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Abstract

The increase in global pollution, industrialization and fast economic progress are considered to inflict serious con-
sequences to the quality and availability of water throughout the world. Wastewater is generated from three major
sources, i.e. industrial, agricultural, and municipal which contain pollutants, such as: xenobiotics, microplastics,
heavy metals and augmented by high amount of carbon, phosphorus, and nitrogen compounds. Wastewater treat-
ment is one of the most pressing issues since it cannot be achieved by any specific technology because of the vary-
ing nature and concentrations of pollutants and efficiency of the treatment technologies. The degradation capacity
of these conventional treatment technologies is limited, especially regarding heavy metals, nutrients, and xenobi-
otics, steering the researchers to bioremediation using microalgae (Phycoremediation). Bioremediation can be de-
fined as use of microalgae for removal or biotransformation of pollutants and CO2 from wastewater with concomi-
tant biomass production. However, the usage of wastewaters for the bulk cultivation of microalgae is advanta-
geous for reducing carbon, nutrients cost, minimizing the consumption of freshwater, nitrogen, phosphorus recov-
ery, and removal of other pollutants from wastewater and producing sufficient biomass for value addition for ei-
ther biofuels or other value-added compounds. Several types of microalgae like Chlorella and Dunaliella have
proved their applicability in the treatment of wastewaters. The bottlenecks concerning the microalgal wastewater
bioremediation need to be identified and elucidated to proceed in bioremediation using microalgae. This objective
of this paper is to provide an insight about the treatment of different wastewaters using microalgae and microal-
gal potential in the treatment of wastewaters containing heavy metals and emerging contaminants, with the spe-
cialized cultivation systems. This review also summarizes the end use applications of microalgal biomass which
makes the bioremediation aspect more environmentally sustainable.
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1. Introduction management is a critical issue of discussion in
all the sections of society, but the water re-
sources are still under the risk of either being
depleted or polluted raising an alarming situa-

tion. The reasons behind this overwhelming con-

The vitality water is well known throughout
the world and the issue of sustainable water
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dition are the tremendous increase in popula-
tion, industrialization, urbanization and eco-
nomic growth [1]. Pollution of surface or ground-
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water bodies or the mother environment is
caused mainly by the human activities increas-
ing the concentrations of the substances
(natural or synthetic) above their prescribed
limits which may cause harm to the humans
and environment [2]. As a cross sectional ele-
ment, it has been reported that around 80% of
the rivers in China are already polluted by or-
ganic and/or inorganic substances as well as by
heavy metals (HMs) and emerging contami-
nants (ECs) [3].

Wastewater is generated from three major
sources i.e., industrial, agricultural, and munic-
ipal which contain pollutants such as xenobiot-
ics, microplastics, heavy metals and augmented
by high amount of carbon, phosphorus, and ni-
trogen compounds. Wastewater treatment is
one of the most pressing issues since it cannot
be achieved by any specific technology because
of the varying nature and concentrations of pol-
lutants and efficiency of the treatment technol-
ogies [4,5]. The degradation capacity of these
conventional treatment technologies is limited,
especially regarding heavy metals, nutrients
and xenobiotics causing accumulation of these
substances in water bodies [6].

Intensified research led to the advent of mi-
croalgae because of its metabolic flexibility (can

possess autotrophic, heterotrophic and mixo-
trophic metabolism) they can become a sustain-
able and efficient biological system for the
treatment of various types of wastewater. Mi-
croalgae (Microphytes) are microscopic organ-
isms either eukaryotic or prokaryotic in struc-
ture and are typically found in fresh or marine
water bodies [7]. Microalgal photosynthesis in-
cludes light and dark reactions (Calvin cycle).
Light reaction cycles occur in the thylakoids
converting light energy to chemical energy,
while in the dark cycle the active chemical en-
ergy is transformed to stable chemical energy.
The process is depicted in Figure 1. The micro-
algae use CO: in the presence of light to pro-
duce energy. The overall photosynthetic reac-
tion fixes CO2 and produces glucose by synthe-
sizing proteins, carbohydrates, and lipids
(Equation (1)). 1.57 g of COz is required to pro-
duce 1 g of glucose [8].

