential across strains.

Despite these successes, several critical biochemical and physicochemical constraints inherent to
whey-based wastewaters complicate microalgal cultivation. Lactose, the dominant carbohydrate in
whey (up to 80% of dissolved solids), presents a complex substrate requiring (3-galactosidase enzyme
production by microalgae for hydrolysis into metabolizable monosaccharides, creating an intricate
assimilation bottleneck compared to simpler carbon sources [37]. Osmotic stress induced by elevated
salt concentrations, particularly in second cheese whey containing up to 2.4% (w/v) NaCl, severely
inhibits microalgal growth and photosynthetic performance, with studies demonstrating that
osmotic and ionic stress from high mineral content creates critical barriers limiting cell proliferation
despite organic carbon availability [34]. Additionally, lactic acid accumulation and other
fermentation byproducts in whey wastewater can exert toxic effects on microalgal cultures, while the
presence of residual dairy contaminants including detergents, sterilizing agents, and heavy metals
further compounds treatment challenges [38]. The substrate complexity is exacerbated by high
organic loading rates (COD values ranging from 40 to 95 g/L) and extreme pH fluctuations (4-11)
characteristic of dairy effluents, necessitating careful operational control to maintain viable
microalgal consortia [38]. Successful treatment strategies require mixotrophic cultivation conditions
rather than purely heterotrophic regimes, as photosynthetic activity proves mandatory for effective
lactose assimilation, with recent investigations showing fourfold biomass increases under
mixotrophic versus heterotrophic conditions [37].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1443.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2026 d0i:10.20944/preprints202603.1443.v1

9 of 25
Table 4. Comprehensive overview of the various microalgae species utilized in the treatment of whey wastewater.
Strain/Culture Treatment Methods Used Concentration  Duration Bioproducts Results References
Acutodesmus Cultivation ~ without  pre- COD Reduction: >90% after 4
) Raw dairy wastewater o Not specified 8 days Biodiesel, Bioethanol days; Biomass: 840 mg/L; Lipid:[23]
dimorphus treatment or dilution
~25%; Carbohydrate: ~30%
Algal polyculture . . . Biomass Productivity: 183.8 mg
(Scenedesmus, &Cthfaelizgl}fzaIZ;:;eateMixotrophiC, outdoor ponds 1% (v/v) (85prir1g /autu;}:)lesgzrl?j;; dr;I;ells;ds’ Protems,L_l d=%; TN: 21.71 mg L' d-1; TP:[39]
Monoraphidium) 3.05mgL1d!
A;ZZ:ZS a Cheese whe Batch experiments with10% (v/v) cheese 14 davs Biomass COD Removal: ~85%; Nitrate[2 6]
P o y dilutions & irradiation whey Y removal 70%; Biomass: 1.06 g/L
(Spirulina)
COD Removal Rate: 11,390 mg
Primary & Second L1, BOD:n.d.; NOs;:n.d.; PO~
Mixotrophic, whey mixing 1:1 PCW:SCW 7 days Biomass, Pigments 167 mg L7; Biomass: ~1552[34]
Cheese Whey
Chlorella sp. mg/L (standard); ~1183 mg/L
(permeate)
Second Cheese Whey Sequential design Undiluted 14 days Protein, PUFAs, Pigments Z;E??;Lffgorggg/}i cob: >14[35]
Raw Dairy Wastewater Biomass: 354 mg L7 COD
(DWW) SBR, no pH adjustment 50% (v/v) 35 days (5 cycles) Removal: 93%; NH;-N: 80%; TP:
Protein, Starch, Lipids, Lutein,84%
Chlorella sorokiniana Anaerobically treated [-carotene, PhenolicBiomass: 110 mg L-1; COD: 93%;[27]
DWW compounds, Amino acids NH;-N: 94%; TP: 20%
Biomass: 229 mg L-; COD: 91%,;
Cheese Whey NH,-N: 83%; TP: 69%
BOD: 85.61%; COD: 80.62%; TN:
Dairy effluent Cultivation in dairy effluent  Not specified 10 days Biodiesel 85.47%; TP: 65.96%; Biomass:[31]
1.23 g/L (7 days)
Chiorella vulgaris Carbon: up to 56%; Nitrogen: up
Coagulated Cheese 1, 10, 25, 50, and to 71%; Phosphorus: up to 46%;
Batch with varying inoculum 7 7 77 7 6 days Protein, Chlorophyll 0.17,0.21, 0.26 and 0.38 g L-'.d"[32]
Whey 100% v/v L s
for cultivation with inoculum of
0.1,02,04and1.0gL"
. L. 1o o Growth: +303%; Productivity:
Desmodesmus sp. Cheese whey Mixotrophic in CW + Bold's15% CW + 50 /014 days Lipids, Carbohydrates +325%; Lipids: 3.89%; Carb}s,:[40]

Basal Medium (BBM) BBM 1.95%
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Biomass: 3.2 g L' Paramylon:
2.6 g L' BODs Removal: 92%
(from 2680 to 226 mg L) COD
Biomass, Paramylon ((-1,3-Removal: 91% (from 4464 to 397
glucan) mg L) NHs-N Removal: 88%
(from 58 to 7 mg L) PO,s-P
Removal: 85% (from 39 to 6 mg
L)
Chlorella  sp.: COD: 76.58%;
BOD: n.d.;NOs;~: 98.36%; PO
Lemna minor then Sequential system Biomass Carbohydrates 84.48%; Biomass: 91.10+1.50 mg
Chlorella sp. MC18 orRaw Cheese Whey 20% v/v 13 days ’ 'Lt d Scenedemus sp. COD:[15]
Scenedesmus sp. MJ23-R 47.83%; BOD:n.d.; NOs™: 99.39%;
PO 87.89%; Biomass:
108.67+1.57 mg L1 d*
COD Removal: 90.54%;

Euglena  gracilis WZSL Dialysis tubing cultivation in a

Raw Dairy Wastewater Without dilution 11 days
bench-scale fermenter.

