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INTRODUCTION
Microalgae are increasingly considered a green expe-
dient for wastewater treatment. Key reasons [1,2]
include (a) cost-effective treatment with (b) low energy
requirements, that can be achieved through system
optimization. Other prospects are (c) their low land re-
quirements, (d) the residual organic and nutrient con-
centration is also low, and (e) they do not require
further addition of chemicals. Furthermore, (f) sludge
formation is lower than in conventional aerobic treat-
ment, and (g) algal biomass can be used for biofuel
or added-value product formation. Microalgae are effi-
cient in removing nutrients, such as nitrogen (N) and
phosphorus (P) as well as removing minerals and
reducing the organic load. The latter includes the
removal of phenolic and aromatic compounds. Never-
theless, intensive cultivation of microalgae might
require large amounts of various nutrients that cannot
be retrieved from the environment, as the utilization
of nutrients is interwoven with their bioavailability.
Microalgae are also capable of efficiently removing
heavy metals (HMs), as well as emerging contaminants
(ECs), even when they are contained in trace concentra-
tions. A great advantage is that the use of microalgae
for potentially human health-threatening compounds
removal does not afflict the valorization of microalgal
biomass for biofuel production (as would happen for
applications such as fertilizers and feed products). The
objective of this chapter is to highlight the challenges
and opportunities of wastewater treatment using micro-
algae, as well as the potential valorization routes of the
produced microalgal biomass (Fig. 20.1).

Availability of Nutrients in Wastewater for
Microalgal Growth
The use of wastewater for microalgal growth is consid-
ered beneficial for minimizing the use of freshwater

and reducing the cost of nutrient addition because
nitrogen (N) and phosphorus (P) are removed from
wastewater as bioresources for the production of bio-
fuel or other added-value products [3]. Microalgae
have been successfully cultivated in a variety of domes-
tic and agroindustrial wastewaters (see Section 3). In
case of lack of nutrients within a wastewater treatment
plant a potentially significant source could be either
raw or anaerobically digested agricultural wastes added
in the influent of the system [4,5]. Although microalgae
may have numerous advantages in wastewater treat-
ment, their application is still challenged by the strin-
gent discharge limits of nutrients [6]. Specifically, to
achieve effective growth, microalgae require a basic ni-
trate (NO3

e) concentration, which varies between 200
and 400 mg/L, in addition to other macronutrients
such as phosphorous (P) and carbon (C) as well as
micronutrients such as iron (Fe), manganese (Mn),
zinc (Zn), sulfur (S), copper (Co), selenium (Se), potas-
sium (K), and magnesium (Mg) [7e9].

Carbon
Microalgae assimilate inorganic carbon via photosyn-
thesis. Through this process, solar energy is converted
into chemical energy producing oxygen (O2) as a by-
product, while in the second step chemical energy is
used to assimilate carbon dioxide (CO2) into sugars
[9]. Microalgae are known to exist only in aqueous en-
vironments where the inorganic carbon required for
their growth occurs in the form of CO2, bicarbonate
(HCO3

�), and carbonate (CO3
2�). Microalgae mainly

metabolize inorganic carbon in the form of CO2, while
the enzyme carbonic anhydrase is required to convert
HCO3

e into CO2 [10]. The most commonly used CO2
source for microalgal growth is atmospheric air (CO2
as 0.04% v/v, where v/v denotes volume of CO2 per
volume of air). However, about 2%e5% (v/v) of CO2
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in the supplied gas stream is usually required for suffi-
cient microalgal biomass production [9]. As a matter
of fact, it has been reported that 1 kg of microalgal
biomass can use 1.83 kg of CO2 but the theoretical yield
can be predicted only when nitrogen source is defined
[9]. The amount of CO2 dissolved in wastewater might
vary according to the pH. Specifically, at higher pH
values (pH > 9) most of the inorganic carbon is in
the form of carbonate (CO3

2�), which cannot be assim-
ilated by microalgae and as a result great care should be
taken regarding the pH of wastewater [11]. In such a
case, atmospheric CO2 may be provided to the waste-
water via forced aeration (air enriched by 1%e5% v/v
CO2) although this method has been proved economi-
cally unfeasible [9,12]. In case CO2 becomes limited
some microalgae can metabolize organic compounds
such as sugars, organic acids, acetate, or glycerol as car-
bon source [9,13e16]. Scientific studies have reported
that about 25%e50% of the algal carbon can be derived
from heterotrophic utilization of organic carbon sour-
ces [14]. In fact, based on their metabolism, microalgae
can be photoautotrophic, photoheterotrophic, mixotro-
phic, and heterotrophic while in several species the
mode of carbon utilization can be shifted from autot-
rophy to heterotrophy, or even mixotrophy according
to the variety and availability of the carbon source
[14,16,17]. Many recent studies have targeted on the
addition of various carbon sources along with waste-
water for enhanced microalgal biomass production
[16,18]. In addition, the use of food and agricultural
waste along with wastewater for production of microal-
gae could be a beneficial approach from an economic
point of view. Likewise, according to Chew et al. [13],
the use of 25% of organic food waste along with
inorganic residues can provide an enhanced Chlorella

vulgaris FSP-E biomass up to 11% compared with
microalgal cultivation in a fully inorganic medium.
Another approach is the use of mixed cultures of photo-
synthetic bacteria and microalgae, which could simulta-
neously remove all nutrients contained within synthetic
wastewater [8]. Finally, temperature, illumination, pH,
salinity, aeration, and substantial nutrients are the
most important operating parameters to optimize for
maximized CO2 sequestration targeting sufficient
microalgal biomass production.

Nitrogen
Nitrogen is the second most important macronutrient
essential for microalgal growth and as such could
directly influence their production yield. Nitrogen can
be found in many forms within wastewater and is
usually assimilated by microalgae as an inorganic sub-
strate in the preference of ammonium (NH4

þ) > nitrate
(NO3

�) > nitrite (NO2
�) > organic�N [19]. Many dif-

ferent wastewater streams contain high ammonium
concentrations (100e9000 mg/L NH4

þeN) and can be
successfully used for production of microalgae [5].
Wastewater treatment plants present one of the greatest
opportunities for ammonium recovery due to waste-
water containing high concentrations of ammonium
ions [5]. Ammonium shows higher bioavailability
compared with nitrate or organiceN, and as a result,
when it occurs in wastewater, alternative nitrogen sour-
ces are not assimilated [20]. High temperatures or high
pH values could lead to an equilibrium of free
ammonia (NH3) and ammonium (NH4

þ) shifting to-
ward ammonia production, and therefore inhibiting
microalgal growth [20]. In some cases, this equilibrium
can be used for the removal of excess nitrogen from
wastewater as ammonia stripping and loss to the

FIG. 20.1 Challenges and opportunities of wastewater treatment using microalgae.
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atmosphere can range between 17% and about 80%
depending on wastewater pH [21]. Specifically, nitro-
gen is found in the form of ammonia at pH
10.5e11.5 and can be transferred from the liquid to
the air through aeration. However, this process might
result in high costs and can cause air pollution, and
ammonia emissions may distort nitrogen recovery
through microalgal treatment [22]. Some strains, on
the other hand, have been reported to grow in high
ammonia concentrations in a range up to 130 mg/L
[8,23]. In addition to the inorganic nitrogen forms,
urine (CO(NH2)2) derived mainly from urban waste-
waters can also be used as a nitrogen source, but only
nitrification and stabilization could lead to high micro-
algae production yields [24]. When other nitrogen
sources have become limited, amino acids can be assim-
ilated by some species of cyanobacteria, but this
method has been proved to be most cost-effective for
microalgae growth [25]. As reported previously, ammo-
nium recovery in wastewater seems preferable than
other nitrogen forms. To this end, valorization of waste-
water containing less desirable nitrogen entities seems
feasible only by a combination of various wastewater
sources (domestic wastewater, piggery wastewater, land-
fill leachate, and urine) that could lead to enhanced
microalgal growth [5].

