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Abstract


Environmental problems caused by the intensive carbon emissions from food processing wastewater (FPW) treatment using traditional technologies are promoting innovations in carbon sequestration. In traditional models, plant-based carbon sequestration is challenged by low carbon fixation rates and low profitability. Microalgae-based carbon sequestration in FPW treatment has recently gained considerable interest. In this novel model, anaerobic digestion is employed to pretreat FPW, increasing the digestibility of wastewater-borne organics, and microalgae biofilm is used to recover nutrients from FPW for high-value biomass production. Moreover, biomass with high protein content and immunomodulatory effects is further exploited as feedstock for aquafeed production. With the application of this concept, pollutants in FPW are converted into nutritious biomass, and the carbon emissions associated with FPW treatment are reduced. In this review study, the innovative concept of microalgae-based carbon sequestration is introduced, and research progress in the fields of FPW pretreatment, microalgae biofilm, and biomass valorization is summarized. In addition, an in-depth discussion of the current problems that hinder the industrial application of microalgae-based carbon sequestration in FPW treatment is provided. Finally, the establishment of an industrial chain based on this promising concept to achieve the goal of carbon neutrality in wastewater treatment is discussed.






Keywords:


food processing wastewater; carbon sequestration; microalgae; aquafeed; sustainability












1. Introduction


The rapid growth of the global population has been accompanied by the expansion of various food industries, including the primary processing of crops, food and alcohol fermentation, beverage processing, livestock and poultry slaughter, starch processing, and so on [1,2,3]. However, the discharge of food processing wastewater (FPW) is challenging the sustainable development of human society and the natural environment. On one hand, most FPW is enriched with high concentrations of nutrients, particularly organic carbon, nitrogen, and phosphorus, which may cause the eutrophication of natural waters [2]. It has been reported that the concentrations of chemical oxygen demand (COD), total nitrogen (TN), and total phosphorus (TP) in the wastewater of a dairy processing plant reached 191,000, 3570, and 22,350 mg/L, respectively [4]. On the other hand, the volume of wastewater generated in the food industry is significant. For example, in bean curd production, the processing of 1 ton of soybean usually generates 7–10 tons of wastewater with 10–20 g/L of COD [5]. Therefore, FPW treatment merits the attention of researchers in both academics and industry.



In fact, many technologies, such as chemical oxidation, flocculation/coagulation, and aerobic digestion, have been developed and applied for FPW treatment [6,7,8]. In a real-world application, to improve the treatment performance, multiple technologies might be combined or integrated [9]. For example, ozone pretreatment has been integrated with the anaerobic process to enhance the removal of colored and biorefractory organics in molasses fermentation wastewater [10]. Unfortunately, organic-rich FPW treated using traditional technologies is accompanied by intensive greenhouse gas emissions or the generation of sludge. For instance, a high portion of organic carbon in wastewater can be converted to CO2 and CH4 during anaerobic fermentation, and organic solids are collected in the form of sludge or sediment after flocculation. In a natural process, organic carbon in sludge or sediment will be decomposed and finally converted to CO2, which then enters the atmosphere. Therefore, wastewater treatment using traditional technologies is regarded as one of the major sources of carbon emissions [11]. As most countries have set the target of achieving carbon neutrality by 2050, innovative and applicable measures must be taken to effectively reduce carbon emissions [12,13,14].



Eukaryotic microalgae and cyanobacteria are two groups of microorganisms with a great ability to assimilate dissolved organic carbon and sequestrate atmospheric CO2 [15,16]. Cyanobacteria have been called “blue-green microalgae” in previous publications and are commonly regarded as unicellular algae [17]. In this study, to simplify the expression, both eukaryotic microalgae and cyanobacteria are called “microalgae”. It has been reported that microalgae capture around 50 gigatons of CO2 annually, accounting for more than 50% of all photosynthetic activity in nature [18]. In addition, microalgae biomass can be exploited as a feedstock to produce biofuel, single-cell protein (SCP), bio-fertilizer, and other high-value bio-products [19,20]. Hence, cultivating microalgae in FPW treatment and then harvesting microalgae biomass for downstream applications is a promising method for the development of a carbon sink. However, in real-world applications, problems such as the low digestibility of undissolved organics, the high cost of microalgae harvesting, and the underutilization of microalgae biomass should not be neglected.



To put the concept of microalgae-based FPW treatment for carbon neutrality into practice, in recent years, researchers have made great progress in different aspects of the integration of technologies for FPW treatment, the immobilization of microalgae, and the valorization of microalgae biomass as a functional feed. Innovative technologies not only enhance the recovery of carbon during wastewater treatment and reduce the total cost of microalgae cultivation but also produce high-value algae products for downstream industries [21]. This can be regarded as a landmark in the industrialization of microalgae-based FPW treatment. Firstly, technological innovation promotes the conversion of organic carbon in FPW into microalgae biomass. In contrast, in the past, high concentrations of residual nutrients in wastewater after microalgae growth were found to pose a serious threat to the environment [3]. Secondly, a breakthrough in microalgae biofilm technology enables the low-cost production of biomass. Microalgae biomass is becoming an affordable product on the market, whereas the high price of microalgae biomass in the past resulted in the poor competitiveness of microalgae products and a small market size. Thirdly, with the progress of using microalgae as an aquafeed ingredient in aquaculture, its market demand is expected to increase, providing more opportunities for the development of the microalgae industry. In contrast, in the past, microalgae biomass was mainly exploited as the feedstock to produce biodiesel and fertilizer, which have much lower economic value on the market [22]. Therefore, technological innovations are upgrading the industries involved in microalgae-based FPW treatment.



This review study summarizes recent progress in microalgae-based FPW treatment from the perspective of carbon emission reduction (Figure S1). Firstly, the carbon emissions of FPW treatment using traditional technologies are estimated, and the practical feasibility of growing plants (trees, grass, vegetables, etc.) for carbon bio-sequestration is assessed. Secondly, the concept of cultivating microalgae for carbon recovery in FPW treatment is introduced. Thirdly, innovative technologies and strategies to promote the practical application of microalgae-based FPW treatment are discussed. In this section, we emphasize recent studies focused on integrating wastewater pretreatment with microalgae cultivation to increase nutrient recovery efficiency, immobilizing microalgae on biofilm to simplify the biomass harvesting process, and utilizing microalgae as a functional feed in aquaculture to improve economic performance. Fourthly, the problems and prospects of the aforementioned innovative technologies and strategies are discussed. Fifthly, an in-depth discussion of the establishment of an industrial chain based on microalgae resources and FPW treatment for sustainable development is provided. It is expected that this review study will provide new ideas for FPW treatment in the context of carbon neutrality.




2. Carbon Emissions in FPW Treatment


2.1. Estimation of Carbon Emissions in FPW Treatment


In the application of traditional technologies for FPW treatment, a certain percentage of organic carbon could be converted to CO2 and/or CH4, and other percentages of organic carbon exist in the form of sludge or sediment. Consequently, due to the natural decomposition process, the organic carbon in sludge or sediment is converted to CO2 and enters the atmosphere [7,23]. Therefore, in this study, to simplify the carbon emission estimation process, it is assumed that 100% organic carbon in FPW could be removed using traditional technologies and natural decomposition.



As shown in Table 1, due to the enrichment of organics in FPW, TOC concentrations of FPW collected from different regions are high, falling in the range of 1000–15,000 mg/L. Hence, FPW, which contains a much higher concentration of TOC than other sources of wastewater, such as domestic effluent, mining wastewater, and aquaculture wastewater, poses a more serious threat to environmental protection and sustainable development. For example, the treatment of 1 m3 of coffee manufacturing wastewater using traditional methods is accompanied by the emission of 15.8 m3 of CO2 [24]. In real-world applications, if the carbon emissions during FPW treatment cannot be compensated, long-term and large-scale FPW treatment may accelerate the greenhouse effect, destroying the ecological balance and causing environmental disasters [25].




2.2. Plant-Based Carbon Bio-Sequestration


Although more and more governments and environmental organizations are realizing the contribution of wastewater treatment using traditional technologies to the greenhouse effect, few effective measures have been proposed to reduce carbon emissions from wastewater treatment. In fact, the cultivation of plants, such as trees, grasses, and vegetables, to assimilate CO2 is still the most widely adopted method for carbon bio-sequestration [33,34]. However, plant-based carbon bio-sequestration is hindered by a couple of problems. Firstly, according to the survey at a global scale, the above-ground net primary productivities of most frost-limited forests and frost-free forests are 5–15 and 10–25 Mg/ha/year, respectively [35]. If the moisture contents of the tree and carbon content of the oven-dried tree biomass are assumed to be 45% and 50%, respectively [36,37], the carbon bio-sequestration rates of forests are estimated to be 1.38–6.88 tons of carbon/ha/year, which is equal to 0.38–1.88 g of carbon/m2/day. In this case, to compensate for the carbon emissions associated with 1 m3 of ethanol fermentation wastewater with 5500 mg/L of TOC, trees cultivated on a 100 m2 area need to grow for 29–146 days. Due to the long period and large footprint, tree growth cannot be regarded as an efficient way for carbon bio-sequestration. Secondly, although grass has a higher growth rate, carbon bio-sequestration by grass is still low. For example, as the most productive perennial C4 grass species, Miscanthus spp. produces biomass (dry weight) at a rate of 40 Mg/ha/year [38]. As the carbon content in grass is around 47% [39], the carbon bio-sequestration rate of Miscanthus spp. is estimated to be only 18.80 tons of carbon/ha/year, which is equal to 5.15 g of carbon/m2/day. Moreover, due to the low economic value of grass, it is not a promising strategy to employ grass to compensate for carbon emissions. Thirdly, vegetables have much higher economic advantages over grass but are perishable during storage and transportation. The deterioration or decomposition of fresh vegetables not only reduces the carbon sequestration capacity of vegetables but also negatively impacts the profitability of vegetable production [40]. Therefore, more promising and applicable methods to compensate for carbon emissions from wastewater treatment should be developed.





3. Concept of Microalgae-Based Carbon Sequestration


Microalgae-based carbon sequestration is an innovative concept that employs microalgae to assimilate organic carbon (glucose, volatile fatty acids, etc.) and/or inorganic carbon (CO2, bicarbonate, carbonate, etc.) and produce high-value biomass enriched with proteins, lipids, and carbohydrates [41,42]. Thus, through microalgae cultivation, wastewater-borne carbon resources and atmospheric CO2 are sequestrated and finally converted to microalgae biomass (Figure 1).



In the context of carbon sequestration, microalgae that can be directly cultivated in organics-rich FPW have greater advantages over most trees, grasses, or vegetables. Firstly, since microalgae can directly assimilate carbon from FPW, the carbon sequestration procedure can be simplified, which shortens the FPW treatment period. During FPW treatment, microalgal cells, which perform the mixotrophic growth mode, not only assimilate dissolved organic carbon directly but also capture atmospheric CO2 [43]. In contrast, plants mainly utilize inorganic carbon, particularly atmospheric CO2, for photosynthesis to sequestrate carbon. In nature, due to the low concentration of atmospheric CO2, plant photosynthesis is limited even if some plants have developed C4 photosynthetic metabolisms to lower their CO2 compensation points [44]. Therefore, the negative effects of a low concentration of atmospheric CO2 on the photosynthetic rate can be avoided by microalgae grown in FPW. Secondly, the harvested microalgae biomass can be dehydrated and then transported to downstream industries, lowering logistic costs and preventing biomass deterioration. Compared with vegetables, which are normally kept fresh during transportation and storage, microalgae have more obvious advantages [45]. Thirdly, different from most trees, grasses, or vegetables, microalgae biomass is enriched with a variety of high-value components, such as essential amino acids, unsaturated fatty acids, and natural antioxidants [4,42,46]. Hence, microalgae biomass can be exploited as high-quality feedstock for biochemicals, additives, and functional feed production, having a much wider range of applications.



As shown in Table 2, microalgae have been successfully cultivated in different sources of FPW for carbon recovery and biomass production. Mechanism studies have revealed that most microalgal species are prone to utilize organic carbon, rather than atmospheric CO2, as the major carbon source in organics-rich culture media or wastewater [47,48]. Therefore, digestible organic carbon, such as monosaccharides, disaccharides, and short-chain fatty acids, in FPW could be efficiently assimilated by microalgal cells [49,50]. Table 2 shows that microalgae could grow well in FPW with different levels of TOC, ranging from 100 to 10,000 mg/L, and are able to remove a high portion of TOC (40–70%) within a couple of days. Particularly, organic carbon assimilated by microalgae can be utilized to synthesize protein, lipids, and carbohydrates, producing high-value biomass. According to previous studies, the biomass yield of microalgae in organics-rich FPW fell in a range of 1.0–2.5 g/L, and the cultivation periods were about 10 days (Table 2). In this case, the annual production of microalgae grown on 1 ha of land (1 m depth) is estimated to reach 360–900 tons (dry weight), which is much higher than those of trees and grasses [35,38]. In downstream industries, when the high-value biomass of microalgae is exploited as alternatives to fuel, fertilizer, and animal feed, the carbon emissions of traditional industries are reduced. Therefore, the realization of the concept of microalgae-based carbon sequestration in FPW treatment is of significance to the sustainable development of humankind.




4. Innovative Technologies and Strategies for Microalgae-Based FPW Treatment


Although the concept of microalgae-based carbon sequestration has been proven to be a promising method for achieving the target of net-zero carbon emissions in FPW treatment, in a real-world application, this novel concept is challenged by a couple of problems. Firstly, nutrients, particularly carbon in the form of undissolved organics, cannot be efficiently assimilated by microalgal cells. In some cases, a low carbon recovery rate is a serious weakness of microalgae-based FPW treatment. Secondly, the procedure of harvesting the suspended microalgae from wastewater is complex and energy-intensive, resulting in the high cost of biomass harvesting. Thirdly, specific strategies to realize the valorization of microalgae biomass in downstream industries have not been widely adopted.



Fortunately, in recent years, researchers have devoted a lot of effort to solving the aforementioned problems and achieved great progress in the aspects of FPW pretreatment, microalgae immobilization, and microalgae-based aquaculture diet.



4.1. Pretreatment of FPW


Due to the enrichment of food residues, some FPW has a high content of suspended solids, which contain high contents of nutrients but cannot be efficiently decomposed [3]. In order to improve the overall removal efficiency of nutrients in FPW and enhance microalgae-based carbon bio-sequestration, solid organics should be converted to dissolved and digestible nutrients before microalgae inoculation. In addition, the deficiency of certain nutrients in FPW should be addressed to remove the bottleneck in microalgae growth.



