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Editorial on the Research Topic

Nanocatalysts in Biofuel Process Optimization

INTRODUCTION

The world is facing severe environmental challenges, including increasing consumption of fossil-
based energy and its consequent devastative impact, i.e. global warming and climate change. Biofuels
are promising alternatives to fossil fuels with tremendous environmental and socio-economic
benefits. There has been a considerable deal of research and development carried out on the
production of biofuels in the last 2 decades. However, there is still a huge potential for achieving more
cost-effective and efficient biofuel production processes through the application of nanotechnology.
The exceptional properties of nanomaterials (nanocatalysts) such as high surface area, catalytic
performance, crystallinity, durability, energy storage capacity, etc. offer great potential for optimizing
biofuel production systems. Nanocatalysts could also serve recovery, reusability, and recycling
purposes.

This Research Topic is designed to attract the state-of-the-art recent developments in fabrication,
modification, and optimization of advanced nanocatalysts and nanostructured materials for biofuel
production processes (Figure 1). This Frontiers Research Topic has attracted and compiled 12 top
quality research and review articles. The articles have been written by researchers and academics
working in institutions at different countries across the world including Australia, China, Egypt,
Greece, India, Iran, Malaysia, Netherlands, Pakistan, Saudi Arabia and South Korea. The editorial
team of this research topic is very grateful to all the authors for their excellent contributions and
making the research topic successful.
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FIGURE 1 | Nanocatalysts in biofuel process optimization

g?frontiers
n Energy Research Special Issue:
Nanocatalysts in Biofuel Process Optimization

NANOCATALYSTS SYNTHESIS AND
CHARACTERIZATION FOR BIOFUEL
PRODUCTION

There has been a significant amount of research work conducted
in recent years on advanced nanocatalyst fabrication and
development for optimization of biofuel processes. Bano et al.
presented a comprehensive review on fabrication and
optimization of nanocatalyst for biodiesel production. The
authors discussed the production of biodiesel produced from
various feedstock and using several processes such as pyrolysis,
micro-emulsion, direct blending, and trans-esterification, with
critical discussion focussing on increasing biodiesel production
using nanocatalysts. Further, the importance of nanocatalyst in
heterogeneous catalysis based trans-esterification for large scale
biodiesel production was highlighted. Another interesting review
on state of the art of catalysts for biodiesel production was
published by Rizwanul Fattah et al. The authors reviewed
various catalysts used for biodiesel production and compared
their  suitability and associated challenges in the
transesterification  process. Homogeneous catalysts are
generally efficient in converting biodiesel with low free fatty
acid (FFA) and water containing single-origin feedstock.
Heterogeneous catalysts, on the other hand, provide superior
activity, range of selectivity, good FFA, and water adaptability.

Nayebzadeh et al. studied the influence of fuel to oxidizer ratio
on  microwave-assisted = combustion  preparation  of
nanostructured KOH/Ca;,Al;,03; catalyst used in efficient
biodiesel production. Authors demonstrated a high biodiesel
yield of 94.5%, using 450 W, 12:1 methanol to oil ratio,

catalyst loading of 4wt% for 1h, through this microwave-
enhanced biodiesel production process.

Shaker and Elhamifar synthesised a novel magnetic
nanocatalyst, methylene-based organosilica with core-shell
structure (Fe;0,@0S-SOsH), and used in the production of
biodiesel through esterification process. The synthesised
catalyst showed good catalytic features and performance in
biodiesel production process. Authors also claimed to have
recovered and reused the synthesised catalyst several times
without significant decrease in its efficiency and stability.

RECENT ADVANCES IN BIOFUEL
PRODUCTION

Many studies have been published on advancements in biofuel
production as a renewable source of energy. For example, Gholami
et al. presented a review study on recent advances of biodiesel
production using ionic liquids supported on nanoporous materials
as catalysts. The authors discussed the key issues in current
catalysts used in biofuel production as well along with the new
developments in nanocatalysts. The economic and environmental
aspects of different catalysts in biofuel production were also
highlighted. Ruhong et al. proposed the utilization of enzymes
as catalysts to enhance biofuel production. White-rot fungi is
capable of producing extracellular enzymes that degrade lignin
structure and facilitate biofuel production from lignocellulosic
biomass wastes. The authors claimed to have shown the
synergistic effects of the fungal co-culture for biomass treatment
and providing a new approach for increasing lignin degradation
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along with improving enzymatic catalysis and biofuel production
through fungal coculture.

CARBON CAPTURE

Carbon capture and storage is considered as a potential way forward
to mitigate environmental pollution caused by fossil fuels.
Researchers are trying to optimize the current methods and
develop new ones to achieve maximum benefits. Ishaq et al.
proposed novel poly deep eutectic solvents (PDESs) based
supported liquid membranes for CO, capture. The PDESs were
synthesized by mixing choline chloride (hydrogen bond acceptor-
HBA) and two hydrogen bond donors-HBDs (polyacrylic acid and
polyacrylamide) separately in different molar ratios. The PDESs were
then impregnated into microporous polyvinylidene fluoride (PVDF)
membrane support to synthesise supported liquid membranes
(SLMs). Pure and mixed-gases of CO,, CH, and N, were tested
on these synthesised PDES-SLMs with excellent permeability and
selectivity. These cheap and green membranes with promising gas
separation performance make them potential alternative to the
competing PILs for capturing the greenhouse acid gases.

ENERGY SYSTEMS OPTIMIZATION

Some very interesting and state-of-the-art studies were published
on energy systems optimizations in this research topic. For
example, He et al. proposed black hole-inspired optimal design
of biomethane liquefaction process for small-scale applications.
Authors found that the specific energy consumption could be
reduced with significant reduction in total exergy destruction by
introducing the cryogenic liquid turbine to the single mixed
refrigerant-based  biomethane liquefaction process. The
findings of this research work is a step forward in designing
and improving the small-scale biomethane liquefaction process.

Qyyum et al. presented an interesting study on process
systems engineering evaluation of prospective working fluids
for organic rankine cycles facilitated by biogas combustion flue
gases. Authors presented technical and economic analysis along
with process system engineering perspective. Authors found
i-butanol and n-butanol as promising working fluids, both
technically and economically, for high-temperature organic
Rankine cycle systems in comparison with toluene. These
results will help to develop more energy efficient organic
Rankine cycle systems for producing power.

Another interesting study was published on process
optimization of nanocatalytic conversion of microalgae to
clean bioenergy utilizing the fuzzy multi-criteria decision
making processes by Kokkinos et al. Authors assessed
technical, economic, environmental and social aspects of the
proposed biofuel production system.

Arora et al. presented review study on the valorization of
wastewater resources into biofuel and value-added products using
microalgal system. Authors reviewed different microalgae
cultivation processes including open, closed, and integrated for
simultaneous treatment of wastewater and resource recovery. Key

Editorial: Nanocatalysts in Biofuel Process Optimization

factors affecting the growth of microalgae, such as sunlight,
temperature, pH, and nutrients, were also discussed. It was
stated that by integrating the wastewater treatment with
microalgae biorefinery, it is possible to solve wastewater
treatment problems along with generating revenue leading
towards a sustainable and circular bio-economy.

A comparative study of techno-economic analysis of two
biodiesel production processes was presented by Al-Sakkari et al.
One process utilized waste cooking oil as a feedstock with potassium
hydroxide homogeneous catalyst and the second process used virgin
soybean oil as feedstock with cement kiln dust heterogeneous
catalyst. The theoretical purities of biodiesel and glycerol obtained
upon conducting the simulation of both processes are high, i.e., 99.
99%. However, the homogeneous process was found economically
superior as sensitivity analysis revealed that the profitability of
biodiesel production is very sensitive to the feedstock price and
recommends shifting toward waste vegetable oils as a cheap
feedstock to have a feasible and economic process.

OUTLOOK

Biofuels are promising alternatives to fossil fuels with tremendous
environmental and socio-economic benefits. This research topic
highlights the emerging technologies and recent developments in
nanocatalysts and process optimizations of biofuel production. 12
top quality articles have been published in this research topic on
recent developments in nanocatalysts synthesis and biofuel
production, carbon capture and energy systems optimization.
Key challenges in biofuel and bioenergy are highlighted along
with potential of emerging nanocatalysts, biofuel production and
process optimization as way forward to shift from fossil fuels
towards renewable energy resources.
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Sulfonic Acid Supported on Magnetic
Methylene-Based Organosilica as an
Efficient and Recyclable
Nanocatalyst for Biodiesel
Production via Esterification

Masoumeh Shaker and Dawood Elhamifar*

Department of Chemistry, Yasouj University, Yasouj, Iran

In this paper, a novel sulfonic acid containing magnetic methylene-based organosilica
with core-shell structure (FezO,@0S — SOzH) is synthesized, characterized and its
catalytic application is investigated for biodiesel production via esterification of carboxylic
acids with alcohols. The Fes04@0S — SO3zH was synthesized via co-condensation
of tetraethyl orthosilicate (TEOS) and 1,2-bis(triethoxysilyllmethane (BTEM) around
magnetite nanoparticles. The Fez0,@0S — SO3zH nanocatalyst was characterized by
using FT-IR, PXRD, TGA, VSM, TEM and SEM techniques. The catalytic study showed
that the Fez0,@0S — SOzH nanocomposite can be used as an effective, powerful,
selective and recyclable catalyst for the esterification of carboxylic acids with alcohols at
70°C under solvent-free conditions. This nanocatalyst was recovered and reused several
times without significant decrease in efficiency and stability.

Keywords: magnetic nanocatalyst, biodiesel production, esterification, recoverable catalyst, solvent-free
conditions

INTRODUCTION

Recently, the use of magnetic nanoparticles has received increasing attention in various industrial
and medical applications, such as magnetic resonance imaging (Qiao et al., 2009; Liu et al., 2014;
Ni et al., 2017), magnetic recording (Dai et al., 2010), drug delivery (Hafeli et al., 2009; Zhang J.
et al., 2013), cancer treatment through magnetic hyperthermia (Lartigue et al., 2011; Kandasamy
et al.,, 2018; Mejias et al., 2018), catalytic industry (Pourjavadi et al., 2012; Wang et al., 2013;
Kainz and Reiser, 2014; Iglesias et al., 2015; Ghorbani-Vaghei and Izadkhah, 2018), and spintronic,
optoelectronic, and electronic devices (Gandhi et al., 2018; Obeid et al., 2019). In general, the
performance and application of these nanoparticles are influenced by their proper design and
synthesis. To date, various magnetic nanoparticles have been synthesized, including pure metal
nanoparticles (Fe, Co, Ni), metal oxides (Fe3O4, y-Fe,03), ferrites (MFe;O4, M = Cu, Ni, Mn,
Mg, Co, or Zn), and metal alloys (FePt, CoPt) (Meng et al., 2011; Seinberg et al., 2012; Aissou
et al., 2013; Wang et al., 2015; Antonello et al., 2017). Among different magnetic materials, iron
oxides are usually the best due to their lower toxicity and good magnetic properties compared with
those of other particles. However, these MNPs are highly sensitive to oxidation and aggregation
as well as chemically reactive because of their high surface area (Liu et al., 2008; Demirer et al.,
2015; Wu et al.,, 2016; Kolhatkar et al., 2017). These problems limit their widespread applications.
Creating a suitable organic or inorganic coating on the surface of magnetic NPs is an efficient way
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to overcome these problems. Biopolymers such as dextran,
polysorbates, polyaniline, chitosan, and polyethylene glycol;
organic surfactants; silica; carbon; and bioactive substances such
as liposomes, peptides, and ligands/receptors are important
coatings for the protection of magnetic nanoparticles (Colombo
et al, 2012; Zhang et al., 2013; Esfahani et al., 2014; Bohara
et al,, 2016; Kudr et al., 2017; Kalhor and Zarnegar, 2019). Since
silica is recognized as “generally safe” in the FDA grouping and
because of its poor chemical permeability and high availability
of silanol groups on its surface for any modification, it has
received much attention among researchers (Chen et al., 2010;
Li et al, 2012; Mondal et al., 2012; Maleki et al., 2017; Hajian
and Ehsanikhah, 2018; Abaeezadeh et al, 2019; Mirbagheri
and Elhamifar, 2019; Nikoorazm and Erfani, 2019; Ramazani
et al, 2019; Vahidian et al., 2020). In particular, modification
of the surface of magnetite nanoparticles with organosilica
precursors, in addition to protecting the magnetic properties
of these NPs, increases the surface hydrophobicity due to
the presence of organic groups. In fact, this hydrophobicity
increases the application of core-shell-structured organosilica-
coated magnetite NPs in catalytic and adsorption processes.
The modification of magnetic silicas with organic functional
groups is achieved via the simultaneous co-condensation of
mono- or bis(trialkoxysilyl)organic units and tetraalkoxysilanes
(TMOS or TEOS) over magnetic Fe3O4 NPs (Li et al., 2012;
Elhamifar et al., 2018; Mirbagheri and Elhamifar, 2019). Some of
recently developed magnetic nanostructures with silica shells are
Fe304@Si0,@PMMA (Chen et al., 2010), Fe3sO4@mesoporous
SBA-15 (Mondal et al, 2012), Fe30;@MCM-41@Cu-P2C
(Nikoorazm and Erfani, 2019), Fe;0,@MCM-41-Im@MnPor
(Hajian and Ehsanikhah, 2018), CoFe;04@B,03-SiO; (Maleki
etal, 2017), and Fe304@nSiO,@PMO (Li et al., 2012).

