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heavy metal remediation in municipal wastewater due to

their high biosorption capacities. Furthermore, certain

microalgal strains, namely Auxenochlorella pyrenoidosa,

6 Botryococcus braunii, Microchloropsis gaditana, and

Microchaete spirulina, were described as promising

- il microalgae in the production of high crude oil yields

- through the HTL technique. The current review highlights

St i T Coendionde the integrated approach of sustainable and economical

Microsigl ~ HTL techniques using the best microalgal strains as a

technologically and environmentally feasible solution

selected through a systematic protocol for sewage water
treatment and biofuel production.
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1. Introduction

Abstract . S
The current circular economic principles demand not only

Hydrothermal liquefaction (HTL) is involved in to restrict pollution limits before wastewater release and

concurrently treating both sewage water and generating
biofuels. It involves the analysis of various operating
parameters, such as pressure, catalyst temperature, and
reaction time, to determine the productivity and
physiochemical properties of the resulting bio-oil. The
critical assessment of over 100 algal strains, compared on
the basis of their growth kinetics in different wastewater
environments and their HTL-based vyields, identified
Auxenochlorella pyrenoidosa and Microchaete spirulina
strains as the most suitable ones for optimised municipal
wastewater treatment. Additionally, other strains like
Chlorella  sorokiniana, Tetradesmus obliquus, and
Desmodesmus abundance are found to be effective for

reuse, but also focuses on the conventional wastewater
treatment (WWTPs), enabling selected waste water reuse,
savings, and cost-effective processes implementation in
wastewater recycling (Capodaglio, 2020; Mathews and
Tan, 2016). Conventional wastewater treatment increases

energy use, greenhouse gas emissions, recyclable
resource waste, and solid landfilling. Alternatively,
industrial, agricultural, and home-based effluents

wastewater treatment systems that are comprised of low-
carbon origin and high-resource recycling, encouraging
biorefinery system and circular economy principles are in
demand. The utilization of microalgal bioremediation in
wastewater treatment has the potential to facilitate the
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growth of microalgae and effectively mitigate pollutants.
According to a recent, study 1 kilogram of microalgal
biomass necessitates the utilization of 1.83 kilograms of
carbon dioxide with the potential to facilitate carbon
dioxide sequestration and wastewater treatment (Shahid
et al. 2020).

After the process of microalgal bioremediation of
wastewater, it has been observed that the predominant
component of the resulting sludge is microalgae. The
activated sludge process typically necessitates an energy
consumption of 1 kilowatt-hour per kilogram of
biochemical oxygen demand (BOD) to provide oxygen.
Cultivating microalgae in wastewater does not necessitate
the presence of oxygen, as anaerobic digestion can
generate 1 kilowatt-hour per kilogram of biochemical
oxygen demand. Various energy recovery options for
microalgal biomass encompass gasification, pyrolysis and
biochar production, fermentation with hydrothermal
liqguefaction (HTL) as one of the technologies to generate
bioethanol, bio-butanol, and biological crude (Shahid et al.
2020; Quintero-Dallos et al. 2019). The strains of
microalgae grow swiftly and can be cultivated year-round
and microalgae, particularly C. vulgaris strains, were
reported to cultivate on vinasse medium and to have a
higher oil yield and production of valuable metabolites.
They are a potential source of bioenergy due to their
higher growth rates than terrestrial biomass, their ability
to reduce carbon dioxide (CO) while growing in solid and
liquid media, and the presence of energy-rich compounds,
such as lipids, as one of their cellular contents (Mishra et
al. 2024; Huang et al. 2022). Cultivation processes of
microalgae have also been advantageous because they
can grow well on wastewater and can utilize NHJ, NO3
or PO}~ from the wastewater as their nutrient sources
(Cavalcanti et al. 2024). However, if these nutrients are to
be provided artificially, then the cost of nutrients is very
high. The yield of microalgal bio-oil is around ten times
greater than the vyield and productivity of terrestrial
biomass (Liu et al. 2024). Some drawbacks related to
microalgal yield & productivity are its cultivation and
harvesting. The cultivation and harvesting processes for
microalgae biofuel production are too expensive and
time-consuming. Generally, microalgae cultivation in a
closed photobioreactor process is more expensive than an
open raceway pond at a pilot scale. However, in open
raceway ponds, cultivation limitations are contaminations
with undesirable species; variations in light and
temperature conditions; CO, loss; etc. (Fawcett et al.
2024). Harvesting or post-cultivation microalgae recovery
from open raceway ponds is also one of the challenging
tasks. 0.02—0.06% solids (dilute suspension), less than 25
mm microbial size, and negative charge microbial surface
are the major factors that make harvesting difficult (Singh
and Patidar =, 2018). Moreover, microbial concentrations
in open raceway ponds after cultivation range from 0.1 to
2 gm/L (Pahl et al. 2013). Due to this, dewatering this
diluted microbial suspension is a challenging task. There
are various methods developed through which microalgae
can be harvested to 10 to 45 gm/L concentration (Barros
et al. 2015; Subhash et al. 2022). Microalgal growth in
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closed and open bioreactor is affected by various culture
and operating parameters like pH, light intensity, salinity,
temperature, nutrient concentration, CO, and dissolved
oxygen (Sing et al. 2013).

More light intensity in the growth medium causes the
death of microalgae due to degradation in chlorophyll-II
and causes photo inhibition (Hossain and Mahlia, 2019). In
addition, microalgae also excrete various inhibitors or
metabolites like dissolved organic matter (DOM), which is
the main reason for negative growth (Lu et al. 2019).
Therefore, these culture parameters should be optimized
to improve biomass productivity. The slow growth rate
further requires to be optimized in terms of light, carbon
fixation and high surface area during its growth phase
(Patil et al. 2008; Chen et al. 2016). Biofuel from
microalgae is referred to as 3™ generation biofuels
produced from biomass, which'is neither a food material
nor cultivated in agricultural areas (Singh et al. 2011;
Vlaskin et al. 2018). Microalgae are potential biomass to
remediate various types of wastewaters (Subhash et al.
2022). Microalgae cultivation offers a prominent solution
to treat secondary and tertiary stages of wastewater
treatments <due to its potential to utilize inorganic
phosphorus and nitrogen for their growth and
multiplication (Sawayama et al. 1998). Microalgae have
also been found to be the potential biomass to remediate
heavy metals and some toxic contaminants or organic
compounds from wastewater (Ajiboye et al. 2021;
Burakov et al. 2018). Moreover, along with a tertiary bio-
treatment of wastewater, they produced various valuable
bioproducts that can be further utilized in several
applications (Yang et al. 2022). For sustainable production
of 3™ generation biofuel, studies related to cultivation
methods of microalgae and biofuel production from
microalgae are focused. Both these processes need to be
optimized to make the production of 3™ generation
biofuel economic and sustainable. However, selecting
microalgae strains appears to be the main task for
increasing biomass productivity and lipid content (Hu et
al. 2016; Neofotis et al. 2016; Taleb et al. 2016). The
current study aims to screen suitable microalgae for large-

scale integration of sewage water treatment and
hydrothermal liquefaction process under optimized
conditions.

2. The Necessity of pretreatment of wastewater

Wastewater may contain elevated concentrations of
various compounds that can hinder the growth of
microorganisms, such as microalgae (Yang et al. 2022).
Similarly, the cloudiness and acidity level (pH) of
wastewater can also impede the growth of microalgae (Hu
et al. 2016). Treating wastewater with physicochemical
processes can create more favorable conditions for
microalgal growth and reduce the strength of the
wastewater (Neofotis et al. 2016; Taleb et al. 2016). While
ammonium is the preferred nitrogen source for
microalgae, some strains can tolerate ammonium levels as
high as 1000 pumol NH4-N L-1 (Singh et al., 2011). To
facilitate microalgal growth, pretreatment methods are
necessary to lower the ammonium concentration in
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wastewater or dilute it to a level where the chosen strain
can thrive efficiently (Chen et al. 2016)

In various types of wastewaters, including those from
metal, mining, paper, oil, and grease industries,
electrocoagulation has been employed as a pretreatment
step. This method effectively removes different chemical
additives, cloudiness, and pathogens (Bharte and Desai,
2021). Cultivating microalgal biomass in pretreated
wastewater can further reduce remaining nutrients and
cloudiness in the treated water. Treating wastewater with
a low nitrogen-to-organic carbon ratio (C/N) presents
challenges. In such cases, organic supplements are often
added to improve the efficiency of bacterial nutrient
removal as an energy source. In contrast, microalgae can
harness sunlight, soluble inorganic carbon dioxide,
nitrogen, and other nutrients to increase their cell
numbers while treating wastewater. The cellular nitrogen
content of microalgae can vary from 3% to 10%,
depending on the strain (Fasaei et al. 2018). Microalgal
and cyanobacterial strains can assimilate various forms of
nitrogen, both inorganic (such as ammonium, nitrate,
nitrite, atmospheric nitrogen) and organic (like urea,
glycine, etc.), although the efficiency may differ among
strains and growth conditions.

From a cost perspective, using microalgae to remove
phosphorus from wastewater may be a preferable option
compared to chemical precipitation and engineered
wetland-based phosphorus removal methods (Hoffman et
al. 2017). Additionally, microalgae can selectively
consume nitro and amino groups from different aromatic
compounds (e.g., aminonaphthalenes and
nitrobenzonates) as a nitrogen source, thereby reducing
the toxicity of the original pollutants (Hoffman et al.
2017). High concentrations of heavy metals in wastewater
can inhibit microalgal photosynthesis (Slegers et al. 2013).
Nevertheless, microalgae can efficiently accumulate metal
pollutants both internally and externally and can be
utilized for the removal of metals from wastewater.

3. Microalgal harvesting system

Separation of microalgae from treated water in the open
raceway pond is critical. Several methods are used for
separating microalgae from the treated water. However,
the process adopted for harvesting depends on the strain
of microalgae, the application of algal biomass and the
Table 1. Comparison of microalgae harvesting processes

final desirable product (Bharte and Desai, 2021; Fasaei et
al. 2018; Slegers et al. 2013). Various chemical, physical,
and biological methods are used to collect microalgal
biomass from treated water, including sedimentation,
flocculation, filtration, flotation and centrifugation
(Slegers et al. 2013). A combination of these two or more
processes is used to increase the harvesting efficiency
(Singh and Patidar, 2018). From the literature, it was
found that a sedimentation time of 10 minutes was the
optimum time to recover over 90% of chlorella vulgaris
from the culture medium (Zhu et al. 2018). Microalgae
strains are big enough for the sedimentation process, like
Scenedesmus and Chlorella sp., to sediment easily from
the growth medium without an agitator.

Harvesting of Chlorella vulgaris was compared using
natural flocculant (chitosan) and traditional flocculant
(aluminium sulfate). Both chitosan and aluminium sulfate
recovered more than 90% microalgal biomass ((Zhu et al.
2018). Five different strains of microalgae (Chlorella
vulgaris, Choricystis minor, Neochloris sp., Cylindrotheca
fusiformis and Nannochloropsis salina) were harvested by
flocculation by using ferric chloride and aluminium sulfate
as flocculants (Chatsungnoen and Chisti, 2016).
Aluminium sulphate and Polyaluminium chloride were
used to harvest Microchloropsis gaditana with a settling
time of 15 minutes (Sirin et al. 2013). Ecotan and Tanfloc,
as the natural flocculants, were used to harvest
microalgae from wastewater treatment ponds and found
a settling time of 6- 10 minutes (Gutiérrez et al. 2015).

Filtration of microalgae is a physical process which
achieves 100% microalgal cell recovery (Drexler and Yeh,
2014). Filtration requires a semipermeable membrane
that can retain microalgal cells and allow the water to
pass through them (hattab, 2015). However, filtration
creates fouling and clogging, requiring a change in the
filter or semipermeable membrane, increasing its
processing cost (Milledge and Heaven, 2013).
Polyacrylonitrile-based filter membrane was designed
with different properties and applied for eight microalgae
species. This membrane can harvest microalgae based on
properties like shape, size, presence of cell wall, etc
(Marbelia et al. 2016).