6CO, +12H,0 +light + chlorophyl —
C,H,,0,+6CO, +6H,0
Thus, reduction in atmospheric COz can be
achieved by enhancing the photosynthetic effi-
ciency of microalgae.
The fundamentals about the growth and
trait of microalgae followed by their ad-
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Figure 1. Microalgae photosynthesis reaction [9].
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vantages and disadvantages can be understood
from the illustration in Figure 2. Microalgae
(green expedient) is considered as productive
and potent in the treatment of various types of
domestic and industrial wastewaters because
of: (1) Less requirement of land, (1) Low energy
requirement, (ii1)) Less residual of organ-
ics/nutrients concentration, (iv) Sludge for-
mation is lower as compared to aerobic treat-
ment technologies, (v) Effectiveness in remov-
ing heavy metals (HMs) and emerging contami-
nants (ECs), (vi) The use of wastewater for the
cultivation of microalgae can reduce drastically
the fresh water requirement (by 90%), also sup-
plementing the reduction in the cost of nutri-
ents [10]. The history of using microalgal
strains of Chlorella and Dunaliella for biomass
production and wastewater treatment is known
for more than 75 years [11].

The characteristics of wastewater is varying
in terms of pH (2.0-8.0), temperature (>40 °C
for fermentation residue from bioenergy indus-
try, <10 °C for food processing industry) and
organic load (>100 g/L for food processing in-
dustry) [12]. To handle such conditions special-
ized microalgal species are present which can
act as extremophiles, Galdieria sulphuraria is
having acidophilic nature (can tolerate pH
down to 1.8) and temperature up to 56 °C and
contain phycobiliprotein phycocyanin which is
used as nutraceutical compound [13]. There-
fore, its composition, acidic and thermophilic
nature, and its metabolism make it a potential
microalga in treating wastewater having high
temperature, COD and low pH [14]. Still there
exist many challenges in the wastewater treat-
ment using microalgae, such as: (1) need for

Trait
(1) Larger surface area.
(i1) Eukaryotic and prokaryotic photosynthetic
organisms.
(111) Rich in chlorophyl.
(iv) Size ranges from 5-50um
(v) Well defined nucleus, cell wall and
pigments.

(vi) About 300,000 explored and 30,000
archived.

—

Growth
(1) Requirements: Light, Co, Nutients(N.P.K).
(i1)Can be grown in Fresh
water/Wastewater/Saline water.
(iii) Photobioreactors(PBRs)/Open Ponds/
Raceway ponds are used for cultivation.

(iv) Codigestion is also carried because of their
acclimatising capability in different
wastewater.

Microalgae

Advantages

(i) Microalgae can produce biomass for the

production of biofuels and valueadded products.

(i) Microalgae can effectively remove nutrients
from wastewater.

(iif) Microalgae can be utilised for the
bioremediation of wasteawter and CO,
sequestration providing impetus to sustainable
environment.

(iv) Faster growth rate which is 10-50 times the
trestrial plants.

(v) Less area requirement about 49-132 times less as
compared to soybean crops.

(vi) Produce ATP(Adenosine Triphosphate) which is
e epergy currency of life.

Disadvantages

(1) Risk of contamination during culture.

(i1) High temperature may pose threat in open
pond cultivation.

(i11) Nutrient requirement is high.
(iv) Biomass harvesting is not economically

viable.

(v) long time is needed

Figure 2. Fundamentals of microalgae.
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pre-treatment/dilution, (i1) imbalance in nutri-
ents and wastewater composition, (iil) presence
of inhibiting compounds and susceptibility to
contamination, (iv) harvesting is sometimes un-
economic, and (v) low purity and productivity of
biomass [15]. The process of bioremediation of
wastewater using microalgae is depicted in Fig-
ure 3.

Bioremediation can be defined as use of mi-
croalgae for the treatment or biotransfor-
mation of nutrients/pollutants and CO2 present
in wastewaters with the concomitant produc-
tion of biomass. This mini review summarizes
the nutrient removal capability and the remov-
al of various pollutants including heavy metals
(HMs) and emerging contaminants (ECs) by
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Figure 3. Approach of wastewater bioremediation using microalgae.

Table 1. Microalgal bioremediation of wastewaters

No. Case Studies of Bioremediation Location Ref.

