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The rapid expansion of both the global economy and the human population has led to a shortage of water
resources suitable for direct human consumption. As a result, water remediation will inexorably become
the primary focus on a global scale. Microalgae can be grown in various types of wastewaters (WW).
They have a high potential to remove contaminants from the effluents of industries and urban areas. This
review focuses on recent advances on WW remediation through microalgae cultivation. Attention has
already been paid to microalgae-based wastewater treatment (WWT) due to its low energy re-
quirements, the strong ability of microalgae to thrive under diverse environmental conditions, and the
potential to transform WW nutrients into high-value compounds. It turned out that microalgae-based
WWT is an economical and sustainable solution. Moreover, different types of toxins are removed by
microalgae through biosorption, bioaccumulation, and biodegradation processes. Examples are toxins
from agricultural runoffs and textile and pharmaceutical industrial effluents. Microalgae have the po-
tential to mitigate carbon dioxide and make use of the micronutrients that are present in the effluents.
This review paper highlights the application of microalgae in WW remediation and the remediation of
diverse types of pollutants commonly present in WW through different mechanisms, simultaneous
resource recovery, and efficient microalgae-based co-culturing systems along with bottlenecks and
prospects.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Water is an essential resource and a pivotal feedstock in
numerous industries, including pharmaceuticals, electronics, food,
beverage, petrochemicals, agrochemicals, oil and gas industries,
and domestic purposes [1]. The direct disposal of the contaminated
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water discharged from these applications poses high risks to the
environment and is an increasing concern due to its myriad con-
taminants. Wastewater (WW) contains various compounds, some
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of them at concentrations that are highly toxic to organisms. In
addition, significant amounts of inorganic and organic nutrients are
released into the environment, which is reflected by high chemical
oxygen demand (COD) and biological oxygen demand (BOD).
Eutrophication of aquatic environments caused by excessive load-
ings of phosphorus (P) and nitrogen (N) results in environmental
concerns such as the generation of solid wastes and unpleasant
emissions to the air [2,3]. It also promotes the growth of unwanted
microbes that threaten other aquatic life and deteriorate the quality
of drinking water, which contributes to common health-related
issues in regions neighboring the discharge area [4]. Heavy
metals (HMs) are the most widespread class of pollutants in WW.
Direct inhalation, ingestion, and contact of these toxic substances,
even at very low concentrations, can cause significant threats to
human health and escalate the risk of developing cancers [5,6]. In
recent years, there have been growing concerns about the occur-
rence of so-called emerging pollutants in waterbodies, their related
hazards and impacts on both human health and aquatic life.
Emerging pollutants are synthetic organic compounds that, despite
having been present in the environment for a long time, have just
recently been recognized due to the growing knowledge of their
dangers and advances in analytical procedures (i.e., lower detection
limits) [8—10]. These emerging pollutants include various cate-
gories, including per- and polyfluoroalkyl substances (PFASs), flame
retardants, pharmaceutical compounds (PCs), illicit drugs, pesti-
cides, and artificial sweeteners [4,7]. The detrimental effects on
human health and the environment are not yet completely un-
derstood [11—13].

When water is contaminated and purification becomes indis-
pensable, selecting the best treatment strategy is necessary to ach-
ieve the desired purification objectives [14,15]. Conventional
methods include different physical and chemical treatments
[16—18]. One of the most efficient WW treatments (WWTSs) is a
chemical treatment aiming to alter the water characteristics, such as
decreasing the turbidity (removal of suspended solids), pH adjust-
ment, and eliminating dissolved materials in water, thereby
improving water quality. The predominant approaches in chemical
treatment include chlorination, coagulation/flocculation, chlorami-
nation, ultraviolet light, and ozonation [14,19]. Although these
methods are more effective when used in secondary WWT, high
costs, dewatering limitations, and the high efforts needed for
maintenance are deemed the major shortcomings of these tech-
nologies [14,20]. In contrast, biological approaches depend on the
metabolic activities of microorganisms to decompose and convert
pollutants of WW to biomass and associated gases (CO, CHg, N5, and
SO,), thereby decreasing the values of BOD and COD in the effluents
and improving their quality [21]. Biological treatments involve
biodegradation bleaching using different microorganisms, including
bacteria, fungi, yeast, and microalgae [22—30]. Biological treatments
aim to construct a system that facilitates the treatment of disposed
WW based on the decomposition yield potentials. Biological WWTs
appear simple at first glance as they utilize natural processes, but
they are complex and still not completely understood at the inter-
section of biology and biochemistry [31]. Almost all biological pro-
cedures are low-cost treatments under aerobic or anaerobic
conditions. However, there are several major restrictions associated
with biological methods: (i) the need for a large land area and sig-
nificant time for adequate treatment; (ii) the imperfect removal of
pollutants; (iii) pollutants with complex chemical structures are
recalcitrant toward degradation using conventional processes; and
(iv) biological WWTs provide only limited flexibility in terms of
design and operation long term [32]. Generally, biological treat-
ments are used as a secondary treatment process to mainly elimi-
nate substances remaining after primary treatment [14]. Primary
treatment is primarily the sedimentation of solid wastes.
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Numerous microalgal species, including Scenedesmus, Chlorella,
Botryococcus, Phormidium, Limnospira (formerly Arthrospira, Spir-
ulina), and Chlamydomonas, have been confirmed to have an
excellent capability for the bioremediation of nutrients, HMs,
emerging pollutants and pathogens from WW [33,34]. Several
microalgae species, such as Scenedesmus, Chlorella, Euglena, Oscil-
latoria, Chlamydomonas, and Ankistrodesmus, have grown efficiently
in WW [35]. Moreover, they exhibit great tolerance against WW
toxins. Thus, microalgae-based techniques have recently gained
significant attention for treating municipal, industrial, agro-
industrial, and livestock WW. Microalgae can minimize the risk of
eutrophication by removing P and N components [36]. These are
considered multifunctional alternatives for biological treatment,
transforming undesirable inorganic and organic ingredients into
valued biomass [12]. Furthermore, microalgae collected from
certain treatment ponds can be used as a source of food and
feedstock for multiple products and also play multifarious roles in
diverse industries, as shown in Fig. 1. Another promising strategy is
co-culturing of microalgae with other microbes to enhance WWT
efficiency. In a co-culturing approach, microalgae cooperate sym-
biotically with heterotrophic microorganisms such as yeast, bac-
teria, and fungi, resulting in the exchange of nutrients and
metabolites, which, in turn, increase algae biomass yield and
enhance bioremediation [37,38]. The production of biofuels and
biomass from microalgae has been boosted through co-culturing
techniques. These techniques involve the utilization of numerous
microbial interactions, which are accomplished by cultivating
multiple strains of different species, with the intention that one
strain will compensate for an enzymatic activity absent in the other
strains [39]. Therefore, they develop an artificial conglomerate
based on a mutually beneficial relationship to satisfy the pre-
requisites that must be met.

Global water shortages will be one of the greatest social and
economic challenges of the 21 century. Microalgae-based WWT
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Fig. 1. Biorefinery of microalgal biomass after wastewater treatment for biofuel, bio-
fertilizer, and high-value products.
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could recover nutrients while producing clean water. Microalgae
help dispose and treat industrial, agricultural, and municipal WWs.
Microalgae strains can withstand the harsh environments of
modern industrial and municipal wastes. The shift towards a cir-
cular bioeconomy that relies on resource diversification has also
prompted the reorganization of traditional WWT processes into a
low-carbon, integrated biorefinery model that can accommodate
multiple waste streams. The rapid rise in interest in microalgal WW
remediation can be explained by the changes in how the treatment
is viewed. Therefore, microalgae-based WWT is now a serious
competitor to conventional WWT since the major bottlenecks of
nutrient assimilation and high microalgae population have been
partially mitigated. This review paper aims to collate advances and
new knowledge emerged in recent years for microalgae-based
WWT.

2. Microalgae and their marvels

Microalgae show exceptional photosynthetic efficiency
compared to terrestrial plants, resulting in higher growth rates and
biomass productivities, sometimes ten times higher than vascular
plants [40]. Microalgae can be farmed without competing for arable
land resources, producing around 50% of the atmospheric oxygen.
Microalgae are an almost untapped resource, with a species num-
ber estimated between 30,000 to more than 1,000,000, but only 15
can be commercially cultivated at a large scale [41]. In recent years,
microalgae have been used to detoxify various toxicants with
different properties and characteristics released from the agricul-
tural, industrial, and domestic sectors. To date, a wide range of
microalgae has been reported to treat domestic WW, such as Sce-
nedesmus abundans, Botryococcus sp., Chlorella variabilis, Chlorella
sp., Scenedesmus sp., Scenedesmus obliquus, Chlorella vulgaris, and
Chlorella sorokiniana, as depicted in Table 1 [42—48].