Process Advantages

Disadvantages References

Sedimentation The process is easy and Low cost

Slow process; Less Recovery; Applicable for

(Pittman et al. 2011)
large-size cells

Flocculation Low cost; No Equipment Demand Require particular flocculant; Recovery of (Chatsungnoen and
flocculant is difficult Chisti, 2016)
Filtration High Recovery; Low Energy Demand Discontinuous; Clogging and fouling; (Drexler and Yeh, 2014;
bilad et al. 2012)
Flotation Quick harvesting; High capital cost; Require flotation tank (Wiley et al. 2009)

Centrifugation Continuous Process; 100 % Recovery;

Efficient for the large scale

Applicable only for small-scale harvesting;
Require centrifuge chamber; High capital cost

(Barros et al. 2015)

Flotation attaches microalgae cells with tiny bubbles to
promote the floating of microalgae on the top of the

culture media in the floatation tank for easy and quick
harvesting (Ndikubwimana et al. 2016; Laamanen et al.



2016). However, generating micro-size bubbles (10—
100um) is energy-intensive (Wiley et al. 2009; Rubio et al.
2002). Centrifugation harvests microalgae from the water
based on density, particle size and shape using centrifugal
force (Sim et al. 1988; Rawat et al. 2013). This process is
time-consuming and requires a particular centrifuge
chamber to harvest microalgal cells, which is also energy-
intensive (Dassey and Theegala, 2013; Soomro et al.
2016). A Comparison of these microalgae harvesting
processes is given in Table 1. From the comparison
mentioned earlier, shown in Table 4 for microalgae
harvesting, the flocculation process is the only process
that does not require any equipment, and the energy
demand is also less compared to other harvesting
processes. Moreover, the flocculant can be reused further
for flocculation after recovery from treated water.
Therefore, flocculation is the most effective process for
microalgae separation due to its quick harvesting with low
cost, reusable and without equipment demand.

4. Microalgae as potential biomass for

production

energy

Microalgae have long been considered a potential
biomass applicable to produce various value-added
energy products like biodiesel/bio-oil, bioethanol, and
biogas (Campbell et al. 2011; Borowitzka, 2013; Shimizu,
2003; Posten and Schaub, 2009). Apart from on
production of value-added products from microalgae and
its high growth rates, it can also grow in wastewaters
(industrial, municipal and agriculture waste waters), and it
can efficiently remove their primary nutrients like
phosphorus, carbon, nitrogen, micro-pollutants & heavy
metals (Boelee et al. 2011; Cong Nguyen et al. 2020;
Kesaano and Sims, 2014). The production of renewable
products can be integrated with wastewater treatment,
CO, mitigation, medicinal value products, bio-fertilizer,
bioplastics, and animal food (Tong et al. 2014; Gallezot,
2012; Muller-Feuga, 2000; Demirbas, 2001). From these
renewable products, biodiesel'is one of the most common
products produced by the transesterification process of
algal lipids (Zhu and Ketola, 2012; Gongalves et al. 2013;
Davis et al. 2011). Gouveia and Oliveira selected six
different strains of microalgae which include C. vulgaris,
Nannochloropsis sp., Spirulina maxima, S. obliquus,
Neochloris oleoabundans and Dunaliella tertiolecta for
biodiesel production. Among these strains,
Nannochloropsis sp. (marine microalgae) and N.
oleoabundans (freshwater microalgae) were found to be
more suitable biomass for the production of biofuel with a
high oil content of 29.0% and 28.7% (Gouveia L. and
Oliveira, 2009). However, biodiesel production through
algal lipids needs microalgae drying, which is cost-
ineffective and time-consuming (McKendry, 2002). Other
strains as Nannochloropsis spp., were reported to produce
the enzymes for commercial preparations to improve lipid
recovery, influencing the efficiency of the treatment
mentioned above. So, the alternative to biodiesel is bio-oil
which can be produced by hydrothermal liquefaction of
wet algal biomass (Elliott, 2016; Brennan and Owende,
2010). A key benefit of hydrothermal liquefaction over
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conventional methods of dry biomass is that
hydrothermal liquefaction can process wet biomass of 5-
20% solids without involving energy consuming drying
step. (Zuorro et al. 2015; Vardon et al. 2012; Peterson et
al. 2008). Minowa et al. investigated bio-oil production
using D. tertiolecta by thermochemical liquefaction. They
concluded that liquefaction could also contribute to the
bioenergy production system and its potential to mitigate
global warming (Minowa et al. 1995). Bio-oil production
through hydrothermal liquefaction of different microalgae
strains is given in Table 1.

Moreover, the separation of bio-oil from water is relatively
easy, making hydrothermal liquefaction an - attractive
alternative for transforming energy from wet biomass,
including microalgae (Pienkos and Darzins, 2009; Rahpeyma
and Raheb, 2019). Presently, bioethanol is the most widely
used biofuel, primarily produced from corn and sugarcane
sugars. However, the technology is shifting towards using
algal carbohydrates as potential raw materials for bioethanol
production (Bothast and Schlicher, 2005; Basso et al. 2011;
Goldemberg, 2007). Global bioethanol production has seen a
significant surge, increasing from 1 billion to 39 billion liters in
just a few years, and is projected to reach 100 billion liters in
the near future (Licht, 2006). Microalgae are rich in various
carbohydrates, including glycogen, starch, agar, and
cellulose, which can be readily converted into fermentable
sugars for bioethanol production (Ueda et al. 1996; Horn et
al.-2000). Although bioethanol production from microalgae
represents a promising step towards sustainable biofuels,
there are still challenges related to scaling up production and
commercialization of this clean biofuel. Key areas in the
development of algal bioethanol technology that require
optimization for commercialization include the selection of
suitable algal biomass, pretreatment processes, and efficient
fermentation methods. Increasing both the biomass and
carbohydrate productivity of algal cells is essential for
economically viable bioethanol production (Pulzand Gross,
2004; Usher et al. 2014). Certain carbohydrate-rich
microalgae, such as Chlamydomonas reinhardtii and
Chlorella vulgaris, are being considered for techno-economic
analysis (TEA) in the context of bioethanol production
(Mahlia et al. 2011). TEA assesses the feasibility of
commercial bioethanol production from microalgae by
evaluating factors like total investment, overall cost, and net
profit (Arora et al. 2016; Yang et al. 2018).

Biofuel
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Figure 1. Applications of microalgae in industry, environment,
and agriculture
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The applications of microalgae are summarized in Figure 1.
5. An integrated approach

In recent times, microalgae have evolved beyond being
utilized solely as single-cell proteins, and they are now
envisioned as living-cell factories for the treatment of
sewage, heavy metal removal and production of biofuels
and a diverse range of beneficial biochemicals used in
industries such as food, aquaculture, poultry, and
pharmaceuticals.

——Torrefaction
Dry |——— Pyrolysis

L.Gasification

Algal
Biomass

— Hydrothermal liquefaction

—— Hydrothermal carbanization

—— Hydrotermal gasification

Figure 2. Block diagram on the two different routes for Biofuel
production from algal biomass (Dry and Wet)

5.1. Bio-oil production from microalgae

Over the last few decades, work has been motivated by
optimizing microalgae cultivation methods and
processing microalgae for biofuels or energy production.
Microalgae have rapid growth potential, and most
microalgae strains have bio-oil content in the range of
20-60% dry weight of biomass (Sun et al. 2019). The
growth phase of microalgae has a double rate of 3.5 h,
and catalytic processes have shown their contribution
through HTL and pyrolysis (Chisti, 2007; Zuorro et al.
2020; Spolaore et al. 2006). Biofuel from microalgae can
be produced in wet or dry forms. The processes of
biofuel production from microalgae in dry and wet form
are represented in Figure 2.

For the sustainable production of biofuel, the balance
between cost efficiency and drying efficiency should be
made to optimize the net energy output of biofuels (Li et
al. 2008). Biofuel production from dry algal biomass
includes Torrefaction, pyrolysis and gasification. The
pyrolysis of microalgae is a promising technique that
converts dry algal biomass into bio-oil at a considerable
temperature range of 400-700°C under inert conditions.
Different chemicals are present in bio-oil extracted
through the pyrolytic process, including hydrocarbons,
alkanes, phenol derivatives, aromatics, ketones, esters,
ethers, etc (Bridgwater, 2012). Moreover, the thermal
breakdown of microalgae during the pyrolysis reaction
degrades carbohydrates, lipids and proteins present in
algal biomass. The characteristics of the pyrolysis reaction
of microalgae in each component have been examined
through TGA (thermogravimetric analysis) (Chen et al.
2018). During the pyrolysis reaction of microalgae, gas is
produced due to the thermal degradation and
decomposition of components in algal biomass. The
composition of the pyrolysis gas was identified using FTIR
(Fourier transform infrared spectroscopy), composed of
CO,, H,, CO and CH4 (Li, 2017). However, the extracted

bio-oil exhibits disadvantages like low thermal and
chemical stability, high water and oxygen concentration,
and strong acidity that limits the bioenergy applications of
the algal pyrolysis process.

Torrefaction is a thermochemical technique generally
performed with dry biomass for solid fuel production.
However, wet Torrefaction or hydrothermal Torrefaction
is another technique which takes place at a temperature
range of 180-260°C in an inert environment (Gan et al.
2018). Bach et al. performed wet Torrefaction of Chlorella
vulgaris at different temperatures (160-180°C) and time
duration (5-30 min), resulting in low solid yield (Bach et al.
2017). Moreover, cleaning the flue gases after
Torrefaction and feedstock sensitivity are some challenges
faced during Torrefaction.

The cost of the processes for drying microalgae is an
important parameter that must be considered during the
production of biofuels from algal biomass (McKendry,
2002). Algae having a more significant mass fraction of
water (80-90%) (Patil et al. 2008), cannot economically
undergo any thermochemical processes like gasification
and pyrolysis (Amin, 2009; Guo et al. 2015. In such cases,
more energy and time are required to dry the microalgal
biomass, making the process unsustainable (Amin, 2009;
Guo et al. 2015; Jena and Das, 2011).

Thermochemical conversion of wet microalgal biomass,
such as- hydrothermal liquefaction, hydrothermal
gasification and hydrothermal carbonization, were the
most suitable for biofuel production (Elliott, 2016;
Vasudevan and Briggs, 2008). In these processes, whole
microalgae in wet form are pyrolyzed and converted into
bio-oil under hot compressed water (Han et al. 2019). The
bio-oil is obtained as the final product along with aqueous
(water-soluble hydrocarbon), gaseous and solid (biochar)
as by-products (Jena and das, 2011; Vasudevan and
Briggs, 2008; Han et al. 2019; Tian et al. 2014).
Hydrothermal carbonization (HTC) of microalgae has
received much attention over the past five years. HTC is a
process in which mild temperature (about 200C), pressure
(<2MPa) and time (<1h) conditions are employed to
convert microalgae into a solid residue called hydrochar
along with water-soluble products (Lopez Barreiro et al.
2013). Experiments on several microalgae strains like
Chlamydomonas reinhardtii, Synechocystis sp.,
Aphanizomenon flosaquae, Spirulina sp., Chlorella sp. and
Dunaliella salina at different temperatures and reaction
times (190-213°C and 0.5-3 h) were performed (Heilmann
et al. 2010). The authors concluded that a mild
temperature range of around 2002C and a reaction time
of around 30 minutes are substantial for appropriate
carbonization of the algal biomass. However, the low yield
of hydrochar and its high nitrogen content awaits research
in the field of HTC. In addition, the aqueous phase
products obtained as HTC by-products have high chemical
oxygen demand (COD) and thus require further treatment
(Rodriguez et al. 2021).

Hydrothermal liquefaction is a microalgae-to-bio-oil
conversion process carried out in wet form at
temperatures of 280-370°C and pressures of 10-25MPa



(Toor et al. 2011; Xu et al. 2020). Several publications
were found related to Hydrothermal liquefaction of
microalgae. The research findings of hydrothermal
liqguefaction report that it is challenging due to the
different Strains of microalgae used, the reaction
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conditions, initial pressure, solvent, use of purging gas and
catalysts used. A comparison of microalgae hydrothermal
liguefaction experimental review, microalgae strain used,
bio-oil yield reported, and experimental parameters are
represented in Table 2.

