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Wastewater is not a liability, instead considered as a resource for microbial fermentation and value-added products. Most of the wastewater contains various nutrients like nitrates and phosphates apart from the organic constituents that favor microbial growth. Microalgae are unicellular aquatic organisms and are widely used for wastewater treatment. Various cultivation methods such as open, closed, and integrated have been reported for microalgal cultivation to treat wastewater and resource recovery simultaneously. Microalgal growth is affected by various factors such as sunlight, temperature, pH, and nutrients that affect the growth rate of microalgae. Microalgae can consume urea, phosphates, and metals such as magnesium, zinc, lead, cadmium, arsenic, etc. for their growth and reduces the biochemical oxygen demand (BOD). The microalgal biomass produced during the wastewater treatment can be further used to produce carbon-neutral products such as biofuel, feed, bio-fertilizer, bioplastic, and exopolysaccharides. Integration of wastewater treatment with microalgal bio-refinery not only solves the wastewater treatment problem but also generates revenue and supports a sustainable and circular bio-economy. The present review will highlight the current and advanced methods used to integrate microalgae for the complete reclamation of nutrients from industrial wastewater sources and their utilization for value-added compound production. Furthermore, pertaining challenges are briefly discussed along with the techno-economic analysis of current pilot-scale projects worldwide.
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INTRODUCTION

Water is a natural resource and considered the most essential component of all living creatures. Almost 70% of the earth’s surface is covered by water but only about 3% of it is fresh water (Cao et al., 2019). Water being such a scarce commodity, its integrity, and environmental perturbations should never be compromised. Every year about 3.4 million people die, and many suffer from a plethora of water-borne diseases due to polluted water being discharged recklessly from industries and wastewater treatment plants (Osiemo et al., 2019). Different sources of wastewater like municipal, agricultural, and industrial contain larger quantities of nutrients organic and inorganic contaminants (Bhatia et al., 2021d). Wastewater is released into the water bodies without proper treatment which affects the aquatic ecosystem adversely and results in eutrophication (Preisner et al., 2021). The root cause of this formidable situation is the lack of efficient, economical, and energy-saving methods for wastewater treatment. Conventional methods like electrochemical methods, precipitation, and membrane technologies are all non-sustainable (Rajasulochana and Preethy, 2016). They all are backed with instability, resource wasting, fouling, and exorbitant energy consumption. On the other hand, this wastewater offers a perfect niche for microalgae, unicellular photosynthetic organisms to grow and flourish synergistically with the prevailing bacterial colonies present in the sewer water. To save the environment and recycle the nutrients, wastewater treatment using microalgae is an imperative step. The use of microalgae for wastewater treatment is advantageous as it will help to reduce the biochemical oxygen demand (BOD) and chemical oxygen (COD) demand and remove the inorganic nutrients like nitrates and phosphates from the wastewater (Taziki et al., 2015). This could save a huge amount of cost as algae will assimilate all the nutrients along with bio fixing of inorganic carbon from the atmosphere (CO2 sequestration) (Bhatia et al., 2019a). Moreover, additional CO2 can be sourced from flue gas which is obtained from power plant emissions. Thereby, addressing air and water pollution simultaneously. Different wastewaters have different compositions based on their source. Microalgal growth is affected by nutrient components and other factors like temperature, pH, salinity, light intensity, duration, etc. (Cabello et al., 2015; Vuppaladadiyam et al., 2018). The selection of microalgal species is very important depending upon the characteristics of wastewater for efficient wastewater treatment. The optimum physiochemical conditions need to be maintained to obtain the maximum possible yield. It is reported that removal efficiency of 65-76% of COD, 68-81% of total nitrogen, and 90-100% of total phosphorous from piggery wastewater by freshwater microalgae Chlorella zofingiensis (Zhu et al., 2013). In another report, it was studied that COD removal of 50.9 and 56.5% from primary and secondary effluents, respectively, by green algae Chlorella spp. (Wang et al., 2010). Microalgae mediated wastewater treatment method can also produce biofuel (bioelectricity and biohydrogen) simultaneously or recovered biomass can be further used as feedstock to produce various commercially valuable biochemicals (Bhatia et al., 2021d). Along with nutrient recovery from waste streams, Maity et al. (2014) reported simultaneous production of 1068.383 mg g−1 dry wt. biomass of lipid with C16:0, C18:2n-6, C18:1, and C16:1 FAME content and 0.264 mV, 0.008 mW cm–2 of electric potential and bioelectricity using Leptolyngbya sp. JPMTW1 within 7 days. Microalgal biomass after wastewater treatment can be recovered using technologies such as centrifugation, flocculation, and electrochemical precipitation methods. Microalgal biomass is rich in carbohydrates, lipids, and proteins and is further used for extraction of commercially important products (lipids, carotenoids, polyhydroxyalkanoates, etc.) are biomass can be used as a feedstock for microbial fermentation to produce other commercial products (Bhatia et al., 2017; Goswami et al., 2020).

Despite the lucrative benefits of microalgae-based wastewater treatment, few limitations still persist. The current open and closed cultivation methods render contamination risks and huge operational costs, respectively. Further, harvesting and dewatering account for 20-30% of the total cost (Fasaei et al., 2018). Therefore, the concept of integrated systems is briefly discussed which can cut the major costs and make the method more economical. Besides, wastewater composition, culture collapse, salinity, etc., are some other pitfalls that could be addressed by subsequent research and development in this field. This review will discuss the current wastewater treatment technologies in action with microalgae dominance in the waste realm. It will address various cultivation systems and harvesting methods, integrating microalgae for wastewater treatment and sustainable product production. Furthermore, the present state-of-the-art review will also highlight the techno-economic analysis and status of nutrient recovery processes.



COMPOSITION OF WASTEWATER

Wastewater consists of pollutants from different walks of life, reflecting the lifestyle and activities of people living in the city. It is a by-product of industrial, domestic, commercial, and agricultural chores and contains human excreta, washing wastes from houses, pesticides, nutrients from agricultural farms, organic biodegradable wastes from hospitals and abattoirs, non-biodegradable from pharmaceuticals manufacturing, toxic waste such as dyes and heavy metals from other industries, leachates from landfills and storm water during high precipitations (Rana et al., 2017). All these contaminants comprise only 0.1% of suspended and dissolved solids, while 99.9% is pure water (Samer, 2015). Most of it is organic debris, and only a small part consists of non-biodegradable inorganic wastes, which pose a significant problem in reclamation. Three-quarters of volatile (organic) solids in sewage are carbohydrates, proteins, and fats from discarded food waste, kitchen waste, dead organisms, etc. (Samer, 2015). The non-volatile part includes heavy metals salts, grit, and sand dust.

Microorganisms form a significant part of sewage treatment. They can range from moderate to high-risk biological pollutants like antibiotic resistant bacteria, viruses, protozoa, biotoxins, and helminths. Such infectious agents pose a substantial threat to human life and the environment (Jia and Zhang, 2019). On the other hand, some of the microbes like algae, pseudomonas, zoogloeal are environmental-friendly and aid in wastewater treatment. Sources of such microbes include faeces and other bodily fluids from several sick people and asymptomatic hosts leading to ailments like cholera, jaundice, typhoid from bacteria, hepatitis from viruses, and dysentery from protozoans. Coliform Escherichia coli are present in vitality, indicating other pathogens, and are therefore used to measure the infecting efficiency of sewage (Hendricks and Pool, 2012).

Among all, municipal wastewater is the most preferred wastewater for microalgae-based wastewater treatments because of the adequate amount of nutrients and a low number of toxic substances compared to industrial wastewater. It is generally categorized into (i) raw sewage, (ii) secondary effluent, and (iii) centrate, i.e., by-product of sludge dewatering. Studies have proved that centrate is the most suitable medium for microalgae cultivation with nutrient removal efficiencies of 89.1%, 90.8%, 93.9%, and 80.9% for TN, COD, NH4-N, and TP, respectively (Wang et al., 2010; Li et al., 2011). Moreover, additional CO2 (5-150%) along with municipal wastewater could enhance nutrient recovery and lipid production simultaneously (Ji et al., 2013). On the other hand, the agricultural waste contains an excessively high amount of ammonia, suspended solids (SS), nutrient load (due to animal manure), chroma, and turbidity which make it unfit for direct microalgae treatment. Therefore, it is generally applied after anaerobic digestion (AD) as much of the organic carbon gets converted to methane, leaving nitrate and phosphate in the digestate. The C/N ratio of the digested manure is comparatively low than centrate which makes the medium ideal for microalgae growth. Only a few algal strains support this type of medium and hence it is used after diluting for certain species (Zhou et al., 2012b; Zhu et al., 2013). Hence, a sequential two-stage cultivation process is preferred for animal manure wastewater and has great economic potential with multiple product production. In contrastingly, there is no standard treatment applicable for industrial wastewater due to its complex nature with added toxicity. Few microalgal species are adapted to exorbitant levels of heavy metals while most of the algal species are intolerable. Ankistrodesmus, Chlorella, and Scenedesmus are a few of the species competent for treating mill, olive oil, and paper industry wastewater (Rawat et al., 2011). The wastewater from the paper industry is characterized by 1720 mg L–1 and 2658 mg L–1 of suspended solids and dissolved solids with an average pH range of 8.5, respectively. The color value obtained is in the range of 735 Platinum Cobalt Unit while chemical oxygen demand and biochemical oxygen demand of 2420 mg L–1 and 778 mg L–1, simultaneously (Singh, 2015; Choi et al., 2017). Another study compares wastewater from three different sources like household, domestic, and offices, and found maximum phosphorus content in domestic waste as given in Table 1 (Vandith et al., 2018). Table 2 provides an elaborate picture of how microalgae can treat different sources of wastewater efficiently (Li et al., 2019; Al-Jabri et al., 2020). For about 38000 million liters per day of sewage generated, only 12000 million liters per day get treated in India, and among 35 metropolitan cities, only 51% of sewages, i.e., 8040 million liters per day of sewage treatment capacity exist for 15644 million liters per day of wastewater generated (National Status of Waste Water Generation and Treatment, 2020). According to The OPEC Fund for International Development wastewater report, the global scenario of sewage treatment is found to be 70% in high-income countries and is even depressing with only 8% in low-income countries (State of the Art Compendium Report on Resource Recovery from Water, 2018). Due to increased urbanization, industrialization, and leading water scarcity due to climate change, the global market related to resource recovery is tending to rise to $22.3 billion by 2021 from $12.2 Billion in 2016 (State of the Art Compendium Report on Resource Recovery from Water, 2018). Therefore, wastewater recovery and resource utilization are still untapped in many underdeveloped and few developing countries, and only a small portion is utilized in a safe and planned manner while the majority of partially treated or untreated wastewater is discharged unregulated into the water bodies.