(28]

mutant

(macrophytes then microalgae) Lipids, Proteins

Simulated  syntheticMixotrophic  cultivation in Biomass: 369 g/L;
Monoraphidium sp. KMC4 dai wastewatZr ATious Stren ths 50% SSDW 16 days Biocrude Carbohydrate:  28.73  wt%;[25]
Y v i Protein: 48.50 wt%; Lipid: 20.29
wit%

. Dairy wastewaterMixotrophic with whey + light .. . Lactose: 99-100%; COD: up to
Nannochloris sp. (cheese whey) regimes 0-10 g/L lactose 7 days Lipids, Antioxidants 96%; N: up to 91%; P: up to 70% [29]
. . ] L. L l i R i L.
Osczlla.torza SPP~ Dairy wastewater abolratory uptake  capabi ltyNot specified 15 days Biofertilizers, Biofuels Nutrle.nt o eduction ( [30]

ceylanica studies ceylanica): ~70%;
Cheese rocessingCultivation with nutritional N Removal: 88.41%; P Removal:
Scenedesmus sp. P & . 100% DIWW 11 days Lipids, Carbohydrates 97.07%; COD: 89.31%; Lipids:[33]
wastewater correction 519
- 75-77%: - 70=74%: .
T. obliquus & C. echinulata Cheese Whey Effluent Semicontinuous co-cultivation 40%-60% 3 days VRT Microbial Sludge 2:6(3];)00/3 ?BZZ;;;FSI:\IWZBOIZS £:1TP [36]
. . e COD Reduction: 95.5%;
Tetradesmus sp.Synthetic dairylthOtrOPJmC cultivation in flat- Biomass: 2.38 g/L; nitrate and
' 1 photobi t FP-Not ified 12d Value-added product L ’ 24
SVMIICT4 wastewater panel - photobioreactor  (FP-Not specifie ays alueradded products phosphate removal of 65.2%[ ]

PBR) and 57.35%.
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Overall, the dataset demonstrates strong remediation potential and high-value biomass
generation across multiple microalgal species. However, persistent gaps including inconsistent
reporting of operational variables, heterogeneity in wastewater composition, missing biomass or
yield data, and limited direct comparison between cultivation strategies limit meaningful
quantitative integration. Future research should focus on harmonizing reporting standards,
characterizing wastewater more consistently, and conducting controlled comparative studies to
identify optimal strain-wastewater combinations and scalable process configurations. The most
significant limitation is the lack of standardized reporting across studies, with key operational
parameters, such as inoculum density, light intensity, wastewater composition, cultivation duration,
dry-weight biomass, and absolute yields of lipids, carbohydrates, or proteins are often missing or
inconsistently documented. This heterogeneity prevents meaningful quantitative comparisons and
limits the ability to identify the true drivers of productivity. In addition, the metabolic responses of
specific strains to different dairy wastewater types remain poorly understood, despite clear
performance differences among substrates such as raw effluent, permeate, and cheese whey.
Furthermore, promising strategies like mixotrophy, co-cultivation, and hybrid macrophyte—
microalgae systems are not directly compared under uniform conditions, leaving their relative
advantages unresolved. Most studies also remain at laboratory scale, with minimal evidence on scale-
up feasibility, long-term operational stability, and integrated biorefinery performance. Together,
these gaps highlight the need for harmonized reporting standards and more controlled, comparative
studies to enable robust meta-analysis and guide the design of optimized, scalable microalgal systems
for dairy wastewater valorization.

4. Mechanisms of Nutrient Removal from Cheese Whey

Carbon, accounting for approximately 50% of microalgal dry weight, is central to cell structure
and metabolism. Microalgae assimilate both inorganic carbon (e.g., CO,, HCO;") and organic carbon
(e.g., glucose, glycerol). In photoautotrophic systems, CO, fixation occurs via the Calvin cycle,
facilitated by ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Under heterotrophic or
mixotrophic conditions, organic carbon compounds in wastewater are internalized and metabolized
through glycolysis and the hexose monophosphate pathway, ultimately contributing to
triacylglyceride (TAG) synthesis. Because cheese whey is rich in lactose and other fermentable sugars,
its high organic carbon load strongly favors heterotrophic and mixotrophic pathways, enabling rapid
carbon assimilation and enhancing biomass and lipid accumulation beyond levels typically observed
in low-carbon wastewaters [41].

Nitrogen is essential for the synthesis of nucleic acids, proteins, and chlorophyll. Microalgae
assimilate various nitrogen sources in wastewater, including ammonia (NHy*), nitrate (NO3"), nitrite
(NOy"), urea, and amino acids. Nitrate is reduced to nitrite and then to ammonia via nitrate reductase
and nitrite reductase, respectively. Subsequently, ammonia is assimilated into amino acids through
the glutamine synthetase—glutamate synthase pathway. NH,* is generally the preferred nitrogen
source due to lower energy requirements for assimilation. Cheese whey, however, is typically
characterized by low nitrogen concentration relative to carbon (high C/N ratio), which can constrain
protein synthesis and limit microalgal growth unless supplemented or co-treated with nitrogen-rich
streams. This imbalance directly influences nitrogen uptake pathways and often leads to rapid
nitrogen depletion, triggering stress responses such as enhanced lipid accumulation [38]. Phosphorus
is involved in vital cellular functions, including energy transfer (ATP), nucleic acid synthesis, and
membrane structure. Inorganic phosphate (e.g., PO,*, H,POy") is the primary form absorbed by
microalgae. In conditions of phosphate deficiency, extracellular phosphatases facilitate the
mineralization of organic phosphorus. Under phosphate-rich conditions, excess phosphorus is stored
intracellularly as polyphosphate granules, serving as a reserve to support cellular functions during
nutrient-limited periods. Cheese whey generally contains moderate phosphorus concentrations but
often displays a low N/P ratio. This imbalance can lead to incomplete phosphorus uptake because
nitrogen becomes limiting before microalgae fully assimilate available phosphate [42] .
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Species such as Chlorella spp. and Scenedesmus spp. are frequently employed due to their robust
growth and high removal efficiency. The choice of strain depends on the wastewater composition
and target pollutants. In cheese whey specifically, strains capable of metabolizing lactose-derived
carbon and tolerating high organic loads (e.g., Chiorella vulgaris and Scenedesmus obliquus) are
preferred due to their metabolic flexibility under mixotrophic conditions [43].