Table 2. Review of comparison on microalgal strains and bio-oil productivity through hydrothermal liquefaction

Microalgae Strain Temperature Holding Pressure Catalyst Bio-Crude References
(°C) time (MPa) Oil Yield*
(min) (Wt. %)
Auxenochlorella pyrenoidosa 280 120 - - 394 (Yuetal 2011)
Auxenochlorella pyrenoidosa 280 120 - - 394 (Yuetal 2011)
Auxenochlorella pyrenoidosa 280 120 0.69 - 57.3 (Zhang et al. 2014)
Auxenochlorella pyrenoidosa 240 30 1.03 Raney-Ni; 72 (Zzhang et al. 2014)
HZSM-5
Auxenochlorella pyrenoidosa 240 30 1.03 - 70.8 (Zhang et al. 2014)
Botryococcus braunii 300 60 3 Na,COs (5%) 64 (Dote et al. 1994)
Botryococcus braunii 310 15 - - >60 (Ren et al. 2018)
Coelastrum 350 3 15 - 41.7 (Jazrawi et al. 2013)
Coelastrum 280 30 - Porous Silica 32.5 (Xu et al. 2020)
Coelastrum sp 360 120 20 - 30 (Prapaiwatcharapan et al. 2015)
Dunaliella tertiolecta 300 60 3 - 42 (Minowa et al. 1995)
Dunaliella tertiolecta 360 50 - Na,CO3 25.8 (Zou et al. 2009)
Microchaete spirulina 350 60 5 Fe(CO)s-S 66.9 (Matsui et al. 1997)
Microchaete spirulina platensis 350 60 - - 41 (Jena and Das, 2011)
Nannochloropsis 300 30 8 Ni/TiO, 48.23 (Wang et al. 2018)
Microchloropsis gaditana 350 15 - - 54,8 (Barreiro et al. 2015)
Nannochloropsis Sp. 350 60 - - 43 (Brown et al. 2010)
Nannochloropsis Sp. 350 60 0.06 - 39 (Valdez et al. 2011)
Scenedesmus sp. 350 30 - - 36 (Wadrzyk et al. 2018)

Hydrothermal conditions such as pressure, temperature,
time and catalyst can significantly affect the yield and
characteristics of crude oil. Table 2 summarizes the yields
of crude oil reported in the literature at different
conditions of the hydrothermal liquefaction process using
different strains of microalgae. Temperature 240-280°C,
reaction pressure 5 MPa, and 30-60 minutes were
favourable conditions for hydrothermal liquefaction of
microalgae (Zhang et al. 2021; Kumar and Strezov, 2021).
Catalysts can improve the yield of crude oil and help in the
reduction of oxygen and nitrogen contents in bio-oil and
consequently increase its heating value (Sharma et al.
2019). Table 2 also summarizes different microalgae
strains, which are considered potential sources for crude
oil production through hydrothermal liquefaction. From
Table 1, the most suitable temperature, time and
operating pressure for the hydrothermal liquefaction
process of microalgae were found to be 240°C, 30
minutes and 1 MPa. Whereas Auxenochlorella
pyrenoidosa, Botryococcus braunii, Microchloropsis
gaditana and Microchaete spirulina were identified as
having high crude oil yield even without the involvement
of catalyst as they have high lipid content.

5.2. Microalgae for sewage-water treatment

The Microalgae water treatment system is an
environmentally friendly biotechnological process.
Microalgae have a fast growth rate biological source that
can grow well in wastewater containing nutrients by

absorbing organic nutrients, carbonaceous phosphorus
and nitrogenous material (Liu et al. 2013; Renuka et al.
2015; Slocombe et al. 2020). All kinds of wastewater can
be used for the commercial production of microalgae,
including municipal, agricultural, paper, refinery, and
other industrial effluents, along with varying efficiencies in
treatment performance and microalgae growth. The
various microalgae strains possess immense potential in
removing nitrogen, phosphorus, and heavy metals from
industrial wastewater through biosorption and adsorption
processes at the surface of algal cells using industrial
wastewater as their growth medium (Chinnasamy et al.
2010; Cai et al. 2013; Ji et al. 2013; Han et al. 2019).
Microalgae are not yet used on a large scale in
wastewater treatment. However, notable examples of
commercial systems exist. Microalgae shows better
growth in municipal wastewater after settling of sludge
because of the presence of higher nutrients in sewage
water (Tam and Wong, 1989; Mohsenpour et al. 2021;
Lakshmi et al. 2015). Municipal wastewater after the
primary treatment unit (sedimentation tank) can be used
to cultivate microalgae on a large scale to produce 3™
generation biofuels (Cho et al. 2011; Yang et al. 2011). The
critical factors that need to be studied for the screening of
a microalgae strain for wastewater treatment are
microalgae growth rate, environmental conditions,
nutrient source, the ease of harvesting from water,
doubling time and level of nutrient reduction. The
screening of microalgal strains for the biological removal
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of these materials from wastewater effluents has been
investigated by several studies. Microalgae Chlorella sp.
has proven the capability of reducing phosphorus,
nitrogen and COD with different retention times ranging
from 10 h to 42 days (Tam and Wong, 1989).

In the context of wastewater treatment using microalgae,
studies primarily focus on removing nitrogen,
phosphorous and organic contaminants. A symbiotic
relationship between microalgae and bacteria occurs in
wastewater treatment systems. Thus, co-culturing
microalgae with heterotrophic microorganisms enhances
wastewater treatment efficiency and increases biomass
productivity. A mixed consortium of microalgae and
bacteria was wused in a study to treat municipal
wastewater in photo-sequencing batch reactors (Foladori
et al. 2018). The authors concluded that the hydraulic
retention time (HRT) for pollutant removal was reduced
considerably, achieving high removal efficiencies for COD
and TKN (Total Kjeldahl Nitrogen). COD of sewage water is
measured for testing water quality which is calculated not
only to determine the concentration of biologically active
compounds like bacteria but also to determine the
biologically inactive organic substances in water. The
treated municipal wastewater can be reused in
waterbodies to mitigate the freshwater shortage. Boelee
et al. investigated that microalgae-based biofilms are also
used for simultaneously removing N and P from municipal
wastewater (Boelee et al. 2011). Gai et al. studied that the
presence of iron and magnesium ions in wastewater can
enhance phosphorous removal efficiency by microalgae
(Mao et al. 2021). In a recent study, Chlorella vulgaris was
cultivated in a 50 L open tank containing sewage water for,
bioremediation as well as bioenergy generation (Pooja et
al. 2022). The results showed that nitrates, COD, and BOD
(Biochemical Oxygen Demand) were reduced to 93%, 95%
and 92%, respectively. The treated sewage water was
utilized as a biofertilizer to grow tomato plants. Wu et al.
studied the importance of light given, exploring the
removal effects using an algae-bacteria system grown in
municipal wastewater (Cheng et al. 2022). The results
revealed that illumination of 60 umolm2s removed
more than 90% of the insecticide Imidacloprid and about

82.3% of nitrogen. A similar study was conducted to check
the influence of solar irradiance on municipal wastewater
treatment by microalgae-bacteria agglomerates in an 80 L
outdoor pond (Arcila and Buitron, 2017). The authors
concluded that low irradiance levels, i.e., less than
3800Wh m™d™, promoted high removal efficiencies for
total nitrogen (60 * 5%), COD (89 * 3%) and phosphates
(28 £ 7%).

The removal performances of microalgae-based
treatment systems are influenced by environmental
(nutrient concentration, pH, temperature, N:P ratio,
illumination, etc.) and operational factors (initial biomass
concentration, HRT, mixing, type of reactor, etc.) (Wang et
al. 2017). Thus, control over these technological
parameters provides the most reliable  results.
Biosorption, biodegradation and bioaccumulation are the
three mechanisms involved in environmental remediation
using microalgae (Abdelfattah et al. 2023). Different forms
of nitrogen, such as NH;*, NOs, urea, etc., are directly
synthesized to form amino acids and proteins. In the same
way, phosphates are converted to ATP and phospholipids
(Huang et al. 2023). The applicability of microalgae for
bioremediation of nutrients from wastewater has been
extensively analyzed in laboratories. Chlorella and
Scenedesmus species members are widely studied due to
their dominance in freshwater ecosystems (Whitton).
However, cyanobacteria, diatoms and other
Chlorophyceae species are not widely investigated for
wastewater treatment application and await further
research. Conventional algae-based wastewater systems
must be integrated with more advanced technologies for
commercial sustainability. Hence, the multifaceted role of
microalgae provides green solutions to implement a
sustainable economy. The comparison of different
microalgal strains for the reduction of nitrogen,
Phosphorus and COD based on literature is represented in
Table 3. From the abovementioned comparison of
different microalgae strains, Chlorella and spirulina were
the most effective for municipal wastewater treatment as
they caused maximum percentage reduction of nitrogen,
phosphorus and COD, respectively.

Table 3. Comparison of physical factors and their reduction in using different microalgal strains for bioremediation of municipal

wastewater
Microalgae Species % Reduction References
Nitrogen Phosphorus COD
Auxenochlorella pyrenoidosa 93.9 80 - (Tam and wong, 1989)

C. sorokiniana 71 72.8 46 (Chen et al. 2017)

C. sorokiniana 62 47 - (Covarrubias et al. 2012)
Chlorella sp. 89.1 80.9 90.8 (Li et al. 2011)
Chlorella sp. 93 86 24.8 (Licht, 2006)

Chlorella sp., Scenedesmus sp. 92.94 82.85 85.44 (Kim et al. 2014)
Chlorella vulgaris 84.81 36.12 82.3 (Choi and Lee, 2012)
Chlorella vulgaris - - 97 (Shen et al. 2017)
Chlorella vulgaris - 94.1 76.3 (Chaudhary et al. 2018)

Microchaete spirulina platensis 85.5 91 98.7 (Li et al. 2018)

Tetradesmus obliquus - 91.3 75.9 (Chaudhary et al. 2018)




5.3. Heavy metal remediation

Due to anthropogenetic activities, the concentration of
various heavy metals has significantly increased in the
environment over the past years. This increase in the
concentration has led to increased exposure to heavy
metals which finally leads to an increase in heavy metal-
associated disorders. The heavy metals which are most
problematic include copper (Cu), chromium (Cr), Cadmium
(Cd), magnesium (Mn), zinc (Zn), iron (Fe), lead (Pb) and
mercury (Hg). These heavy metals are toxic in low or trace
concentrations (Javanbakht et al. 2014). Waste water

TIWARI et al.

produced from industries like agriculture, mining, battery
manufacturing etc., is often polluted due to containing
vast quantities of heavy metals. Various conventional
adsorbents synthesized, including activated carbons, clays
and zeolites, and various nanostructures were found to be
effective for reducing these heavy metals from
wastewater (Burakov et al. 2018). Moreover, various
biosorbents like plant material, fungi and microalgae were
also used to remove these heavy metals from industrial
and municipal wastewater (Ajiboye et al. 2021).