The use of Chlorella vulgaris obtained from Malaya Algae Culture Kuala Lumour. Malay-

1 collection for bioremediation of textile wastewater collected from sia pur, y [16]
Senawang Industrial Estate, Negeri Sembilan.

9 Treatrpent of fish processing Wastewater using Qocystis sp. Valladolid, Spain [17]
;experimentally using Photobioreactors
Domestic wastewater bioremediation using microalgae Chlorella

3 vulgaris and Scenedesmus quadricauda for physiochemical reduc- Pune, India [18]
tion.

4 Appllcatlon of Cﬁlorella vulgaris for reduction of organic and inor- Kombolcha, Ethiopia [19]
ganic pollutant in sewage treatment plant wastewater.

5 Plggfary wastewate%ﬂ t'reatment using isolated Scenedesmus obliquus Wonju, South Korea [20]
obtained from municipal wastewater effluent.

6 Phycotﬁemed}atlon of sewage dralr}age using Chlorella vulgaris, Rhi- Lahore, Pakistan [21]
zoclonium hieroglyphocum and mixed algal cultures.
Growth of Botryococcus braunii using urban wastewater from sec- .

7 . > Jaen, Spain [22]
ondary treatment plant for bioremediation purpose.
Application of bioremediation technique using Chlorella vulgaris,

8 Synechocystis salina and Gloeocapsa gelatinosa in industrial pollut-  Kerala, India [23]
ed water.

9 Application o.f mlcroalgal.bacterlal flocs for industrial wastewater Ghent, Belgium [24]
treatment using sequencing batch reactors.

10 Phycoremediation of greywater and dairy wastewater by Botryococ- Johor, Malaysia [25]

cus sp. for physiochemical parameters removal.
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using bioremediation of microalgae. The appli-
cations of some specialized photobioreactors in
the treatment of wastewaters using microalgae
are also incorporated. Previous review studies
have focused more on the biorefinery aspects of
microalgae and the open and closed systems
used for the cultivation of microalgae. This
study intends to elaborate the potential of mi-
croalgae in the treatment of various
wastewater together with the efficacy of sus-
pended and immobilized systems. The study
gives an insight to the dual mode of Bioremedi-
ation, i.e. wastewater treatment and biomass
production. The biomass is further processed to
obtain biofuels and other value-added products
is also discussed in the last section.

2. Bioremediation of Wastewater using Mi-
croalgae

Microalgae based wastewater treatment
(MBWT) is considered as one of the most con-
vincing technologies because of the potential of
microalgae in the removal of pollutants and nu-
trients. MBWT 1is having various advantages
like: (1) Bioremediation of wastewater (removal
wastewater pollutants: COD, HMs, ECs); (i)
Nutrient’s removal and recovery (e.g. Total Ni-
trogen (TN), Total Phosphorus (TP)); (iii) Re-
covery of water and reusability of culture medi-
um. Different case studies utilizing microalgae
for the bioremediation of wastewaters are sum-
marized in Table 1.

2.1 Microalgae for the Treatment of Different
Types of Wastewaters

Microalgae possess numerous advantages
such as its adaptability with varying climatic
conditions as well as varying nature of
wastewater, removal of exclusive contaminants
like polycyclic aromatic hydrocarbons (PAHs),
pesticides, endocrine disrupting compounds
(EDCs), etc., high growth rates and valoriza-
tion of microalgal biomass for biofuels and val-
ue-added products [26—28]. Since the microal-
gae are mostly photosynthetic in nature some
exclusive genera of microalgae can utilize dif-
ferent types of organic matter in heterotrophic
and mixotrophic modes subsequently reducing
the BOD/COD of the wastewaters. Other than
the bioaccumulation potential, microalgae
(monoculture/consortia) can also convert / de-
grade organic pollutants (pesticides, phenolics,
petroleum hydrocarbons) to less/no toxic com-
pounds [29]. This assists in the cultivation of
microalgae in organic rich wastewaters having
high values of COD and also enhance the bio-
mass and lipid yield [30]. The organic removal
is shown in Figure 4, while the efficacy of mi-
croalgae in the removal of COD is shown in Ta-
ble 2.