The physicochemical properties of wastewater, including pH, chromaticity, and nutrient ratios
(C/N and N/P), significantly influence treatment outcomes. For example, low nitrogen levels can limit
phosphorus removal. Co-treatment of different wastewaters (e.g., mixing brewery and swine
effluents) can balance nutrient ratios and improve microalgal performance. Cheese whey typically
exhibits acidic pH (around 4.5-6.0), high turbidity, and an unbalanced C/N ratio, all of which directly
affect nutrient assimilation. Acidic pH may inhibit certain microalgal species unless neutralized, and
high turbidity can reduce light penetration, favoring heterotrophic uptake routes over phototrophic
ones [43].

Light intensity, photoperiod, and spectral quality directly affect photosynthesis and nutrient
uptake. Red and blue light spectra are particularly effective in promoting algal growth. Temperature
is another critical parameter; metabolic activity and nutrient removal rates generally increase with
temperature until an optimal threshold is reached [44]. Microalgae-based cheese whey treatment
integrates environmental remediation with valuable biomass production. Through complex
physiological pathways, microalgae assimilate carbon, nitrogen, and phosphorus. However, the
efficiency of this process is influenced by numerous factors, including strain selection, wastewater
characteristics, and environmental conditions. Continued research into optimizing these parameters
and understanding pollutant-specific removal mechanisms will be essential to scaling up microalgae-
based treatment systems for practical applications [38,43].

Because cheese whey often contains high organic loads that support heterotrophic metabolism,
the dependence on light may be reduced in mixotrophic systems, allowing nutrient removal even
under suboptimal illumination [45].

Microalgae-based cheese whey treatment integrates environmental remediation with valuable
biomass production. Through complex physiological pathways, microalgae assimilate carbon,
nitrogen, and phosphorus. The unique chemical profile of cheese whey high carbon content, low
nitrogen availability, moderate phosphorus levels, and acidic pH dictates which metabolic pathways
dominate and directly shape nutrient removal efficiency. However, the efficiency of this process is
influenced by numerous factors, including strain selection, wastewater characteristics, and
environmental conditions. Continued research into optimizing these parameters and understanding
pollutant-specific removal mechanisms will be essential to scaling up microalgae-based treatment
systems for practical applications [38,43].

4.1. Photoautotrophic Growth

Photoautotrophic cultivation is the most natural and widely recognized growth mode for
microalgae, mimicking the process of photosynthesis in plants. In this mode, microalgae utilize light
as an energy source and carbon dioxide (COz) as a carbon source to synthesize organic compounds.
This process is crucial for reducing greenhouse gases and is often applied in outdoor ponds.
However, a significant challenge in photoautotrophic cultivation is its generally low biomass
productivity, typically around 0.2 g-L-1-d? [46]. Recent research highlights the potential of
photoautotrophic microalgae as efficient converters of CO: into valuable products like biodiesel. For
instance, a study by Pekkoh et al. [47] investigated the feasibility of utilizing atmospheric (0.04% COz)
and simulated industrial CO2 sources (20-40% CO2) for the cultivation and biodiesel feedstock
production of microalgae species, including Chlorella sp. AARL G049, Tetradesmus obliquus AARL
G090, and Desmodesmus opoliensis AARL GO085. The results indicated that these microalgae serve as
effective CO»z-to-fuel converters, efficiently transforming CO: into lipid-rich biomass. The study
reported notable biomass productivity (0.011 to 0.040 g/L/day) and lipid accumulation (0.22 to 3.39
mg/L/day), with optimal outcomes at a 20% CO: concentration [47]. Changes in CO, levels altered
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fatty acid profiles, increasing C16—C18 fatty acids, while biodiesel quality remained within global
standards. Although photoautotrophic cultivation is environmentally beneficial, its low energy-use
efficiency and limited yields restrict commercial use to high-value products. Strategies to enhance
photosynthetic efficiency include strain improvement, genetic modification, and advanced
technologies such as spectral light conversion, nanomaterials, and innovative cultivation systems. In
the context of cheese whey treatment, photoautotrophic cultivation is constrained by the intrinsic
characteristics of whey, particularly its high turbidity and colour, which reduce light penetration and
limit photosynthetic efficiency. Additionally, because cheese whey contains abundant organic
carbon, photoautotrophy alone does not fully exploit its biochemical composition, making this mode
less effective for maximizing nutrient and COD removal compared to mixotrophic or heterotrophic
strategies [48].