4.1.1. Degradation of Suspended Organics via Anaerobic Digestion


Anaerobic digestion is an efficient method to promote the degradation of suspended organics in FPW [50]. However, the final products of this process are mainly greenhouse gases (CH4 and CO2), resulting in a low recovery efficiency of carbon. Interestingly, it was discovered that the generation of greenhouse gases mainly occurred in the last stage of anaerobic digestion, which consisted of hydrolysis, acidogenesis, acetogenesis, and methanogenesis [55]. In the stages of acidogenesis and acetogenesis, volatile fatty acids (VFAs), alcohols, aldehydes, and acetate with a low molecular weight are produced by acidogenic bacteria and acetogenic bacteria [56]. Theoretically, if anaerobic digestion can be stopped in the stage of acetogenesis, a high portion of solid organics in FPW will be converted to dissolved substances, which can be assimilated by microalgal cells in an efficient way. In terms of carbon recovery, intensive carbon emission in the stage of methanogenesis can be avoided, and the carbon in the wastewater will be converted to digestible forms.



In the past, this strategy was widely applied to pretreat some agricultural wastewater with poor biodegradability for microalgae cultivation. For example, through anaerobic digestion, concentrations of total solids (TSs) and total volatile solids (TVSs) in dairy manure were reduced by 30–40% [57]. During anaerobic digestion, bacteria release extracellular enzymes, which promote the decomposition of suspended organics. Recently, this strategy has been adopted intensively for wastewater pretreatment followed by microalgae cultivation (Table 3). In a study by Hu et al. (2013), the concentration of total VFAs in swine manure increased from 7676 mg/L to around 14,000 mg/L through anaerobic digestion, and consequently, microalgae cultivation removed COD at a high rate of 751.33 mg/L/day [50]. Moreover, anaerobic digestion can promote the release of nutrients from undissolved organics, thus providing more nutrients for microalgae growth. In a study by Lu et al. (2017), through anaerobic digestion, the concentration of TN in brewery effluent increased from 140 mg/L to around 155 mg/L [58]. It should be noted that in the microalgae industry, the process of anaerobic digestion should be strictly controlled. Excessive decomposition during the stage of methanogenesis may result in intensive emission of CO2 and CH4. Accordingly, the total amount of organic carbon available to microalgal cells is reduced.




4.1.2. Balance of the Nutrient Profile of Wastewater


Due to the “Buckets Effect”, deficiency of certain nutrients in FPW may result in the low biomass yield of microalgae cultivation [1]. Based on the results of previous studies, to support the fast growth of microalgae, the C/N/P ratio in artificial medium should be optimized according to the specific characteristics of microalgal species [63,64]. However, in most cases, the C/N/P ratio in FPW might not fall in the optimal range. In a study by Lu et al. (2016), it was discovered that in liquid whey, a type of dairy processing wastewater, the COD concentration reached 76,350 mg/L, while the ammonia concentration was only 24.8 mg/L [4]. Since organic carbon assimilation metabolism is closely connected with nitrogen assimilation metabolism, a deficiency of nitrogen in wastewater could negatively impact microalgae growth and carbon bio-sequestration. In addition to the nutrient deficiency, excessive content of nutrients in FPW may negatively impact microalgae growth, even resulting in the failure of microalgae-based FPW remediation. Lu et al. (2018) reported that excessive concentration (28.03 mM) of ammonia in wastewater is toxic to microalgal cells [65]. Moreover, high levels of some trace elements, such as cobalt and manganese, are unfavorable to the survival and metabolism of microalgae [66]. Therefore, to enhance microalgae-based carbon sequestration in FPW remediation, the nutrient profile of wastewater must be balanced.



Specific methods to balance the nutrient profile of wastewater include the supplementation of artificial chemicals, a mixture of wastewater from different sources, and the release of indigestible nutrients contained in wastewater. Firstly, the supplementation of artificial chemicals can be regarded as the most straightforward and simplest method to attenuate the limiting effect of nutrient deficiency. As reported by Lu et al. (2016), with the addition of NH4Cl in three types of dairy processing wastewater, biomass yields of microalgae were improved by 70.10–179.31% [4]. Moreover, NaNO3 was added to brewery effluent to alleviate nitrogen deficiency, resulting in higher COD removal and microalgae biomass yield [58]. In addition to macro elements, some trace elements, such as selenium, copper, and iron, can be added to FPW to support microalgae growth and microalgae-based carbon assimilation. Secondly, wastewater from different sources can be mixed to balance their nutrient profiles. Compared with artificial chemicals, wastewater can be obtained at a much lower cost. Hence, wastewater mixing is considered a more affordable method for nutrient profile balance [4]. Thirdly, in some cases, the unbalanced nutrient profile of wastewater is not attributed to nutrient deficiency but to the poor digestibility of organics. For instance, in wastewater with a high content of undissolved organics, a portion of nutrients may not be digested and assimilated by microalgal cells. In FPW, undissolved organics could be meat residues, small pieces of fat, coagulated blood, wheat bran, and so on. Under this situation, pretreatment of the FPW can promote the release of nutrients contained in the undissolved organics, thus balancing the nutrient profile of wastewater and providing microalgae with more digestible nutrients [58].





4.2. Microalgae Biofilm


Traditionally, microalgae are suspended in FPW, and microalgal biomass is harvested using centrifugation, filtration, or sedimentation. Due to the high energy consumption or low efficiency of traditional harvesting methods, the industrial production of microalgae biomass at low cost is challenging. To solve this problem, a novel model of “microalgae biofilm” has been developed to simplify the biomass harvesting process and lower the total cost of biomass production. The practical application of this novel model demonstrates that it has great potential to be applied for carbon sequestration in wastewater remediation.



4.2.1. Mechanisms of Microalgae Biofilm Formation


The concept of microalgae biofilm originated from microbial mats, which are widely observed in rivers, lakes, deserts, and oceans [67,68]. Microalgae not only form a physical multi-layered sheet with bacteria and other eukaryotic microorganisms but also establish a synergistic relationship with other microorganisms in microbial mats for nutrient assimilation and carbon sequestration [69]. In nature, microbial mats with complicated and stable structures can easily be collected by hand, encouraging researchers to develop an artificial microalgae biofilm for biomass production and harvesting. Different from the microbial mats in nature, the microalgae biofilm is impacted by artificial intervention in practical applications [68]. For example, specific algal species with excellent performance in nutrient assimilation can be inoculated in advance on the surface of biofilm to improve microalgae biofilm performance in FPW remediation.



The formation of microalgae biofilm consists of two major steps, namely, the initial attachment of microalgae and biofilm thickening [68]. In Step 1, microalgae cells are adsorbed on the rough surface of the substrate by van der Waals force and establish physical contact with other microorganisms. In Step 2, microalgae and other microorganisms grow on the substrate, developing a more complicated matrix and promoting biofilm thickening. During this process, the relationship between microalgae and bacteria involves not only a physical interaction but also nutrient supply, O2/CO2 exchange, pH balance, and growth promotion. It should also be noted that an extracellular polymeric substance (EPS) is secreted by some microorganisms, which acts as “glue” that accelerates the formation of microbial biofilm and increases its stability [70].




4.2.2. Performance of Microalgae Biofilm in Wastewater Treatment


Thus far, microalgae biofilm has been employed to treat a variety of waste streams, including FPW (Table 4). Previous studies show that microalgae biofilm performs well in nutrient removal and biomass production [71]. For example, in a study by Hu et al. (2024), COD, TN, and TP in soy sauce wastewater were removed at a rate of 92%, 91%, and 82%, respectively, and the biomass productivity of microalgae on biofilm reached 14 g/m2/day [72]. In terms of nutrient removal and biomass production, microalgae biofilm can be regarded as a promising technology.



To put the concept of microalgae biofilm into practice, a variety of reactors with different structures, substrate materials, and arrangements have been designed. Previous studies tested different materials for microalgae adsorption and found that cotton materials and lignocellulosic materials can be regarded as promising substrates for microalgae attachment [73,74]. This is mainly attributed to the porous structure of the cotton materials [74]. In addition to the system design, researchers screened some microalgal species with excellent adsorption performance in the development of microalgae biofilm. It should be noted that due to the special cell structure, filamentous microorganisms play an irreplaceable role in the formation of microalgae biofilm in the reactor. In recent years, to reduce the footprint of wastewater treatment systems and simplify the biomass harvesting process, an innovative design, which is called a rotating algal biofilm (RAB) system, has been proposed and applied for wastewater treatment (Table 4). In this system, flexible substrates, such as cotton denim, cotton duct, cotton corduroy, and cotton rag, are constructed vertically on a support frame with two or more drive shafts, and the lower part of the system is submerged in wastewater or culture media while the higher part is exposed to the atmosphere during the continuous operation [72,75]. Through the rotation of drive shafts, microalgae attached to biofilm shift from the lower part to the higher part. In a long-term operation, when the layer of microalgae becomes thick, scrappers will be used to collect biomass directly from biofilm. To date, this innovative system has been successfully applied in both lab research and pilot-scale experiments [76,77].



 





Table 4. Applications of microalgae biofilm for wastewater remediation.






Table 4. Applications of microalgae biofilm for wastewater remediation.





	
Wastewater Category

	
Wastewater

	
Nutrient Removal

	
Biomass Production

	
Remarks

	
Reference




	
COD

	
TN

	
TP






	
FPW

	
Soy sauce wastewater

	
92%

	
91%

	
82%

	
14 g/m2/day

	
(1) A rotating algal biofilm system designed based on a modified trough-based system was employed for FPW treatment;

(2) The system performed well at optimized 5-day harvest time and 2-day hydraulic retention time;

(3) The improvement in protein content and essential amino acid content in microalgae biomass suggested potential in animal feed production.

	
[72]




	

	
Effluents from a food processing plant

	
84%

	
/

	
/

	
8.56 g/L

	
(1) The characteristics of wastewater affected IMBC species evolution and diversity;

(2) The presence of EPS enhanced the strength and integrity of microalgae biofilm.

	
[78]




	

	
Cattle slaughtering wastewater

	
82.9%

	
84.4%

	
89.4%

	
3191.0 mg/L

	
(1) Alginate was employed as the substrate for microalgae immobilization;

(2) High alginate concentration resulted in a thick biofilm layer with better mechanical strength;

(3) Microalgae-based assimilation dominated the removal of inorganic nutrients in the treatment of cattle slaughtering wastewater.

	
[79]




	

	
Tofu wastewater treatment

	
75.88%

	
80.45% NH3

	
/

	
3.99 × 106 cells/mL

	
(1) A rotary algae biofilm reactor was designed for microalgae immobilization and wastewater treatment;

(2) The dilution ratio of tofu wastewater was set as 40%;

(3) The final concentrations of COD and NH3 in tofu wastewater after treatment were 248 mg/L and 2.32 mg/L, respectively, which meet the quality standards for wastewater discharging in Indonesia.

	
[80]




	

	
Mariculture wastewater

	
80% TOC

	
96% NH3

	
99%

	
58.86 mg/cm2

	
(1) A rotating algal biofilm system removed ammonium and TOC at the rates of 25.6 mg/L/day and 28.9 mg/L/day, respectively;

(2) The richness of the microbial

community structure in biofilm was increased by the extension of the residence time of algal biofilm;

(3) In algal biofilm, Gammaproteobacteria and Cyanobacteria were dominant eukaryotic phyla, while Chlorophyta and Ciliophora were the eukaryotic phyla.

	
[81]




	

	
Anaerobic digestate food effluent

	
10–34%

	
76–100% NH3

	
50–86%

	
62.86–108.64 g/m2

	
(1) Ammonia concentration in food effluent impacted the growth of microalgae and nutrient removal;

(2) Microalgae cultivation in biofilm was regarded as an applicable method to treat food industry effluent with high turbidity and ammonia toxicity.

	
[82]




	
Wastewater from other sources

	
Domestic sewage

	
59%

	
78% NH3

	
16%

	
3.25 g/m2/day

	
(1) Integration of an algae biofilm reactor with a high-rate algal pond increased biomass production and harvesting efficiencies;

(2) Algae biofilm reactor did not interfere with the chemical composition of biomass;

(3) The economic and environmental feasibility of this model should be assessed in further research.

	
[83]




	

	
Dairy manure wastewater

	
/

	
61–79%

	
62–93%

	
25.65 g/m2

	
(1) Polystyrene foam is a good material to be used as a biofilm substrate, resulting in a firm attachment of microalgae;

(2) Microalgae biomass harvested from the biofilm through scraping contained 93.75% moisture, which was similar to the moisture content of biomass harvested from the suspended culture system through centrifugation.

	
[84]




	

	
Centrates and domestic wastewater

	
91% carbon

	
70%

	
85%

	
0.5–3.1 g/m2/day

	
(1) Algal–bacterial biofilm exhibited twice higher nutrient removal rates compared with the bacterial biofilm.

	
[85]




	

	
Municipal wastewater

	
/

	
70–99%

	
6.3 g/m2/day

	
(1) A prototype-scale Twin-Layer photobioreactor immobilizing vertical sheet-like microalgae surfaces was constructed;

(2) The concentration of TP and TN in the wastewater after treatment met the legal discharge limits.

	
[86]




	

	
Municipal wastewater

	
/

	
14.1 g/m2/day

	
2.1 g/m2/day

	
5.5 g/m2/day

	
(1) A rotating algal biofilm reactor was designed, built, and operated at different scales (bench, medium, and pilot);

(2) An efficient spool harvesting technology was developed to obtain a concentrated bio-product containing 12–16% solids.

	
[87]











In practical applications, it was discovered that the microalgal community on biofilm changes gradually. In a study by Zhou et al. (2018), at the genus level, Nannochloropsis sp., a diatom algal species, was the most abundant member in the initial stage, while Acutodesmus sp. became the abundant species at the latter stage [88]. To the best of our knowledge, various factors, including the changes in the wastewater environment and airborne microorganisms, can impact the algal community of biofilm [89,90]. As a consequence, the chemical composition and properties of microalgal biomass will be impacted. Hence, to obtain the biomass of certain microalgal species, measures must be taken to monitor and control the change in the algal community during the operation of microalgae biofilm production.




4.2.3. Synergistic Cooperation Between Microalgae and Bacteria


Another research interest in the field of microalgae biofilm is the synergistic cooperation between microalgae and bacteria for nutrient assimilation and carbon sequestration. Experimental results in both industrial applications and mechanism studies have revealed that microalgae could cooperate with bacteria in the decomposition of undissolved organics, reduction in carbon footprint, and improvement in biomass productivity [80,91].



Firstly, the co-growth of microalgae and bacteria on biofilm is favorable to the decomposition of undissolved organics. Due to the large particle size, most undissolved organics could not be directly assimilated by microalgae cells. In contrast, fast-growing bacteria secrete various enzymes, such as lipase, amylase, and protease, which promote the conversion of large-molecular-weight organics to small-molecular-weight organics [92]. For instance, protease can enhance the hydrolysis of protein residues in FPW, yielding free amino acids [93].