On the other hand, due to the environmental pollution caused
by fossil fuels and the non-renewability of their sources, the
need for new energy sources in today’s world is increasingly
felt. Biodiesels, monoalkyl esters of long-chain fatty acids, have
attracted the attention of many researchers as one of the clean
renewable fuels. Using biodiesel reduces carbon dioxide emission
into the environment (Yang et al., 2008; Kondamudi et al., 2009;
Haas et al.,, 2010; Hu et al., 2012). Biodiesel is produced from
vegetable or animal oils. With the growing population and the
limitation of water and soil resources for food supply, not only
does the use of edible oils as fuel destroy food sources but also
it is not economically viable. Therefore, the use of non-edible
oils as feedstock for biodiesel fuel production is more attractive.
Some of non-edible oils for biodiesel production are Putranjiva
oil (Putranjiva roxburghii), neem oil (Azadirachta indica), Honge
oil (Pongamia pinnata), and Jatropha curcas oil (Jatropha curcas
L.) (Pan et al,, 2018; Zhang et al., 2018a,b; Adeniyi et al., 2019).

The usual method for biodiesel production is the esterification
of carboxylic acids and/or alcohols in the presence of
homogeneous catalysts (Lien et al., 2010; Socha and Sello, 2010;
Lam et al., 2019). However, this strategy suffers from problems
such as catalyst and product separation and non-recoverability of
the catalyst. Therefore, the recent methods have been developed
based on the use of heterogeneous catalysts. Nevertheless, the
use of heterogeneous catalysts in industrial applications also

faces limitations such as mass transfer resistance and being
time consuming. Nanocatalysts, due to their high surface area
and high catalytic activity, can solve the above problems (Chen
et al,, 2007; Elhamifar et al., 2014; Dimian and Rothenberg,
2016; Laskar et al., 2018; Zhang et al., 2019). Especially, magnetic
nanocatalysts are a good option in this regard because their easy
magnetic separation avoids catalyst wastage and increases their
reuse compared with filtration. Accordingly, a set of different
magnetic nanocatalysts has been designed and used in biodiesel
production (Hu et al., 2011; Chiang et al., 2015; Dos Santos-
Durndell et al., 2018; Xie et al., 2018; Gardy et al., 2019; Sarno and
Tuliano, 2019; Tougeer et al., 2019; Xie and Huang, 2019). Some
of recently developed nanocatalysts are Fe304/Au@CA-L (Sarno
and Iuliano, 2019), Fe304/MCM-41/ECH/Na,SiO3 (Xie et al,,
2018), TBD-Fe3O4@silica (Chiang et al., 2015), KF/CaO-Fe304
(Hu et al,, 2011), Fe304@MIL-100 (Fe) (Xie and Huang, 2019),
Fe304-PDA-Lipase (Tougqeer et al, 2019), SO4/Mg-Al-Fe304
(Gardy et al., 2019), and Mag/Si (Dos Santos-Durndell et al.,
2018).

In continuation of the abovementioned studies, in this
study, due to the importance of biodiesel fuels and magnetic
organosilica NPs in the catalyst world, we have prepared and
developed a novel sulfonic acid containing magnetic organosilica
as an effective, powerful, recyclable, and reusable nanocatalyst in
the esterification process to produce biodiesel products.

EXPERIMENTAL SECTION

Preparation of Fe30,@0S-SH

For this purpose, Fe3O4 and Fe;04@SiO, MNPs were
first synthesized according to methods presented by us
in previous research studies (Elhamifar et al, 2018; Neysi
et al, 2019). Then, Fe30,@0S MNPs were prepared via
co-condensation of tetraethyl orthosilicate (TEOS) and 1,2-
bis(triethoxysilyl)methane (BTEM) around Fe3O4@SiO; NPs.
For this, 0.5g of Fes04@SiO, was completely dispersed in
a mixture of HyO (12mL) and EtOH (50mL) for 30 min.
After that, ammonia (2mL, 25%) was added in the reaction
vessel, and the resulting mixture was stirred at RT for 10 min.
Then, tetraethyl orthosilicate (TEOS, 1 mmol) and 1,2-
bis(triethoxysilyl)methane (BTEM, 1 mmol) were simultaneously
added in the reaction vessel, and this combination was stirred
at RT for 16 h. Next, the resulting product was collected using
a magnetic field and washed several times with H,O and
EtOH. The obtained material was dried at 70°C and called
Fe;04@0S. For the preparation of Fe3;04@0S-SH, 0.5g of
Fe304@0S was dispersed in dry toluene (25mL) for 30 min.
Then, (3-mercaptopropyl)trimethoxysilane (1 mmol) was added
to the reaction flask, and the mixture was refluxed. After 24 h,
the resulting material was separated using a magnet and washed
with EtOH and H,O. The final product was dried at 70°C for 6 h
and called Fe3;O0,@0S-SH (Tai et al., 2017).

Preparation of the Fe30,@0S-SO3;H

Nanocatalyst
For this, 0.5g of Fe304@0S-SH was completely dispersed in
MeOH (20 mL) under ultrasonic conditions for 20 min. Then,
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H,0; (35%, 5 mL) was added to the reaction vessel, for oxidation
of SH groups to SO3H counterparts, and the resulting mixture
was stirred at RT for 24h. After this process, the resulting
product was collected by using a magnetic field and washed three
times with H,O and EtOH. To ensure complete protonation,
the obtained material was acidified in a H,SO4 solution (0.1 M,
25mlL) for 5h. Then, the solid product was collected using an
external magnet, washed completely with deionized water, dried
at 70°C for 12 h, and denoted as Fe30,@0S-SO3H.

Procedure for the Determination of the
Acidity of Fe30,@0S-SO3H

For this, 50 mg of Fe304@0S-SO3H was dispersed in an aqueous
solution of sodium chloride (1M, 25mL) for 20 min, and it
was then stirred at room temperature for 72h. After this, an
inverse titration was carried out on the resulting mixture by using
NaOH (0.05M), and the loading of sulfonic acid groups on the
Fe30,@0S-SO3H surface was calculated (2.1 mmol g’l).

General Procedure for the Esterification of
Carboxylic Acids in the Presence of the
Fe304-0S-SO3H Nanocatalyst

For this purpose, carboxylic acid (5 mmol), alcohol (2 mmol),
and Fe304@0S-SO3H nanocatalyst (0.03 g) were added into a
reaction vessel, and this mixture was stirred vigorously at 70°C.
The progress of the reaction was monitored by TLC and GC.
After finishing the process, ethyl acetate (5mL) was added,
and the catalyst was collected using an external magnet. Then,
the residue was decanted with a mixture of ethyl acetate and
H,0 to remove unreacted carboxylic acid. The organic phase

was separated and dried over anhydrous Na;SO4. A pure ester
product resulted after evaporation of the solvent.

Procedure for the Hot Filtration Test

This test was also performed on the esterification of acetic acid
by 1-octanol under optimized conditions. For this, after about
50% of the reaction had been completed, it was stopped and
the catalyst was separated using an external magnetic field. The
catalyst-free residue was allowed to continue to undergo reaction
under optimum conditions. After about 20h, no noticeable
conversion was observed, confirming no leaching of active
sulfonic acid moieties during reaction conditions.

RESULTS AND DISCUSSION

Firstly, Fe3O4 and Fe3;O04@SiO, NPs were first prepared
according to our reported methods (Elhamifar et al, 2018;
Neysi et al, 2019). Then, Fe;04@0S was synthesized via
co-condensation of TEOS and BTEM around Fe;O04@SiO,
NPs. Next, the surface of Fe;0,@0S NPs was chemically
modified with (3-mercaptopropyl)trimethoxysilane groups to
give Fe304@Si0,-SH nanomaterial. Finally, the SH moieties of
the latter material were oxidized in the presence of H,O, to
deliver the desired Fe304@0S-SO3H nanocatalyst (Scheme 1).
Fe304@0S-SO3H was characterized using various techniques,
namely, FT-IR, PXRD, VSM, TEM, SEM, and TGA.

Firstly, the FT-IR spectroscopy technique was used to
identify the functional groups of the prepared nanomaterials
at each step (Figure 1). The observed peak at 576 cm~! for
all samples is related to the stretching vibrations of the Fe-O
bonds. For Fe304@Si0,, Fe304,@0S, and Fe304,@0S-SO3H, the

¢
‘ 1.H,0, EtOH, r.t, 30 min . g
, 2. NH; (25%), r.t., 10 min '
__ 3.TEOS, BTEM, r.t, 16 h
Fe304@8|02 F6304@OS

1. H,0, (35 %), MeOH, RT, 24 h
2. H,S0, (1 M), 5 h

Fe;0,@0S-SO;H

SCHEME 1 | Preparation of the Fe304@0S-SO3H nanocatalyst.
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FIGURE 1 | FT-IR spectra of (A) Fe3Oy4, (B) Fez0,@SiO,, (C) Fe30,@0S, and
(D) Fez0,@0S-SO3H nanomaterials.

asymmetric and symmetric stretching vibrations of the Si-O-Si
bonds appeared at 930 and 1,079 cm™!. The peaks at 2,800-2,930
cm™! can be attributed to the stretching vibration of aliphatic
C-H bonds of propyl moieties (Figures 1C,D). Importantly, for
the Fe304@0S-SO3H nanomaterial, the peak observed around
1,105 cm™! is assigned to the S=O stretching vibration of the
sulfonic acid groups (Figure 1D), indicating successful oxidation
of SH to SO3H moieties.

In the following, the surface acidity of the Fe3;O4@OS-
SO3H nanocatalyst was evaluated by FT-IR spectroscopy using
pyridine as a probe molecule. Figure2A shows the FT-IR
spectrum of the nanocatalyst before pyridine adsorption, where
no special bands corresponding to pyridine are observed in the
region 1,400-1,700 cm™!. In contrast, Figure 2B shows that
after pyridine adsorption, three peaks clearly appear in regions
1,487, 1,542, and 1,640 cm™!. These emerging bands are due
to the interaction of pyridine with Brensted acid sites to form
pyridinium ions, confirming well the immobilization and high
stability of sulfonic acid groups on the Fe304@0S support
(Hamoudi and Kaliaguine, 2003; Adam et al.,, 2012; Upare et al,,
2013).

The powder X-ray diffraction (PXRD) analysis of Fe3Oy,
Fe;0,@0S, and Fe;0,@0S-SO3H nanomaterials showed six
sharp peaks at 20: 30.15, 35.73, 43.38, 54.09, 57.37, and 62.89
degrees, corresponding to Miller indices of 220, 311, 400,
422, 511, and 440, respectively (Figure 3) (Zhang et al., 2014;
Liu et al,, 2015). The results of this analysis prove that the
Fe3Oy crystalline structure is preserved during the modification
processes (Figure 3). Also, the broad peaks appearing at 20 = 20—
25 degrees in Figures 3B,C are related to organosilica, confirming
the formation of an organosilica shell around the Fe3Oy4 core. It
also should be noted that the observation of later peaks at 260 =
20-25 degrees in Figure 3C confirms the chemical stability of the
organosilica shell during the surface modification process by the
sulfonic acid group (Lee et al., 2008; Wang et al., 2012).

100,
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o%T 80~
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1500 1400
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FIGURE 2 | FT-IR spectra of (A) Fe;0,@0S-SO3H nanocatalyst and (B)
Fe;0,@08S-SO3H nanocatalyst after pyridine adsorption.