TABLE 1. Comparison of characteristics of different wastewater sources.
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TABLE 2. Comparison of nutrient removal rate of microalgae in different wastewater sources.
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MICROALGAE CULTIVATION SYSTEMS

Microalgae can be grown both in an open system and closed systems. An open system is present in nature as naturally occurring ponds that include lagoons, sea, and oceans. The photobioreactors are a closed system for algal production under controlled conditions of temperature, pH, and nutrients for higher yield of the biomass. The cultivation of microalgae can even be performed using wastewater such as domestic sewage water and palm oil milling effluents which can assist in the bioremediation of wastewater (Selmani et al., 1997; Posadas et al., 2017).


Open Systems

Open ponds are the simplest and easiest way to cultivate microalgae on large scale. The various types of open pond systems include lakes, ponds, artificial water bodies such as circular and raceway systems. The algae are cultivated in open pond systems (shallow ponds), and nutrients are added through runoff water from nearby land areas or by channeling the water from sewage/water treatment plants (Carlsson et al., 2007). Mixing is provided by paddle wheels in raceway ponds or rotating arms in circular ponds and mixing can even be provided at certain places in a large pond by the use of impeller blades (Yen et al., 2019). For example, Spirulina can grow at a very high pH (9-12) and therefore is dominant in soda lakes (Bindra et al., 2017). Dunaliella salina is emergent species in the shallow salt pan ponds (Borowitzka and Hallegraeff, 2007). There are various advantages of an open pond system as it provides a large surface area for growth, but it has lower cell concentration and requires efficient harvesting techniques (Tredici, 2004). The major limitation of the open and natural system includes the contamination by protozoa and bacteria and also it is difficult to control all the growth parameters in open systems (Lam et al., 2018). The harvesting of algae from a natural open system is one of the oldest methods and the oldest record of microalgae harvesting was done by Aztec peoples when they harvested Spirulina from Lake Texcoco located at Mexico (Hamed, 2016).

The first artificial ponds to be used are circular ponds and rotating agitators are used for efficient mixing and prevent sedimentation of algal biomass. The major limitation of this system is requirement of high energy usage and high construction cost (Hamed, 2016). This system is used in Japan and Taiwan for the cultivation of Chlorella (Lee, 1997; Shen et al., 2009). The high-rate algal ponds are used for the wastewater treatments pond is a shallow-depth which contains high loads of nitrogen and phosphorous content from wastewater, allows the microalgae to proliferate and produce high biomass (Craggs et al., 2012).

Raceway pond is the most feasible and cost-effective facility to treat large amounts of wastewater than other techniques because it has a low capital cost, more comfortable scale-up, and higher treatment volume (Zhou et al., 2013). The most used open culture system for growth is race-way pond design, which consists of long channels in loops or stirring devices, including paddlewheels. The various limitations of traditional raceway ponds with suspended algal culture are: (1) self-shadowing effect due to limited light penetration; (2) ineffective photosynthesis; (3) energy consumption and expenses for harvesting the suspended algal biomass and (4) reduced effluent quality due to inefficient harvest of the biomass (Chiaramonti et al., 2013).



Closed System (Photo-Bioreactors)

The photobioreactors are used to grow microalgae in a closed system where operating conditions and nutrients can be controlled and monitored using an automatic control system. An example of the closed system is a flat plate reactor with a complex mixer and the conditions required for the growth of Chlorella vulgaris is the optimum conditions of temperature (23.6-26.8°C) and dissolved oxygen (7.6-8.8 mg L–1) (Lakaniemi et al., 2012). The most commonly used photobioreactor are, (i) straight tubes which are arranged flat on the ground or in long vertical rows known as tubular bioreactors and (ii) helical bioreactors which are spirally wound tubes around a central support. The tubes used can be of glass, or perpex for the bioreactor system. The tubular bioreactors are mainly used outdoors and are arranged in different orientations such as vertical, horizontal, inclined, and helical to increase the mass production of algal biomass by capturing maximum sunlight, i.e., an increase in photosynthesis (Ting et al., 2017). The diameter of the tube can be from 10 to 60 mm (Ting et al., 2017). The specific limitation of tubular bioreactors is photosynthetic efficiency, and the energy consumption is higher. The major disadvantage of the tubular photobioreactor is the difference in the concentration along the long tubes that leads to poor mass transfer (Tan et al., 2020). The cell growth in the center is restricted due to lower photosynthesis in photobioreactor inhibiting concentration due to oxygen toxicity that can occur after only 1 minute in a tube without gas exchange (Posten, 2009). The uncontrolled growth of pathogenic microorganisms in the inner walls and the formation of biofilms, which influence the mass transfer of reagents due to external mass transfer resistance at the biofilm surface, is another drawback of the closed system (Skoneczny and Tabiś, 2015). These day’s plastic bag photobioreactors are in great demand, and they can be separated based on their volumes and are cost-effective and made up of polythene (Wang et al., 2012). The only limitation is that mixing the components and fragility of the bags can lead to a decrease in this system’s life. The major disadvantages of a closed system are high operating and construction costs.



Integrated Systems

Integrated systems are a complex mix of open and close culture systems in an advanced way to develop a hybrid system that overcomes their limitations collectively and produces an improved system with high pollutant removal efficiency and elevated biomass yield.


Immobilized Bioreactor

The immobilized system circumvents some major challenges in microalgae wastewater treatment processes. It eases some high-cost and energy-intensive steps of suspension systems, i.e., harvesting and separating algal biomass from the treated wastewater. Immobilization technology renders a fixed system where living cells are grown in a confined area and are prevented from moving independently in the system’s aqueous environment. There are six different immobilization techniques namely covalent coupling, affinity immobilization, adsorption, liquid-liquid emulsion, semipermeable membrane capture, and entrapment (Mallick, 2002). Among all, entrapment is the most exclusively used method for algae wastewater treatment and nutrient recovery. Algae cells are entrapped in a 3D gel matrix molded in the form of biocatalyst beads which are stabilized by cross-linking. For instance, widely used alginate and carrageenan beads in the case of algae are usually stabilized by Ca2+ and K+ respectively (Ting et al., 2017). This technology utilizes algae’s natural tendency to adhere to the natural or artificial substrate. The matrix consists of porous beads made of a polymeric material. This polymeric substrate must be hydrophilic to allow diffusion of wastewater into the bed and can be fabricated by various materials like synthetic acrylamide, polyvinyl, polyurethane, or naturally derived algal polysaccharides like alginate, agarose, and carrageenan. Chitosan also serves as an effective bead material individually and its durability gets enhanced when amalgamated with alginate (Castro and Ballesteros, 2020). A recent study reported faster growth rates and higher biomass production with successful nutrient removal capacity in C. vulgaris when grown in the alginate-chitosan matrix (Castro and Ballesteros, 2020). Such porous bead structures provide a protected environment for the selected species to thrive in a wastewater setting. Few studies used submerged Ca-alginate beads for the growth of microalgae-bacteria consortium in normal wastewater and revealed minimal contamination from other species and uninterrupted reduction in phosphorus and ammonium levels (Covarrubias et al., 2012; Kube et al., 2021). Apart from the material, cell density and gel thickness of the beads are also decisive characters for good results. If these are higher, it will lead to a light shading effect, and if lower, it renders low nutrient absorption (Ting et al., 2017). Few microalgae-based immobilized studies for wastewater treatment are listed in Table 3.


TABLE 3. Microalgae-based immobilized bead systems for wastewater treatment (Ting et al., 2017).
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An ideal immobilized algal system should retain the viability of cells, shouldn’t interfere with photosynthetic ability, render low leakage of cells from the matrix and exhibit a high density of cells (Mallick, 2002). However, such systems have different metabolic effects on algal cultures. Only the surface algae can get optimum conditions (light intensity, nutrient availability) to grow while the microalgae inside the bead get deprived and show less activity due to the self-shading effect. Results are chiefly dependent on a higher surface to volume ratio to ensure maximum interaction between pollutants and microalgae surface (Wollmann et al., 2019). The current study on Scenedesmus obliquus showed 96.6 ± 0.1% removal in 50 mg/L NH4+-N and 300 mg L–1 COD by the immobilized system over cell-free mode in an artificial wastewater environment (Liu et al., 2019). Another study revealed 94% and 66% removal efficiency of NH4+-N and PO43-P, respectively, for agar-immobilized microalgae even after eight times recycling. This concludes that immobilized microalgae can be preserved for about 120 days and can be used repeatedly at room temperature (Hu et al., 2020).

