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Abstract

:

The excessive use of agrochemicals to ensure food security under the conditions of a growing population, global climate change, weather extremes, droughts, wasteful use of freshwater resources, and land degradation has created severe challenges for sustainable crop production. Since the frequent and abrupt environmental changes are outcompeting the existing agricultural technologies of crop production systems to meet food security, the development and use of modern technologies and nature-based solutions are urgently needed. Nanotechnology has shown potential for revolutionizing agri-production and agri-business in terms of nanofertilizers and nanoparticles for crop protection. Furthermore, in the recent past, biochar has been identified as a negative emission technology for carbon sequestration and soil fertility improvement. However, supply chain issues for biochar, due to feedstock availability, challenges its worldwide use and acceptability. Meanwhile progress in algae research has indicated that, algae can be utilized for various agro-ecosystem services. Algae are considered an efficient biological species for producing biomass and phytochemicals because of their high photosynthetic efficiency and growth rate compared to terrestrial plants. In this context, various options for using algae as a nature-based solution have been investigated in this review; for instance, the possibilities of producing bulk algal biomass and algal-based biofertilizers and their role in nutrient availability and abiotic stress resistance in plants. The potential of algae for biochar production (hereafter “phycochar” because of algal feedstock), its elemental composition, and role in bioremediation is discussed. The potential role of agal nanoparticles’ in mitigating abiotic stress in crop plants was thoroughly investigated. This review has effectively investigated the existing literature and improved our understanding that, algae-based agro-solutions have huge potential for mitigating abiotic stresses and improving overall agricultural sustainability. However, a few challenges, such as microalgae production on a large scale and the green synthesis of nanoparticle methodologies, still need further mechanistic investigation.
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1. Introduction


Surface temperature rise is increasing gradually and is expected to reach 3.2 °C by the end of the century. Global warming affects the world by influencing food production systems, leading to hunger, malnutrition, and increased poverty that can damage all life forms [1]. Climate change has become a reality, and its effects on water, agriculture, health, biodiversity, forests, and socioeconomic sectors can be seen worldwide. In comparison to developed nations, developing and less developed countries are likely to suffer more due to climate change [2]. Extreme weather events like prolonged drought spells or erratic rainfalls leading to flooding are likely to become more common in the future. Over the last 20 years, the media has paid increasing attention to climate change [3,4], and concerns about global warming and climate change issues have evolved progressively.




2. Salinity, Drought, and Flooding as Abiotic Stresses


Salinity is among the most severe worldwide challenges affecting agricultural productivity. Salinity stress is caused by the osmotic effect, cytotoxicity of ions, such as Na+ and Cl−, and nutritional imbalance. All these effects of salinity stress inhibit plant growth and development [5]. Isayenkov [6] stated that salinity causes oxidative stress resulting from the production of reactive oxygen species (ROS). ROS are unstable oxygen-containing molecules that easily react with other molecules in a cell. A deposition of ROS in cells can damage DNA, RNA, and proteins and can cause cell death as well. Salinity stress can inhibit metabolic processes and result in early aging and cell death. Plants respond to salt stress through the closure of stomata, inhibition of cell expansion, and reduction of root surface area to reduce ion uptake [7].



During the previous century, increases in greenhouse gas emissions and temperature have led to extreme weather conditions with more frequent droughts and floods. Droughts cause severe stress on the hydrological cycle, with serious consequences on economy, society, and the environment. Extreme drought events can have a major influence on soil ecosystem functioning [8], plant morphology [9], and productivity [10]. Thus, the agriculture ecosystem is so vulnerable to drought that severe droughts can negatively impact global food security. Drought-related damages are often assessed using socioeconomic parameters such as economic and agricultural productivity loss. As a result, it is critical to employ relevant indicators to assess the effects of severe droughts on agricultural soil and to examine the long-term viability of soil ecosystems under adverse drought spells [11]. Floods are the worst type of hydro-meteorological hazard on planet Earth. Flooding is the most striking interaction between man and his environment, emphasizing both the tremendous intensity of natural occurrences and man’s inability to control these [12]. Examples of severe floods include river flooding, urban drainage, coastal flooding, erosion, and ground flooding erosion. The mechanics of riverine flooding differ depending on the topography. Floods in flat regions can be shallower and slow-moving for days or even weeks. Floods can occur in minutes after heavy rain in hilly and mountainous areas. Flash floods are extremely dangerous because of their spontaneous nature, huge depths, and strong velocity. Over one-third of the globe’s land area is prone to flooding, affecting around 82% of the world’s population [13]. Between 1980 and 2010, about 196 million people were exposed to severe flooding in 90 countries, and 170,000 people died because of floods globally, according to The United Nations Development Programme 2004 (UNDP). Flooding is the most prevalent of all environmental hazards, claiming thousands of lives each year and affecting millions of people throughout the world [14].



High temperature, drought, salinity, and floods all pose serious challenges to food production systems and security by affecting land resources and inefficiencies in agricultural inputs. Various strategies have been developed and successfully adapted with a degree of success. However, almost all strategies have shown certain tradeoffs, ultimately challenging the sustainability of the system. Abrupt changes in climate are the main cause of abiotic stress and influence agricultural food security. Agricultural productivity and climate perturbation are associated factors and potentially cause biotic and abiotic stresses, which have adverse effects on the agriculture of a region. Abiotic stresses play a major role in plant distribution across different types of environments and maintaining the eternal stability of the ecological system is the most important worldwide ecological challenge. Over 90% of crop fields, resulting in a 70% decline in the production of major food crops, were affected due to abiotic stress. The alarming conditions have evolved because of unanticipated environmental changes, human activity, and inadequate agricultural strategies [15]. Abiotic stress conditions trigger the production of reactive oxygen species (ROS), which, if not detoxified, will certainly reduce the quality of the soil and subsequent fertility. The production of reactive oxygen species inhibits many cellular functions at various levels of metabolism, such as photosynthetic activity, biochemical processes, carbon assimilation, and membrane permeability, resulting in a decrease in crop production [16].



To reduce the negative effects of abiotic stress and improve plant stress resistance, various agronomical methods have been employed, including nanotechnology biochar amendment, and bio-fertilizer from various sources have also been considered for mitigating abiotic stresses [17,18,19]. Nanotechnology attracted interest, particularly in developing effective and environmentally friendly procedures, for resolving the problems associated with abiotic stresses [20,21]. NPs are acquiring great importance in the field of biological research due to their unique physio-chemical features, such as having high stability within cells, an extremely small size (1–100 nm), increased surface area, and reactivity. The application of NPs improves plant stress resistance by increasing their radical detoxifying capacity and antioxidant enzymatic activities, which considerably help in the regulation of plant physio-biochemical and metabolic processes [22,23].



Plant adaptation to the negative impacts of abiotic stress is critical for maintaining sustainable crop growth and output. Different soil management strategies that improve soil fertility and water availability might be employed as abiotic mitigation tools in both irrigated and non-irrigated areas. The use of biochar as a soil supplement is an ancient idea, but it has recently gained interest due to reducing climate change issues and improving soil fertility and water usage efficiency and crop yield [24]. Biochar amendment in agriculture has recently been acknowledged as a sustainable technique due to its advantages for soil sustainability and crop yield. Biochar mitigates the negative effects of drought stress on plant physiology, growth, and yield by modulating soil and plant nutrient status and plant photosynthesis [25,26]. In addition, the application of bio fertilization is another sustainable agriculture strategy that involves utilizing biofertilizers to increase soil nutrient content, resulting in increased photosynthesis and biomass production. Different new organisms, including algae, have potential agricultural uses, such as providing biofertilizers and being soil conditioning agents for improving soil fertility and plant production [27].