The magnetic properties of Fe3Oy4, Fe304@SiO;, Fe304,@0S,
and Fe304@0S8-SO3H nanomaterials were investigated by
vibrating sample magnetometer (VSM) analysis. The results of
this analysis showed that all samples have a superparamagnetic
behavior with no hysteresis, remanence, and coercivity. The
magnetic saturation of Fe3Oy4, Fe304@Si0,, Fe304@0S, and
Fe30,4@0S-SO3H nanomaterials were 75, 55, 47, and 38 emu/g,
respectively. The decrease in saturation magnetization, after
each step, confirms successful chemical immobilization of silica
precursors and sulfonic acid moieties on the surface of the Fe3O4
NPs (Figure 4). Also, this confirms the high magnetic properties
of all prepared materials, which are very important for their easy
separation in the chemical processes.

The morphology of the particles at different steps of
nanocatalyst preparation was investigated by using SEM
(Figure 5). This showed a spherical morphology with a uniform
size of the particles at different stages. Also, this confirmed
that the size of the NPs increased at each step compared with
that at the previous step. Especially, the SEM of Fe3;0,@0S-
SO3H clearly showed the presence of spherical particles with
an average size of 70nm (Figure 5D). These types of particles
are very good candidates in the catalytic, chromatography, and
adsorption processes.

The transmission electron microscopy (TEM) image also
showed that the designed nanocatalyst has a core-shell structure
with a black core (magnetite particles) and a gray shell
(organosilica layer) (Figure 6).

Thermogravimetric analysis (TGA) was used for the
investigation of the thermal stability of Fe;0,@0S and
Fe30,4@0S-SO3H nanocomposites (Figure 7). As shown, the
TGA of both Fes04@0S and Fe;0,@0S-SO3H samples has
approximately the same pattern. This shows three weight losses.
The first weight loss (about 3%) below 150°C corresponds
to the removal of adsorbed water and alcoholic solvents
remaining from the preparation process. The second weight
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FIGURE 3 | PXRD patterns of the (A) FezOy4, (B) Fe;0,@0S, and (C)
Fez04@0S-SO3H nanomaterials.

loss (about 8%) between 180 and 250°C is due to the removal
of supported propanethiol/propanesulfonic acid moieties.
The main weight loss (about 22%) cleared between 251 and
600°C is due to the removal of incorporated methylene
groups in the shell framework. These results prove the high
thermal stability of the Fe304@0S and Fe3;04@0S-SO3H
nanocomposites and confirm well immobilization/incorporation
of propanethiol/propanesulfonic acid and methylene groups
onto/into the material framework.

After successful characterization of Fe;0,@0S-SO3H, its
catalytic activity was investigated in esterification of carboxylic
acids to produce biodiesel products. In order to achieve the
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FIGURE 4 | VSM diagram of the (A) Fe3Oy4, (B) Fe304@SiOs, (C) Fez04@0S,
and (D) Fe30,@0S-SOzH nanomaterials.

optimum conditions, the condensation between acetic acid and
1-octanol was selected as the model reaction. The effects of
temperature, catalyst loading, and catalyst type were investigated
under solvent-free conditions (Table 1). The obtained results
proved that the catalyst loading is very effective in the progress of
the reaction and the best result was delivered in the presence of
0.03 g of the designed catalyst (Table 1, entries 1-4). The reaction
was also affected by temperature, and the best conversion was
obtained at 70°C (Table 1, entries 4-6). Figure 8A illustrates
the influence of temperature on the progress of this process.
In the following, to show the exact role of supported sulfonic
acids in the catalytic process, the activity of Fe3;0,@0S-SH
and Fe304@0S was studied and the result was compared with
that of Fe3;0,@0S-SO3H (Table 1, entry 4 vs. entries 7 and
8). Interestingly, both sulfonic acid-free nanomaterials delivered
no ester product under the same conditions as Fe;04@O0S-
SO3H, confirming that the esterification process is completely
catalyzed by supported -SO3H moieties. Next, the effect of the
molar ratio of 1-octanol to acetic acid was investigated. The
results of this study showed that the yield of the desired ester
is improved from 35 to 94% as the 1-octanol:acetic acid molar
ratio changed from 0.5:5 to 2:5. It is also important to note that
when the 1-octanol:acetic acid molar ratio was increased to 3:5,
no significant change in the reaction yield was observed (Table 1,
entry 4 vs. entries 9-11, Figure 8B). The effect of time on the
progress of the esterification process proved that the conversion
of starting materials increases steadily with increasing reaction
time (Table 1, entry 4 vs. entries 1215, Figure 8C). Accordingly,
the use of 0.03g of Fe3;0,@0S-SO3H, 70°C, and solvent-free
conditions were chosen as optimum conditions.

After optimization of the reaction conditions, the catalytic
activity of Fe30,@0S-SO3H was investigated in the esterification
of different carboxylic acids and alcohols (Table 2). The synthesis
of ester products with high yields in this process proved that
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FIGURE 5 | SEM images of the (A) Fe3Oy4, (B) Fez04@SiOs, (C) Fe;0,@0S, and (D) Fe304@0S-SO3zH nanomaterials.
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FIGURE 6 | The TEM image of the Fe30,@0S-SO3H nanocatalyst.

FIGURE 7 | TG analysis of Fe;0,@0S (A) and Fe30,@0S-SO3H (B)
Fe304@0S-SO3H is a powerful and efficient nanocatalyst for the materials.
preparation of a set of different esters applicable as biodiesel.
One of important properties of nanocatalysts is the
recyclability and reusability of these materials without a The IR and PXRD analyses of the recycled nanocatalyst were
significant change in their activity and structure. Therefore, next performed to study its chemical and structural stability
next, the recyclability and reusability of Fe304@0S-SO3H were  under the applied conditions.
studied in the condensation of acetic acid and 1-octanol as a As shown in Figure 10, the FT-IR spectrum of the recovered
model reaction. The results showed that the Fe304,@0S-SO3H  nanocatalyst is approximately the same as the FT-IR spectrum of
nanocatalyst can be recycled and reused several times without a  the fresh nanocatalyst, confirming the high chemical stability of
significant decrease in efficiency (Figure 9). the Fe304,@0S-SO3H nanocatalyst under the applied conditions.
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FIGURE 8 | Effects of reaction parameters in the esterification of acetic acid by 1-octanol: (A) reaction temperature, (B) molar ratio of 1-octanol to acetic acid, and (C)
reaction time.

TABLE 1 | Effects of catalyst loading, temperature, and catalyst type in the esterification of acetic acid by 1-octanol.

Entry Catalyst Catalyst amount Molar ratio T(°C) Time (h) Yield (%)?
(1-octanol/acetic acid)
0] (0]
CHa)J\OH + CHa(CHp)eCHOH —=21SL ) N 5 GH,(CH,)CHs
Solvent free

1 — — 2:5 70 14 —

Fe30,@0S-SOsH 0.01g 2:5 70 14 34 + 0.66
3 Fe30,@0S-SOsH 0.015¢g 2:5 70 14 51 +0.49
4b Fe30,@0S-SOzH 0.03g 2:5 70 14 94 + 0.06
5 Fe30,@0S-SOzH 0.03g 2:5 50 14 39 + 0.61
6 Fez0,@0S-SOzH 0.03g 2:5 RT 14 11+£0.89
7 Fez0,@0S-SH 0.03g 2:5 70 14 —
8 Fes0,@0S 0.03g 2:5 70 14 —
9 Fes0,@0S-SOsH 0.03g 0.5:5 70 14 35 + 0.65
10 Fes0,@0S-SOzH 0.03g 1:5 70 14 63 + 0.37
11 Fe30,@0S-SOsH 0.03g 35 70 14 94 + 0.06
12 Fe30,@08-SOsH 0.03g 2:5 70 3 12+0.88
13 Fe30,@0S-SOzH 0.03g 2:5 70 6 34 + 0.66
14 Fez0,@0S-SOzH 0.03g 2:5 70 9 57 £0.43
15 Fe304,@0S-SOsH 0.03g 2:5 70 12 74 +£0.26
alsolated yields. °Bold values indicate the optimum condition.
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TABLE 2 | The esterification of carboxylic acids with alcohols in the presence of
the Fe30,@0S-SO3H nanocatalyst?.

Entry R R’OH Time (h) Yield (%)®
i X
\ Fe304@OS-SO3H i
R)J\OH + ROH R OR
Solvent free, 70 °C
1 CHs CH3(CHz)16CH2OH 17 91 + 0.09
2 PhCH,CHa CH3(CHz)16CH2OH 21 90 + 0.1
3 Ph CHs(CH2)16CH20OH 24 88 +0.12
4 CHg(CH2)7CH=CH(CHz);  CH3(CHz)16CH20OH 22 90 + 0.1
5 CHs CH3(CH2)sCH20OH 14 94 + 0.06
6 CH3(CHy)7 CH=CH(CH>); CH3(CH2)sCH>OH 19 89 + 0.11
7 CHs CH3(CHy)s CHOHCHg 18 92 + 0.08
8 Ph CH3(CHy)s CHOHCHg 24 89 + 0.11

@Reaction conditions: carboxylic acid (5 mmol), alcohol (2 mmol), and catalyst (0.03 g).
bisolated yields.
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FIGURE 9 | Reusability of the Fe30,@0S-SO3zH nanocatalyst.

The PXRD of the recovered Fez04@0S-SO3H also showed
six peaks at 20 = 30.18, 35.68, 43.30, 54.12, 57.37, and 62.91
degrees, which are in good agreement with the PXRD pattern
of the fresh nanocatalyst. This analysis confirms the high
stability of the crystalline structure of Fe3O4 nanoparticles
during several reuse stages. It also important to mention that
the appearance of a broad peak at 20 20-25 degrees,
corresponding to the organosilica layer, proves that the
organosilica shell remains after several times of recycling and
reuse (Figure 11).

Next, a hot filtration test was performed to investigate the
nature of the catalyst under the applied conditions. For this,
after completion of about 50% of the esterification process, the
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FIGURE 10 | FT-IR spectrum of the recovered Fe3O,@0S-SOzH nanocatalyst.
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FIGURE 11 | PXRD pattern of the recovered Fe30,@0S-SOzH nanocatalyst.
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TABLE 3 | The comparison study between the efficiency of the present catalyst
with that of other catalysts®.

Entry Catalyst Conditions Recovery Reference
times

1 GO Cat. 50 wt%, 100°C, 24 h 5 Chenetal.,
2017

2 S-MIL-101 Cat. 0.05g, 70°C, 7h 3 Hu et al., 2020

3 GO Cat. 0.1g, 120°C, 6h 4 Gao et al., 2015

4 SO4/Mg-Al-FezO,4 Cat. 4 wt%, 95°C, 5h 5 Gardy et al.,
2019

5 Fes0,@08S-SOsH Cat. 0.03g, 70°C, 14h 6 This work

aGO, graphene oxide; MIL, Material Institute Lavoisier.

catalyst was removed using a magnetic field and the progress
of the residue mixture was monitored. Interestingly, no further
conversion was observed in this case. This result confirms no
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leaching and the high stability of supported sulfonic acid moieties
under reaction conditions.

Finally, the catalytic performance of the Fe304@0S-SO3H
nanocatalyst was compared with that of a number of previously
reported catalysts in the esterification process (Table 3). As
demonstrated, the efficiency of the present catalyst is much
higher than that of most of previously reported systems in terms
of recycling times, reaction time, and reaction temperature. These
findings may be attributed to the magnetic properties and good
lipophilicity of the present catalyst.