Phosphorus
Phosphorus (P) is a macronutrient essential for micro-
algal growth especially for the formation of DNA,
RNA, adenosine triphosphate (ATP), and phospho-
lipids in algal biomass [19]. Phosphorus is a non-
renewable resource, and thus its recycling is considered
vital for future use. It can be retrieved from wastewater
and can be assimilated by microalgae as an inorganic
substrate preferably as orthophosphate (PO4

3�). This
substantial macronutrient should be present in waste-
water at c.a. 40 mg/L PO4eP to support efficient micro-
algal biomass production [23,26]. Nevertheless,
nutrient uptake for microalgal growth depends on the
associated concentration of nutrients inside the micro-
algal biomass. Because the molar N:P ratio in freshwater
microalgal biomass ranges between 8:1 to 45:1 [19],
phosphorus removal from wastewater is consistently
lower than nitrogen due to the greater intracellular ni-
trogen content. There are also cases, for example, in
Norway, in which phosphorous concentrations in the
reject water from dewatering of anaerobically digested
sludge are very low because all plants use metal salts
for phosphorus precipitation and removal. As a result,
this wastewater cannot be used as nutrient source for
microalgal biomass production [23]. When inorganic
phosphate is limited, many microalgal species can

utilize organic phosphate sources converting it to
orthophosphate using phosphatases located at the cell
surface [27]. On the other hand, when inorganic phos-
phate appears in excess in wastewater, microalgae have
the ability to store it within the cells in the form of
acid-insoluble polyphosphate (volutin) granules [19].
Microalgae cultivated in wastewater may hence contain
higher amounts of phosphorus than actually needed.
These processes, which may lead to an extra uptake
of phosphorus by microalgae, can be sufficient for
prolonged growth in case phosphate concentration
becomes limiting. As a result, the growth rate of
microalgae may be immediately influenced by external
concentration of phosphorus, in opposite to the re-
sponses to temperature, pH, or light [19,27].

Micronutrients
Micronutrients play important physiological roles in
plant growth, and therefore they should be present in
wastewater for efficient microalgal growth. Different
species of microalgae require a range of micronutrients
such as iron (Fe), manganese (Mn), zinc (Zn), sulfur
(S), copper (Cu), selenium (Se), potassium (K), and
magnesium (Mg), which might be considered essential.
Micronutrient requirements usually differ among taxa,
whereas in some cases their presence may have a toxic
effect if accumulated in excess of cells’ requirements
[28]. As a result, the presence of different micronutrients
in wastewater could be characterized as essential, re-
quired, replaceable, or toxic for microalgal growth [28].

Iron, zinc, and manganese are considered essential
for microalgal growth as they take part in the oxygenic
photosynthesis. Iron has also been reported as essential
for the assimilation of nitrate and nitrite [29]. Gener-
ally, iron can be found in wastewater in two oxidation
states; soluble (Fe2þ) and in a sparingly soluble
oxidized form (Fe3þ). On the other hand, in oceanic
water, the majority of dissolved iron (>99%) is found
bound with organic complexes [30]. Nevertheless,
microalgae have the ability to utilize both free and
bound iron. A problem might occur when micro-
nutrients such as iron are bound with other essential
nutrients, inhibiting microalgal growth. For instance,
it has been reported that when wastewater contains
a lot of sediments, phosphate can be chemically bound
to iron or aluminum resulting in phosphates’ lower
bioavailability [31]. Generally, microalgae can effi-
ciently assimilate these micronutrients when found in
adequate amounts according to each species. For
example, according to Saavedra et al. [32] removal effi-
ciency of manganese from contaminated river water
(2.1 mg/L) was reported up to 99.4% by C. vulgaris at
pH 7 within 3 h. Likewise, it has been reported that
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the monometallic effluents of zinc (150 mg/L) used for
Scenedesmus obliquus cultivation supported an uptake
of 22.3 mg/g [33]. However, zinc or other micronu-
trients could be inhibitory for the growth of microalgae
if present at elevated concentrations, or as a result
of antagonistic behaviors in the presence of other
micronutrients [32]. For example, the copper uptake
efficiency of C. vulgaris is decreased by 10% in the pres-
ence of zinc [34]. In multimetallic systems, biosorption
might be another process taking place in parallel
explaining the removal of metallic components from
wastewater. The biosorption mechanisms in this case
are very complex and are not yet fully understood.

Speciation in Contaminant Removal
As stated previously, microalgae use organic or inor-
ganic carbon sources, nitrogen (N), phosphorus (P),
and trace metals as nutrients for their growth, depend-
ing on the cultivation method [35]. Phycoremedia-
tion extends beyond the aforementioned chemicals,
which are just a limited example of the substances
that microalgal species can remove from the environ-
ment. Nowadays, the scientific concern is oriented
toward the so-called EC such as pharmaceutical or-
ganics, endocrine disrupting compounds (EDCs), poly-
cyclic aromatic hydrocarbons (PAHs), surfactants,
personal care products (PCPs), pesticides, perfluori-
nated compounds, substituted phenolics, flame retar-
dants, industrial additives, and nanomaterials, among
others [36e39]. The biochemical routes that microalgae
follow to remove these contaminants are still under
investigation, but it is believed that cell adsorption,
biodegradation, bioaccumulation, stripping (volatili-
zation), and/or photodegradation are the possible
mechanisms [36].

Numerous studies have been conducted regarding
specific microalgal species and their removal capacity on
certain contaminants. Navicula sp., which is a typical
freshwater diatom, was used to degrade the antimicrobial
agent Triclosan (5-chloro-2-(2,4-dichlorophenoxy)-
phenol, TCS) in a synthetic medium. The presence of
potassium permanganate (KMnO4) as well as the pH
value of the culture medium seem to influence the
outcome, regarding the toxicity of TCS in this diatom.
Researchers also identified the transformation products
of the contaminant and suggested a possible biochem-
ical pathway of TCS degradation in Navicula sp. [40].
The same research group investigated the biouptake,
toxicity, and biotransformation of TCS in the fresh-
water algae Cymbella sp. and how humic acid (HA), as
a typical constituent of dissolved organic matter found
in aquatic environments, affects these mechanisms [41].

Natural organic matter and its role on the removal of
bisphenol A by Monoraphidium braunii was the research
subject of Gattullo et al. [42]. Organic matter affects
algal growth rate and may hinder or promote xenobi-
otic removal under certain circumstances. M. braunii
reached 48% removal of bisphenol A [42]. Cymbella
sp. and Scenedesmus quadricauda were evaluated also in
terms of their bioremediation efficiency regarding nap-
roxen [40]. Wang et al. [43] studied the removal and
metabolism of TCS by using Chlorella pyrenoidosa,
Desmodesmus sp., and S. obliquus. They stated 99.7%
removal by the three microalgae and detected that
cellular uptake was the metabolic mechanism for the
reduction of TCS by C. pyrenoidosa, whereas Desmodes-
mus sp. and S. obliquus cells use biotransformation
to eliminate the contaminant. Previously published
studies, referred to a 77.2% removal percentage by
C. pyrenoidosa after its cultivation with 800 ng mL�1

TCS for 96 h [44].
C. vulgaris is a species thoroughly examined by many

scientists for its capacity to remove various pollutants.
Among six tested species, Xiong et al. [45] reported
that C. vulgaris reached a 12% removal of the antibiotic
levofloxacin (LEV) at 1 mg/L, which was the highest.
Furthermore, acclimation of the microalgae and addi-
tion of 1% w/v sodium chloride seem to boost its
removal efficiency [45]. The decrease of metal concen-
trations such as Zn, Cd, Cu, Zn, Fe, Al, Ni, and Mn
ions [46e48], organic matter, nutrients [48], diclofenac
[49], bisphenol A [50], diazinon [51], and enrofloxacin
(ENR) [52] was also evaluated for C. vulgaris commer-
cially available species, mutants [53], and/or local
isolates [54].