MWE treatment with microalgae shows
good results in the removal of N and P, in-
crease the DO content in the effluent and
checks the growth of bacteria [34]. A twin layer

Air & Light

CO, 1

Wastewater— Organic matter— Bacterial oxidation = Microalgal Photosynthesis— Microalgal Biomass—» Biofuels

(BOD,COD)

L.J

Green products

Figure 4. Organic removal taking place through photosynthetic oxygenation by microalgae.

Table 2. Effectiveness of microalgae in the removal of COD in wastewater.

Microalgal Species Parameter Removal performance  Ref.
Chlorella vulgaris Chemical Oxygen Demand (COD) 93% [27]
Chlorella sorokiniana  Soluble Chemical Oxygen Demand (SCOD) 70% [31]
Scenedesmus obliquus COD 90.3%-95.2% [32]
Spirulina platensis COD 90.02% [33]
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PBR was used by Shi et al. [35] to immobilize
Halochlorella rubescens for the treatment of
municipal wastewater. The rate of removal was
shown in Table 3. The concentrations were well
under the prescribed standards of European
waste framework directive.

POME (Palm oil mill effluent) usually con-
sists of very high concentrations of BOD, COD,
and organic of N and P. Hadiyanto et al. [36]
practiced the treatment consisting of two-

stages for the anaerobically treated POME. In
the first stage the treatment was done using
the aquatic plants (hyacinth and water lily) for
a period of 3-8 days, while the second stage in-
volved the treatment using Arthrospira platen-
sis (rate of growth = 0.412/d) for 15 days. The
biological treatment of Olive Mill Wastewater
(OMW) is quite problematic because of its anti-
bacterial and phytotoxic nature. Bioremedia-
tion of pre-treated OMW was evaluated by

Table 3. Effectiveness of microalgae in the treatment of different wastewater.

Cultivation . . Pollutants / Nutrients Ref.
Type of wastewater conditions Species of Microalgae Removal
Municipal Twin layer Photobio-  Halochlorella rubescens PO-4+-P=73.2%, [35]
Wastewater reactor NO-3-N=83.2%
Municipal Continuous cultiva- Scenedesmus sp. TN=36-95.3% [40]
wastewater tion (HRT 0.04-10 TP=40-100%
days)
POME Anaerobically treat-  Arthrospira platensis COD=50.8%, N=96.5% and [36]
ed POME P=85.9%
(15 days)
Olive mill Physico- chemically Chlorella pyrenoidosa COD=1.4%, Phenolic Com- [37]
wastewater pre-treated OMW pound=8% and
N=19.2%(supplemented)
Textile wastewater High-rate algae Chlorella vulgaris NH4-N=45%, PO4-P=33%, [16]
ponds (HRAPs) COD=38-62% and Color=42-
50%
Petroleum Bioremediation (48 Parachlorella kesslert BTEX=56-64% [39]
wastewater hours)
Dairy wastewater Incubation:10days Chlorella vulgaris BOD=85.6%, COD=80.62 [41]
30°C, 80RPM TN=85.47, TP=65.96%
Aquaculture Incubation:30 days Tetraselmis suecica TN=49.4%, TP=99% [42]
wastewater
Landfill leachate ~  ------ Acutodesmus obliqus TN=30%, TP=93% [43]
Pharmaceutical pH=7.5 Chlorella sorokiniana TN=70%, TP=89% [44]
wastewater
Table 4. Effectiveness of Microalgae in the removal of ECs.
Species of Microalgae Contaminant Removal % Ref.
Cymbella sp. Naproxen 97.1 [45]
Scenedesmus obliquus Diclofenac 79 [46]
Chlamydomonas sp. 178-estradiol 93.9 [47]
Chlorella sorokiniana Paracetamol 70 [48]
Chlorella PY-ZU1 Ethinylestradiol 94 [49]
Monoraphidium braunii Bisphenol A 48 [50]
Chlorella pyrenoidosa Phenol 77.2 [61]
Chlorella vulgaris Diazinon 94 [52]
Desmodesmus sp. Triclosan-phenol 92.9 [53]
Raphidocelis subcapitata Diethylstilbestrol 71.8 [54]
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Hodaifa et al. [37] using Chlorella pyrenoidosa
and found that the treatment considerably sup-
plemented the removal of phenolic compounds
and N. Wastewater coming from textile indus-
try is of varying composition (acidic to alkaline)
also having high concentration of color which
makes it red, purple, black, etc. [38]. Chlorella
vulgaris was used by Lim et al. [16] for the bio-
remediation of textile wastewater in the high
rate algae ponds (HRAPs). The results achieved
are shown in the Table 3. Petroleum
wastewater if not handled properly may leak,
leach or spill to pollute ground/surface water
bodies. The common compounds present in pe-
troleum wastewater are benzene, toluene, ethyl
benzene, and xylenes (BTEX). BTEX having
concentration of 100 png/Li was biodegraded us-
ing Parachlorella kessleri by Takacova et al.
[39] and found efficient results in 48 hours.