There are five types of immobilized bioreactors for fixed microalgae-based sewage treatment, namely fluidized bed bioreactor, airlift bioreactor, parallel plate bioreactor, packed bed bioreactor, and hollow-fiber bioreactor briefly explained in Figure 1. Fluidization enables increased mass transfer, large surface area, finest mixing, homogenous temperature, and particle distribution (Mohd-Sahib et al., 2017; Nelson et al., 2017). There are two types of advanced fluidization: LS (liquid-solid) and GLS (gas-liquid-solid) fluidization. Both of them can operate on circulating fluidization in which particles are carried out to the top of the column and then returned to the bottom with high velocity via recycle line. In GLS, three phases are involved as both liquid and gas fluidizes the particles. An investigation on novel microalgae membrane bioreactor with internal circulating fluidized bed (ICFB) showed 52, 80, and 85% removal efficiency of [image: image]N, PO43–P, and NH4+–N in 40 days (Ding et al., 2020). A study modeled CO2 bio fixation using fluidized bed bioreactor onto polyurethane foam in nutrient rich wastewater setting and observed 97.7% (by wt. of lipid) of fatty acid methyl esters (FAMEs) mixture and found a high content of C16 and C18 FAME species for efficient combustion of biodiesel (Rosli et al., 2019). It was found that the wastewater removal efficiency also depends upon the flow pattern of the reactor besides cell density and gel thickness (Ting et al., 2017). Fluidized bed bioreactor showed better COD removal performance than parallel plate bioreactor rendered by a more extensive contact and continuous nutrient supply area (Ting et al., 2017). This system also possesses few limitations like difficulty in the evaluation of microalgae to count during treatment as it is packed in a matrix. Such constraints can be overcome by taking into account various other factors that influence the algal yield. Therefore, there is a need to broaden the understanding of immobilization on microalgae physiology and fill these lacunae of knowledge with further research.
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FIGURE 1. Characterization of different types of immobilized bioreactors.




Biofilm Packed Bed Bioreactor

Biofilm is a consortium of microorganisms embedded in a self-secreted extracellular polymeric substance (EPS) attached to a substratum. It can be an axenic (only consist of microalgae) or non-axenic systems (microalgae-bacteria consortium). Most of the systems are based on co-cultures of bacteria and microalgae as they share a stable symbiotic relationship in wastewater streams by maintaining a carbon dioxide-oxygen balance. Bacteria can feed on nutrients available in wastewater and also consumes oxygen to reduce the BOD while algae utilize CO2 released by bacteria and supplement the system with O2. This will make the whole system self-reliant in themselves (Boelee et al., 2014; Lee et al., 2014). Such biofilm reactor renders a tremendous advantage over the conventional suspended systems as they require a relatively minimal amount of water, i.e., for 1 ton of microalgae biomass, 17 tons of water is sufficient while for cell-free culture, 200 tons of water is needed (Podola et al., 2017). Moreover, any rough surface material can be used as a supporting material like nylon, stainless steel, and natural fibers, etc. (Garbowski et al., 2017). Rougher the surface, more easily microalgae can adhere to it. According to a study, nylon and stainless-steel mesh are the most effective supporting material for biofilm having Chlorella, Pediastrum, Scenedesmus, Nitzschia, and Cosmarium (Lee et al., 2014). The significant bottlenecks of suspended cultures like harvesting, separation, and dewatering are not required in biofilm-based packed bed reactor as microalgae can be easily removed by scraping the solid surface (Lee et al., 2014). Microalgae attached to the surface experience better light availability than in the suspended environment. Likewise, a study showed that 1.4-fold more biomass production and higher pollutant removal efficiency in C. vulgaris biofilm packed bed reactor comparing to the suspended bioreactor (Cheah et al., 2018). Many factors affect microalgal biofilms, such as selecting proper microalgal strain, nutrients, light, and carbon dioxide availability, temperature, pH, attaching material, flow velocity, and allelopathic microalgae interactions with other microorganisms in the case of consortium cultures (Mantzorou and Ververidis, 2019). Biofilm show high heavy metal removal efficiency as in the case of Chlorella with 10.55%, 24.8%, 26.4%, and 24.8% removal rate for Co, Mn, Sr, and Ni (Palma et al., 2017). This is due to the presence of a high number of functional groups for metal complexation in EPS.

Biofilm systems are majorly divided into three categories based on biofilm arrangement and liquid medium supply: (i) permanently submerged systems, i.e., those systems that are constantly submerged in the liquid culture medium, (ii) intermittently submerged systems, i.e., those systems that have repeated alternative exposures of liquid as well as gas phase (also called biofilms between two phases), and (iii) perfused systems, i.e., those systems in which substratum is directly provided with culture medium (Moreno Osorio et al., 2019). Various microalgae-based biofilm bioreactors are developed to integrate wastewater treatment with biofuel productions to obtain a high yield with high efficiencies than conventional techniques as depicted in Table 4. Different packed bed bioreactors like vertical, horizontal, parallel plate, flow cell, airlift, flexi-fiber, rotating biofilm reactors, and vertical-algal-biofilm enhanced raceway ponds are studied for reclamation potentials widely. However, a rotating biofilm packed bed bioreactor is more promising, with 31 gm–2d–1 growth in mixed culture conditions utilizing the municipal wastewater (Christenson and Sims, 2012). Furthermore, a recent study has also observed a formation of struvite within the microalgae biofilm matrix in an outdoor pilot-scale rotating algal biofilm reactor (Hillman and Sims, 2020). These systems are much more advanced than conventional packed bed reactors, but this technology is still primarily limited to laboratory conditions and needs to be further optimized in high pollutant loads to upscale it to industrial levels.


TABLE 4. Microalgae biofilm system using different carrier material.
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FACTORS AFFECTING MICROALGAL GROWTH

Microalgae cultivation requires various environmental conditions and biotic components such as temperature, light, pH, and nutrients for their optimum growth. The cultures require various nutrients, trace elements, vitamins, and growth regulators to grow. Redfield ratio suggested that the cultivation media could be flexible and adapted to microalgal metabolic needs and specific environmental conditions (Arrigo, 2005). The initial density directly affects the algal growth, i.e., higher algal density leads to better growth and ultimately results in higher efficiency for nutrient removal. The effect of various factors is explained below.


Temperature

Temperature is an important factor controlling microalgal growth and various metabolic activities, photosynthesis, and carbon fixation. The temperature of the pond varies on both seasonal and diurnal scales which affect the algal photosynthesis and respiration rates. The greater microalgal productivity was produced when the water temperature was controlled constantly compared to uncontrolled temperatures in high rate algal pond systems (Slegers et al., 2013). In a recent study, it was found that the higher the temperature, the lower the Rubisco’s affinity for carbon dioxide and eventually lower the carbon dioxide solubility in the media (Taziki et al., 2015). Henceforth, many species proliferate at the optimum temperature of 20-25°C as above 35°C; their growth becomes lethal due to increased photorespiration. Conversely, thermophiles can be utilized to serve the purpose and to reduce the cooling cost. Algae can be classified based on the temperature ranges as psychrophiles, mesophiles, and thermophiles. For instance, thermophilic microalgae Chlorogleopsis sp. can grow at a maximum temperature of 50°C (Morales et al., 2018). It experimented that different microalgae cultured at different temperatures showed a decrease in the growth rate, biomass, and lipid accumulation with an increase in temperature (Chaisutyakorn et al., 2018). Another study reported high carbon dioxide fixation and lipid accumulation up to 50% at 10°C in low nutrient availability in psychrotolerant species Acutodesmus obliquus (Lee et al., 2019). Galdieria sulphuraria show thermophilic growth behavior up to 56°C (Selvaratnam et al., 2014) while Chlorella sorokiniana has high photoautotrophic growth rates up to 43°C (Varshney et al., 2018). Hence, the growth rate of algae can be determined by the high rate of photosynthesis, which depends on light intensity and temperature (Béchet et al., 2013).



Light

Light plays an important role in the growth of microalgae. In a study, the relationship between light intensity, photoperiod, and production of biomass of microalgae Ankistrodesmus falcatus has been studied. The highest biomass (224.64 mg L–1) and biomass productivity (9.30 mg L–1 D–1) was observed under a light intensity of 150 μmol m–2 s–1, whereas the lowest biomass (183.48 mg L−1) and biomass productivity (7.58 mg L–1 D–1) was observed under the light intensity of 30 μmol m–2 s–1 (George et al., 2014). It was also reported that continuous light and 18 h dark cultures yielded lower biomass productivity. According to the literature, biomass production in many microalgae increased under high light conditions which generally causes an increase in reproduction until the saturation point intensity (Danesi et al., 2004). The wastewater quality directly affects the availability of light present in the culture medium. When at the beginning of the growth cycle, the light reaches a higher number of cells as the cell densities are low whereas at a higher density, the cells suffer from self-shading and sometimes the dissolved organic matters decrease the light availability to the culture for its growth (Novoveská et al., 2016). In a study, it was reported that three different types of lights red, blue, and white were studied on the algal species derived from the wastewater and the light spectrum influenced the cell size (Izadpanah et al., 2018). Light intensity directly affects the microalgal growth and the growth rate is directly proportional to Photon Flux density, but at the point of light saturation, the photon flux density is too high, which can lead to photoinhibition and photo-oxidation and ultimately the death of the cells (Bartosh and Banks, 2007). In a study, it was reported that the 19.4% of lipid content was increased when the amount of light intensity of 2700 Lux is provided to the culture (Rai et al., 2015). Microalgae can utilize the energy available in the wavelength range of 400–700 nm, which is referred to as photosynthetically active radiation (PAR) (Boyle, 2004). The optimum light intensity should be standardized for each species for maximum carbon dioxide assimilation and minimum photorespiration and photoinhibition. Scenedesmus almeriensis requires a light intensity of 100 μmol m–2 s–1 irradiance (Costache et al., 2013) whereas Scenedesmus obtusiusculus shows optimum growth at irradiation of 300 μmol m–2 s–1 irradiance (Cabello et al., 2015). The phenomenon of photoinhibition can be minimized by the usage of Light Emitting Diode lights instead of fluorescent tubes due to high electrical energy conversion efficiency, sufficient light intensity, and small volume and weight characteristics, and also decreased proton loss (Lee and Palsson, 1994). The optimum light intensity should be supplied to both sides of culture, i.e., material and watersides. The antioxidants present in microalgae can help in dealing with an excess of light and its effects.