Desmodesmus sp., Chlorella sorokiniana, S. obliquus,
Chlamydomonas mexicana, Chlamydomonas pitschmannii,
Ourococcus multisporus, Micractinium resseri are some
other species that were tested for their removal capacity
in comparison with C. vulgaris or in a consortium,
regarding the abovementioned chemicals.

Liu et al. [55] reported the biodegradation and
reduction of 17b-estradiol (E2) and diethylstilbestrol
(DES) by Raphidocelis subcapitata. E2 and DES are two
estrogens that can be found both in waste and natural
water, and it is believed that their activity is linked to
endocrine disruption in humans and may affect future
generations due to their accumulation in the food
chain. R. subcapitata was chosen because of its reported
ability to remove and degrade also benzo(a)pyrene
(BaP) through its dioxygenase enzyme system, parent
PAHs by a cytochrome P-450 system, and via monoox-
ygenase and dioxygenase enzymatic pathways remove
phenanthrene, fluoranthene, and pyrene. In the
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mentioned study, R. subcapitata presented an efficient
removal capacity for E2 and DES, achieving up to
88.5% removal through accelerated bioaccumulation
and biodegradation. Parlade et al. [56] approached
the same contaminant problem from a different angle.
They investigated the removal of 17b-estradiol by an
algalebacterial consortium in indoor and outdoor con-
ditions as well as the outcome of bioaugmentation
with Scenedesmus. It was concluded that algal-based sys-
tems removed E2 totally, and the high diversity of
algal community acts beneficially on the contaminant
removal [56].

The importance of this field is reflected in various
published reviews of the scientific community, which
deals with the different species that have been tested
and all the outstanding questions or research gaps
that are still need to be unraveled [36,37,39,57].

The elucidation of metabolic pathways that microal-
gal species use to remove contaminants as well as the
identification of transformation products is a valuable
tool for risk assessment of the chemicals that can be
found in natural waters. The screening of the capabil-
ities of each species, regarding micropollutant elimina-
tion is crucial for an effective design of water treatment
installations and protocols.

Treating Municipal, Agroindustrial and
Industrial wastewater
This section focuses on the treatment of municipal
wastewater effluent (MWE), palm oil mill effluent
(POME), olive mill wastewater (OMW), textile waste-
water (TW), HM-containing wastewater, petroleum
wastewater (PW), and ECs. A typical composition of
POME, OMW, TW, and PW is presented in Table 20.1,
whereas the HM- and EC-containing wastewaters are
not included because of their high variability depend-
ing on the origin.

Municipal wastewater
Existing literature focuses on treatment of different efflu-
ents of municipal wastewater treatment, for example, pri-
mary settling, denitrification tank, and secondary settling
effluent; therefore, direct comparison is not possible.

This subsection focuses on the microalgal treatment
of secondary effluent, further referred to as MWE. The
physicochemical characteristics of this wastewater are
substantially deviating from those of any (agro)indus-
trial stream, due to the distinctively low concentrations
(Table 20.1) [58]. MWE treatment with microalgae re-
sults in efficient removal of N and P, while it also offers
the advantages of removing HMs, increasing the dis-
solved oxygen in the effluent and limiting the growth

of bacteria [2]. Nevertheless, the latter is mostly
observed in attached growth systems rather than
suspended. Gómez-Serrano et al. [63] cultivatedMuriel-
lopsis sp., C. vulgaris, Chlorella fusca, Chlorella sp., Scene-
desmus subspicatus, and Pseudokirchneriella subcapitata in
semicontinuous mode. The final biomass concentra-
tions ranged between 0.7 and 1.7 g/L, while the N and
P were totally eliminated from the cultivation medium
(initial concentrations of 17.1 and 10 mg/L for TKN
and TP, respectively). Shi et al. [59] used a twin-layer
photobioreactor to immobilize Halochlorella rubescens
for the treatment of MWE. Removal of 0.45 and
6.26 mg/L day was achieved for PO4

eeP and NO3
eeN,

respectively (achieving 73.2% and 83.2% removal,
respectively). The authors noted that this treatment
achieved effluent values that meet the requirements of
the European Water Framework Directive. Furthermore,
Lv et al. [58] observed that the immobilization of
microalgae as well as the establishment of a specific
consortium enhances the nutrient/pollutant removal.
Continuous cultivation of Chlorella and Scenedesmus
sp. in MWE resulted in biomass concentrations varying
between 0.1 and 1.3 g/L (at hydraulic retention time
[HRT] 0.04e10 day). This resulted in TN removal of
36.0%e95.3% and TP removal of 40%e100%. It was
noted that construction of microalgal consortia, apart
from resulting in higher nutrient removals, also results
in a more robust system that can face environmental
fluctuations and hinders the invasion and prevalence
of other species. Similarly, Wu et al. [64] found that
the use of a coculture of Scenedesmus sp. LX1 and
Haematococcus pluvialis resulted in better performance
than the individual microalgae. It was concluded that
the main mechanism responsible for this higher
nutrient removal (7.2e7.5 mg/L residual concentration
for monocultures compared with 3.3e5.0 mg/L for
the mixed culture starting from 27.4 mg/L) was the
interspecific nutrient competition between the two
microalgae. Phosphorus was eliminated except from
the case whereH. pluvialiswas the sole microalga grown.
Finally, Wang et al. [2] summarized the mechanisms of
N removal in MWE as: assimilation by microalgae
(NH4

þeN, NO3
eeN, and NO2

eeN and minor amounts
of organiceN); loss as NH3 due to increase in pH and
temperature as well as mixing; and loss as N2 due
to bacterial nitrificationedenitrification. On the other
hand, P is removed through assimilation (for their
anabolic and catabolic products); it is up-etaken to
form polyphosphate granules (luxurious P uptake); or
precipitated as Ca3(PO4)2 and Mg3(PO4)2 (in the pres-
ence of Ca2þ and Mg2þ, using the photosynthesis
derived O2, when pH > 8.5).
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TABLE 20.1
Typical Characteristics of Raw Municipal Wastewater Effluent (MWE), Palm Oil Mill Effluent (POME), Olive
Mill Wastewater (OMW), Textile Wastewater (TW), and Petroleum Wastewater (PW).