Microalgae-based systems have superior capacities to bio-
remediate WW, and they have the ability to remove 45—65% of BOD
and COD [49,50]. Microalgae-based WWT systems present natural
disinfection abilities and are more effective for reducing nutrient
contamination than conventional WWT methods, which have
shortcomings such as high operational costs and unavoidable sec-
ondary pollution from chemical processes [35]. On the contrary,
microalgae are the most promising decontaminating agents for
numerous pollutants as they have high surface-to-volume ratios,
thus, high biosorption capacities. They can remove noxious con-
stituents, and many of them can shift between photoautotrophic,
mixotrophic, and heterotrophic growth [51].

Most microalgae are photoautotrophs, so they need less energy
for growth. In addition, microalgae guarantee cost-effective reme-
diation of pollutants when integrated with other WWT techniques.
In general, microalgae have immense adaptability to grow and
thrive in harsh environments, rendering them efficient and multi-
functional candidates for enhanced WWT [52]. The phytor-
emediation process is an environmentally friendly mechanism that
also extracts components that can be applied for many purposes.
The mechanism involves the removal of nutrients from WW and
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the sequestration of CO, for biomass increase and synthesis of
bioproducts. Nitrogen in sewage wastes results from metabolic
interconversions of additional derived compounds, whereas 50% of
P originates from synthetic detergents. However, significant
amounts of inorganic N and P after primary and secondary treat-
ment may remain, leading to significant eutrophication, reflected in
harmful microalgal blooms and/or massive growth of macrophytes
[53]

Microalgae assimilate carbon (C), N, P, and micronutrients
(HMs), which are then transformed into organic compounds [54].
The concentrations of essential nutrients, such as N, and other
nonrenewable resources, such as P, existing in WW are sufficient to
assist in carbon neutrality [55]. As a result, this allows for a
reduction in the overall treatment costs and the influence it has on
the environment. From an environmental point of view, microalgae
constitute a sustainable option as they have an immense capacity
for CO, fixation in the ambient environment through photosyn-
thesis. Primary photosynthetic products are then converted into
high-value compounds, which makes this approach also interesting
from an economical perspective. Therefore, the utility of microalgae
can assist in reducing global warming without causing pollution
[55].

Conventional WWTs involve several processes to remove C, N,
and P. Microalgae-based WWT technology is a more effective
approach because bioremediation is achieved in a single step [55].
To recompense its production cost, harvested microalgal biomass
can also be transformed into biobased high-value compounds,
including biohydrogen, biohydrocarbons, bioalcohols, and health
supplements [56]. Up to 70 tons of biomass and 15,000 L of oil per
hectare of land can be produced annually using new revolutionary
processes. Microalgae may improve the yield of high-quality
biomass for producing biobased fuels that can be commercially
used for airplanes and vehicles [57]. Another study evaluated the
entire process of producing biofuel from microalgae cultivated
anaerobically in digested WW [58]. It was shown that microalgae
reduced 57.4% of eutrophication problems, 22.6% of ozone, and 2.7%
of global warming [58]. As a result, biofuel production from
microalgae coupled with WWT is a promising approach. Further-
more, microalgal biomass can be used for other purposes, for
instance, as a feedstock to produce carbohydrates, proteins, vita-
mins, and lipids [55]. Using microalgae for bioremediation also can
recover resources for economic reuse via biorefinery of microalgal/
bacterial biomass for a variety of low- and high-value by-products
such as microalgal plastics, fertilizer, and fibers, in addition to
protein-rich feed [59]. Over the past 30 years, microalgae's poten-
tial to decontaminate inorganic, organic, and emerging pollutants
has been comprehensively summarized and discussed. Fig. 2 de-
picts various bioremediation mechanisms of pollutants through
microalgal metabolism [60—62].

3. Wastewater treatment using microalgae

Generally, the traditional practices used for WWT include pri-
mary and secondary treatment approaches (Figs. 3 and 4). Primary

Table 1

Biomass production of microalgae grown in wastewaters.
Microalgae Waste source Biomass production Reference
Chlorella variabilis Domestic wastewater 1.72gL! [42]
Scenedesmus abundans Domestic wastewater 355gL! [43]
Scenedesmus obliquus Municipal wastewater 022gL1d! [44]
Chlorella sp. Domestic wastewater 0.73-1.38 mg L' d™! [45]
Scenedesmus sp. Municipal wastewater 181gL! [46]
Scenedesmus sp. Municipal wastewater 11gL! [47]
Chlorella sorokiniana Municipal wastewater 1gL! [48]
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Fig. 2. Bioremediation mechanisms of pollutants through microalgal metabolism.

treatment targets the removal of solid particles, while secondary
treatment aims to decompose organic matter via microbial pro-
cesses. Yet, such treatments yield relatively high operational and
maintenance costs [63]. In chemical methods, iron and aluminum
salts are commonly applied for precipitation, which results in a
significant amount of sludge that needs to be disposed of or re-
quires additional treatment. Biological methods entail large in-
frastructures and produce a significant amount of activated sludge
that should be processed, requiring extra energy input, increasing
overall budget, and adding process complexity [64]. Thus,
microalgae-based bioremediation is considered an efficient alter-
native for upgrading the traditional WWT systems as it offers a
reliable solution to deal with liquid or solid wastes induced by
conventional methods (Fig. 3) and also converts them into value-
added products (Fig. 4). An efficient strategy to reduce the micro-
algae production cost is coupling the microalgal cultivation with
other common WWT systems [64]. Due to the high capability of
microalgae in nutrient uptake and production of substantial
biomass, research to investigate their efficiency on the commercial
side has been increasing. Compared to vascular plants, the growth
rate of microalgae is much higher, and microalgae cultivation as a
step of WWT has no harmful impacts on the environment. Within
13 h of cultivation, microalgae biomass can double its original

\
. & &8
Municipal Agricultural Industrial
wastewater effluent wastewater

Mixotrophic
Heterotrophic
Autotrophic

Treated water

Bulk harvesting
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o "

Centrifugation
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Fig. 3. Wastewater treatment using microalgae.

biomass [65,66]. Microalgae have the capability to survive harsh
conditions like WW and only need restricted land area for culti-
vation, resulting in less land competition for other uses such as
agriculture, animal farms, industry, and human residential zone.
Methods for microalgae cultivation include autotrophic, het-
erotrophic, and mixotrophic growth (Fig. 3). Autotrophically grown
algae use CO, as the carbon source and therefore reduce the
amount in the atmosphere. Each microalgae biomass transforms
about 1.8 pounds of CO; [55,64]. Some microalgal species are
obligatory heterotrophic and utilize organic carbon from industrial
waste like ethanol, glucose, acetate, and glycerol, whereas others
are mixotrophic, utilizing facultative CO, in addition to organic
carbon [69]. Besides COy, P and N are also assimilated and con-
verted to proteins, carbohydrates, lipids, and other value-added
products [12,67,68]. Considering that WW is usually rich in nutri-
ents, including microalgae in WWT reduces production costs and
the overall carbon footprint. Different studies have recently focused
on the microalgae-based treatment of different WW streams, such
as municipal, agricultural, and industrial effluents (Fig. 3).
Operation conditions of the culture include irradiance, CO, and
nutrients supply, temperature, salinity, and pH affect microalgal
proficiency and biomolecule production [66]. For instance, at
60 pmol m~2 s~! photosynthetically active radiation (PAR), Ankis-
trodesmus falcatus was able to produce more than 35% of total lipid
(containing around 65% neutral lipid), with no remarkable effect of
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Fig. 4. Techniques for biomass and biofuel production during microalgal wastewater
treatment.
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light intensity on the protein productivity [70]. The maximum lipid
productivity was recorded in a medium with soil extract in Chlorella
vulgaris. The biomass yield was recorded at 6.8 and 2.24 g L~ ! in the
modified basal medium and modified soil extract medium,
respectively [71].

4. Remediation mechanisms and influencing factors

Environmental remediation by using microalgae involves
different mechanisms (i.e., biosorption, bioaccumulation, and
biodegradation (Fig. 2).

4.1. Biosorption

Biosorption is considered a passive process, where the sorbent is
a biological material that can bind and concentrate pollutants from
water. Biosorption, in other words, is a mass transfer process in
which a material is displaced from the liquid phase and bonded to
the surface of a solid. Biosorption includes physical, chemical, and
metabolic-independent processes supported by different mecha-
nisms comprising precipitation, ion exchange, surface complexa-
tion, electrostatic interaction, absorption, and adsorption [37]. The
mechanisms underlying this phenomenon require a biosorbent
(solid phase sorbent) and a target sorbate that is dissolved or
dispersed in water. The biomaterial engaged could be living or dead
microorganisms and even their components. The immense affinity
of the biosorbent toward the target sorbate is the driving force for
the attraction of sorbate species, and the total capacity is respon-
sible for the number of sorbate molecules [61,72]. The process is
continued until an equilibrium is reached between the adsorbed
substance by the biosorbent and its remaining concentration in the
liquid. In addition, the degree of biosorbent affinity for a specific
sorbate is responsible for its distribution among the solid and liquid
phases [69].