Microalgae can produce plant growth hormones, polysaccharides, antibacterial compounds, and other metabolites to improve soil fertility and quality (e.g., Spirulina sp., Chlorella sp., Cyanobacteria (blue-green algae)) [28]. Cyanobacteria and green microalgae are the key organic matter sources in the agro-ecosystem because they actively contribute to the absorption of atmospheric carbon dioxide into organic microalgae biomass through photosynthesis [29]. Microalgae are considered an organic fertilizer because they may reduce nutrient losses through a gradual release of P, N, and K, yet they are more temperature and soil moisture tolerant than organic fertilizers [30], such as Dunaliella spp. and Phaeodactylum spp. Their potential to minimize salt stress during the seed germination phase of bell pepper (Capsicum annuum L.) has been demonstrated in research studies [31]. Extracts of microalgae and different algal species have been demonstrated to enhance wheat tolerance to salt, as well as improve the antioxidant capacity and protein levels in whole grains [32].



Algae are autotrophic photosynthetic organisms that can colonize even the most diverse environments. As algae are subjected to frequent and mostly abrupt fluctuations in intensities of light, salt stress, temperature, and food availability, they have acquired the ability to produce a diverse range of secondary metabolites. These are mostly required to cope with and adapt to abiotic stress. In addition to this functional variety, which includes distinct adaptations to different habitats and pressures, the algal biochemical profile is also highly diverse due to a wide taxonomic range and evolutionary variation. Because of its widespread distribution, quick growth, and high CO2 fixation efficiency, algal biomasses are seen as a viable substrate. A possible improvement in biomass-to-biochar conversion by thermochemical processes such as pyrolysis, hydrothermal carbonization, or torrefaction would be beneficial for further exploiting algal biomass from the perspective of biorefinery [33].




3. Sustainable Solutions to Improve Soil Conditions and Plant Health


Meeting the growing demand for agricultural products, as well as the innovations toward quality and higher yields, can be made possible by incorporating innovative agricultural technologies [34]. For example, applying microbial inoculants to plants and soils can regulate nutrient absorption and increase crop productivity. In addition, microorganisms have been utilized as biocontrol agents and for relieving plant abiotic stress caused by drought, soil pollutants, and salt [35]. Diverse microbial consortia can induce favorable conditions for the growth of beneficial microbes as well as plants. Rich microbial flora can improve important soil characteristics such as soil structure, aggregation, compaction, pore spacing, and water penetration [36]. In addition, algae are a diverse group of mostly photosynthetic microorganisms that comprise both prokaryotic (cyanobacteria) and eukaryotic (green algae, euglenoids, and diatoms) species [37]. Algae can significantly raise soil fertility, which assists with plant development and protection by increasing nutrient availability [38], and provides an effective alternative to chemical fertilizers and pesticides in agricultural contexts, as well as producing bioactive chemicals such as phytohormones [39], developing root networking [40], and defending crops from plant pathogens and pests [40]. Microalgae fix CO2 through photosynthesis for carbon sequestration, and some produce exopolysaccharides (EPS) that improve soil structure [41]. Because of their ability to fix atmospheric nitrogen (N2) and, more importantly, their ability to solubilize the immobilized pools of phosphorus (P), cyanobacteria (blue-green algae) are referred to as biofertilizers [42]. Furthermore, microalgae may be grown on nutrient-rich effluents, helping to accumulate excessive nutrients that can be recycled for plant growth at a lower rate than chemical fertilizers [43].



Algal biomasses are important because of their high fiber content, which helps to retain soil moisture and thereby improves the availability of nutrients and trace elements. Photosynthesis performed by algal cells protects the plant root system in terms of respiration against anaerobiosis. In plant growing systems, algae produce plant growth regulators such as cytokinin, auxin, gibberellin, micro and macro elements, amino acids, vitamins, and abscisic acid, which have a major role in crop development and higher crop yield [44].



In addition, nanotechnology, which uses matter on an atomic and molecular scale, can alleviate a wide range of challenges in the agriculture industry. Nanotechnology’s promising applications in agriculture include nutrient delivery and the detection of pathogens, toxins, and pesticides. The proper applications of nanotechnology in plant disease and growth management can help tackle problems linked to the usage of fertilizers and pesticides and their impacts. Nanotechnology can also provide sensors to monitor physical, chemical, or biological processes, making agriculture more sustainable. The sensors can control pathogens for improving food safety and reducing wasted food. This technology can also provide materials for the timely and targeted delivery of chemical fertilizers and pesticides [45].




4. Use of Algal Biomass


Nutrient-rich water in ponds, rivers, lakes, and bays causes algal blooms–a phenomenon called eutrophication. This phenomenon can happen equally in fresh and saltwater, typically because of high concentrations of nitrogen and phosphorus. These nutrients generally runoff from agricultural drainage, sewage, and animal wastes. Algal blooms mostly constitute biotoxins, which are distinguished by a unique watercolor due to the presence of algal pigments [46]. Yu et al. [47] reported that the use of microalgae as a feedstock to produce biochar is more promising than macroalgae; microalgae grow faster and are more easily cultivated and harvested than macroalgae. Currently, an important trend exists for integrating algae cultivation with wastewater remediation. This process has a dual benefit: wastewater remediation and biomass production. Microalgae have the potential for the phytoremediation of wastewater that is rich in nutrients, especially phosphorus and nitrogen. Algal remediation or phycoremediation could be applied during the secondary-treatment processing of wastewater to biologically oxidize organic contents and accumulate nutrients [48]. Such a process is more efficient and safer compared to other physico-chemical treatments. Biochar is a carbon-rich material produced by the pyrolysis of organic biomass at 250 °C to 1000 °C in the absence or limited supply of oxygen. Here the term phycochar has been used, which is associated with ‘Phycos’, meaning algae, and the biochar produced by tacking algae as feedstock. Algal biomass produced in the phycoremediation process could be converted to organic manure, bio-fertilizers, or biodiesel. Furthermore, it has been reported that using microalgae as biofertilizers is a cheaper and more renewable resource that contains the essential nutrients needed for plant growth [49]. Liquid and slow-release algal bio-fertilizers were tested and showed efficiency in agriculture. In addition, living N-fixing cyanobacteria (blue-green algae) have shown efficiency in enhancing soil fertility and crop productivity [50].




5. Production of Phycofertilizer from Algae


Biofertilizers are a mixture of live or dormant microorganisms that can fix atmospheric nitrogen, decompose organic material, and increase the solubility of soil minerals. Biofertilizers increase the abundance of beneficial microorganisms, enhancing plant growth [51]. Recently described algal biofertilizers contain high essential micro and macronutrients, growth enhancers, vitamins, and growth-promoting hormones, which have demonstrated promising outcomes. Algal biomass has a longer life span (post drying), is less thermo-sensitive, and is more resilient for transport and storage. Therefore, algal biomass can serve as a source of nutrition and as a carrier material to form biofertilizers [52]. Some studies have reported that algae and several bacteria produce exopolysaccharides that could be used as a C-source. Several bacteria produce residual fluids and exopolysaccharides that can also serve as carbon sources for rhizosphere bacteria [53]. The decomposition of applied dry cyanobacteria and diatoms in the plant’s rhizosphere produces cellular extracts that enhance the generation of siderophores from some bacteria [54]. Red and brown algae were exploited as natural manure in farmlands near the sea; these algae are generally rich in K but poor in N and P. Algal species produce a wide range of secondary metabolites utilized in agriculture as biofertilizers and biopesticides. It has been stated that weed control could be accomplished either by the direct spray of algal liquid pesticides or by solid algae plowed into the soil [55]. In addition, liquid algal biofertilizer is the most applied method used in the agricultural field. These liquid fertilizers primarily have high trace elements and growth regulatory compounds, which positively impact plant growth and development (particularly cytokinins) (Figure 1). Algal extracts possess several essential nutrients, including Zn, K, Mg, Ca, P, S, K, Zn, Mo, Cu, Co, and Fe, and several growth regulators, vitamins, and polyamines that increase nutritional status, vegetative development, yield, and fruit quality in various orchards and vineyards. Several phytohormones, phenolic compounds, polysaccharides, terpenoids, free fatty acids, and alpha and beta carotenoids are produced by microalgae and cyanobacteria. These compounds are a source of essential nutrients and have biological activity, significantly improving crop yields [56]. (Table 1).




