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ARTICLE INFO ABSTRACT

Keywords: The increasing need for sustainable agricultural practices due to the overuse of chemical fertilizers has prompted
Agroecosystems interest in microalgae as biofertilizers. This review investigates the potential of microalgae as biofertilizers and
Biofertilizer phycoremediators within sustainable agroecosystems, addressing both soil fertility and wastewater management.
Microalgae . . 3 . . . .

L Microalgae provide a dual benefit by absorbing excess nutrients and contaminants from wastewater, generating
Phycoremediation

nutrient-rich biomass that can replace chemical fertilizers and support plant growth. Implementation strategies
include cultivating microalgae in wastewater to offset production costs, using closed photobioreactor systems to
enhance growth efficiency, and applying microalgal biomass directly to soil or crops. Additionally, microalgae
extracts provide essential bioactive compounds, such as phytohormones and amino acids, that enhance plant
growth and resilience. While microalgae offer an eco-friendly solution for nutrient recycling and crop produc-
tivity, challenges in scalability, production cost, and regulatory frameworks hinder widespread adoption. This
review highlights the potential pathways and technological advancements necessary for integrating microalgae
into sustainable agriculture, emphasizing the need for interdisciplinary collaboration and innovative approaches
to overcome these barriers. Ultimately, microalgae biofertilizers represent a promising approach to reducing
environmental impact and advancing sustainable farming practices.

wastewater treatment

techniques emerge as indispensable for combating water pollution,
rectifying ecosystem imbalances, and mitigating biodiversity decline
The surging global demand for food presents formidable challenges [71.

1. Introduction

to agricultural systems worldwide, urging a transition towards sustain-
able methodologies to curb environmental degradation and uphold
enduring food security [1,2]. Conventional agricultural practices,
marked by excessive use of chemical inputs, monocropping, and defor-
estation, exacerbate soil erosion, loss of biodiversity, and contamination
of water bodies [3,4]. The extensive application of synthetic fertilizers
and pesticides compounds these environmental woes, with fertilizer
runoff causing eutrophication and consequent harm to aquatic habitats
[5,6]. In addressing these pressing concerns, sustainable agricultural
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Microalgae have emerged as a promising solution for sustainable
agriculture, offering unique advantages such as efficient nutrient
extraction from wastewater and potential as a biofertilizer [1,5]. Har-
nessing the properties of microalgae, particularly their ability to thrive
on wastewater and extract nutrients, presents a dual solution for
wastewater treatment and soil fertility enhancement in agricultural
ecosystems. The exploration of microalgae in agriculture dates back to
the 1960s, with research indicating their potential to enhance soil
fertility through the activity of micronutrients and metabolites [8,9].
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Microalgae-derived materials contribute to improved soil structure and
fertility, containing a rich source of macronutrients and biologically
active compounds [10,11]. Such advancements underscore the signifi-
cance of microalgae as a sustainable resource in the quest for
eco-friendly agricultural practices. Furthermore, microalgae-based bio-
fertilizers or biostimulants offer promising avenues for sustainable
agriculture by promoting plant growth and enhancing soil fertility [12,
13]. Specific strains, such as Chlorella vulgaris, Scenedesmus quadricauda,
Desmodesmus subspicatus and Spirulina platensis, are particularly effective
in absorbing nitrogen, phosphorus, and trace minerals from various
wastewater sources, including agricultural runoff and municipal
wastewater, transforming pollutants into a nutrient-rich biomass [5].
This biomass can then be applied to soils, enhancing fertility, and sup-
porting plant growth, as it contains essential nutrients along with
bioactive compounds like amino acids, phytohormones, and vitamins
[1]. For instance, applying Scenedesmus quadricauda, Spirulina platensis
and Chlorella vulgaris to beetroot resulted in beneficial effects on root
architecture, such as increases in root length and lateral root number,
which in turn increased the root surface area available for nutrient up-
take [14]. In a greenhouse, Desmodesmus subspicatus aqueous extracts
and lyophilized biomass boosted germination in vitro and sped up
development during the transplanting and acclimatization phase [15].
The exopolysaccharides that Spirulina platensis releases into the soil also
serve the crucial purpose of sequestering sodium and metal ions, which
lowers their uptake by maize plants and promotes their growth in saline
or contaminated soils [16].

As part of the Sustainable Development Goals (SDGs), sustainable
agriculture plays a crucial role in addressing goals related to food se-
curity, terrestrial ecosystem preservation, and water quality [17,18].
However, meeting the growing global food demand while upholding
sustainability goals remains a complex challenge, necessitating inno-
vative solutions like microalgae-based agriculture [19]. The integration
of microalgae into agricultural practices holds promise not only for
increasing crop productivity but also for mitigating environmental im-
pacts, thus aligning with the overarching objectives of sustainable
development. The existence of microalgae as a biofertilizer can be
observed in Fig. 1, illustrating the documents compiled from the Scopus
database. Employing a meticulous search criterion focusing on docu-
ments featuring the terms "microalgae" and "biofertilizer" in "all fields,"
and refining the search to review papers and articles, the research team
systematically collected data. This rigorous selection process aimed to
provide a targeted and comprehensive analysis of the literature, offering
insights into the relationship between microalgae and biofertilizers
within the academic discourse.

The compiled data, spanning from 2000 to 2023, showcases a pro-
gressive increase in research output, with the number of documents
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rising from 2 in 2000 to a peak of 466 in 2023. This upward trajectory
reflects the growing scholarly interest in the topic, indicating sustained
and heightened attention to the exploration of microalgae as a bio-
fertilizer. With a total of 1,834 documents found, the thorough analysis
of this data, grounded in the specificity of search terms and document
types, adds credibility and rigor to the meta-analysis, establishing a
robust foundation for understanding the evolving landscape of
microalgae-based biofertilizer research within the academic domain.

Despite their potential, challenges such as the high cost of nutrient
provision for microalgae cultivation hinder their widespread adoption in
agriculture [20,21]. Addressing these challenges and exploring
cost-effective strategies for integrating microalgae into agricultural
practices are crucial steps towards realizing their full potential as sus-
tainable and resilient components of agricultural ecosystems. This re-
view is dedicated to evaluating the opportunities and challenges
inherent in leveraging microalgae as a biofertilizer in agroecosystems.
With the rising global food demand and the environmental degradation
caused by the overuse of chemical fertilizers, there is a pressing need for
sustainable alternatives. Current agricultural practices contribute to soil
depletion, eutrophication, and biodiversity loss, challenging long-term
food security. Despite its potential as a biofertilizer, the widespread
use of microalgae in agriculture faces significant hurdles such as high
production costs and scalability issues. This review aims to explore the
potential of microalgae as a biofertilizer and its role in phycor-
emediation for wastewater treatment in agroecosystems. It evaluates
both the opportunities and the challenges that hinder large-scale
implementation, providing a comprehensive assessment of the current
landscape and potential solutions to promote sustainability in
agriculture.

2. Chemical fertilizer and its implications for environmental

In the field of soil fertility management, both macronutrients and
micronutrients play indispensable roles in sustaining plant growth and
ensuring optimal crop yield. Macronutrients, including nitrogen, phos-
phorus, and potassium, are essential elements required by plants in
relatively large quantities. Nitrogen facilitates chlorophyll synthesis and
promotes vigorous vegetative growth, phosphorus aids in root devel-
opment and energy transfer, while potassium regulates water uptake
and enhances disease resistance [22]. Alongside macronutrients,
micronutrients such as iron, zinc, and manganese are equally vital,
albeit needed in smaller quantities, for catalyzing enzymatic reactions
and maintaining overall plant health (Table 1). These micronutrients
serve as cofactors in various metabolic processes, influencing nutrient
uptake, photosynthesis, and plant defence mechanisms [23,24].