In the early 1970s, biosorption was first observed in several
microalgae when the radionuclides and HMs discharged from a
nuclear reactor were concentrated in microalgae. The cell wall of
microalgae is directly responsible for biosorption, and its chemical
composition plays a vital role during the process and determines
the mechanism by which this phenomenon occurs (Fig. 2). In
addition, pores exist on microalgal surfaces, and the surface charge
assists biosorption. Different chemical groups present in the cell
wall of microalgae, such as carboxyl, hydroxyl, and sulfate, perform
as binding sites and are also effective ion exchangers that
contribute to the complexation of metal ions and adsorption of
organic substances from polluted water [73]. Moreover, other
molecules such as lipids, proteins, and nucleic acids may be
deposited on the cell surface; however, they are predominantly
present in the cytoplasm and plasma membrane and are capable of
binding to metal cations through their various functional groups
(carboxylic, aminic, thiolic, imidazolic, thioesteric, N, and oxygen in
peptide links) [74]. In general, the cell wall structure of microalgae
includes a fibril matrix that provides high mechanical strength,
whereas its flexibility is due to the amorphous fraction, and both
these fractions, along with the intercellular spaces present on the
cell wall, could enhance the process of biosorption [75]. Further-
more, the porosity and roughness of the microalgae surface can
influence HM adsorption [76]. Small cell sizes increase the adsor-
bent surface area by providing more contact area per biomass unit
[77]. The greater the number of biosorbent particles, the greater the
number of active sites for biosorption; however, more biomass does
not necessarily indicate more biosorption properties, as metal
cation captured in an aqueous medium may be reduced due to
active site repulsion between microalgae surfaces, which decreases
the removal efficiency [78].
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HMs, such as manganese (Mn), molybdenum (Mo), cobalt (Co),
copper (Cu), zinc (Zn), iron (Fe), and boron (B), are trace elements
essential for cell metabolism and enzymatic processes. Some of these
are toxic at elevated concentrations; other elements, such as chro-
mium (Cr), cadmium (Cd), mercury (Hg), lead (Pb), and arsenic (As),
are generally toxic to microalgae. HMs boost the growth and meta-
bolism of microalgae in case of trace levels of toxic metal ions ac-
cording to the hormesis phenomenon [79]. In addition, the active
binding sites on the cell surface can form complexes with specific
pollutants in water, which stimulates flocculation and causes a
reduction of total dissolved and suspended solids [14]. HMs ions
biosorption by microalgae proceeds through a two-step mechanism.
A metabolism-independent process that encounters rapid and
reversible binding of adsorbate onto active sites on the surface of
microalgae is followed by a slow stage that refers to positive intra-
cellular diffusion and primarily involves the metabolic activity of
microalgae (Fig. 2). Besides polymeric substances such as exopoly-
saccharides with uronic groups and peptides, the cell wall of
microalgae may consist of cellulose, alginates, lipids, and proteins,
which offer numerous functional groups, including hydroxyl, phos-
phate (PO3 ), amino, sulfonate, carboxyl and thiol (Fig. 2). Microalgae
capture both cationic and anionic species of HMs because they have a
large number of deprotonated carboxyl and sulfate groups as well as
monomeric alcohols that stimulate biosorption [80]. Extracellular
polymeric substances (EPS) derived from algae can accelerate metal
biosorption, and their efficacy depends on the EPS structure, solution
properties, metal species, and operational conditions [81,82]. Mota
etal. [81] found that EPS released by Cyanothece sp. can remove HMs
from contaminated water due to organic functional groups, namely
carboxyl and hydroxyl, rather than ion exchange. At low pH, the EPS
of Nostoc linckia exhibited biosorption capability for Co(Il) and Cr(IV),
which was attributed to interactions between metal ions and
negatively charged functional groups of EPS [83]. The interaction of
Chlorella vulgaris EPS with cadmium decreased intracellular Cd**
concentration, improving the capacity of C. vulgaris to remove NHZ-
N and PO3™-P [84]. Investigating the chemical structure of a bio-
sorbent provides substantial and precise information to predict its
affinity and capacity for specific HMs ions. Nuclear magnetic reso-
nance spectroscopy and Fourier-transform infrared spectroscopy
(FTIR) are two valuable analytical techniques that can help scientists
define the particular functional groups accountable for complexation
with HMs and determine the exact underlying mechanisms [85—87].

The optimal pH for biosorption varies depending on the metal
and the microalgae species. In general, the pH varies from 3.0 to 6.5.
Values lower than 3.0 cause dissociated H" ions to compete for
active sites on the surface of cells, while metals can precipitate in
their hydroxide forms at values over 6.5, rendering biosorbents
useless and resulting in the accumulation of highly toxic sludge
[78]. Conversely, the adsorption of Cr** was achieved by Nostoc
linckia [83] and Nannochloris oculate [88] at pH 2.0. Due to the
limited number of active sites on the cell surface, metal concen-
tration and competition are two major factors for biomass satura-
tion [78]. Kotrba et al. [89] stated that metal cations of low atomic
number compete with target actions for active sites on the surface
of cells, thus reducing HMs removal efficiency. The temperature
was shown to influence HM absorption in several studies, which
might be favorable [90] or negative [91] for the application in
WWT. In other studies, however, the temperature had a negligible
impact on metal sorption [92].

4.2. Bioaccumulation
Unlike biosorption, bioaccumulation is an active metabolic

process described as using various substrates in the cell lumen.
Bioaccumulation requires energy and is reasonably slower than
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biosorption (Fig. 2). Using bioaccumulation, living cells are used to
detoxify wastes; they take up substances and then accumulate or
metabolize them. This process is considered an essential pathway
for removing inorganic and organic pollutants (i.e., sulfates, ni-
trates, phosphates, HMs, and pesticides) in which these substances
can be transferred inside the cells [61]. Although the mechanisms
of bioaccumulation and biosorption are substantially different
processes, it is difficult to quantify biosorbed and bioaccumulated
pollutants because the two mechanisms are dynamically inter-
changing. Microalgae accumulate different pollutants together
with nutrients and microelements present [60]. Microalgae can
resist pollutants at low concentrations due to their capabilities for
adapting to the environment. Furthermore, microalgae have an
immense tolerance toward a wide category of pollutants from do-
mestic, agricultural, and industrial sectors, which enhances their
bioremediation ability [93,94].

Bioaccumulation is quantified using a bioconcentration factor,
which is the ratio of the concentration of a contaminant adsorbent
to the medium [95]. Bioadsorption is the preceding step for bio-
accumulation. Nevertheless, not all adsorbed molecules can be
bioaccumulated [4]. For instance, Spirogyra can uptake 850,000
times more radio-phosphorus than the surrounding water [96].
Cladophora sp. can accumulate the lipophilic organic pollutants of
triclosan and triclocarban, widely used as antimicrobial agents, to
as high as 50—400 ng g~ ! of microalgae. In contrast, the environ-
mental concentration did not exceed 200 ng kg~ [97].

Pollutants travel along a concentration gradient from a high
(external) to a low (internal) concentration region with no energy
required [98]. Because of the hydrophobicity of the cell membrane,
low-molecular-weight materials that are nonpolar and lipid-
soluble could probably penetrate the cell membrane via passive
diffusion. In contrast, polar compounds, high-molecular-weight
molecules, and ions cannot diffuse through the cell membrane.
The bioaccumulation of sulfamethoxazole, carbamazepine,
trimethoprim, and florfenicol has been previously reported,
wherein the abovementioned pollutants entered microalgae cells
by passive diffusion [99]. Furthermore, changes in cell membrane
permeability caused by pollutants or a stressful environment can
lead to passive diffusion, which is mediated by membrane depo-
larization or hyperpolarization. For example, when the cyanobac-
terium Anabaena CPB4337 was exposed to perfluorinated alkyl acid
compounds, like perfluorooctane sulfonate and perfluorooctanoic
acid, its sensitivity to herbicides changed, with certain herbicides
becoming more harmful and others becoming less toxic [100].
Moreover, bioaccumulation of levofloxacin by Chlorella vulgaris was
considerably enhanced from 34 to 101 pg g~ ! with adding 1% (w/v)
NaCl [101]. Passive-assisted diffusion is the process by which pol-
lutants go across the cell membrane with the assistance of trans-
porter proteins, which support polar molecules entering the cell.
The third process is active transport across the cell membrane,
which necessitates energy since the molecules diffuse against a
concentration gradient [102].