CONCLUSION

In summary, in the present study, for the first time a novel
sulfonic acid containing magnetic methylene-based organosilica
with a core-shell structure (Fe304@0S-SO3H) was prepared
as an effective nanocatalyst for biodiesel production. The SEM
and TEM images of Fe30,@0S-SO3H demonstrated spherical
particles with a core-shell structure for this material. The FT-
IR analysis confirmed the successful immobilization of sulfonic
acid groups on the Fe304,@0S nanostructure. The VSM analysis
proved the good magnetic properties of Fe3;0,@0S-SO3H, and
PXRD analysis confirmed the high stability of Fe;O4 NPs

REFERENCES

Abaeezadeh, S., Elhamifar, D., Norouzi, M., and Shaker, M. (2019). Magnetic
nanoporous MCM-41 supported ionic liquid/palladium complex: an efficient
nanocatalyst with high recoverability. Appl. Organomet. Chem. 33:e4862.
doi: 10.1002/a0c.4862

Adam, F., Batagarawa, M., Hello, K., and Al-Juaid, S. (2012). One-step synthesis
of solid sulfonic acid catalyst and its application in the acetalization of glycerol:
crystal structure of cis-5-hydroxy-2-phenyl-1, 3-dioxane trimer. Chem. Pap. 66,
1048-1058. doi: 10.2478/s11696-012-0203-x

Adeniyi, A. G., Ighalo, J. O., Adeoye, A. S., and Onifade, D. V. (2019). Modelling
and optimisation of biodiesel production from Euphorbia lathyris using
ASPEN Hysys. Appl. Sci. 1:1452. doi: 10.1007/s42452-019-1522-0

Aissou, K., Alnasser, T., Pecastaings, G., Goglio, G., Toulemonde, O., Mornet,
S., et al. (2013). Hierarchical assembly of magnetic L1 0-ordered FePt
nanoparticles in block copolymer thin films. J. Mater. Chem. C 1, 1317-1321.
doi: 10.1039/C2TC00490A

Antonello, A., Jakob, G., Dolcet, P., Momper, R., Kokkinopoulou, M., Landfester,
K., et al. (2017). Synergy of miniemulsion and solvothermal conditions for
the low-temperature crystallization of magnetic nanostructured transition-
metal ferrites. Chem. Mater. 29, 985-997. doi: 10.1021/acs.chemmater.
6b03467

Bohara, R. A., Thorat, N. D., and Pawar, S. H. (2016). Role of functionalization:
strategies to explore potential nano-bio applications of magnetic nanoparticles.
RSC Adv. 6,43989-44012. doi: 10.1039/C6RA02129H

Chen, H., Deng, C., and Zhang, X. (2010). Synthesis of Fe30,@ SiO,@ PMMA
core-shell-shell magnetic microspheres for highly efficient enrichment of
peptides and proteins for MALDI-ToF MS analysis. Angew. Chem. Int. Edn.
49, 607-611. doi: 10.1002/anie.200904885

Chen, X.-R,, Ju, Y.-H., and Mou, C.-Y. (2007). Direct synthesis of mesoporous
sulfated silica-zirconia catalysts with high catalytic activity for biodiesel via
esterification. J. Phys. Chem. C 111, 18731-18737. doi: 10.1021/jp0749221

Chen, Z., Wen, Y., Fu, Y., Chen, H., Ye, M., and Luo, G. (2017). Graphene oxide:
an efficient acid catalyst for the construction of esters from acids and alcohols.
Synlett 28, 981-985. doi: 10.1055/s-0036-1588399

Chiang, Y. D,, Dutta, S., Chen, C. T., Huang, Y. T,, Lin, K. S., Wy, J. C,, et al.
(2015). Functionalized Fe;O4@ silica core-shell nanoparticles as microalgae

during the modification process. TG analysis proved the good
immobilization of sulfonic acid and methylene functional groups
onto/into the material framework and showed the high thermal
stability of the Fe304@OS-SO3H nanocatalyst. The Fe3;04@0S-
SO3H nanocatalyst was effectively applied in the esterification of
carboxylic acids as an effective process for biodiesel synthesis.
Also, this catalyst could be recycled and reused several times with
its activity kept.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

The authors thank Yasouj University and the Iran National
Science Foundation (INSF) for supporting this work.

harvester and catalyst for biodiesel production. ChemSusChem 8, 789-794.
doi: 10.1002/cssc.201402996

Colombo, M., Carregal-Romero, S., Casula, M. F., Gutiérrez, L., Morales, M. P.,
Bohm, I. B., et al. (2012). Biological applications of magnetic nanoparticles.
Chem. Soc. Rev. 41, 4306-4334. doi: 10.1039/c2¢s15337h

Dai, Q., Berman, D., Virwani, K., Frommer, J., Jubert, P.-O., Lam, M., et al. (2010).
Self-assembled ferrimagnet- polymer composites for magnetic recording
media. Nano Lett. 10, 3216-3221. doi: 10.1021/n11022749

Demirer, G. S., Okur, A. C,, and Kizilel, S. (2015). Synthesis and design of
biologically inspired biocompatible iron oxide nanoparticles for biomedical
applications. J. Mater. Chem. B 3, 7831-7849. doi: 10.1039/C5TB00931F

Dimian, A. C., and Rothenberg, G. (2016). An effective modular process for
biodiesel manufacturing using heterogeneous catalysis. Catal. Sci. Technol. 6,
6097-6108. doi: 10.1039/C6CY00426A

Dos Santos-Durndell, V. C., Peruzzolo, T. M., Ucoski, G. M., Ramos, L. P., and
Nakagaki, S. (2018). Magnetically recyclable nanocatalysts based on magnetite:
an environmentally friendly and recyclable catalyst for esterification reactions.
Biofuel Res. ]. 5, 806-812. doi: 10.18331/BRJ2018.5.2.4

Elhamifar, D., Karimi, B., Moradi, A., and Rastegar, J. (2014). Synthesis of
sulfonic acid containing ionic-liquid-based periodic mesoporous organosilica
and study of its catalytic performance in the esterification of carboxylic acids.
ChemPlusChem 79, 1147-1152. doi: 10.1002/cplu.201402071

Elhamifar, D., Ramazani, Z., Norouzi, M., and Mirbagheri, R. (2018). Magnetic
iron oxide/phenylsulfonic acid: a novel, efficient and recoverable nanocatalyst
for green synthesis of tetrahydrobenzo [b] pyrans under ultrasonic conditions.
J. Colloid Interface Sci. 511, 392-401. doi: 10.1016/j.jcis.2017.10.013

Esfahani, F. K., Zareyee, D., and Yousefi, R. (2014). Sulfonated core-shell magnetic
nanoparticle (Fe3O4@ SiO,@ PrSO3H) as a highly active and durable protonic
acid catalyst; synthesis of coumarin derivatives through Pechmann reaction.
ChemCatChem 6, 3333-3337. doi: 10.1002/cctc.201402547

Gandhi, A. C., Pradeep, R, Yeh, Y.-C,, Li, T.-Y., Wang, C.-Y., Hayakawa, Y.,
et al. (2018). Understanding the magnetic memory effect in Fe-doped NiO
nanoparticles for the development of spintronic devices. ACS Appl. Nano
Mater. 2,278-290. doi: 10.1021/acsanm.8b01898

Gao, X,, Zhu, S., and Li, Y. (2015). Graphene oxide as a facile solid acid catalyst for
the production of bioadditives from glycerol esterification. Catal. Commun. 62,
48-51. doi: 10.1016/j.catcom.2015.01.007

Frontiers in Energy Research | www.frontiersin.org

16

May 2020 | Volume 8 | Article 78


https://doi.org/10.1002/aoc.4862
https://doi.org/10.2478/s11696-012-0203-x
https://doi.org/10.1007/s42452-019-1522-0
https://doi.org/10.1039/C2TC00490A
https://doi.org/10.1021/acs.chemmater.6b03467
https://doi.org/10.1039/C6RA02129H
https://doi.org/10.1002/anie.200904885
https://doi.org/10.1021/jp0749221
https://doi.org/10.1055/s-0036-1588399
https://doi.org/10.1002/cssc.201402996
https://doi.org/10.1039/c2cs15337h
https://doi.org/10.1021/nl1022749
https://doi.org/10.1039/C5TB00931F
https://doi.org/10.1039/C6CY00426A
https://doi.org/10.18331/BRJ2018.5.2.4
https://doi.org/10.1002/cplu.201402071
https://doi.org/10.1016/j.jcis.2017.10.013
https://doi.org/10.1002/cctc.201402547
https://doi.org/10.1021/acsanm.8b01898
https://doi.org/10.1016/j.catcom.2015.01.007
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Shaker and Elhamifar

Biodiesel Production via Esterification

Gardy, J., Nourafkan, E., Osatiashtiani, A., Lee, A. F., Wilson, K., Hassanpour, A.,
et al. (2019). A core-shell SO4/Mg-Al-Fe30y4 catalyst for biodiesel production.
Appl. Catal. B Environ. 259:118093. doi: 10.1016/j.apcatb.2019.118093

Ghorbani-Vaghei, R., and Izadkhah, V. (2018). Preparation and characterization
of hexamethylenetetramine-functionalized magnetic nanoparticles and their
application as novel catalyst for the synthesis of pyranopyrazole derivatives.
Appl. Organomet. Chem. 32:¢4025. doi: 10.1002/a0c.4025

Haas, M. J., Adawi, N., Berry, W. W, Feldman, E., Kasprzyk, S., Ratigan, B., et al.
(2010). Butter as a feedstock for biodiesel production. J. Agric. Food Chem. 58,
7680-7684. doi: 10.1021/jf1003754

Hifeli, U. O., Riffle, J. S., Harris-Shekhawat, L., Carmichael-Baranauskas, A., Mark,
F., Dailey, J. P., et al. (2009). Cell uptake and in vitro toxicity of magnetic
nanoparticles suitable for drug delivery. Mol. Pharmaceutics 6, 1417-1428.
doi: 10.1021/mp900083m

Hajian, R., and Ehsanikhah, A. (2018). Manganese porphyrin immobilized on
magnetic MCM-41 nanoparticles as an efficient and reusable catalyst for
alkene oxidations with sodium periodate. Chem. Phys. Lett. 691, 146-154.
doi: 10.1016/j.cplett.2017.11.009

Hamoudi, S., and Kaliaguine, S. (2003). Sulfonic acid-functionalized periodic
mesoporous organosilica. Microporous Mesoporous Mater. 59, 195-204.
doi: 10.1016/S1387-1811(03)00311-1

Hu, S., Guan, Y., Wang, Y., and Han, H. (2011). Nano-magnetic catalyst
KF/CaO-Fe304 for biodiesel production. Appl. Energy 88, 2685-2690.
doi: 10.1016/j.apenergy.2011.02.012

Hu, S., Luo, X., Wan, C., and Li, Y. (2012). Characterization of crude glycerol from
biodiesel plants. J. Agric. Food Chem. 60, 5915-5921. doi: 10.1021/j3008629

Hu, X., Ma, K., Sabbaghi, A., Chen, X., Chatterjee, A., and Lam, F. L. (2020).
Mild acid functionalization of metal-organic framework and its catalytic
effect on esterification of acetic acid with n-butanol. Mol. Catal. 482:110635.
doi: 10.1016/j.mcat.2019.110635

Iglesias, D., Sabater, S., Azua, A., and Mata, J. A. (2015). Catalytic applications
of magnetic nanoparticles functionalized using iridium N-heterocyclic carbene
complexes. New J. Chem. 39, 6437-6444. doi: 10.1039/C5NJ00803D

Kainz, Q. M., and Reiser, O. (2014). Polymer-and dendrimer-coated magnetic
nanoparticles as versatile supports for catalysts, scavengers, and reagents. Acc.
Chem. Res. 47, 667-677. doi: 10.1021/ar400236y

Kalhor, M., and Zarnegar, Z. (2019). Fe304/SO3Hlite-Y as a novel multi-functional
and magnetic nanocatalyst for clean and soft synthesis of imidazole and
perimidine derivatives. RSC Adv. 9, 19333-19346. doi: 10.1039/C9RA02910A

Kandasamy, G., Sudame, A., Luthra, T., Saini, K., and Maity, D. (2018).
Functionalized hydrophilic superparamagnetic iron oxide nanoparticles for
magnetic fluid hyperthermia application in liver cancer treatment. ACS Omega
3, 3991-4005. doi: 10.1021/acsomega.8b00207

Kolhatkar, A. G., Chen, Y.-T., Chinwangso, P., Nekrashevich, I., Dannangoda,
G. C, Singh, A, et al. (2017). Magnetic sensing potential of Fe3O4
nanocubes exceeds that of Fe3O4 nanospheres. ACS Omega 2, 8010-8019.
doi: 10.1021/acsomega.7b01312

Kondamudi, N, Strull, J., Misra, M., and Mohapatra, S. K. (2009). A green process
for producing biodiesel from feather meal. J. Agric. Food Chem. 57, 6163-6166.
doi: 10.1021/j£900140e

Kudr, J., Haddad, Y., Richtera, L., Heger, Z., Cernak, M., Adam, V., et al. (2017).
Magnetic nanoparticles: from design and synthesis to real world applications.
Nanomaterials 7:243. doi: 10.3390/nan07090243

Lam, Y.-P., Wang, X, Tan, F., Ng, W.-H., Tse, Y.-L. S., and Yeung, Y.-Y. (2019).
Amide/iminium zwitterionic catalysts for (Trans) esterification: application in
biodiesel synthesis. ACS Catal. 9, 8083-8092. doi: 10.1021/acscatal.9b01959