4.2. Heterotrophic Growth

Heterotrophic growth depends entirely on organic carbon sources as both energy and carbon
supply, in the absence of light. Under these conditions, microorganisms metabolize compounds such
as glucose, acetate, or other organics to support growth and biosynthesis. This mode generally results
in high biomass concentrations and rapid growth rates but requires continuous supplementation of
organic substrates, which can increase production costs. The use of wastewater as a substrate can
help mitigate these expenses. A comprehensive review by Lu et al. [45] highlights the increasing
interest in heterotrophic microalgae for producing bioactive compounds, including photosynthetic
pigments and polyunsaturated fatty acids (PUFAs). While many microalgae species primarily grow
autotrophically, leading to lower yields and higher production costs for these compounds,
heterotrophic microalgae like Chromochloris zofingiensis and Nitzschia laevis have shown superior
capabilities in synthesizing target compounds such as astaxanthin and eicosapentaenoic acid (EPA).
The review delves into the metabolic pathways involved, the impact of cultivation conditions, and
practical applications, emphasizing how optimizing heterotrophic cultivation strategies can enhance
bioactive compound yields. Another study by Kurniawan et al. [49] compared autotrophic and
heterotrophic cultures for treating organic-rich wastewater. Heterotrophic cultures demonstrated
superior performance in removing carbon-related and nitrogen-related compounds and resulted in
higher biomass yield with increased phosphorus content compared to autotrophic cultures. Despite
these advantages, the continuous requirement for additional carbon sources in heterotrophic regimes
poses a cost related limitation. Cheese whey is highly suitable for heterotrophic cultivation due to its
elevated lactose concentration and overall high COD, providing abundant organic carbon without
the need for supplemental substrates. Its naturally low nitrogen content also influences heterotrophic
metabolism, often accelerating carbon uptake while triggering nitrogen-limited conditions that can
stimulate lipid accumulation. Therefore, heterotrophy effectively exploits the biochemical
composition of cheese whey and supports high rates of COD, nitrogen, and phosphorus removal [49].

4.3. Mixotrophic Growth

Mixotrophic cultivation combines both photoautotrophic and heterotrophic strategies, allowing
microalgae to simultaneously utilize light and organic carbon sources. This dual approach typically
leads to increased productivity compared to either photoautotrophic or heterotrophic modes alone.
However, like heterotrophic cultivation, it also carries higher risks of contamination, making it more
suitable for controlled environments like enclosed photobioreactors. Research by Lacroux et al. [50]
explored mixotrophic cultivation of microalgae bacteria consortia to enhance dark fermentation
effluent treatment. The study found that bacteria in organic-rich effluents significantly aided
substrate removal while supporting microalgal growth. Three microalgal strains (Chlorella
sorokiniana, Euglena gracilis and Ochromonas danica) were cultivated on dark fermentation effluent. The
presence of bacteria did not negatively impact the biomass production of C. sorokiniana or E. gracilis
and notably accelerated butyrate removal rates of 2- to 10- fold. This highlights the potential of
mixotrophic systems to couple waste treatment with valuable biomass production [50]. Another
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study by Licata et al. [51] emphasizes the value of mixotrophic cultivation in enhancing the
productivity and bioactivity of marine microalgae. This mode allows microalgae to leverage both
light energy and external organic carbon, leading to improved growth and metabolite synthesis. The
ability to utilize diverse carbon sources and light makes mixotrophy a flexible and often more
productive cultivation strategy, particularly for specific applications requiring high biomass or
metabolite yields. Mixotrophic cultivation is particularly advantageous for cheese whey because it
allows microalgae to simultaneously use the abundant organic carbon (mainly lactose) while still
performing photosynthesis when light is available. This dual metabolism enhances nutrient removal
under the typical operational limitations of whey such as low nitrogen concentration, fluctuating pH,
and high turbidity while improving biomass productivity and stability. Consequently, mixotrophy
often provides the most efficient integration of whey’s chemical characteristics into microalgal
metabolism [51].

5. Microalgae Cultivation Systems

Microalgae can be cultivated using two main approaches: open systems and closed systems,
each characterized by distinct design features, operational principles, and levels of control over
environmental conditions. When applied to dairy effluents such as whey, these systems must
additionally account for challenges arising from high turbidity, elevated organic loads, and rapid
microbial growth, all of which directly affect light penetration, culture stability, and contamination
risk [52] .

Open cultivation systems, such as raceway ponds, circular ponds, and unstirred ponds, are the
most traditional and economically accessible methods for large-scale algal production. In these
systems, cultures are exposed directly to the atmosphere and natural light. Raceway ponds typically
consist of shallow, looped channels in which water is continuously circulated by paddlewheels to
maintain mixing, nutrient distribution, and light exposure. Circular ponds operate under similar
principles but with a radial mixing pattern. Unstirred ponds, representing the simplest form of open
cultivation, are essentially shallow basins where microalgae are cultured without active mechanical
mixing [53]. While being the most economical to construct and operate, their lack of mixing leads to
poor light utilization, nutrient gradients, and increased sedimentation, resulting in lower
productivity and higher susceptibility to contamination compared to stirred open systems [53]. Open
systems are advantageous due to their relatively low construction and operational costs, scalability,
and suitability for mass biomass production. However, they are limited by challenges such as
contamination from unwanted microorganisms, water evaporation, fluctuating environmental
conditions, and reduced productivity compared to more controlled systems. In whey-based cultures,
these limitations are further amplified as the naturally high turbidity and suspended solids intensify
light attenuation, reducing photosynthetic efficiency in shallow ponds. In addition, the high organic
content of whey promotes bacterial proliferation and foam formation, increasing competition for
nutrients and destabilizing open cultures. As a result, the applicability of open systems to whey
treatment remains highly dependent on dilution strategies and frequent operational control [38].

Closed cultivation systems, commonly referred to as photobioreactors (PBRs), include designs
such as tubular, flat-plate, and bubble column configurations [54]. Tubular photobioreactors consist
of transparent pipes or tubes through which algal cultures are circulated, while flat-plate systems use
thin, flat chambers that optimize surface area for light penetration. Bubble column photobioreactors
(BCPRs) are vertical cylindrical vessels where gas (typically air enriched with COz2) is sparged from
the bottom, creating bubbles that provide mixing, CO2 supply, and oxygen removal. This design
offers excellent gas-liquid mass transfer, good light distribution (especially with internal or external
illumination), and a relatively simple structure, making them effective for high-density algal cultures.
Despite their superior efficiency, closed PBRs involve higher capital and operational costs, complex
maintenance requirements, and scalability limitations compared to open systems. In the context of
whey processing, PBRs offer distinct advantages, as their enclosed design mitigates contamination
from fast-growing bacteria, while enhanced mixing compensates for the strong light attenuation
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caused by whey turbidity. However, increased foaming common in whey due to proteins and
surfactant-like compounds can impair gas exchange in aerated PBRs, requiring antifoam strategies
or altered aeration regimes. Moreover, the accumulation of organic matter in closed systems can
exacerbate biofilm formation, warranting more frequent cleaning compared to mineral-based media
[53].