6. Role of Phycofertilizer in Stress Resistance


Salinity stress is an important and growing challenge, especially in arid and semi-arid regions of the world. The agricultural area impacted by severe salinity is growing due to both natural phenomena such as global warming and poor agricultural practices on a global scale. Salinity threatens plant growth in several ways, including ionic toxicity, osmotic stress, oxidative stress, and nutritional disruption. For example, oxidative stress has negative effects on several physiological and metabolic systems in plants. Several techniques have been adopted to minimize the effects of salt on plants, including using organic fertilizers, biofertilizers, and growth regulators. Cyanobacteria are considered as a good biofertilizer [72]. These blue-green algae can survive and grow in various soil conditions, including high pH and salt, and are utilized to reclaim calcareous and saline soils. Alam et al. [73] indicated that cyanobacteria affect plant nutrient supplies in various ways. They produce adhesive substances that increase soil aeration, produce growth-promoting compounds, minimize the effects of salt stress, and raise both water content and soil biomass during decomposition. In addition, Cyanobacteria increase nitrogen content by nitrogen fixation and soil phosphate by releasing organic acids into the soils. Several studies have reported the positive benefits of cyanobacterial inoculation to mitigate salinity stress in plants [74].



Salinity can have an impact on all stages of plant development. One of the most critical and sensitive stages is seed germination. Soil salinity can cause osmotic stress in developing seeds by reducing water uptake [75]. According to Aljasmi et al. [76], seeds germinated in saline solution develop secondary dormancy that reduces germination percentage and speed. Salinity increases the accumulation of Na+, Cl−, and proline content in germinated seeds while decreasing the accumulation of Ca+ and K+ [77]. Different cyanobacteria produce various types of growth-regulating substances that enhance seed germination in saline soils. For example, Rodriguez et al. [78] reported that the cyanobacterium Scytonema hofmanni produced gibberellic acid that enhanced rice seed germination and seedling growth in a saline medium. In addition, the application of cyanobacteria extracts significantly increased the average germination of Lupinus termis seeds treated with different growth regulators, such as indole acetic acid, gibberellic acid, and cytokinins seeds, compared to controls. In addition, rice seeds treated with four species of Anabaena, a genus of cyanobacteria, significantly increased the rice seeds’ final germination and germination rate [79]. Refining the fertility of saline soils is critical from an agricultural perspective. Saline soils contain high levels of soluble salts in the root zone that negatively impact crop development and output. The most common salt present in saline soils is sodium chloride. Algal biofertilizers play an important role in the reclamation of saline soils. Several species of cyanobacteria, such as Plectonema, Nostoc, Calothrix, and Scytonema, can tolerate high salinity and alkalinity in soils [80]. Cyanobacteria tolerate high levels of salinity through several mechanisms. They accumulate osmolytes, such as sugars, proline, polyamines, and glycine betaine, to regulate their negative water potential. Cyanobacteria also maintain low salinity levels in the cells either through salt compartimization in cell vacuoles, specific tissues, or organs by excluding most Na+ and Cl− into the soil [81]. Furthermore, cyanobacteria produce hormones, like auxin and cytokinin, that help the plant survive stress conditions. Moreover, they release other metabolic compounds like indole acetic acid, auxins, and iron-chelators that regulate several biochemical and physiological processes [82]. It has been reported that the application of cyanobacteria to agricultural fields provides renewable sources of carbon and nitrogen. Heterocystous Cyanophyta have long been utilized as a nitrogen source in rice fields in Asia because they can successfully fix nitrogen for crop plants. It has been shown that rice plants utilize roughly 40% of the nitrogen fixed by the Cyanophyta. The importance and use of Cyanophyta have also increased in other developing nations, where economic restrictions prevent using more traditional chemical fertilizers. The use of organic fertilizers such as Cyanophyta also helps decrease the use of synthetic fertilizers and pesticides, which negatively impact soil productivity and environmental quality in the long term [83].




7. Role of Phycofertilizer in Drought Resistance


Drought is important environmental stress that challenges agricultural production and food security. Fresh water will continue to be a scarce commodity, especially with ongoing global climate change. Soil water potential resulting from soil salinity and drought can influence germination and all stages of growth and development in plants. Physiological, biochemical, and molecular responses in agricultural crop plants aid them in adapting to such harsh environmental conditions [84]. Drought influences plant growth, structure, membrane integrity, tissue osmotic potential, pigment content, antioxidant defense systems, and photosynthetic activity [85,86]. In response to drought stress, plants increase their root-to-shoot ratio and regulate many physiological processes like nitrogen and carbon metabolism, transpiration, and the production of secondary metabolites [87]. Drought stimulates ROS overproduction, such as singlet oxygen, superoxide, hydrogen peroxide, and hydroxyl radicals, which cause oxidative damage in plants [88,89]. Both enzymatic and non-enzymatic antioxidant systems protect cells from oxidative stress and keep the levels of ROS within an acceptable range. Bioactive chemicals produced from marine algae have recently been used as biofertilizers in agricultural and horticultural crops to enhance output and quality while minimizing drought, salinity, and mineral deficiency stresses. In addition, seaweeds are a good source of bioactive growth-promoting components, namely fatty acids, amino acids, vitamins, minerals, and growth hormones [90,91]. They have also been found to boost antioxidant defense, increase plant growth and biomass production, and contribute to drought tolerance. For example, microalgal extracts enhanced drought tolerance in broccoli seedlings; therefore, microalgae may be a viable alternative for crop enhancement and protection in agriculture [92]. Similarly, Duo et al. [93] indicated that the inoculation of turf grass with the microbes Bacilluscereus, Lysinibacillus sp., and Rhodotorula glutinis alleviated the adverse effects of drought. Nano-compost and microbial inoculation both increased shoot and root biomass by 209% and 215%, respectively, under severe drought stress, compared to controls.



Plants respond to microalgal treatment in several ways, including enhanced growth and productivity, better nutrient absorption, stress tolerance induction, and postharvest quality preservation. Applications of microalgal extracts can also help mitigate the detrimental effects of abiotic stresses such as drought and salt [93]. Microalgae extracts reduced salt and drought stress impacts on wheat, tomato, and guar. For example, foliar application of the microalgae Chlorella vulgaris significantly increased antioxidants, including total flavonoid and phenolic content, which reduced ROS levels in broccoli plants subjected to drought stress. This antioxidant scavenging activity of ROS reduced membrane damage and improved chlorophyll and carotenoid content and nutrition uptake, resulting in adaptation to drought stress [94].