Irrespective of the mechanism, external and internal physico-
chemical parameters such as pH, contact time, temperature, and
the concentration of pollutants significantly impact bio-
accumulation [102]. For instance, antibiotic bioaccumulation in the
planktonic food web was found to be considerably influenced by
temperature [103]. The relationships between temperature and
bioaccumulation were biphasic. Bioaccumulation of carbamazepine
in Chlamydomonas mexicana and Scenedesmus obliquus improved
with increasing cultivation time and carbamazepine concentration
[104]. One challenge of bioaccumulation is that some bio-
accumulated substances stimulate reactive oxygen species. Free
radical (alkoxy radicals, hydroxyl radical (¢OH), superoxide radical
(e0?7), perhydroxyl radical (eHO,), singlet oxygen ('0,), and
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nonradicals (hydrogen peroxide (H»0>)) are formed inside the cells,
which fundamentally control cellular metabolism and could cause
oxidative harm to biomolecules, cellular dysfunction, and ulti-
mately cell death [36,105]. To promote the efficiency of microalgae
in bioremediation practice, the physicochemical environment must
be optimized because the rate and capacity of microalgae depend
on those parameters in the bioaccumulation process. Moreover,
screening microalgae species that are tolerant to high pollutant
concentrations is an effective strategy to achieve higher capacities
and rates of bioaccumulation.

4.3. Biodegradation

One of the most effective processes to eliminate pollutants from
effluents is biodegradation, in which complex compounds degrade
into simple and safe chemical building blocks (Fig. 2). In contrast to
bioaccumulation and biosorption, which involve microorganisms
acting as biological filters to concentrate pollutants and separate
them from the surrounding water, bioremediation entails the
breakdown of target pollutants either through complete minerali-
zation of parent molecules to CO; and H,O or through biotrans-
formation, which contains a series of enzymatic reactions to
produce different metabolic intermediates [98,101].

The fundamental mechanisms of biodegradation can be divided
into two categories: (i) metabolic degradation, in which pollutants
serve as the electron donor/acceptor and carbon source for
microalgae, and (ii) cometabolism, in which pollutants serve as
both an electron donor and a carbon source for non-living matter
[106,107]. Microalgae-mediated biodegradation takes place extra-
or intracellularly, or in a combination of both locations, with
extracellular breakdown followed by intracellular decomposition of
the breakdown intermediates [107]. Extracellular degradation is
based on EPS excreted mainly by microalgae. It remains restricted
to the exterior cell walls, allowing microalgae to mineralize pol-
lutants in their dissolved state and function as an external digestive
system. Furthermore, EPS works as an emulsifier in the form of
biosurfactants to increase pollutant bioavailability in the environ-
ment, allowing for future bioaccumulation by microalgae. The exact
mechanisms behind the interaction between pollutants and the
EPS emitted by microalgae are yet unknown, calling for further
research.

Microalgal biodegradation of organic pollutants encompasses
three stages of complex enzymatic processes. Stage I requires cy-
tochrome P459 enzymes that includes hydroxylase, carboxylase,
decarboxylase, and monooxygenase. The function of these enzymes
is to increase the hydrophilicity of the pollutant through the
addition or unmasking of a hydroxyl group through either
oxidation-reduction reactions or hydrolysis [36,98] (Fig. 2). In stage
I, the presence of enzymes such as glutathione-S-transferases and
glucosyltransferases can stimulate the conjugation of glutathione
with different compounds having electrophilic centers (CONH,,
epoxide ring, and COOH) to protect against oxidative damage in the
cell [105] (Fig. 2). Stage III of detoxification includes various en-
zymes (such as dehydrogenase, glutamyl-tRNA reductase, carbox-
ylase, mono(di)oxygenase, laccases, transferase, hydrolases,
pyrophosphatase, and dehydratase) to biotransform the molecules
into less or nontoxic intermediates [108] (Fig. 2).

Cometabolism is indicated by the conversion of a non-living
element in the mandatory occurrence of organisms that biode-
grade other compounds. These organic substrates function as
electron donors for the cometabolism of non-living matter and
biomass production [102]. For stimulating the microalgae-
mediated biodegradation of recalcitrant pollutants, some studies
have reported an effective strategy by adding other nutrient sub-
stances or organic substrates to form a cometabolic system [109].
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For instance, the addition of sodium acetate was found to enhance
ciprofloxacin removal efficiency by Ceratozamia mexicana from 13%
to 56% [110]. An increase in the removal efficiency of parent mol-
ecules, along with regulating the transformation products and
pathways, was primarily related to acetate concentration. In
particular, the type of nutrient substance and its concentration had
the maximum effect among other factors [ 110]. The effect of carbon
sources on the cometabolism of pollutants by microalgae has been
systematically investigated [109]. Although the findings demon-
strated that the highest EPS, enzyme concentrations and optimal
removal efficiency were achieved with sugar-based carbon sources,
the removal efficiency of micropollutants might be diminished
with the presence of some organic substrates, probably owing to
catabolite repression [109]. As a result, it is critical to assess the
effects of different carbon sources to select the best appropriate
source and to verify that it is suitable for use in the biodegradation
of pollutants in WW. Meanwhile, this invention will increase
biomass recovery and revenue for various sectors. Generally, it has
been reported that the three mechanisms can go hand by hand in
microalgal WWT as biodegraded particles can be adsorbed on their
surface, followed by the transfer of particles into the cells by active
processes. Eventually, enzymatic reactions promote precipitation,
biotransformation, and bioaccumulation inside the cells [62].

5. Environmental applications of microalgae
5.1. Bioremediation of industrial effluents

The industrial revolution and technological development are
the main causes of water pollution due to the direct or indirect
release of toxic pollutants. Several treatment technologies, such as
activated sludge, membrane technology, advanced oxidation, and
electrochemical treatments, have been developed to eliminate such
pollutants. However, most of these approaches have shortcomings,
such as incomplete removal of HMs, high maintenance and oper-
ational cost, and generation of toxic sludge or other waste by-
products. Bioremediation, especially microalgae-based WWT, is
one of the most promising, eco-friendly, and sustainable alterna-
tives, which can metabolize hazardous materials into non-toxic
substances. It is an affordable process with double benefits on
purifying WW and concurrently biomass harvesting due to their
efficient ability to uptake inorganic nutrients and HMs as well as
the sorption of numerous toxic pollutants from WW (Figs. 3 and 4).
This section discusses the application of microalgae for WWT in the
bioremediation process of toxic contaminations (HMs, dyes, and
pharmaceuticals).

5.1.1. Heavy metals removal

HMs are a class of metals with an atomic density of more than
4000 kg m~3 [111]. Due to their non-biodegradable properties,
abundant sources, toxicity, and accumulative behavior, HMs
pollution is a critical problem worldwide. HMs are naturally toxic
and cause serious diseases to humans and animals, even at low
concentrations [112]. Being classified into three categories, HMs
may be radionuclides (U, Ra, Am, and Th), precious metals (Au, Pd,
Pt, and Ru), and toxic metals (Cu, Cr, As, Zn, Ni, Ag, Sn, Co, and Pb)
[113,114]. Besides naturally occurring, HMs enter aquatic systems
through industrial discharges and agricultural runoff. Various
treatment approaches are available to remove HMs from the
aquatic environment with different success. In any case, these
conventional treatment methods cause high operation and main-
tenance costs, producing secondary waste [111]. Therefore, it is
critical to developing robust, environment-friendly, and economi-
cally viable treatments.

The site characteristics, the extent of HMs contamination, and
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the regulatory limits for the HMs of concern in that regulatory
domain all impact the remediation strategy chosen. Chemical,
physical, and biological approaches are the three fundamental
categories of remediation techniques for removing HMs from WW
using various types of microalgae (Fig. 5) [115,116]. The principal
binding sites for the HMs removal from WW are the amino, hy-
droxyl, carboxyl, and sulfate functional groups found in microalgal
cell walls [117]. Because of the presence of these negatively charged
groups, which make it possible for ions to be bound from the sur-
rounding environment, the outermost layer of the cell wall is the
first participant in removing HMs [7,118]. The removal of HMs by
microalgae is primarily influenced by their properties, the type of
HMs, and the characteristics of the effluent. Microalgae (in fresh-
water) are the most common species successfully used to remove
various HMs from WW. A few green microalgae, including Chlorella
miniata, C. vulgaris, C. reinhardtii, and Sphaeroplea, have been suc-
cessfully implemented for the toxic HMs removal from the WW
[13,119]. Table 2 summarizes the majority of previous HMs reme-
diation by microalgae [120—126].

5.1.2. Dyes removal

Due to numerous applications in various industries, dyes are
becoming more widely used. Dyes discharged into ecosystems have
unappealing aesthetic effects and cause serious environmental
implications. Phycoremediation technology used to clean dye-
contaminated WW has gained prominence in recent years. Algal
cell walls contain a variety of functional groups that aid in the dye
removal process. Numerous variables are critical for dye removal,
including contact time, pH, temperature, initial dye concentration,
and adsorbent dosage. As a result, these criteria are considered
when determining the efficacy of microalgal dye abatement [127].