However, the overutilization of chemical fertilizers in agriculture
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Fig. 1. Documents contained keywords “microalgae” and “biofertilizer” collected from scopus database.
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Table 1
Soil nutrient requirements and critical concentrations.

Nutrient Critical Concentration Reference

Primary nutrients
Nitrogen (N) 25-50 mg/kg [25]
Phosphorus (P) 1uM * [26]
Potassium (K) 141-370 mg/kg [27]

Secondary nutrients
Calcium (Ca) 6-778 mg/kg * [28]
Sulfide (S) >15 mg/kg [29]
Magnesium (Mg) 0.05-0.5 % * [29]

Micronutrients
Cobalt (Co) 15-25 mg/kg * [30]
Copper (Cu) >0.04 mg/kg [29]
Boron (B) >0.75 mg/kg [31]
Chlorine (Cl) 100 mg/kg * [32]
Iron (Fe) >7.5 mg/kg [33]
Zinc (Zn) >1.5 mg/kg [33]
Manganese (Mn) >4mg/kg [34]
Molybdenum (Mo) >0.2 mg/kg [35]

presents several disadvantages that have significant environmental and
ecological implications [11,36,37]. Firstly, the runoff of excess chemical
fertilizers into water bodies can lead to the acidification of water sour-
ces, contributing to the phenomenon known as acid rain. Acid rain not
only affects aquatic ecosystems but also damages soil fertility and
vegetation, posing a threat to biodiversity. Furthermore, prolonged use
of chemical fertilizers can result in soil denaturation, depleting essential
organic matter and beneficial microorganisms crucial for soil health and
productivity. This degradation of soil quality diminishes its ability to
support plant growth and can lead to long-term environmental
degradation.

Another adverse consequence of chemical fertilizers is the promotion
of algae bloom in water bodies. Excessive nutrients, particularly nitro-
gen and phosphorus from fertilizers, fuel the rapid growth of algae,
resulting in algal blooms [38,39]. These blooms disrupt aquatic eco-
systems, depleting oxygen levels in water bodies and causing harm to
aquatic life. Moreover, nutrient runoff from chemical fertilizers con-
tributes to eutrophication, where an excess of nutrients in water bodies
leads to the proliferation of algae and aquatic plant growth, ultimately
causing oxygen depletion and ecological imbalance. From a sustain-
ability standpoint, the reliance on chemical fertilizers is not viable in the
long term, as it contributes to soil degradation, water pollution, and
ecosystem disruption. Transitioning towards more sustainable agricul-
tural practices, such as organic farming and the use of alternative fer-
tilizers, is essential for mitigating these adverse impacts and ensuring
the health and resilience of agricultural ecosystems.

3. The role of microalgae as biofertilizer in agriculture
ecosystems

A biofertilizer is a substance consisting of living microorganisms,
such as bacteria, fungi, or algae, which enhance plant growth and
nutrient availability in the soil [40,41]. Unlike traditional chemical
fertilizers, biofertilizers promote sustainable agriculture by fostering
natural processes that contribute to soil fertility. These microorganisms
form symbiotic relationships with plants or stimulate plant growth
through various mechanisms, such as nitrogen fixation, phosphorus
solubilization, and the production of plant growth-promoting substances
[42]. Biofertilizers play a crucial role in improving soil health, nutrient
cycling, and overall agricultural sustainability.

Agricultural ecosystems, often referred to as agroecosystems,
constitute intricate environments where human cultivation practices
intersect with natural elements and ecological processes [43]. These
systems encompass cultivated fields, crops, livestock, and the sur-
rounding environment where farming activities unfold. Within agricul-
tural ecosystems, a dynamic interplay occurs among living
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organisms—such as plants, animals, and microorganisms—and
non-living elements, including soil, water, and air [43,44]. Shaped by
human interventions, such as crop choices, cultivation methods, and the
application of inputs like fertilizers and pesticides, these ecosystems
significantly impact soil health, biodiversity, water quality, and overall
ecological resilience. Sustainable agricultural practices strive to opti-
mize these interactions, seeking a balance that enhances productivity
while mitigating negative environmental consequences [45]. Central
components include crops, livestock, soil health, water management,
biodiversity, and the intricate role of human activities, collectively
shaping the intricate tapestry of agricultural ecosystems. In navigating
the complexities of agricultural systems, the goal is to foster sustainable
practices that not only meet the demands of food production but also
prioritize environmental conservation and long-term ecosystem vitality.

Microalgae stand as versatile and promising agents in addressing
critical challenges within agricultural ecosystems. As the global demand
for food surges, the quest for sustainable solutions becomes paramount.
Microalgae exhibit multifaceted potency that directly addresses key
concerns in agriculture. Their biofertilizing capabilities offer an eco-
friendly alternative to traditional fertilizers, presenting a sustainable
approach to enhance soil fertility and meet the increasing demand for
food production [21]. Additionally, microalgae’s ability to biostimulate
plant growth not only improves crop yields but also contributes to
reducing reliance on excessive chemical fertilizers, mitigating the
associated risks of soil denaturation [46,47].

Within the intricate tapestry of agricultural ecosystems, the incor-
poration of microalgae stands poised as a transformative force across
diverse phases of cultivation. In the initial cultivation phase, microalgae,
employed as biofertilizers, infuse the soil with essential nutrients,
cultivating a foundation for robust plant growth while mitigating the
environmental impact associated with traditional chemical fertilizers. In
the context of pest management, microalgae’s role as a biopesticide
introduces a natural, environmentally friendly alternative, safeguarding
crops while circumventing the pitfalls of conventional pesticide usage
[48]. Beyond the harvest, microalgae extend their influence to the waste
and residue management phase, offering a potential avenue for sus-
tainable disposal and recycling [10]. As we delve into each facet of the
agricultural continuum, the integration of microalgae emerges as a ho-
listic and promising approach, aligning with the imperatives of sus-
tainable agriculture, and fostering resilience within the complex web of
agricultural ecosystems.

4. Microalgae for wastewater phycoremediation

In recent decades, significant water contamination has occurred due
to factors such as population growth, rapid urbanization, and industri-
alization. In areas where wastewater treatment plant (WTP) facilities are
not well established, it is often considered a quick and inexpensive so-
lution to dispose of untreated wastewater (such as commercial, resi-
dential, and industrial effluent) directly into aquatic environments like
rivers, lakes, reservoirs, and the sea. This practice impacts the water
cycle, alters precipitation patterns, and contributes to water scarcity and
depletion in some areas [49]. Moreover, the potential for substantial
quantities of detrimental pollutants to infiltrate both the human and
animal food chains could give rise to grave health risks [50]. Effluent is a
complex mixture of manmade materials, as well as organic and inor-
ganic natural components. According to [51], the main pollutants found
in effluent include sugars, lipids, carbohydrates, and amino acids.
Wastewaters also contain notable concentrations of inorganic sub-
stances such as ammonium salts, bicarbonate, sodium, calcium, potas-
sium, magnesium, arsenic, sulphur, phosphorus, and heavy metals. The
discharge of raw or treated water from cities and villages, industrial or
processing (of which 70 % come from agriculture industries in devel-
oping countries), and farm runoff from disposal sites are some of the
sources of pollution [52]. Therefore, investigating a workable waste-
water treatment and resource regeneration is necessary to address the
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issues of inadequate water supply [53,54].