Nutrients

The essential nutrients required for the optimum growth of algae include carbon, nitrogen, phosphorous, vitamins, and trace elements. The nutrient removal from wastewater by microalgae reduces the environmental impact of its discharge. Carbon is the essential nutrient for growth and is utilized by microalgae by the Calvin cycle. According to heterotrophic or mix-trophic metabolism, many species can grow on an organic substrate. The main organic compounds are monosaccharides, volatile fatty acids, glycerol, and urea utilized for growth. Organic carbon uptake into the cells occurs through diffusion, active transportation, and phosphorylation. A high concentration of carbon dioxide is required for the growth of microalgae C. vulgaris. The carbon dioxide fixation rate of C. vulgaris is 252 mg L–1D–1 and 86.7% of biomass was produced as shown in the investigation report (Bittencourt, 2009). C. vulgaris can uptake nitrogen, carbon dioxide, or phosphorous for its optimum growth (Gilles et al., 2008).

Nitrogen is required for the formation of genetic material, i.e., deoxyribonucleic acid and ribonucleic acid. It can be utilized in the form of nitrates, nitrites, urea, and ammonia. Removal of NH4+ is especially important as it is the more toxic form of nitrogen in wastewater. An increase in nitrogen available in the wastewater results in more uptake of nitrogen which leads to the production of more vital components for cellular activity further contributing to a greater amount of nitrogen being transported and assimilated by the cells (Kube et al., 2018). It is observed that C. vulgaris efficiently utilized and removed the high concentration of both nitrate and nitrite from the culture medium and simultaneously produces algal biomass for several wastewater treatments (Taziki et al., 2015). The other nutrients required are phosphorous, magnesium, iron, and calcium in trace amounts. Phosphorous is also utilized by microalgae for metabolic processes and several components such as nucleic acids and phospholipids. The uptake mechanisms as well as the use of phosphorous in algal cells depend on its concentration present in the wastewater (Solovchenko et al., 2016). The carbon assimilation is influenced by the phosphorous content present in the wastewater (Hu and Zhou, 2010), and wastewater carbon content has an impact on both nitrogen and phosphorous removal. The dissolved carbon dioxide is the most usable form of inorganic carbon for algae which leads to the maximum yield of algal biomass. For the nutrient removal and improvising algal growth, carbon dioxide is supplied to overcome low concentration of carbon in wastewater and reduces greenhouse gas emission by capturing carbon dioxide (Razzak et al., 2013). The pH also plays an important role in the optimum growth of algae. The maximum growth can be observed at optimum pH ranges from 7.9 to 8.3 (marine water), and 6.0 to 8.0 (freshwater). Most microalgae species are pH sensitive, and few of them can reach the range tolerated by C. vulgaris (Raize et al., 2004). In a closed system, the pH can increase up to pH 10. This rising pH value can be controlled by the amount of carbon dioxide or using inorganic or organic acids (Lam and Lee, 2012). Combustion of flue gas with high carbon dioxide concentrations can decrease the pH to 5, but, at higher acidic pH, the photosynthetic growth is limited. The pH value is affected by a decrease in metabolites and the release of several organic acids. The excess of OH reacts with CO2 to form HCO3–, resulting in a higher bicarbonate and carbonate alkalinity and higher total carbon availability. In wastewater treatment using algae, the pH rapidly increases and then remains at a relatively constant value (Kube et al., 2018). If wastewater is rich in NH4, a higher pH with less CO2 addition may promote volatilization, and if wastewater has a higher NO3– concentration a lower pH with more CO2 addition may encourage growth and improve nitrogen assimilation (Sutherland et al., 2015). High pH stress inhibits the cell cycle and triggers lipid accumulation (Vuppaladadiyam et al., 2018). Nutrients play an important role in the growth and productivity of microalgae such as iron, calcium, cobalt, manganese, zinc, molybdenum are vital for the growth of microalgae Dunaliella tertiolecta. The production of lipid in D. tertiolecta is increased when the culture was starved for nitrogen. For the production of oils and biofuels, it is economical to starve the culture for nitrogen content and will shorten production cycles and the waste content produced (Chen et al., 2011). Micronutrients such as iron, manganese are required in small amounts (2.5–30 ppm) and trace elements, such as cobalt, zinc, and molybdenum, are essential in very low concentrations (2.5–4.5 ppm) for efficient growth of microalgae. Micronutrients play an important role in algal metabolic functions such as coenzymes or energy carriers (Juneja et al., 2013). The high concentration of cobalt was previously considered toxic for algal species, but a controlled level of cobalt provided optimal lipid accumulation in T. suecica (Ghafari et al., 2016). The cobalt is mainly required for the synthesis of vitamin B12 (Li et al., 2007). Molybdenum in low concentration is optimal for Bacillus sudeticus, with 8% increase in lipid content; however, a high concentration showed improved lipid contents in C. vulgaris and T. suecica by 20% and 13% increases, respectively (Ghafari et al., 2016). Molybdenum is required for the assimilation of nitrates (Raven, 1988). Hence, it can be concluded that both macro and micronutrients are important for algal growth.




HARVESTING OF ALGAE

The production of microalgae biomass during wastewater treatment is considered as economic viability for algae-based product production. Microalgae-based wastewater treatment technology faces many challenges and microalgae harvesting is one of the major constraints due to the substantial cost and energy involved in these steps. Methods like centrifugation, flocculation, sedimentation, filtration, etc. have been reported to harvest biomass.


Chemical Flocculation

Flocculation is the process where microalgae are caused to clump together into a floc using various chemicals such as alum, or ferric chloride, etc. The critical factors of this process are cellular concentration, surface properties, net charge, and hydrophobicity, the concentration of the coagulant/flocculent species, pH, and ionic strength of the broth process (Papazi et al., 2010). The coagulation involves pH adjustment or electrolyte addition. The various biomass of microalgae recovered by flocculation includes C. vulgaris using Nano-aminoclays (Mg-APTES) as a coagulant (Farooq et al., 2013) whereas Chlorella minutissima is harvested by use of Fe2(SO4)3 as a coagulant (Papazi et al., 2010). C. vulgaris by auto flocculation can produce a recovery rate of 98% by using CaOH2. (Vandamme et al., 2012). In a recent study, the effect of pH variations and addition of flocculant such as calcium chloride on the harvesting of microalgae Arthrospira maxima was studied and observed that pH > 10 and CaCl2 0.2–2.0 gL–1 at a 1:30 ratio (v/v) of CaCl2/microalgae culture could be applied to harvest biomass efficiently (Caetano et al., 2020).

There are different ways to induce flocculation namely - (i) electrostatic patch, (ii) bridging, and (iii) sweep flocculation (Vandamme et al., 2013). Chemical coagulation/flocculation should - (i) result in no biomass contamination; (ii) lead to subsequent high-efficiency biomass settling; (iii) allow the reuse of the culture medium; (iv) environmental impact; and (v) cost-effective and non-toxic when applied in large scale (Molina Grima et al., 2003). The more electronegative the ion, the faster the coagulation (under 24 h) (Papazi et al., 2010). The negative charge is present on the surface of microalgae and The microalgae biomass can be contaminated by the used metals, declining its application in biofuel or animal feedstock. Coagulant addition (<10-fold) is required by the higher density cultures due to less charge on the surface of the cell wall leading to higher collision rates (Schlesinger et al., 2012). Chemical harvesting is an economical approach for the harvesting of microalgae from wastewater (Mohd Udaiyappan et al., 2017). The chemical flocculation method can be applied to large culture volumes without disrupting the cellular structure. The major disadvantage of this method is the presence of harmful chemicals that pose environmental risks.



Mechanical Methods

The most rapid and reliable method for harvesting algae is centrifugation and the algal biomass is separated based on density differences using centrifugal forces. A nozzle type disc centrifuges are suitable for all microalgae types as they are easily cleaned and sterilized, but the high investment and operating costs are their limitations. For harvesting filamentous algae, low-cost filtration methods are used. The strains grown in a high-rate algae pond system are selected, and filamentous algae are harvested by micro screening to retain larger cells, and smaller non-filamentous algae are washed away. For smaller suspended algae, tangential flow filtration is considered, but membrane fouling and replacement are not cost-effective (Uduman et al., 2010), and power requirements are high (Danquah et al., 2009). Use of membrane-based harvesting method has been reported for the recovery of Scenedesmus almeriensis biomass using polyvinylidene fluoride (PVDF) membrane which helps in separation by retaining biomass and growth media is passed through the membrane filter (Marino et al., 2019). Sedimentation is a low-cost harvesting method that can give concentrations of 1.5% solids (Danquah et al., 2009). Sedimentation is a slower process as settling rates of 0.1–2.6 cm h–1, and during the settling time, much of the biomass deteriorates (Greenwell et al., 2009). The various comparison of harvesting methods is depicted in Table 5, which explains their major benefits and limitations. In algae rich waters, dissolved air flotation is usually preferred over sedimentation methods (Teixeira and Rosa, 2006). Dissolved air flotation is a method commonly used in wastewater treatment sludge removal, i.e., for large scale setups but flocculants can cause a problem during downstream processing of algae (Greenwell et al., 2009). It was studied that pH-modulated dissolved air floatation harvesting method having optimized parameters such as pH, velocity gradient, mixing time, and floatation to harvest Chlorella sorokiniana from wastewater (de Leite et al., 2020). The major limitation of the mechanical method is the increased operational costs for algal production and is economically feasible only when a higher number of value-added products are produced (Park et al., 2011).