Table 4. Microalagal strains in the removal of heavy metals from various waste wasters through HTL processing technology (Goswami

et al. 2022)

Microalgae Strains Heavy metals

Type of wastewater % of removal after HTL

Nanochloropsis Iron, Aluminium

Municipal and wastewater with high salt 95

concentration

Nannochloropsis oculata Copper

Mines wastewater 99.92 _ 0.04%

Pavlova lutheri Iron, Aluminium

Municipal and wastewater with high salt 95

concentration

Tetraselmis chuii Iron, Aluminium

Municipal and wastewater with high salt 95

concentration

Chaetoceros muelleri Iron, Aluminium

Municipal and wastewater with high salt 95

concentration

Scenedesmus incrassatulus ~ Chromium, Copper, Cadmium

Artificial wastewater 25-78%

Scenedesmus sp. Zinc and Iron

Acid mine wastewater Zinc: 84.14% lron 65.76%

Chlorella vulgaris Copper and molybdenum

Scenedesmus spinosus Copper and molybdenum

Metal mine tailings wastewater

Cu: 64.7%, Mo: 99.9%

The concentration of the heavy metals in wastewater of
Bindal pul, Dehradun, Uttarakhand is Pb 0.88 mg/I, Cu
0.45 mg/l, Zn 0.83 mg/I, Ni 0.94 mg/I, Cd 0.13 mg/l and Cr
0.58 mg/l). They found the maximum bioaccumulation of
heavy metals of Cu (36.75 + 6.19 mg/kg), Pb (196.91 +
8.13 mg/kg), Ni (125.48 + 5.97 mg/kg), Zn (305.54 + 14.30
mg/kg), Cr (93.06 = 3.25 mg/kg) and Cd (29.58 + 4.26
mg/kg), in agricultural wastewater by using Beta vulgaris,
Spinacea oleracea, Brassica oleracea and Phaseolus
vulgaris (Chopra and Pathak, 2015). Both microalgae and
macroalgae have the potential of biosorbents for heavy
metals from wastewater (Zhu and Hiltunen, 2018; Brinza
et al. 2007; Li et al. 2019). Microalgae, Parachlorella,
Kessler were inoculated as a biosorbent for heavy metals
reduction from. synthetic wastewater. The biosorption
efficiency of Parachlorella kessleri for lead (II) was 99.54%
in 9 days, and remediate of each heavy metal was in the
order of Pb(Il) > Co(ll) > Cu(ll) > Cd(ll) > Cr(ll) (Sultana et al.
2020). Microalgae, F. vesiculosus, was found to remediate
70.1 + 1.9 nickel, 143.2 £ 7.5 cadmium and 516.3 + 12.5
lead (mg/g), respectively (V.R.M et al. 2019). Similarly,
Khajavian etal. observed the bioremediation ability of
brown algaeCystoseria indicant by remediating 55.34mg/g
cadmium and 18.17mg/g Nickel (Khajavian et al. 2019).
Anbaena spharicawas also reported to remediate
121.95mg/g lead and 111.1mg/g Cadmium using fresh
water aqueous medium (Abdel-aty et al. 2013).

Chlorella sorokiniana was found to be a strong microalga
which can tolerate high concentrations of heavy metals
from wastewater even in different ranges of temperature,

pH and other environmental conditions (lzadpanahb et al.
2018; AKHTAR, 2004; Yoshida et al. 2006). Similarly,
Chlorella sorokiniana successfully tolerated upto 250uM
Cadmium from the wastewater, the most carcinogenic
and mutagenic heavy metal in municipal wastewater
(Ledn-Vaz et al. 2021; Tchounwou et al. 2012).

Microalgae, Scenedesmus and Chlorellaspecies were
reported to be the most used microalgae for the
reduction of heavy metals. These species were found to
have high biosorption capabilities (Chugh et al. 2022). The
microalgae genusChlorella is a single-celled and spherical
microalgae with a diameter of 2-10um. Moreover,
Chlorella is also currently the most cultivated microalgae
strain worldwide due to its fast growth rate and high
photosynthetic efficiency with substantial nutritional
value (Masojidek and Torzillo, 2008). Chlorella cells
contain 70% protein (dry biomass), which is also very
valuable biomass in the food industry (Liu and Hu, 2013).
Chlorella vulgaris is the most reported strain of Chlorella
species with high heavy metal reduction.

Microalgae genus Scenedesmus was also found to be the
most commonly freshwater-based microalgae which are
commonly used for various applications such as
wastewater treatment and oil production (Pignolet et al.
2013). A very dense cell wall in the Scenedesmus species
makes it more digestion-resistant.

Microalgae consortia with other bacteria like
cyanobacterial  species, Clostridium needles and
Chlamydomonassalina were prepared for the reduction of
arsenic heavy metal. This was adsorbed by the cell wall of
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microalgae consortia with bacteria through various
functional groups like carbonyl, hydroxyl and thiol present
on the surface of their cell wall (Hussain et al. 2021). The
maximum remediation rate of arsenic was reported by
Gao et al., where consortia of Aspergillusoryzaeand
Chlorella vulgaris biomass at pH 7, 140 rpm with five g/L
concentration of glucose (Gao et al. 2020). Bodin et al.
also reported the remediation of Cadmium through the
bio pellets synthesis from microalgae Chlorella vulgaris
and fungiAspergillus nigerand found to be more in
consortia from 40% to 56% when it is compared
toChlorella vulgaris alone (Bodin et al. 2017).

Microalgae, Desmodesmus abundans in living and
nonliving form act as a biosorbent for the remediation of
Cadmium and copper from water (Terry and Stone, 2002).

Moreover, the other microalgal species like
Chlamydomonas  reinhardtii, — Microchaete  spirulina
platensis, Auxenochlorella pyrenoidosa, Planothidium

lanceolatum, Pleurococcus miniatus, efficiently remediate
the heavy metals from wastewater (Macfile and
Welbourn, 2000; Sandau et al. 1996; Yan and Pan, 2002;
Shini, 2012; Lau et al. 1999, Malik et al. 2023).

6. Conclusion

Integrating a 3™ generation biofuel production and
sewage water treatment system using microalgae must be
optimized to make it technically and economically more
feasible (Sanchez-Galvis et al. 2020; rangel_Basto et al.
2018; Malik et al. 2023). A detailed study is required to
select appropriate strains from the abundant varieties of
algal species and their wastewater treatment efficiency in
a large-scale open system, along with their potential to
produce biofuel. More than 100 microalgae strains were

identified and compared for integrating sewage
wastewater and HTL. Microalgae, Auxenochlorella
pyrenoidosa, Botryococcus  braunii, - Microchloropsis

gaditana and Microchaete spirulina can produce high
crude oil yield even without a catalyst. From these strains,
Auxenochlorella pyrenoidosa and Microchaete spirulina
sp. were also identified and used for municipal
wastewater. Other  microalgal  strains like Chlorella
sorokiniana, Tetradesmus obliquus and Desmodesmus
abundans were identified and used for heavy metals
remediation ~ from . municipal wastewater. These
microalgae can also be the source for bio-oil production
through hydrothermal liquefaction, as only a little
literature work has been identified related to these
strains. Harvesting processes by self-flocculation and
sedimentation were most suitable for economically
separating microalgal biomass from water. Natural fiber-
Chitosan and Chemical flocculant- Aluminum Sulfate are
identified as suitable reagents for feasible harvesting of
microalgal biomass.

7. Future perspectives

Microalgae can remove various pollutants from effluent
and several novel technologies has been implemented in
harvesting of microalgal cells. They can efficiently
assimilate and metabolize organic compounds, nitrogen,
phosphorus, and other nutrients present in wastewater.

They also could purify heavy metal-contaminated water.
Toxic contaminants, including Cadmium, lead, mercury,
and chromium, threaten human and environmental
health. In addition, because of their high lipid content,
they are used to produce bio-oil that can be used in neat
or blended form as an alternative to conventional fuels.
Moreover, the aqueous phase hydrocarbon obtained as a
by-product of HTL can be the source of microalgae
cultivation. So, significant contributions are made by
microalgae to wastewater remediation, heavy metal
removal, and bio-oil production. Their adaptability,
nutrient-removal  capabilities, heavy metal-binding
properties, and lipid-rich composition make them a
promising tool for addressing environmental issues and
investigating sustainable energy alternatives.

Funding

This research was conducted under the project entitled
“Microalgae-mediated wastewater reclamation with bio-
oil and biogas production: a sustainable approach” project
no DST/TMD/EWO/WTI/2K19/EWFH/2019/253
sanctioned by Department of Science and Technology,
Govt. of India,

Data Availability Statement

Data will be made available on request.

Acknowledgements

The authors acknowledge the funding from the Department of
Science and Technology, New Delhi, for sanctioning project no
DST/TMD/EWO/WTI/2K19/EWFH/2019/253. The authors are
thankful to the management of UPES, Dehradun, for providing
unconditional support for the study and thankful to the Centre
for Renewable Energy & Sustainable Development, VIKALP (Nai
Dishayen), New Delhi.

Abbreviations

ATP- Adenosine Triphosphate
BOD-Biological Oxygen Demand
COD- Chemical Oxygen Demand
HTC- Hydrothermal carbonization
HTL - Hydrothermal Liquefaction
N- Nitrogen

P-Phosphorus

Conflicts of Interest

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this

paper.
References

Abdel -Aty A.M., Ammar N.S., Abdel Ghafar H.H. Ali R. K. (2013).
Biosorption of Cadmium and lead from aqueous solution by
fresh water alga Anabaena sphaerica biomass. Journal of
Advanced Research, 4(4), 367-374. https://doi.org/10.1016/
j.jare.2012.07.004

Abdelfattah A., Ali S.S., Ramadan H., El-Aswar E.I., Eltawab R., Ho
S.H. and Sun J. (2023). Microalgae-based wastewater
treatment: Mechanisms, challenges, recent advances, and

9



10

future prospects. Environmental Science and Ecotechnology.
Editorial Board, Research of Environmental
https://doi.org/10.1016/j.ese.2022.100205
Ajiboye T.0., Oyewo O.A. (2021).
Simultaneous removal of organics and heavy metals from
industrial wastewater: A review. Chemosphere, 262, 128379.
https://doi.org/10.1016/j.chemosphere.2020.128379
AKHTAR N. (2004). Removal and recovery of nickel (II) from
aqueous solution by loofa sponge-immobilized biomass of

Sciences.

and Onwudiwe D.C.

Chlorella sorokiniana: characterization studies. Journal of
Hazardous Materials, 108(1-2), 85-94. https://doi.org/
10.1016/j.jhazmat.2004.01.002

Amin S. (2009). Review on biofuel oil and gas production
processes from microalgae. Energy Conversion and
Management, 50(7), 1834-1840. https://doi.org/
10.1016/j.enconman.2009.03.001

Arcila J.S. and Buitron G. (2017). Influence of solar irradiance
levels on the formation of microalgae-bacteria aggregates
for municipal wastewater treatment. Algal Research, 27,
190-197. https://doi.org/10.1016/j.algal.2017.09.011

Arora N., Patel A., Sartaj K., Pruthi P.A. and Pruthi V. (2016).
Bioremediation of domestic and industrial wastewaters
integrated with enhanced biodiesel production using novel
oleaginous microalgae. Environmental Science and Pollution
Research, 23(20), 20997-21007. https://doi.org/10.1007/
s11356-016-7320-y

Bach Q.V., Chen W.H., Lin S.C., Sheen H.K. and Chang J.S. (2017).
Wet torrefaction of microalga Chlorella vulgaris ESP-31 with
microwave-assisted heating. Energy Conversion and
Management, 141, 163-170. https://doi.org/
10.1016/j.enconman.2016.07.035

Barreiro D.L.,, Gomez B.R., Hornung U., Kruse A. and Prins W.
(2015). Hydrothermal Liquefaction of Microalgae in a
Continuous Stirred-Tank Reactor. Energy & Fuels, 29(10),
6422-6432.
https://doi.org/10.1021/acs.energyfuels.5b02099

Barros A.l.,, Gongalves A.L., SimGes M. and Pires J. C.M. (2015).
Harvesting techniques applied to microalgae: A review.
Renewable and Sustainable Energy Reviews, 41, 1489-1500.
https://doi.org/10.1016/j.rser.2014.09.037

Barros A.l., Gongalves A.L., Simdes M. and Pires J.C.M. (2015).
Harvesting techniques applied to microalgae: A review.
Renewable and Sustainable Energy Reviews, 41, 1489-1500.
https://doi.org/10.1016/j.rser.2014.09.037

Basso L.C., Basso T.0. and Rocha S.N. (2011). Recent
developments and prospects in biofuel production. In:
Bernardes MA, editors, 85—-100.