Secondly, synergistic cooperation between microalgae and bacteria can be established on O2/CO2 exchange. In microalgae-based wastewater treatment, microalgae growth is accompanied by an increase in dissolved oxygen (DO) content. Nevertheless, a high content of DO will, in turn, inhibit the photosynthesis of microalgae cells [94]. In contrast, CO2 emission and O2 consumption of bacterial heterotrophic metabolism occur in bacteria-based wastewater treatment, resulting in anaerobic conditions. When microalgae biofilm is employed for wastewater treatment, bacteria, fungi, and other heterotrophic microorganisms could assimilate O2 released by microalgal photosynthesis, while microalgae could capture CO2 released by bacteria as an inorganic carbon source [95]. If the algal–bacterial ratio of biofilm is controlled in a suitable range, algal–bacterial O2/CO2 exchange will favor the growth of both microalgae and bacteria during wastewater treatment.



Thirdly, some bacteria may secret growth-enhancing factors that can promote the biomass production of microalgae. Croft et al. (2005) reported that 171 algal species among 326 species studied require an external supply of vitamin B12 [96]. Under this situation, vitamin-secreting bacteria in algal–bacterial consortia will be favorable to the biomass production of microalgae [97]. In addition, some bacteria could secret indole-3-acetic acid, a type of hormone that plays a vital role in microalgae growth [97].



In fact, the interaction between microalgae and bacteria on biofilm during wastewater treatment is complicated since it is involved in nutrient utilization, cell-to-cell signaling, water environment, and energy consumption. In the coming future, with the development of analytical techniques, synergistic cooperation between microalgae and bacteria on biofilm at cellular and genetic levels will be discovered.





4.3. Valorization of Microalgae Biomass


Although the harvested microalgae biomass can be used as feedstock to produce fertilizer and fuel, in real-world applications, microalgae have not been widely applied in the aforementioned industries. The main reason for this phenomenon is that from an economic perspective, it is not a profitable way to use microalgae to replace traditional feedstock for fertilizer or fuel production [98]. For example, according to a recent economic analysis in China, the production cost of microalgae-based biodiesel was estimated to be 2.29 USD/kg, which is significantly higher than that of commercial diesel [99]. Therefore, the valorization of microalgae by using the harvested biomass as a high-value product is of importance to the industrialization of microalgae-based FPW remediation.



In recent years, it has been discovered that microalgae biomass is enriched with a variety of high-value compounds, such as essential amino acids, polyunsaturated fatty acids, and natural antioxidants, which are significant to aquatic animals. Moreover, the biomass of some microalgal species, including Chlorella sp., Spirulina sp., and so on, with high contents of crude protein [100], could be used as an excellent alternative to fish meal for fish or shrimp rearing. Particularly, most FPW contains no toxic or unhealthy compounds, making the microalgae biomass obtained from FPW treatment suitable for aquaculture [101,102]. Therefore, microalgae-based aquaculture diets have gained considerable interest in recent years.



4.3.1. Microalgae Biomass as Fish Meal Alternative


Microalgae biomass with a high content of protein can be regarded as a good alternative to fish meal [101]. In practice, to obtain protein-rich biomass during microalgae-based FPW treatment, two strategies are widely adopted. Firstly, microalgal species with high protein content should be screened and then used for FPW treatment. For example, the protein content of Spirulina sp. could reach 55–70%, which is similar to the protein content (around 60%) in fish meal [58,103]. Moreover, some green algae, such as Chlorella sp. and Scenedesmus sp., have a high content (over 50%) of crude protein [104,105]. In practical applications, advanced technologies, such as protoplast fusion and genetic modification, could be adopted to create algal mutants with high protein content. As reported by Xie et al. (2020), the highest total protein content of Chlorella sorokiniana fusant reached 67.16%, which was 8.89% and 10.25% higher than those of the original algae [106]. Secondly, the nutrient profile of FPW can be adjusted to make it suitable for protein synthesis in microalgal cells. Previous studies discovered that microalgae grown in FPW with a high content of nitrogen contained more protein [1,4]. Therefore, supplementation of exogenous nitrogen in a reasonable range is favorable to the production of protein-rich microalgae. Normally, slaughterhouse wastewater and meat processing wastewater, which contain high contents of meat residues, protein hydrolysates, or peptides, are regarded as promising media for protein-rich microalgae production.



Thus far, microalgae have been successfully used as fish meal alternatives in diets for the culture of gilthead sea bream (Sparus aurata), hybrid striped bass (Morone sp.), red sea bream (Pagrus major), Atlantic salmon (Salmo salar), European sea bass, and so on [107,108,109,110,111]. It should also be noted that most previous studies emphasized that microalgae biomass could partially replace fish meal; however, a high replacement ratio may negatively impact fish growth. For example, in a study by Vizcaıno et al. (2014), it was recommended that the inclusion level of Scenedesmus biomass in fish diet should be 20%, while excessively high inclusion levels (25% and 30%) of microalgae resulted in low weight gain and protein efficiency ratio and high feed conversion ratio [107]. The main reason for this phenomenon is that the digestibility of microalgae biomass is much worse than that of fish meal [112]. The reduction in feed intake was observed when the replacement ratio of fish meal by microalgae in the diet was excessively high [102]. Therefore, although some microalgal species contain a high content of protein, they may not be exploited as fish meal alternatives due to their poor digestibility.




4.3.2. Immunomodulatory Effects of Microalgae


It has been discovered that due to the enrichment of a variety of antioxidants, functional polysaccharides, and unsaturated fatty acids, microalgae have immunomodulatory effects [113,114,115,116]. Firstly, antioxidants, such as carotene, phycocyanin, and astaxanthin, are rich in some microalgal species [117]. As shown in Table 5, Haematococcus pluvialis is a microalgal strain that has been widely exploited to produce natural astaxanthin. Moreover, phycocyanin and β-carotene, which have antioxidative properties, are produced by some species of microalgae [118]. The supplementation of microalgal antioxidants in a diet not only positively impacts the total antioxidant activity but also enhances fish growth. Additionally, dietary intake of microalgal astaxanthin could effectively scavenge oxidative radicals and prevent the accumulation of peroxidation products in fish [119,120]. Some studies reveal that the dietary intake of microalgal antioxidants could lead to the up-regulation of some genes and make the gut microbiome diverse, thus positively impacting the immunity of aquatic animals [121,122]. Secondly, polysaccharides extracted from microalgae have been proven to have positive effects on shrimp, economic fish, and model fish (Table 5). Previous studies discovered that although the optimal inclusion ratio of microalgal polysaccharides in the diet was not high (0.3–2.0%), polysaccharide’s positive effects on aquatic animals should not be neglected. As reported by Ozório et al. (2024), supplementation of microalgal polysaccharide increased the survival rate of shrimp challenged with Vibrio alginolyticus [123]. Moreover, dietary intake of microalgal polysaccharides could make the gut microbiota of largemouth bass more diverse and improve the gut digestive enzymes [124]. Hence, a diet with microalgal polysaccharides could be favorable to the digestion and weight gain of aquatic animals [125]. Thirdly, unsaturated fatty acids, particularly polyunsaturated fatty acids (PUFAs), in microalgae oil could improve the fatty acid profile of fish products [126,127]. Hence, microalgae oil is regarded as a promising alternative to traditional fish oil in aquafeed production [127].




4.3.3. Pretreatment of Microalgae Biomass


Compared with animal-based aquafeed (fish meal, fish oil, etc.), microalgae have much poorer digestibility [133,134]. In a real-world application, to use microalgae for aquafeed production, pretreatment should be conducted. To date, specific methods to pretreat microalgae biomass for aquafeed production mainly include the disruption of cell walls, in vitro digestion, and purification of functional compounds [135,136].



Firstly, the cell wall, which mainly consisted of cellulose and hemicellulose, could be disrupted to increase the bioaccessibility of nutrients contained in microalgae [136]. Since most carnivorous fish, such as Micropterus salmoides, Siniperca chuatsi, and Elopichthys bambusa, could not effectively digest the cell wall of microalgae or plants, nutrients contained in microalgae and plants may not be assimilated directly [102]. The disruption of microalgae cell walls can be achieved using physical, chemical, or biological methods [137]. In recent years, as more and more researchers realize the negative effects of grinding, high-pressure homogenization, acid hydrolysis, and freezing/thawing on nutritional values and flavors of compounds in microalgal cells, enzyme-based cell wall disruption, which is an innovative type of biological method, is gaining considerable interest [138]. Gerken et al. (2013) evaluated the enzymatic degradation of Chlorella cell walls and found that this microalgal strain was more sensitive to lysozyme and chitinase [139]. In addition, cellulase and amylase could also be used for the enzyme-based degradation of microalgae cell walls [140,141].



Secondly, in vitro digestion could be conducted by performing enzyme-catalyzed reactions to increase the digestibility of nutrients in microalgae. As reported in a previous study, microalgae contain more high-molecular-weight protein than fish meal and pretreated soybean meal [142]. Moreover, microalgae contain more anti-nutritional factors, such as tannins, trypsin inhibitors, lectin, saponin, phytic acid, and so on, than fish meal [142]. Accordingly, specific enzymes can be employed to pretreat microalgae to promote the degradation of high-molecular-weight protein and the removal of anti-nutritional factors. For example, protease was adopted to perform enzymatic hydrolysis of Dunaliella salina and Spirulina platensis for the production of functional peptides [143]. With the improvement in protein digestibility, the feed conversion ratio (FCR) in aquaculture activity can be lowered, which improves the economic benefits of microalgae-based aquafeed.



Thirdly, to avoid the negative effects of those unfavorable compositions in microalgae on aquatic animals, functional compounds can be purified in advance and then added to aquafeed. In fact, this strategy has been widely adopted in previous studies (Table 5). For example, some previous studies supplemented polysaccharide extract, instead of the microalgae biomass, in aquafeed to culture Penaeus vannamei and Danio rerio [123,125]. Moreover, pure phycocyanin and β-carotene extracted from microalgae were supplemented in aquafeed, and the extracted microalgae oil was added in aquafeed as a source of PUFA [127,130,131].






5. Problems and Solutions


As an emerging model for carbon sequestration and biomass production, microalgae-based FPW treatment is challenged by a couple of problems; however, it has obvious advantages over traditional wastewater treatment technologies (Table 6). Specifically, the practical application of the technologies mentioned above is hindered by potential biomass safety risks, environmental changes in microalgae-based carbon sequestration, and the poor palatability of microalgae biomass.



5.1. Potential Biomass Safety Risks Caused by Pathogenic Microorganisms


Firstly, potential biomass safety risks caused by pathogenic microorganisms may occur in microalgae-based FPW treatment. In large-scale applications, FPW, which contains various pathogenic microorganisms, is exposed to an atmospheric environment during collection, transportation, and storage. Although FPW is always regarded as a safe effluent without toxic components, some pathogenic microorganisms in the atmosphere may contaminate wastewater. It should be noted that anaerobic digestion may reduce pathogen counts marginally, resulting in high survival of pathogenic microorganisms in the treated FPW [144]. In addition, the organic-rich environment in FPW is favorable to the growth of some pathogenic microorganisms during microalgae cultivation. If microalgae biomass contaminated by pathogens is used as aquafeed, pathogens or toxins can pose a serious threat to the health of aquatic animals and even result in the failure of aquaculture activity. To date, this problem has not been effectively solved at the technical level. Hence, in the microalgae industry, microalgae biomass harvested from wastewater treatment is currently mainly used to produce biofuel or fertilizer instead of aquafeed.



In fact, due to the high cost of sterilization and the totally enclosed cultivation system, it is not practically feasible to rule out the effects of airborne pathogens on microalgae-based FPW treatment. However, with the development of rapid detection technologies, such as nucleic acid-based assays (real-time PCR, multiplex PCR, etc.), antibody-based assays (enzyme-linked immunosorbent assay, etc.), and microfluidic biosensor-based detection (electrochemical method, point-of-care testing detection, mass spectrometry, etc.), for pathogenic bacteria, the whole process of microalgae-based FPW treatment could be monitored [145,146]. In this situation, if the amount of pathogens in FPW or microalgae biomass exceeds a certain limit, emergency measures can be taken to reduce the safety risks.




5.2. Environmental Changes During Microalgae-Based Carbon Sequestration


Although previous studies have proven the excellent performance of microalgae in carbon sequestration, forms of carbon in microalgae may impact the value of biomass in downstream industries [147]. For example, both proteins and carbohydrates in microalgae biomass are enriched with carbon elements, but their nutritional values are very different. In the production of carnivorous fish, particularly Siniperca chuatsi and Micropterus salmoides, protein-rich aquafeed is favorable to fish growth, while carbohydrate-rich aquafeed may not be digested efficiently or even cause a high mortality rate of fish. Therefore, to provide nutritious feed to carnivorous fish, it is expected that microalgae with high protein content could be obtained from FPW treatment.



During microalgae-based carbon sequestration, environmental conditions have direct impacts on the conversion path of carbon to algal components. It was reported that at lower temperatures, driven by the self-protection mechanism, microalgal cells are prone to capture carbon for lipid synthesis and yield oil-rich biomass [148]. Moreover, with the gradual exhaustion of nitrogen in wastewater, carbon assimilated by microalgal cells is used to synthesize lipids rather than protein. Previous studies also discovered that special chemicals, such as indoleacetic acid and iron, in culture medium or wastewater could regulate the gene expression of microalgal cells and promote intracellular lipid accumulation [149,150]. At present, the application of microalgae biofilm for carbon sequestration in FPW treatment is still being tested in an extensive management model because environmental changes cannot be accurately controlled. For instance, low temperatures in winter may increase the lipid productivity of microalgae, lowering biomass quality for aquaculture use. As a consequence, the form of carbon in microalgae varies at different conditions or in different periods, resulting in the uncertainty of the biomass quality.



To attenuate the negative effects of environmental changes on biomass quality, equipment, such as temperature controllers, chemical feeding devices, and illumination systems, can be employed to maintain stable environmental conditions during microalgae-based FPW treatment. It should be noted that the total cost of equipment investment and energy consumption must be fully considered to estimate the economic benefits. The control of environmental changes at the expense of extremely high costs might not be applicable in the microalgae industry.