Dye-contaminated WWT is commonly accomplished through
traditional techniques such as chemical, physicochemical, and
biological approaches. Numerous chemical and physical proced-
ures, containing adsorption, advanced oxidation process, floccula-
tion, ozonation, ultrafiltration, photocatalytic oxidation,
coagulation, and chemical and electrochemical coagulation, have
been used in the past to remove dyes [128]. Numerous limitations
have been identified with all of the methods mentioned above,
including ineffective dye removal, sludge production, a short O3
half-life (20 min), the generation of byproducts, the discharge of
aromatic amines, high electricity costs, ineffective against
dispersing and vat dyes, and repetitive or frequent chemical use
resulting in secondary pollution problems [127]. As a result, an
alternative technique for dye abatement is considered necessary.
Bioremediation is regarded as the best alternative to traditional
physicochemical treatment owing to its promising advantages of
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Table 2

Remediation of heavy metals (HMs) using microalgae.
HMs HMs concentration (mg L™1) Treatment method Microalgae Biomass concentration (g) Biomass Reference
Cadmium 50 Biosorption Spirulina platensis 1 Non-living [120]
Cadmium 50 Biosorption Spirulina platensis 0.6 Non-living [120]
Chromium 50 Biosorption Spirulina platensis 1 Non-living [120]
Chromium 50 Biosorption Spirulina sp. 3 Non-living [121]
Chromium 50 Biosorption Chlorella vulgaris 2 Non-living [122]
Cadmium 50 Biosorption Anabaena sphaerica 0.25 Non-living [123]
Lead 50 Biosorption Anabaena sphaerica 0.25 Non-living [123]
Lead 100 Biosorption Pseudochlorococcum typicum 4.52 pg chl a ml™! living [124]
Mercury 100 Biosorption Pseudochlorococcum typicum 4.52 ug chl a ml™! living [124]
Lead - Biosorption Chlorella vulgaris 2 Non-living [125]
Nickel - Biosorption Chlorella vulgaris 2 Non-living [125]
Zinc — Fixed-bed column Chlorella vulgaris 2 Non-living [125]
Arsenic 6 Biosorption Maugeotia genuflexa 4 Non-living [126]

being affordable and non-hazardous.

Phycoremediation is the process by which pollutants such as
nutrients, dyes, HMs, and xenobiotics are removed or bio-
transformed from dye-contaminated WW and CO, from waste air
using microalgae (for environmental cleanup) [129]. Phycor-
emediation is widely used for various purposes, including nutrient
removal from WW, acidic and metal-containing WWT, the degra-
dation and transformation of resistant compounds, and detecting
dangerous compounds using microalgal-based biosensors [130].
Microalgal absorption of dyes has several advantages, including
being environmentally benign, having a high adsorption efficiency,
being a simple process, utilizing readily available materials, and
being inexpensive [131]. Microalgae were utilized to abate various
types of dyes in many studies, as summarized in Table 3 [132—149].

5.1.3. Pharmaceuticals

Pharmaceutical compounds (PCs) are a broad category of
chemical substances widely used worldwide. The agricultural
operation, hospital effluents, industrial pollution, and domestic
trash all pollute aquatic environments with PC residues. Although
most PC concentrations in the environment are in the range of ng
L~! to a few mg L™, there is growing evidence that they have
negative ecological effects on both target and non-target microor-
ganisms, such as inhibiting microbes' growth, changing microbial
communities, decreasing soil microbial activity, and affecting
denitrification rates [150]. N, N-nitrosodimethylamine (NDMA) is
formed when amine-based PCs (e.g., doxylamine, nizatidine, car-
binoxamine, and ranitidine) interact with disinfectants used in
drinking water disinfection. NDMA poses a significant health risk to
humans owing to its carcinogenic properties, and California's Office
of Environmental Health Hazard Assessment has established a
health objective of no more than 3 ng L™! of this species in WW
[150].

The scientific community is gaining interest in microalgae-
mediated PC bioremediation. Its benefits include being solar-
powered, having low operational costs, being environmentally
friendly, and contributing to carbon fixation and turnover [151,152].
Microalgae have the capacity to overcome several constraints
associated with bacteria and fungi, which need a stoichiometric
balance of carbon and other nutrients for growth and pollutant
breakdown. Due to their adaptability, mixotrophic microalgae may
be suitable for removing pollutants from WW [151]. The ability of
mixotrophic microalgae to extract and absorb PCs from WW has
been reported using a variety of microalgal species (Table 4)
[80,153—158]. Microalgae growth in WW decreases the demand for
chemical fertilizers/nutrients, which would be needed to prepare
artificial growth media, and therefore it decreases the environ-
mental impact. To promote a more sustainable application in the

biofuel industry derived from microalgae biomass, a ‘zero-waste’
concept can be performed by using WW as a source for the culture
of mixotrophic microalgae (WWT via microalgal remediation),
followed by the use of biomass as a viable raw material for sus-
tainable biofuel generation [157]. The mechanisms, such as bio-
sorption, bioaccumulation, and biodegradation, are all involved in
removing PCs by microalgae from the environment, as shown in
Fig. 6 and Table 5 [101,156,158—161]. It has been reported that the
removal mechanisms of various PCs utilizing microalgae vary
depending on the physicochemical properties of the targeted PCs
[4]. For example, a study conducted by De Godos et al. [162] re-
ported that Chlorella vulgaris could remove more than 50% tetra-
cycline in a high-rate algal pond through adsorption due to the
interaction of positively charged molecules on the cell surface.
Sulfamethoxazole, carbamazepine, trimethoprim, and florfenicol
were bioaccumulated through passive diffusion using Chlorella sp
[161]. Zhang et al. [163] demonstrated that Scenedesmus dimorphus
can biodegrade about 85% of 17 a-estradiol within seven days.

Extracellular enzymes produced by microalgae break down
certain antibiotics into less toxic or even non-toxic intermediates
[164]. These intermediates are then bioaccumulated and bio-
degraded by enzymes in cells. In addition, the degree of complexity
of the structures determines the degree of biodegradability [4].
Both ketoprofen and ibuprofen, classified as nonsteroidal anti-
inflammatory drugs, are eliminated from WW in a manner that is
distinct from one another. Using vascular plants and microalgae-
mediated treatment, ibuprofen was eliminated with higher effi-
ciency than ketoprofen [156]. Paracetamol and ibuprofen were
completely destroyed by Chlorella sorokiniana [154]. The EPS matrix
facilitates the adsorption, accumulation, and eventually biodegra-
dation of various substances [156]. The presence of carboxyl, hy-
droxyl, and phosphoryl functional groups are responsible that
microalgae being predominately negatively charged, which turned
out to be favorable for capturing positively charged PC molecules
[160]. The rapid uptake of PCs onto the cell wall using EPS has been
demonstrated by many recent surveys [156]. In general, the studies
suggest that PCs are eliminated by several different mechanisms,
with bioadsorption as the most prevalent one. The contribution of
bioadsorption is variable depending on the microalgae used and
the micropollutant being absorbed [154].

Some PCs that are adsorbed on the surface of microalgae can
enter the cell and bioaccumulate [93]. Bioaccumulation, as an active
process, requires energy. First-line defenses consist of EPS and the
cell wall. Quantifying bioaccumulation and bioadsorption is a
difficult task because both processes are ongoing. After 14 days of
cultivation in the dark, Bai and Acharya [153] found that the green
microalgae Nannochloris sp. still had a low uptake of trimethoprim
(11%) and carbamazepine (13%), but 27% of the triclosan was
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Table 3