TABLE 5. Comparison of mechanical harvesting methods for algae (Adapted from Teixeira and Rosa, 2006; Greenwell et al., 2009; Uduman et al., 2010).
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Biological Methods

Bio-flocculation is an environmentally friendly technique to harvest microalgae which involves cell aggregation using different microorganisms (bacteria, filamentous fungi) and autoflocculating microalgae. Use of microalgae-bacteria flocs in wastewater treatment results in increased microalgae recovery with a settling rate of 0.28-0.42 m h–1 (de Godos et al., 2014). The use of polymeric material produced by various microbes was also reported for the harvesting of microalgae. Ndikubwimana et al. (2016) studied pilot-scale bioflocculation of Desmodesmus brasiliensis using bioflocculant γ-PGA produced by Bacillus licheniformis CGMCC 2876 and reported flocculation efficiency >98%. Choi et al. (2020) evaluated the potential of activated sludge derived extracellular polymeric substance (ASD-EPS) for microalgae harvesting (C. vulgaris, Chlamydomonas asymmetrica, and Scenedesmus sp.) and C. vulgaris showed the highest bioflocculation efficiency. Microalgae flocculation is also achieved by using naturally available ions in brackish water, and a variety of precipitating ions, including Mg2+, Ca2+ can lead to auto flocculation of microalgae (Smith and Davis, 2012). A new process of pelletized cell cultivation was reported by Zhang et al., using coculture of filamentous fungal species with microalgae. Microalgae cells co-pelletized into fungal pellets and due to their large size, these can be easily harvested through a sieve (Zhang and Hu, 2012). For microalgae harvesting and wastewater treatment, microalgal bacterial flocs is a promising technology. In a study, it was reported that bioflocs formation enhances harvesting of C. vulgaris and removal of nutrients from seafood wastewater effluent (Nguyen et al., 2019b).

Reviewing all the reported harvesting techniques and emerging studies it seems none of the technology seems economically and ecologically viable at a large scale. Therefore, the development of a cost-effective, efficient, and eco-friendly harvesting process will continue to be a hot area of research.




BIOFUEL PRODUCTION

In the coming decades, the world will require a vast amount of energy to support population and economic growth and to improve living standards. To protect the environment and meet increasing energy demand, renewable sources of energy need to be adopted (Bhatia et al., 2019b; Patel et al., 2020a, b, c). Due to rapid industrialization and subsequent improper waste handling, water pollution is increasing daily, especially in the Indian major cities, which has an incredibly harmful impact on human health and the environment (Bhatia R. K. et al., 2020). A biofuel is a fuel produced through contemporary biological processes such as dark-photo-fermentation, anaerobic digestion, and methanotrophs-based biotransformation of greenhouse gasses, etc. rather than geological processes involved in forming fossil fuels (Bindra et al., 2017; Patel et al., 2020d, e, f; Kumar et al., 2021). Microalgal biomass can be utilized to produce various types of biofuels including biodiesel, bioelectricity, biohydrogen, etc.


Biodiesel

Biodiesels are fatty acid methyl esters produced through the transesterification of oils with alcohols in the presence of catalysts (Bhatia S. K. et al., 2020). Microalgae can accumulate lipids that can be used as feedstock for biodiesel production (Anwar et al., 2017; Otari et al., 2020). The main steps in biodiesel production from microalgal biomass involve microalgae cultivation, drying of algal biomass, extraction of oil from algal biomass, and transesterification to fatty acid methyl esters (Bindra et al., 2017). Various methods are used to extract lipids from micro-algae such as mechanical extraction, solvent extraction, ultrasonic extraction, supercritical extraction, and enzymatic extraction. Transesterification is the process of conversion of oil to biodiesel (Demirbas, 2007). It involves reactions between triglycerides or fatty acids and alcohol in the presence of catalysts. Different alcohols such as methanol, ethanol, propanol, butanol, and amyl alcohols can be used in transesterification. However, methanol and ethanol are more commonly used in commercialized processes due to their low cost and physical and chemical advantage (Bhatia et al., 2015b; Patel et al., 2019). Various homogenous (acid or base) or heterogeneous catalysts (metallic nanoparticles) or enzymes (lipase) are used to carry transesterification reactions (Kumar et al., 2019; Otari et al., 2019).

Various methods of transesterification (supercritical, BIOX cosolvent) and bioreactor designs. (microtubular microreactors, membrane microreactors, microchannel reactors, microwave reactors, reactive distillation, and centrifugal contractor) have been reported for the conversion of oils into biodiesel (Bhatia et al., 2021a). In a recent study, it was found that microalgae Chlamydomonas reinhardtii produces 505 mg L–1 of biofuel from municipal waste (Kong et al., 2010). In a study, it was reported that in an effluent wastewater treatment plant under a continuous supply of carbon dioxide, C. vulgaris removed a higher concentration of phosphorous (Liu et al., 2020). Nanoparticles incorporation with microalgae is a new promising technology used for the high yield of biodiesel formation. According to the previous studies, a minimal amount of colloidal hydrous iron (III) oxide particles boosted almost 100% microalgae cell suspension; magnetic particles incorporated with aluminum sulfate were beneficial for cell separation from the mixed culture of Anabaena and Aphanizomenon microalgae species (Pattarkine and Pattarkine, 2012). The silver nano-particles applied on Chlamydomonas reinhardtii, and Cyanothece 51142 microalgae harvesting increased 30% higher biomass productivity, whereas calcium-oxide nano-particles increased the biodiesel conversion yield up to 91% via catalytic transesterification (Torkamani et al., 2010; Safarik et al., 2016).

The glycerol is produced as a by-product and is denser than biodiesel, which is continuously removed to increase biodiesel yield or used as feed to produce biohydrogen (Bindra et al., 2017; Prakash et al., 2018). Solvents are separated from methyl ester by evaporation. The efficacy of the produced biodiesel depends on the content of free fatty acids and the composition of the oil. Properties of produced biodiesel depend on, carbon-chain length, branching, and degree of unsaturation which affects the physicochemical properties of the biodiesel (cetane number, oxidation stability, iodine value, cold flow properties, density, and kinematic viscosity) (Bhatia et al., 2021a). For the use of transesterification, the biomass-derived heterogeneous catalysts produce 95% biodiesel yield and are cost-effective and eco-friendly. After the transesterification, the separation of produced biodiesel from catalysts, excess of alcohol, glycerol, and the remaining oil are important to ensure higher performance, protection of the engine, and to maintain the quality standards (Bindra and Kulshrestha, 2019). The wastewater from the food and beverage industries is suitable for the growth of microalgae as it has a low concentration of toxic chemicals and heavy metals (Bhatia S. K. et al., 2020). In a study, it was found that livestock waste contains a large amount of nitrogen and phosphorous which leads to an increase in the carbohydrate content of biomass and a decrease in lipids (Choudhary et al., 2020).



Biohydrogen

Hydrogen is the clean and more reliable energy alternative for non-renewable fossil fuels due to the high calorific value of ∼122 kJ g−1 and water molecule produced as end byproduct of their combustion (Patel et al., 2012, 2015; Bhatia et al., 2021b). Biohydrogen production from third-generation feedstock (microalgae) is the most sustainable and biorefinery approach towards energy crises and can be further improved using metabolic engineering (Kumar et al., 2020). Microalgal biomass harvested from wastewater treatment can produce biohydrogen via different methods like direct and indirect photolysis of water and dark fermentation, yielding various volatile fatty acids along with hydrogen production (Mishra et al., 2019; Rajesh Banu et al., 2021). Many factors affect the hydrogen production rate, namely, carbon and nitrogen sources and their relative ratios, pH, temperature, light/dark cycles, microalgal strain, culture set-up and, pre-treatment employed (Prabakar et al., 2018). Many microalgae species like Chlorella, Scenedesmus, and Saccharina are extensively used for biohydrogen production (Wang and Yin, 2018). Microalgae Scenedesmus obliquus showed 56.8 mL H2 g−1vs yield in urban wastewater (Batista et al., 2015). Another study revealed high biohydrogen production (204 mL H2 L–day–) in the immobilized culture of Scenedesmus obliquus under manipulated light conditions at 140 μE m–2s–1 of light intensity, 30°C and 7.5 pH with sulfur deprivation. Blue light elicits large algal biomass production in urban wastewater setup while purple light induces high biohydrogen yield (Ruiz-Marin et al., 2020). However, the low yield is a major challenge due to the oxygen sensitivity of enzyme, light, and CO2 fixation efficiency in the commercial setup. To deal with the O2-sensitivity issue, a study showed the significance of the addition of VFA (volatile fatty acid) in synthetic wastewater and pertaining to O2-deprivation. The study resulted in a significant increase in biohydrogen yield (65.4 ± 0.3 μmol H2 L–1 mM–1 acetate) in C. vulgaris culture grown in PBR (Hwang et al., 2018). Recent studies focused on improving the economy of the process through genetic engineering and deploying low-cost photoreactors (Sharma and Arya, 2017; Sharma et al., 2018; Schiano et al., 2019).