Bharte S. and Desai K. (2021). Techniques for harvesting, cell
disruption and lipid extraction of microalgae for biofuel
production. Biofuels, 12(3), 285-305.
https://doi.org/10.1080/17597269.2018.1472977

Bilad M.R., Vandamme D., Foubert 1., Muylaert K. and
Vankelecom I.F.J. (2012). Harvesting microalgal biomass
using submerged microfiltration membranes. Bioresource
Technology, 111, 343-352. https://doi.org/10.1016/
j.biortech.2012.02.009

Bodin H., Asp H. and Hultberg M. (2017). Effects of pellets
composed of microalgae and fungi on Cadmium present at
environmentally relevant levels in the water. International
Journal of Phytoremediation, 19(5), 500-504.
https://doi.org/10.1080/15226514.2016.1244170

TIWARI et al.

Boelee N.C., Temmink H., Janssen M., Buisman C.J.N. and
Wijffels R.H. (2011). Nitrogen and phosphorus removal from
municipal wastewater effluent using microalgal biofilms.
Water Research, 45(18), 5925-5933.
https://doi.org/10.1016/j.watres.2011.08.044

Boelee N.C., Temmink H., Janssen M., Buisman C.J.N. and
Wijffels R.H. (2011). Nitrogen and phosphorus removal from
municipal wastewater effluent using microalgal biofilms.
Water Research, 45(18), 5925-5933.
https://doi.org/10.1016/j.watres.2011.08.044

Borowitzka M.A. (2013). High-value products from microalgae—
their development and commercialization. Journal of Applied
Phycology, 25(3), 743-756. https://doi.org/10.1007/s10811-
013-9983-9

Bothast R.J. and Schlicher M.A. (2005). Biotechnological
processes for conversion of corn into ethanol. Applied
microbiology and biotechnology, 67, 19-25.

Brennan L. and Owende P. (2010). Biofuels from microalgae—A
review of technologies for production, processing, and
extractions of biofuels and co-products. Renewable and
Sustainable Energy Reviews, 14(2), 557-577.
https://doi.org/10.1016/j.rser.2009.10.009

Bridgwater A.V. (2012). Review of fast pyrolysis of biomass and
product upgrading. Biomass and Bioenergy, 38, 68-94.
https://doi.org/10.1016/j.biombioe.2011.01.048

Brinza L., Dring M.J. and Gavrilescu M. (2007). MARINE MICRO
AND MACRO ALGAL SPECIES AS BIOSORBENTS FOR HEAVY
METALS. Environmental Engineering and Management
Journal, 6(3), 237-251.
https://doi.org/10.30638/eem;.2007.029

Brown T.M., Duan P. and Savage P.E. (2010). Hydrothermal
Liquefaction and Gasification of Nannochloropsis sp. Energy
& Fuels, 24(6), 3639-3646. https://doi.org/
10.1021/ef100203u

Burakov A.E., Galunin E.V., Burakova LV., Kucherova A.E.,
Agarwal S., Tkachev A.G. and Gupta V.K. (2018). Adsorption
of heavy metals on conventional and nanostructured
materials for wastewater treatment purposes: A review.
Ecotoxicology and Environmental Safety, 148, 702-712.
https://doi.org/10.1016/j.ecoenv.2017.11.034

Cai T., Park S.Y. and Li Y. (2013). Nutrient recovery from
wastewater streams by microalgae: Status and prospects.
Renewable and Sustainable Energy Reviews, 19, 360—-369.
https://doi.org/10.1016/j.rser.2012.11.030

Campbell P.K.,, Beer T. and Batten D. (2011). Life cycle
assessment of biodiesel production from microalgae in
ponds. Bioresource Technology, 102(1), 50-56.
https://doi.org/10.1016/j.biortech.2010.06.048

Capodaglio A.G. (2020). Fit-for-purpose urban wastewater reuse:
Analysis of issues and available technologies for sustainable
multiple  barrier  approaches.  Critical
Environmental Science and Technology, 1-48.

Cavalcanti E.J., Barbosa D.S. and Carvalho M. (2024). Biodiesel
production from  microalgae: Exergoeconomic and
exergoenvironmental assessments. Energy Conversion and
Management, 302, 118113.

Chatsungnoen T. and Chisti Y. (2016). Harvesting microalgae by
flocculation—sedimentation. Algal Research, 13, 271-283.
https://doi.org/10.1016/j.algal.2015.12.009

Chaudhary R., Dikshit A.K. and Tong Y.W. (2018). Carbon-dioxide
fixation and phytoremediation of municipal wastewater

Reviews in



A COMPREHENSIVE REVIEW ON HYDROTHERMAL LIQUEFACTION SCREENING USING MICROALGAE IN SEWAGE WATER TREATMENT

using Chlorella vulgaris and Scenedesmus obliquus.
Environmental Science and Pollution Research, 25(21),
20399-20406. https://doi.org/10.1007/s11356-017-9575-3

Chen R., Liu Y. and Liao W. (2016). Using an environmentally
friendly process combining electrocoagulation and algal
cultivation to treat high-strength wastewater. Algal
Research, 16, 330-337

Chen T., Zhao Q., Wang L., Xu Y. and Wei W. (2017). Comparative
Metabolomic Analysis of the Green Microalga Chlorella
sorokiniana Cultivated in the Single Culture and a
Consortium with Bacteria for Wastewater Remediation.
Applied Biochemistry and Biotechnology, 183(3), 1062—-1075.
https://doi.org/10.1007/s12010-017-2484-6

Chen W.-H., Chu Y.-S,, Liu J.-L. and Chang J.-S. (2018). Thermal
degradation of carbohydrates, proteins and lipids in
microalgae analyzed by evolutionary computation. Energy
Conversion and Management, 160, 209-219.
https://doi.org/10.1016/j.enconman.2018.01.036

Cheng Y., Deng Z., Wang H., Wang J., Liu Z., Xiao J. and Wu L.
(2022). Efficient removal of Imidacloprid and nutrients by
microalgae-bacteria consortium in municipal wastewater:
effects, mechanism, and importance of light. Journal of
Chemical Technology & Biotechnology, 97(10), 2747—-2755.
https://doi.org/10.1002/jctb.7142

Chinnasamy S., Bhatnagar A., Hunt R.W. and Das K.C. (2010).
Microalgae cultivation in wastewater dominated by carpet
mill  effluents for biofuel applications. Bioresource
Technology, 101(9), 3097-3105.
https://doi.org/10.1016/j.biortech.2009.12.026

Chisti Y. (2007). Biodiesel from microalgae. Biotechnology
Advances, 25(3), 294-306. https://doi.org/10.1016/
j.biotechadv.2007.02.001

Cho S., Luong T.T., Lee D., Oh Y.-K. and Lee T. (2011). Reuse of
effluent water from a municipal wastewater treatment plant
in microalgae cultivation for biofuel production. Bioresource
Technology, 102(18), 8639-8645. https://doi.org/10.1016/
j.biortech.2011.03.037

Choi H.-J. and Lee S.-M. (2012). Effects of Microalgae on the
Removal of Nutrients from Wastewater: Various
Concentrations of and It; | and gt; Chlorella vulgaris&lt;/i&gt;
Environmental Engineering Research, 3-8.
https://doi.org/10.4491/eer.2012.17.51.53

Chopra A.K. and Pathak C. (2015). Accumulation of heavy metals
in the vegetables grown in wastewater-irrigated areas of
Dehradun, India, with reference to human health risk.
Environmental Monitoring and Assessment, 187(7), 445.
https://doi.org/10.1007/s10661-015-4648-6

Chugh M., Kumar L., Shah M.P. and Bharadvaja N. (2022). Algal
Bioremediation of heavy metals: An insight into removal
mechanisms, recovery of by-products, challenges, and future
opportunities. Energy Nexus, 7, 100129. https://doi.org/
10.1016/j.nexus.2022.100129

Cong Nguyen N., Cong Duong H., Chen S.-S., Thi Nguyen H., Hao
Ngo H., Guo W. and Dan Nguyen P. (2020). Water and
nutrient recovery by a novel moving sponge—Anaerobic
osmotic membrane bioreactor—-Membrane distillation
(ANOMBR-MD) closed-loop system. Bioresource Technology,
312, 123573. https://doi.org/10.1016/j.biortech.2020.123573

Covarrubias S.A., de-Bashan L.E., Moreno M. and Bashan Y.
(2012). Alginate beads provide a beneficial physical barrier
against native microorganisms in wastewater treated with

immobilized bacteria and microalgae. Applied Microbiology
and Biotechnology, 93(6), 2669-2680.
https://doi.org/10.1007/s00253-011-3585-8

Dassey A.J. and Theegala C.S. (2013). Harvesting economics and
strategies using centrifugation for cost-effective separation
of microalgae cells for biodiesel applications. Bioresource
Technology, 128, 241-245. https://doi.org/10.1016/
j.biortech.2012.10.061

Davis R., Aden A. and Pienkos P.T. (2011). Techno-economic
analysis of autotrophic microalgae for fuel production.
Applied Energy, 88(10), 3524-3531.
https://doi.org/10.1016/j.apenergy.2011.04.018

Demirbas A. (2001). Biomass resource facilities and biomass
conversion processing for fuels and chemicals. Energy
Conversion and Management, 42(11), 1357-1378.
https://doi.org/10.1016/50196-8904(00)00137-0

Dote Y., Sawayama S., Inoue S., Minowa T. and Yokoyama S.
(1994). Recovery of liquid fuel from hydrocarbon-rich
microalgae by thermochemical liquefaction. Fuel, 73(12),
1855-1857. https://doi.org/10.1016/0016-2361(94)90211-9

Drexler I.L.C. and Yeh D.H. (2014). Membrane applications for
microalgae cultivation and harvesting: a review. Reviews in
Environmental Science and Bio/Technology, 13(4), 487-504.
https://doi.org/10.1007/s11157-014-9350-6

Elliott D.C. (2016). Review of recent reports on process
technology for thermochemical conversion of whole algae to
liquid fuels. Algal Research, 13, 255-263.
https://doi.org/10.1016/j.algal.2015.12.002

Fasaei F., Bitter J.H., Slegers P.M. and van Boxtel A.J.B. (2018).
Techno-economic evaluation of microalgae harvesting and
dewatering systems. Algal Research, 31, 347-362.
https://doi.org/10.1016/j.algal.2017.11.038

Fawcett C., Laamanen C. and Scott J. (2024). Use of microalgae in
animal feeds. In Sustainable Industrial Processes Based on
Microalgae (235-264). Elsevier.

Foladori P., Petrini S. and Andreottola G. (2018). Evolution of real
municipal wastewater treatment in photobioreactors and
microalgae-bacteria consortia using real-time parameters.
Chemical Engineering Journal, 345, 507-516.
https://doi.org/10.1016/j.cej.2018.03.178

Fon S.S., Isdepsky A., Borowitzka M.A. and Moheimani N.R.
(2013). Production of biofuels from microalgae. Mitigation
and Adaptation Strategies for Global Change, 18(1), 47-72.
https://doi.org/10.1007/s11027-011-9294-x

Gallezot P. (2012). Conversion of biomass to selected chemical
products. Chemical Society Reviews., 41(4), 1538-1558.
https://doi.org/10.1039/C1CS15147A

Gan Y.Y., Ong H.C., Show P.L,, Ling T.C., Chen W.H., Yu K. L. and
Abdullah R. (2018). Torrefaction of microalgal biochar as
potential coal fuel and application as bio-adsorbent. Energy
Conversion and Management. Elsevier Ltd.
https://doi.org/10.1016/j.enconman.2018.03.046

Gao Z,, Jiang C., Liu R., Yang Z. and Zhang T. (2020). Optimization
of the preparation of fungal-algal pellets for use in the
remediation of arsenic-contaminated water. Environmental
Science and Pollution Research, 27(29), 36789-36798.
https://doi.org/10.1007/s11356-020-09757-2

Goldemberg J. (2007). Ethanol for a sustainable energy future.
science, 315(5813), 808-810.