Parameters Units

Municipal
Wastewater
Effluent (MWE)

Palm Oil
Mill effluent
(POME)

Olive Mill
wastewater
(OMW)

Textile
Wastewater
(TW)

Petroleum
Wastewater
(PW)

pH e 8.40 � 0.41 4.30 � 0.21 5.13 � 0.03 7.63 � 5.34 7.82 � 1.07

Alkalinity g CaCO3

L�1
e e 0.75 � 0.10 e e

Total solids (TS) g L�1 e e 112 � 1 5.86 � 8.24 e

Volatile solids (VS) g L�1 e e 82.3 � 6.8 0.29 � 0.34 0.22 � 0.23

Total suspended solids
(TSS)

g L�1 e 19.6 � 5.59 40.6 � 0.6 0.09 � 0.09 e

Volatile suspended
solids (VSS)

g L�1 e 28.7 � 2.0 39.9 � 1.1 e e

Biochemical oxygen
demand (BOD)

g O2 L
�1 0.01 � 0.01 0.35 � 0.07 e e 0.18 � 0.20

Total chemical oxygen
demand (COD)

g O2 L
�1 0.05 � 0.03 1.74 � 0.54 169 � 9 0.61 � 0.54 0.39 � 0.30

Soluble chemical oxygen
demand (COD)

g O2 L
�1 e 22.5 � 2.8 89.2 � 3.9 e e

Total carbohydratesa g L�1 e e 37.5 � 1.7 e e

Soluble carbohydratesa g L�1 e e 26.0 � 0.3 e e

Phenolic compoundsb g L�1 e e 8.61 � 0.98 e e

Oil and grease g L�1 e e 22.0 � 4.0 e 0.69 � 1.31

Total Kjeldahl nitrogen
(TKN)

mg N L
�1

14.8 � 5.6 e 735 � 10 e e

Total ammonium
nitrogen (TAN)

mg N L
�1

9.17 � 8.99 650 � 212 86.1 � 5.3 25.7 � 35.6 19.6 � 22.2

Total phosphorus mg P L
�1

2.32 � 3.19 e 513 � 1 e e

Soluble phosphorus mg P L
�1

e 400 � 283 309 � 4 2.04 � 2.79 e

Zinc (Zn) mg/L�1 e e e 1.52 � 1.99 e

Manganese (Mn) mg/L�1 e e e 0.03 � 0.02 e

Cadmium (Cd) mg/L�1 e e e 0.03 � 0.03 e

Copper (Cu) mg/L�1 e e e 0.05 � 0.07 e

Lead (Pb) mg/L�1 e e e 0.09 � 0.01 e

Nickel (Ni) mg/L�1 e e e 0.03 � 0.01 e

Arsenic (As) mg/L�1 e e e <0.001 e

Iron (Fe) mg/L�1 e e e 0.14 � 0.04 e

Reference e [58,59] [60] [60a] [61] [62]

"e" indicates unavailable values.
a in glucose equivalents.
b in syringic acid equivalents.
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Palm oil mill effluent
POME is a high-strength wastewater, characterized by
high concentrations of organic load (BOD and COD),
organic N and P and other nutrients (Table 20.1). It
consists of 95%e96% of water, 4%e5% of solids of
which 50%e100% are suspended, and 0.6%e0.7% of
oil [65]. Kamyab et al. [65] used Chlamydomonas incerta
to treat POME in COD concentrations of 250 mg/L,
500 mg/L, and 1000 mg/L. The highest COD removal
(67.4%) was observed at 250 mg/L in 28 days, gradu-
ally decreasing for the two higher concentrations
(43.2% and 34.1%). The corresponding organic carbon
removal was 56.2%, 54.7%, and 49.8%. POME concen-
trations higher than 500 mg/L resulted in slow growth
of C. incerta due to substrate inhibition as indicated
by the lower growth rates. Therefore, this wastewater
requires pretreatment before microalgal remediation.
Vairappan et al. [66] bioremediated 5% aerobically
digested POME using Isochrysis sp. Biomass productiv-
ities of 69.0 and 91.7 mg/m2 day were achieved with
an indoor photobioreactor and an outdoor system,
respectively. The outdoor system produced higher
lipid content biomass (52.8% compared with 44.5%
for the photobioreactor), a fact ascribed to stress
induced by variations in irradiance and temperature
during outdoor cultivation. The nutrient removals
were comparable in both systems, achieving 42.2%,
84.4%, and 21.9% reductions of nitrate, phosphate,
and BOD3, respectively (corresponding to 3.55, 0.03,
and 3.02 mg/L, respectively). Hadiyanto et al. [67]
applied a two-stage treatment of anaerobically treated
POME. The first stage (3e8 days) consisted of treatment
with aquatic plants, hyacinth (Eichhornia crassipes), or
water lily (Nymphaea sp.), whereas the second treat-
ment stage (15 days) was performed using Arthrospira
platensis. A. platensis achieved maximum growth rate
of 0.412 day�1 while reducing the COD, N and P con-
tent by 50.8%, 96.5%, and 85.9% (reaching values be-
tween 400 and 790, 8.29e145, and 3.14e10.0 mg/L,
respectively).

Olive mill wastewater
The biological treatment of OMW, the side-stream of
olive oil production, is challenging due to its phytotoxic
and antibacterial properties derived from the high
(poly)phenolic content as well as the high organic
load and nutrient content. OMW can be effectively
treated through membrane filtration, resulting in a
wastewater with a limited amount of polyphenols
[68]. Nevertheless, a sustainable membrane-based treat-
ment method requires the valorization of the concen-
trates, accounting to about 20% of the initial volume.

Cicci et al. [68] selected Scenedesmus dimorphus and
A. platensis to treat OMW as well as ultra- and nanofiltra-
tion concentrates (all in 1:1 v/v). Both strains displayed
higher polyphenol and phenol removals when treat-
ing ultrafiltration (UF) retentate (60.2%e72.7% and
72.7%e100%, respectively), while A. platensis elimi-
nated phenolics during this treatment. OMW and UF
retentate reduced microalgal growth due to the high
polyphenol content, whereas nanofiltration concentrate
promoted growth, as indicated by the lower specific
growth rates (�59% to �30%, �124% to �26% and
53%e142% difference compared with the control for
OMW, UF concentrate, and NF concentrate, respec-
tively). The increase in growth in the latter case is
ascribed to the reduced concentration of toxic com-
pounds coupled with the presence of suitable soluble
organic carbon. Hodaifa et al. [69] remediated physico-
chemically pretreated OMW using C. pyrenoidosa.
Microalgal treatment contributed to 1.4% COD
decrease, 8.0% phenolic compound (corresponding
to 0.57 mg/L) as well as N removal of 19.2% (or
11.3 mg/L). The maximum specific growth rate and
biomass productivity increased with the increase in con-
centration until 50% OMW (v/v), where the values of
0.07 h and 1.25 mg/L h were presented. Higher OMW
concentrations resulted in drop of these parameters
either due to inhibition or due to increased toxic effect.
The low biomass productivities hinder the use of the
biomass as a high-value product and therefore decrease
the potential of economic viability. To this end, centri-
fuged OMW was supplied to Scenedesmus sp. through
different strategies: (A) batch, providing 9% v/v; (B)
fed-batch, with daily addition of 1% OMW; and (C)
two-stage supply, consisting of photoautotrophic
cultivation, followed by 9% OMW supplementation
for heterotrophic growth [70]. The highest biomass con-
centration was achieved by the two-stage strategy
(1.4 g/L compared with 0.9 g/L and 0.5 g/L during
fed-batch and batch supply, respectively). Sugars were
removed at the levels of 74.0%, 62.9%, and 61.0%
during batch, fed-batch, and two-stage strategy, respec-
tively. Phenol removal was reversely proportional to
the concentration of phenolics (at concentrations
>100 mg/L), reaching values of 66.0% in day 1 and
gradually decreasing to 12.0% until day 7 of fed-batch
cultivation. A slight phenol increase was observed dur-
ing batch cultivation, as well as during the first days
of the two-phase strategy, whereas 55% decrease was
noted on day 12 of the heterotrophic phase. Therefore,
three hypotheses were formed: (A) phenol degradation
occurs after the depletion of highly biodegradable com-
pounds, (B) phenol-tolerant microorganisms (bacteria
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or fungi) degraded the phenols, and (C) polyphenols
were degraded from the beginning of the phase but
this was not detected from the method used. On
the other hand, Pinto et al. [71] did not observe
high-molecular-weight phenol (e.g., lignins, tannins)
degradation when treating OMW (1:10 v/v) with
Ankistrodesmus braunii and Scenedesmus quadricauda. In
contrast, low-molecular-weight phenols (<300 Da)
were biotransformed during this short treatment, with
hydroxytyrosol, catechol, and ferulic and sinapic acid
completely removed in all cases. Experiments per-
formed in the dark resulted in higher phenol removal
efficiency (75%e100% compared with 35%e100% un-
der light conditions), while light was found to result in
high toxicity mainly due to autooxidation. The overall
phenolic compound reduction after 5 days amounted
to 12%. Finally, physicochemical analysis revealed
that phenols were biotransformed into other aromatic
compounds.