Lartigue, L., Innocenti, C., Kalaivani, T., Awwad, A., Sanchez Duque, M.
D. M., Guari, Y., et al. (2011). Water-dispersible sugar-coated iron oxide
nanoparticles. An evaluation of their relaxometric and magnetic hyperthermia
properties. J. Am. Chem. Soc. 133, 10459-10472. doi: 10.1021/ja111448t

Laskar, I. B., Rajkumari, K., Gupta, R, Chatterjee, S., Paul, B., and Rokhum,
L. (2018). Waste snail shell derived heterogeneous catalyst for biodiesel
production by the transesterification of soybean oil. RSC Adv. 8, 20131-20142.
doi: 10.1039/C8RA02397B

Lee, J., Lee, Y., Youn, J. K., Na, H. B., Yu, T., Kim, H., et al. (2008). Simple synthesis
of functionalized superparamagnetic magnetite/silica core/shell nanoparticles
and their application as magnetically separable high-performance biocatalysts.
Small 4, 143-152. doi: 10.1002/smll.200700456

Li, J., Wei, Y., Li, W., Deng, Y., and Zhao, D. (2012). Magnetic spherical cores
partly coated with periodic mesoporous organosilica single crystals. Nanoscale
4,1647-1651. doi: 10.1039/c2nr11941b

Lien, Y.-S., Hsieh, L.-S., and Wu, J. C. (2010). Biodiesel synthesis by simultaneous
esterification and transesterification using oleophilic acid catalyst. Ind. Eng.
Chem. Res. 49, 2118-2121. doi: 10.1021/i€901496h

Liu, C. L., Peng, Y. K, Chou, S. W., Tseng, W. H., Tseng, Y. J., Chen, H. C,,
et al. (2014). One-step, room-temperature synthesis of glutathione-capped
iron-oxide nanoparticles and their application in in vivo T1-weighted magnetic
resonance imaging. Small 10, 3962-3969. doi: 10.1002/smll.201303868

Liu, G, Wang, D., Zhou, F.,, and Liu, W. (2015). Electrostatic self-assembly
of Au nanoparticles onto thermosensitive magnetic core-shell microgels for
thermally tunable and magnetically recyclable catalysis. Small 11, 2807-2816.
doi: 10.1002/smll.201403305

Liu, J.-F., Zhao, Z.-S., and Jiang, G.-B. (2008). Coating Fe3O4 magnetic
nanoparticles with humic acid for high efficient removal of heavy metals in
water. Environ. Sci. Technol. 42, 6949-6954. doi: 10.1021/es800924c

Maleki, A., Aghaei, M., Hafizi-Atabak, H. R., and Ferdowsi, M. (2017).
Ultrasonic  treatment of CoFe;O4@ B;03-SiO, as a new hybrid
magnetic composite nanostructure and catalytic application the
synthesis of dihydroquinazolinones. Ultrason. Sonochem. 37, 260-266.
doi: 10.1016/j.ultsonch.2017.01.022

Mejias, R., HerndNdez Flores, P., Talelli M., Tajada-Herrdlz, J. L., Brollo,
M. E, Portilla, Y., et al. (2018). Cell-promoted nanoparticle aggregation
decreases nanoparticle-induced hyperthermia under an alternating magnetic
field independently of nanoparticle coating, core size, and subcellular
localization. ACS Appl. Mater. Interfaces 11, 340-355. doi: 10.1021/acsami.
8b18451

Meng, X, Seton, H. C,, Lu, L. T., Prior, I. A,, Thanh, N. T., and Song, B. (2011).
Magnetic CoPt nanoparticles as MRI contrast agent for transplanted neural
stem cells detection. Nanoscale 3, 977-984. doi: 10.1039/c0nr00846;

Mirbagheri, R., and Elhamifar, D. (2019). Magnetic ethyl-based organosilica
supported schiff-base/indium: a very efficient and highly durable nanocatalyst.
J. Alloys Compd. 790, 783-791. doi: 10.1016/j.jallcom.2019.03.203

Mondal, J., Sen, T., and Bhaumik, A. (2012). Fe304@ mesoporous SBA-15: a
robust and magnetically recoverable catalyst for one-pot synthesis of 3, 4-
dihydropyrimidin-2 (1 H)-ones via the biginelli reaction. Dalton Trans. 41,
6173-6181. doi: 10.1039/c2dt30106g

Neysi, M., Zarnegaryan, A., and Elhamifar, D. (2019). Core-shell structured
magnetic silica supported propylamine/molybdate complexes: an efficient
and magnetically recoverable nanocatalyst. N. J. Chem. 43, 12283-12291.
doi: 10.1039/CINJO1160A

Ni, D., Bu, W, Ehlerding, E. B., Cai, W., and Shi, J. (2017). Engineering of inorganic
nanoparticles as magnetic resonance imaging contrast agents. Chem. Soc. Rev.
46, 7438-7468. doi: 10.1039/C7CS00316A

Nikoorazm, M., and Erfani, Z. (2019). Core-shell nanostructure (Fe304@ MCM-
41@ Cu-P2C) as a highly efficient and recoverable nanocatalyst for the synthesis
of polyhydroquinoline, 5-substituted 1H-tetrazoles and sulfides. Chem. Phys.
Lett. 737:136784. doi: 10.1016/j.cplett.2019.136784

Obeid, M. M., Jappor, H. R., Al-Marzoki, K., Al-Hydary, I. A, Edrees, S. J., and
Shukur, M. M. (2019). Unraveling the effect of Gd doping on the structural,
optical, and magnetic properties of ZnO based diluted magnetic semiconductor
nanorods. RSC Adv. 9, 33207-33221. doi: 10.1039/C9RA04750F

Pan, H., Li, H.,, Zhang, H., Wang, A,, Jin, D., and Yang, S. (2018). Effective
production of biodiesel from non-edible oil using facile synthesis of
imidazolium salts-based brensted-lewis solid acid and co-solvent. Energy
Convers. Manag. 166, 534-544. doi: 10.1016/j.enconman.2018.04.061

Pourjavadi, A., Hosseini, S. H., Doulabi, M., Fakoorpoor, S. M., and Seidi, F. (2012).
Multi-layer functionalized poly (ionic liquid) coated magnetic nanoparticles:
highly recoverable and magnetically separable bronsted acid catalyst. ACS
Catal. 2, 1259-1266. doi: 10.1021/cs300140j

Qiao, R., Yang, C, and Gao, M. (2009). Superparamagnetic iron oxide
nanoparticles: from preparations to in vivo MRI applications. J. Mater. Chem.
19, 6274-6293. doi: 10.1039/b902394a

Ramazani, Z., Elhamifar, D., Norouzi, M., and Mirbagheri, R. (2019).
Magnetic mesoporous MCM-41 supported boric acid: a novel,
efficient and ecofriendly nanocomposite. Compos. B. Eng. 164, 10-17.
doi: 10.1016/j.compositesb.2018.11.063

in

Frontiers in Energy Research | www.frontiersin.org

17

May 2020 | Volume 8 | Article 78


https://doi.org/10.1016/j.apcatb.2019.118093
https://doi.org/10.1002/aoc.4025
https://doi.org/10.1021/jf1003754
https://doi.org/10.1021/mp900083m
https://doi.org/10.1016/j.cplett.2017.11.009
https://doi.org/10.1016/S1387-1811(03)00311-1
https://doi.org/10.1016/j.apenergy.2011.02.012
https://doi.org/10.1021/jf3008629
https://doi.org/10.1016/j.mcat.2019.110635
https://doi.org/10.1039/C5NJ00803D
https://doi.org/10.1021/ar400236y
https://doi.org/10.1039/C9RA02910A
https://doi.org/10.1021/acsomega.8b00207
https://doi.org/10.1021/acsomega.7b01312
https://doi.org/10.1021/jf900140e
https://doi.org/10.3390/nano7090243
https://doi.org/10.1021/acscatal.9b01959
https://doi.org/10.1021/ja111448t
https://doi.org/10.1039/C8RA02397B
https://doi.org/10.1002/smll.200700456
https://doi.org/10.1039/c2nr11941b
https://doi.org/10.1021/ie901496h
https://doi.org/10.1002/smll.201303868
https://doi.org/10.1002/smll.201403305
https://doi.org/10.1021/es800924c
https://doi.org/10.1016/j.ultsonch.2017.01.022
https://doi.org/10.1021/acsami.8b18451
https://doi.org/10.1039/c0nr00846j
https://doi.org/10.1016/j.jallcom.2019.03.203
https://doi.org/10.1039/c2dt30106g
https://doi.org/10.1039/C9NJ01160A
https://doi.org/10.1039/C7CS00316A
https://doi.org/10.1016/j.cplett.2019.136784
https://doi.org/10.1039/C9RA04750F
https://doi.org/10.1016/j.enconman.2018.04.061
https://doi.org/10.1021/cs300140j
https://doi.org/10.1039/b902394a
https://doi.org/10.1016/j.compositesb.2018.11.063
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Shaker and Elhamifar

Biodiesel Production via Esterification

Sarno, M., and Iuliano, M. (2019). Highly active and stable Fe304/Au nanoparticles
supporting lipase catalyst for biodiesel production from waste tomato. Appl.
Surf. Sci. 474, 135-146. doi: 10.1016/j.apsusc.2018.04.060

Seinberg, L., Yamamoto, S., Gallage, R., Tsujimoto, M., Kobayashi, Y., Isoda,
S., et al. (2012). Low temperature solventless synthesis and characterization
of Ni and Fe magnetic nanoparticles. Chem. Commun. 48, 8237-8239.
doi: 10.1039/c2cc33830k

Socha, A. M., and Sello, J. K. (2010). Efficient conversion of triacylglycerols and
fatty acids to biodiesel in a microwave reactor using metal triflate catalysts. Org.
Biomol. Chem. 8, 4753-4756. doi: 10.1039/c00b00014k

Tai, Z., Isaacs, M. A., Parlett, C. M., Lee, A. F., and Wilson, K. (2017).
High shell sulfonic acid silica
nanoparticles for carboxylic acid esterification. Catal. Commun. 92, 56-60.
doi: 10.1016/j.catcom.2017.01.004

Tougqeer, T., Mumtaz, M. W., Mukhtar, H., Irfan, A., Akram, S., Shabbir, A., et al.
(2019). Fe304-PDA-Lipase as surface functionalized nano biocatalyst for the
production of biodiesel using waste cooking oil as feedstock: characterization
and process optimization. Energies 13, 1-19. doi: 10.3390/en13010177

Upare, P. P, Yoon, J.-W., Kim, M. Y., Kang, H.-Y., Hwang, D. W., Hwang, Y. K,,
etal. (2013). Chemical conversion of biomass-derived hexose sugars to levulinic
acid over sulfonic acid-functionalized graphene oxide catalysts. Green Chem.
15, 2935-2943. doi: 10.1039/c3gc40353)

Vahidian, M., Elhamifar, D., and Shaker, M. (2020). Core-shell structured magnetic
mesoporous silica-titania: a novel, powerful and recoverable nanocatalyst.
Polyhedron 178:114326. doi: 10.1016/j.poly.2019.114326

Wang, D., Salmon, L., Ruiz, J., and Astruc, D. (2013). A recyclable
ruthenium (II) complex supported on magnetic nanoparticles: a regioselective
catalyst for alkyne-azide cycloaddition. Chem. Commun. 49, 6956-6958.
doi: 10.1039/c3cc43048k

Wang, J., Zhou, H., Zhuang, J., and Liu, Q. (2015). Magnetic y-Fe;O3,
Fe304, and Fe nanoparticles confined within ordered mesoporous carbons
as efficient microwave absorbers. Phys. Chem. Chem. Phys. 17, 3802-3812.
doi: 10.1039/C4CP04228]

Wang, Y., Peng, X., Shi, J., Tang, X,, Jiang, J., and Liu, W. (2012). Highly
selective fluorescent chemosensor for Zn>* derived from inorganic-organic
hybrid magnetic core/shell Fe3;04@ SiO, nanoparticles. Nanoscale Res. Lett.
7:86. doi: 10.1186/1556-276X-7-86

Wu, W, Jiang, C. Z., and Roy, V. A. (2016). Designed synthesis and surface
engineering strategies of magnetic iron oxide nanoparticles for biomedical
applications. Nanoscale 8, 19421-19474. doi: 10.1039/C6NR07542H