Gongalves A.L., Pires J.C.M. and SimGes M. (2013). Green fuel
production: processes applied to microalgae. Environmental



12

Chemistry Letters, 11(4),
https://doi.org/10.1007/s10311-013-0425-3

Goswami R.K., Agrawal K., Shah M.P. and Verma P. (2022).
Bioremediation of heavy metals from wastewater: a current
perspective on microalgae-based future. Letters in applied
microbiology, 75(4), 701-717. https://doi.org/10.1111/
lam.13564

Gouveia L. and Oliveira A.C. (2009). Microalgae as a raw material
for biofuel production. Journal of Industrial Microbiology &
Biotechnology, 36(2), 269-274. https://doi.org/10.1007/
$10295-008-0495-6

Guo Y., Yeh T., Song W., Xu D. and Wang S. (2015). A review of
bio-oil production from hydrothermal liquefaction of algae.
Renewable and Sustainable Energy Reviews, 48, 776—790.
https://doi.org/10.1016/j.rser.2015.04.049

Gutiérrez R., Passos F., Ferrer I., Uggetti E. and Garcia, J. (2015).
Harvesting microalgae from wastewater treatment systems
with natural flocculants: Effect on biomass settling and
biogas production. Algal Research, 9, 204-211.
https://doi.org/10.1016/j.algal.2015.03.010

Han S.-F., Jin W., Abomohra A.E.-F., Tu R., Zhou X., He Z. and Xie
G. (2019). Municipal Wastewater Enriched with Trace Metals
for Enhanced Lipid Production of the Biodiesel-Promising
Microalga Scenedesmus obliquus. BioEnergy Research, 12(4),
1127-1133. https://doi.org/10.1007/s12155-019-10042-5

Han Y., Hoekman S.K.,, Cui Z., Jena U. and Das P. (2019).
Hydrothermal liquefaction of marine microalgae biomass
using  co-solvents.  Algal Research, 38, 101421.
https://doi.org/10.1016/j.algal.2019.101421

hattab M. al. (2015). Microalgae Harvesting Methods for
Industrial Production of Biodiesel: Critical Review and
Comparative  Analysis. Journal of Fundamentals of
Renewable Energy and Applications, 05(02).
https://doi.org/10.4172/2090-4541.1000154

Heilmann S.M., Davis H.T., Jader L.R., Lefebvre P.A., Sadowsky
M.J., Schendel F.J. and Valentas K.J. (2010). Hydrothermal
carbonization of microalgae. Biomass and Bioenergy, 34(6),
875-882. https://doi.org/10.1016/).BIOMBIOE.2010.01.032

Hoffman J., Pate R.C., Drennen T. and Quinn J.C. (2017). Techno-
economic assessment of open microalgae production
systems. Algal Research, 23, 51-57.
https://doi.org/10.1016/j.algal.2017.01.005

Horn S.J., Aasen I.M. and @stgaard K. (2000). Production of
ethanol from mannitol by Zymobacter palmae. Journal of
Industrial Microbiology and Biotechnology, 24, 51-57.

Hossain N. and Mabhlia T.M.I. (2019). Progress in physicochemical
parameters of microalgae cultivation for biofuel production.
Critical Reviews in Biotechnology, 39(6), 835-859.
https://doi.org/10.1080/07388551.2019.1624945

Hu X., Zhou J., Liu G. and Gui B. (2016). Selection of microalgae
for high CO2 fixation efficiency and lipid accumulation from
ten Chlorella strains using municipal wastewater. Journal of
Environmental Sciences, 46, 83-91.
https://doi.org/10.1016/j.jes.2015.08.030

Huang H., Zhong S., Wen S., Luo C. and Long T. (2022). Improving
the efficiency of wastewater treatment and microalgae
production for biofuels. Resources,
Recycling, 178,
https://doi.org/10.1016/j.resconrec.2021.106094

Huang K.X., Vadiveloo A., Zhou J.L., Yang L., Chen D.Z. and Gao F.
(2023). Integrated culture and harvest systems for improved

315-324.

Conservation and
106094.

TIWARI et al.

microalgal biomass production and wastewater treatment.
Bioresource Technology. Elsevier Ltd.
https://doi.org/10.1016/j.biortech.2023.128941

Hussain M.M., Wang J., Bibi ., Shahid M., Niazi N.K., Igbal J. and
Rinklebe J. (2021). Arsenic speciation and biotransformation
pathways in the aquatic ecosystem: The significance of
algae. Journal of Hazardous Materials, 403, 124027.
https://doi.org/10.1016/j.jhazmat.2020.124027

Izadpanah M., Gheshlaghi R., Mahdavi M.A. and Elkamel A.
(2018). Effect of light spectrum on isolation of microalgae
from urban wastewater and growth characteristics of
subsequent cultivation of the species. Algal
Research, 29, 154-158.
https://doi.org/10.1016/j.algal.2017.11.029

Javanbakht V., Alavi S.A. and Zilouei H. (2014). Mechanisms of
heavy metal removal using microorganisms as biosorbent.
Water Science and Technology, 69(9), 1775-1787.
https://doi.org/10.2166/wst.2013.718

Jazrawi C., Biller P., Ross A.B., Montoya A., Maschmeyer T. and
Haynes B.S. (2013). Pilot plant testing of continuous
hydrothermal liquefaction of microalgae. Algal Research,
2(3), 268-277. https://doi.org/10.1016/.algal.2013.04.006

Jena U. and Das K.C. (2011). Comparative Evaluation of
Thermochemical Liquefaction and Pyrolysis for Bio-Oil
Production from Microalgae. Energy & Fuels, 25(11), 5472—-
5482. https://doi.org/10.1021/ef201373m

Ji M.-K., Abou-Shanab R.A.l.,, Hwang J.-H., Timmes T.C., Kim H.-C.,
Oh Y.-K. and Jeon B.-H. (2013). Removal of Nitrogen and
Phosphorus from Piggery Wastewater Effluent Using the
Green Microalga Scenedesmus obliquus. Journal of
Environmental Engineering, 139(9), 1198-1205.
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000726

Kesaano M. and Sims R.C. (2014). Algal biofilm-based technology
for wastewater treatment. Algal Research, 5, 231-240.
https://doi.org/10.1016/j.algal.2014.02.003

Khajavian M., Wood D.A., Hallajsani A. and Majidian N. (2019).
Simultaneous biosorption of nickel and Cadmium by the

isolated

brown algae Cystoseria indica characterized by isotherm and
kinetic models. Applied Biological Chemistry, 62(1), 69.
https://doi.org/10.1186/s13765-019-0477-6

Kim B.-H., Kang Z., Ramanan R., Choi J.-E., Cho D.-H., Oh H.-M.
and Kim H.-S. (2014). Nutrient Removal and Biofuel
Production in High Rate Algal Pond Using Real Municipal
Wastewater. Journal of Microbiology and Biotechnology,
24(8), 1123-1132. https://doi.org/10.4014/jmb.1312.12057

Kumar R. and Strezov V. (2021). Thermochemical production of
bio-oil: A review of downstream processing technologies for
bio-oil upgrading, production of hydrogen and high value-
added products. Renewable and Sustainable Energy Reviews,
135, 110152. https://doi.org/10.1016/j.rser.2020.110152

Laamanen C.A., Ross G.M. and Scott J.A. (2016). Flotation
harvesting of microalgae. Renewable and Sustainable Energy
Reviews, 58, 75-86.
https://doi.org/10.1016/j.rser.2015.12.293

Lakshmi B., Joseph R.S., Jose A., Abinandan S. and Shanthakumar
S. (2015). Studies on reduction of inorganic pollutants from
wastewater by Chlorella pyrenoidosa and Scenedesmus
abundant. Alexandria Engineering Journal, 54(4), 1291-1296.
https://doi.org/10.1016/j.aej.2015.09.013

Lau P.S., Lee H.Y., Tsang C.C.K., Tam N.F.Y. and Wong Y.S. (1999).
Effect of Metal Interference, pH and Temperature on Cu and



A COMPREHENSIVE REVIEW ON HYDROTHERMAL LIQUEFACTION SCREENING USING MICROALGAE IN SEWAGE WATER TREATMENT

Ni Biosorption by Chlorella Vulgaris and Chlorella Miniata.
Environmental Technology, 20(9), 953-961.

Ledn-Vaz A., Romero L.C., Gotor C., Ledén R. and Vigara J. (2021).
Effect of Cadmium in the microalga Chlorella sorokiniana: A
proteomic study. Ecotoxicology and Environmental Safety,
207, 111301. https://doi.org/10.1016/j.ecoenv.2020.111301

Li K., Liu Q., Fang F., Luo R., Lu Q., Zhou W. and Ruan R. (2019).
Microalgae-based wastewater treatment for nutrients
recovery: A review. Bioresource Technology, 291, 121934.
https://doi.org/10.1016/j.biortech.2019.121934

Li K., Zhang L., Zhu L. and Zhu X. (2017). Comparative study on
pyrolysis of lignocellulosic and algal biomass using pyrolysis-
gas chromatography/mass spectrometry. Bioresource
Technology, 234, 48-52. https://doi.org/10.1016/
j.biortech.2017.03.014

Li Y., Chen Y.-F., Chen P., Min M., Zhou W., Martinez B. and Ruan
R. (2011). Characterization of a microalga Chlorella sp. well
adapted to highly concentrated municipal wastewater for
nutrient removal and biodiesel production. Bioresource
Technology, 102(8), 5138-5144. https://doi.org/10.1016/
j.biortech.2011.01.091

Li Y., Horsman M., Wu N., Lan C.Q. and Dubois-Calero N. (2008).
Biofuels from Microalgae. Biotechnology Progress, 0(0), 0-0.
https://doi.org/10.1021/bp070371k

Li Y., Wang Y., Gao Y., Zhao H. and Zhou W. (2018). Seawater
toilet flushing sewage treatment and nutrients recovery by
marine bacterial-algal mutualistic system. Chemosphere,
195, 70-79. https://doi.org/10.1016/j.chemosphere.
2017.12.076

Licht F.O. (2006). World ethanol markets: the outlook to 2015.

Liu H., Liu T.J., Guo H.W., Wang Y.J., Ji R., Kang L.L. and Fang Z.
(2024). A review of the strategy to promote microalgae value
in CO2 conversion-lipid enrichment-biodiesel production.
Journal of Cleaner Production, 140538.

Liu J. and Hu Q. (2013). Chlorella: Industrial Production of Cell
Mass and Chemicals. In Handbook of Microalgal Culture
(327-338). Oxford, U.K.: John Wiley and Sons, Ltd.
https://doi.org/10.1002/9781118567166.ch16

Liu X., Saydah B., Eranki P., Colosi L.M., Greg Mitchell B., Rhodes
J. and Clarens A.F. (2013). Pilot-scale data provide enhanced
estimates of the life cycle energy and emissions profile of
algae biofuels produced via hydrothermal liquefaction.
Bioresource Technology, 148, 163-171.
https://doi.org/10.1016/j.biortech.2013.08.112

Lépez Barreiro D., Prins W., Ronsse F. and Brilman W. (2013).
Hydrothermal liquefaction (HTL) of microalgae for biofuel
production: State of the art review and future prospects.
Biomass and Bioenergy, 53, 113-127.
https://doi.org/10.1016/J.BIOMBIOE.2012.12.029

Lu Z., Sha J., Wang W., Li Y., Wang G., Chen Y. and Zhang X.
(2019). Identification of auto-inhibitors in the reused culture
media of the Chlorophyta Scenedesmus acuminatus. Algal
Research, 44, 101665. https://doi.org/10.1016/j.algal.
2019.101665

Macfie S.M. and Welbourn P.M. (2000). The Cell Wall as a Barrier
to Uptake of Metal lons in the Unicellular Green Alga
Chlamydomonas reinhardtii (Chlorophyceae). Archives of
Environmental Contamination and Toxicology, 39(4), 413—
419. https://doi.org/10.1007/s002440010122

Mahlia T.M.l., Razak H.A. and Nursahida M.A. (2011). Life cycle
cost analysis and payback period of lighting retrofit at the

University of Malaya. Renewable and Sustainable Energy
Reviews, 15(2), 1125-1132.