5.3. Poor Palatability of Microalgae Biomass


The concept of using microalgae biomass as aquafeed for fish or shrimp production is important for the commercialization of microalgae-based carbon sequestration in FPW treatment. To the best of our knowledge, most herbivorous fish, such as Carassius auratus, Ctenopharyngodon idella, and Hypophthalmichthys molitrix, could utilize microalgae as one of their major foods in nature, while carnivorous fish do not rely on the nutrients from microalgae. Although microalgae biomass contains high-value components, such as essential amino acids and unsaturated fatty acids, poor palatability limits the use of microalgae in aquafeed for carnivorous fish culture. In other words, carbon captured by microalgae from FPW could not be converted to components that are attractive to carnivorous fish. Recently, although measures have been taken to increase the digestibility of intracellular components of microalgae, poor palatability of biomass is still a serious problem that limits the wide use of microalgae biomass as a fish meal alternative.



The most straightforward method to increase the palatability of microalgae-based aquafeed for carnivorous fish is adding natural or artificial attractants in aquafeed. In a study by Yue et al. (2022), limonene, allicin, and betaine were added to the diet of Micropterus salmoides to increase the feed intake and growth rate of fish [151]. In addition to the pure chemicals, some natural products with complex components, such as squid pastes, krill hydrolysate, and squid extracts, could be supplemented to improve the palatability of fish diets [152,153]. It must be noted that chemicals that are prohibited in aquaculture should not be used to increase the palatability of microalgae-based aquafeed. Otherwise, the palatability of aquafeed will be increased at the expense of food safety risks. In the view of the present authors, with the development of genetic modification techniques, in the coming future, genes determining the biosynthesis of flavor substances in microalgae can be regulated to increase the palatability of microalgae biomass.





6. Discussion of the Establishment of an Industrial Chain in the Future


The concept of employing microalgae as a carrier to transport carbon resources in wastewater to high-value bio-products will be of significance to environmental protection and circular economy under the goal of peaking carbon emissions and achieving carbon neutrality [154]. To truly put this promising concept into practice, an industrial chain must be established to integrate the technological innovations properly.



In the view of the present authors, policy support from governments for carbon sequestration is essential to the industrialization of this concept. In addition, the standard production of microalgae biomass on biofilm should be achieved at an industrial scale. Last but not least, measures must be taken to improve the competitiveness of microalgae-based products in the market.



6.1. Government Policies and Laws for Carbon Sequestration


High investment is required to put the concept of microalgae-based carbon sequestration into practice. In contrast, the contribution of microalgae-based carbon sequestration to environmental protection and carbon neutrality could not directly bring economic benefits to investors. Therefore, to encourage investment in microalgae-based carbon sequestration, policy support from governments is required. For example, governments could provide financial support to companies that perform well in carbon emission reduction. In this way, the employment of microalgae technology for carbon sequestration in FPW treatment will truly bring economic benefits to investors.



To control the quality and cost of microalgae biomass obtained from FPW treatment, FPW to be treated by microalgae should be regulated strictly by certain laws. At present, the potential safety risk of the microalgae biomass harvested from FPW is one of the major concerns that hinders the wide application of microalgae-based FPW treatment. If governments establish specific laws to regulate the safety level and chemical characteristics of FPW for microalgae cultivation, microalgae-based products will be accepted by more consumers in downstream industries.




6.2. Standardized Production of Microalgae Biomass at an Industrial Scale


Although microalgae biofilm has been successfully used for carbon sequestration and wastewater treatment in lab experiments or pilot-scale experiments, it has not been widely adopted at an industrial scale. As a consequence, standards for the biomass production of microalgae biofilm have not been established. Therefore, changes in biomass quality caused by fluctuations in environmental factors negatively impact the utilization of microalgae-based products in downstream industries.



In the view of the present authors, standards should be established to regulate the safety level and nutritional value of microalgae biomass for aquaculture practice. Firstly, with the establishment of the standard for the safety level of biomass, toxic or unsafe biomass will not be allowed to flow into downstream industries. This will require the companies growing microalgae for FPW treatment to take effective measures to rule out the effects of airborne pathogens on biomass quality. Secondly, standards regulating the nutritional values of biomass for aquafeed production will encourage companies to optimize the actual conditions for microalgae growth. In this way, biomass enriched with protein, antioxidants, or natural pigments can be provided to produce aquafeed with special functions.




6.3. Product Competitiveness and Market Acceptance


Fish meal has been used as a major ingredient in aquafeed of both carnivorous fish and herbivorous fish for many years; therefore, the competitiveness of microalgae biomass should be further improved for fish meal replacement in aquafeed production. In addition, the immaturity of microalgae-based aquafeed and the small market demand for microalgae products should be solved. In general, efforts should be devoted to the discovery of the irreplaceable nutritional value of microalgae, the reduction in microalgae production costs, and market advertising.



Although many publications have revealed the advantages of microalgae-based aquafeed over traditional aquafeed in lab research, few studies have studied the performance of microalgae-based aquafeed in large-scale aquaculture activities. With the increasing popularity of recirculating aquaculture systems and marine ranch systems in recent years, the performance of microalgae-based aquafeed in these large-scale systems should be assessed to provide first-hand data for aquaculture production [155,156]. In the future, with more and more people realizing the irreplaceable nutritional value of microalgae in the market, market acceptance of microalgae-based aquafeed will be improved. Accordingly, the industries related to microalgae-based carbon sequestration in FPW treatment will be positively impacted. In addition, the total cost of the integrated microalgae production and FPW treatment should be further reduced. Although the production cost of microalgae grown in FPW can be lower than that of microalgae grown in an artificial medium, the total cost of microalgae production should be further reduced to increase the productiveness of microalgae biomass in the market. For example, photovoltaic technology can be applied in microalgae-based carbon sequestration treatment to reduce the cost of energy consumption. Last, market advertising is necessary to increase the market acceptance of microalgae-based aquafeed since potential customers in the aquaculture industry still lack professional knowledge of microalgae-based products.





7. Limitations


Although this review summarized recent progress regarding the concept of “microalgae-based FPW treatment”, it is not devoid of some limitations. Firstly, we roughly estimated the carbon emissions based on the concentration of TOC in FPW; however, we did not obtain primary statistics of the carbon emissions during FPW treatment. In fact, in a real-world application, due to the energy consumption of equipment and exogenous carbon input, FPW treatment using traditional technologies results in much higher carbon emissions. Due to the inaccurate estimation of the carbon emissions of FPW treatment, we could not evaluate whether microalgae-based carbon sequestration could effectively make FPW treatment a net-zero carbon emission process. Secondly, although a couple of reactors of microalgae biofilms were introduced in this review study, their energy consumption, operating cost, and investment were not presented. As a consequence, the readers cannot fully understand the feasibility of each microalgae biofilm reactor in practical applications, thus constraining their understanding of the performance of microalgae biofilm. Thirdly, microalgae have been used as aquafeed by some aquaculture companies in practice, but we did not provide an in-depth economic analysis to evaluate the profitability of microalgae-based aquafeed. This is because of the lack of financial statistics for the microalgae-based aquafeed producers. In the future, market acceptance of microalgae-based aquafeed can be improved by conducting a review study that demonstrates the economic advantage of microalgae-based aquafeed over traditional feed.




8. Conclusions


Due to the intensive carbon emissions associated with organic-rich FPW treatment using traditional technologies, the concept of microalgae-based carbon sequestration for FPW treatment is gaining considerable interest. This review study introduces this innovative concept and summarizes recent progress in the aspects of FPW pretreatment, microalgae biofilm, and microalgae-based aquafeed. In real-world applications, anaerobic digestion conducted using a proper model could effectively increase the digestibility of wastewater-borne nutrients, and the balance of the nutrient profile of FPW could favor the biomass production of microalgae. In addition, the immobilization of microalgal cells on biofilm could simplify the biomass harvesting process and lower the total cost of microalgae production. Finally, due to the higher price of aquafeed than those of fertilizer and fuel, the exploitation of microalgae as a major ingredient of aquafeed will generate economic benefits and promote the commercialization of microalgae-based FPW treatment. Hence, technological advancements are making the concept of microalgae-based carbon sequestration in FPW treatment practically applicable.



However, problems caused by the potential safety risks of pathogenic microorganisms, environmental changes during microalgae cultivation, and poor palatability of microalgae biomass still hinder the practical application of this innovative concept. In addition to solving the aforementioned problems, an industrial chain should be established in the future to promote the wide application of microalgae-based carbon sequestration in FPW treatment.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/w17040536/s1, Figure S1: Logic and structure of this review.





Funding


This work is funded by the Basic Research Program Natural Science Foundation of Jiangsu Province (BK20230665).




Acknowledgments


The author thanks the support from the Basic Research Program Natural Science Foundation of Jiangsu Province.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Lu, Q.; Zhou, W.; Min, M.; Ma, X.; Chandra, C.; Doan, Y.T.; Ma, Y.; Zheng, H.; Cheng, S.; Griffith, R. Growing Chlorella sp. on meat processing wastewater for nutrient removal and biomass production. Bioresour. Technol. 2015, 198, 189–197. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Lu, Q. Cultivation of microalgae in food processing effluent for pollution attenuation and astaxanthin production: A review of technological innovation and downstream application. Front. Bioeng. Biotechnol. 2024, 12, 1365514. [Google Scholar] [CrossRef]

	



Lu, Q.; Ma, C.; Guo, L.; Lu, Y.; Li, H. Co-Fermentation of Chlorella vulgaris with oleaginous yeast in starch processing effluent as a carbon-Reducing strategy for wastewater treatment and biofuel feedstock production. Fermentation 2023, 9, 476. [Google Scholar] [CrossRef]

	



Lu, Q.; Zhou, W.; Min, M.; Ma, X.; Ma, Y.; Chen, P.; Zheng, H.; Doan, Y.T.; Liu, H.; Chen, C. Mitigating ammonia nitrogen deficiency in dairy wastewaters for algae cultivation. Bioresour. Technol. 2016, 201, 33–40. [Google Scholar] [CrossRef]

	



Li, S.; Zhao, S.; Yan, S.; Qiu, Y.; Song, C.; Li, Y.; Kitamura, Y. Food processing wastewater purification by microalgae cultivation associated with high value-added compounds production—A review. Chin. J. Chem. Eng. 2019, 27, 2845–2856. [Google Scholar] [CrossRef]

	



Li, J.; Wang, L.; Lu, Q.; Zhou, W. Toxicity alleviation for microalgae cultivation by cationic starch addition and ammonia stripping and study on the cost assessment. RSC Adv. 2019, 9, 38235–38245. [Google Scholar] [CrossRef]

	



Tiwari, A.; Sahu, O. Treatment of food-agro (sugar) industry wastewater with copper metal and salt: Chemical oxidation and electro-oxidation combined study in batch mode. Water Resour. Ind. 2017, 17, 19–25. [Google Scholar] [CrossRef]

	



Chen, A.; Liang, H.; Chen, T.; Yang, W.; Ding, C. Influence of long-term irrigation with treated papermaking wastewater on soil ecosystem of a full-scale managed reed wetland. J. Soils Sediments 2016, 16, 1352–1359. [Google Scholar] [CrossRef]

	



Kama, R.; Liu, Y.; Aidara, M.; Kpalari, D.F.; Song, J.; Diatta, S.; Sulemana, H.; Li, H.; Li, Z. Plant-soil feedback combined with straw incorporation under maize/soybean intercropping increases heavy metals migration in soil-plant system and soil HMRG abundance under livestock wastewater irrigation. J. Soil Sci. Plant Nutr. 2024, 24, 7090–7104. [Google Scholar] [CrossRef]

	



Battimelli, A.; Loisel, D.; Garcia-Bernet, D.; Carrere, H.; Delgenes, J.P. Combined ozone pretreatment and biological processes for removal of colored and biorefractory compounds in wastewater from molasses fermentation industries. J. Chem. Technol. Biotechnol. 2010, 85, 968–975. [Google Scholar] [CrossRef]

	



Liu, Z.; Xu, Z.; Zhu, X.; Yin, L.; Yin, Z.; Li, X.; Zheng, W. Calculation of carbon emissions in wastewater treatment and its neutralization measures: A review. Sci. Total Environ. 2023, 912, 169356. [Google Scholar] [CrossRef] [PubMed]

	



Jing, Y.; Zhang, Y.; Han, I.; Wang, P.; Mei, Q.; Huang, Y. Effects of different straw biochars on soil organic carbon, nitrogen, available phosphorus, and enzyme activity in paddy soil. Sci. Rep. 2020, 10, 8837. [Google Scholar] [CrossRef] [PubMed]

	



Khan, I.; Tariq, M.; Alabbosh, K.F.; Rehman, A.; Jalal, A.; Khan, A.A.; Farooq, M.; Li, G.; Iqbal, B.; Ahmad, N. Soil microplastics: Impacts on greenhouse gasses emissions, carbon cycling, microbial diversity, and soil characteristics. Appl. Soil Ecol. 2024, 197, 105343. [Google Scholar] [CrossRef]

	



Nazir, M.J.; Li, G.; Nazir, M.M.; Zulfiqar, F.; Siddique, K.H.; Iqbal, B.; Du, D. Harnessing soil carbon sequestration to address climate change challenges in agriculture. Soil Tillage Res. 2024, 237, 105959. [Google Scholar] [CrossRef]

	



Xu, H.; Ding, Y.; Qiu, X.; Shimasaki, Y.; Oshima, Y. Quantitative Proteomic Analysis of Nile Tilapia Brain Following Sub–Chronically Exposed to Toxic Cyanobacteria Microcystis aeruginosa. J. Fac. Agric. Kyushu Univ. 2020, 65, 283–288. [Google Scholar] [CrossRef]

	



Surendhiran, D.; Li, C.; Cui, H.; Lin, L. Marine algae as efficacious bioresources housing antimicrobial compounds for preserving foods-A review. Int. J. Food Microbiol. 2021, 358, 109416. [Google Scholar] [CrossRef]

	



Shao, W.; Ebaid, R.; El-Sheekh, M.; Abomohra, A.; Eladel, H. Pharmaceutical applications and consequent environmental impacts of Spirulina (Arthrospira): An overview. Grasas Aceites 2019, 70, e292. [Google Scholar] [CrossRef]

	



Ashour, M.; Mansour, A.T.; Alkhamis, Y.A.; Elshobary, M. Usage of Chlorella and diverse microalgae for CO2 capture-towards a bioenergy revolution. Front. Bioeng. Biotechnol. 2024, 12, 1387519. [Google Scholar] [CrossRef]

	



Lu, Q.; Xiao, Y. From manure to high-value fertilizer: The employment of microalgae as a nutrient carrier for sustainable agriculture. Algal Res. 2022, 67, 102855. [Google Scholar] [CrossRef]

	



Moshood, T.D.; Nawanir, G.; Mahmud, F. Microalgae biofuels production: A systematic review on socioeconomic prospects of microalgae biofuels and policy implications. Environ. Chall. 2021, 5, 100207. [Google Scholar] [CrossRef]

	