One major step toward human progress is wastewater treatment. As a
result, many researchers have studied how to minimize pollution using
natural processes involving algae, including Cyanobacteria, microalgae,
and macroalgae [49,55,56]. Microalgae, comprising prokaryotic cya-
nobacteria and photoautotrophic eukaryotic microalgae, inhabit a wide
range of environments, from fresh to marine water, displaying diverse
habitat preferences and thallus organizations. Notably adaptable,
microalgae thrive in various water settings, including brackish and sa-
line water, as well as the complex environments of wastewater sources,
facilitated by the presence of essential nutrients such as nitrate,
ammonia, phosphate, and trace elements [57,58]. Their exceptional
nutrient uptake capacity renders microalgae a cost-effective and effi-
cient solution for removing contaminants in tertiary wastewater treat-
ment, while simultaneously sequestering CO2 and generating
potentially valuable biomass through photosynthesis [59].
Microalgae-based wastewater treatment offers sustainable advantages
over conventional methods, especially in energy efficiency and nutrient
recovery. While traditional treatments like activated sludge processes
consume 0.5 to 2.5 kWh/m?® due to high energy needs for aeration,
algae-based systems rely on photosynthesis, cutting energy use by up to
50 % and thus lowering operational costs [60]. As a consequence of
photosynthesis, microalgae generate oxygen, raising the dissolved oxy-
gen content in wastewater. Aerobic bacteria in the wastewater benefit
from this oxygenation since they need oxygen to properly metabolize
and break down organic contaminants [61,62]. From an economic
perspective, the use of microalgae in wastewater treatment can lower
the process’s overall cost because oxygen aeration accounts for more
than half of a wastewater treatment process’ energy requirements [63].
Additionally, microalgae assimilate excess nitrogen and phosphorus,
reducing the need for costly chemical treatments and generating
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nutrient-rich biomass that can be repurposed as biofertilizer, creating
added value. However, algae systems are generally slower, often taking
several days to weeks compared to the hours or days required by con-
ventional systems, as algae growth depends on environmental factors
like light and temperature [63]. Despite these temporal limitations,
microalgae systems provide a natural and sustainable treatment option
that not only reduces costs but also aligns with environmental goals by
reducing chemical dependency and promoting resource recovery. With
further optimization and integration of photobioreactors,
microalgae-based treatment could potentially rival conventional sys-
tems in efficiency while offering enhanced sustainability benefits.
While microalgae can thrive in wastewater, the nutrient levels often
fall short of the ideal requirements for optimal algal growth in phycor-
emediation. To address this, various techniques are employed either
individually or in combination. The first approach involves utilizing
specific algae species trained to adapt to the characteristics of the
wastewater, while the second method entails modifying the wastewater
to create an environment conducive to algae growth [64]. Furthermore,
controlling environmental variables can enhance wastewater treatment
and promote algae growth. Algae typically employ three different modes
of carbon assimilation for biomass synthesis: autotrophic, mixotrophic,
and heterotrophic (Fig. 2). However, the low biomass concentration in
photoautotrophic systems necessitates lengthy cultivation periods.
Heterotrophic culture may face challenges in environments lacking
organic carbon, as microalgae predominantly favor autotrophic nutri-
tion, with organic compounds serving as the sole source of carbon and
energy in dark conditions. Both light-dependent (photo-heterotrophic)
and light-independent (heterotrophic) modes of nutrition can occur,
leading to stagnant algae growth. Mixotrophic nutrition, a hybrid of
autotrophic and heterotrophic systems where carbon dioxide and
organic substances are assimilated simultaneously, exhibits lower
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photo-inhibition and higher growth rates compared to autotrophic and
heterotrophic cultures, making it widely utilized in microalgae-based
bioremediation [65].

Two primary approaches are employed to cultivate and manage the
factors influencing microalgae growth: the open approach, utilizing
open ponds, and the closed approach. Open pond systems are commonly
utilized for large-scale algae cultivation, utilizing either man-made
ponds or natural basins such as lakes, ponds, and lagoons. Within
open pond systems, there are distinctions between stirred and non-
stirred ponds. While non-stirred ponds are cost-effective and simpler
to maintain, they are more susceptible to issues like disease growth,
mixed algal populations, and predation by zooplankton. Conversely,
closed systems have been developed to enhance control over variables
influencing algae growth efficiency, employing technologies such as
tubular, flat panel, and plastic (polyethylene) bag photobioreactors.
Both natural sunlight and artificial light can be utilized in photo-
bioreactors, which are designed to overcome biological and practical
limitations of open systems by employing transparent tubes, containers,
or sleeves. Currently, the tubular system stands as the most commonly
utilized method for wastewater treatment based on microalgae. While
closed systems offer enhanced control over abiotic variables, thus opti-
mizing the phycoremediation process, they are not well-suited for large-
scale wastewater treatment due to their complex operation, high con-
struction costs, and challenges with scalability.

In addition to carbon uptake and wastewater treatment systems,
several variables significantly impact microalgae bioremediation. Light
intensity plays a crucial role, as it affects algae growth and modifies
nutrient utilization within the waterbody. Wastewater turbidity reduces
light penetration, necessitating careful consideration of light irradiance.
Temperature fluctuations influence algae growth, with the ideal tem-
perature typically between 15 and 30°C; colder climates may induce
photoinhibition due to cold stress, while hotter temperatures can lead to
severe evaporation. pH levels rise during wastewater treatment due to
photosynthetic CO2 buildup, potentially causing microalgae floccula-
tion; optimal pH for algal development falls between 7 and 9. CO2
availability, primarily sourced from bacteria breaking down nutrients,
enhances algae biomass; an extra CO2 supply in water, with an air
mixture of 1-5 % CO2, increases algae biomass within the optimal
concentration range. Nutrient availability is crucial; although waste-
water contains organic carbon, nitrogen, phosphorus, and other com-
ponents, it typically lacks sufficient CNP compared to the Redfield Ratio
of 106:16:1, the molar ratio for C:N:P in microalgae’s internal
composition.

5. Dual role of algae as phycoremediator and biofertilizer

Phycoremediation, also known as algae treatment, is deemed to be
more economical and highly efficient in reducing nutrients and heavy
metals [66]. Utilizing photoautotrophic microorganisms is considered
environmentally benign and preferred as long as the generated biomass
is recycled [65]. Additionally, due to their capacity for rapid growth,
ability to be cultivated on non-arable land, low water needs, and
reduced land requirements, algae are among the most significant bio-
resources currently enjoying immense popularity.