Dyes abatement using microalgae.
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Dyes Microalgae The influent concentration of dye (mg L") Removal efficiency (%) Reference
Methylene blue Chlorella vulgaris 100 83.04 [132]
Reactive Black 5 Chlorella vulgaris 200 80 [133]
Direct Blue 71 Chlorella vulgaris 200 78 [133]
Disperse Red 1 Chlorella vulgaris 300 84 [133]
Malachite green Oscillatoria sp. 5 93 [134]
Safranin Oscillatoria sp. 5 52 [134]
Congo red Chlorella vulgaris 50 100 [135]
Yellow dye Chlorella vulgaris 10 3.12 [136]
Aniline blue Chlorella vulgaris 25 58 [137]
Malachite green Haematococcus sp. 100 67 [138]
Acid Black 210 Spirulina platensis 125 98.55 [139]
Acid Blue 7 Spirulina platensis 125 97.05 [139]
Blue dye Oscillatoria sp. — 76.48 [140]
Red dye Oscillatoria sp. - 62.63 [140]
Blue dye Spirogyra sp. — 78.29 [140]
Red dye Spirogyra sp. — 64.21 [140]
Methylene blue Desmodesmus sp. 20 98.6 [141]
Rhodamine B Coelastrella sp. 100 80 [142]
Malachite green Chlorella vulgaris 6 91.61 [143]
Malachite green Nostoc sp. 100 97.13 [144]
Malachite green Vaucheria sp. — 85.9 [145]
Monoazo and diazo Scenedesmus bijuga — 68 [146]
Malachite green Chlorella sp. — 80.7 [147]
Malachite green Cosmarium sp. 10 87.1 [148]
Synazol Spirogyra sp. - 85 [149]
Table 4
Removal of pharmaceutical pollutants from the environment by microalgae.
Wastewater (WW) category Pollutants Microalgae Removal Reference
efficiency (%)
Lake Mead water Ibuprofen Nannochloris sp. 40 [153]
Lake Mead water Trimethoprim  Nannochloris sp. 10 [153]
Lake Mead water Ciprofloxaci Nannochloris sp. 100 [153]
Lake Mead water Carbamazepine Nannochloris sp. 20 [153]
Lake Mead water Triclosan Nannochloris sp. 100 [153]
Urine, anaerobically treated black water, and  Diclofenac Chlorella sorokiniana 40—-60 [154]
synthetic urine
Urine, anaerobically treated black water, and  Ibuprofen Chlorella sorokiniana 100 [154]
synthetic urine
Urine, anaerobically treated black water, and  Paracetamol Chlorella sorokiniana 100 [154]
synthetic urine
Urine, anaerobically treated black water, and  Metoprolol Chlorella sorokiniana 100 [154]
synthetic urine
Urine, anaerobically treated black water, and  Carbamazepine Chlorella sorokiniana 30 [154]
synthetic urine
Urine, anaerobically treated black water, and  Trimethoprim Chlorella sorokiniana 40 [154]
synthetic urine
Urban or synthetic WW Carbamazepine Microalgae consortia in high-rate algal ponds dominated by Chlorella sp. 20 [155]
and Scenedesmus sp.
WW digestate and growth medium Estradiol Selenastrum capricornutum 88—100 [156]
Urban WW Acetaminophen Microalgae consortia in high-rate algal ponds 99 [80]
Urban WW Ibuprofen Microalgae consortia in high-rate algal ponds 99 [80]
Urban WW Carbamazepine Microalgae consortia in high-rate algal ponds 62 [80]

already taken up within the first seven days. Certain bio-
accumulated PCs contribute to producing reactive oxygen species,
which harm cell metabolism [105].

5.2. Bioremediation of domestic effluents

5.2.1. Nutrients and organic substance removal

Microalgae-based WW bioremediation offers superior elimina-
tion of nutrients, meeting the growingly strict discharge and reuse
standards as microalgae depend mainly on P and N for proteins
synthesis, as shown in Fig. 7. Furthermore, the indirect role of
microalgae in organic carbon and nutrients degradation is indi-
cated in Fig. 8 as microalgae utilize CO, through photosynthesis

generating oxygen which is required for degradation of organic
forms of carbon, N and P and convert them to CO; and inorganic N
and P by heterotrophic bacteria. Microalgae could utilize these in-
organics in further photosynthesis for biomass synthesis [55].
Implementing microalgae to treat WW still faces several chal-
lenges, including harvesting the biomass to recover molecules
synthesized by microalgae and the potential presence of toxic
compounds when microalgae are cultured in livestock WW, such as
antibiotics [165,166]. On the other hand, recent attention has been
focused on microalgae-based WWT due to its low energy re-
quirements, the robust ability of microalgae to grow in various
environmental conditions, and the ability to recover and transform
WW nutrients into high-value bioactive compounds. However,
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Fig. 6. Mechanisms involved in the removal of pharmaceutical compounds by microalgae.

microalgae biomass recovery efficiency is one of the most signifi-
cant challenges faced by microalgae-based WWT due to its
inherent characteristics, such as its small size, negatively charged
surface, and similar density to water [167,168]. The production of
EPS gives an organism the ability to form multicellular structures,
which in turn increases the efficiency with which it can harvest due
to the formation of cell aggregates in the medium, which leads to
self-flocculation [169]. Moreover, meeting the optimal light
requirement is one of the challenges of microalgae-based WWT
since livestock WW contains large amounts of suspended solids
and turbidity, which both reduce light penetration into the medium
and inhibit microalgae growth. This reduction in light penetration
has a detrimental effect on the photosynthetic rate, especially for
microalgae that cannot float on the surface of the water [33].
Immobilizing matrices facilitate biomass recovery, one of the major
challenges for the large-scale implementation of microalgae-based
WWT. Despite this, the positive and negative interactions between
microalgae, the immobilizing matrix, and the livestock WW me-
dium remain unknown. To make use of the livestock WW-treated

microalgal biomass, more research must be conducted on the
subjects of lowering the cost of harvesting the biomass and
developing technologies that ensure its safety [33].

A wide range of microalgal strains was well grown in municipal
WWT, but a limited range can be incorporated in agricultural and
industrial WW. Generally, different types of WW have various
nutrients and pollutants content, and each microalgal strain has its
ideal growth condition. So, nutrients should be formulated to
provide the optimal condition for microalgal growth [170]. Table 6
summarizes some microalgal species utilized in WWT for nutrients
and organics removal [ 171—179]. Microalgae were involved through
constructed wetland-microbial fuel cells integrated with a sand
filter to eradicate the cost of external mechanical aeration systems
and to eliminate pollutants [180]. COD removal (17.59%) was
ascribed mainly to the symbiotic role between microalgae and
aerobic bacteria as microalgae supplied aerobic bacteria with oxy-
gen required to oxidize organic matter.

The effect of light in a hybrid microalgal-bacterial consortia on
NHZ-based competition and microalgal growth was evaluated by

Table 5

Mechanisms of removal for pharmaceutical compounds (PCs) by microalgae.
Microalgae PCs Mechanism Removal (%) Reference
Desmodesmus subspicatus 170-ethinylestradiol Adsorption & biodegradation 68 [158]
Chlorella pyrenoidosa Norgestrel Biodegradation 60 [159]
Chlamydomonas reinhardtii B-estradiol Adsorption & biodegradation 100 [156]
Chlorella vulgaris Metronidazole Adsorption 100 [160]
Chlorella sp. Florfenicol Bioaccumulation, biodegradation & adsorption 97 [161]
Scenedesmus obliquus Enrofloxacin Bioaccumulation, bioadsorption, and/or biodegradation 23 [101]
Chlamydomonas mexicana Enrofloxacin Bioaccumulation, bioadsorption, and/or biodegradation 25 [101]

10



A. Abdelfattah, S.S. Ali, H. Ramadan et al.

Vo NH, i\
Y — > Glutamate \\
// NH; N Lipid / \ \
// o o \\
(&= /S 0
g : ADP 2- Oxoglutarate [
T 6Fd "/ Glutamlne [T —r———
Nitrate | e Nltrate I\ Glutamine
\reductase ) reductase Glu synthetase oxoglutarate
amlnotransferase

Glutamme
»-1()\[])\/\”/m-<Z

(e}

o

Fig. 7. Nitrogen removal mechanisms by microalgal cells in wastewater.

Algal cell

Photosynthesis | biodegradation |
(0)
Sunlight — P |
— Dead cells — * Byproducts
- Bioplastic
- Biofuel

e - Co, - Nanoparticles
P N } F"\OPs Respiration - Feedstock
Algal cell Bacterial cell
(i S
/ Treated \

Wastewater

Fig. 8. Synergic interaction between aerobic bacteria and microalgae [55].

Gonzélez-Camejo et al. [173]. In case of NHZ-N removal, light in-
tensity boosted NH4-N assimilation by microalgae over NH4-N
oxidation by nitrifying bacteria due to microalgal proliferation. The
upward pattern was observed for biomass productivity with the
increase of light intensity reaching up to 943 mg VSSL1d ! ata
light intensity of 125 pE m~' s~ L. The rise of luminous intensity
exhibited utmost COD removal from dairy WW [181]. Arcila and
Buitrén [182] demonstrated that the utmost values of biomass
productivity, dissolved oxygen (DO), PO3~-P removal (92%), and pH
were attained under high irradiance conditions with a temperature
of 26 °C, and these conditions impeded the nitrification process.
The enhanced performance of P removal was attributed to the P
precipitation mechanism under higher pH values. Conversely, with
low irradiance levels, higher removal efficiencies for TN (60%) and
COD (89%) were observed with moderate POz~ -P removal (28%).

The effect of the light/dark regime and initial sludge/microalgae
ratio for treating domestic WW using a hybrid consortium of
Chlorella sp. and activated sludge were investigated [177]. The
hybrid culture exhibited superior nutrients and COD removal,
better settleability, as well as less oxygen consumption, compared
to activated sludge only under the condition of 12 h light/12 h dark
with five days of cultivation with an initial sludge/microalgae ratio
of 1:2, showing the economic and practical feasibility of Chlorella
sp. and activated sludge cooperation as a less-dependent light
system for treating domestic WW.