Silva, A.; Cassani, L.; Grosso, C.; Garcia-Oliveira, P.; Morais, S.L.; Echave, J.; Carpena, M.; Xiao, J.; Barroso, M.F.; Simal-Gandara, J. Recent advances in biological properties of brown algae-derived compounds for nutraceutical applications. Crit. Rev. Food Sci. Nutr. 2024, 64, 1283–1311. [Google Scholar] [CrossRef]

	



Mizik, T.; Gyarmati, G. Economic and sustainability of biodiesel production—A systematic literature review. Clean Technol. 2021, 3, 19–36. [Google Scholar] [CrossRef]

	



Pahunang, R.R.; Buonerba, A.; Senatore, V.; Oliva, G.; Ouda, M.; Zarra, T.; Muñoz, R.; Puig, S.; Ballesteros Jr, F.C.; Li, C.-W. Advances in technological control of greenhouse gas emissions from wastewater in the context of circular economy. Sci. Total Environ. 2021, 792, 148479. [Google Scholar] [CrossRef] [PubMed]

	



Posadas, E.; Bochon, S.; Coca, M.; García-González, M.; García-Encina, P.; Muñoz, R. Microalgae-based agro-industrial wastewater treatment: A preliminary screening of biodegradability. J. Appl. Phycol. 2014, 26, 2335–2345. [Google Scholar] [CrossRef]

	



Yang, M.; Peng, M.; Wu, D.; Feng, H.; Wang, Y.; Lv, Y.; Sun, F.; Sharma, S.; Che, Y.; Yang, K. Greenhouse gas emissions from wastewater treatment plants in China: Historical emissions and future mitigation potentials. Resour. Conserv. Recycl. 2023, 190, 106794. [Google Scholar] [CrossRef]

	



Pan, Y.; Birdsey, R.A.; Phillips, O.L.; Houghton, R.A.; Fang, J.; Kauppi, P.E.; Keith, H.; Kurz, W.A.; Ito, A.; Lewis, S.L. The enduring world forest carbon sink. Nature 2024, 631, 563–569. [Google Scholar] [CrossRef]

	



Mgalula, M.E.; Wasonga, O.V.; Hülsebusch, C.; Richter, U.; Hensel, O. Greenhouse gas emissions and carbon sink potential in Eastern Africa rangeland ecosystems: A review. Pastoralism 2021, 11, 19. [Google Scholar] [CrossRef]

	



Keeling, H.C.; Phillips, O.L. The global relationship between forest productivity and biomass. Glob. Ecol. Biogeogr. 2007, 16, 618–631. [Google Scholar] [CrossRef]

	



Osunkoya, O.O.; Sheng, T.K.; Mahmud, N.A.; Damit, N. Variation in wood density, wood water content, stem growth and mortality among twenty-seven tree species in a tropical rainforest on Borneo Island. Austral Ecol. 2007, 32, 191–201. [Google Scholar] [CrossRef]

	



Thomas, S.C.; Martin, A.R. Carbon content of tree tissues: A synthesis. Forests 2012, 3, 332–352. [Google Scholar] [CrossRef]

	



Tubeileh, A.; Rennie, T.J.; Goss, M.J. A review on biomass production from C4 grasses: Yield and quality for end-use. Curr. Opin. Plant Biol. 2016, 31, 172–180. [Google Scholar] [CrossRef] [PubMed]

	



Fagan, C.C.; Everard, C.D.; McDonnell, K. Prediction of moisture, calorific value, ash and carbon content of two dedicated bioenergy crops using near-infrared spectroscopy. Bioresour. Technol. 2011, 102, 5200–5206. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Zhang, M.; Yu, Q.; Mujumdar, A.S.; Yang, C. Fresh food quality deterioration detection and labeling: A review of recent research and application in Supply Chain. Food Bioprocess Technol. 2024, 17, 1706–1726. [Google Scholar] [CrossRef]

	



Lu, Q.; Liu, H.; Sun, Y.; Li, H. Combined zeolite-based ammonia slow-release and algae-yeast consortia to treat piggery wastewater: Improved nitrogen and carbon migration. Bioresour. Technol. 2023, 387, 129671. [Google Scholar] [CrossRef]

	



Han, P.; Lu, Q.; Fan, L.; Zhou, W. A review on the use of microalgae for sustainable aquaculture. Appl. Sci. 2019, 9, 2377. [Google Scholar] [CrossRef]

	



Sorgatto, V.G.; Soccol, C.R.; Molina-Aulestia, D.T.; de Carvalho, M.A.; de Melo Pereira, G.V.; de Carvalho, J.C. Mixotrophic cultivation of microalgae in cassava processing wastewater for simultaneous treatment and production of lipid-rich biomass. Fuels 2021, 2, 521–532. [Google Scholar] [CrossRef]

	



Wang, Y.; Chan, K.X.; Long, S.P. Towards a dynamic photosynthesis model to guide yield improvement in C4 crops. Plant J. 2021, 107, 343–359. [Google Scholar] [CrossRef]

	



Qin, S.; Wang, K.; Gao, F.; Ge, B.; Cui, H.; Li, W. Biotechnologies for bulk production of microalgal biomass: From mass cultivation to dried biomass acquisition. Biotechnol. Biofuels Bioprod. 2023, 16, 131. [Google Scholar] [CrossRef]

	



Lu, Q.; Lu, Y. Microalga-and yeast-based astaxanthin production via nutrient recovery from wastewater for aquaculture practice: An emerging technology for sustainable development. J. Chem. Technol. Biotechnol. 2022, 97, 3035–3048. [Google Scholar] [CrossRef]

	



Xu, P.; Li, J.; Qian, J.; Wang, B.; Liu, J.; Xu, R.; Chen, P.; Zhou, W. Recent advances in CO2 fixation by microalgae and its potential contribution to carbon neutrality. Chemosphere 2023, 319, 137987. [Google Scholar] [CrossRef]

	



Marella, T.K.; Bhattacharjya, R.; Tiwari, A. Impact of organic carbon acquisition on growth and functional biomolecule production in diatoms. Microb. Cell Factories 2021, 20, 135. [Google Scholar] [CrossRef] [PubMed]

	



Angelini, F.; Bellini, E.; Marchetti, A.; Salvatori, G.; Villano, M.; Pontiggia, D.; Ferrari, S. Efficient utilization of monosaccharides from agri-food byproducts supports Chlorella vulgaris biomass production under mixotrophic conditions. Algal Res. 2024, 77, 103358. [Google Scholar] [CrossRef]

	



Hu, B.; Zhou, W.; Min, M.; Du, Z.; Chen, P.; Ma, X.; Liu, Y.; Lei, H.; Shi, J.; Ruan, R. Development of an effective acidogenically digested swine manure-based algal system for improved wastewater treatment and biofuel and feed production. Appl. Energy 2013, 107, 255–263. [Google Scholar] [CrossRef]

	



Chatterjee, B.; Mazumder, D. Role of stage-separation in the ubiquitous development of anaerobic digestion of organic fraction of municipal solid waste: A critical review. Renew. Sustain. Energy Rev. 2019, 104, 439–469. [Google Scholar] [CrossRef]

	



Marquez, G.P.B.; Santiañez, W.J.E.; Trono Jr, G.C.; Montaño, M.N.E.; Araki, H.; Takeuchi, H.; Hasegawa, T. Seaweed biomass of the Philippines: Sustainable feedstock for biogas production. Renew. Sustain. Energy Rev. 2014, 38, 1056–1068. [Google Scholar] [CrossRef]

	



Wang, L.; Li, Y.; Chen, P.; Min, M.; Chen, Y.; Zhu, J.; Ruan, R.R. Anaerobic digested dairy manure as a nutrient supplement for cultivation of oil-rich green microalgae Chlorella sp. Bioresour. Technol. 2010, 101, 2623–2628. [Google Scholar] [CrossRef]

	



Lu, Q.; Liu, H.; Liu, W.; Zhong, Y.; Ming, C.; Qian, W.; Wang, Q.; Liu, J. Pretreatment of brewery effluent to cultivate Spirulina sp. for nutrients removal and biomass production. Water Sci. Technol. 2017, 76, 1852–1866. [Google Scholar] [CrossRef]

	



Suárez Quintana, W.H.; García-Rico, R.O.; García-Martínez, J.B.; Urbina-Suarez, N.A.; López-Barrera, G.L.; Barajas-Solano, A.F.; Zuorro, A. Enhancement of metabolite production in high-altitude microalgal strains by optimized C/N/P ratio. Appl. Sci. 2022, 12, 6779. [Google Scholar] [CrossRef]

	



Qian, W.; Yang, Y.; Chou, S.; Ge, S.; Li, P.; Wang, X.; Zhuang, L.-L.; Zhang, J. Effect of N/P ratio on attached microalgae growth and the differentiated metabolism along the depth of biofilm. Environ. Res. 2024, 240, 117428. [Google Scholar] [CrossRef]

	



Lu, Q.; Chen, P.; Addy, M.; Zhang, R.; Deng, X.; Ma, Y.; Cheng, Y.; Hussain, F.; Chen, C.; Liu, Y. Carbon-dependent alleviation of ammonia toxicity for algae cultivation and associated mechanisms exploration. Bioresour. Technol. 2018, 249, 99–107. [Google Scholar] [CrossRef]

	



Mei, L.; Qin, Z.; Hu, C.-W.; Li, C.; Liu, Z.-l.; Kong, Z.-m. Cobalt and manganese stress in the microalga Pavlova viridis (Prymnesiophyceae): Effects on lipid peroxidation and antioxidant enzymes. J. Environ. Sci. 2007, 19, 1330–1335. [Google Scholar]

	



Lu, Q.; Xiao, Y.; Lu, Y. Employment of algae-based biological soil crust to control desertification for the sustainable development: A mini-review. Algal Res. 2022, 65, 102747. [Google Scholar] [CrossRef]

	



Hu, Y.; Xiao, Y.; Liao, K.; Leng, Y.; Lu, Q. Development of microalgal biofilm for wastewater remediation: From mechanism to practical application. J. Chem. Technol. Biotechnol. 2021, 96, 2993–3008. [Google Scholar] [CrossRef]

	



Lee, H.E.; Lee, J.H.; Park, S.M.; Kim, D.G. Symbiotic relationship between filamentous algae (Halomicronema sp.) and extracellular polymeric substance-producing algae (Chlamydomonas sp.) through biomimetic simulation of natural algal mats. Front. Microbiol. 2023, 14, 1176069. [Google Scholar] [CrossRef]

	



Cheah, Y.T.; Chan, D.J.C. Physiology of microalgal biofilm: A review on prediction of adhesion on substrates. Bioengineered 2021, 12, 7577–7599. [Google Scholar] [CrossRef]

	



Hoh, D.; Watson, S.; Kan, E. Algal biofilm reactors for integrated wastewater treatment and biofuel production: A review. Chem. Eng. J. 2016, 287, 466–473. [Google Scholar] [CrossRef]

	



Hu, Z.; Li, J.; Qian, J.; Liu, J.; Zhou, W. Efficacy and mechanisms of rotating algal biofilm system in remediation of soy sauce wastewater. Bioresour. Technol. 2024, 406, 131047. [Google Scholar] [CrossRef]

	



Zhang, Q.; Liu, C.; Li, Y.; Yu, Z.; Chen, Z.; Ye, T.; Wang, X.; Hu, Z.; Liu, S.; Xiao, B. Cultivation of algal biofilm using different lignocellulosic materials as carriers. Biotechnol. Biofuels 2017, 10, 1–16. [Google Scholar] [CrossRef]

	



de Assis, L.R.; Calijuri, M.L.; Assemany, P.P.; Berg, E.C.; Febroni, L.V.; Bartolomeu, T.A. Evaluation of the performance of different materials to support the attached growth of algal biomass. Algal Res. 2019, 39, 101440. [Google Scholar] [CrossRef]

	



Gross, M.; Henry, W.; Michael, C.; Wen, Z. Development of a rotating algal biofilm growth system for attached microalgae growth with in situ biomass harvest. Bioresour. Technol. 2013, 150, 195–201. [Google Scholar] [CrossRef]

	



Zhou, H.; Zhao, X.; Kumar, K.; Kunetz, T.; Zhang, Y.; Gross, M.; Wen, Z. Removing high concentration of nickel (II) ions from synthetic wastewater by an indigenous microalgae consortium with a Revolving Algal Biofilm (RAB) system. Algal Res. 2021, 59, 102464. [Google Scholar] [CrossRef]

	



Gross, M.; Wen, Z. Yearlong evaluation of performance and durability of a pilot-scale revolving algal biofilm (RAB) cultivation system. Bioresour. Technol. 2014, 171, 50–58. [Google Scholar] [CrossRef]

	



Zhou, H.; Sheng, Y.; Zhao, X.; Gross, M.; Wen, Z. Treatment of acidic sulfate-containing wastewater using revolving algae biofilm reactors: Sulfur removal performance and microbial community characterization. Bioresour. Technol. 2018, 264, 24–34. [Google Scholar] [CrossRef] [PubMed]

	



Besemer, K. Biodiversity, community structure and function of biofilms in stream ecosystems. Res. Microbiol. 2015, 166, 774–781. [Google Scholar] [CrossRef] [PubMed]

	



Hussey, S.J.; Purves, J.; Allcock, N.; Fernandes, V.E.; Monks, P.S.; Ketley, J.M.; Andrew, P.W.; Morrissey, J.A. Air pollution alters Staphylococcus aureus and Streptococcus pneumoniae biofilms, antibiotic tolerance and colonisation. Environ. Microbiol. 2017, 19, 1868–1880. [Google Scholar] [CrossRef]

	



Sirohi, R.; Joun, J.; Lee, J.Y.; Yu, B.S.; Sim, S.J. Waste mitigation and resource recovery from food industry wastewater employing microalgae-bacterial consortium. Bioresour. Technol. 2022, 352, 127129. [Google Scholar] [CrossRef] [PubMed]

	



Elystia, S.; Nasution, F.H.M.; Sasmita, A. Rotary Algae Biofilm Reactor (RABR) using microalgae Chlorella sp. for tofu wastewater treatment. Mater. Today Proc. 2023, 87, 263–271. [Google Scholar] [CrossRef]

	



Gonçalves, C.; Ferreira, N.; Lourenço, L. Production of low molecular weight chitosan and chitooligosaccharides (COS): A review. Polymers 2021, 13, 2466. [Google Scholar] [CrossRef]

	



Zhu, W.; Luan, H.; Bu, Y.; Li, J.; Li, X.; Zhang, Y. Changes in taste substances during fermentation of fish sauce and the correlation with protease activity. Food Res. Int. 2021, 144, 110349. [Google Scholar] [CrossRef]

	