Malik S., Kishore S., Bora J., Chaudhary V., Kumari A., Kumari P.
and Bhardwaj A. (2023). A Comprehensive Review on

Two-Way Source of
Wastewater Treatment and Bioresource Recovery. CLEAN—
Soil, Air, Water, 51(3), 2200044.

Mao Y., Xiong R., Gao X., Jiang L., Peng Y. and Xue Y. (2021).
Analysis of the status and improvement of microalgal

Microalgae-Based Biorefinery as

phosphorus removal from municipal wastewater. Processes.
MDPI. https://doi.org/10.3390/pr9091486

Marbelia L., Mulier M., Vandamme D., Muylaert K., Szymczyk A.
and Vankelecom I.F.J. (2016). Polyacrylonitrile membranes
for microalgae filtration: Influence of porosity, surface
charge and microalgae species on membrane fouling. Algal
Research, 19, 128-137. https://doi.org/10.1016/
j.algal.2016.08.004

Masojidek J. and Torzillo G. (2008). Mass Cultivation of
Freshwater Microalgae. In Encyclopedia of Ecology (2226—
2235). Elsevier. https://doi.org/10.1016/B978-008045405-
4.00830-2

Mathews J.A. and Tan H. (2016). Circular economy: Lessons from
China. Nature, 531, 440-442

Matsui T., Nishihara A., Ueda C., Ohtsuki M., lkenaga N. and
Suzuki T. (1997). Liquefaction of micro-algae with iron
catalyst. Fuel, 76(11), 1043-1048. https://doi.org/
10.1016/50016-2361(97)00120-8

McKendry P. (2002). Energy production from biomass (part 2):
conversion technologies. Bioresource Technology, 83(1), 47—
54. https://doi.org/10.1016/50960-8524(01)00119-5

Milledge J.J. and Heaven S. (2013). A review of the harvesting of
micro-algae for biofuel production. Reviews in Environmental
Science and Bio/Technology, 12(2), 165-178.
https://doi.org/10.1007/s11157-012-9301-z

Minowa T., Yokoyama S., Kishimoto M. and Okakura T. (1995).
Oil production from algal cells of Dunaliella tertiolecta by
direct thermochemical liquefaction. Fuel, 74(12), 1735-1738.
https://doi.org/10.1016/0016-2361(95)80001-X

Mishra L., Pandey D., Khan R., Singh A., Gupta N. and Kumar R.
(2024). Biotechnological Approaches of Algae. Sustainable
Production  Innovations: Other
Biotechnologies, 307-334.

Mohd Udaiyappan A.F., Abu Hasan H., Takriff M.S. and Sheikh
Abdullah S.R. (2017). A review of the potentials, challenges
and current status of microalgae biomass applications in

Bioremediation and

industrial wastewater treatment. Journal of Water Process
Engineering. 20, 8-21

Mohsenpour S.F., Hennige S., Willoughby N., Adeloye A. and
Gutierrez T. (2021). Integrating micro-algae into wastewater
treatment: A review. Science of The Total Environment, 752,
142168. https://doi.org/10.1016/j.scitotenv.2020.142168

Muller-Feuga A. (2000). The role of microalgae in aquaculture:
situation and trends. Journal of Applied Phycology, 12(3/5),
527-534. https://doi.org/10.1023/A:1008106304417

Ndikubwimana T., Chang J., Xiao Z., Shao W., Zeng X., Ng |.-S. and
Lu Y. (2016). Flotation: A promising microalgae harvesting

technology for biofuel production.
Biotechnology Journal, 11(3), 315-326.
https://doi.org/10.1002/biot.201500175

Neofotis P., Huang A., Sury K., Chang W., Joseph F., Gabr A. and
Polle J.E.W. (2016). Characterization and classification of

and dewatering



14

highly productive microalgae strains discovered for biofuel
and bioproduct generation. Algal Research, 15, 164-178.
https://doi.org/10.1016/j.algal.2016.01.007

Pahl S.L., Lee A.K., Kalaitzidis T., Ashman P.J., Sathe S. and Lewis
D.M. (2013). Harvesting, Thickening and Dewatering
Microalgae Biomass. In Algae for Biofuels and Energy (165—
185). Dordrecht: Springer Netherlands.
https://doi.org/10.1007/978-94-007-5479-9_10

Patil V., Tran K.-Q. and Giselrgd H.R. (2008). Towards Sustainable
Production of Biofuels from Microalgae. International
Journal of Molecular Sciences, 9(7), 1188-1195.
https://doi.org/10.3390/ijms9071188

Peterson A.A., Vogel F., Lachance R.P., Fréling M., Antal Jr., M.J.
and Tester J.W. (2008). Thermochemical biofuel production
in hydrothermal media: A review of sub- and supercritical
water technologies. Energy and Environmental Science, 1(1),
32. https://doi.org/10.1039/b810100k

Pienkos P.T. and Darzins A. (2009). The promise and challenges
of microalgal-derived biofuels. Biofuels, Bioproducts and
Biorefining, 3(4), 431-440. https://doi.org/10.1002/bbb.159

Pignolet O., Jubeau S., Vaca-Garcia C. and Michaud P. (2013).
Highly valuable microalgae: biochemical and topological
aspects. Journal of Industrial  Microbiology  and
Biotechnology, 40(8), 781-796. https://doi.org/10.1007/
$10295-013-1281-7

Pittman J.K., Dean A.P. and Osundeko O. (2011). The potential of
sustainable algal biofuel production using wastewater
resources.  Bioresource  Technology, 102(1), 17-25.
https://doi.org/10.1016/j.biortech.2010.06.035

Pooja K., Priyanka V., Rao B.C.S. and Raghavender V. (2022).
Cost-effective treatment of sewage wastewater using
microalgae Chlorella vulgaris and its application as bio-
fertilizer. Energy Nexus, 7, 100122. https://doi.org/10.1016/
j.nexus.2022.100122

Posten C. and Schaub G. (2009). Microalgae and terrestrial
biomass as source for fuels—A process view. Journal of
Biotechnology, 142(1), 64-69. https://doi.org/10.1016/
j.jbiotec.2009.03.015

Prapaiwatcharapan K., Sunphorka S., Kuchonthara P.,
Kangvansaichol K. and Hinchiranan N. (2015). Single- and
two-step hydrothermal liquefaction of microalgae in a semi-
continuous reactor: Effect of the operating parameters.

Bioresource Technology, 191, 426-432.
https://doi.org/10.1016/j.biortech.2015.04.027
Pulz O. and Gross W. (2004). Valuable products from

biotechnology of microalgae. Applied microbiology and
biotechnology, 65, 635-648.

Quintero-Dallos V., Garcia-Martinez J.B., Contreras-Ropero J.E.,
Barajas-Solano A.F., Barajas-Ferrerira C., Lavecchia R. and
Zuorro A. (2019). Vinasse as a Sustainable Medium for the
Production of Chlorella vulgaris UTEX 1803. Water, 11(8),
1526.

Rahpeyma S.S. and Raheb J. (2019). Microalgae Biodiesel as a
Valuable Alternative to Fossil Fuels. BioEnergy Research,
12(4), 958-965. https://doi.org/10.1007/s12155-019-
10033-6

Rangel-Basto Y.A., Garcia-Ochoa I.E., Suarez-Gelvez J.H., Zuorro
A., Barajas-Solano A.F. and Urbina-Suarez N. A. (2018). The
effect of temperature and enzyme concentration in the
transesterification process of synthetic microalgae oil.
Chemical Engineering Transactions, 64, 331-336.

TIWARI et al.

Rawat ., Ranjith Kumar R., Mutanda T. and Bux F. (2013).
Biodiesel from microalgae:
laboratory to large scale production. Applied Energy, 103,
444-467. https://doi.org/10.1016/j.apenergy.2012.10.004

Ren R., Han X., Zhang H., Lin H., Zhao J., Zheng Y. and Wang H.
(2018). High-yield bio-oil production by hydrothermal
liquefaction of hydrocarbon-rich microalgae and bio-crude
upgrading. Carbon Resources Conversion, 1(2), 153-159.
https://doi.org/10.1016/j.crcon.2018.07.008

Renuka N., Sood A., Prasanna R. and Ahluwalia A.S. (2015).
Phytoremediation of wastewaters: a synergistic approach

A critical evaluation from

using microalgae for bioremediation and biomass
generation. International Journal of Environmental Science
and Technology, 12(4), 1443-1460.

https://doi.org/10.1007/s13762-014-0700-2

Rodriguez J.J., Ipiales R.P., de la Rubia M.A., Diaz E. and
Mohedano A.F. (2021). Integration of hydrothermal
carbonization and anaerobic digestion for energy recovery of
biomass waste: An overview. Energy and Fuels. American
Chemical Society.
https://doi.org/10.1021/acs.energyfuels.1c01681

Rubio J., Souza M.L. and Smith R.W. (2002). Overview of
flotation as a wastewater treatment technique. Minerals
Engineering, 15(3), 139-155. https://doi.org/10.1016/50892-
6875(01)00216-3

Sanchez-Galvis E.M., Cardenas-Gutierrez 1.Y., Contreras-Ropero
J.E., Garcia-Martinez J.B., Barajas-Solano A.F. and Zuorro A.
(2020). An innovative low-cost equipment for electro-
concentration of microalgal biomass. Applied Sciences,
10(14), 4841.

Sandau E., Sandau P. and Pulz O. (1996). Heavy metal sorption
by microalgae. Acta Biotechnologica, 16(4), 227-235.
https://doi.org/10.1002/abio.370160402

Sawayama S., Rao K.K. and Hall D.O. (1998). Nitrate and
phosphate ion by Phormidium
laminosum fibres in a
photobioreactor. Applied Microbiology and Biotechnology,
49(4), 463—-468. https://doi.org/10.1007/s002530051199

Sbihi K., Cherifi O., Gharmali A. el. Oudra B. and Aziz F. (2012).
Accumulation and toxicological effects of Cadmium, copper

removal from water

immobilized on hollow

and zinc on the growth and photosynthesis of the freshwater
diatom Planothidium lanceolatum (Brébisson) Lange-
Bertalot : A laboratory study.

Shahid A., Malik S., Zhu H., Xu J., Nawaz M.Z., Nawaz S., Asraful
Alam M. and Mehmood M.A. (2020). Cultivating microalgae
in wastewater for biomass production, pollutant removal,
and atmospheric carbon mitigation: A review. Science Total
Environment, 704, 135303.