Overall, the choice between open and closed cultivation systems depends on the intended
application. Open systems are generally more suitable for bulk, low-value products (e.g., biofuels),
while closed photobioreactors are favored for high-value applications (e.g.,, pharmaceuticals,
nutraceuticals, and specialty bioproducts) where purity and productivity are critical. For whey
wastewater valorization, closed systems tend to outperform open systems due to improved control
over contamination, mixing, and optical conditions, although cost considerations remain significant
[55].

5.1. Microalgae Biomass Recovery Methods

Efficient recovery of microalgal biomass is a critical step in the downstream processing of algal-
based products. Several harvesting techniques have been developed, each with distinct advantages,
limitations, and efficiencies depending on the microalgae species and processing scale. The
advantages and disadvantages of different algae harvesting techniques are presented in Table 5.
However, when biomass originates from whey-based cultivation, additional factors become relevant,
including the presence of proteins, fats, lactose residues, and potentially filamentous or mucilaginous
microalgal morphologies, all of which influence separation efficiency, fouling propensity, and the
suitability of harvesting technologies.

Centrifugation is a highly effective technique for recovering microalgal biomass, using
centrifugal force to separate cells from the growth medium. Its efficiency depends on rotational
speed, operation time, and cell size and density, and —when optimized —it can achieve up to 90%
biomass recovery. However, the process is energy-intensive, involves substantial capital and
operational costs, and may cause cell damage, which limits its suitability for sensitive downstream
applications. In whey-based cultures, centrifugation is generally more effective than in mineral media
because proteins and lipids enhance the density contrast between cells and the liquid phase.
Nevertheless, these organic components can also lead to rotor fouling, increase cleaning
requirements, and promote foam carry-over, thereby raising operational costs [56].

Sedimentation is a cost-effective and well-established method for harvesting large microalgae,
relying on gravitational settling and requiring no chemical additives, with very low energy
consumption and good environmental sustainability. However, it presents low separation efficiencies
(10-50%) and long settling times without flocculants. Its performance depends on pH, ionic strength,
gas exchange, column height, culture properties, and microalgal strain, which is why it is often
combined with other harvesting methods. In whey-based systems, efficiency decreases due to
suspended solids, colloidal proteins, and lipids that hinder settling or promote flotation.
Additionally, some strains grown on whey form mucilaginous or filamentous structures, further
slowing sedimentation and requiring pre-conditioning such as pH adjustment or flocculant addition
[57].

Flotation is a separation technique that relies on air bubbles interacting with the surface
properties of microalgal cells and is particularly effective for recovering low-density or hydrophobic
species. Its large-scale application is constrained by high operational costs and substantial
infrastructure requirements. Three main flotation systems differ in their bubble-generation
mechanisms: dissolved air flotation, where compressed air is dissolved in the medium and released
by depressurization, achieving high separation performance but requiring significant energy and
chemical inputs; dispersed air flotation, which generates bubbles via a sparger with lower energy
demand; and electro-flotation, which produces microbubbles through electrolysis, enhancing the
capture of free-floating cells. In whey-based cultures, flotation performance may improve due to
amphiphilic whey proteins that naturally stabilize bubbles; however, this also promotes excessive
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and difficult-to-control foaming, complicating air injection and bubble—cell interactions.
Additionally, the organic-rich matrix increases surfactant-like behavior, alters flotation efficiency,
and necessitates enhanced foam-management measures [52].

Filtration, including microfiltration and ultrafiltration, is widely used for large-scale microalgal
biomass recovery. It separates cells from the culture medium through porous materials —such as
mesh, ceramic, or membrane filters —whose pore sizes are selected according to cell dimensions. The
method is effective for larger microalgal species and can achieve high separation efficiency under
optimized flow conditions. However, performance is species-dependent, and challenges such as
membrane fouling, clogging, energy demand, and maintenance limit large-scale implementation,
particularly for small-cell cultures or those containing fine particulates. In whey-based systems, the
presence of proteins, fats, and organic colloids markedly increases membrane fouling. In addition,
filamentous or mucilaginous microalgae frequently grown on whey can form thick cake layers,
rapidly decreasing permeate flux. Consequently, filtration in whey media typically requires pre-
treatment steps—such as flocculation, dilution, or coarse screening—to maintain operational
feasibility and reduce fouling frequency [58].

Coagulation—flocculation is a widely used microalgal harvesting method in which unicellular
cells aggregate into larger flocs through agents that neutralize surface charges. Flocculants may be
chemical or biobased. Chemical flocculants, such as aluminum and iron salts, are cost-effective and
can recover up to 95% of biomass, but their toxicity and the need for removal increase environmental
and economic burdens. In contrast, bio-flocculants like chitosan and acrylic acid derivatives are
biodegradable, environmentally benign, and facilitate downstream processing. Chitosan can achieve
up to 90% recovery at lower dosages than aluminum sulfate, supporting its use as a sustainable
alternative. In whey-based systems, flocculation is often more efficient because whey proteins
synergize with added flocculants, enhancing charge neutralization and bridging; however, fats and
lactose may hinder floc formation in some cases. Additionally, the organic-rich nature of whey
complicates medium recycling after chemical flocculation, potentially limiting its integration into
circular processing schemes [52].