8. Production of Phycochar from Algae


Organic biomass, such as crop residues, forest residue, animal manure, algal biomass, etc., are significant sources of biochar production [34]. Biochar is a porous material produced from organic materials in the pyrolysis process that happens in an oxygen-depleted environment at various temperatures. Many approaches are used to produce algal biochar (herein phycochar) from algae, as shown in Table 2.



Gasification, pyrolysis, and liquefaction are three types of thermochemical conversion of organic materials into biochars, as shown in (Figure 2). Thermochemical processes such as pyrolysis, hydrothermal carbonization, and torrefaction are generally used for converting algae into biochar [34]. Hydrothermal carbonization is another process to produce hydrochar from algal biomass [105]. The pyrolysis method is commonly chosen for biochar production because it is simple and cheap and provides both the quality and type of biomass feedstock for wider usage. There are various forms of pyrolysis to make biochar, including traditional slow pyrolysis, fast pyrolysis, and the most recently developed microwave-assisted pyrolysis. Each pyrolysis process produces solid, liquid, and gaseous bioproducts in response to different parameters like temperature, time, etc. Slow pyrolysis yields only biochar, whereas rapid pyrolysis leads to bio-oil production as a byproduct in addition to the biochar [106]. In pyrolysis, the temperature generally employed for biochar production is 300–700 °C, and the process takes place in an oxygen-depleted environment. Several variables, most notably heating rate and temperature, influence the pyrolysis results [107]. Biochar yield increases when pyrolysis temperature is reduced, and reaction time is increased with a lower heating rate. Furthermore, the particle size and moisture content significantly influence the biochar production rate produced during the pyrolysis process [108]. This carbonaceous material has been used in agriculture for improving soil quality, nutrients, and water-use efficiency. It increases water holding capacity and enhances nutrient content, especially in desert soils [109]. Elemental composition analysis has indicated that algal biochars provide a full suite of macro and micronutrients required for plant development. The relatively high amounts of N, P, and K imply that algal biochar can be used as a fertilizer without adding supplementary components. Various elements and ash are present in algal biomass. However, some hazardous trace metals are present in the biochars. Therefore, some nations have set minimum amounts of biosolids to be absorbed into agricultural soils. Interestingly, biochar is currently used on a wide scale to remove contaminants from water and soils by adsorption [104,110].
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Table 3. Chemical analysis of algal biochar. Note that all the values are in percent (%).
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	Algae
	Carbon
	Nitrogen
	Oxygen
	Hydrogen
	Ash
	Reference





	C. reinhardtii
	40
	5
	10
	1.5
	45
	[34]



	Scenedesmus sp.
	53
	6.5
	40
	8.5
	44
	[111]



	Almeriansis sp.
	73
	5
	0.8
	9
	36
	[112]



	L. saccharina
	74
	3
	14
	8
	-
	[113]



	Cladophora sp.
	12
	1.3
	11
	0.7
	75
	[114]



	Arthrospira sp.
	48
	11
	-
	-
	-
	[112]



	Gracilaria sp.
	31
	3
	16
	2.2
	43
	[34]



	Spirulina sp.
	46
	10
	34
	7
	7
	[34]



	Lyngbya sp.
	70
	7
	22
	2.5
	-
	[115]



	D. tenuissima
	20
	1
	22
	3
	-
	[50]



	Kappaphycus sp.
	31
	0.7
	23
	2
	-
	[116]



	Enteromorpha sp.
	16
	2
	-
	2
	-
	[111]



	Desmodesmus sp.
	51
	7
	14
	3
	37
	[115]



	Oedogonium sp.
	12
	1
	6
	1
	-
	[116]



	Spirulina algae
	69
	7
	15
	9
	-
	[117]



	Ulva
	73
	7
	11
	8
	-
	[118]



	Cyanobacteria sp.
	76
	6.3
	7.39
	9
	-
	[119]



	Chlorella
	51
	10
	30
	8
	-
	[113]



	Ulva fasciata
	26
	3
	-
	6
	15.99
	[120]



	Caulerpa taxifolia
	25
	2.5
	-
	1.19
	-
	[121]








Biochar is marketed as a carbon-negative technology [122]. It is a more stable type of carbon than organic carbon and is capable of staying in the soil for decades. Therefore, biochar can significantly assist with carbon storage in the atmosphere. The stability of biochar with a high carbon content can play a major role in greenhouse gas mitigation. It has been considered good for carbon sequestration into the soil [123]. Almost 48% of the biomass from carbon can be retained in stable biochar by the pyrolysis process [123], as described in (Table 3). According to Ghani et al. [123], biomass subjected to a slow pyrolysis method with a vapor residence time of minutes to hours retains a high carbon content in the biochar. For high-yield char generation, vapors are limited and intensively interact with the solid phase. According to Suganya et al. [124], slow pyrolysis is generally conducted at low heating rates of 0.1–1.0 K/s and a residence time of 450–550 s. Kambo et al. [125] used a slow pyrolysis approach to produce phycochar from three kinds of freshwater algae, including Spirogyra, Spirulina, and Cladophora. Pyrolysis can produce biofuel in gas, bio-oil, and biochar. Phycochar might be used to decrease soil acidity while increasing inorganic nutrients. These algae have a low oil content compared to other kinds of algae used for biodiesel manufacturing. Because of its molecular structure, it is chemically and physiologically stable, which means it may survive in the soil for 100 or even 1000 years. Decomposition of the biochar occurs at low temperatures, and carbon-rich biochar is produced [125].




9. Biochar Alleviates the Negative Effects of Drought Stress


Drought, which is a phenomenon that usually happens due to a water deficit resulting from low rainfall, has harmful effects on plant physiological and biochemical processes, reducing crop growth and productivity and affecting global food security. Drought affects cellular water potential, reducing water turgidity and normal cellular functions. Several studies have reported a reduction in photosynthesis, plant growth, and crop productivity [126] under drought conditions. The drought effect is obvious at different stages of the plant life cycle, i.e., seed germination, seedling, vegetative, and reproductive stages. However, several studies reported the ameliorating effects of biochar on plants subjected to drought [123,127,128]. Ullah et al. [129] proposed that biochar properties, such as higher pH, ash, nitrogen, and extractable inorganic nutrients, enhance plant growth under drought stress. In addition, Akhtar et al. [130] indicated that the ability of biochar to retain carbon in the soil reduces the harmful effect of drought stress on plant growth. Furthermore, biochar improves soil physicochemical and biological properties, improving overall water-holding capacity that mitigates the effect of drought on plants [131]. The use of biochar improved the growth and biomass of drought-stressed plants [132]. For example, under drought stress, biochar increased the leaf surface area and the growth of okra plants. Furthermore, biochar treatment improved several physiological attributes, including relative water content, transpiration rate, leaf osmotic potential, and photosynthesis efficiency, resulting in significant increases in several growth parameters of maize crops grown under drought stress conditions [133]. Similarly, biochar increased the ability of soil to retain water under water deficit conditions in semi-arid Mediterranean environments, enhancing the biomass of field-grown wheat [134]. Furthermore, drought has significantly reduced all growth and yield parameters of wheat, yet biochar application significantly improved their water use efficiency and physiological attributes, increasing the number of fertile tillers, spike length, and number and weight of the grains [135]. However, biochar application with 2% w/w soil improved soil moisture-holding capacity but did not improve important physiological parameters of Silybum marianum under moderate and severe drought stress conditions [136].