Temperature and pH are important factors that need to be
optimized for microalgae-based treatment systems. Gonzdlez-
Camejo et al. [173] proved that the microalgal-bacterial treatment
system was efficient in N and P removal at around 22 °C. The in-
crease in temperature led to the proliferation of nitrifying bacteria
resulting in the domination of NHf-N removal by these bacteria
over microalgae assimilation. Valizadeh and Davarpanah [181]
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mentioned that the optimum pH for COD removal from dairy WW
was 8.0, and a further increase in pH values would diminish the
microalgal proliferation rate. In addition, a higher pH value can
impede microalgae metabolism and nutrient uptake through
assimilation [183,184].

Nutrient concentrations and C/N and N/P ratios could affect
microalgal growth and hence the treatment performance. The
nutrient concentrations remarkedly oscillated according to the
withdrawal points of the municipal WWT plant. Wang et al. [185]
concluded that microalgae cultivation in nutrient-rich sewage
sludge was more convenient from the viewpoint of microalgal
growth and the removal of COD, PO3 -P, NO3-N, and NH#-N
compared to primary- and secondary-treated effluents. Zheng et al.
[186] mixed piggery WW with brewery WW to determine the
optimal C/N ratio for nutrient removal and microalgal growth. At an
optimum C/N ratio of 7.9, NHZ-N, TN, TP, and COD removal effi-
ciencies reached 100%, 96%, 90%, and 93%, respectively. The culti-
vation of Scenedesmus sp. in molasses WW with a C/N ratio of 15
achieved better treatment with removal efficiencies of 87.2%, 90.5%,
and 88.6% for COD, TN, and TP, respectively, at 10 °C [187]. AlIMo-
mani and Ormeci [ 188] studied the feasibility of utilizing C. vulgaris,
Neochloris oleoabundans, and mixed indigenous microalgae in
terms of microalgal growth and removal of organic carbon, N, and P
from primary effluent, secondary effluent, and centrate. These re-
sults indicated that the suitable culture for the growth rate varied
for different WW sampling points, and none of the WW types was
the most favored for cultivating all microalgal species. The highest
growth rate for C. vulgaris and N. oleoabundans was observed in
primary WW with a C:N:P ratio of 24:5:1 and for mixed microalgae
culture in secondary sludge with a C:N:P ratio of 4.4:1:1.5. There-
fore, nutrient structure and its ratios in different municipal efflu-
ents in microalgae treatment systems should be completely
evaluated. You et al. [189] stated that nutrient concentrations and
ratios could be balanced by mixing different WW types to meet the
standards of WW discharges. The impact of emerging pollutants on
the treatment performance should also be studied.

5.2.2. Removal of pathogens

The existence of pathogens in WW causes severe threats to
public health associated with the potential outbreak of many dis-
eases [18]. Microalgae exhibit a promising approach for pathogenic
microorganisms’ removal and inactivation through different
mechanisms, including nutrient competition, pH elevation and
oxygenation, attachment and sedimentation, and microalgal toxins
[190]. Microalgae devour nutrients and carbon from water which
are the core energy components for bacterial growth. The depletion
of these components by microalgal assimilation may be conducive
to bacteria starvation leading finally to the death of bacteria [190].

Photosynthesis required for microalgal growth results in pH
elevation and the richness of oxygen concentration in the WW.
These changes in pH and DO levels can deactivate pathogen growth
in WW. Mezzari et al. [191] reported that the inhibition of antibiotic
multi-resistant Salmonella typhimurium within 48 h was allied with
amendable pH and DO levels resulting from the microalgal
photosynthetic activity. In a recent study reported by Liu et al. [52],
it was shown that two microalgal species, namely Mougeotia sp.
and Hydrodicty sp., had the capability of increasing pH and DO
levels in WW stabilization ponds affecting the removal of E. coli,
total coliforms, Enterococci and Clostridium perfringens. A maximum
inactivation rate was attained at pH 10.5 for all pathogens except
Enterococci at pH 4.0. The reduction of E. coli and total coliforms was
observed at high (20 mg L~!) and low (1 mg L~!) DO concentra-
tions, while these pathogens can survive at medium (8.6 mg L™1)
DO concentrations. Enterococci showed a high inactivation resis-
tance at low DO levels, while it was deactivated at high DO.
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Table 6
Microalgae-based wastewater treatment (WWT) for nutrients and organics removal.
Microalgae Wastewater type Removal efficiency Reference
Scenedesmus obliquus Piggery WW 91.43% (BOD), 83.11% (COD), 83.74% (TN), and 54.69% (TP) [171]
Chlorella vulgaris Brewery WW 91.43% (BOD), 83.11% (COD), 83.74% (TN), and 54.69% (TP) [172]
Scenedesmus spp. Anaerobic membrane bioreactor effluent N and P removal ranged from 90 to 99% [173]
(domestic WW)
Halochlorella rubescens Secondary municipal WW 83.2% (NO3-N) and 73.2% (PO3") [174]
Chlorella sorokiniana and Scenedesmus Industrial and municipal WW -+ stormwater 63.6% (COD), 4.2% (TN), and 82.7% (TP) [175]
obliquus
Scenedesmus obliquus Stimulated municipal WW 99.2% (NHZ), 91.2% (PO4), and 83.6% (TOC) [176]
Chlorella sorokiniana-activated sludge Synthetic municipal WW 98% (NHZ), 96% (PO3 ), and 88% (COD) [177]
consortium
Chlorella vulgaris with activated sludge  Synthetic municipal WW 81% (NH3), 39% (PO3 "), and 98% (COD) [178]
Galdieria sulphuraria Primary-treated WW 6.26 mg L~ d~! (NH3), 1.41 mg L-! d~! (PO3~), and [179]

164 mg L1 d~! (COD)

BOD, Biological oxygen demand; COD, Chemical oxygen demand; NH3, Ammonia; NHZ, Ammonium; PO3 -, Phosphate; TN, Total nitrogen; TOC, Total organic carbon; TP, Total

phosphorus.

Conversely, C. perfringens was slightly decreased with the increase
of DO. Alsenani et al. [192] stated that extracts of three microalgae
species exhibited strong antimicrobial activities against gram-
positive bacteria, while no inhibition was observed with gram-
negative bacteria. Additionally, he revealed the reason for the
antibacterial activity difference was due to the different structures
of the cell wall, with the outer membrane of gram-negative species
acting as a barrier.

The effect of microalgal biomass concentrations on fecal coli-
form (FC) destruction in different WW (weak/medium strength and
a mixture of treated and raw WW) under light and dark mode was
assessed [193]. Under light conditions, the FC decay rate had an
upward trend with the increase in chlorophyll-a concentration as
light promotes the production of toxic forms of oxygen species
within the abundance of DO damaging the cytoplasmic membrane
of bacteria. Light-mediated damage is also stimulated by elevated
pH resulting from microalgae. Higher decay rates were obtained in
medium strength WW relative to low strength WW at a
chlorophyll-a concentration of 13.9 mg L™ However, adding raw
WW to the treated WW lowered the decay rate because of the pH
drop and DO depletion. On the other hand, Ansa et al. [193]
attributed the FC decay in darkness to producing a substance by
microalgae which may impede FC growth. It has also been reported
that some microalgal species produce a toxin named microcystin-
LR, which has detrimental effects on pathogens and fecal bacteria
[194]. On the other hand, microalgae can cooperate with fungi for
nutrients and HMs removal from WW [195].

6. Co-culturing of microalgae for wastewater treatment

Recently, the integration of microalgae with activated sludge,
bacteria, fungi, and nanoparticles has been widely adopted to
benefit from a co-culture system during bioremediation. These
possible co-culture systems will be introduced as follows:

6.1. Microalgae-bacteria

Carbon fixation by microalgae through photosynthesis can
release organic carbon and oxygen, and then heterotrophic bacteria
degrade a carbon source in an abundance of oxygen into CO,, which
is needed as a reagent in photosynthesis. This synergistic rela-
tionship (Fig. 9) can be exploited to enrich biomass production and
nutrient removal from WW [196]. In a sequencing batch bioreactor,
microalgae were incorporated to maximize nutrient uptake. The
results indicated that microalgal-bacterial symbiosis could promote
TN removal from 38.5% to 65.8% and TP removal from 31.9% to 89.3%
[197]. Compared with a microalgae-only system, the co-culture of
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Chlorella with WW-borne bacteria (Bacillus firmus and Beijerinckia
fluminensis) can increase the removal efficiencies of COD, TN, and
TP from vinegar production WW by 22.1%, 20.0%, and 18.1%,
respectively [198]. The co-culture comprising microalgae
C. sorokiniana with bacteria Pusillimonas cultivated on striped food
waste permeates from an anaerobic digester effluent can decrease
TN, NHZ, and COD by 34—67%, 65—97%, and 14—60%, respectively
[199].