Algae serve as significant carbon dioxide sinks, effectively reducing
the carbon footprint, which encompasses pollution, global warming, and
greenhouse gas impacts resulting from atmospheric carbon dioxide [67].
Due to their widespread distribution and remarkable adaptation to
various environments, algae are broadly categorized as micro and
macroalgae—all commonly referred to as seaweeds. Microalgae,
boasting an estimated 200,000-800,000 species globally, exhibit
abundant biodiversity and are exceptional candidates for wastewater
treatment and CO2 sequestration due to their remarkable adaptogenic
capacity, enabling them to thrive in diverse settings. Their basic cellular
structure allows algae to utilize CO2, water, and nutrients more effi-
ciently than terrestrial plants [68]. Acknowledgment of algal biomass
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culture in wastewater dates back to 1957, coinciding with the recogni-
tion of algae’s potential to produce additional products such as biofuels,
food, cosmetics, feed, and biofertilizer [69,70,71,72]. Species like
Nannochloropsis, Dunaliella, Chlorella, Scenedesmus, Tetraselmis, and
many others are utilized for phycoremediation integrated with CO2
capture [66,73,74]. Additionally, macroalgae such as Gracilaria lema-
neiformis, Padina australis, Sargassum hemiphyllum, and Ulva lactuca have
been investigated for remediation purposes [75,76,77,78]. Given their
widespread presence in soil and water environments and their adaptable
metabolism, algae have demonstrated exceptional capacities for bio-
accumulation and biosorption [79]. Several species of macroalgae
(Ascophyllum nodosum, Ulva lactuca, and Caulerpa sertularioides) and
microalgae (Chlorella minutissima, Chlorella vulgaris, Scenedesmus obli-
quus, Isochrysis galbana, Nannocloropsis salina, and Spirulina major)
growing in wastewater have been modified to produce significant
amounts of biofertilizers [76]. Micronutrients, plant hormones (such as
auxins, cytokinins, and gibberellins), amino acids, and polysaccharides
are found in macroalgae, which can aid in promoting plant growth,
enhancing resistance to stress, and enhancing soil quality [80,81]. As for
microalgae, they can release exopolysaccharides (EPS), which act as a
carbon source and carbon sequestrant, improving soil stabilization and
aggregation [82].

The dual role of algae as a phycoremediator for wastewater and as a
biofertilizer in agroecosystems offers a sustainable solution to environ-
mental and agricultural challenges. Algae have shown remarkable effi-
ciency in removing contaminants from wastewater, including heavy
metals, excess nutrients (such as nitrogen and phosphorus), and organic
pollutants [83]. This remediation process is highly beneficial in reducing
water pollution and preventing eutrophication in natural water bodies.
For instance, studies have found that specific strains, like Chlorella vul-
garis, Spirulina platensis, Ulva lactuca, Sargassum fusiforme demonstrate
substantial nutrient uptake abilities, particularly in nitrogen and phos-
phorus removal, making them effective in treating municipal and in-
dustrial wastewater [75,84,85]. By absorbing these nutrients, algae
biomass not only purifies water but also accumulates essential elements
that enhance its nutrient profile, which, in turn, can be applied as a
biofertilizer in agriculture [77]. Beyond wastewater treatment, the
nutrient-enriched biomass of algae has demonstrated potential as an
eco-friendly biofertilizer. Rich in nitrogen, phosphorus, potassium, and
trace minerals, this biomass can improve soil fertility, support plant
growth, and enhance crop yield without the environmental drawbacks
associated with synthetic fertilizers [86]. According to a study, fertil-
izing green beans with dried algae increased their overall biomass and
chlorophyll content [80]. [87] mentioned that algae are known to
possess betaine-like chemicals that can lessen the effects of drought and
salt. Algae extract’s hormone content, which includes gibberellins,
auxins, betaine, and cytokinins, has additional positive effects on plant
growth [88]. Moreover, algae biomass can improve soil structure and
microbial activity, thereby promoting a healthy agroecosystem. Studies
indicate that microalgae-based biofertilizers can enhance root biomass
and plant growth due to their high content of bioactive compounds,
including growth-promoting hormones like auxins and cytokinins [21].
Algae can release nitrate, ammonium, total nitrogen, and phosphorus
into the soil while also generating Na™, Ca?"> Mg?*, and K* cations to
create richer nutrient aggregates, enhance soil structure, and eventually
boost soil microorganism activity. According to earlier studies, applying
25 kg/ha of algae can raise the soil’s nutritional content of N, P, K, Ca,
Mg, S, and micronutrients [89].

The advancement of algae-based technologies holds significant
importance for both wastewater treatment and the utilization of algae as
a natural fertilizer in agriculture. The integration of algae offers
numerous benefits, including: (i) the utilization of algae extracts as non-
toxic, non-polluting, non-hazardous, and biologically degradable sub-
stances; (ii) the production of large quantities of secondary metabolites
by algae, such as terpenes, lipid-, steroid-, and aromatic-like com-
pounds, acetogenins, phlorotannin, amino acid-derived products, and
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other polymeric substances; (iii) the positive effects of algae on plant
growth and development, including the promotion of seed germination,
root development, increased nutrient uptake, and enhanced frost resis-
tance in unfavorable conditions; (iv) the extensive use of algae to
improve soil quality and provide minerals for plants; and (v) the high
potential of algae for biosorption due to their composition, which fa-
cilitates the formation of biosorbent particles as heavy metal adsorbents.
Phycoremediation enhances the avoidance of harmful byproducts,
making it highly encouraging from an agricultural and industrial
standpoint. This dual focus underscores the broad dedication of envi-
ronmental science to resource optimization and sustainability. The ap-
plications of phycoremediation encompass the reduction of excess
nutrients from effluents containing organic material, the removal of
nutrients and xenobiotic substances through algal-biosorbent bio-
sorption, the processing of effluents containing heavy metal ions, the
mitigation of CO2, the monitoring of potentially toxic substances using
algae as biosensors, and the production of high-added value products
[90]. This dual application not only addresses the challenge of waste-
water management but also creates a circular economy model by con-
verting waste into value-added products for agriculture. Table 2
provides a comprehensive list of microalgae strains extensively utilized
in waste bioremediation, capable of producing biofertilizers and other
byproducts while effectively reducing pollutants across various waste-
water types.

6. Microalgae as biostimulant

The term biostimulant, commonly defined as a substance fostering
plant development and growth, comprises four primary groups: humic
substances, products containing amino acids, microbial inoculants, and
microalgal extracts [91,92]. These biostimulants influence plant physi-
ology, enhancing crop yield and vigor while bolstering resistance to both
abiotic and biotic stresses. Microalgal extracts, a subset of biostimulants,
are obtained by disrupting algal biomass cells, achievable through
various techniques [93]. These disruption methods release bioactive
compounds and biostimulants, including proteins, amino acids, plant
hormones, and antimicrobial agents [94]. Physical, mechanical, chem-
ical, or enzymatic techniques can all be used to cause this disruption
[95]. The target molecules and the type of biomass mostly determine the
extraction method to be used. For instance, the physical or mechanical
techniques that are most frequently employed in research today, such as
mechanically breaking down cell walls or using high pressure, high
temperature, ultrasound, or a combination of these, cannot ensure high
extraction yields for macro- and micro-algae, which may have thicker
cell walls than cyanobacteria. Cell disruption may be followed by a
phase of extraction using solvents or via chemical assistance to acquire
particular fractions of the crude extract. For example, after the physical
disintegration of cells, polysaccharides are typically precipitated with
ethanol in the process of creating biostimulant polysaccharide extracts.
Supercritical CO2 is a relatively new extraction method that preserves
thermolabile bioactive compounds in biomass by using it as a solvent.
This solvent has chemical and physical characteristics that are halfway
between those of a liquid and a gas, and it is obtained at 50°C and
200-500 bars (Ronga et al. 2019). In the meanwhile, enzymatic tech-
niques generate protein hydrolysates by using proteolytic enzymes that
cleave peptide bonds and/or single enzymes that can break down cell
walls producing products rich in free amino acids and soluble peptides
[96].