Electrolytic harvesting relies on electrostatic interactions between negatively charged microalgal
cells and the surrounding medium, using techniques such as electrophoresis, electroflocculation, and
electrocoagulation to enhance biomass recovery through electric field-induced aggregation and
migration. In electrophoresis, cells migrate toward the oppositely charged electrode, enabling
efficient separation of small-sized microalgae. Electroflocculation promotes floc formation, often
assisted by coagulants, whereas electrocoagulation releases metal ions from sacrificial electrodes that
destabilize cell surfaces and induce coagulation. Although these methods offer high efficiency and
reduced chemical requirements compared with conventional approaches, large-scale
implementation is limited by high operational and energy costs. In whey-based systems, the high
ionic strength and conductivity can improve electric field distribution and enhance electrolytic
harvesting performance; however, the substantial organic content accelerates electrode fouling and
corrosion, decreasing process stability, shortening electrode lifespan, and increasing operating costs,
ultimately restricting long-term applicability in whey-rich environments [58].

Overall, whey-derived biomass introduces additional operational constraints such as increased
fouling, altered surface chemistry, and variability in cell morphology that influence the effectiveness
of conventional harvesting methods. Consequently, downstream processing strategies for whey-
grown microalgae require tailored optimization that accounts for whey-specific physicochemical
properties, rather than relying on general microalgal harvesting principles.

Table 5. Advantages and disadvantages of algae harvesting techniques [59].

Method Advantages Disadvantages

- Rapid and highly efficient separation- Capital- and energy-intensive,
Centrifugation method. resulting in high operational costs.
- Provides high biomass recovery- Not economically feasible for large-
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across most microalgal species. scale processes.
- Widely used at laboratory and small-- Potential for mechanical cell damage
scale operations. due to high shear forces.

- High density contrast in whey-based- Whey proteins and fats increase rotor
media due to proteins and lipidsfouling, requiring frequent cleaning
enhances separation efficiency. and elevating maintenance costs.

- Poor performance for small or non-
flocculating microalgae.

- Long settling times reduce
-Low energy requirement and

minimal operational complexity.
- Cost-effective and suitable for large
Sedimentation processing volumes.

throughput.
- Often requires chemical additives
(coagulants/flocculants).

_ ) - High turbidity, colloidal proteins,
- Naturally occurring flocculation may , 4 lipids in whey impede settling
be enhanced in whey media
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particularly for filamentous species.
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- Facilitates water recycling.

- Inefficient for small unicellular
microalgae.

- Membrane fouling is severe and
frequent, especially due to whey
proteins, fats, and colloidal solids.

- High maintenance and cleaning
demands.

- Rapid, operationally simple, and- Cost depends on coagulant type and
widely used at industrial scale. dosage.

- Low energy demand and minimal- Strongly pH-dependent process.
shear stress. - Residual coagulants complicate

Coagulation/Flocculat Applicable to a broad range ofbiomass purity and limit downstream

ion microalgal taxa. applications.
i
- Auto- and bioflocculation offer low-- Medium recycling is restricted due to
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enhance charge neutralization and floc- Potential for mineral or microbial
stability. contamination.
- Requires metal electrodes and
specialized equipment.
- Effective for most microalgal species. pe qup .
. e . - High energy consumption.
. - No chemical additives required. . . L.
Electrolytic - Risk of metal ion contamination.

. - Elevated conductivity of whe
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6. Applications of Microalgal Biomass Derived from Cheese Whey

The comparative analysis of microalgal strains cultivated in cheese whey and dairy wastewater
streams revealed significant diversity in terms of the types and distribution of bioproducts obtained.

Lipids represent the most consistently reported bioproduct, being synthesized by at least seven
distinct strains or culture systems. These include Nannochloris sp., [29], Scenedesmus sp., [33],
Desmodesmus sp., [40] and Chlorella sorokiniana [27], in addition to mixed consortia such as Lemna minor
with Chlorella sp. MC18 or Scenedesmus sp., [15] as well as polycultures of Scenedesmus and
Monoraphidium [39]. The prevalence of lipid accumulation across both monocultures and consortia
systems underscores the suitability of these strains for biodiesel production, particularly under
mixotrophic conditions wherein organic carbon sources such as lactose present in cheese whey
stimulate lipid biosynthesis. This widespread lipogenic potential highlights the considerable promise
of dairy effluents as a substrate for biofuel-oriented valorization.

Protein production also emerges as a dominant category, being associated with Chlorella sp.,
[35],Chlorella sorokiniana [27], Chlorella vulgaris [32], and algal polycultures. The significance of protein
yields is amplified by their applicability in animal feed, aquaculture, and nutraceutical sectors, where
algal proteins are increasingly recognized as sustainable alternatives to conventional protein sources.
Sequential and consortia cultivation approaches, such as those involving Lemna minor with
microalgae, enhance protein accumulation relative to monocultures [15]. This observation suggests
the presence of synergistic interactions that optimize nutrient uptake and metabolic conversion under
complex wastewater conditions.

Carbohydrate accumulation frequently associates with Scenedesmus sp., [33], Desmodesmus sp.,
[40] and Lemna minor—-microalgae consortia [15]. These strains demonstrate notable potential for
carbohydrate synthesis, which is further valorized into bioethanol or biopolymeric materials. The
concurrent presence of carbohydrate and lipid production in strains such as Scenedesmus sp. [33] and
Desmodesmus sp. [40] highlights their multifunctionality within biorefinery contexts, particularly for
dual fuel and biopolymer applications.

Beyond these major categories, several strains exhibit distinctive or high-value metabolites.
Euglena gracilis (WZSL mutant) produces paramylon ($-1,3-glucan), a polysaccharide of
pharmaceutical importance due to its immunomodulatory properties [28]. Chlorella sorokiniana
displays the broadest metabolic versatility, generating starch, lipids, proteins, lutein, 3-carotene,
phenolic compounds, and amino acids, thereby positioning this strain as a robust candidate for
multiproduct biorefinery configurations [27]. Likewise, Nannochloris sp. produces both lipids and
antioxidant compounds, indicating further applicability in nutraceutical and cosmetic markets.
Mixed cultivation strategies also expand the product portfolio; for example, the consortium of T.
obliguus and C. echinulata yields microbial sludge, which is amenable to valorization either as
biofertilizer or through anaerobic digestion [36].