Microalgae-Microbial Fuel Cell (MMFC)

The production of electrons to the metabolism of microorganisms produces bioelectricity (Gurav et al., 2019). The microbial fuel cell is used to produce electricity from the hydrolysis and fermentation of algae. Microorganisms in microbial fuel cell biodegrade organic compounds into carbon dioxide, water, and energy through various metabolic pathways (Kondaveeti et al., 2019a; Bhatia et al., 2021c). The significant components of microbial fuel cells include an anode and cathode connected by a load. In the microorganism’s culture, the anode acts as a catalyst for decomposing the organic matter and produce electrons and protons (He and Angenent, 2006). In a microbial fuel cell, the production of electrons leads to carbon dioxide produced at the cathode which is utilized by microalgae for its growth and production of biomass. In MMFC, the microorganisms biodegrade the organic components into carbon dioxide, water, and energy by various metabolic cycles (Bhatia S. K. et al., 2020). Microbial fuel cells can simultaneously produce biofuel and bioelectricity and treat waste. The Figure 2 describes the production of bioelectricity in two-chambered microbial fuel cell using microalgae. Recent studies suggest that the C. vulgaris strain is efficient in producing bioelectricity as it contains more than 50% proteins (Becker, 2007). The microbial fuel cell chambers are constructed of glass, polycarbonate, and plexiglass (Rhoads et al., 2005). The anode is made up of materials such as carbon paper, graphite (Zhang et al., 2011), platinum and consists of organic substrates to be utilized for the production of electrons by microbes. The different types of microbial fuel cells are – (i) single-chamber MFC, (ii) two-chamber microbial fuel cell, and (iii) stacked microbial fuel cell (Kondaveeti et al., 2019a, b). A recent study reported 44,33 mWm–2 electricity production from tapioca wastewater via microbial fuel cell (Costa and Hadiyanto, 2018). In a recent study, it was reported that Chlamydomonas sp. TRC-1 produced for textile wastewater treatment produced biomass which further produced bioelectricity and produced power of 1.83 m–2 (Behl et al., 2020).
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FIGURE 2. Schematic production of bioelectricity by microalgae in two-chambered MFC.





OTHER VALUE-ADDED PRODUCT PRODUCTION

Microalgae are emerging to be one of the most promising long-term, sustainable sources of biomass and oils. Rapid growing and high lipid-content algae are selected for diverse applications in many sectors for the production of biofertilizers, biopolymers, and exopolysaccharides, etc.


Bioplastic

The increase in the production of plastic leads to environmental pollution (Bhatia et al., 2021e). The conventional plastic used is made up of petrol-based oils and cannot be disintegrated by microbes. Mostly these plastics are disposed of by using landfill, and incineration methods. In 2015, approximately 6300 Mt of plastic waste had been generated, around 9% of which had been recycled, 12% was incinerated, and 79% was accumulated in landfills or the natural environment and if the production and waste management trends continue at the same rate then roughly 12,000 Mt of plastic waste will be in landfills or in the natural environment by 2050 (Geyer et al., 2017). Incineration leads to the release of noxious harmful toxins into the environment (Zhang et al., 2003; Zeller et al., 2013). Therefore, bioplastic is the only alternative (Figure 3). It is a biodegradable material produced from biological sources like bacteria, microalgae, yeast, and transgenic plants (Park et al., 2020). Bio-derived plastics are of many types like polyhydroxyalkanoates, polylactic acid, starch, carbohydrate, and protein-based plastics (Bhatia et al., 2016). There are mainly three different methods for the production of bioplastics which include, (i) polymers extracted from biomass, (ii) polymers produced by microorganisms, (iii) polymers synthesized by bio-derivatives.
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FIGURE 3. Steps for extraction of PHA.


Various microalgae strains are cultivated for polyhydroxyalkanoates production and accumulation of polyhydroxyalkanoates occurs under specific culture conditions. Study have found that the microalgae Spirulina platensis produces 10% (dry cell weight) of polyhydroxyalkanoates under specific growth conditions of acetate and carbon dioxide in the medium (Laycock et al., 2013). The genetically engineered microalgal strains can be used in the future, by using clustered regularly interspaced short palindromic repeats clustered regularly interspaced short palindromic repeats and Cas9 (an RNA-guided cleaving enzyme) cloning systems for producing the increased amount of polyhydroxyalkanoates (Sternberg and Doudna, 2015). In a recent study, the microalgae were harvested from the effluent of wastewater treatment plant and created a liquid medium for the growth of recombinant E.coli for the production of polyhydroxybutyrate (Rahman et al., 2015). The pathway engineering in baker’s yeast Saccharomyces cerevisiae and then transferring the assembled pathway in the nucleus of C. reinhardtii (Noor-Mohammadi et al., 2014). Microcystis sp. produces 0.7 mg L–1 yield polyhydroxybutyrate product (Abdo and Ali, 2019).

Polyhydroxyalkanoates films are used to pack urea fertilizers and insecticides, which decomposes efficiently by the soil microbes used in the agricultural land (Singh et al., 2009; Aguilar and San Román, 2014). Polyhydroxyalkanoates is also used as scaffolds, bone plates, media for the slow release of drugs, and surgical sutures in the medical industry (Bhatia et al., 2019c). Polyhydroxyalkanoates have been used in bone renewal treatments and nerve injury due to their piezoelectric nature (Misra et al., 2006). A blending of polyhydroxyalkanoates with inorganic phases results in bioactive composites of higher properties that can be used in tissue engineering applications (Chen, 2009). Despite its imperative applications, there are few constraints like slow growth of algae, costly harvesting, extraction, and downstream processing steps which took a great toll on the global market demands of bioplastics. Due to this, many scientists are moving towards genetic engineering tools to circumvent the price barrier.



Biofertilizer

Biofertilizers are composite substances with live or latent microorganisms that colonize the rhizosphere of plants, fix atmospheric nitrogen, aid in nutrient availability of plants, phosphate solubilization, and harness the soil’s fertility for healthy crop production. These natural composites can rejuvenate the nutrient balance in soil deteriorated by overusing harmful chemical fertilizers, pesticides, and weedicides and catalyzes the decomposition kinetics of organic matter present in the soil. Moreover, algae are widely utilized for soil conditioning and integrated plant nutrition systems since they can recover excess nutrients from wastewater during cultivation and reclaim water for other uses (Han et al., 2019). The production of biofertilizers by microalgae when wastewater acts as a substrate for optimum growth and production is depicted in Figure 4. Among the various types of algal species studied, cyanobacteria are the simplest and one of the most efficient because it has a high water-holding capacity, ability to fix atmospheric nitrogen, short generation time, and ability to withstand extreme environments (Singh et al., 2016). According to the study on N15-labeled fertilizer, cyanobacteria assimilate more nitrogen than chemical fertilizer and are more reliable for rice plant cultivation (Fernández Valiente et al., 2000). Another exciting research on immobilized Chlorella pyrenoidosa on dairy waste effluent as a biofertilizer gives a 30% surge in paddy root and shoots length (Yadavalli and Heggers, 2013). A study also found a yield of 650 mg L–1 of Chlorella sp. biomass growing in municipal waste as a biofertilizer (Das et al., 2019).
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FIGURE 4. Schematic representation of reclamation of wastewater into a biofertilizer using microalgae (Created with BioRender.com).


Microalgae are also found to stimulate plant growth by producing essential plant growth promoters with plant-microbe symbiosis. Many studies are performed to validate the presence of extracellular products with growth regulators like activity in plants that aid in early germination. One such study on Lupinus termis grown in a consortium of cyanobacteria and bacteria revealed plant growth stimulating substances and showed improved germination compared to seeds untreated or treated with hormones like indole acetic acid, gibberellic acid, and cytokines (Win et al., 2018). Algae stimulate the production of siderophore, i.e., high-affinity Fe-chelating compounds secreted by bacteria by producing organic acids that photolyzes these siderophores and thereby triggers iron assimilation in very low iron and nitrogen conditions chiefly in the waterlogged or aquatic environment. A recent study valorized the freshwater microalgae Navicula pelliculosa induced siderophore biosynthesis in the bacterium Cupriavidus necator H16 (Kurth et al., 2019). Another experiment that cultivated microalgae in black water (toilet wastewater) concluded that microalgae biofertilizer works similar to inorganic fertilizer but emits more N2O and CO2 due to nitrification pathways. These increased emissions could be non-sustainable and need to be maintained (Suleiman et al., 2020). Despite the surfeit of advantages of microalgae-based biofertilizers, some bottlenecks of this technology hinder mass production. The primary constraints include the short shelf-life of cyanobacteria and the possible dangers of toxification of algae due to the outpouring of chemical pesticides, herbicides, and weedicides in cropland press a severe concern (Renuka et al., 2018). Shelf-life can be augmented to a certain extent by selecting translucent packing material, dry mixing, etc. (Jha and Prasad, 2006). Apart from this, light and temperature sensitivity also hurt a viable population count in storage conditions. Therefore, further research should be encouraged to prevail over these limitations and promote the integrated carbon-neutral, zero-waste biorefinery approach.