Kazbar, A.; Cogne, G.; Urbain, B.; Marec, H.; Le-Gouic, B.; Tallec, J.; Takache, H.; Ismail, A.; Pruvost, J. Effect of dissolved oxygen concentration on microalgal culture in photobioreactors. Algal Res. 2019, 39, 101432. [Google Scholar] [CrossRef]

	



Cho, D.-H.; Ramanan, R.; Heo, J.; Lee, J.; Kim, B.-H.; Oh, H.-M.; Kim, H.-S. Enhancing microalgal biomass productivity by engineering a microalgal–bacterial community. Bioresour. Technol. 2015, 175, 578–585. [Google Scholar] [CrossRef] [PubMed]

	



Croft, M.T.; Lawrence, A.D.; Raux-Deery, E.; Warren, M.J.; Smith, A.G. Algae acquire vitamin B12 through a symbiotic relationship with bacteria. Nature 2005, 438, 90–93. [Google Scholar] [CrossRef] [PubMed]

	



Fuentes, J.L.; Garbayo, I.; Cuaresma, M.; Montero, Z.; González-del-Valle, M.; Vílchez, C. Impact of microalgae-bacteria interactions on the production of algal biomass and associated compounds. Mar. Drugs 2016, 14, 100. [Google Scholar] [CrossRef]

	



Hoang, A.T.; Sirohi, R.; Pandey, A.; Nižetić, S.; Lam, S.S.; Chen, W.-H.; Luque, R.; Thomas, S.; Arıcı, M.; Pham, V.V. Biofuel production from microalgae: Challenges and chances. Phytochem. Rev. 2023, 22, 1089–1126. [Google Scholar] [CrossRef]

	



Sun, J.; Xiong, X.; Wang, M.; Du, H.; Li, J.; Zhou, D.; Zuo, J. Microalgae biodiesel production in China: A preliminary economic analysis. Renew. Sustain. Energy Rev. 2019, 104, 296–306. [Google Scholar] [CrossRef]

	



Roy, S.S.; Pal, R. Microalgae in aquaculture: A review with special references to nutritional value and fish dietetics. In Proceedings of Zoological Society; Springer: Delhi, India, 2015; pp. 1–8. [Google Scholar]

	



Lu, Q.; Lu, Y.; Yang, L. Challenging problems of applying microalgae for aquaculture environment protection and nutrition supplementation: A long road traveled and still a far way to go. Front. Bioeng. Biotechnol. 2023, 11, 1151440. [Google Scholar] [CrossRef]

	



Deng, Y.; Chen, F.; Liao, K.; Xiao, Y.; Chen, S.; Lu, Q.; Li, J.; Zhou, W. Microalgae for nutrient recycling from food waste to aquaculture as feed substitute: A promising pathway to eco-friendly development. J. Chem. Technol. Biotechnol. 2021, 96, 2496–2508. [Google Scholar] [CrossRef]

	



Napolitano, G.; Venditti, P.; Agnisola, C.; Quartucci, S.; Fasciolo, G.; Tomajoli, M.T.M.; Geremia, E.; Catone, C.M.; Ulgiati, S. Towards sustainable aquaculture systems: Biological and environmental impact of replacing fishmeal with Arthrospira platensis (Nordstedt)(spirulina). J. Clean. Prod. 2022, 374, 133978. [Google Scholar] [CrossRef]

	



Seyfabadi, J.; Ramezanpour, Z.; Amini Khoeyi, Z. Protein, fatty acid, and pigment content of Chlorella vulgaris under different light regimes. J. Appl. Phycol. 2011, 23, 721–726. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhang, P.; Sun, H.; Chen, M.; Lu, S.; Li, P. Effects of various organic carbon sources on the growth and biochemical composition of Chlorella pyrenoidosa. Bioresour. Technol. 2014, 173, 52–58. [Google Scholar] [CrossRef]

	



Xie, F.; Zhang, F.; Zhou, K.; Zhao, Q.; Sun, H.; Wang, S.; Zhao, Y.; Fu, J. Breeding of high protein Chlorella sorokiniana using protoplast fusion. Bioresour. Technol. 2020, 313, 123624. [Google Scholar] [CrossRef] [PubMed]

	



Vizcaıno, A.; López, G.; Sáez, M.; Jiménez, J.; Barros, A.; Hidalgo, L.; Camacho-Rodrıguez, J.; Martınez, T.; Cerón-Garcıa, M.; Alarcón, F. Effects of the microalga Scenedesmus almeriensis as fishmeal alternative in diets for gilthead sea bream, Sparus aurata, juveniles. Aquaculture 2014, 431, 34–43. [Google Scholar] [CrossRef]

	



de Cruz, C.R.; Lubrano, A.; Gatlin III, D.M. Evaluation of microalgae concentrates as partial fishmeal replacements for hybrid striped bass Morone sp. Aquaculture 2018, 493, 130–136. [Google Scholar] [CrossRef]

	



Seong, T.; Uno, Y.; Kitagima, R.; Kabeya, N.; Haga, Y.; Satoh, S. Microalgae as main ingredient for fish feed: Non-fish meal and non-fish oil diet development for red sea bream, Pagrus major, by blending of microalgae Nannochloropsis, Chlorella and Schizochytrium. Aquac. Res. 2021, 52, 6025–6036. [Google Scholar] [CrossRef]

	



Valente, L.M.P.; Custódio, M.; Batista, S.; Fernandes, H.; Kiron, V. Defatted microalgae (Nannochloropsis sp.) from biorefinery as a potential feed protein source to replace fishmeal in European sea bass diets. Fish Physiol. Biochem. 2019, 45, 1067–1081. [Google Scholar] [CrossRef]

	



Gong, Y.; Bandara, T.; Huntley, M.; Johnson, Z.I.; Dias, J.; Dahle, D.; Sørensen, M.; Kiron, V. Microalgae Scenedesmus sp. as a potential ingredient in low fishmeal diets for Atlantic salmon (Salmo salar L.). Aquaculture 2019, 501, 455–464. [Google Scholar] [CrossRef]

	



Walker, A.B.; Berlinsky, D.L. Effects of partial replacement of fish meal protein by microalgae on growth, feed intake, and body composition of Atlantic cod. N. Am. J. Aquac. 2011, 73, 76–83. [Google Scholar] [CrossRef]

	



Mohan, K.; Ravichandran, S.; Muralisankar, T.; Uthayakumar, V.; Chandirasekar, R.; Seedevi, P.; Abirami, R.G.; Rajan, D.K. Application of marine-derived polysaccharides as immunostimulants in aquaculture: A review of current knowledge and further perspectives. Fish Shellfish Immunol. 2019, 86, 1177–1193. [Google Scholar] [CrossRef]

	



Ouyang, Y.; Qiu, Y.; Liu, Y.; Zhu, R.; Chen, Y.; El-Seedi, H.R.; Chen, X.; Zhao, C. Cancer-fighting potentials of algal polysaccharides as nutraceuticals. Food Res. Int. 2021, 147, 110522. [Google Scholar] [CrossRef]

	



Shah, M.A.R.; Zhu, F.; Cui, Y.; Hu, X.; Chen, H.; Kayani, S.-I.; Huo, S. Mechanistic insights into the nutritional and therapeutic potential of Spirulina (Arthrospira) spp.: Challenges and opportunities. Trends Food Sci. Technol. 2024, 151, 104648. [Google Scholar] [CrossRef]

	



Garcia-Perez, P.; Cassani, L.; Garcia-Oliveira, P.; Xiao, J.; Simal-Gandara, J.; Prieto, M.A.; Lucini, L. Algal nutraceuticals: A perspective on metabolic diversity, current food applications, and prospects in the field of metabolomics. Food Chem. 2023, 409, 135295. [Google Scholar] [CrossRef] [PubMed]

	



Gowd, V.; Xiao, J.; Wang, M.; Chen, F.; Cheng, K.W. Multi-Mechanistic Antidiabetic Potential of Astaxanthin: An Update on Preclinical and Clinical Evidence. Mol. Nutr. Food Res. 2021, 65, 2100252. [Google Scholar] [CrossRef] [PubMed]

	



Shah, M.A.R.; Zhang, Y.; Cui, Y.; Hu, X.; Zhu, F.; Kumar, S.; Li, G.; Kubar, A.A.; Mehmood, S.; Huo, S. Ultrasonic-assisted green extraction and incorporation of Spirulina platensis bioactive components into turmeric essential oil-in-water nanoemulsion for enhanced antioxidant and antimicrobial activities. Food Chem. 2024, 452, 139561. [Google Scholar] [CrossRef]

	



Sheikhzadeh, N.; Tayefi-Nasrabadi, H.; Khani Oushani, A.; Najafi Enferadi, M.H. Effects of Haematococcus pluvialis supplementation on antioxidant system and metabolism in rainbow trout (Oncorhynchus mykiss). Fish Physiol. Biochem. 2012, 38, 413–419. [Google Scholar] [CrossRef]

	



Xie, J.; Fang, H.; He, X.; Liao, S.; Liu, Y.; Tian, L.; Niu, J. Study on mechanism of synthetic astaxanthin and Haematococcus pluvialis improving the growth performance and antioxidant capacity under acute hypoxia stress of golden pompano (Trachinotus ovatus) and enhancing anti-inflammatory by activating Nrf2-ARE pathway to antagonize the NF-κB pathway. Aquaculture 2020, 518, 734657. [Google Scholar]

	



Kiadaliri, M.; Firouzbakhsh, F.; Deldar, H. Effects of feeding with red algae (Laurencia caspica) hydroalcoholic extract on antioxidant defense, immune responses, and immune gene expression of kidney in rainbow trout (Oncorhynchus mykiss) infected with Aeromonas hydrophila. Aquaculture 2020, 526, 735361. [Google Scholar] [CrossRef]

	



Hassaan, M.S.; Mohammady, E.Y.; Soaudy, M.R.; Sabae, S.A.; Mahmoud, A.M.; El-Haroun, E.R. Comparative study on the effect of dietary β-carotene and phycocyanin extracted from Spirulina platensis on immune-oxidative stress biomarkers, genes expression and intestinal enzymes, serum biochemical in Nile tilapia, Oreochromis niloticus. Fish Shellfish Immunol. 2021, 108, 63–72. [Google Scholar] [CrossRef]

	



Ozório, R.Á.; Lopes, R.G.; Vieira, F.d.N.; Bolívar-Ramírez, N.C.; Oliveira, C.Y.B.d.; Barracco, M.A.A.M.; Owatari, M.S.; Fracalossi, D.M.; Derner, R.B. Crude Polysaccharide Extract from the Microalga Porphyridium cruentum Improved Nonspecific Immune Responses and Resistance in Penaeus vannamei Exposed to Vibrio alginolyticus. Aquac. J. 2024, 4, 104–113. [Google Scholar] [CrossRef]

	



Zhang, W.; Deng, Y.; Yang, Z.; Kong, Q.; Liu, P.; Liao, H.; Tang, H. Effects of partial replacement of fishmeal with Spirulina platensis powder and addition of Spirulina platensis polysaccharide on growth, nutrition, antioxidant capacity and gut microbiota of Micropterus salmoides. Aquaculture 2024, 586, 740802. [Google Scholar] [CrossRef]

	



Rajasekar, P.; Palanisamy, S.; Anjali, R.; Vinosha, M.; Elakkiya, M.; Marudhupandi, T.; Tabarsa, M.; You, S.; Prabhu, N.M. Isolation and structural characterization of sulfated polysaccharide from Spirulina platensis and its bioactive potential: In vitro antioxidant, antibacterial activity and Zebrafish growth and reproductive performance. Int. J. Biol. Macromol. 2019, 141, 809–821. [Google Scholar] [CrossRef]

	



Sarker, P.K.; Kapuscinski, A.R.; Lanois, A.J.; Livesey, E.D.; Bernhard, K.P.; Coley, M.L. Towards sustainable aquafeeds: Complete substitution of fish oil with marine microalga Schizochytrium sp. improves growth and fatty acid deposition in juvenile Nile tilapia (Oreochromis niloticus). PLoS ONE 2016, 11, e0156684. [Google Scholar] [CrossRef] [PubMed]

	



Santigosa, E.; Brambilla, F.; Milanese, L. Microalgae oil as an effective alternative source of EPA and DHA for gilthead seabream (Sparus aurata) aquaculture. Animals 2021, 11, 971. [Google Scholar] [CrossRef] [PubMed]

	



Van De Walle, S.; Broucke, K.; Baune, M.-C.; Terjung, N.; Van Royen, G.; Boukid, F. Microalgae protein digestibility: How to crack open the black box? Crit. Rev. Food Sci. Nutr. 2024, 64, 7149–7171. [Google Scholar] [CrossRef] [PubMed]

	



Gao, S.; Chen, W.; Cao, S.; Sun, P.; Gao, X. Microalgae as fishmeal alternatives in aquaculture: Current status, existing problems, and possible solutions. Environ. Sci. Pollut. Res. 2024, 31, 16113–16130. [Google Scholar] [CrossRef]

	



Kim, D.-Y.; Vijayan, D.; Praveenkumar, R.; Han, J.-I.; Lee, K.; Park, J.-Y.; Chang, W.-S.; Lee, J.-S.; Oh, Y.-K. Cell-wall disruption and lipid/astaxanthin extraction from microalgae: Chlorella and Haematococcus. Bioresour. Technol. 2016, 199, 300–310. [Google Scholar] [CrossRef]

	



Vizcaíno, A.; Sáez, M.; Martínez, T.; Acién, F.; Alarcón, F. Differential hydrolysis of proteins of four microalgae by the digestive enzymes of gilthead sea bream and Senegalese sole. Algal Res. 2019, 37, 145–153. [Google Scholar] [CrossRef]

	



Spínola, M.P.; Costa, M.M.; Prates, J.A. Enhancing digestibility of Chlorella vulgaris biomass in monogastric diets: Strategies and insights. Animals 2023, 13, 1017. [Google Scholar] [CrossRef]

	



Canelli, G.; Martínez, P.M.; Hauser, B.M.; Kuster, I.; Rohfritsch, Z.; Dionisi, F.; Bolten, C.J.; Neutsch, L.; Mathys, A. Tailored enzymatic treatment of Chlorella vulgaris cell wall leads to effective disruption while preserving oxidative stability. LWT 2021, 143, 111157. [Google Scholar] [CrossRef]

	



Gerken, H.G.; Donohoe, B.; Knoshaug, E.P. Enzymatic cell wall degradation of Chlorella vulgaris and other microalgae for biofuels production. Planta 2013, 237, 239–253. [Google Scholar] [CrossRef]

	



Córdova, O.; Passos, F.; Chamy, R. Enzymatic pretreatment of microalgae: Cell wall disruption, biomass solubilisation and methane yield increase. Appl. Biochem. Biotechnol. 2019, 189, 787–797. [Google Scholar] [CrossRef]