Several bioproducts of industrial significance appear less frequently but remain important
within niche applications. Pigments such as chlorophyll and carotenoids derive primarily from
Chlorella sp., [35], Chlorella vulgaris [32] and Chlorella sorokiniana [27]. These compounds hold
established roles in the nutraceutical, cosmetic, and food industries due to their antioxidant activity
and natural coloring properties. The production of chlorophyll by Chlorella vulgaris further
strengthens its dual role in both biofuel precursors and pigment markets [32]. Lutein and {3-carotene,
reported exclusively in Chlorella sorokiniana, emphasize the high-value potential of this strain for
pigment extraction [27]. Similarly, phenolic compounds and amino acids, also unique to Chlorella
sorokiniana, open pathways for functional food and health-related applications, reflecting the
biochemical richness of this species.

Biofuel-related outputs extend beyond lipids and carbohydrates. Acutodesmus dimorphus yields
biomass suitable for both biodiesel and bioethanol production through downstream processing [23],
while Monoraphidium sp. is associates with biocrude production [25], and Leptolyngbya ceylanica with
general biofuels outputs [30]. Oscillatoria spp. contributes to biofertilizer production [30], illustrating
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direct agricultural valorization potential, whereas Tetradesmus sp. SVMIICT4 is linked to value-added
metabolites, highlighting the breadth of possible end-uses [24].

The dataset further demonstrates that whereas certain strains are metabolically specialized,
producing a narrow range of compounds (e.g., Monoraphidium sp. for biocrude [25], Oscillatoria spp.
for biofertilizers [30], Arthrospira platensis primarily for biomass [26], while others display broad
metabolic plasticity, generating multiple metabolite classes simultaneously. Such heterogeneity is
particularly advantageous from a circular economy perspective, enabling wastewater valorization
systems to be tailored to desired end-products. For instance, energy-focused applications prioritize
lipid- or carbohydrate-accumulating strains, whereas nutraceutical-oriented processes benefit from
high-value metabolite producers such as Chlorella sorokiniana [27] or Euglena gracilis [28].

Overall, the findings confirm that lipid and protein biosynthesis constitute the predominant
metabolic traits across microalgal strains cultivated in cheese whey and dairy wastewater. At the
same time, the detection of unique and chemically diverse metabolites across individual strains
underscores the potential for establishing integrated microalgal biorefineries, wherein specific strains
or carefully designed consortia can be strategically combined to simultaneously achieve effective
wastewater remediation and the generation of a diverse portfolio of high-value bioproducts,
including biofuels, nutraceuticals, pigments, and specialty biochemicals. The two-dimensional
representation of metabolite distribution further highlights this metabolic heterogeneity, illustrating
that no single strain possesses the full spectrum of desired compounds and reinforcing the
advantages of consortia or sequential cultivation approaches for the holistic valorization of dairy
effluents. Notably, despite the substantial body of research focused on lipid, protein, carbohydrate,
and pigment production from microalgae, there exists a significant and underexplored gap in the
literature concerning the direct utilization of microalgal biomass derived from dairy wastewater for
the fabrication of bioplastic films or other bio-based polymeric materials. To date, no systematic
studies have examined the transformation of such microalgal biomass into sustainable biopolymeric
matrices or functional biofilms, representing a critical frontier for future research aimed at integrating
circular economy principles, advanced wastewater valorization strategies, and the development of
environmentally sustainable bioplastics.

7. Challenges and Future Perspectives

The reviewed literature collectively demonstrates that microalgae-based treatment systems are
capable of achieving pollutant removal efficiencies comparable to, and in some cases exceeding, those
of conventional whey wastewater treatment technologies, while simultaneously enabling biomass
production for downstream valorization. Robust strains such as Chlorella, Scenedesmus, and Spirulina
consistently show high adaptability to whey-derived effluents, with COD and BOD removal
frequently exceeding 80-90% under optimized conditions. In particular, mixotrophic cultivation
using whey lactose as an organic carbon source enhances biomass productivity and organic matter
removal by combining phototrophic and heterotrophic metabolisms, although this strategy may
increase susceptibility to microbial contamination [60]. Sequential systems, polycultures, and
consortia-based configurations further improve nutrient recovery and biomass yields, underscoring
the advantages of integrated process designs.

A key strength of microalgae-based systems lies in their capacity for direct nutrient assimilation.
Whey wastewater typically contains elevated nitrogen and phosphorus concentrations, posing a risk
of eutrophication if discharged untreated. Microalgae effectively assimilate these nutrients into
cellular biomass, achieving high removal efficiencies while converting pollutants into valuable
biological material [61,62]. In contrast, conventional activated sludge processes primarily target
organic matter degradation and generally require additional, energy- and chemical-intensive steps,
such as nitrification—denitrification or chemical precipitation, to meet nutrient discharge limits.

Microalgae—-bacteria consortia further enhance organic load reduction by exploiting metabolic
complementarity. Bacteria degrade organic substrates, while microalgae supply oxygen through
photosynthesis, reducing or eliminating the need for mechanical aeration [63]. This characteristic
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represents a significant advantage over conventional aerobic treatments, where aeration is a major
contributor to energy demand and operational costs. When compared with advanced
physicochemical treatments, including membrane filtration, advanced oxidation processes, and
electrochemical methods, microalgae-based bioremediation offers superior environmental
sustainability. Although advanced technologies can deliver high removal efficiencies, they are often
associated with substantial capital investment, membrane fouling, chemical consumption, and
secondary waste generation. By contrast, microalgal systems rely on sunlight-driven biological
processes and CO, assimilation, making them particularly attractive for treating large volumes of
dilute whey effluents with reduced chemical and energy inputs.