Amino acids play crucial roles in plant physiology, contributing to
processes such as chlorophyll synthesis, essential for promoting plant
growth [94]. Additionally, amino acids contribute to the biosynthesis of
other growth-promoting compounds like polyamines (PAs) and phenolic
compounds, enhancing plant defense mechanisms [97]. Essential and
non-essential amino acids extracted from microalgae such as Spirulina
sp. encompass a wide range of compounds vital for plant metabolism
and growth [98]. These amino acids undergo various reactions,
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including deamination and decarboxylation, to form ammonia, organic
acids, and other compounds essential for plant nutrition. Overall, the
utilization of microalgal-derived proteins and amino acids presents
promising opportunities for enhancing plant productivity and sustain-
ability in agriculture.

6.1. Microalgae as phytohormones

Microalgal biostimulants often contain phytohormones or exhibit
similar hormonal activity. Phytohormones, such as gibberellins, auxins,
and cytokinins, play crucial roles in various aspects of plant growth and
development [99]. Microalgae have been found to produce a range of
phytohormones, including cytokinins, gibberellins, abscisic acid, and
jasmonic acid, alongside auxins like indole-3-acetic acid (IAA),
indole-3-butyric acid (IBA), and indole-3-propionic acid (IPA) [100].
These phytohormones can enhance plant morphological characteristics,
chlorophyll levels, and protein content when introduced to plants via
seed or root incubation, or through application to leaves or seeds [101].

Furthermore, microalgal extracts and biomass hydrolysates have
been shown to contain various phytohormones, such as cytokinins,
gibberellins, IAA, abscisic acid, salicylic acid, and jasmonic acid, which
can stimulate plant growth [102]. Different species of microalgae may
exhibit variations in their phytohormone content and effectiveness as
biostimulants, influenced by factors like culture medium composition
[101]. Additionally, microalgal biostimulants may contain PAs that
promote plant growth by enhancing protein synthesis and enzymatic
activities [103]. The presence of fatty acids in microalgae further con-
tributes to biostimulation by serving as precursors for phytohormone
synthesis and facilitating plant defence mechanisms [104]. These in-
sights underscore the multifaceted potential of microalgal biostimulants
in enhancing agricultural productivity and sustainability.

6.2. Microalgae as soil remediation

Microalgae-derived exopolysaccharides (EPSs) present promising
prospects for soil remediation, offering multifaceted benefits. For
instance, EPSs extracted from cyanobacteria exhibit potential in
enhancing soil quality by stimulating plant growth and mitigating
abiotic stress, particularly salt stress [64]. When applied foliarly, EPSs
derived from microalgae effectively promote the growth of tomato
plants, resulting in increased shoot height, dry weight, chlorophyll, and
protein content, while simultaneously reducing stress indicators like
proline and phenolic compounds under salt stress conditions [46].
Previous research also assessed the salt stress brought on by the presence
of NaCl was lessened in tomato plants (Solanum Llycopersicum) when EPS
from Dunaliella salina was applied [105]. The decreased levels of salt
stress markers, including proline, phenolic compounds, and antioxidant
enzymes, were indicative of this decline. Additionally, the treatment
boosted the dry weight and length of the shoots as well as the dry weight
of the roots by improving soil quality.

The utilization of microalgal EPSs can impact enzymatic activity
within plant leaves, including key enzymes associated with nitrogen
metabolism and stress responses, thereby contributing to overall soil
health and fertility [106]. Moreover, microalgal EPSs are instrumental
in augmenting the profile of phytosterols and alkanes in plants, crucial
components for various physiological processes such as cell division,
elongation, and cuticle formation [107].

This diverse functionality underscores the potential of EPSs as eco-
friendly agents for soil remediation and sustainable agricultural prac-
tices. Additionally, microalgal EPSs display notable antifungal activity
against various bacterial and fungal strains, rendering them valuable
assets for plant disease management, particularly when cultivated in
environments like domestic wastewater [108,109]. In summary, the
application of EPSs derived from microalgae presents a promising
avenue for soil remediation, offering sustainable solutions for enhancing
soil fertility, alleviating stress, and combating plant diseases.
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Table 2

Potency of microalgae as biofertilizer and the impact on cultures.
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Microalgae

Medium

Application

Culture

Wastewater

Results

Reference

Chlorella vulgaris UTEX-
2714

Scenedesmus

Chlorella sp., Scenedesmus
sp.

Mix culture (Aphanotece
sp. and Aphanocapsa
sp., Chlorella sp.,
Scenedesmus sp.,
Chlamydomonas sp.)

Chlorella sp., Spirulina sp.

Chlorella, Scenedesmus,
Pediastrum

Asterarcys quadricellulare
(CCAP 294/1)

Chlorella vulgaris

Scenedesmus

Swine farm
wastewater

Municipal
wastewater

NA

Sewage
wastewater

Secondary treated
wastewater
effluent

Prototype
wastewater
treatment plant

NA

NA

Real domestic
wastewater

Liquid fertilizer mixed with
broth and effluent

Microalgae biofertilizer
mixed with a conventional
mineral fertilizer

Dry biomass

Dry biomass

Dry biomass

Dry biomass

Liquid fertilizer sprayed on
plants

Foliar spray and soil drench

Microalgae biomass
application to the soil mixed
with inorganic fertilizer

Arabidopsis
thaliana

Lettuce
(Lactuca sativa
L. cv Maravilla)

Cauliflower
(Brassica
oleracea L. var.
botrytis L.)

Amaranth
(Amaranthus
cruentus)

NA

Wheat

Potato

Tomato

Basil (Ocimum
basilicum L.)

13.8 mg/L.d of Total
Nitrogen TN; 11.5 mg/L-d
of Ammonia Nitrogen (-N);
24.8 mg/L-d of COD and
16.9 mg/L d of TP.

The microalgal biomass
met European regulations
for fertilizing products
regarding pathogens and
heavy metal
concentrations, except for
cadmium

NA

NA

NA

NA

NA

NA

69, 91 COD and 81 % total
inorganic nitrogen (TIN)

Arabidopsis roots and stems
were 43.0 % and 55.0 % longer
than the control group. Leaf
count and maximum leaf
length increased by 30.2 % and
39.7 %, while fresh and dry
leaf weights rose by 44.0 %
and 33.7 %.

Microalgae can reduce the
need for mineral nitrogen, as
plants grown with various
fertilizers showed similar fresh
shoot weights. Lettuce samples
from all treatments contained
cadmium and CECs.
Microalgae and compost
mixture is an alternative
fertilizer, equivalent to
chemical fertilizers and
manure, presenting the
advantages of being more
stable, sustainable, and
environmentally friendly.
Increased application of
biosolid, wet, and dry
microalgae significantly
boosted the shoot biomass of
amaranth, with dry microalgae
being the most effective.

A mixture of 100 % Chlorella
sp. combined with 50 %
Spirulina sp., cultivated with a
70 % dilution of secondary
treated wastewater effluent,
yielded a biofertilizer
containing 0.6 wt %
phosphorus (P) and 0.3 wt %
potassium (K)

Microalgae sourced from
wastewater treatments serve
as an appropriate organic
fertilizer for wheat plants, with
only moderate decreases in
nitrogen use efficiency
compared to mineral
fertilizers.