2.2 Microalgae in the Treatment of Heavy
Metals (HMs) and Emerging Contaminants
(ECs)

ECs are generally found in the wastewater
effluent coming from landfills and pharmaceu-
tical industries. The commonly found ECs are
pharmaceuticals, personal care products
(PCPs), endocrine disrupting compounds
(EDCs) and pesticides. Microalgae have the po-
tency to remove the ECs in the concentration
range of 9-24 pg/L [15,26]. The removal of ECs
using different genera of microalgae are shown
in Table 4.

The untreated HMs disposal may cause ad-
verse effects, because of the ineptitude in bio-
degradation causing bioaccumulation. This
may further lead to biomagnification causing
detrimental impacts on human health and en-
vironment. Microalgae can remove HMs by the
mechanism of bio absorption and cell incorpora-
tion. Microalgae can sequester HMs and can
become feasible method for bioremediating
HMs in future [1,55]. The microalgae can re-
move HMs effectively [56] as compared to other
conventional technologies if the concentration

of HMs is in traces. Chlamydomonas reinhard-
tii can efficiently remove Cd (0.64-292 mg/g of
dry biomass) and Hg2* removal capacity of 107
mg/g [567]. The effectiveness of different species
of microalgae in the removal of various heavy
metals are shown in Table 5.

3. Photobioreactors (PBRs) used in the Bi-
oremediation of Wastewater

PBRs are broadly classified as open and
closed systems having their respective ad-
vantages and disadvantages. Open systems in-
clude open ponds, raceway ponds, scrubbers
and tanks while closed systems include tubular
PBR (bubble and airlift mechanism) and flat
plate PBR [9]. Applicability of microalgae for
wastewater treatment requires additional tech-
nological optimisation in the PBRs. The sys-
tems using microalgae for the treatment of
wastewater can be categorised into: (1) Sus-
pended microalgae systems, (i1) Immobilized
microalgae systems [65].

3.1 Suspended Microalgae Systems for
Wastewater Treatment

Pond systems are commonly used reactor
systems for microalgae cultivation and
wastewater treatment due to their low cost and
simplicity of construction [66]. However, they
have the drawbacks such as limited light sup-
ply, temperature variations, poor mixing, and
low productivity of microalgal biomass. As the
supply of COz is not uniform and steady be-
cause of C:N:P imbalance and thus reducing
the productivity of microalgal biomass [67].
However, high-rate algal ponds (HRAPs) can
prove helpful to overcome some of these limita-
tions by providing better mixing as they have
paddle wheel stirrers and adequate gas intru-
sion. Improvised aeration and CO:z supply can
increase the biomass productivity and the re-
moval rates of various contaminants [68]. The
removal of N and P by microalgae suspended
systems is usually in the range of 10-97% de-

Table 5. Effectiveness of Microalgae in the removal of Heavy Metals (HMs).

Species of Microalgae Heavy metals Removal% Ref.
Scenedesmus sp. Cadmium 73 [58]
Chlorella vulgaris Chromium 50.7-80.3 [59]
Scenedesmus obliquus Copper 72.4-91.7 [60]
Chlorella sp. Lead 66.3 [61]
Psuedochlorococcum typicum Mercury 97 [62]
Chlorella miniate Nickel 60-73 [63]
Synechocystis sp. Zinc 40 [63]
Synechocystis salina Tron 66 [64]
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pending upon the type of microalgae, culture
mode, wastewater characterization, tank size
and process parameters [69]. Some of the pho-
tobioreactor systems used for the co-cultivation
of microalgae with different wastewaters are
shown in Figure 5.