6.2. Microalgae-activated sludge

The superiority of microalgae-activated sludge association in
WWT (Fig. 9) emanated from microalgal assimilation of nutrients
and COD removal enhancement via activated sludge, surpassing the
conventional mono-systems [200]. The sludge/microalgae ratio
depends on WW characteristics and composition. In municipal
WW, at a low sludge/microalgae ratio (0.5), the growth of micro-
algae doubled, and more nutrient removal was achieved (66%
removal of N and 100% of P in one day) relative to pure microalgal
culture [201]. In another study, Mujtaba et al. [202] used the co-
culture of suspended activated sludge and immobilized C. vulgaris
in a single reactor, and the enhancement in nutrients removal was
observed with the decrease of inoculum ratio of activated sludge/
C. vulgaris reaching an utmost value of 0.5% with N and P removals
of 99.8% and 100%, respectively, within two days. Conversely, the
differences in carbon matter degradation at different inoculum
ratios were negligible in the range of 90—95% COD removal. In a
mixed culture of the photobioreactor, the microalgae/activated
sludge ratio of 3:1 was selected to attain efficient organics and
nutrient removal (86% TN, 70% TP, and 99% COD) [200].

6.3. Microalgae-fungi

Many studies have also investigated co-culturing microalgae
with fungi and their symbiotic role in WW bioremediation. The
synergic interaction between microalgae and fungi/yeast is abbre-
viated as generating O, by microalgae for biomass synthesis. Then
yeast utilizes O for cellular respiration resulting in carbon sub-
stance disintegration releasing CO, required for microalgal photo-
synthesis [203]. Walls et al. [204] co-cultured microalgae with yeast
supplemented with glucose to achieve high biomass production
and nutrient removal rates. The heterotrophic cultivation with 10
and 20 g L™ ! glucose yielded 1.85 and 2.74 g L~ ! biomass concen-
tration and removed 91% and 94% orthophosphate, 93% and 97%
nitrate, and 93% and 95% total NH4-N in three days, respectively
[204]. A hybrid culture consisting of C. vulgaris and Aspergillus sp. in
molasses WW can remove 70.7% COD, 67.1% TN, 94.7% NH4-N, and
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88.4% TP versus 26%, 44.4%, 79%, and 33% for mono-microalgae and
59%, 18.2%, 19%, and 40% for mono-fungi [205]. Co-culturing
Chlorella sp. with Penicillium sp. by treating the byproduct of the
hydrothermal carbonization of wet biomass can achieve 46.13%
COD, 13% TN, 6% NH1-N, and 88.4% TP [2]. Consequently, the co-
cultivation system performs better relative to a mono-system of
microalgae in removing nutrients in WW.

6.4. Microalgae-nanoparticles

With numerous advantages of high surface-to-volume ratio,
porosity, and biocompatibility, qualified nanofibers are considered
ideal supporting carriers over other conventional supporting ma-
terials for the immobilization and encapsulation of microorgan-
isms, including microalgae, to produce bio-integrated hybrid
materials with higher efficiency of pollutants removal, ease of
application, and reusability [ 18]. Eroglu et al. [206] utilized a cross-
linked chitosan nanofiber mat in immobilizing microalga C. vulgaris
as a nontoxic support surface exhibiting diverse advantages asso-
ciated with NO3 removal from water and combined with microalgal
harvesting, dewatering, and processing steps into a single stage.
The microalgal-immobilized chitosan nanofiber featured
simplicity, robustness with six months of contact time with water,
and a higher elimination rate of nitrate (87 + 4%) compared with
32 + 3% for non-immobilized nanofiber. The biocomposite nano-
fiber exhibited superior decolorization capacity achieving a 72.97%
and 30.25% reduction for RB5 and RB221, respectively, versus
12.36% and 5.51%, respectively, for a pristine polysulfone nanofiber
[207]. Vasistha et al. [208] incorporated microalgae with ZnO
nanoparticles, and the combination was evaluated in terms of
nutrient reductions from primary and secondary treated sewage
WW. Co-cultured bionanofiber achieved removal efficiencies of
97.5%, 87.20%, 82.21% and 95.3%, 85.2%, 81.5% for TOC, TN, and TP
from primary and secondary treated sewage WW, respectively. Luo
et al. [209] used nano-TiO; in a microalgae-TiO, coupling system to
improve the utilization of humic acid by microalgae from piggery
biogas slurry, eventually removing about 50% of the humic acid.

7. Recommendations and future perspectives

Microalgal WWT technologies in biorefinery and valorization
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applications still face challenges, such as difficult harvesting re-
quirements, high demand for specific nutrients, contamination by
other microorganisms, immature downstream processing, and
complicated operation and monitoring of the whole system.

(1) Most of the referenced studies and research do not go
beyond pilot scales, and bringing them to an industrial scale
will expose microalgae to harsher environmental and sea-
sonal conditions and variations in pollutant concentrations,
which can reduce the treatment efficiency and biomass yield.
As aresult, innovative and resilient microalgal consortia with
greater adaptation to challenging environmental conditions
while maintaining the ability to degrade pollutants should be
investigated.

(2) Further genetic/metabolic engineering studies should be
conducted to ensure the generation of genome-modified
microalgal cells with improved qualities related to unfavor-
able circumstances adaption and higher performance for
pollutant removal and bioproduct yields.

(3) Separating microalgal biomass from treated WW after
bioremediation is a major challenge, especially in suspended
cultivation. To deal with this, attaching microalgae cultiva-
tion to a media/supporter might be applied, making the
separation process more accessible and reducing the hy-
draulic retention time.

(4) Like the attached growth process for biological WWT, the
attached cultivation has several problems, including fouling
and the need for mechanical biomass collecting systems,
which should be considered and solved.

(5) Economic feasibility studies of microalgae-based WWT and
comparisons to traditional methods must be examined, as
only a few studies have been accomplished. On the other
hand, the lack of basic design and operation guidelines for
microalgae-based WWT motivates researchers to work
harder to provide basic guidance and recommendations to
increase the resilience and flexibility of microalgal strains to
deal with various types of WW.

(6) Researchers used microalgae to reduce typical pollutants
such as nutrients and HMs in the abovementioned studies.
As a result, it is necessary to conduct microalgae to further
remediate dyes, other HMs, and emerging pollutants such as
personal care products and antibiotics. Furthermore, several
studies have focused on using microalgae to remove extra
nutrients from secondary treated wastewater. As a result,
additional research on introducing microalgae into the bio-
logical treatment process and a thorough understanding of
the interactions between microalgae and existing bacteria in
WW are needed.

(7) One of the main limitations of large-scale wastewater
treatment plants (WWTPs) is inhibiting microalgal growth
due to the WW's dark color and hazardous pollutants. To
overcome this challenge, it is suggested to control the in-
fluents with proper input and/or to pretreat before intro-
ducing microalgae. Also, the vast diversity of nutrients and
their strength in WW require several pretreatments to ach-
ieve an ideal nutrient balance for the microalgae. In such
cases, researchers should utilize optimized mixtures of
various sources of WW as a single, well-balanced nutrient
media for microalgae.

(8) Estimating industrial WW and microalgae cultivation modes
might differ according to geographic zones due to sunlight
availability and temperature variations. Therefore, colder
zones should focus on photobioreactor-based microalgae
cultivation with the aim of high-value-added product gen-
eration from microalgae grown on WW.
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(9) Another main challenge that faces the operation of the large-
scale WWTPs, especially the microalgae-based WWT pro-
cesses, is the complicated operation and monitoring of the
whole process (e.g., pH, temperature, microalgae cells con-
ditions, BOD, and DO), which requires developing new
technologies such as online monitoring and remote control.

8. Conclusions

Since the first step towards utilizing microalgae in WWT, a
considerable number of research efforts have been directed to-
wards developing this promising application. Microalgae can serve
as a remarkable role-player while used in WWT, being an afford-
able process with multiple benefits. Microalgae have a great ca-
pacity to eradicate diverse classes of pollutants and hazardous
materials generated from domestic agricultural runoffs, effluents,
textile, printing, pharmaceutical, and electroplating industries via
several mechanisms. The bioremediation in microalgae does not
produce secondary pollution. Moreover, the disposed microalgal
biomass can be used as raw materials to produce medicines, bio-
fuel, fertilizers, and nutritional food with significant economic
benefits. Despite prior studies showing that microalgae-based
WWT outperforms conventional WWT technologies in terms of
nutrient and HMs removal, carbon capture, and biomaterial gen-
eration, their widespread application still faces some challenges.
Therefore, WWT using microalgae and biorefinery applications
calls for further studies.
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