Spraying microalgae biomass
increased potato yield and
induced biochemical changes
that enhance chlorophyll,
amino acid, sugar, and nitrate
reductase enzyme activity.

C. vulgaris applied through soil
drenching and combined with
cow dung resulted in different
fruit sizes and seed quantities.
With soil drenching, fruit
lengths were around 8.8 +
0.36 cm, while combining it
with cow dung increased
lengths to about 10.5 + 0.61
cm and 11.7 + 0.35 cm. Fruit
diameters ranged from
approximately 13.3 + 0.73 cm
to 16.7 + 0.31 cm. The
number of seeds per fruit
varied from about 89 + 0.45 g
to 153 + 0.96 g, and seed
weights per fruit ranged from
approximately 4.5 + 0.14 g to
6.5+ 0.28 g.

Plant growth, including leaf
count, shoot fresh and dry
weight, and leaf fresh weight,

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]
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M.M.A. Nur et al.

Table 2 (continued)
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Microalgae

Medium

Application

Culture

Wastewater

Results

Reference

Acutodesmus obliquus

Chlorella vulgaris

Chlorella minutissima

Chlorella vulgaris,
Scenedesmus obliquus,
Isochrysis galbana,
Nannocloropsis salina,
and Spirulina major.

Chlorella protothecoides,
Chlorella vulgaris,
Scenedesmus obliquus

Chlorella

Microalgae consortium

Chlorella, Scenedesmus,
Spirulina, Synechocystis

Desmodesmus,
Pseudopediastrum,
Tetradesmus, and
Chlorella

Chorococcum sp.

Chlorella vulgaris

Poultry litter
extract effluent

Sewage
wastewater

Sewage effluent

Aquaculture
effluent

Cattle manure

Pre-treated
municipal
wastewater
enriched with
selenjium

Primary effluent
from meat
processing
industry
treatment plant
Residual water
from residential
treatment plant
enriched with
human urine
NA

NA

NA

Lipid extracted biomass

Dry biomass

Dry biomass

Biomass solution

Microalga suspensions and
aqueous extracts (liquid)

Microalga extract (liquid)
Microalga biomass (solid)

Granules containing 12 %
dry biomass incorporated
into the chemical
superphosphate triple
fertilizer

Microalgae extracts (10 g of
dried microalgal biomass
dissolved in 100 ml
deionized water) applied by
spraying (liquid)
Supernatant from microalgae
culture after centrifugation
(liquid)

Dry microalgae powder
mixed with distilled water
(liquid)

Extracts of microalgal
biomass (supernatant from
centrifugation of microalga-

Mung bean

Solanum
Lycopersicum
(tomato)

Spinach and
baby corn

Wheat and
watercress

Wheat and

‘watercress

Bean

Corn

Tomato

Soybean

Beans, tomato,

cucumber, and
pepper

Vigna mungo

and phosphates (PO3-P)
removal

NO3-N, NH3-N, and PO4-P
removal of 79.51 %, 81.82
%, and 80.52 %

COD and BOD were
reduced up to 93 %, 95 %
and 92 % respectively.

>90 % TDS and EC
removal efficiency

100 % removal TN and TP
for all microalgae.

94 % COD and N 97 %

removal efficiency

93 % NH{, 77 % TP, and
70 % CODt removal
efficiency

NA

NA

NA

NA

NA

significantly increased by 27 %
in the microalgae fertilizer
treatments. However, these
treatments resulted in the
lowest leaf content of
chlorophyll, nitrogen (N), and
potassium (K).

In comparison to the chemical
fertilizer (CF) control, soil
amended with LEA showed a
significant increase in organic
carbon (59.5 %) and
dehydrogenase activity (130.8
%) after 30 days.

Tomato plants cultivated using
treated sewage wastewater
exhibited robust growth and
productivity comparable to
those aided by chemical
fertilizer.

Adding microalgae biomass to
the soil increased nitrogen and
phosphorus levels by 75 % and
5 %, respectively, compared to
the control.

The addition of C. vulgaris led
to an increase in the
germination index by up to
275 % for watercress and 185
% for wheat.

Chlorella protothecoides
resulted in a 177 % increase in
the germination index for
wheat, while Tetradesmus
obliquus led to a 34 % increase
for watercress.

Lower selenium
concentrations (0.5 to 5 %)
favored germination rates,
with higher rates observed in
foliar spraying and soil
irrigation using extracts
enriched with 1 % selenium.
Additionally, the application
of biomass increased both the
dry and fresh weight of bean
plants. The biomass acted as a
biofertilizer, slowly releasing
nutrients such as nitrogen,
phosphorus, and selenium.
The shoot dry weight increased
by 10.6 % compared to the
control.

46 % increase in plant height
and chlorophyll content
compared to control in 3 days

Microalga application
outperformed the control.

Compared to the control, root
length increased by 78.9 % for
beans, 150 % for cucumber,
195 % for pepper, and 56.3 %
for tomato. Additionally, the
number of roots increased by
52.5 % for beans, 103.3 % for
cucumber, 121 % for pepper,
and 181 % for tomato.
Compared to the control, plant
height increased by up to 18.7
%, stem length by 34.5 %, root

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[119]

[138]

[139] |

[140]
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Microalgae Medium Application Culture Wastewater Results Reference
melted slurry) applied by length by 33.3 %, fresh weight
spraying (liquid) by 28.1 %, dry weight by 56.8
%, seeds per plant by 296 %,
and root nodule by 127.9 %.
Scenedesmus Domestic Microalgae biomass Rice NA Increased soil availability of [141]
wastewater application to the soil NPK up to 28 %, 39 %, and 33
%, respectively, compared to
chemical fertilizer

Chlorella sp., Scenedesmus ~ Anaerobic Dry biomass Common NA Increase in shoot height (2.6 [142]

Sp. digestate derived pasture %), root height (20.9 %), root
from food waste ryegrass fresh weight (31.7 %), and root
that has been dry weight (52.4 %) occurred
filtered in relation to chemical

fertilizer. Additionally,
significant bacterial richness
increase was observed in
rhizospheric soil treated with
dry biomass compared to the
control.

Desmodesmus subspicatus Wastewater from Dry compost application to NA NA Pectin with microalgae and [143]

sugar cane the soil vinasse increased 136 %
processing nitrogen content compared to
pectin alone

Chlorella, Scenedesmus, Primary Dry biomass application in Wheat >80 % TN recovered by Plant height increased by upto ~ [144]
Tetraselmis, wastewater from the soil (solid) Chlorella and 101 %, number of leaves by up
Nannochlorops the municipal Scenedesmus to 233 %, and leaf length by up

wastewater to 142 % compared to the
treatment plant; control.
seawater
Scenedesmus obliquus Brewery Irrigation with medium plus Wheat and Removal of 88 %N, 30%P 100 % increase in germination  [145]
wastewater or microalgae barley and 71 % COD compared to control
Bristol medium

Chlorella Uninformed Dilution of microalgae NA NA Increased soil aggregate [146]

biomass with water (liquid) | stability compared to control

Chlorella vulgaris, Primary effluent Application of dry biomass to ~ Millet NA 44 % increase in plant growth [1471 |
Chlorophyceae, from the meat the soil (solid) compared to control and 30 %
Oscillatoria sp. processing increase in the number of

industry | sheets

Ulothrix, Klebsormidium Aquaculture Application of dry biomassto ~ Tomato NA After 95 days, the nitrogen [148]

wastewater the soil (solid) | content ranged from 25 % to
31 %. Compared to inorganic
fertilizer, leaf length increased
by 5 %, sheet weight by 13 %,
dry weight by 14 %, and the
concentration of nitrogen and
phosphorus in the plant
increased by 78 % and 88 %
respectively.