Xie, W., Han, Y., and Wang, H. (2018). Magnetic Fe304/MCM-41 composite-
supported sodium silicate as heterogeneous catalysts for biodiesel

activity magnetic core-mesoporous

production. doi:
03.010

Xie, W., and Huang, M. (2019). Enzymatic production of biodiesel using
immobilized lipase on core-shell structured Fe3O4@ MIL-100 (Fe) composites.
Catalysts 9:850. doi: 10.3390/catal9100850

Yang, F.-X,, Su, Y.-Q,, Li, X.-H., Zhang, Q., and Sun, R.-C. (2008). Studies on
the preparation of biodiesel from zanthoxylum bungeanum maxim seed oil.
J. Agric. Food Chem. 56, 7891-7896. doi: 10.1021/jf801364f

Zhang, C., Wang, H.,, Liu, F., Wang, L., and He, H. (2013). Magnetic core-shell
Fe304@ C-SO3H nanoparticle catalyst for hydrolysis of cellulose. Cellulose 20,
127-134. doi: 10.1007/s10570-012-9839-5

Zhang, H., Li, H, Xu, C. C, and Yang, S. (2019). Heterogeneously
chemo/enzyme-functionalized =~ porous polymeric catalysts of high-
performance for efficient biodiesel production. ACS Catal. 9, 10990-11029.
doi: 10.1021/acscatal.9b02748

Zhang, J., Shin, M. C, David, A. E., Zhou, J.,, Lee, K., He, H., et al. (2013).
Long-circulating heparin-functionalized magnetic nanoparticles for potential
application as a protein drug delivery platform. Mol. Pharmaceutics 10,
3892-3902. doi: 10.1021/mp400360q

Zhang, Q., Li, H., and Yang, S. (2018a). Facile and low-cost synthesis of
mesoporous Ti-Mo Bi-metal oxide catalysts for biodiesel production from
esterification of free fatty acids in jatropha curcas crude oil. J. Oleo Sci. 67,
579-588. doi: 10.5650/jos.ess17231

Zhang, Q., Wei, F., Ma, P, Zhang, Y., Wei, F., and Chen, H. (2018b). Mesoporous
Al-Mo oxides as an effective and stable catalyst for the synthesis of biodiesel
from the esterification of free-fatty acids in non-edible oils. Waste Biomass
Valorization 9, 911-918. doi: 10.1007/512649-017-9865-5

Zhang, Y., Ma, W,, Li, D., Yu, M., Guo, J., and Wang, C. (2014). Benzoboroxole-
functionalized magnetic core/shell microspheres for highly specific enrichment
of glycoproteins under physiological conditions. Small 10, 1379-1386.
doi: 10.1002/smll.201302841

Renew. Energy 125, 675-681. 10.1016/j.renene.2018.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Shaker and Elhamifar. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Energy Research | www.frontiersin.org

18

May 2020 | Volume 8 | Article 78


https://doi.org/10.1016/j.apsusc.2018.04.060
https://doi.org/10.1039/c2cc33830k
https://doi.org/10.1039/c0ob00014k
https://doi.org/10.1016/j.catcom.2017.01.004
https://doi.org/10.3390/en13010177
https://doi.org/10.1039/c3gc40353j
https://doi.org/10.1016/j.poly.2019.114326
https://doi.org/10.1039/c3cc43048k
https://doi.org/10.1039/C4CP04228J
https://doi.org/10.1186/1556-276X-7-86
https://doi.org/10.1039/C6NR07542H
https://doi.org/10.1016/j.renene.2018.03.010
https://doi.org/10.3390/catal9100850
https://doi.org/10.1021/jf801364f
https://doi.org/10.1007/s10570-012-9839-5
https://doi.org/10.1021/acscatal.9b02748
https://doi.org/10.1021/mp400360q
https://doi.org/10.5650/jos.ess17231
https://doi.org/10.1007/s12649-017-9865-5
https://doi.org/10.1002/smll.201302841
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

',\' frontiers

in Energy Research

REVIEW
published: 19 June 2020
doi: 10.3389/fenrg.2020.00101

OPEN ACCESS

Edited by:
Abdul-Sattar Nizami,
Government College

University, Pakistan

Reviewed by:

Muhammad Mostafa Kamal Bhuiya,
Chittagong University of Engineering &
Technology, Bangladesh

Md. Asraful Alam,

Zhengzhou University, China

Md. Jahirul Islam,

Central Queensland

University, Australia

*Correspondence:

I. M. Rizwanul Fattah
islammdrizwanul.fattah@uts.edu.au;
rizwanul.buet@gmail.com

Specialty section:

This article was submitted to
Bioenergy and Biofuels,

a section of the journal
Frontiers in Energy Research

Received: 27 March 2020
Accepted: 07 May 2020
Published: 19 June 2020

Citation:

Rizwanul Fattah IM, Ong HC,
Mahlia TMI, Mofijur M, Silitonga AS,
Rahman SMA and Ahmad A (2020)
State of the Art of Catalysts for
Biodiesel Production.

Front. Energy Res. 8:101.

doi: 10.3389/fenrg.2020.00101

Check for
updates

State of the Art of Catalysts for
Biodiesel Production

I. M. Rizwanul Fattah™, H. C. Ong', T. M. I. Mahlia'’, M. Mofijur’, A. S. Silitonga?,
S. M. Ashrafur Rahman? and Arslan Ahmad*

" Faculty of Engineering and IT, School of Information, Systems and Modelling, University of Technology, Sydney, NSV,
Australia, ? Department of Mechanical Engineering, Politeknik Negeri Medan, Medan, Indonesia, ° Biofuel Engine Research
Facility, Queensland University of Technology, Brisbane, QLD, Australia, * Department of Mechanical Engineering, COMSATS
University Islamabad, Sahiwal, Pakistan

Biodiesel is one of the potential alternative energy sources that can be derived from
renewable and low-grade origin through different processes. One of the processes is
alcoholysis or transesterification in the presence of a suitable catalyst. The catalyst can
be either homogeneous or heterogeneous. This article reviews various catalysts used
for biodiesel production to date, presents the state of the art of types of catalysts,
and compares their suitability and associated challenges in the transesterification
process. Biodiesel production using homogeneous and heterogeneous catalysis has
been studied extensively, and novel heterogeneous catalysts are being continuously
investigated. Homogeneous catalysts are generally efficient in converting biodiesel with
low free fatty acid (FFA) and water containing single-origin feedstock. Heterogeneous
catalysts, on the other hand, provide superior activity, range of selectivity, good
FFA, and water adaptability. The quantity and strengths of active acid or basic sites
control these properties. Some of the heterogeneous catalysts such as zirconia and
zeolite-based catalysts can be used as both basic and acidic catalyst by suitable
alteration. Heterogeneous catalysts from waste and biocatalysts play an essential role
in attaining a sustainable alternative to traditional homogeneous catalysts for biodiesel
production. Recently, high catalytic efficiency at mild operating conditions has drawn
attention to nanocatalysts. This review evaluates state of the art and perspectives
for catalytic biodiesel production and assesses the critical operational variables that
influence biodiesel production along with the technological solutions for sustainable
implementation of the process.

Keywords: biodiesel, transesterification, homogeneous catalyst, heterogeneous catalyst, biocatalyst,
nanocatalyst

INTRODUCTION

The exigency of energy, limited reserve, the rapidly rising price of petroleum oil, and the deleterious
effect of greenhouse gases have dictated to steer our attention toward alternative sources of energy.
The quest for eco-friendly technology is driving the research initiatives to find potential energy
sources that are renewable, biodegradable non-toxic, and mostly carbon neutral (Arbab et al., 2015).
Historically, fossil fuels have played a vital role in global energy demand (Jayed et al., 2009). The
diesel engine, named after its inventor Rudolf Diesel, was patented in 1892 and catered this energy
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demand substantially ever since. Being the powerhouse of heavy-
duty and commercial transport vehicles has been the most
important use of diesel engines, and the importance is increasing
consistently. The diesel engine is the most efficient type of
internal combustion engine, offering excellent fuel economy
and low carbon dioxide (CO;) emission (Fattah et al., 2018).
While diesel engines are arguably superior to any other power-
producing device for the transportation sector in terms of
efficiency, torque, and overall drivability, they suffer from inferior
performance in terms of emissions (Silitonga et al., 2013a).

Biodiesel is a renewable energy source that can replace
fossil-based diesel and can reduce the drawbacks of diesel
emission (Abedin et al., 2014). Diesel is obtained by fractional
distillation from crude petroleum oil that typically contains a
mixture of pure hydrocarbon molecules (no oxygen molecule)
that range in size from 8 to 21 carbon atoms. Biodiesel, on
the other hand, consists of long-chain hydrocarbons with an
ester functional group (-COOR). Thus, it is defined as mono-
alkyl esters of long-chain fatty acids derived from various
feedstocks, namely, plant oils, animal fats, or other lipids, also
known as triacylglycerides (TAGs), or more simply, triglycerides
(Hoekman and Robbins, 2012). Biodiesel is produced using
the transesterification or alcoholysis process, which is usually
facilitated by acids, bases, enzymes, and other type and
form of catalysts (Ong et al., 2014). The catalysts can be
either in a homogeneous or in a heterogeneous phase as
of the reactants. If the catalyst remains in the same phase
(usually liquid) to the reactants during alcoholysis, then that
is the homogeneous catalyst. If the catalyst is in a different
phase (usually non-liquid) to the reactants, then that is the
heterogeneous catalyst (Ruhul et al., 2015). The appropriate
catalyst selection depends on several factors, namely, the
amount of free fatty acids (FFAs) in the oil, the water
content, etc.

Homogeneous catalysts are generally efficient in converting
biodiesel with low FFA and water containing single-origin
feedstock (Silitonga et al., 2013a). Oils with higher FFA content
lead to the formation of soap, consequently affecting the activity
of the catalyst (Fattah et al, 2014a). Besides, the catalyst
is partially miscible in biodiesel and miscible in glycerol,
which results in problems of product separation from the
reactant mixture (Tan et al, 2019). Heterogeneous catalysts,
on the other hand, provides high activity, selectivity, and
water adaptability due to the presence of a large number
of active acid or basic sites. Various reviews have been
published before on the topic of catalysts, especially on
heterogeneous catalysts. Table 1 presented below summarizes
some of the critical review articles in the last decade,
along with their brief introductions. The novelty aspect of
this article is to review the works of many researchers on
the development of various homogeneous and heterogeneous
catalysts used for biodiesel production to date. This article
presents different types of catalysts and compares their suitability
and associated challenges in the transesterification process with
an emphasis on the catalytic activity, selectivity, catalyst loading,
and reusability.

BIODIESEL PRODUCTION USING
ALCOHOLYSIS

The conventional process for biodiesel production is
transesterification or alcoholysis (typically methanolysis),
by which the triglycerides are reacted with alcohols (typically
methanol), in the presence of a catalyst, either homogeneous
or heterogeneous, as a reaction promoter, to produce fatty
acid alkyl esters [typically fatty acid methyl esters (FAME)]
(Mahlia et al., 2020). Transesterification consists of several
consecutive, reversible, and catalyzed reactions where the
triglycerides are converted to diglycerides, monoglyceride,
and finally glycerin (also known as glycerol) stepwise (Ong
et al., 2019). Generally, biodiesel is produced using a single-
step transesterification reaction catalyzed by alkali catalysts.
However, depending on FFA and water content, a two-step
reaction might be required where acid catalyzed alcoholysis,
also known as esterification, precedes the transesterification
process (Ashraful et al., 2014). The schematic diagram for one-
and two-step biodiesel production is shown in Figure 1. The
property standard of petroleum diesel and biodiesel, according
to the American Society for Testing and Materials (ASTM) and
European Standard (EN) are shown in Table 2.

DIFFERENT CATALYSTS FOR BIODIESEL
PRODUCTION

The presence of catalyst increases the rate of the reaction, thereby
increasing the yield of the product. Various catalysts are used
in the transesterification process for biodiesel production. As
discussed previously, the catalysts used for the transesterification
reaction are intricate to the group. However, based on
previous review articles, these can be divided into four
major categories, namely, homogeneous catalysts, heterogeneous
catalysts, biocatalysts, and nanocatalysts (Shan et al., 2018;
Akubude et al., 2019), which can be further classified into
different subgroups. The classification is shown in Figure 2.
Transesterification or alcoholysis can be catalyzed both
homogeneously and heterogeneously. When catalyzed
homogeneously, the reactions are faster typically and require
lower loading than that of heterogeneously catalyzed ones.
One major drawback of homogeneous catalysts is that the
separation of these catalysts from the medium is intricate and
often non-economical; as such, reuse of these is often impossible.
Apart from that, several washing steps associated with the
catalyst removal from the product results in the consumption of
water, often deionized, and significant generation of wastewater
(De Lima et al., 2016). On the other hand, heterogeneous
catalysts are in a different phase than the reaction system,
which allows for the removal of catalyst at various stages.
These can be reused subsequently without intensive washing
steps. Besides, high-purity glycerine can be obtained compared
to that of homogeneous catalysis due to considerably fewer
dissolved ions, allowing for further use in industrial processes.
For the advantages mentioned above, transesterification using
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TABLE 1 | Catalytic transesterification review details.