Textile wastewater
Textile industry generates various organic and inorganic
streams that fluctuate from alkaline to acidic, the color
of which can be orange, red, purple, blue, and black,
presenting highly variable composition [72]. This
wastewater, a typical composition of which is shown
in Table 20.1, constitutes significant environmental
threat, as apart from the nutrients and COD, also con-
tains HMs. Biological treatment with microalgae seems
promising, as these microbes degrade dyes to utilize
them as N source [73]. Ghazal et al. [72] tested
Anabaena flos-aquae, Nostoc elepsosporum, Nostoc linckia,
Anabaena variabilis, and C. vulgaris for the treatment of
TW. The highest color removal was noted by
N. elepsosporum, followed by C. vulgaris, A. variabilis,
N. linckia, and A. flos-aquae (50.8%e100% removal).
The treatment increased the pH (from 9.5 up to 9.95)
and DO (from 0.6 to 2.01e2.75 mg/L) due to photo-
synthesis. Furthermore, a drop was noted for EC
(from 2.90 to 0.92e2.03 dS/m), COD (60.0%e98.9%
removal at initial concentration of 430 mg/L) and
BOD (80.0%e97.6% removal starting from 96 mg/L).
The cell dry weight remained at low levels, with the
best results presented by N. elpsosporum (11.5 mg/L),
while the growth was 12.1%e19.4% reduced compared
with the control. The best overall performance was
noted by N. elepsosporum, achieving removals of
98.9% for COD, 97.6% for BOD, and 95.0%e99.0%
for HMs, while color was totally removed. Moreover,
C. vulgaris was used for TW bioremediation in high-
rate algae ponds (HRAPs) [61]. NH4eN was reduced
by 44.4%e45.1%, PO4eP by 33.1%e33.3% (achieving
values of 3.43e3.57 mg N L and 4.76e64.23 mg P L)

and COD by 38.3%e62.3% (reaching values of
102e170 mg/L), while the color was 41.8%e50.0%
removed through biosorption. Color removal decreased
with the increase in initial color content. TW reduced
the specific growth rate of C. vulgaris to 0.05 day�1

compared with 0.40 day�1 for the control pond
(containing nutrient medium), while nutrient addi-
tion almost restored the specific growth rate to the
control level (0.39 day�1). Nevertheless, biomass con-
centrations remained low in all TW treatments
(107e203 mg/L compared with 613 mg/L for the con-
trol). Nutrient deficiency was identified as the main
limiting factor for C. vulgaris growth in TW. Finally,
additional treatment with immobilized in alginate
Chlorella cells would be suitable to further remove the
color of TW because this approach creates a cell-dense
system that can enhance dye adsorption.

Heavy metalecontaining wastewater
The anthropogenic HM disposal into the environment
causes detrimental effects, due to the inability of
biodegradation that causes bioaccumulation. This pro-
voked the penetration of HMs, with Cd, Cr, Cu,
Hg, Pb, and Zn most commonly occurring into the
food chain, causing environmental, public health, and
economic impacts [74]. The main HM removal mecha-
nisms in microalgae are cell incorporation and bio-
sorption (passive adsorption process), while the great
superiority of the microalgal HM remediation over con-
ventional processes is that it has a great efficiency in
removing HMs in trace levels [74,75]. Kumar et al.
[74] categorized the factors affecting the HM remedia-
tion to biotic, that is, algal species used, tolerance, ca-
pacity, biomass concentration, size and volume of
microalgal cell; and abiotic factors, that is, pH, ionic
stress, salinity, temperature, metal speciation, and effect
of combined metals. It was noted that the species of
choice for HM removal are Chlorella and Scenedesmus,
whereas the highest HM removals are generally pre-
sented at pH 5 [74]. This study summarized that
Chlamydomonas reinhardtii, S. platensis, as well as several
strains of Scenedesmus spp., Tetraselmis spp., and
Chlorella spp. are efficient in removing Cd, taking it up
in levels of 0.64e292 mg/g dry biomass. Co is more
efficiently removed by Spirogyra spp. (12.8 mg/g) and
Oscillatoria angustissima (15.3 mg/g). The most notable
Cr6þ as well as Cu2þ uptake was performed by Arthro-
spira spp. reaching levels of 333 and 389 mg/g, respec-
tively [76]. Immobilized in alginate C. reinhardtii
presented the most prominent Hg2þ removal capacity
of 107 mg/g as well as Pb2þ removal (381 mg/g) [74],
while the highest Zn removal potential was presented
by Desmodesmus pleiomorphus (360 mg/g) [77]. Finally,
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A. flos-aquae, N. elepsosporum, N. linckia, A. variabilis,
and C. vulgaris were able to remove Cr (60.4%
e99.2%), Pb (73.0%e98.8%), Fe (73.1%e98.9%),
Cu (60.4%e99.0%), Mo (60.8%e96.9%), and As
(46.7%e95.0%) present in initial concentrations
2.60e95.2 mg/L [72].

Petroleum wastewater
Petroleum by-product contamination is a considerable
polluting factor of surface- and groundwater occurring
due to leakage of storage tanks, spills as well as incorrect
disposal of PW. Compounds commonly found in
petroleum by-products include benzene, toluene, ethyl-
benzene, and xylenes (BTEX). Taká�cová et al. [78] inves-
tigated BTEX biodegradation using Parachlorella kessleri.
The number of P. kessleri cells after 48 h was 13% lower
compared with the control, whereas BTEX degradations
of 39%e50% and 56%e64% were observed after 24
and 48h, respectively (initial BTEX concentration of
100 mg/L). Ansari et al. [79] used Isochrysis sp. for the
treatment of crude oil and heavy duty marine diesel
(HDMD), to assess the potential of degrading the
water-soluble fractions of oceanic oil spill. Crude oil
affected the growth due to oil toxicity. Specifically, con-
centrations of 30%e50% resulted in initial drop in cell
density during early cultivation. HDMD had more toxic
effect, notable even at 5%e10% concentration, while
higher concentrations (20%) resulted in culture death.
The higher toxicity of HDMD compared with crude
oil is noted by the 7.4% decrease in maximum growth
rate (0.24 day�1) compared with the 58% decrease
(0.55 day�1) for crude oil, when both were supple-
mented at 10%. The lower toxicity of crude oil’s
water-soluble fractions is attributed to the lower con-
centration of polyaromatic hydrocarbons compared
with HDMD. On the other hand, Prototheca zopfii
degraded 10.7% motor oil and 41.4% crude oil [80].
More specifically, 10%e23% of the saturated aliphatic
hydrocarbons as well as 10%e26% of the aromatic
compounds contained in motor oil were removed.
Regarding crude oil, the respective percentages were
38%e60% and 12%e41%. The higher removal con-
cerning crude oil is ascribed to the higher content of al-
kanes (17% compared to 9% for motor oil) and the
lower percentage of aromatics and cycloalkanes (35%
and 45% for motor oil and 28% and 39% for crude
oil). The degradation of cycloalkanes was inversely
proportional to the number of rings, and the six-ring
cycloalkanes did not get utilized whatsoever. Hodges
et al. [81] compared two different systems for the treat-
ment of petroleum refining wastewater. Specifically,
they used rotating algae biofilm reactors (RABRs)
as well as suspended-growth open pond lagoons,