Recently, algal biochar has been found to provide a suitable surface for enhancing the activity of plant-growth-promoting bacteria. The combined application of algal biochar and growth-promoting bacteria (Serratia odorifera) significantly increased several growth parameters in maize, including the number of leaves, leaf area, fresh and dry biomass, shoot height, and root length in soils, during low and high drought levels (75 and 50% field capacity) [132]. Biochar application improved soil biochemical properties (carbon, potassium, nitrogen mineralization, microbial activities), which resulted in a significant increase in wheat growth under drought conditions. The increase in soil carbon enhances soil microbial communities, resulting in an enhancement of soil fertility. In addition, the ameliorating effect of algal biochar under drought stress was attributed to its ability to improve soil organic matter, that in turn improves the physicochemical and biological properties of soils, including water holding capacity and nutrient availability [137].




10. Phycochar Improves Plant’s Performance under Combined Drought and Heavy Metals Stress


Several studies reported a significant reduction in growth, biomass, and yield of plants subjected to the individual application of drought or heavy metals and the combined effects of the application of both [138,139]. For example, red maple seedlings that grew under drought stress and/or in soils contaminated with heavy metals (Ni, Cu, Co, and Cr) exhibited a significantly reduced total leaf area, total leaf dry weight, and stem length. The heavy metal content was significantly increased under drought stress. De Silva et al. [138] suggested that heavy metals might reduce water absorption, exaggerating the drought effect in the combined heavy metal and drought treatments. In addition, both cadmium and drought stress and their combination significantly decreased several plant growth, yield, pigment content, gas exchange parameters, and antioxidant enzyme activities, and increased oxidative stress in wheat plants. However, the application of biochar significantly decreased the cadmium concentrations of different organs of the plants. Furthermore, biochar application significantly reduced cadmium uptake and improved biochemical and physiological attributes, resulting in significant increases in growth and yield parameters, even under high drought and high cadmium treatment [140].



In another recent study, Mansoor et al. [139] indicated that the combined application of drought and heavy metal stress disturbs soil fertility and plant growth. Heavy metals pose severe biological toxic effects. Biochar, a carbon-rich source application, alleviates this stress by increasing plant growth, biomass, nutrient uptake and improves gas exchange under drought stress. The application of biochar reduces drought stress by increasing soil water holding capacity through the modification of soil physio-chemical properties that, in turn, increase water availability to plants and enhance the mineral uptake and regulation of stomatal conductance. Biochar mediates the retention of moisture and nutrients and inhibits harmful bacteria, absorbing heavy metals and pesticides and preventing soil erosion while increasing soil pH, cationic exchange, and soil fertility. Drought and heavy metal stress often lead to the production of ROS. However, biochar significantly modifies the ROS scavenging enzymes and provides an efficient electron transferring mechanism to alleviate the toxic effects of ROS in plants. Biochar is regarded as a tool for the effective management of agricultural productivity and various environmental issues.




11. Phycochar Removes Pollutants from Soil and Wastewater


Biochar acts as a good adsorbent for removing heavy metals, dyes, and several other pollutants from wastewater. Several studies have reported the ability of algal biochar as an adsorbent of heavy metals (HMs) to help with pollution reduction [141]. For example, Poo et al. [112] prepared biochar from Saccharina japonica and Sargassum fusiforme to efficiently remove HMs from aqueous solutions. Their results showed that the high adsorption of HMs was attributed to the presence of a greater number of oxygen-containing functional groups and a higher pH. In addition, the macroalgal kelp Saccharina japonica biochar has special structural and functional active site groups that enhance the efficiency of adsorbing the heavy metal ions from polluted water. The efficiency of biochar for removing pollutants was attributed to increasing the effective surface sorption sites and adding superficial functional groups for the enhancement of biochar sorption ability, improving its ability to adsorb heavy metals from soils [142]. It has been reported that biochar produced from waste marine algae has a higher efficiency than other feedstocks, such as pinewood sawdust, in removing heavy metals from polluted soils [141] (Table 4). The various functional groups and porous structures of algal biochars produced at moderate temperatures can absorb pollutants more than coal fuel produced at relatively lower temperatures. The surface functional groups and higher ion exchange capacity are important mechanisms that help algal biochars remove heavy metals from contaminated soils and water [143].



The physical activation of biochar (gaseous activation) with an oxidizing agent helps open and widen inaccessible pores, enhancing the ability to adsorb pollutants from wastewater and soils [144]. Cho et al. [145] reported that steam-activated biochar from the macroalgae Undaria pinnatifida had a higher ability to remove or recover copper from aqueous solutions. They attributed the higher ability of algal biochar to bind to copper to the abundance of various oxygen-containing functional groups and a high exchangeable cation capacity. Similarly, steam-activated biochar from the macroalga Porphyra tenera improved the copper removal from aqueous solutions polluted with copper nitrate [146]. Furthermore, the steam activation of biochar from the green macroalga Enteromorpha compressa greatly increased the surface area and cation exchange capacity, enhancing the adsorption capacity for the removal of copper in an aqueous solution [147]. Moreover, chitosan was used to modify magnetic-kelp biochar by adding new functional groups, enhancing the efficiency of copper removal from wastewater [148] using biomass bacterial-algal residue with photosynthetic support to adsorb the mixed pollutants of heavy metals (Zn2+, Cd2+, Ni2+, and Cu2+) and salicylate.




12. Biochar Alleviates Negative Impacts of Salinity Stress


The properties of algal biochar can also help plants tolerate soil salinity. For example, biochar-promoted tomato growth under salinity stress, through the adsorption of toxic sodium ions and enhancing the release of important ions, e.g., calcium, magnesium, and potassium, can enhance the organic nature of biochar and the physicochemical characteristics of salty soil [149]. Thomas et al. [150] observed that the application of 30 g m−2 biochar in salty soil had no effect on the soil pH but enhanced the electrical conductivity of the soil as compared to untreated saline lands. The addition of biochar with tomato seedlings grown in saline soil considerably improved their water use efficiency, plant growth and production, and the quality of their fruits [151]. In addition, biochar applications to saline-sodic soils improved soil nutrient availability, soil cation exchange capacity, and soil surface area and reduced the sodium/potassium ratio, increasing rice yield [152]. Akhtar et al. [153] found that biochar reduced sodium absorption, alleviating the harmful effects of salinity on plants. Adding biochar to high saline soils significantly improved wheat growth.



It has been suggested that biochar could serve as a carrier, supporting the growth of beneficial microrganisms. Some studies have reported a synergistic effect between biochar and beneficial soil microbes. The exogenous application of plant-growth-promoting rhizobacteria increased plant growth and biomass under saline conditions. For example, Akhtar et al. [154] analyzed the effects of the combination of biochar and endophytic bacteria on maize plant growth and biomass under saline conditions. They found a significant improvement in leaf photosynthetic rate, stomatal conductance, and root water potential, enhancing the growth and yield of the maize plants. The mitigation of the salinity effect was attributed to the reduction of sodium absorption and increase in potassium absorption. Similarly, Nehela et al. [155] assessed the combined effects of biochar and plant-growth-promoting rhizobacteria on alleviating the negative salinity effect on maize in sodic-saline soil. The results showed a significant improvement in physicochemical properties, including increases in potassium, calcium, magnesium, and a reduction in sodium ions, by increasing the microbial activity and the concentration of soil urease and dehydrogenase. The combined effect of biochar and rhizobacteria significantly increased the leaf area index, pigment content, and total soluble sugar and improved the sodium–potassium ratio in maize plants. Furthermore, Fazal et al. [155] indicated that salinity decreased soil water availability and significantly increased osmotic stress, resulting in adverse effects on maize growth. The combined application of biochar and Pseudomonas sp. significantly improved moisture content and decreased electrolyte leakage, with an increased proline content, improving plant growth.
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Table 4. Role of algal biochar in pollutants removal.
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Environmental Pollution