Closed systems provide better opportunities
in terms of efficient light distribution and mix-
ing (bubble or airlift systems) thereby increas-
ing the biomass productivity and removal effi-
ciency as compared to open pond system [72].
The removal of various ECs were evaluated by
Matamoros et al. [73] by a pilot scale HRAP fed
with an organic loading rate of 7-29
g COD/m3/d and the results were represented
as (1) Class-A having removal >90% (caffeine,
ibuprofen); (i) Class-B having removal 60-90%
(naproxen, bisphenol A, tributyl phosphate);
(i11) Class-C having removal 40-60% (diclofenac,
benzotriazole); and (iv) Class-D having removal
<30% (methyl paraben, 2,4-D).

3.2 Immobilized Microalgae Systems for
Wastewater Treatment

Microalgae act as filters for wastewater con-
taining N and P, HMs, and ECs. As the concen-
tration of biomass is sometimes very low so the
harvesting and downstream processing be-
comes costly. In this context, immobilization of
microalgal cells has been proposed for circum-
venting the harvest problem as well as retain-
ing the high-value algal biomass for further
processing [74].

3.2.1 Microalgae Turf Scrubber

It utilizes the community of microalgae, cya-
nobacteria, and other microbes in the form of

periphyton to treat municipal and agricultural
wastewater. The mechanism is such that a
substrate liner is provided for periphyton on
the raceway having a mild slope. After that the
wastewater is streamed through the growing
biomass and the pollutants are degraded or fil-
tered.

3.2.2 Fixed bed systems

They are based on stationary metrics
(porous matrix or fibers) for microalgal immo-
bilization. The factors which are crucial in the
growth, stable formation and adhesion
strength of the biofilm are high surface to vol-
ume ratios, hydrophobicity and surface materi-
al of the matrix used will govern the removal of
pollutants present in the stream of
wastewater. Sukacova et al. [75] demonstrated
removal rates of about 92% using microalgae
and cyanobacteria in a horizontal flat panel
PBR.

3.2.3 Fluidized bed systems

Microalgal biomass is immobilized on a
floating substratum which enhances the sur-
face to volume ratios to a higher degree and
promotes better light distribution by increasing
the mixing capacity. They generally use carra-
geen beads, chitosan, or alginate to hold the
microalgal biomass. The cells permeate the po-
rous matrix of the beads and grow inside it.

Fluidized bed systems can be integrated
with other PBRs (bubble column and stirred
tank reactors) to obtain synergistic benefits in
terms of growth and treatment. The growth
and removal rate cannot be compared with
fixed bed systems, as it depends upon the type

Figure 5. Open and closed PBR systems for microalgal coupled cultivation with wastewaters [70,71]
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and material of immobilization matrix, type of
microalgae and the characteristics of
wastewater. Studies revealed the removal rate
from 82-100% of pollutants from wastewater
using fixed bed systems and carrageen-
immobilized cells of Chlorella vulgaris [76].

During last couple of years various compa-
nies from Australia, US, and UK are working
with a committed approach to produce algal bi-
omass through different wastewater sources.
The RNEW technology by Microbio-
Engineering (US) used CO: aerated and me-
chanically agitated raceway ponds for the
treatment of municipal wastewater containing
high concentration of N and P, simultaneously
producing algal biomass which is further uti-
lized to produce biofuels [77]. Oswald technolo-
gies (U.S) have developed (AIWPS) based on
the symbiotic consortium of bacteria and algae
which is used in the removal of inorganic and
organic pollutants contained in agricultural,
municipal and industrial wastewater [78]. Al-
gae systems (U.S) implemented a cost effective
offshore PBR (floating system) working on en-
vironmental CO2 and natural light and take up
the nutrients/pollutants coming from the origi-
nal source. The efficiency was quite high as it
treated about 50,000 gallons/day of municipal
wastewater while the algal biomass produced
goes through hydrothermal liquefaction (HTL)
carried onshore to obtain biofuels and bioferti-
lizers [79].

The other option is to go for immobilized mi-
croalgae photobioreactor systems. One Water
has developed the Algae Wheel system, an ad-
vanced algal-fixed film technology (Figure 6-D).
The biofilm ecosystem attached to the Algae
Wheels contains a diverse group of bacteria
and algae, and their combined synergetic effect
enhances the removal efficiency of the system.