containing mainly Pseudanabaena, Oscillatoria, and
Chroococcus. N was reduced by 70.8%e72.4% (corre-
sponding to 17.7e18.1 mg/L reduction), P was reduced
by 50.0%e55.6% (0.90e1.00 mg/L) while the TSS con-
centration was 53.6%e61.3% lower (20.9e23.9 mg/L)
through the RABR treatment. The open pond growth
lagoon operated in 13.9% (3.47 mg/L) and 18.9%
(0.34 mg/L) lower N and P content, while the TSS
content increased by 46.9% (18.3 mg/L) due to the sus-
pended growth of microalgae. The biomass productivity
of the open pond amounted to 0.4 g m2 day, whereas
the RABR resulted in average biomass productivity of
4.11 g m2 day while presenting the advantage of not
requiring intensive biomass harvesting.

Emerging contaminants
ECs have recently penetrated natural environments.
They are mostly found in municipal and pharmaceu-
tical plant wastewater and landfills and derive from
daily household products, cosmetics, and medicine
[39]. Even though their concentration in aquatic envi-
ronments is low (ranging from ng/L to mg/L), they
can have deleterious ecological effects. As mentioned
in section 17.2, pharmaceuticals, PCPs, EDCs, and pes-
ticides are among the prime examples of ECs [39].
Microalgae have shown the potential to remove many
types of ECs at levels of 9e24 mg/L, however, presenting
difficulties in removing pesticides [39]. Ahmed et al.
[39] identified the trend of removal: pharmaceuticals >
PCPs > EDCs > pesticides. Furthermore, Wang et al.
[44] found that C. pyrenoidosa can remove 50% of triclo-
san (antimicrobial agent) during the first 1 h of expo-
sure when the initial concentration is 100e800 mg/L.
The microalga removed 77.2% of triclosan after 96 h
(initial concentration of 800 mg/L). Nevertheless, this
compound negatively affected the microalga, as indi-
cated by the disruption of the chloroplast. Matamoros
et al. [82] tested the removal of 26 different ECs from
urban wastewater using pilot scale HRAPs fed with
7e29 g of COD m�2 day�1. The targeted compounds
included pharmaceuticals and PCPs, fire retardants, sur-
factants, anticorrosive agents, pesticides, and plasti-
cizers. The system was able to remove up to 90% of
the most commonly occurring compounds (caffeine,
acetaminophen, and ibuprofen), whereas the concen-
tration of others was not reduced. Specifically, the au-
thors of this study identified four different groups
according to their removal efficiency: (A) > 90%
biodegradation: caffeine, acetaminophen, ibuprofen,
methyl dihydrojasmonate, and hydrocinnamic acid;
(B) 60%e90% biodegradation: oxybenzone, ketopro-
fen, 5-methyl/benzotriazole, naproxen, galaxolide,
tonalide, tributyl phosphate, triclosan, bisphenol A,
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and octylphenol; (C) 40%e60% biodegradation: diclo-
fenac, benzotriazole, OHebenzothiazole, triphenyl
phosphate, cashmeran, diazinon, celestolide, and
atrazine; (D) < 30% biodegradation: carbamazepine,
benzothiazole, methyl paraben, tris(2-chloroethyl)
phosphate, and 2,4-D. Moreover, it was noted that the
main mechanisms were biodegradation and photo-
degradation. Xiong et al. [83] evaluated the biodegrada-
tion of carbamazepine using C. mexicana and S. obliquus.
The growth of C. mexicana was 30% inhibited by the
supplementation of 200 mg/L carbamazepine, whereas
S. obliquus presented 97% inhibition. The maximum
biodegradations achieved were 28% and 35% by
S. obliquus and C. mexicana when 1 mg/L of the
compound was supplemented, while 13% and 32% car-
bamazepine was biodegraded after 10 days of incuba-
tion (initial concentration of 25 mg/L). Batch reactors
with Chlorella sp. and Scenedesmus sp. as prevalent spe-
cies were used for the biodegradation of caffeine, ibu-
profen, galaxolide, tributyl phosphate, 4-octylphenol,
tris(2-chloroethyl) phosphate, and carbamazepine
[84]. 4-octylphenol, galaxolide, and tributyl phosphate
were removed up to 99% after 10 days due to air

stripping. However, caffeine and ibuprofen were bio-
degraded by 99% and 95%, respectively. The authors
observed that the initial lag phase of 3 days for
ibuprofen removal was eliminated to nondetectable
time. Finally, Ahmed et al. [39] concluded that the com-
bination of physicochemical treatment (e.g., ozonation,
ultrasound treatment, UF) with biological treatments,
such as microalgal treatment, will result in more effec-
tive EC removal. Summarizing, Table 20.2 illustrates
the maximum EC removals by various microalgal spe-
cies reported in recent literature.

Challenges in Wastewater Bioremediation
The challenges concerning the microalgal wastewater
bioremediation need to be identified and elucidated,
to advance the field of microalgal biotreatment. To
this end, the following limitations were identified by
Wang et al. [2]: (A) relatively long treatment time is
required; (B) the separation of algae from the waste-
water is cumbersome; and (C) reduced performance is
observed when bacteria and zooplankton dominate.
Additionally, (D) it is common to observe increase in
organic compound and solid content due to the often

TABLE 20.2
Maximum Emerging Contaminant Removals by Various Microalgal Species.

Microalgal Species Contaminant Max. Removal (%) References

Cymbella sp. Triclosan (5echloroe2e(2, 4edichlorophenoxy)ephenol)e
phenol

69 [41]

Naproxen 97.1 [40]

Monoraphidium braunii Bisphenol A 48 [42]

Scenedesmus
quadricauda

Naproxen 58.8 [40]

Scenedesmus
obliquus

Triclosan (5echloroe2e(2, 4edichlorophenoxy)ephenol)e
phenol

99.7 [43]

Diclofenac 79 [49]

Chlorella pyrenoidosa Triclosan (5echloroe2e(2, 4edichlorophenoxy)ephenol)e
phenol

69.3, 77.2 [43,44].

Chlorella vulgaris Levofloxacin 12 [45]
Nitrogen, phosphorus 87.7, 76.7 [48]
Metal ions (Zn, Cd, Cu, Zn, Fe, Al, Ni, and Mn) 64.7e100 [46e48]
Diclofenac 21.58 [49]
Bisphenol A 23 [50]
Diazinon 94 [51]
Enrofloxacin 26 [52]

Desmodesmus sp. Triclosan (5echloroe2e(2, 4edichlorophenoxy)ephenol)e
phenol

92.9 [43]

Raphidocelis
subcapitata

17b-Estradiol (E2) 88.5 [55]
[55]Diethylstilbestrol (DES) 71.8
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not efficient harvesting of cells, or due to the intracel-
lular products release from the lysis of the cells [2].
Even though membranes can shorten the HRT as well
as retain the microalgal biomass, the costs and risk of
fouling limit their full-scale implementations. Another
approach is the stimulation of attached growth by intro-
ducing substratum for biofilm creation. In this case,
the most common method of harvesting, mechanical
scraping, is difficult to perform in full-scale installa-
tions. Furthermore, the reasons for the unpredictable
biomass detachment need to be elucidated.