	



Vishwakarma, R.; Malik, A. Partial enzymatic cell wall disruption of Oocystis sp. for simultaneous cultivation and extraction. Sep. Purif. Technol. 2022, 293, 121107. [Google Scholar] [CrossRef]

	



Chen, F.; Qian, J.; He, Y.; Leng, Y.; Zhou, W. Could Chlorella pyrenoidosa be exploited as an alternative nutrition source in aquaculture feed? A study on the nutritional values and anti-nutritional factors. Front. Nutr. 2022, 9, 1069760. [Google Scholar] [CrossRef] [PubMed]

	



Sedighi, M.; Jalili, H.; Darvish, M.; Sadeghi, S.; Ranaei-Siadat, S.-O. Enzymatic hydrolysis of microalgae proteins using serine proteases: A study to characterize kinetic parameters. Food Chem. 2019, 284, 334–339. [Google Scholar] [CrossRef] [PubMed]

	



Taalab, H.A.; Mohammady, E.Y.; Hassan, T.M.; Abdella, M.M.; Hassaan, M.S. β-Carotene of Arthrospira platensis versus vitamin C and vitamin E as a feed supplement: Effects on growth, haemato-biochemical, immune-oxidative stress and related gene expression of Nile tilapia fingerlings. Aquac. Res. 2022, 53, 4832–4846. [Google Scholar] [CrossRef]

	



El-Araby, D.A.; Amer, S.A.; Attia, G.A.; Osman, A.; Fahmy, E.M.; Altohamy, D.E.; Alkafafy, M.; Elakkad, H.A.; Tolba, S.A. Dietary Spirulina platensis phycocyanin improves growth, tissue histoarchitecture, and immune responses, with modulating immunoexpression of CD3 and CD20 in Nile tilapia, Oreochromis niloticus. Aquaculture 2022, 546, 737413. [Google Scholar] [CrossRef]

	



Rounsefell, B.; O’sullivan, C.; Chinivasagam, N.; Batstone, D.; Clarke, W. Fate of pathogen indicators in a domestic blend of food waste and wastewater through a two-stage anaerobic digestion system. Water Sci. Technol. 2013, 67, 366–373. [Google Scholar] [CrossRef]

	



Zeng, L.; Wang, L.; Hu, J. Current and emerging technologies for rapid detection of pathogens. Biosensing Technol. Detect. Pathog.-A Prospect. Way Rapid Anal. 2018, 73178, 6–19. [Google Scholar]

	



Xing, G.; Zhang, W.; Li, N.; Pu, Q.; Lin, J.-M. Recent progress on microfluidic biosensors for rapid detection of pathogenic bacteria. Chin. Chem. Lett. 2022, 33, 1743–1751. [Google Scholar] [CrossRef]

	



Xu, X.; Gu, X.; Wang, Z.; Shatner, W.; Wang, Z. Progress, challenges and solutions of research on photosynthetic carbon sequestration efficiency of microalgae. Renew. Sustain. Energy Rev. 2019, 110, 65–82. [Google Scholar] [CrossRef]

	



Chaisutyakorn, P.; Praiboon, J.; Kaewsuralikhit, C. The effect of temperature on growth and lipid and fatty acid composition on marine microalgae used for biodiesel production. J. Appl. Phycol. 2018, 30, 37–45. [Google Scholar] [CrossRef]

	



Zhou, J.-L.; Vadiveloo, A.; Chen, D.-Z.; Gao, F. Regulation effects of indoleacetic acid on lipid production and nutrient removal of Chlorella pyrenoidosa in seawater-containing wastewater. Water Res. 2024, 248, 120864. [Google Scholar] [CrossRef] [PubMed]

	



Concas, A.; Steriti, A.; Pisu, M.; Cao, G. Experimental and theoretical investigation of the effects of iron on growth and lipid synthesis of microalgae in view of their use to produce biofuels. J. Environ. Chem. Eng. 2021, 9, 105349. [Google Scholar] [CrossRef]

	



Yue, Y.; Chen, M.; Bao, X.; Yu, Y.; Shi, W.; Kumkhong, S.; Liu, Y.; Yang, Y.; Yu, H. Effects of three feed attractants on the growth performance and meat quality of the largemouth bass (Micropterus salmoides). Front. Mar. Sci. 2022, 9, 1029969. [Google Scholar] [CrossRef]

	



Kolkovski, S.; Czesny, S.; Dabrowski, K. Use of krill hydrolysate as a feed attractant for fish larvae and juveniles. J. World Aquac. Soc. 2000, 31, 81–88. [Google Scholar] [CrossRef]

	



Baek, S.I.; Cho, S.H. Effects of dietary inclusion of a crude protein source exhibiting the strongest attractiveness to red sea bream (Pagrus major) on growth, feed availability, and economic efficiency. Animals 2024, 14, 771. [Google Scholar] [CrossRef]

	



Ma, Z.; Cheah, W.Y.; Ng, I.-S.; Chang, J.-S.; Zhao, M.; Show, P.L. Microalgae-based biotechnological sequestration of carbon dioxide for net zero emissions. Trends Biotechnol. 2022, 40, 1439–1453. [Google Scholar] [CrossRef]

	



Tan, Y.; Lou, S. Research and development of a large-scale modern recreational fishery marine ranch System☆. Ocean Eng. 2021, 233, 108610. [Google Scholar] [CrossRef]

	



Fudge, M.; Higgins, V.; Vince, J.; Rajaguru, R. Social acceptability and the development of commercial RAS aquaculture. Aquaculture 2023, 568, 739295. [Google Scholar] [CrossRef]

	



Ji, M.-K.; Yun, H.-S.; Park, Y.-T.; Kabra, A.N.; Oh, I.-H.; Choi, J. Mixotrophic cultivation of a microalga Scenedesmus obliquus in municipal wastewater supplemented with food wastewater and flue gas CO2 for biomass production. J. Environ. Manag. 2015, 159, 115–120. [Google Scholar] [CrossRef]

	



Grossman, A.D.; Belete, Y.Z.; Boussiba, S.; Yogev, U.; Posten, C.; Tena, F.O.; Thomsen, L.; Wang, S.; Gross, A.; Leu, S. Advanced near-zero waste treatment of food processing wastewater with water, carbon, and nutrient recovery. Sci. Total Environ. 2021, 779, 146373. [Google Scholar] [CrossRef]

	



Maya-Altamira, L.; Baun, A.; Angelidaki, I.; Schmidt, J.E. Influence of wastewater characteristics on methane potential in food-processing industry wastewaters. Water Res. 2008, 42, 2195–2203. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.; Li, M.; Zheng, W.; Liu, R.; Chen, L. Performance and microbial community of a membrane bioreactor system—Treating wastewater from ethanol fermentation of food waste. J. Environ. Sci. 2017, 53, 284–292. [Google Scholar] [CrossRef] [PubMed]

	



Tan, X.-B.; Zhang, Y.-L.; Zhao, X.-C.; Yang, L.-B.; Yangwang, S.-C.; Zou, Y.; Lu, J.-M. Anaerobic digestates grown oleaginous microalgae for pollutants removal and lipids production. Chemosphere 2022, 308, 136177. [Google Scholar] [CrossRef] [PubMed]

	



Ji, M.-K.; Yun, H.-S.; Park, S.; Lee, H.; Park, Y.-T.; Bae, S.; Ham, J.; Choi, J. Effect of food wastewater on biomass production by a green microalga Scenedesmus obliquus for bioenergy generation. Bioresour. Technol. 2015, 179, 624–628. [Google Scholar] [CrossRef]

	



Shin, Y.-U.; Yoo, H.-Y.; Kim, S.; Chung, K.-M.; Park, Y.-G.; Hwang, K.-H.; Hong, S.W.; Park, H.; Cho, K.; Lee, J. Sequential combination of electro-Fenton and electrochemical chlorination processes for the treatment of anaerobically-digested food wastewater. Environ. Sci. Technol. 2017, 51, 10700–10710. [Google Scholar] [CrossRef]

	



Gupta, S.; Pawar, S.B. An integrated approach for microalgae cultivation using raw and anaerobic digested wastewaters from food processing industry. Bioresour. Technol. 2018, 269, 571–576. [Google Scholar] [CrossRef]

	



Daneshvar, E.; Zarrinmehr, M.J.; Hashtjin, A.M.; Farhadian, O.; Bhatnagar, A. Versatile applications of freshwater and marine water microalgae in dairy wastewater treatment, lipid extraction and tetracycline biosorption. Bioresour. Technol. 2018, 268, 523–530. [Google Scholar] [CrossRef]

	



Gao, F.; Yang, H.-L.; Li, C.; Peng, Y.-Y.; Lu, M.-M.; Jin, W.-H.; Bao, J.-J.; Guo, Y.-M. Effect of organic carbon to nitrogen ratio in wastewater on growth, nutrient uptake and lipid accumulation of a mixotrophic microalgae Chlorella sp. Bioresour. Technol. 2019, 282, 118–124. [Google Scholar] [CrossRef]

	



He, Y.; Wang, R.; Liviu, G.; Lu, Q. An integrated algal-bacterial system for the bio-conversion of wheat bran and treatment of rural domestic effluent. J. Clean. Prod. 2017, 165, 458–467. [Google Scholar] [CrossRef]

	



Kusmayadi, A.; Lu, P.-H.; Huang, C.-Y.; Leong, Y.K.; Yen, H.-W.; Chang, J.-S. Integrating anaerobic digestion and microalgae cultivation for dairy wastewater treatment and potential biochemicals production from the harvested microalgal biomass. Chemosphere 2022, 291, 133057. [Google Scholar] [CrossRef]

	



Bohutskyi, P.; Liu, K.; Nasr, L.K.; Byers, N.; Rosenberg, J.N.; Oyler, G.A.; Betenbaugh, M.J.; Bouwer, E.J. Bioprospecting of microalgae for integrated biomass production and phytoremediation of unsterilized wastewater and anaerobic digestion centrate. Appl. Microbiol. Biotechnol. 2015, 99, 6139–6154. [Google Scholar] [PubMed]

	



Gupta, P.L.; Choi, H.J.; Lee, S.-M. Enhanced nutrient removal from municipal wastewater assisted by mixotrophic microalgal cultivation using glycerol. Environ. Sci. Pollut. Res. 2016, 23, 10114–10123. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.; Zeng, Q.; Li, H.; Zhong, Y.; Tong, L.; Ruan, R.; Liu, H. Contribution of glycerol addition and algal–bacterial cooperation to nutrients recovery: A study on the mechanisms of microalgae-based wastewater remediation. J. Chem. Technol. Biotechnol. 2020, 95, 1717–1728. [Google Scholar] [CrossRef]

	



Amadu, A.A.; Abbew, A.-W.; Qiu, S.; Addico, G.N.D.; Hodgson, I.; Duodu, S.; Appiah, S.A.; Ge, S. Advanced treatment of food processing effluent by indigenous microalgae-bacteria consortia: Population dynamics and enhanced nitrogen uptake. Algal Res. 2023, 69, 102913. [Google Scholar] [CrossRef]

	



Hu, X.; Meneses, Y.E.; Hassan, A.A.; Stratton, J.; Huo, S. Application of alginate immobilized microalgae in treating real food industrial wastewater and design of annular photobioreactor: A proof-of-concept study. Algal Res. 2021, 60, 102524. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhou, C.; Shangguan, M.; Peng, Z.; An, Z. Simultaneous removal of organic pollutants and nutrients from mariculture wastewater using a rotating algal biofilm system. J. Water Process Eng. 2024, 57, 104598. [Google Scholar] [CrossRef]

	



Mkpuma, V.O.; Moheimani, N.R.; Ennaceri, H. Biofilm cultivation of chlorella species. MUR 269 to treat anaerobic digestate food effluent (ADFE): Total ammonia nitrogen (TAN) concentrations effect. Chemosphere 2024, 354, 141688. [Google Scholar] [CrossRef]

	



de Assis, L.R.; Calijuri, M.L.; Assemany, P.P.; Silva, T.A.; Teixeira, J.S. Innovative hybrid system for wastewater treatment: High-rate algal ponds for effluent treatment and biofilm reactor for biomass production and harvesting. J. Environ. Manag. 2020, 274, 111183. [Google Scholar] [CrossRef]

	



Johnson, M.B.; Wen, Z. Development of an attached microalgal growth system for biofuel production. Appl. Microbiol. Biotechnol. 2010, 85, 525–534. [Google Scholar] [CrossRef]

	



Posadas, E.; García-Encina, P.-A.; Soltau, A.; Domínguez, A.; Díaz, I.; Muñoz, R. Carbon and nutrient removal from centrates and domestic wastewater using algal–bacterial biofilm bioreactors. Bioresour. Technol. 2013, 139, 50–58. [Google Scholar] [CrossRef]

	



Shi, J.; Podola, B.; Melkonian, M. Application of a prototype-scale Twin-Layer photobioreactor for effective N and P removal from different process stages of municipal wastewater by immobilized microalgae. Bioresour. Technol. 2014, 154, 260–266. [Google Scholar] [CrossRef] [PubMed]

	



Christenson, L.B.; Sims, R.C. Rotating algal biofilm reactor and spool harvester for wastewater treatment with biofuels by-products. Biotechnol. Bioeng. 2012, 109, 1674–1684. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Wu, W.; Zhou, P.; Xie, F.; Zhou, Q.; Mai, K. Comparison effect of dietary astaxanthin and Haematococcus pluvialis on growth performance, antioxidant status and immune response of large yellow croaker Pseudosciaena crocea. Aquaculture 2014, 434, 227–232. [Google Scholar] [CrossRef]

	



Elashry, M.A.; Mohammady, E.Y.; Soaudy, M.R.; Marwa, M.A.; El-Garhy, H.S.; Ragaza, J.A.; Hassaan, M.S. Growth, health, and immune status of Nile tilapia Oreochromis niloticus cultured at different stocking rates and fed algal β-carotene. Aquac. Rep. 2024, 35, 101987. [Google Scholar] [CrossRef]

	



Kizhakkekarammal Puthiyedathu, S.; Angel, J.R.J.; Thirugnanamurthy, S.; Suresh, S.; Nathamuni, S.; Raja, R.A.; Kumar, S.; Tomy, S.; Dayal, J.S.; Changaramkumarth Paran, B. Effect of dietary C-Phycocyanin on growth, survival, haematology, immune response, gut microbiome and disease resistance of Pacific white shrimp, Penaeus vannamei. Aquac. Res. 2022, 53, 6292–6309. [Google Scholar] [CrossRef]








[image: Water 17 00536 g001] 





Figure 1. Concept of microalgae-based carbon sequestration in FPW treatment. 
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Table 1. Estimation of carbon emissions in FPW treatment.
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Wastewater

	
Source

	
Concentration of TOC

	
Estimated Carbon Emission

	
Reference




	
(kg Carbon/m3 Wastewater) a

	
(m3 CO2/m3 Wastewater) b






	
Food processing wastewater

	
Food wastewater treatment plant, South Korea

	
10,173 mg/L

	
10.2

	
18.8

	
[26]




	
Potato and corn snack processing wastewater

	
A potato and corn snack factory, Israel

	
1729 mg/L

	
1.7

	
3.2

	
[27]




	
Slaughterhouse flocculation concentrate

	
Slaughterhouse, Denmark

	
0.8 g/L

	
0.8

	
1.5

	
[28]




	
Ethanol fermentation wastewater

	
China

	
5500 mg/L

	
5.5

	
10.2

	
[29]




	
Coffee manufacturing wastewater

	
Lyophilized coffee manufacturing factory, Spain

	
8532 mg/L

	
8.5

	
15.8

	
[24]




	
Soybean processing wastewater

	
Soybean processing plant, China

	
316.1 mg/L

	
0.3

	
0.6

	
[30]




	
Food wastewater

	
Food wastewater treatment plant, South Korea

	
14,898 mg/L

	
14.9

	
27.6

	
[31]




	
Slaughterhouse production, raw

	
Slaughterhouse, Denmark

	
0.5 g/L

	
0.5

	
0.9

	
[28]




	
Anaerobically digested food wastewater

	
Food waste treatment plant, South Korea

	
~650 mg/L

	
0.7

	
1.2

	
[32]




	
Yeast production wastewater

	
Yeast production factory, Spain

	
1186 mg/L

	
1.2

	
2.2

	
[24]




	
Wastewater of fish meal production

	
Fish meal production industry, Denmark

	
0.5 g/L

	
0.5

	
0.9

	
[28]








Notes: a It is assumed that 100% organic carbon in FPW is removed via chemical oxidation, fermentation, or natural decomposition. b The density of CO2 is set as 1.98 kg/m3.