Beyond treatment performance, the literature emphasizes the resource recovery potential of
microalgal biomass, which can be converted into biodiesel, proteins, pigments, and other
bioproducts, thereby supporting circular bioeconomy models within the dairy sector [29,64,65].
Microalgae are also frequently proposed as tertiary polishing units following anaerobic or aerobic
treatment, where they improve final effluent quality and overall system efficiency [65]. Ecological
benefits, such as reduced chemical usage and potential CO, fixation, are widely acknowledged,
although quantitative assessments of these benefits remain limited.

Despite these advantages, several challenges constrain large-scale implementation. Treatment
performance is sensitive to strain selection, wastewater pre-treatment, inoculum density, and influent
variability; suboptimal conditions can result in only moderate removal efficiencies [27]. Biomass
harvesting remains a critical bottleneck, with membrane-based separation frequently proposed as a
promising but still evolving solution for cost-effective recovery and process intensification [65]. Scale-
up challenges are consistently highlighted, particularly regarding strain robustness, fluctuating
wastewater composition, and regulatory and safety constraints related to biomass reuse [32,65].
Moreover, phototrophic systems face operational limitations associated with light availability, land
footprint, and mixing energy requirements. Recent studies increasingly focus on integrated and
hybrid solutions to address these constraints. These include two-step systems combining coagulation
pre-treatment with algal cultivation to manage high-strength whey and enhance lipid productivity
[29], microalga—fungus consortia that improve process stability and reduce hydraulic retention times
[66], and membrane-coupled photobioreactors that enable simultaneous cultivation and harvesting
[65]. Mixotrophic systems using whey lactose have demonstrated near-complete lactose removal (99—
100%) while substantially increasing biomass yields [60], and microalgae—yeast co-cultures have been
explored under very high COD conditions for combined wastewater treatment and energy or
biomass recovery [67].

Across reviews and experimental studies, there is strong consensus on future research needs.
These include standardized techno-economic and life-cycle assessments under comparable influent
conditions [32,65], pilot- and demonstration-scale validation of membrane photobioreactors and
consortium-based systems [65,66], and optimization of inoculation strategies, pre-treatment, and
operational controls to reduce hydraulic retention times without compromising removal efficiency
[60,66]. Regulatory and safety assessments are also required to enable the use of wastewater-derived
biomass in food, feed, or high-value applications [32].

Importantly, the literature reveals a critical and largely unexplored opportunity in the
production of bioplastics and biofilms from microalgae cultivated on cheese whey. While most
studies focus on biofuels, pigments, and proteins, there is a lack of systematic investigation into the
use of whey-grown microalgal biomass for biodegradable materials. This gap is significant, as whey’s
high C/N ratio often promotes the accumulation of carbohydrates, proteins, and extracellular
polymeric substances that are key precursors for bioplastics and functional biofilms. Developing such
materials could substantially improve the economic viability of microalgae-based whey treatment
while addressing plastic pollution, creating a high-value outlet for biomass unsuitable for food or
feed applications.

Overall, microalgae-based whey wastewater treatment offers a dual benefit of environmental
remediation and resource recovery. While strong laboratory- and bench-scale evidence supports its
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technical feasibility, the transition to industrial-scale deployment requires integrated process
optimization, economic validation, and regulatory alignment. Addressing the bioplastics research
gap represents a strategic opportunity to position microalgae-based systems as comprehensive,
circular solutions for sustainable dairy wastewater management [29,32,65].

8. Conclusions

Cheese whey remains a problematic effluent for the dairy sector due to its exceptionally high
organic load, nutrient density, and associated ecological impacts. While established physicochemical
and biological treatments can reduce pollutant concentrations, their reliance on energy-intensive
operations and their tendency to generate secondary waste constrain their long-term sustainability.
Microalgae offer a compelling alternative, combining efficient nutrient removal with the
simultaneous production of biomass rich in lipids, carbohydrates, proteins and pigments, thereby
enabling both remediation and resource valorization.

Across the studies assessed, diverse microalgal strains—including Chlorella, Scenedesmus,
Arthrospira, Acutodesmus, Euglena and Tetradesmus—consistently achieved high COD, nitrogen and
phosphorus removal in whey-derived media. Their metabolic versatility under photoautotrophic,
heterotrophic and mixotrophic conditions underscores their suitability for treating variable and
complex dairy wastewaters. However, scale-up remains limited by operational constraints such as
light attenuation in turbid substrates, high harvesting costs, contamination risks and a lack of
harmonized methodological reporting that would enable robust inter-study comparison.

A critical research gap identified in this review concerns the virtually unexplored potential of
whey-grown microalgal biomass for bioplastic and biofilm production. This is particularly notable
given the biochemical profile of whey-derived biomass —characterized by elevated carbohydrate and
protein levels and abundant extracellular polymeric substances which is intrinsically favorable for
polymer formulation. Addressing this gap represents a strategic opportunity to expand the economic
viability of microalgae-based systems, create higher-value bioproducts and accelerate the transition
toward a circular bioeconomy within the dairy sector.

Future research should therefore focus on targeted strain development for enhanced biopolymer
accumulation, integrated cultivation-harvesting strategies adapted to whey characteristics, and
systematic evaluation of material properties of whey-derived biopolymers. Pilot-scale
demonstrations, techno-economic analyses and life-cycle assessments will be essential to validate
process feasibility and guide industrial adoption. Supportive regulatory frameworks and alignment
with sustainability policies could further catalyze implementation.

Overall, microalgae-based treatment of cheese whey offers a scientifically credible and
operationally promising pathway for simultaneously mitigating environmental impacts and
enabling high-value resource recovery. Unlocking the untapped potential of whey-grown biomass
for bioplastic production may prove pivotal for establishing a regenerative, circular and economically
competitive dairy bioeconomy.
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