Title of the work Content

References

“Modern heterogeneous catalysts for biodiesel production: A
comprehensive review”
“Inorganic heterogeneous catalysts for biodiesel production
from vegetable oils”
“Biodiesel production using enzymatic
transesterification— Current state and perspectives”
“Recent developments on heterogeneous catalysts for
biodiesel production by oil esterification and
transesterification reactions: A review”
“Heterogeneous catalysis for sustainable biodiesel production
via esterification and transesterification”
“Activity of solid acid catalysts for biodiesel production: A
critical review”

activity
“State of the art of biodiesel production processes: a review
of the heterogeneous catalyst”
“Heterogeneous basic catalysts for biodiesel production”

This work focused on different heterogeneous catalysts (acid, base,
acid-base) and biocatalyst for biodiesel production

This work reviews stable inorganic solid acid catalysts for biodiesel
production from vegetable oils

This work discussed key operational variables that influence lipase activity
and stability along with technological solutions for industrial implementation

This article discusses the use of heterogeneous catalysts for esterification,
transesterification and simultaneous esterification and transesterification

This paper discusses the clean synthesis of biodiesel through
heterogeneously catalyzed esterification and transesterification process

This study reviews the activities and advantages of solid acid catalysts, their
preparation method and prevailing reaction conditions affecting the catalytic

This review focuses on various technologies used for biodiesel production,
as well as the benefits and limitations of the different types of catalysts

This review covers recent achievements in the field of basic heterogeneous

Chouhan and Sarma, 2011

Endalew et al., 2011

Gog et al., 2012

Borges and Diaz, 2012

Lee et al., 2014

Sani et al., 2014

Ruhul et al., 2015

De Lima et al., 2016

catalysts for biodiesel production, focusing on the main systems being

employed
“Investigation of heterogeneous solid acid catalyst
performance on low grade feedstocks for biodiesel
production: A review”

production

“A review on latest developments and future prospects of
heterogeneous catalyst in biodiesel production from
non-edible oils”

“State of the art and prospective of lipase-catalyzed
transesterification reaction for biodiesel production”

This work investigates solid acid heterogeneous catalysts for biodiesel

This work focusses on heterogeneous catalysts with the highlight on the
prospects of commercialization of those catalysts

The work reviews general and novel immobilizing materials, bioreactors for
enzymatic transesterification, potential lipase resources, and process

Mansir et al., 2017

Mardhiah et al., 2017

Amini et al., 2017a

modeling for enzymatic transesterification

“Application of nanoparticles in biofuels: An overview”

This study explores nanoparticles in biofuel processes such as biodiesel,

Sekoai et al., 2019

biohydrogen, biogas, and bioethanol production

“Biodiesel synthesis using natural solid catalyst derived from
biomass waste—A review”

“Carbon-based catalysts for biodiesel production—A review”

This paper assesses the latest breakthroughs involved in the use of
catalysts derived from waste biomass

This study focusses on sulfonated carbon-based acid solids originating
from either carbohydrate or biomass precursors

Chua et al., 2020

Clohessy and Kwapinski,
2020

heterogeneous catalysts has received increased attention
over the past decade (Lam et al., 2010; Ling et al., 2019).
However, partial leaching of the active sites, destruction of
the catalyst microstructure, and organic deposition from
the reaction mixture pose a problem for the applicability of
these catalysts (Zhang et al., 2020). Therefore, the synthesis of
active reusable heterogeneous catalysts is a great challenge in
biodiesel production.

Homogeneous Catalysts

Homogeneous catalysis involves a sequence of reactions that is
catalyzed by a chemical that is in the same phase as the reaction
system. The most preferred catalyst used for the production of
biodiesel is the homogeneous catalyst, as they are simple to use
and require less time to achieve a complete reaction. Both acidic
and basic catalysts come under this category. Homogeneous
catalysts are usually dissolved in a solvent that is in the same
phase with all reactants.

Base Catalyst
Homogeneous base catalysts are an alkaline liquid such as
alkali metal-based hydroxides, namely, sodium or potassium

hydroxide; alkali metal-based oxides such as sodium and
potassium methoxides; and carbonates. Base catalysts have high
activity in transesterification (Endalew et al., 2011). Metallic
hydroxides are frequently used as catalysts due to lower prices but
generally possess lower activity than alkoxides. It was reported
that the rate of base catalyzed reaction is 4,000 times faster than
that of the acid-catalyzed one (De Lima et al,, 2016). A known
drawback is that the oil containing significant amounts of FFA
cannot be converted into biodiesels completely but remains as
soap in vast quantities (Helwani et al., 2009). Up to ~5% FFAs,
the reaction can still be catalyzed with an alkali catalyst, but an
additional amount of catalyst is required to compensate for the
catalyst lost to soap (Gerpen, 2005). Most studies recommend
that the FFA content should be <2 wt.% for biodiesel production
using the homogeneous catalyst.

Acid Catalyst

The esterification process is catalyzed by Brensted acids,
preferably by sulfonic and sulfuric acids as well as hydrochloric
acid (Schuchardt et al, 1998). These catalysts produce very
high yields in alkyl esters. However, the reactions are slower
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FIGURE 1 | Biodiesel production from feedstock: (A) two-step process; (B) one-step process (Fattah et al., 2014d; Mofijur et al., 2014).

TABLE 2 | Comparison of standards for diesel and biodiesel ASTM and EN standards (Fattah et al., 2013; Knothe and Razon, 2017).

Property Units Diesel Biodiesel (B100)
ASTM D975 EN 590 ASTM D6751 EN 14214

Density @ 15°C kg/m? 820-845 860-900

Kinematic Viscosity @ 40°C mm?/s 1.3-4.1 2-4.5 1.9-6.0 3.5-56.0

Cetane Number, Min. - 40 51 47 51

Distillation temperature % vol. recovered 90%: 282°C—338°C 85%: 350°C max - -

Ester content 5% vol. max 5% vol. max - 96.5% min

Ash content, Max. % wt 0.01 0.01 - -

Sulfur Content, Max. % mass S500: 0.05% 50 mg/kg S15 15 ppm 10.0 mg/kg
S5000: 0.50% 10 mg/kg S500 0.05%

Flash Point °C 60-80 Min. 55 100-170 Min. 120

Cloud Point °C - Report Location & season dependent Location & season dependent

Cold Filter Plugging Point °C - - Location & season dependent Location & season dependent

Lubricity, Max. nwm 520 - 460 -

Water and sediment, Max. vol.% 0.05 0.05

Water Content, Max. mg/kg - 200 - 500

Acid Value, Max. mgKOH/g - - 0.5 0.50

Copper strip corrosion, Max - No. 3 Class 1 No. 3 Class 1

Carbon residue on 10% wt. % 0.15-0.35 0.3 0.05 -

distillation residue, Max.

Oxidation stability - - 25 g/m® max Min. 3h Min 8 h

lodine Value, Max. g l2/100g 120

compared to alkali catalyzed reactions, making the process
economically confronting due to the increased energy
requirements (Silitonga et al, 2020). Homogeneous acid
catalysis is insensitive to FFA content and can catalyze both
esterification and transesterification reactions. Despite these
added advantages, homogeneous acid catalysis presents the
same separation issues as homogeneous base catalysis. Some

investigations using homogeneous catalysts to produce biodiesel
from different biodiesel feedstocks are shown in Table 3.

Heterogeneous Catalysts

Heterogeneous catalysts are in a phase or state different from
those of the reactants. These are the type of catalysts that
creates active sites with its reactants regularly during a reaction
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FIGURE 2 | Different catalysts used for biodiesel production.
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TABLE 3 | Homogeneous catalysts used for biodiesel production from different sources.

Feedstock Catalyst Reaction parameters References
Qil: alcohol ratio/ Catalyst amount/
Temperature/ Reaction time
Madhuca longifolia oil H,SO,4, KOH Ester.: 1: 0.35 v/v/ 0.01 v/v/ 60°C/ 30 min Saravanan et al., 2020

Elaeagnus angustifolia L seed oil

Potassium methoxide

Rice bran oil KOH
Sunflower oil KOH

Castor oil KOH

Millettia pinnata oil H2SO4, CaO
Jatropha curcas oil H>SO4, NaOH
Rice bran oil NaOH

Calophyllum inophyllum oil

H,S0Oy4, sodium methoxide

Aphanamixis polystachya oil HCI, KOH
Palm oil KOH
Calophyllum inophyllum oil HoSO4, KOH
Ceiba pentandra oil H,SO,4, NaOH

Trans.: 1:4 v/v/ 7 g/L/ 60°C/ 30 min
9: 1 M7/ 1wt.%/60°C/1h

10:1 M/ 0.005 v/v/ 50°C/ 2h

6:1 M/ 1 wt.%/ 60°C/ 3h
5.4:1/0.73 wt.%/ 64°C/ 2.5h

Ester.: 12:1 M/ 1% v/v /60 °C/ 3 h
Trans.: 6:1 M/ 1 wt.%/ 60°C/ 2h

Ester.: 5:1 v/v/ 0.008 v/v/ 50 °C/ 2 h
Trans.: 5:1 v/v/ 8 g/L/ 50°C/ 2h

6:1 M/ 2 wt.%/ 60°C/2h

Ester.: 30:1 M/ 10 wt.% / 75°C/ 2 h
Trans.: 7.5:1 M/ 1 wt.%/ 65°C/ 1.5h

Ester.: 24:1 M/ 1% v/v/ 60°C/ 3 h
Trans.: 6:1 M/ 1 wt.%/ 60°C/ 2h

25% v/v/ 1 wt.%/ 60°C / 2h
Ester.: 12:1 M/ 1.5% v/v/ 60°C/ 3 h
Trans.: 6:1 M/ 1 wt.%/ 60°C/ 2h

Ester.: 8:1 M/ 1% v/v/ 60°C/ 2 h
Trans.: 8:1 M/ 1 wt.%/ 50°C/ 1h

Kamran et al., 2020
Goga et al., 2019

Dueso et al., 2018
Aboelazayem et al., 2018
Ruhul et al., 2017

Dubey and Gupta, 2017

Wakil et al., 2016
Jahirul et al., 2015

Palash et al., 2015

Fattah et al., 2014b
Fattah et al., 2014c

Silitonga et al., 2013b

*M, Molar ratio.

(Melero et al., 2009). Heterogeneously catalyzed methanolysis
reaction is very complex because it occurs in a three-phase
system consisting of a solid (heterogeneous catalyst) and two
immiscible liquid phases (oil and methanol). Some side reactions

such as saponification of glycerides and methyl esters and
neutralization of FFAs by catalyst also occur concurrently with
methanolysis. The main disadvantages of this catalysis include
elevated temperatures and higher oil/alcohol ratios than that of
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FIGURE 3 | Surface structure of metal oxides (M represents the metal).

the homogeneous catalysis. Other advantages include ease in
separation and purification, as well as superior reusability of the
catalyst, etc. Heterogeneous catalysts can be divided into acid and
base catalysts. These catalysts can be classified as Bronsted or
Lewis catalysts (Di Serio et al., 2008). However, in many cases,
both types of sites could be present; as such, some of the catalysts
can be used as a catalyst to both kind of reactions.

Base Catalyst

A heterogeneous base catalyst aims to overcome constraints
such as saponification that hinders the separation of glycerol
from the methyl ester layer, associated with the usage of a
homogeneous base catalyst. These catalysts also show superior
catalytic activity under mild conditions (Calero et al.,, 2014).
These catalysts have many other advantages, namely, non-
corrosiveness, environmental friendliness, and less problems
in disposal. In addition, they are easily separated from the
reaction environment and can be designed to give higher activity,
selectivity and longer catalyst lifetime (Liu et al., 2008b). Many
metal-based oxides, including alkali metal, alkaline earth metal,
and transition metal oxides have been used as catalyst for the
transesterification process of oils. The structure of metal oxides
consists of positive metal ions (cations) that possess Lewis acid
characteristics and negative oxygen ions (anions) that possess
Bronsted base characteristics (Di Serio et al., 2008; Zabeti et al.,
2009). Sometimes, two or more types of metal oxides are
combined to be used as catalysts. Other types of catalysts that
predominantly work as base heterogeneous catalysts are boron
group-based and waste-based catalysts (Semwal et al., 2011).