	
Role

	
Reference






	
Air

	
Enhance methane uptake

	
[115]




	
Absorbs Ammonia

	
[101]




	
Decrease N2O emissions

	
[156]




	
Water

	
Remove the synthetic, metallic, phenolic, pesticides pollutants

	
[143]




	
Soil

	
Absorb heavy metals such as lead, cadmium, copper & chromium Increase organisms involved in Nitrogen fixation and nitrification

	
[115,143,146,157]










13. Benefits and Limitations of Algal Biochar


This study has shown that biochar formed from algae exhibits features that make it acceptable for use as a soil amendment as well as a technique for long-term carbon sequestration [158]. When compared to many terrestrial biomass types, algae have low carbon content but higher nitrogen, phosphorus, and other nutrient content. As a result, it is fair to predict that biochar made from algal feedstocks will be high in nutrients, especially minerals. This could make algal biochar an interesting carbon sequestration and soil improvement option, as well as a high-value end product for algal biomass. The amount and content of the nutrients, on the other hand, are probably different amongst different species, and from fresh to brackish and salinity conditions [121].



According to Ross et al. [159], adding biochar to soil supplies a medium for increased microbial activity. Few studies into the applicability of algal biochar for carbon sequestration or soil fertility enrichment have been undertaken, even though the potential of both macroalgae and microalgae has previously been recognized. To maximize the value of biochar, the quality of the feedstock biomass must be higher in nutrients because the higher the nutrient content of organic waste, the greater the benefits of the biochar. Biochar is interesting in that it is a carbon-negative technique. Some of the advantages of using biochar are that it reduces soil nutrient leaching, improves nutrient availability for plants, improves runoff water quality, reduces reliance on artificial fertilizers, reduces aluminum toxicity of plant microbiomes, improves soil quality and pH, and thus contributes to bioremediation. In addition, its application leads to decreases in N2O and CH4 emissions from soils, thereby further reducing green greenhouse gas excretion. Biochar is remarkable because it is a “carbon-negative” process [160]. Although there are many benefits of algal biochar, there are some disadvantages to the collection of algal biomass for synthesizing biochar. The algal collection is a big hurdle in making biochar. Microalgae require specific cultivation conditions, which raises the chances of contamination and increases the cost of additional nutrients. It is a time-consuming and incompatible procedure as compared to other microorganism strains [161]. One disadvantage of biochar is that some soils may not benefit as much as others, and not all crops respond to biochar in the same manner. Depending on the agricultural practice, biochar may bind to agrochemicals and reduce their efficacy. Biochar has been demonstrated in studies to have neutral or detrimental effects on agricultural fields [162].



Biochar slows soil aging, provides essential nutrients for optimal nutrient cycling, and improves the soil water environment (Figure 3). According to Lyu et al. [163], biochar aging in soil negatively impacts the growth of earthworms and fungi, reducing nutrient cycling and soil fertility. For example, soil aging reduced the underground root biomass of Solanum lycopersicum and Oryza sativa. In addition, the application of biochar to soil has been shown to reduce soil thermal diffusivity [164]. The functional groups and redox-active metals on the surface of biochar make it more reactive than the original feedstock [165]. The biochar-derived soluble organic matter can increase Cr reduction and increase Fe/Mn oxide solubilization from soils. Because of the potential for sulfide precipitation, reductions in iron plaque, the release of As metal from Fe/Mn oxide, and other redox reactions caused by charcoal addition, these redox processes have a significant influence on the metal ion content of the soil. These redox processes are triggered by the presence of biochar. Biochar additions may impact soil pH, nutrient levels, and microbial activity, which may exert beneficial effects on crop physiological metabolism and, consequently, indirect elemental translocation. Zn carriers are numerous in rice plants and are responsible for Zn absorption and translocation [166].




14. Production of Nanoparticles from Algae


Nanoparticles (NPs) are among the latest developed technologies that have gained interest in many disciplines, including chemistry, physics, agriculture, biotechnology, material science, medical science, and engineering. The biological synthesis of NPs (e.g., microorganisms such as bacteria, fungi, and yeast, microalgae, or plant extracts including macroalgae) is considered a safe, simple, eco-friendly approach that uses simple reducing agents instead of hazardous chemicals [167]. NPs have several applications for solving agricultural and environmental problems and maintaining sustainable agriculture and healthy ecosystems. This technology can enhance food quality and safety, reduce the overuse of fertilizers and pesticides, improve nutrient absorption from soils, and increase crop yields [168]. NPs are synthesized via two approaches: bottom-up and top-down. The first approach is through chemical reactions among atoms/ions/molecules, but the second involves mechanical methods to break down pieces of material to generate the required nanostructure sizes [169]. Micro and macroalgae are considered important sources of bioactive secondary metabolites with a wide range of biological activities [170]. Algal secondary metabolites reduce and stabilize metal salts to metal, metal oxide, or bimetallic NPs [171]. Algae can accumulate high levels of metals from their immediate environment and convert them to NPs, indicating that they are among the best organisms for the green synthesis of NPs. Additionally, Kannan et al. [172] demonstrated that algaes’ high metal absorption capacity and dominance make them a low-cost raw material. Algae are increasingly being employed for the biogenic synthesis of nanoparticles due to their ease of availability and efficiency. Asmathunisha et al. [173] found a range of compounds in algal extracts, such as phenolics, pigments, flavanones, amines, terpenoids, amides, proteins, alkaloids, etc., which aided in the formation of NPs. The accessible functional groups and enzymes in algal cell walls work as reducing agents, resulting in metal and metal oxide NP reduction and synthesis under environmental circumstances.




15. Role of Algal NPs in Bioremediation


Algal synthesized NPs are used in various fields as a green approach due to lower toxicity, easy handling, cost-effectiveness, and their eco-friendly nature. As shown in (Figure 4), NPs have a vast range of applications, including medical, pharmaceutical, industrial, sensor, electrical device, cosmetic, agricultural, and bioremediation [174]. Several studies have reported a crucial role for NPs in the remediation of contaminated wastewater. For example, Ramakrishna et al. [175] used aqueous extracts of the macroalgae Turbinaria conoides and Sargassum tenerrimum as reducing and capping agents for the synthesis of gold (Au) NPs (Table 5). The Au-NPs have a good catalytic reduction efficiency in the degradation of organic dyes (Rhodamine B and Sulforhodamine 101) in the presence of sodium borohydride as a reducing agent. Au-NPs were also used to reduce nitro compounds (4-nitrophenol and p-nitroaniline). Both the organic dyes and nitro compounds are common contaminants in wastewater. In addition, silver (Ag) NPs were synthesized from an extract of the green macrophyte Ulva lactuca and used for the photocatalytic degradation of methyl orange dye. Among the important biological molecules in U. lactuca that act as capping and stabilizing agents for Ag-NPs are phenolic mixes, amines, and aromatic molecules. Ag-NPs synthesized in the extract of U. lactuca were used for effective photocatalytic degradation of methyl orange. Furthermore, zinc oxide NPs were synthesized from zinc acetate dehydrate from the extract of several algal species, including the brown alga Sargassum muticum [176], with the microalgae Chlorella zinc oxide NPs used efficiently (97%) for the photo-desulfurization of a dibenzothiophene contaminant. [177]. In addition, Prasad et al. [178] reported the role of zinc oxide NPs as a photocatalyst to selectively photodegrade cationic dyes.