The microalgae take up sunlight to fix COg,
released by the bacteria. The polysaccharides,
produced in photosynthesis, becomes the
source of nutrients for bacteria. In turn, the
bacteria can consume photosynthetically pro-
duced oxygen, resulting in self-regulating, sta-
ble, and ecological sustainable WWT system
[80]. The revolving algal biofilm (RAB) system
of Gross-Wen Technologies is made of an algae
biofilm attached to vertically oriented rotating
conveyor belts (Figure 6-E). While performing
photoautotrophic growth at the gaseous phase,
the attached microalgae fix N and P from the
nutrient-rich liquid. The algal biomass of the
RAB system can be easily scrapped from the
surface of the RAB system avoiding expensive
harvesting operations. The RAB system in-
creased the productivity of algal biomass and
efficiently removed the pollutants sulphate =
46%, TP = 80% and TN = 87% [81].

Some of the companies using microalgae in
the treatment of wastewater and biomass pro-
duction for various useful products are men-
tioned in Table 6, also incorporating the inno-

Figure 6. Immobilized systems for microalgae cultivation and wastewater treatment [65].
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Figure 7. End use applications of microalgae cultivated in wastewater.

Table 6. Companies involved in the bioremediation of wastewaters using microalgae.

Technologies/Companies us-

Utilization of

ing microalgae for Mechanism/PBR Pollutants/Wastewater Biomass pro- Ref
wastewater treatment duced
RNEW® Technology Mechanically mixed, N and P rich municipal Biofuels [82]
(Microbio-Engineering) CO2 gassed raceway  wastewater
U.S ponds
Advanced Integrated Employing bacterial =~ Organic/inorganic pollutants  Biofertilizer [78]
Wastewater Pond System algal consortium from agricultural and indus-  Bioplastics
(AIWPSR) or Energy Ponds™ trial wastewaters Animal feed
(Oswald green technologies)
U.S
Algae systems Offshore floating 50,000 Gallons/d Municipal Biofuels [79]
U.S PBR using natural wastewaters (75% TN, biofertilizers

light and COz condi-  93%TP and 93% BOD)

tions
Algae Enterprises Closed PBR system Municipal, agricultural, and  Methane- [83]
Australia industrial Electricity
Algal Turf Scrubber (ATS) Immobilized System  Aquaculture wastewater, Biofertilizer, [84]
by Hydro Mentia River water treatment Biofuels
Algae Wheel® system by One  Immobilized system  Different sources of Biofuels [80]
Water wastewater
RAB system of Gross-Wen Immobilized System  Sulphate contained mining Bioplastics [85]

Technologies

wastewater
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vative technologies used for the treatment. The
microalgae species used by them are not known
due to various ethical issues.

4. Downstream Applications (End Use) of
Microalgae Cultivated in Wastewaters

Microalgae is having bright future in terms
of wastewater bioremediation but still it is a
daunting task to overcome the CAPEX and
OPEX of the bulk scale cultivation and harvest-
ing of microalgal biomass. Phycologists advo-
cate that to prevail over this limitation
wastewater treatment should be coupled with
efficient downstream processing of microalgal
biomass to obtain biofuels and other value-
added derivatives [86]. End use applications of
microalgae cultivated in wastewaters i1s shown
in Figure 7.

Mostly microalgae are supposed to contain
20 to 50% lipids on a dry weight basis which
are mainly C16-C18 fatty acids having the abil-
ity to be converted to high quality biodiesel us-
ing the process of transesterification [87].
Nephroselmis sp. was cultivated in the diluted
industrial wastewater, leading to high lipid
productivity and growth rate as compared to
BBM (synthetic medium). It also contained
greater concentrations of palmitic and oleic ac-
1ds which are also helpful to produce biodiesel
[88]. Carbohydrate is another major ingredient
contained in microalgal biomass which can be
exploited for bioethanol production. Microalgae
have high concentrations of starch and cellu-
lose which can be easily fermented.