Chlorella, Scenedesmus, Municipal Application of dry biomassto ~ Wheat NA Plant dry weight increased by [149]
Chlorococcum, wastewater the soil with vermiculite 33 %, increases of 15 %, 122
Chroococcus (solid) %, and 23 % in NPK levels in

the soil compared to chemical
fertilizer.
Acutodesmus dimorphus NA Seeds soaked with extracts of =~ Tomato NA Germination occurred up to 2 [150]

microalgae diluted in water
(liquid); leaf spraying
microalgae extracts diluted
in water (liquid); application
of dry biomass to the soil
(solid) |

days earlier than the control
with liquid biofertilizer.
Increase of up to 390 % in
flower buds compared to the
foliar spray control, along with
a 33 % increase in shoot
length.

6.3. Microalgae as biofertilizer

In modern agriculture, harnessing the biofertilizing potential of

microalgae signifies a forward-thinking approach with profound impli-
cations. Biofertilizers derived from microalgae offer a sustainable
alternative to conventional chemical fertilizers, addressing growing
concerns regarding soil degradation and the overuse of synthetic nu-
trients. The mechanism through which microalgae, including cyano-
bacteria, act as biofertilizers involves a symbiotic relationship between
these microscopic organisms and plants [110]. By processes such as
nitrogen fixation and nutrient mobilization, microalgae enhance soil

fertility and nutrient availability, fostering ideal conditions for plant
growth. Previous research has demonstrated the efficacy of
microalgae-derived biofertilizers in enhancing crop yields while simul-
taneously mitigating the environmental impact associated with tradi-
tional fertilization methods [111].

The adoption of microalgae as a biofertilizer in contemporary agri-
culture reveals compelling advantages over chemical fertilizers and
traditional composting methods. Unlike chemical fertilizers, microalgae
biofertilizers establish symbiotic relationships with plants, efficiently
releasing nutrients and offering a more precise nutrient supply. This
reduces the risk of nutrient runoff and its associated environmental



M.M.A. Nur et al.

consequences [112]. Moreover, microalgae biofertilizers boast a versa-
tile nutrient composition, enabling a tailored approach to meet specific
crop needs, a flexibility absent in conventional fertilizers. In contrast to
compost, microalgae biofertilizers offer a quicker and customizable
nutrient release, addressing the limitations of slower organic matter
decomposition.

In addition to these benefits, the utilization of microalgae bio-
fertilizers seamlessly aligns with sustainability principles. As previously
demonstrated, the effective nutrient uptake capacity of microalgae,
particularly from wastewater sources, underscores their role in nutrient
recycling and mitigating environmental pollutants [113]. This capacity
not only promotes sustainable agricultural practices but also aids in
reducing the environmental impact of wastewater discharge. Further-
more, the ability of microalgae to capture carbon dioxide (CCUS) during
cultivation further solidifies their sustainability credentials [114].
Through photosynthesis, microalgae sequester carbon dioxide, contrib-
uting to the mitigation of greenhouse gas emissions. This dual capability
of nutrient recycling and carbon capture emphasizes the comprehensive
sustainability of microalgae biofertilizers within the agricultural
framework (Fig. 3).

7. Microalgal biofertilizers/biostimulants: production and
efficacy

Microalgal biomass, celebrated for its rich content of proteins, car-
bohydrates, and lipids, emerges as a promising candidate for the next
generation of biomass across various industries, offering not only waste
utilization but also a spectrum of valuable bioproducts [115,116].
Beyond its role as biofertilizers, this biomass serves as a fundamental
resource for producing biofuels, amino acids, alginate, pigments, and
bioplastics. To illuminate the utilization of microalgal biomass in bio-
fertilizer production and underscore prevalent methods, Table 2

A\
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provides a comprehensive overview of relevant studies, detailing
microalgae types, cultivation techniques, production protocols, and
their beneficial effects on plants. Encompassing the entire process, from
microalgae cultivation to biofertilizer production, Fig. 3 offers
comprehensive insight. The utilization of microalgae as biofertilizer
encompasses various methodologies, such as direct application of wet
biomass onto soil or crops, spraying extracts onto leaves, utilizing dry
biomass, co-cultivation with crops like cyanobacteria on rice plants, and
blending with conventional or other biofertilizers, each yielding diverse
benefits including immediate nutrient supply, enhanced nutrient up-
take, bolstered plant resilience, and minimized environmental impact.
By harnessing the nutritional prowess of microalgae and their capacity
to enhance soil health, these strategies present innovative solutions for
sustainable agriculture.

As depicted in Table 2, an extensive range of microalgae species has
been examined for their potential contribution to biofertilizer produc-
tion. These investigations underscore the efficacy of microalgae biomass
when applied to soil, effectively stimulating crop growth [117-119].
Primarily, freshwater microalgae like Chlorella, Scenedesmus, and Spir-
ulina have been the focus of research, although some studies have also
focused into marine microalgae such as Tetraselmis and Nannochloropsis
[120,121]. The selection of microorganisms is influenced by diverse
factors, including geographical considerations, with marine microalgae
being less common in inland areas [119].

The cultivation of microalgae can make use of a wide range of media,
with wastewater holding particular relevance due to its environmental
implications [98]. Apart from its role in wastewater treatment, micro-
algae have the capacity to absorb the nutrients, rendering them valuable
for biofertilizer production [115]. The production of biofertilizers in-
cludes the direct application of dry microalgal biomass onto soil or its
dilution in water to create liquid fertilizers [151-153]. Dry biomass,
especially, possesses desirable biofertilizer attributes, containing crucial
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Fig. 3. Schematic integration of microalgae with carbon capture, wastewater phycoremediation, and biofertilizer utilization mechanism.
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proteins, amino acids, and phytohormones [154].

The utilization of microalgal extracts, whether applied through leaf
spraying or seed treatment, has demonstrated positive effects on plant
germination and growth, serving as a slow-release biofertilizer [155].
Moreover, incorporating microalgal biomass into a polymeric matrix
can extend nutrient release, thereby reducing application rates. Micro-
algal biostimulants indirectly promote plant growth by stimulating soil
biological activity and biochemical soil fertility indicators [106]. For
instance, a study involving Scenedesmus subspicatus combined with
humic acid resulted in increased onion yield by enhancing protein and
sugar accumulation in bulbs [156]. Similarly, immersion in Spirulina
platensis suspension affected radish plants, with outcomes varying based
on immersion duration [157].

Alternative methods for applying biofertilizers include utilizing
biomass biochar, hydroponic cultivation in microalgal growth medium,
and applying microalgal hydrolysate. Promising results have been
observed with foliar application of Scendesmus hydrolysates and Spir-
ulina platensis hydrolysates, enhancing plant growth and mitigating soil
salinity effects, respectively [158]. To enhance the production of
microalgae biofertilizers/biostimulants, factors such as application rates
and cultivar development requirements need to be considered [159].