El-Sheekh et al. [179] used iron oxide NPs, synthesized from the aqueous extracts of three brown seaweeds (Petalonia fascia, Colpomenia sinuosa, and Padina pavonica), for the bioremediation of N and P, reducing the blooming of harmful algae wastewaters. The efficiency of the reduction of ferric chloride and stabilization of iron oxide NPs varied among different species. In addition, iron oxide NPs were synthesized from the extracts of several algal species, including the brown seaweed macroalgae, Sargassum muticum, a soil microalga, Chlorococcum sp., and the microalgae Spirulina platensis [180]. The reducing and stabilizing agents for forming iron oxide NPs were carbonyl radicals and amines of the polysaccharides and glycoproteins in the algae. Iron NPs detoxified Cr by converting the toxic Cr (VI) to the non-toxic Cr (III) [181].




16. Algal Nano Fertilizers


The agriculture industry is struggling with a fundamental problem: reduced soil fertility due to the excessive use of chemical fertilizers. NPs can be employed to create safe, efficient, and environmentally friendly nano fertilizers [182]. Synthesized nanoparticles via biochemical methods may merge to form a structure, utilizing “bottom-up” and “top-down” approaches (the bottom-up approach is also known as the self-assembly process). In a top-down method, the suitable bulk material is broken down into particles using physical or chemical procedures. The bottom-up approach to NP production is preferred because these have a parallel chemical composition and fewer issues than those produced by the top-down approach, which often results in faulty surface structures. Poor surface topography may harm the chemical and physical characteristics of nanoparticles. Wet-chemical pyrolysis methods are particularly used for the synthesis of nanoparticles, with the NPs generated in liquid media with numerous stabilizing, capping, reducing, and reactant agents. Chemical reduction, with organic or inorganic reducing chemicals either colloidally or via the sol-gel method, is commonly used to produce NPs [183]. Although these approaches produce a higher volume of NPs at a lower cost, they have some drawbacks [184]. In the physical synthesis of NPs, ultrasonication, spray pyrolysis, laser radiation, electron beam, ion implantation, and vapor phase are all utilized. These physical methods have disadvantages that make them unsuitable for nanoparticle syntheses, such as being costly, having a poor production rate, and requiring a large quantity of energy to sustain the high temperatures and pressures needed [183,184].
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Table 5. Role of algal mediated nanoparticles in bioremediation and nano fertilizers.
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	Species
	Nanoparticles
	Role of Algal NPs in Bioremediation
	References





	Chlorella vulgaris
	Ag NPs
	Shows strong antifungal activity in plant
	[185]



	Haematococcus Candid & chlorella sp.
	Ag NPs
	Inhibited Penicillium expansum growth, the main cause of loss of quality and quantity of fruit
	[186]



	Turbinaria conoides & Sargassum tenerrimum
	(Au) NPs
	Act as bioremediation, catalytic reduction efficiency in the degradation of organic dyes
	[187]



	Ulva lactuca
	(Ag) NPs
	Used for Photocatalytic degradation of methyl orange dye
	[175]



	Cyanobacteria
	ZnO NPs
	Act as nano fertilizer have antioxidative properties
	[187]



	Cyanobacteria
	Ag-NPs
	Bactericidal activity
	[188]



	Chaetomorpha linum
	Ag NPs
	Helps in bioremediation & reduction of silver ions (Ag+) to Ag0
	[189]



	Chlorella ellipsoidea
	AgNPs
	Degradation of the hazardous pollutant dyes methylene blue & methyl orange
	[190]



	Scenedesmus obliquus
	Lipid cadmium sulphide NPs
	For the bioremediation of Cd2+ ions due to its high retention capability
	[191]











17. The Beneficial Role of Algal Nanoparticles in Plant Stress Tolerance


Several field studies and controlled experiments have considered NPs for enhancing crop productivity under normal as well as stressful conditions [192]. NPs can efficiently deliver fertilizers, herbicides, and pesticides and improve soil physicochemical properties, including soil water-holding capacity. In addition, NPs can deliver specific materials, such as nucleotides, proteins, and chemicals under stressed conditions, mitigating those stress effects and improving crop growth and yield. Several studies have reported an important role of various of NPs, e.g., Ag, Ca, Fe, K, CuO, SiO2, Se, Ti, and Zn, under controlled growth conditions: boosting crop production and resistance to abiotic stresses such as drought salinity and flood and other abiotic stresses [193].



Plant adaptation triggers biochemical, morphological, physiological, and molecular mechanisms to combat abiotic stresses. The application of nanoparticles (NPs) can help plants to withstand abiotic stresses by a concentration-dependent effect on growth and development in the plants [194]. The application of nanoparticles helps a plant’s drought resistance, as observed in a study by using silica NPs in hawthorns to increase the growth of seedlings and the physiological response to drought [195]. Similar results were documented in Triticum aestivum, where increased starch and gluten levels in plants ultimately improved their growth under drought conditions [196]. TiO2 also benefits plants under drought stress by increasing their biomass and maintaining their relative water content (RWC), and stimulating antioxidative enzymes [197]. Similarly, Jute seed treated with hydroxyapatite nanoparticles (CaNPs) increased drought tolerance by increasing proline synthesis [198]. According to Van Nguyen et al. [199], CuO-NPs positively influence the pigment system and the ROS-scavenging mechanism in drought-stressed maize plants. Applying the CuO-NPs at low concentrations through the roots and leaves improves crop performance by enhancing the plant’s pigmentation pattern and RubisCO photosynthetic enzymes.



In Cucurbita pepo, for example, SiO2 NPs enhanced plant transpiration rate, water usage efficiency (WUE), and enzyme carbonic anhydrase activity under salinity stress [200], increasing stress tolerance by decreasing the protein misfolding caused by flooding stress. The augmentation of glyoxalase II 3, alcohol dehydrogenase 1, and pyruvate decarboxylase 2 genes was seen under flooding stress; however, when exposed to Ag-NPs, the flood-induced metabolic alterations were controlled, resulting in the downregulation of all these enzymes [201]. One notable finding of proteomics was to assess the influence of Ag-NPs on the synthesis of glyoxalase II 3, regarded as an indication of cytotoxicity. When nicotinic acid and potassium nitrate (KNO3) are combined with Ag-NPs, it improved plant flood tolerance [202].



Apart from salt, drought, temperature, and heavy metal stressors, other elements such as excessive light, UV, and nutritional problems can cause oxidative stress in plants, restricting their growth and development. TiO2 nanoparticles, for example, contribute significantly to light stress reduction by accelerating the redox process that generates superoxide and hydroxide radicals. Ultraviolet radiation is harmful to growth because it produces oxidative damage. Photosynthetic apparatus would be significantly damaged after UV-B exposure, leading to ROS formation and alterations in leaf structure, whereas SiNP treatment improved the antioxidant machinery to manage this oxidative stress [203]. As a result, NPs affect abiotic stress-induced responses in plants on several levels, and they may be employed to regulate abiotic stress in crops.



It has been reported that the application of different types of NPs can alleviate the negative effects of salt-stressed plants. For example, Zn-NPs alleviated the adverse effect of salinity in canola (Brassica napus) [204], potato [205], Brassica napus, and B. juncea [206]. Similarly, Ag-NPs alleviated the salinity effects during seed germination of Pennisetum glaucum, Khan et al. [207], in wheat seedlings [208,209], and in adult rice plants [210]. However, no studies have assessed the effect of NPs synthesized from algal extracts on salinity tolerance in salt-stressed plants.