The absence of lignin with low concentration
of hemicellulose also favors the production of
bioethanol. Nannochloropsis oculata and Tetra-
selmis suecica were cultivated in municipal
wastewater and biomass produced was fer-
mented using Saccharomyces cerevisiae and 4%
bioethanol yield was achieved [89]. These were
the end use applications when a fraction of mi-
croalgal biomass was utilized, on the other
hand anaerobic digestion valorises whole of the
biomass to produce biogas [90]. Anaerobic di-
gestion using microalgal biomass is a recom-
mended process because of the rigid cell wall
possessed by microalgae. It was reported that
during the batch mode of cultivation of C. vul-
garis, S. obliquus, and C. reinhardtii consorti-
um, the produced biomass can generate me-
thane yield of 146 mL/g COD, during the an-
aerobic digestion [91].

Furthermore, S. obliquus was cultivated in
municipal wastewater producing carbohydrate
rich biomass which was later fermented using
Enterobacter aerogenes producing biohydrogen

yield of 56.8 mL/g VS [92]. It was reported that
when Chlorella strain (PY-ZU1) was cultivated
in s wine digestate, the biomass produced was
considered suitable for food/feed as it contained
46% of proteins with fewer contaminants [93].
The biomass obtained from microalgal cultiva-
tion is also rich source of pigments (chlorophyl
and carotenoids) which are useful for health
benefits as they are antidiabetic, anti-
inflammatory and antioxidant agents and work
against cardiovascular diseases and cancer
[94]. Study revealed that when Phormidium
autumnale was cultivated with slaughterhouse
wastewater heterotrophically to achieve carote-
noid production of 108 tonnes per year [95]. As
the microalgal biomass contains many more
rich ingredients like PUFA, vitamins, phenols,
poly-sterols which can further be processed to
obtain biofertilizers, cosmetics and biomateri-
als, etc. [96].

5. Author’s Perception in a Nutshell

The microalgae-based wastewater bioreme-
diation [97] has various advantages: pollution
control, especially, wastewater bioremediation,
nutrients recovery, water restoration, COz fixa-
tion, and biomass production. The performance
of bioremediation and pollution control can be
quantitatively evaluated by the following pa-
rameters, i.e.: (1) wastewater treatment {the re-
moval of wastewater pollutants (total phospho-
rus (TP), COD, heavy metal, total nitrogen
(TN), etc.)}; (1) safeguarding climate: mitiga-
tion of greenhouse gases (the fixation of COy);
(i11) reusability of culturing medium; (iv) Rich
biomass is produced when microalgae is culti-
vated in wastewaters, which can be utilized as
feed for aquaculture and biofertilizers in agri-
culture; and (v) chemical treatment produces
toxic sludge while mechanical treatments are
costly both can be avoided by using microalgal
bioremediation; (vi) Bioremediation reduces
the nutrient load, excess sludge formation
while increases the dissolved oxygen levels by
photosynthesis [98]. Species, like An-
kistrodesmus, Chlorella, Oscillatoria and
Scenedesmus, are proved to be able to treat pa-
per and mill industrial wastewaters, dying, ol-
ive oil, through biosorption and biodegradation
by the specifically extracellular ultrastructure
of microalgae or micronutrient transporters,
detoxifying in unique cellular compartments
[99]. Still there are some challenges in coupling
bioremediation of wastewater using microalgae
such as selection and isolation of most suitable
microalgal strain tolerant to the wastewater
(fresh water or saline water algal strain) [100];
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selection of wastewater which will become the
growing habitat for that particular strain
(nutrients balance) [101]; optimum pre-
treatment methods for wastewater [102]; and
risk of contamination, which is resolved by us-
ing closed photobioreactors [103]. The bioreme-
diation is a sustainable solution for the treat-
ment of wastewaters with a compelling poten-
tial for energy and nutrient recovery.

6. Conclusions

Bioremediation of wastewater using micro-
algae represent a wider area of future research
and development. Microalgae is having great
potential in terms of removal of pollutants such
as COD, N, P, HMs, and ECs. Furthermore, the
high values of N and P in different wastewaters
make it possible to use them as nutrient source
to produce microalgal biomass which can be
valorized for biofuels and other value-added
products. Nevertheless, microalgae can save
fresh water and land as it can be cultivated in
wastewater and PBR/ponds thus leading to
sustainable environment. The effectiveness of
fixed and fluidized bed systems with their
mechanism is elaborated. There are indeed
some bottlenecks like nutrient imbalance, low-
er productivity, and high cost of harvesting but
they can be tackled by going forward in opti-
mizing the process parameters and exploring
more about the green expedient (microalgae).
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