Exopolysaccharides

Industries have currently shifted their focus from polysaccharide inside the cell to exopolysaccharide, loosely attached to the cell wall surface (cell-bound exopolysaccharides) like sheaths, slime, and capsules or is secreted outside the cell to build a matrix as protection (Bhatia et al., 2015a; Sathiyanarayanan et al., 2015). It has gained much attention due to its facile extraction and isolation process from the media; it will prove to be an economical alternative and also saves a lot of time and energy. Exopolysaccharides are high-value compounds obtained from algal secretions with remarkable therapeutic properties associated with the compound’s conformations and molecular weight (Sathiyanarayanan et al., 2016). They are known to possess immunomodulatory, anticoagulant, antimutagenic, antibacterial, radioprotective, anticancer, antiulcer, and anti-inflammatory bioactivities (Bhatia et al., 2021b). Cyanobacteria and red algae are the chief producers of exopolysaccharides mucilages mainly to adapt to stress conditions like physio-chemical changes in the environment. The composition of exopolysaccharides varies from species to species and is conspicuously dependent upon culture conditions. Golgi apparatus and cytoplasm are the leading site for the formation of these exopolysaccharide molecules in microalgae and cyanobacteria, respectively. Exopolysaccharides prime sugar component includes glucose, fructose, galactose, xylose, arabinose, rhamnose, mannose, and fucose. Salt stress in halotolerant microalgae D. salina induces the release of a complex mixture of polyelectrolytes and polysaccharide content as a survival strategy (Mishra and Jha, 2009). Apart from the concentration of nitrogen, phosphorus, sulfates, temperature, pH, and intensity of the light also significantly impact the yield. In a study on microalgae Botryococcus braunii strain CCALA 220 (race A), a yield of 2 mg L–1 was obtained at optimum conditions of 950 μmol m–2 s–1 of light intensity and 6 mM of nitrate (Cepák and Přibyl, 2018). Another study gives a yield of 140 mg L–1 of EPS with Phaeodactylum tricornutum grown in palm oil mill effluent (Nur et al., 2019).

Other rationales include cell-to-cell interactions, biofilm formation, and adhesion mainly because of polyanionic and polycationic compounds like N-acetylglucosamine and xanthan that impart these properties (Bhunia et al., 2018). Exopolysaccharides are usually negatively charged, i.e., exhibit anionic properties of the biopolymer. Indeed, it can immobilize positively charged metal ions with positive charges in the effluent from wastewater due to uronic acid and sulfate’s presence on the surface (Freire-Nordi et al., 2005). The exopolysaccharides of Chlorella stigmatophora and Anabaena spiroides exhibit the metal-complexing capacity against Zn2+ and Cd2+ and Cu2+, Pb2+, and Hg2+, respectively (Freire-Nordi et al., 2005; Khangembam and Tiwari, 2016). This natural metal chelating property is very beneficial in biological water purification and to maintain ecological balance. Besides, the recent study has highlighted exopolysaccharides potentials as bio flocculant in freshwater Cyanothece sp. for the bioremediation of nano and microplastics from the waste streams and as a potential replacement of synthetic flocculants (Cunha et al., 2020). Many biochemical and rheological studies on exopolysaccharides can be expanded for mechanical and food engineering applications as drag-reducers in ships and thickening and gelling agents to increase food viscosity (Xiao and Zheng, 2016). A brief discussion about the major components of exopolysaccharides and their applications are depicted in Table 6.


TABLE 6. Composition of EPS of various microalgae with their bioactivities and applications.
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Polysaccharides from Gyrodinium impudicum KG03 render excellent antiviral activity against encephalomyocarditis virus (Yim et al., 2003). Furthermore, strains like Nostoc flagelliforme, Porphyridium cruentum, and Aphanothece sacrum exhibit antibacterial and antiviral properties against Salmonella enteritidis and several viral species like Vaccinia virus, and African swine fever virus, etc. (Kanekiyo et al., 2005; Ngatu et al., 2012). Rhodella reticulata, Chlamydomonas reinhardtii, and Arthrospira platensis show impressive antioxidant and free radical scavenging pharmaceutical activities in a dose-dependent manner (Chen et al., 2010; Bafana, 2013; Pierucci et al., 2017). Moreover, S. platensis inhibits tumor invasion and metastasis by releasing sulfated polysaccharide calcium spinilan (El Baky et al., 2013). Microalgae-derived exopolysaccharides have enormous applications in biotechnological, food, pharmaceutical, and most importantly, in industrial wastewater treatment. This field is still in its infancy, and further studies and research are inevitable to disclose the understanding of complex structural and functional diversity and optimize exopolysaccharides yield with minimal cost further. Co-culturing and heterogeneity give good results with interspecies interactions and upsurge in exopolysaccharide production (Angelis et al., 2012). More research is required to scale-up this microalgae technology to exploit more lucrative resources supporting the biorefinery concept.




TECHNO-ECONOMIC ANALYSIS AND GLOBAL STATUS

Microalgae are utilized for wastewater treatment in many different ways all over the globe. New technologies are emerging with more efficient and feasible approaches to scale up from laboratory setup to industrial. Several industries have adopted phycoremediation to maintain their discharge standards and to perform well in corporate social responsibility. Besides, they gain huge profits by selling algae-based products like biofuel, feed, and fertilizer to the market. A study highlights the base case cost of about ∼1.6 € kg–1 to 1.8 € kg–1, and the projected case cost is p∼0.3 € kg–1 to 0.4 € kg–1 for microalgae cultivation in the case of raceway pond while in the case of packed bed bioreactor, its ∼9 € kg–1 to 10 € kg–1 and ∼3.8 € kg–1 respectively (Slade and Bauen, 2013). Another research valorizes the use of wastewater, and preferably blue light filter (480 nm) in the raceway system will significantly augment biomass production by 63% and 73%, respectively, i.e., decrease in cost from 2.71 to 0.73 $ kg−1 (Kang et al., 2015). A techno-economic analysis estimates a $2.23/gallon break-even selling price of biofuel with an 18.7% internal rate of returns if the cultivation, harvesting, and downstream cost are monitored. Figure 5 depicts the annual cost spent and income/revenue generated by utilizing wastewater for microalgae cultivation and simultaneous bio-oil production via pyrolysis. Therefore, it is anticipated that wastewater-based microalgae biofuel can become a powerful competitor for the crude oil industry shortly (Xin et al., 2016).


[image: image]

FIGURE 5. Distribution of costs and income per year (A) Distribution of capital costs; (B) Distribution of operation costs; (C) Distribution of income (Xin et al., 2016).


Lately, Bath University has collaborated with Wessex Waters sewage treatment works to pioneer the new project to deploy algae for recovering the phosphorus load in the United Kingdom. About 80-96% of phosphorus is treated from 3000 liters of wastewater per day in an installed pilot-scale High-Rate Algal Pond setup, resulting in polished wastewater fit for environmental discharge (Algae farms to offer a cheaper, renewable solution to cleaning wastewater, 2020). This seems a suitable replacement for the traditional chemical dosing of wastewater with iron as it can also produce nutrient-rich biomass that can be used for other purposes like biofuel, and bioplastic. Another successful example is phycospectrum that has revolutionized phycoremediation all over India with collaborations with Colombia wastewater treatment plant. It also introduces algal technology in SNAP Products PVT LTD to purify the acidic and toxic effluents high in total dissolved solutes using the naturally occurring Chroococcus turgidusstrain. A 1200 m2 reinforced cement concrete tank was set up to treat 1200 KL of volume at a time with an AC sheet roof to prevent rainwater from mixing. Earlier, 290 tons of sludge deposits per annum were buried in the landfill, which now is rich in nutrients and can be commercialized as valuable fertilizer, generating additional revenue. The industry saves 50 lakh p.a. spent on caustic soda to neutralize the wastewater and three lakhs for sludge disposal (Internet Achive Wayback Mechine, 2020). Similarly, it served about 32 mega industries in India by applying algal technologies to treat the polluted effluent sustainably and producer-waste products (Hanumantha et al., 2011). Currently, the company works on reducing oil slicks in wastewater to <2% using algal strain to transform sludge completely into a soil-like material with good water holding capacity (Sivasubramanian, 2020).

One recent project mainly meant to alleviate the toxic levels of wastewaters from the grassroots dyeing industry is Indus tiles. They are composed of clay material and are made into fan-shaped leaves with algae-laden venations. This cost-effective and reusable modular bioreactor wall system is designed by biochemical engineers in University College London using algae and hydrogel formulations for bioremediation of heavy metals and other pollutants from the wastewater disposed of by local artisans in India (The Indus Project, 2020). Phytochelatins produced by microalgae work as an adsorbent to capture the metals from the colored water and make it suitable for the environment. Another technology Algae wheel wastewater treatment process developed by One Water Inc. has virtually replaced the wetland system in Uniondale, New York, with an average daily flow of 22,300 gpd. This technology uses RAC^TM, which has a hybrid fixed-film rotator that integrates both algal biofilm and moving bed biofilm reactor systems for a significant reduction in pollutant loads (Johnson et al., 2018). Furthermore, an entirely similar approach by Gross-Wen Technologies that uses a vertical conveyer belt instead of a rotator is patented as the revolving algal biofilm treatment technology. A study on the revolving algal biofilm reactor obtained significant results showing 46% sulfates removing efficiency at the 0.56 g L–1d–1 rate on the treatment of low pH drainage from a mining industry. Also, it manifests a substantial reduction in chemical oxygen demand, phosphorus, and ammonia concentration compared with suspended cultures (Zhou et al., 2018). The biomass can be scrapped of quickly and deployed as a slow-releasing fertilizer, bioplastic, or biofuel. The different value-added products from different algal biomass are cultivated under optimum conditions for their highest yield and products such as for the production of biofertilizers, Chlorella sp. gives a maximum yield of 650 mg L–1 from MMT effluent wastewater source (biofertilizer) whereas Phaeodactylum sp. when grown in palm oil mills (wastewater source) yields 140 mg L–1 of exopolysaccharides (Das et al., 2019; Nur et al., 2019). The biofuel produced from municipal wastewater effluent by C. reinhardtii (bio-oil) produces 505 mg L–1 under the optimum conditions (Kong et al., 2010). Another value-added product such as polyhydroxyalkanoates is used for the development of biodegradable plastic obtained from Microcystis sp. cultivated in high-rate algal pond yields 0.7 mg L–1 of polyhydroxyalkanoates (Abdo and Ali, 2019).