8. Opportunities and challenges of microalgae as biofertilizer

Microalgae offer a promising pathway for sustainable agriculture,
surpassing traditional chemical fertilizers and other biofertilizers with
distinct advantages. Firstly, they provide a sustainable alternative to
chemical fertilizers, addressing concerns about environmental degra-
dation and ecosystem disruption. Harnessing the nutrient-rich biomass
of microalgae facilitates a shift towards eco-friendly agricultural prac-
tices while enhancing crop productivity. Additionally, microalgae
possess inherent biostimulant properties that extend beyond nutrient
provision. These bioactive compounds play a multifaceted role in
stimulating plant growth, improving stress tolerance, and enhancing
overall crop resilience. Unlike conventional chemical fertilizers, which
mainly focus on nutrient supplementation, microalgae biofertilizers
offer holistic benefits, nurturing healthier plants and soil ecosystems.
Moreover, the adaptable nature of microalgae cultivation allows for
customized formulations tailored to specific crop and soil needs. By
adjusting nutrient profiles and biostimulant blends, microalgae bio-
fertilizers can optimize nutrient uptake, improve soil structure, and
enhance agricultural sustainability. This versatility enables targeted
solutions to diverse agricultural challenges across different regions and
cropping systems. Lastly, microalgae exhibit promising traits like bio-
logical nitrogen fixation and climate resilience, making them well-suited
for sustainable agriculture in various environmental conditions. Their
ability to thrive in marginal lands, including arid and saline environ-
ments, opens new avenues for expanding agricultural production while
minimizing environmental impacts.

The microalgae industry faces numerous hurdles that impede the
widespread adoption of microalgae as biofertilizers. These challenges
encompass high production costs, scalability limitations, and issues
related to nutrient availability. Moreover, regulatory complexities and
market acceptance barriers hinder the commercialization of microalgae-
based products across many regions. Furthermore, the absence of stan-
dardized regulations and quality control measures for microalgae-based
biofertilizers creates uncertainty and impedes market acceptance.
Overcoming these obstacles necessitates ensuring a consistent and reli-
able supply of high-quality biomass, alongside addressing logistical
hurdles in establishing a robust supply chain. Additionally, maintaining
product quality and performance consistency remains a persistent
challenge due to variations in biomass composition, nutrient content,
and biostimulant activity, complicating farmers’ reliance on these
products for consistent crop yields.

One potential solution to tackle these challenges involves directly
integrating microalgae cultivation with agricultural wastewater
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treatment processes. By leveraging microalgae for wastewater treat-
ment, nutrients from the wastewater can be efficiently captured and
converted into biomass, diminishing the need for external nutrient in-
puts and alleviating scalability constraints. Moreover, integrating
microalgae cultivation with wastewater treatment can reduce the ne-
cessity for long-term storage and transportation of biomass, mitigating
the risk of denaturation and ensuring product freshness and efficacy.
This approach not only enhances the sustainability of microalgae pro-
duction but also offers a direct and cost-effective means of supplying
biofertilizers to agricultural systems. Furthermore, utilizing microalgae
biomass directly as biofertilizer provides farmers with a continuous and
readily available nutrient source, fostering soil health and enhancing
crop productivity in a sustainable manner. In India, the use of cyano-
bacteria as biofertilizers in paddy fields has shown promising results,
particularly in enhancing rice yield and reducing dependence on
chemical fertilizers [160]. In a study conducted in an organic rice field in
West Java, Indonesia, the application of nitrogen-fixing cyanobacteria,
such as Anabaena and Nostoc species, contributed significantly to soil
fertility by enhancing nitrogen availability [161].

9. Future prospect

Looking ahead, microalgae emerge as promising biofertilizers, pre-
senting sustainable solutions to pressing environmental concerns and
advancing agricultural productivity. Embracing the potential of
microalgae-based biofertilizers enables a transition toward a circular
economy model, where waste materials are repurposed into valuable
resources. Microalgae cultivation offers opportunities for wastewater
remediation and carbon emissions mitigation through CCUS technolo-
gies. Integrating microalgae cultivation with wastewater treatment not
only enhances water quality but also yields nutrient-rich biomass suit-
able for biofertilizers, closing nutrient cycles and reducing reliance on
synthetic fertilizers. Amid escalating efforts to combat climate change,
microalgae-based biofertilizers play a dual role in sequestering carbon
dioxide from the atmosphere while enhancing soil health and bolstering
crop resilience. Through interdisciplinary collaboration and strategic
investment in research and infrastructure, we can unlock the full po-
tential of microalgae as biofertilizers, charting a path towards a sus-
tainable and resilient agricultural future.

Microalgae offer a unique opportunity with their dual role in
enhancing soil fertility and wastewater treatment. These microorgan-
isms are rich sources of antimicrobial agents, proteins, amino acids, and
plant hormones, which play crucial roles in plant physiology, such as
chlorophyll synthesis essential for promoting plant growth. Addition-
ally, microalgae-derived amino acids can undergo various reactions,
including deamination and decarboxylation, to produce organic acids
and ammonia vital for plant nutrition. Alongside auxins like IAA, IBA,
and IPA, microalgae have been reported to produce phytohormones like
cytokinins, gibberellins, abscisic acid, and jasmonic acid, which, when
applied to plants, can enhance morphological features, protein content,
and chlorophyll levels. Furthermore, the composition of microalgae’s
EPSs plays a role in soil improvement and remediation, particularly
when grown in nutrient-rich wastewater with absorbed CO2 gas,
resulting in the production of natural fertilizers. Application of micro-
algae biomass as biofertilizers can be direct (by adding dry or wet
biomass to soil or misting plants with microalgae liquid) or indirect (by
growing plants in microalgae medium or combining microalgae with
commercial fertilizer).

Integrating microalgae cultivation with wastewater treatment re-
duces the need for long-term storage and transportation of biomass,
minimizing the risk of denaturation and ensuring product freshness and
efficacy. Previous researchers demonstrated that Chlorella variabilis and
Scenedesmus obliquus, grown on dairy wastewater, demonstrated high
efficacy as biofertilizers for crops like corn and soybean. When applied
in concentrations of 40 % and 60 %, these microalgal extracts signifi-
cantly boosted plant growth, antioxidant activity, and mineral content



M.M.A. Nur et al.

compared to untreated controls, thus improving crop productivity
without the need for additional storage or transport of the biomass. This
approach not only enhances crop yields but also minimizes logistic
constraints associated with biofertilizer production [162]. Similarly, a
study on Chlorella vulgaris used for sewage wastewater treatment
showed promising results in nutrient removal and biomass production.
This microalga effectively reduced nitrates, chemical oxygen demand
(COD), and biological oxygen demand (BOD) by over 90 %, generating
biomass suitable for biofertilization. The treated wastewater, when
applied to tomato plants, provided yields comparable to those achieved
with chemical fertilizers, supporting the potential of microalgae-based
biofertilizers as an effective and sustainable alternative to synthetic
fertilizers [132]. This method eliminates the need for long-term biomass
storage, as microalgae can be grown and applied directly, ensuring
freshness and maximizing nutrient uptake by plants.

This approach offers a direct, cost-effective method of supplying
biofertilizers to agricultural systems while enhancing the sustainability
of microalgae production. However, realizing the full potential of
microalgae as biofertilizers and advancing towards a more resilient and
sustainable agricultural future requires interdisciplinary cooperation
and investments in infrastructure and research.
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