The characteristically low concentration of nutrients
and organics in some wastewaters, for instance MWE,
render its treatment challenging. Lv et al. [58] reported
that the lack of organic carbon is one of the main chal-
lenges in the cultivation of microalgae in this effluent.
The biggest fraction of organics contained in MWE are
inert and therefore not degradable by microalgae [2].
Another challenge for treating MWE is the imbalanced
concentration of nutrients and particularly the N:P ratio
[2]. The nutrient-limiting conditions prevailing under
the cultivation inMWE result in low biomass productiv-
ity, while also increasing the lipid and carbohydrate
accumulation in the cell [63]. On the other hand,
(agro)industrial wastewaters often need high dilution
to be eligible for microalgal remediation. Scenedesmus
sp. was used for the treatment of OMW, in concentra-
tion of 9% v/v during batch growth, and 1% v/v during
fed-batch growth [70]. The lower growth during batch
cultivation was ascribed to the exposure at high concen-
trations of growth-inhibiting compounds, as well as the
dark color of the wastewater that does not permit light
penetration. Therefore, special attention should be paid
with wastewaters containing high amounts of inhibit-
ing compounds, as for instance phenolics [69]. Di Cap-
rio et al. [70] stated that a low OMW supply rate is
suitable for efficient phenol removal from microalgae,
for a low phenol as well as light variation. Moreover,
wastewaters such as PW provoke oxidative stress, and
therefore high dilution is required for microalgal treat-
ment [85]. Cicci et al. [68] highlighted that apart from
the compositional characteristics, the color of the waste-
water hinders its treatment since a reduced fraction of
light penetrates dark-colored wastewaters (e.g., OMW).
This could be solved by cultivation in thin-layer bio-
reactors, nevertheless, the biomass productivity in
such systems is yet to be determined. Substrate inhibi-
tion is a common reason for the lower growth of micro-
algae, even during heterotrophic conditions [86], where
nutrient and organic load levels can generally be higher.
For example, POME supplied in concentrations more
than 500 mg/L inhibited the growth of C. incerta [65].

Furthermore, wastewaters are often nutrient poor and
therefore do not favor the growth of microalgae
[61,66]. To satisfy all the microalgal needs, Vairappan
et al. [66] treated 5% POME, diluted in seawater and
supplemented with 0.075% NPK fertilizer. The low per-
centage was selected due to (A) the high organic and
nutrient load of POME, (B) the dark color that hinders
the phototrophic cultivation, and (C) it is a freshwater-
type wastewater that cannot be used for the cultivation
of a marine microalga (Isochrysis sp.).

Furthermore, agroindustrial streams in many cases
need extensive pretreatment before they become suit-
able for bioremediation using microalgae, mainly tar-
geting suspended solids and COD reduction [68,69].
For instance, Hadiyanto et al. [67] used anaerobically
digested POME, that was subsequently treated with
aquatic plants prior to the treatment with A. platensis.
For the latter, POME was filtered and used at 80% v/v,
supplemented with N, P, and vitamin sources. Hodaifa
et al. [69] proposed a complete treatment process com-
posed of (A) flocculationesedimentation to remove the
biggest part of solids from the liquid, (B) photolysis to
reduce the organic load and photodegrade the phenolic
compounds, (C) microfiltration (0.2 mm) to remove the
suspended particles and sterilize the wastewater, and
finally (D) biotreatment of OMW using C. pyrenoidosa.
The authors stated that this pretreatment was essential
for ensuring microalgal growth in OMW. Similarly,
Cicci et al. [68] used OMW that was filtered, flocculated
through acidification, subsequently centrifuged and
photocatalyzed. S. platensis appeared to be more sensi-
tive to media composition than Scenedesmus dimorphus,
as indicated by the high variation in specific growth rate
under different media. The latter indicates that some
strains are more sensitive than others, indicating that
several experiments need to be performed before an
optimal treatment is established.

Treatment efficiency is also affected by environ-
mental conditions. For instance, when temperature de-
viates from the optimal range growth rates decline [87],
having as a result the reduced pollutant removal in a
given period of time. Similarly, increased temperature
or pH can result in ammonia volatilization, resulting
in the escape of the main nitrogen source [20]. Addi-
tionally, reduced nutrient bioavailability due to waste-
water composition reduces the potential of wastewater
bioremediation through microalgal treatment [87].
More specifically, nutrient speciation has an important
role in the overall performance, as microalgae show
preference in specific nutrient forms (for instance
ammonium instead of organiceN) [19]. All these fac-
tors can lead to insufficient microalgal growth and
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therefore inefficient wastewater treatment. Special
attention should be paid during wastewater treatment
aiming at HM or EC removal. Kumar et al. [74] stated
that there are several compounds that form complexes
with HMs (e.g., amino acids, HAs, fulvic acid, EDTA)
rendering them unavailable for microalgal treatment.
Furthermore, there is a selectivity in EC removal, as
for instance difficulties are presented in the elimination
of EDCs and pesticides [39]. Moreover, EC removal ef-
ficiencies are season dependent as they get reduced with
lower temperatures [39]. These compounds can present
growth inhibition up to 97% [83] and therefore, exten-
sive study is required to establish the suitable strains
and cultivation conditions for EC biotreatment. Finally,
it is also important to note that there are several phe-
nomena occurring during the microalgal wastewater
remediation, that remain yet to be identified. For
instance, the biotreatment of OMW under illumination
results in phenol autooxidation increasing therefore the
toxicity of the wastewater [71].

End-use of Microalgae Cultivated in
Wastewater
In modern societies, renewable sources of energy, die-
tary ingredients, and valuable chemicals have been in
the limelight of scientific research, due to challenges
concerning the increasing population, climate change,

water availability, and energy supply. In this regard,
microalgae represent a promising feedstock for biofuels
production, as well as unlimited number of added-
value compounds, including lipids, proteins, carbohy-
drates, pigments, and numerous secondary metabolites
used for cosmetics, pharmaceuticals, and other pur-
poses, as shown in Fig. 20.2 [88,89].

From an environmental point of view, microalgal
cultivation makes no use of arable land and enables
consumption of sea water, wastewaters, and effluents,
as well as flue gases contributing to recycling of nutri-
ents, CO2 mitigation, and substantial improvement in
terms of cost of biomass production [90,91]. However,
wastewater valorization in microalgal cultivation can be
a demanding task that needs further investigation. Espe-
cially in the case where the produced biomass ends up
in the food chain, wastewater pretreatment is needed
to diminish concentration of several contaminants,
including pathogens, HMs, and xenobiotic substances
present in the biomass produced by specific types of
effluents [6].

Biofuels
Microalgal biomass can be converted, through thermal,
chemical, and biological processes to third-generation
biofuels, including biodiesel, biogas, biohydrogen,
bioethanol, and biocrude oil. In contrast to first- and

FIG. 20.2 Valorization options for microalgal biomass.
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second-generation biofuels, produced from food crops
and lignocellulosic biomass, agricultural and forestry
residues, respectively, microalgal biofuels represent a
sustainable alternative to fossil-based fuels, which can
dominate the energy sector the following decades, pro-
vided that mass cultivation and downstream processing
make substantial progress [92,93].