CHALLENGES AND PERSPECTIVES

Microalgae are a promising feedstock for biorefineries due to their capability of resource recovery from wastewater. Microalgae cultivation in municipal wastewater requires nutrient supplements for the high yield of algal biomass, which is cost-effective. The (environmental) costs of synthetic nutrient additions could be replaced by co-fermentation of various wastewater, which provides all the essential nutrients and integration with other product production technologies may help to improve the overall production cost. Another challenge associated with wastewater is the presence of various contaminants (bacteria, protozoa, and fungi) which inhibit microbial growth. The pH and organic compounds such as tannins and lignin present in wastewater can be toxic for the growth of algae, and the presence of heavy metals absorbed by algae declines its usage for pharmaceutical products. Various pretreatment methods can be used to remove contaminants such as filtration and autoclaving but use of these methods is not feasible at a large scale, so there is need to find other methods that can be scaled up easily at lower cost. Wastewater treatment generally results in sludge production while using microalgal culture there is no requirement of chemicals used for the pretreatment and the sludge contains only algal biomass (Bhatia S. K. et al., 2020). For optimum pH and salinity, cultivation can be performed by mixing hypersaline water from industries or cultivating algae in seashore areas. Use of zeolite is also suggested to remove ammonia from wastewater and then use ammonia rich zeolite to release ammonia in algae culture (Markou et al., 2014). Microalgal biomass produced during wastewater treatment is not a waste, it can be used a material to prepare biochar and used as adsorbent for water pollutant removal. Furthermore, for lowering chemical oxygen demand and biological oxygen demand levels, the collected microalgae biomass can be subjected to anaerobic digestion for the production of methane and other energy source. Microalgae consortia (algae-algae, algae-bacteria) can be used to increase the productivity and coproduction of other valuable products (Leong et al., 2019; Nguyen et al., 2019a, b). The composition of wastewater depends on its source and affects microalgal growth, there is a need to find new microalgal species that are more robust, resistant to various environmental factors, withstand high organic load and fulfill most of the desired parameters (high nutrient removal and growth, accumulate high lipid content). Bioreactors and type of cultivation system also affect the growth and the biomass produced by microalgae to produce value-added products. Microalgae mostly grow on the surface of the water and at high culture density cells restrict light penetration and inhibit microalgae growth inside water. There is a need to design unique bioreactors to overcome these issues. Microalgal growth is also affected by other factors such as wastewater turbidity (inhibit light penetration), temperature variation which hinders the use of the same technology in all cases. Nowadays, the techniques used for harvesting are costly and also labor-intensive but in the coming future, with constant efforts and new technologies the new harvesting methods are being developed and produced microalgae can be used for animal feed, bioenergy, biochemical production, and other biotechnological applications. The use of microalgal based resource recovery from wastewater and its integration with other emerging technologies will definitely improve the overall economics of wastewater treatment and reduced the production cost of many commercially valuable compounds in near future.



CONCLUSION

Microalgae are the most promising candidate for the sustainable treatment of wastewater and the reclamation of nutrients for valuable product production. Microalgae outpace all the traditional wastewater treating techniques like electrochemical methods, precipitation, and membrane technologies by phycoremediation, which is more effective, economically stable, and produces less amount of waste. Microalgae significantly recover nitrogen and phosphorous, lowers biological oxygen demand, and chemical oxygen demand levels. However, many constraints limit the use of microalgae in industries such as, harvesting, and downstream purification of algal biomass for the production of high-value products. Special optimum conditions are needed to be maintained for a particular algal strain depending on the type of industry and desired product of interest. The field of phycology holds enormous opportunities for the purification of water, biofuel production, exopolysaccharides, and bioplastic industries. Sustainable processing of sewage waste and its complete utilization in terms of nutrients with microalgal aid and promoting a biorefinery approach is the need of an hour.
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= Home Office and Construction fee
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= Microalgae seeds

® Electricity for cultivation
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© Chemicals
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® Wastewater treatment cover
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Wastewater Parameters (mg L—1) Ref.
(source)

BOD! COD2? TsS® TN4 TPS

Domestic 160-300 250-800 390-1230 20.0-70.0 4.0-12.0 Vandith et al.,
2018

Domestic 124 156 —a — — Choi et al.,
2017

Household 258 - 63.0 50.2 5.9 Vandithetal,
2018

Office — 160-220 — 54.5-79.3 3.8-7.0 Vandith et al.,
2018

Dyeing industry ~ 52.4 111 — — — Choi et al.,
2017

Paper mill 38.8 112 — — — Choi et al.,

industry 2017

Pharmaceutical 120 490 370 — — Rana et al.,

industry 2017

1Biochemical oxygen demand.
2Chemical oxygen demand.
37otal suspended solids.
4Total nitrogen.

57otal phosphorus.

aNot reported.
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Wastewater Category Microalgae strain Influent characteristic Removal rate (%) Ref.
source

NH4+N (mgL-') TN (mgL-1) TP (mgL-') NH4£N (mgL-') TN TP
Municipal Synthetic saline Spirulina platensis — 130 15 — 79 93.3 Zhou et al., 2017
wastewater wastewater
0.251)
Domestic Chlorella sp. and 37.64 61.47 7.42 98 94 95 Silambarasan et al.,
wastewater Scenedesmus sp. 2021
(75% diluted)
Agricultural Anerobic food  Chlorella — 3029+ 13.4 25.7 + 31 — 88.7 67.6 Tan et al., 2021
wastewater wastewater pyrenoidosa
Industrial Pharmaceutical Microalgal — 44 5 — 74 92 Villar-Navarro et al.,
wastewater wastewater consortia 2018
(9600L)
Anaerobically  Chlorella sp. 2224+ 12 — 90+38 956+156 —  26.4+11.6 Vadiveloo et al.,
digested 2021
abattoir effluent
Molasses Scenedesmus sp. — 600 75 — 90.2 88.6 Ma et al., 2017
waste (diluted
and balanced)
Other Mixed piggery-  C. vulgaris 2-367 9-480 5-45 19-100 32-96 28-95 Zheng et al., 2018
wastewater brewery
waste
Aquaculture Spirulina sp. LEB — 10.88% 11.37 — 79.28 93.84 Cardoso et al.,
waste (1L) 18 2020
HTL-APL Picochlorum sp. — 6900 1100 — 95.4 97.2 Das et al., 2020a
HTL-APL Tetraselmis sp. — 4223 504.7 — 98.5 98 Das et al., 2020b

aNjtrite (NO~2) nitrogen.
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PBR Microalgae Wastewater HRT/h Biomass Influent (mg L—1) Removal efficiency (%) Ref.
strain type productivity
(gL-'d"")
N TP N TP
Sodium alginate S. obliquus, Secondary 6or35 0.110-0.401 32.5 2.5 60.1-100/ 10-97 53.3-85.1/18-82 Ruiz-Marin et al.,
solution (3 L) C. vulgaris effluent 2010
Integrated 3 Chlorella Sewage — <0.03 37 12.8 100 100 Singh et al., 2012
chambers of PBR minutissima wastewater
250
Alginic acid sodium  C. vulgaris Tertiary 6.5-12 0.18-1.55 7.1-10.4 0.08-1.78 100 60-90 Filippino et al.,
salt opaque PVC wastewater 2015

PBR(4L)
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Microalgae

C. vulgaris

C. vulgaris

C. vulgaris, Oscillatoria
S. obliquus

Mixed consortium
Mixed consortium

PBR type

Airlift-PBR
Membrane PBR
Vertical ABR
Parallel plate PBR
Membrane PBR
RABR

Supporting material

Fiber

Flexi-fiber bundles
Coral velvet
Polycarbonate sheet
Nylon mesh

PVC sheet

Biomass productivity (mg L=-1D")

15.9
72.0
10.6-14.7
1.9
9.1
31000

Ref.

Tao et al., 2017

Gao et al., 2015

Zhang et al., 2018

Zamalloa et al., 2013
Mantzorou and Ververidis, 2019
Christenson and Sims, 2012
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Method

Centrifugation
Tangential filtration
Gravity sedimentation
Dissolved air floatation

Solid concentration after harvesting (%)

12-22

5-27

0.5-3
3-6

Recovery (%)

>90
70-90
10-90
50-90

Scale

Bench
Bench
Pilot
Pilot

Major benefits

Reliable, high solid concentration
Reliable, high solid concentration
Low cost

Proven at large scale

Major limitations

Energy intensive, high cost
Membrane fouling, high cost
Slow, unreliable

Flocculants required
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Microalgae

Chlamydomonas reinhardltii
Anabeana sp.
Gyrodinium impudicum

Dunaliella salina
Arthrospira platensis
Nostoc flagelliforme
C. vulgaris

Aphanothece sacrum

Monosaccharide composition

Ara, Rha, Rib, Xyl, Gal, Glc
Gal, Glc (+), Man, Xyl, Fuc
Gal

Gal, Glc (+), Xyl, Fru

Ara, Rha, Fuc, Xyl, Man, Gal, Glc
Glu, Gal, GIcA Xyl, Man

Glu, Xyl, GIcUA

Glc, Fuc, GalA, Rha, GIcA, Gal, Man,
Xyl

Bioactivities and applications

Antioxidant properties
Bio flocculant

Anti-viral activity, immunostimulatory
activity, bio flocculent

Plant growth bio stimulant
Antioxidant, cosmetics
Anti-viral activity, antithrombin activity

Antimicrobial activity, bio stimulant,
antioxidant activity
Anti-inflammatory, anti-allergic,
adsorption of metal ions, liquid
crystallization

Ref.

Bafana, 2013
Khangembam and Tiwari, 2016
Yim et al., 2003

Mishra and Jha, 2009
Pierucci et al., 2017

Kanekiyo et al., 2005
El-Naggar et al., 2020

Ngatu et al., 2012
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