Soil salinity negatively affects the biochemical and physiological processes that control plant growth [211]. Salt-induced crop damage is generally caused by high concentrations of Na and Cl, which are the major ions in salt-affected soils. In addition, excessive NaCl results in an osmotic and ionic imbalance in plants, leading to ROS overproduction that damages biological molecules and their metabolic activities [212]. Algal-mediated nanoparticles play a major role in increasing the activity of antioxidant enzymes such as SuperOxide Dismutase, PerOxidase, and Catalase. The application of nanoparticles affects the expression of genes involved in stress tolerance, thus helping in relieving the stress by controlling the ion toxicity, osmotic potential, and nutritional imbalance, which are all indicators of salt stress. Numerous studies have revealed that the effect of NPs on the growth and development of plants is dose-dependent. The treatment of plants with NPs at certain levels can cause harmful effects. For example, Ag-NPs induced oxidative stress that could damage the chloroplast by disturbing photosystem I activity, ultimately hindering photosynthesis in wheat seedlings [189]. In addition, Abdel Latef et al. [213] reported that lower concentrations (0.01%) were more efficient, compared to higher concentrations (0.02 and 0.03%), for enhancing several metabolites, such as enzymatic antioxidants, amino acids, soluble sugars, and proline, in salt-stressed broad bean plants. Similarly, Abbas et al. [214] reported that lower concentrations of Ce-NPs enhanced the growth and photosynthetic efficiency of wheat plants, as compared to higher concentrations, which negatively affected these processes. Furthermore, lower concentrations of Zn-NPs alleviated the salinity effect in Brassica napus and B. juncea, but higher concentrations caused toxicity under both saline and non-saline treatments [206].




18. Conclusions and Prospects


Anthropogenic emissions are increasing with the growing population leading to global warming, climate change, and associated biotic and abiotic stresses for crop production and food security. The present review highlighted the potential of algal biomass for carbon sequestration following its conversion to biochar (herein phycochar), which the IPCC has recommended as a negative emission technology. Authors have focused on the possibilities of using algal biomass and its products to address abiotic stresses like drought, salinity, flooding and water logging, and phytoremediation of potentially toxic elements from agricultural soils. An in-depth literature survey has been made to demonstrate the potential of algae-associated agricultural products for nutrient availability and crop production. Algal biomass converted into biochar, phyco-fertilizer and algal-mediated NPs, and nano fertilizers have demonstrated high potential for application as soil improvers and abiotic stress alleviators. Algal biomass-derived fertilizers deliver nutrients to plants and assist in plant development and soil fertility. In addition, algal-mediated nanoparticles are designed for plant growth production and minimizing nutrient loss, disease suppression, and improved yields. It has been observed that NPs can function as stress inducers and stress inhibitors and can play an important role in modifying phytohormones in response to abiotic stress. Green synthesized NPs from algal biomass are an emerging research area of nanotechnology that can hugely influence the environment regarding sustainability and future progress. Algal biomass may be cultivated in wastewater, lowering the cost of the fertilizers necessary for growth. However, a few challenges or limitations still exist concerning microalgae production on a large scale and the green synthesis of nanoparticle methodologies. Further mechanism-based research is still needed for methodological developments. Within long-term field investigations, more research attempts are required to identify the effects of phycochar, algal nanoparticles, and algal biofertilizers on soil characteristics, as all soils were not equally responsive to algal-mediated inputs.
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Figure 1. Applications of phycofertilizers in agriculture. 
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Figure 2. Production of phycochar from algal biomass by different methods. 
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Figure 3. Prospects of algal biochar application in agricultural fields for sustainable development. 
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Figure 4. Nanoparticle (NP) application in plant abiotic stress resistance and management. 
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Table 1. Algal metabolite impacts on agriculture.
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	Algal Species
	Metabolites
	Biological Activities
	Tested Crop
	Observed Improvement
	References





	Chlorella vulgaris
	Polyphenols flavonoids; phenolic acids
	Anti-fungal, anti-oxidant, and anti-microbial
	Maize Crop
	Plant protection against pathogens, viuses, or other biotic and abiotic stress conditions. Enhances germination rate and crop yield
	[57,58,59]



	Nostoc sp.
	Structural polysaccharides, extra cellular Polysaccharides, and energy-storage poly-saccharides
	Anti-bacterial, anti-cancer, anti-oxidant, and anti-coagulant
	Pepper
	Improves the quality of soil, plant growth stimulation, and plants protection against abiotic and biotic stresses
	[60,61]



	Dunaliella salina
	Alpha-Beta carotene lycopene, astaxanthin, and zeaxanthin
	Anticancer, anti-inflammatory, and antioxidant
	Wheat Crop
	Soil fertilization and bioremediation, plant crop protection against bacteria, viruses, and other abiotic and biotic stress conditions. Plant’s fortification, improved germination rate, and seedling growth
	[62,63]



	Anabaena sp.
	Fatty acids, saturated and unsaturated
	Antifungal, antiviral, and antioxidant
	Rice Crop
	Plant’s protection against pathogens or other biotic and abiotic stress conditions, increase in germination rate, the height of the plant, increased soil moisture and porosity
	[61,62,64,65]



	Arthrospira platensis
	Auxins, cytokinins, abscisic acid, ethylene, and gibberellins
	Chemical messengers
	Lettuce Crop
	Plant growth stimulation. Regulation of cellular activities in crops plant’s response to stress conditions enhances seedling growth
	[66,67]



	Spirulina platensis
	Saturated & unsaturated fatty acids
	Antibiotic, antifungal, antioxidant, and antiviral
	Maize Crop
	Protection against pathogens or other biotic and abiotic stress conditions increased plant yield and shoot length, and no of plant leaves
	[68,69]



	Oscillatoria sp.
	Hemiterpenes, Mono, di tri & poly terpenes
	Antibacterial, anticarcinogenic, and antioxidant
	Wheat Crop
	Plant’s protection against bacteria, and viruses. Stimulation of primary growth of plants, increase in activity of plant’s defense enzymes, alleviation of drought stress
	[70,71]
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Table 2. Comparison of biochar yield from algae using different thermochemical methods.
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	Algae
	Biochar Production
	Pyrolysis (°C)
	Biochar Yield (%)
	Application
	References





	Chlorella vulgaris
	Fast pyrolysis
	500
	30
	Biofertilizer
	[95]



	Spirogyra sp.
	Slow pyrolysis
	900
	18.6
	Fuel & soil amendment
	[96]



	Cladophora sp.
	Slow pyrolysis
	900
	32
	Fuel & soil amendment
	[97]



	Oedogonium intermedium
	Slow pyrolysis
	450
	29
	Biofertilizer
	[98]



	Chlamydomans sp.
	Torrefaction
	200 to 300
	93.8
	Fuel
	[99]



	Scenedesmus sp.
	Pyrolysis
	600
	36
	Soil amendment
	[100]



	Chlorella vulgaris
	Wet Torrefaction
	180
	53
	Fuel
	[101]



	Chlorella vulgaris
	Fast pyrolysis
	500
	26
	Soil fertility
	[102]



	Laminaria japonica Brown Macroalgae
	Slow Pyrolysis
	200–800
	78
	Metal removal efficiency, Soil amendment
	[34]



	Cladophora glomerata Green macroalgae
	Fixed-bed pyrolysis
	400–600
	43.98
	Fuel, Biofertilizer
	[103]



	Chlamydomans reinhardtti
	Slow pyrolysis
	350
	44
	Nitrogen releasing fertilizer
	[104]
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