 





Table 2. Microalgae cultivation in FPW for carbon sequestration and biomass production.
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Microalgae

	
Wastewater

	
Initial Concentrations of Nutrients

	
TOC Removal

	
Period

	
Biomass Yield

	
Reference




	
TOC

	
TN






	
Chlorella sorokiniana

	
Snack industry wastewater

	
/

	
172 mg/L

	
~70%

	
8 days

	
~450 mg/L

	
[51]




	
Phormidium sp.

	
Potato processing wastewater

	
327 mg/L

	
69 mg/L

	
54%

	
40 h

	
/

	
[24]




	
Scenedesmus quadricauda

	
Dairy wastewater from a milk production factory

	
170.11 mg/L

	
85.99 mg/L

	
64.47%

	
8 days

	
0.47 g/L

	
[52]




	
Phormidium sp.

	
Fish processing wastewater

	
381 mg/L

	
82 mg/L

	
64%

	
279 h

	
/

	
[24]




	
Phormidium sp.

	
Wastewater from an industry producing animal food

	
959 mg/L

	
197 mg/L

	
49%

	
374 h

	
/

	
[24]




	
Chlorella sp.

	
Simulated wastewater

	
1200 mg/L

	
50 mg/L

	
93.1%

	
16 days

	
1.551 g/L

	
[53]




	
Scenedesmus abundans

	
Snack industry wastewater

	
/

	
172 mg/L

	
~50%

	
8 days

	
~400 mg/L

	
[51]




	
Phormidium sp.

	
Lyophilized coffee manufacturing wastewater

	
8532 mg/L

	
171 mg/L

	
56%

	
95 h

	
/

	
[24]




	
Phormidium sp.

	
Wastewater from a yeast production factory

	
1186 mg/L

	
1353 mg/L

	
33%

	
395 h

	
/

	
[24]




	
Chlorella pyrenoidosa

	
Soybean processing wastewater

	
316.1 mg/L

	
267.7 mg/L

	
40.9%

	
15 days

	
2.15 g/L

	
[30]




	
Chlorella vulgaris

	
Digested wheat bran and rural domestic effluent

	
~10,000 mg/L

	
57.4 mg/L

	
~62%

	
6 days

	
~1.35 g/L

	
[54]




	
Scenedesmus obliquus

	
Soybean processing wastewater

	
316.1 mg/L

	
267.7 mg/L

	
45.6%

	
15 days

	
2.32 g/L

	
[30]




	
Tetraselmis suecica

	
Dairy wastewater from a milk production factory

	
179.35 mg/L

	
86.65 mg/L

	
40.16%

	
12 days

	
0.61 g/L

	
[52]











 





Table 3. Pretreatment of FPW for microalgae cultivation.
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	Pretreatment Method
	Wastewater
	Nutrient Removal
	Microalgae Biomass Production
	Remarks
	Reference





	Anaerobic digestion
	Dairy manure
	100% ammonia; 75.7–82.5% TN; 62.5–74.7% TP; 27.4–38.4% COD
	Average specific growth: 0.409 day−1
	(1) Pretreatment reduced the content of TSs a and TVSs b in wastewater by 30–40%;

(2) COD c in the digested dairy manure was proved to be an important carbon source for microalgae growth;

(3) Integration of anaerobic digestion with algae production was an efficient way to convert nutrients in wastewater to high-value biomass.
	[57]



	
	Dairy wastewater
	86.8% COD;

94.6% TP;

80.7% TN
	3.2 g/L
	(1) Anaerobic digestion reduced the concentrations of COD and TP, creating a comfortable environment for algae growth;

(2) TN concentration in wastewater increased from 22.0 mg/L to 51.0 mg/L through anaerobic digestion due to the transformation of organic nitrogen to ammonia by anaerobic bacteria.
	[59]



	
	Brewery effluent
	75.2% COD;

78.3% TN;

97.4% TP
	1.56 g/L
	(1) Anaerobic digestion promoted the release of nitrogen from the undissolved organics, resulting in the increase in TN concentration in brewery effluent;

(2) Anaerobic digestion reduced the COD concentration in brewery effluent.
	[58]



	
	Effluent of a wastewater treatment plant
	~80% TN;

~60% TP
	/
	(1) With the supplementation of anaerobic digestion effluent, concentrations of COD and TN in wastewater increased;

(2) Microalgae growth was positively impacted by the supplementation of anaerobic digestion effluent.
	[60]



	Nutrient balance
	Dairy processing wastewater (liquid whey)
	Residual TN: 148.3 mg/L;

Residual COD: 1619 mg/L;

Residual TP: 63.8 mg/L
	2.00 g/L
	(1) Addition of NH4Cl in liquid whey increased the biomass yield of Chlorella vulgaris to 2.34 g/L;

(2) Meat processing wastewater was used as a source of ammonia for liquid whey pretreatment;

(3) By balancing the nutrient profile of liquid whey, the biomass yield of microalgae was improved.
	[4]



	
	Brewery effluent
	~58% COD;

~60% TN;

~88% TP
	1.237 g/L
	(1) Addition of 0.5 g/L NaNO3 in brewery effluent increased the biomass yield of microalgae to 1.237 g/L;

(2) With the addition of NaNO3 in brewery effluent, the protein content in Spirulina sp. was improved.
	[58]



	
	Municipal wastewater
	80.62% TN;

60.72% TP;

96.3% COD
	0.056 g/L/day
	(1) Supplementation of glycerol promoted nutrient removal, resulting in high removal efficiencies of TN, TP, and COD;

(2) The addition of glycerol in wastewater reduced the percentage of monounsaturated fatty acids while increasing the percentage of polyunsaturated fatty acids in Nannochloropsis oculata.
	[61]



	
	Centrate wastewater
	82.46–82.88% COD;

77.40–81.16% TAN;

65.71–74.43% TN; 86.55–88.68% TP
	2.58 g/L
	(1) The addition of glycerol in wastewater increased the biomass yield of microalgae from 1.54 to 2.58 g/L;

(2) A two-stage cultivation model was developed to balance the nutrient profile of centrate wastewater for microalgae production.
	[62]







Notes: a TSs: total solids. b TVSs: total volatile solids. c COD: chemical oxygen demand.













 





Table 5. High-value compounds in microalgae for aquaculture practice.
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	Microalgae
	High-Value Compound
	Addition of Algae in Diet
	Specific Effect
	Reference





	Porphyridium cruentum
	Polysaccharide
	1.0% (crude polysaccharide extract)
	Pacific white shrimp (Penaeus vannamei):

(1) The phenoloxidase activity and total hemocyte count of shrimp were improved by the supplementation of microalgal polysaccharide;

(2) Supplementation of microalgal polysaccharide increased the survival rate of shrimp challenged with Vibrio alginolyticus.
	[123]



	Spirulina platensis
	Sulfated polysaccharide
	2.0% (polysaccharide)
	Zebrafish (Danio rerio):

(1) A diet with microalgal polysaccharides enhanced the growth and reproductive performances of fish.
	[125]



	Spirulina platensis
	Purified polysaccharides
	0.3% (polysaccharide)
	Largemouth bass (Micropterus salmoides):

(1) Supplementation of polysaccharides in the diet resulted in an improvement in gut digestive enzymes and enhanced the nutritional value of fish muscle;

(2) Supplementation of polysaccharides in the diet made the gut microbiota more diverse and increased the content of beneficial species;

(3) A diet with microalgal polysaccharides was beneficial to fish growth.
	[124]



	Haematococcus pluvialis
	Astaxanthin
	0.28–0.56 g of algae/100 g
	Large yellow croaker (Pseudosciaena crocea):

(1) Weight gain of fish fed algae-based diet reached 29.73–29.82 g, while that of fish fed basal diet was only 26.70 g;

(2) Addition of Haematococcus pluvialis in the diet reduced the activities of SOD a, CAT b, and GPX c to 129.03, 28.01, and 329.44 U/mL, respectively;

(3) MDA d content was reduced to 2.15 nmol/mL in the fish fed a diet containing Haematococcus pluvialis;

(4) The addition of Haematococcus pluvialis in the diet increased the activity of lysozyme and the content of immunoglobulin in fish serum.
	[128]



	Haematococcus pluvialis
	Astaxanthin
	0.3% algae in the diet
	Golden pompano (Trachinotus ovatus):

(1) SOD and MDA declined slightly with the supplementation of Haematococcus pluvialis in the fish diet;

(2) Dietary supplementation of Haematococcus pluvialis alleviated the inflammatory response of fish by activating the Nrf2-ARE pathway to antagonize the NF-κB pathway.
	[120]



	Haematococcus pluvialis
	Astaxanthin
	3 g of algae/kg
	Rainbow trout (Oncorhynchus mykiss):

(1) The addition of Haematococcus pluvialis in the diet increased total antioxidant activity and reduced lipid peroxidation content;

(2) Excessive addition of Haematococcus pluvialis in the diet resulted in a slight dysfunction in lipid metabolism.
	[119]



	Spirulina platensis
	β-carotene
	Up to 1.0 g of β-carotene/kg
	Nile tilapia (Oreochromis niloticus):

(1) Adding β-carotene to the basal diet increased fish weight gain while reducing the feed conversion ratio;

(2) IL-1β and IL-8 expressions in fish were improved with the addition of β-carotene in the diet;

(3) MDA content decreased as a result of supplementation of β-carotene.
	[129]



	Spirulina platensis
	β-carotene
	0.5 g of β-carotene/kg
	Nile tilapia (Oreochromis niloticus):

(1) The supplemental diet with β-carotene boosted the values of the biochemical and hematological parameters of fish;

(2) Fish fed a diet enriched with β-carotene had high values of SOD, CAT, and immune globulin M-2 gene expression.
	[130]



	Spirulina platensis
	Phycocyanin
	1.5 g of phycocyanin/kg
	Nile tilapia (Oreochromis niloticus):

(1) Dietary Spirulina platensis phycocyanin led to 100% survival of fish following Aeromonas hydrophila treatment;

(2) Supplementation of Spirulina platensis phycocyanin in fish diet decreased MDA level;

(3) The immune response indicators were improved by Spirulina platensis phycocyanin supplementation.
	[131]



	Spirulina platensis
	Phycocyanin
	800 mg of phycocyanin/kg
	Pacific white shrimp (Penaeus vannamei):

(1) Inclusion of Spirulina platensis phycocyanin resulted in the high weight gain and survival of shrimp;

(2) Cumulative mortality of shrimp in the post-challenge Penaeus vannamei was reduced with an increase in phycocyanin in feed;

(3) The decrease in SOD mRNA level was observed in shrimp fed a diet with phycocyanin;

(4) A diet with phycocyanin had positive effects on the gut microbiome of shrimp.
	[132]



	Spirulina platensis
	Phycocyanin
	/
	Nile tilapia (Oreochromis niloticus):

(1) A phycocyanin diet resulted in the highest weight gain and the best FCR e;

(2) A phycocyanin diet increased the total antioxidant capacity and the activities of SOD and CAT;

(3) The transcripts of interferon-gamma and interleukin 1β genes were up-regulated in the liver of fish fed a diet supplemented with phycocyanin.
	[122]



	Schizochytrium sp.
	PUFA f
	3.5% (microalgae oil)
	Gilthead Seabream (Sparus aurata):

(1) Replacement of fish oil with microalgae oil with PUFA had no negative effects on the sensory quality of fish fillet;

(2) Microalgae oil with PUFA could maintain high levels of eicosapentaenoic acid and docosahexaenoic acid in fish products.
	[127]



	Schizochytrium sp.
	PUFA
	16.1% (dried whole cells of microalgae)
	Nile tilapia (Oreochromis niloticus):

(1) PUFA content in total fatty acids of Schizochytrium sp. was 63.7%, while that of fish oil was much lower;

(2) Replacement of fish oil with microalgae increased the weight gain of fish to 27.3 g and reduced FCR to 0.9;

(3) The content of total PUFAs in the fillet of fish was improved to 39.8% of total fatty acids.
	[126]







Notes: a SOD: superoxide dismutase. b CAT: catalase. c GPX: glutathione peroxidase. d MDA: malondialdehyde. e FCR: feed conversion ratio. f PUFA: polyunsaturated fatty acid.













 





Table 6. Comparison between microalgae-based FPW treatment and traditional technologies.
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	Microalgae-Based Carbon Sequestration in FPW Treatment
	Traditional Technologies for FPW Treatment and Plant-Based Carbon Sequestration





	Advantages
	(1) Valorization of FPW by converting organics in wastewater to microalgae biomass;

(2) High rate of carbon sequestration attributed to the direct assimilation of organic carbon by microalgal cells;

(3) Microalgae biomass obtained from FPW treatment can be used