Sharma R., Tiwari A.K., Singh A. and Sharma N. (2019). Catalytic
Hydrothermal Liquefaction of Microalgae using Fe-MCM 41
Catalyst in the presence of Carbon Monoxide. Asian Journal
of Chemistry, 31(3), 690-694.
https://doi.org/10.14233/ajchem.2019.21782

Shen Y., Gao J. and Li L. (2017). Municipal wastewater treatment
via co-immobilized microalgal-bacterial symbiosis:
Microorganism growth and nutrients removal. Bioresource
Technology, 243, 905-913.
https://doi.org/10.1016/j.biortech.2017.07.041

Shimizu Y. (2003). Microalgal metabolites. Current Opinion in
Microbiology, 6(3), 236—-243. https://doi.org/10.1016/51369-
5274(03)00064-X



A COMPREHENSIVE REVIEW ON HYDROTHERMAL LIQUEFACTION SCREENING USING MICROALGAE IN SEWAGE WATER TREATMENT

Sim T.-S., Goh A. and Becker E.W. (1988). Comparison of
centrifugation dissolved air flotation and drum filtration
techniques for harvesting sewage-grown algae. Biomass,
16(1), 51-62. https://doi.org/10.1016/0144-
4565(88)90015-7

Singh A., Nigam P.S. and Murphy J.D. (2011). Renewable fuels
from algae: An answer to debatable land-based fuels.
Bioresource Technology, 102(1), 10-16. https://doi.org/
10.1016/j.biortech.2010.06.032

Singh G. and Patidar S.K. (2018). Microalgae harvesting
techniques: A review. Journal of Environmental
Management, 217, 499-508. https://doi.org/

10.1016/j.jenvman.2018.04.010

Singh G. and Patidar S.K. (2018). Microalgae harvesting
techniques: A review. Journal of Environmental
Management, 217, 499-508. https://doi.org/

10.1016/j.jenvman.2018.04.010

Sirin S., Clavero E. and Salvad6 J. (2013). Potential pre-
concentration methods for Nannochloropsis gaditana and a
comparative study of pre-concentrated sample properties.
Bioresource Technology, 132, 293-304.
https://doi.org/10.1016/j.biortech.2013.01.037

Slegers P.M., Lésing M.B., Wijffels R.H., van Straten G. and van
Boxtel A.J.B. (2013). Scenario evaluation of open pond
microalgae production. Algal Research, 2(4), 358-368.
https://doi.org/10.1016/j.algal.2013.05.001

Slocombe S.P., Zuiiga-Burgos T., Chu L., Wood N.J., Camargo-
Valero M.A. and Baker A. (2020). Fixing the Broken
Phosphorus Cycle: Wastewater Remediation by Microalgal
Polyphosphates.  Frontiers in  Plant  Science, 11.
https://doi.org/10.3389/fpls.2020.00982

Soomro R.R., Ndikubwimana T., Zeng X., Lu Y., Lin L. and
Danquah M.K. (2016). Development of a Two-Stage
Microalgae Dewatering Process — A Life Cycle Assessment
Approach. Frontiers in Plant Science, 7.
https://doi.org/10.3389/fpls.2016.00113

Spolaore P., Joannis-Cassan C., Duran E. and Isambert A. (2006).
Commercial applications of microalgae. Journal of Bioscience
and Bioengineering, 101(2), 87-96.
https://doi.org/10.1263/jbb.101.87

Sultana N., Hossain S.M.Z., Mohammed M.E., Irfan M.F., Haq B.,
Faruque M.O. and Hossain M.M. (2020). Experimental study
and parameters optimization of microalgae-based heavy
metals removal process using a hybrid response surface
methodology-crow search algorithm. Scientific Reports,
10(1), 15068. https://doi.org/10.1038/s41598-020-72236-8

Sun C.-H., Fu Q., Liao Q., Xia A., Huang Y., Zhu X. and Chang H.-X.
(2019). Life-cycle assessment of biofuel production from
microalgae via various bioenergy conversion systems.
Energy, 171, 1033-1045. https://doi.org/
10.1016/j.energy.2019.01.074

Taleb A., Kandilian R., Touchard R., Montalescot V., Rinaldi T.,
Taha S. and Pruvost J. (2016). Screening of freshwater and

seawater  microalgae strains in  fully controlled
photobioreactors for biodiesel production. Bioresource
Technology, 218, 480-490. https://doi.org/

10.1016/j.biortech.2016.06.086

Tam N.F.Y. and Wong Y.S. (1989). Wastewater nutrient removal
by Chlorella  pyrenoidosa and Scenedesmus  sp.
Environmental Pollution, 58(1), 19-34.
https://doi.org/10.1016/0269-7491(89)90234-0

Tchounwou P.B., Yedjou C.G., Patlolla A.K. and Sutton D.J.
(2012). Heavy Metal Toxicity and the
environmentenvironment (133-164).
https://doi.org/10.1007/978-3-7643-8340-4_6

Terry P.A. and Stone W. (2002). Biosorption of Cadmium and
copper contaminated water by Scenedesmus abundant.
Chemosphere, 47(3), 249-255. https://doi.org/
10.1016/50045-6535(01)00303-4

Tian C., Li B., Liu Z., Zhang Y. and Lu H. (2014). Hydrothermal
liquefaction for algal biorefinery: A critical review.
Renewable and Sustainable Energy Reviews, 38, 933-950.
https://doi.org/10.1016/j.rser.2014.07.030

Tong K., You F. and Rong G. (2014). Robust design and
operations of hydrocarbon biofuel supply chain integrating
with existing petroleum refineries considering unit cost
objective. Computers & Chemical Engineering, 68, 128—-139.
https://doi.org/10.1016/j.compchemeng.2014.05.003

Toor S.S., Rosendahl L. and Rudolf A. (2011). Hydrothermal
liquefaction of biomass: A review of subcritical water
technologies. Energy, 36(5), 2328-2342. https://doi.org/
10.1016/j.energy.2011.03.013

Ueda R., Hirayama S., Sugata K. and Nakayama H. (1996).
Process for the production of ethanol from microalgae. US
Patent 5,578,472.

Usher P.K., Ross A.B., Camargo-Valero M.A., Tomlin A. S. and
Gale W.F. (2014). An overview of the potential
environmental impacts of large-scale microalgae cultivation.
Biofuels, 5(3), 331-349.

V.R. M,, Y.AR L, Lange L.C. and L.V.S., S. (2019). Simultaneous
biosorption of Cd(ll), Ni(ll) and Pb(ll) onto a brown
macroalgae Fucus vesiculosus: Mono- and multi-component
isotherms, kinetics and thermodynamics. Journal of
Environmental Management, 251, 109587.
https://doi.org/10.1016/j.jenvman.2019.109587

Valdez P.J., Dickinson J.G. and Savage P.E. (2011).
Characterization of Product Fractions from Hydrothermal
Liquefaction of Nannochloropsis sp. and the Influence of
Solvents. Energy & Fuels, 25(7), 3235-3243.
https://doi.org/10.1021/ef2004046

Vardon D.R., Sharma B.K., Blazina G.V., Rajagopalan K. and
Strathmann T.J. (2012). Thermochemical conversion of raw
and defatted algal biomass via hydrothermal liquefaction
and slow pyrolysis. Bioresource Technology, 109, 178-187.
https://doi.org/10.1016/j.biortech.2012.01.008

Vasudevan P.T. and Briggs M. (2008). Biodiesel production—
current state of the art and challenges. Journal of Industrial
Microbiology & Biotechnology, 35(5), 421.
https://doi.org/10.1007/s10295-008-0312-2

Venkata Subhash G., Rajvanshi M., Raja Krishna Kumar G.,
Shankar Sagaram U., Prasad V., Govindachary S. and
Dasgupta S. (2022). Challenges in microalgal biofuel
production: A perspective on techno-economic feasibility
under biorefinery stratagem. Bioresource Technology, 343,
126155. https://doi.org/10.1016/j.biortech.2021.126155

Vlaskin M.S., Grigorenko A.v, Chernova N.I. and Kiseleva S.V.
(2018). Hydrothermal liquefaction of microalgae after
different pre-treatments. Energy Exploration & Exploitation,
36(6), 1546-1555. https://doi.org/10.1177/
0144598718777107

Wadrzyk M., Janus R., Vos M.P. and Brilman D.W.F. (2018).
Effect of process conditions on bio-oil obtained through



16

continuous hydrothermal liquefaction of Scenedesmus sp.
microalgae. Journal of Analytical and Applied Pyrolysis, 134,
415-426. https://doi.org/10.1016/j.jaap.2018.07.008

Wang J.H., Zhang T.Y., Dao G.H., Xu X.Q., Wang X.X. and Hu H.Y.
(2017). Microalgae-based advanced municipal wastewater
treatment for reuse in water bodies. Applied Microbiology
and Biotechnology. Springer Verlag. https://doi.org/
10.1007/s00253-017-8184-x

Wang W., Xu Y., Wang X., Zhang B., Tian W. and Zhang J. (2018).
Hydrothermal liquefaction of microalgae over transition
metal supported TiO2 catalyst. Bioresource Technology, 250,
474-480. https://doi.org/10.1016/].biortech.2017.11.051

Whitton R., Ometto F., Pidou M., Jarvis P., Villa R. and Jefferson
B. (2015). Microalgae for municipal wastewater nutrient
remediation: mechanisms, reactors and outlook for tertiary
treatment. Environmental Technology Reviews. Taylor and
Francis Ltd. https://doi.org/10.1080/21622515.
2015.1105308

Wiley P.E., Brenneman K.J. and Jacobson A.E. (2009). Improved
Algal Harvesting Using Suspended Air Flotation. Water
Environment Research, 81(7), 702-708.
https://doi.org/10.2175/106143009X407474

Xu Y., Liu K., Hu Y., Dong Y. and Yao L. (2020). Experimental
investigation and comparison of bio-oil from hybrid
microalgae via super/subcritical liquefaction. Fuel, 279,
118412. https://doi.org/10.1016/j.fuel.2020.118412

Yan H. and Pan G. (2002). Toxicity and bioaccumulation of
copper in three green microalgal species. Chemosphere,
49(5), 471-476. https://doi.org/10.1016/S0045-
6535(02)00285-0

Yang J., Li X., Hu H., Zhang X., Yu Y. and Chen Y. (2011). Growth
and lipid accumulation properties of a freshwater microalga,
Chlorella ellipsoidea YJ1, in domestic secondary effluents.
Applied Energy, 88(10), 3295-3299. https://doi.org/10.1016/
j.apenergy.2010.11.029

Yang J., van Lier J.B., Li J., Guo J. and Fang F. (2022). Integrated
anaerobic and algal bioreactors: A promising conceptual
alternative approach for conventional sewage treatment.
Bioresource Technology, 343, 126115. https://doi.org/
10.1016/j.biortech.2021.126115

Yang L., Si B., Tan X., Chu H., Zhou X., Zhang Y. and Zhao F.
(2018). Integrated anaerobic digestion and algae cultivation

TIWARI et al.
for energy recovery and nutrient supply from post-
hydrothermal  liquefaction  wastewater.  Bioresource
Technology, 266, 349-356. https://doi.org/

10.1016/j.biortech.2018.06.083

Yoshida N., lkeda R. and Okuno T. (2006). Identification and
characterization of heavy metal-resistant unicellular alga
isolated from soil and its potential for phytoremediation.
Bioresource Technology, 97(15), 1843-1849.
https://doi.org/10.1016/j.biortech.2005.08.021

Yu G., Zhang Y., Schideman L., Funk T.L. and Wang Z. (2011).
Hydrothermal Liquefaction of Low Lipid Content Microalgae
into Bio-Crude Oil. Transactions of the ASABE, 54(1), 239—
246. https://doi.org/10.13031/2013.36241

Zhang J., Zhang Y. and Luo Z. (2014). Hydrothermal Liquefaction
of Chlorella Pyrenoidosa in Ethanol-water for Bio-crude
Production. Energy Procedia, 61, 1961-1964.
https://doi.org/10.1016/j.egypro.2014.12.052

Zhang W, LiJ., Liu T., Leng S., Yang L., Peng H. and Li H. (2021).
Machine learning prediction and optimization of bio-oil
production from hydrothermal liquefaction of algae.
Bioresource Technology, 342, 126011.
https://doi.org/10.1016/j.biortech.2021.126011

Zhu L. and Ketola T. (2012). Microalgae production as a biofuel
feedstock: risks and challenges. International Journal of
Sustainable Development & World Ecology, 19(3), 268-274.
https://doi.org/10.1080/13504509.2011.636083

Zhu L., Li Z. and Hiltunen E. (2018). Microalgae Chlorella vulgaris
biomass harvesting by natural flocculant: effects on biomass
sedimentation, spent medium recycling and lipid extraction.
Biotechnology for Biofuels, 11(1), 183. https://doi.org/
10.1186/s13068-018-1183-z

Zou S., Wu Y., Yang M., Li C. and Tong J. (2009). Thermochemical
Catalytic Liquefaction of the Marine Microalgae Dunaliella
tertiolecta and Characterization of Bio-oils. Energy & Fuels,
23(7), 3753-3758. https://doi.org/10.1021/ef9000105

Zuorro A., Garcia-Martinez J.B. and Barajas-Solano A.F. (2020).
The application of catalytic processes on the production of
algae-based biofuels: A review. Catalysts, 11(1), 22.

Zuorro A., Lavecchiaa R., Maffeia G., Marraa F., Migliettab S.,
Petrangelia A. and Valentea T. (2015). Enhanced lipid
extraction from unbroken microalgal cells using enzymes.
Chemical Engineering, 43.