One of the most well-investigated valorization op-
tions for microalgae produced in wastewaters is bio-
diesel, associated with the lipid fraction of microalgal
biomass. Typically, microalgae are characterized by
20%e50% intracellular lipids at dry weight basis,
mainly consisting of C16eC18 fatty acids, which can
be transesterified to high-quality biodiesel. Lipid con-
tent can reach up to 80% usually under nutrient-
depleted conditions resulting in high lipid productivity.
Concurrently, high biomass productivity can compen-
sate for moderate lipid content inducing high biodiesel
production [94]. Lipid productivity in wastewaters can
be optimized through two-stage cultivation, where nu-
trients and COD are initially depleted maximizing
biomass production, while lipid content is subse-
quently increased in the second stage characterized by
nutrient starvation [95]. Low nitrogen concentration
resulted in high lipid content (32.7%) of C. vulgaris
cultivated in municipal wastewater [96]. Cultivation
of Nephroselmis sp. with diluted industrial wastewater
resulted in high specific growth rate (0.87 day�1),
higher lipid productivity (14.2 mg/L day) than that of
the synthetic medium BBM and high percentage of pal-
mitic and oleic acid for biodiesel production [97]. In
addition, lipid content of Chlorococcum sp. RAP13 culti-
vated in dairy wastewater increased from 31% under
mixotrophic conditions, to 42% under heterotrophic
growth after the addition of 6%waste glycerol from bio-
diesel industry [98]. Microalgae produced from waste-
water treatment can also be used as feedstock for
biocrude oil production through hydrothermal lique-
faction, a sustainable process that can be effectively
applied in wet biomass, mixed cultures, and low-lipid
microalgae, resulting in a potential jet fuel [92,99].

Carbohydrates represent another major component
of microalgal biomass that can be further valorized
for bioethanol production. In contrast to ethanol feed-
stock of former generations, microalgae are character-
ized by high concentration of the easily fermentable
cellulose and starch, along with low concentration of
hemicelluloses and absence of lignin [100]. With view
to decreasing the cost of biomass production and mate-
rializing algal biofuels, carbohydrate-rich biomass can
be cultivated in wastewater. Nannochloropsis oculata and
Tetraselmis suecica were effectively grown in municipal

wastewater, and the produced biomass was fermented
by Saccharomyces cerevisiae, after alkaline pretreatment,
resulting in almost 4% bioethanol yield, despite the
relatively low carbohydrate content [101].

In contrast to biodiesel and bioethanol production
which make use of a single fraction of microalgal bio-
mass, anaerobic digestion exploits the whole biomass
produced toward biogas production [93] and can be
applied without prior drying. Anaerobic digestion is
highly determined by the rigidity of microalgal cell
wall and biomass composition and can be performed
after biomass pretreatment for cell permeability and
lipid extraction or codigestion with other substrates
for enhanced nutrient balance [102,103]. Biomass pro-
duced by a consortium of C. vulgaris, S. obliquus, and
C. reinhardtii cultivated in swine wastewater under
batch and semicontinuous mode of operation, resulted
in methane yields up to 146 and 171 mL/g COD, re-
spectively [104]. Methane yield of 346 and 415 mL/g
VS was also recorded in case of Chlorella kessleri and
C. vulgaris, which were effectively grown in municipal
wastewater [105]. Another type of wastewater used
for cultivation of microalgae intended for biogas pro-
duction among others, is the effluent from anaerobic
digesters, called digestate, in the framework of an inte-
grated approach for zero-waste production of energy
[106,107]. Lastly, clean energy, in the form of bio-
hydrogen, is a highly promising option for microalgal
technology and can be produced through direct bio-
photolysis or dark fermentation [92]. Carbohydrate-
rich biomass produced during municipal wastewater
treatment was fermented by Enterobacter aerogenes,
resulting in hydrogen yield of 56.8 mL/g VS in case of
S. obliquus [108]. In addition, an output of 11.7 mL/L
hydrogen was recorded during cultivation of Chlorella
sp. with crude glycerol, a by-product from biodiesel in-
dustry, under anaerobic conditions [109].

Added-value products
Despite the high potential of microalgal biomass for
biofuels production, formation of added-value prod-
ucts should accompany energy applications, in the
framework of a biorefinery approach, which will make
scale-up of microalgae-based systems economically
feasible [110]. To this end, utilization of wastewater
and effluents to produce valuable compounds, includ-
ing proteins, pigments, vitamins, and numerous bio-
active substances represents an emerging and highly
promising field of microalgal technology. Since ancient
times, people have been using microalgae as a food and
feed ingredient, while currently microalgae have been
considered as a novel source of protein. This type of
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protein is often called single-cell protein or microbial
protein. In case effluents are used as cultivation media
for microalgal production, several concerns arise in
terms of safety and hygiene of the produced protein
source [6,111]. Especially in the case of fecally contam-
inated wastewater, multiple pretreatment steps should
be implemented before their use for microalgal biomass
destined for feed and/or food applications, to enable
public acceptance [112]. Wastewater characteristics and
operational mode significantly affect biomass compo-
sition, with high levels of nitrogen, semicontinuous
operation, and low hydraulic retention time inducing
protein accumulation [104]. Biomass of a Chlorella
strain (PY-ZU1) cultivated in swine digestate was
considered suitable for feed applications, owing to its
46% protein content and low accumulation of HMs
[113]. However, microalgae used for wastewater treat-
ment usually coexist with different types of micro-
organisms, including bacteria, zooplankton, and debris,
affecting total biomass quality. It has been found that
microalgae grown on agroindustrial wastewaters dem-
onstrate efficient nutrient removal capacity, although
poorer biomass characteristics and lower than 30%
algae abundance, when compared with purple photo-
trophic bacteria [114].

Microalgal biomass also constitutes a valuable
source of pigments, mainly chlorophylls and caroten-
oids, which have been correlated with numerous health
benefits, including prevention of cancer and cardio-
vascular diseases, antioxidant, antiinflammatory, and
antidiabetic activity, as well as several applications as
natural colorants, cosmetics, food, and feed supple-
ments [115,116]. With view to alleviating environ-
mental concerns and decreasing the upstream cost,
POME was used to cultivate Phaeodactylum tricornutum
for production of bioactive compounds, resulting in
fucoxanthin productivity of 25.4 mg/L day, under 30%
(v/v) effluent supplemented with urea [117]. In addi-
tion, carotenoid production of Phormidium autumnale
at industrial scale can reach up to 108 ton year, under
heterotrophic cultivation with slaughterhouse waste
[118]. Besides pigments, several benefits and subse-
quent applications can stem from valuable biomass
ingredients, including vitamins, minerals, polyunsatu-
rated fatty acids, phenols, and phytosterols. Addition-
ally, agriculture represents another area of application
for microalgal biomass, due to the similarities and
even enhanced characteristics compared to conven-
tional fertilizers. Several microalgal species, including
Chlorella and Arthrospira with high nutrient removal ca-
pacity, can return valuable nutrients and micronu-
trients, as well as soil organic carbon, substantially

improving soil quality and crop growth and coping
with macro- and micronutrient deficiencies [119].
Lastly, high ash content of microalgae can be an advan-
tageous characteristic, such in case of biomass of
Scenedesmus and Desmodesmus sp. grown in effluent
from a stabilization lagoon, which ash concentration
close to 20% and low concentration of HMs can result
in a high-quality digestate used as biofertilizer [120].

Concluding Remarks
In conclusion, microalgae-based wastewater treatment
and biomass valorization represent a wide area of
research and development with great potential. Even
though having several bottlenecks, mainly in terms of
economics, downstream processing and scale-up have
to be handled, many strategies anticipated tomeet these
challenges exist. To this end, exploitation of wastewater
and effluents for microalgal cultivation and bioproduct
formation offer significant advantages both for the envi-
ronment and modern societies’ needs, thus it is ex-
pected to culminate in the near future.
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