Alkaline earth and alkali metal-based catalyst

Metal-based oxides are the most commonly exploited as
a heterogeneous catalyst for transesterification. The surface
structure of a metal oxide is presented in Figure 3. Zhang et al.
(1988) demonstrated the basic properties of alkaline earth metal
oxides using temperature-programmed desorption (TPD) of
adsorbed carbon dioxide analysis. They showed that the amount
of basic sites per unit weight approximately corresponds to that
of the surface area and follows the sequence: CaO > MgO > SrO
> BaO. The oxides of stronger basic sites promote the reaction
more effectively.

Among the metal-based catalysts, CaO has been the most
studied catalyst material for biodiesel production, as it presents
many advantages, namely, long catalyst life, relatively high
basic strength, high activity, and low solubility in methanol
and requires only moderate reaction conditions (Roschat et al.,
2016; Latchubugata et al., 2018). Arun et al. (2017) studied

the biodiesel production from Terminalia belerica and Garcinia
gummi-gutta using calcinated CaO as a heterogeneous catalyst.
The calcination process was done in a muffle furnace at 605°C
for 5h, which was preceded by drying in an oven at 125°C
for 12h. The transesterification was carried out at 60°C, 9:1 M
methanol/oil ratio, and 2% w/v catalyst for 3h. Properties of
biodiesel produced from these feedstocks were within the range
suggested by the American Society for Testing and Materials
(ASTM) standard establishing a successful production. Roschat
et al. (2016) carried out the transesterification of palm olein oil
(FFAs of 0.29 mg KOH/g) using hydrated lime-derived calcium
oxide (CaO) as a catalyst. The catalyst was prepared by drying
overnight in an oven at 100°C, crushed and sieved, and then
calcined in a furnace at different temperatures (700, 800, and
900°C) in the air for 3 h. A biodiesel yield of 97.20% was achieved
for 800°C calcined sample. This catalyst could be reused for
at least five times without significant yield deterioration (more
than 90%).

Du et al. (2019) synthesized three novel carbon-based MgO
solid bases using sol-gel and calcination method for biodiesel
production from castor oil. These catalysts were identified as
MgO-PVA-800, MgO-UREA-800, and MgO-GLY-800, where 800
indicates the calcination temperature, and PVA, UREA, and
GLY stands for polyvinyl acetate, urea, and ethylene glycol,
respectively. The transesterification was carried out at 12:1 M
ethanol/oil ratio, 6 wt.% catalyst concentration at 75°C. The
highest conversion rate of 96.5% was obtained with MgO-UREA-
800 after 50 min under these conditions. The biodiesel yield
for MgO-PVA-800 and MgO-GLY-800 was 93.6 and 91.8%,
respectively, for the same reaction time. Manriquez-Ramirez
et al. (2013) studied the catalyst activity of impregnated MgO
with KOH, NaOH, and cerium nitrate. The basic strength of
the samples followed the order: MgO-KOH > MgO-NaOH
> MgO-CeO, as determined by Fourier-transform infrared
spectroscopy (FTIR). The reaction was carried out at 60°C with
oil/methanol ratio of 4:1, and the biodiesel yields after 1h of
reaction were 44, 56, 78, and <99% for MgO and MgO-CeO3,
MgO-NaOH, and MgO-KOH, respectively. It has been reported
that MgO has low activity in transesterification of vegetable oils
to biodiesel (Liu et al., 2007).

Roschat et al. (2018) studied the biodiesel production process
of palm oil using strontium oxide (SrO) via the ethanolysis
reaction. The optimum reaction condition for this work
was determined experimentally as 80°C reaction temperature,
ethanol/oil ratio of 12:1 M, catalyst loading amount of 5 wt.%,
and reaction time of 3h. This resulted in a yield of 98.2%
fatty acid ethyl ester. The catalyst can be reused for five
times with more than 90% yield. Liu et al. (2007) studied the
transesterification of soybean oil to biodiesel using SrO as a
solid base catalyst. They proposed the mechanism of the catalytic
reaction of SrO, which creates basic intermediate compounds,
thereby making it a solid base catalyzed reaction. The results
showed that biodiesel yield was <95% at temperatures below
70°C within 30 min. The reusability of SrO was high and could
maintain sustained activity even after 10 cycles.

Mootabadi et al. (2010) carried out ultrasonic-assisted
transesterification of palm oil using different alkaline earth metal
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oxides such as CaO, SrO, BaO, etc. as catalysts. They varied
the reaction parameters, namely, reaction time of 10-60 min,
alcohol/oil ratio of 3:1-15:1 M, catalyst loading of 0.5-3%, and
ultrasonic amplitudes of 25-100%. Their results opposed the
previously reported activity ranking of the catalysts as CaO < SrO
< BaO. At optimum test conditions, 95% yield was reached in
1 h. When non-optimized conditions were used, the yield of 77.3,
95.2, and 95.2% was reported for CaO, SrO, and BaO catalysts,
respectively, for 1h reaction time. Dai et al. (2018) prepared
lithium-based catalyst, lithium-iron oxide (LiFe;Og-LiFeO,) by
homogeneously mixing Fe;O3 in an aqueous solution of LiCO3
and then heating this in a muffle furnace at different calcination
temperatures and cooling to room temperature afterwards. The
catalysts were then used to produce biodiesel from soybean
oil where reactions were carried out at 65°C for 2h utilizing
methanol/oil ratio 36:1 M and 8 wt.% catalyst loading. The
maximum conversion of 96.5% was achieved when the catalyst
calcination temperature of 800°C was used. Moreover, the
catalyst can be reused for at least five runs, maintaining the
biodiesel yields close to 94%.

Mixed metal-based catalyst

Mixed metal-based oxides are predominantly used as base
catalyst depending on the catalyst mixture. Their basicity can
be tuned by altering their chemical composition and synthesis
procedure (Teo et al., 2017). The type of synthesis method,
activation temperature, and structure have a strong influence
in the final basicity of the mixed oxides (Mckenzie et al,
1992; Tichit et al, 1995). They were sometimes used as a
mixed acid-base catalyst by some researchers. Salinas et al.
(2018) studied the catalytic activity of 1-5 wt.% LapOs3 in
ZrO, mixed metal oxides produced using sol-gel method and
calcined at 600°C in biodiesel production from canola oil
through methanolysis reaction. The sol-gel method allows for
improving catalytic activity by modifying acid-base properties.
It was found that La;O3 doped in ZrO, forms a monoclinic-
ZrO structure and enhances its basicity, which plays a key role in
catalysis, and 3 wt.% La,O3 was the optimum percentage for the
transesterification of canola oil. Limmanee et al. (2013) studied
the catalytic activity of nanocrystallite CaMgZn mixed oxides as
heterogeneous catalyst prepared using coprecipitation method
using Na,CO3 as a precipitant in the synthesis of palm kernel
oil biodiesel via methanolysis. They reported a maximum yield
of 97.5 wt.% over the CaMgZn mixed oxide, prepared with the
Ca/Mg/Zn ratio of 3:1:1 under the Na, CO3 concentration of 0.75
mol/L and the CaMg(CO3), and CaZn(CO3), metal ions ratio
of 1.0 when the reaction conditions were methanol/oil ratio of
20:1 M, 6 wt.% catalyst and 60°C. Santiago-Torres et al. (2014)
studied Na,ZrO; as a basic catalyst for the transesterification
of soybean oil. They reported a maximum biodiesel conversion
efficiency of 98.3% at 3% of catalyst in 3h of reaction time
at 65°C reaction temperature. Lee et al. (2015) synthesized
bifunctional acid-base catalyst comprising of mixed metal oxides
of Ca and La (CaO-La;O3) at various Ca/La atomic ratios
via coprecipitation. This integration enhanced the catalytic
activity due to the dispersion of CaO on the composite surface,
thereby increasing the surface acidic and basic sites compared

to individual oxides. They reported the highest biodiesel yield
of 98.76% under conditions of 160°C, 3 h, 25:1 M methanol/oil
ratio, and 3 wt.% catalyst.

Transition metal-based catalyst

Titanium oxide (TiO;) and zinc oxide (ZnO) are among
the transition metal oxides that are used as a heterogeneous
base catalyst for biodiesel production (Yoo et al., 2010). Kaur
et al. (2018) synthesized tungsten (W) supported TiO,/SiO;
catalyst using the sol-gel method to study transesterification
of waste cottonseed oil to produce biodiesel. The complete
transesterification reaction was achieved in 4h with 1:30 M
oil/methanol ratio, 5 wt.% catalyst at 65°C. They also reported
good reusability with the catalyst being active in four catalytic
runs without significant reduction in activity. Madhuvilakku and
Piraman (2013) studied the catalytic activity of mixed oxides of
Ti and Zn (TiO,-Zn0O) and ZnO by employing these in palm oil
transesterification process. Biodiesel yield of 92% was attained
with 200 mg catalyst loading of TiO,-ZnO, 6:1 M methanol/oil
ratio, and 60°C reaction temperature in 5 h. They also reported a
better yield compared to ZnO catalyst (83%).

Boron group-based catalyst

Boron group-based compounds, especially alumina (Al,O3),
are widely utilized for supporting different metal oxides,
halides, nitrates, and alloys (Chouhan and Sarma, 2011).
Kesserwan et al. (2020) reported on novel hybrid CaO/Al,O3
aerogel to catalyze the methanolysis of waste cooking oil. The
catalyst was prepared by the rapid epoxide-initiated sol-gel
process followed by calcination at 700°C under supercritical
carbon dioxide conditions. They reported that, at optimized
reaction condition of 11:1 M methanol/oil ratio, 1 wt.% of
3:1 CaO/AlL,O3 calcined aerogel, 65°C reaction temperature,
and 4h reaction time results in a maximum biodiesel yield
of 89.9%. Benjapornkulaphong et al. (2009) studied various
Al,O3-supported alkali and alkali earth metal nitrates, namely,
LiNO3/Al,03, NaNO3/Al, O3, Ca(NO3),/Al,03, KNO3/AlL O3,
and Mg(NO3),/ALO3 produced by impregnation method
followed by calcination at 450-850°C. They employed these
to catalyze the methanolysis of palm kernel oil and coconut
oil. They found that calcination temperature affects the yield
significantly with Ca(NO3),/Al;03 and LiNO3/Al, O3 yielding
<90% biodiesel when calcined at 450°C, and higher calcination
temperature dropped the biodiesel yield. They recommended a
catalyst amount of 10 wt.% and 15-20 wt.% of Ca(NO3),/Al,03
catalyst for transesterification of palm kernel oil and coconut oil,
respectively, when methanol/oil ratio of 65:1 M, temperature of
60°C, and reaction time of 3 h were used.

Hydrotalcite-based catalyst

“Hydrotalcites are a class of anionic and basic clays with a
general formulas of Mffox3+ (OH2)** (Ay/n)"" . yH,0 where
M?** and M3** are divalent and trivalent metals, respectively,
A" (CO3, SOi_, CI™, NOy) is an n-valent anion, and x usually
has a value between 0.25 and 0.33” (Helwani et al., 2009;
Endalew et al., 2011). Hydrotalcites are predominantly used as
heterogeneous base catalyst. The advantages of these catalysts are
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their tunable high basic strength obtained by changing the ratio
of Mg/Al and the inherent better catalyst morphology compared
to alkaline earth metal oxides. However, nonhomogeneity and
sensitiveness to FFA and water are the major disadvantages
for this type of catalysts. Navajas et al. (2018) studied the
catalytic activity of Mg-Al hydrotalcite with Mg/Al ratios of
1.5-5M, synthesized by coprecipitation, in transesterification of
sunflower oil. They reported an optimum conversion of 96%
under methanol/oil ratio of 48:1 M, 1 atm, 60°C, 2 wt.% of
the catalyst after 24h. They attributed the activity of catalyst
to the presence of Brensted-type basic sites at the edges of the
crystal. Nowicki et al. (2016) studied the catalytic performance of
Zr-doped Mg-Al hydrotalcite with varying Zr/Mg molar ratios
in transesterification of refined rapeseed oil. They found that
tetravalent cation of Zr (Zr*") was effective in significantly
increasing the catalytic activity of the catalyst. They reported the
optimum oil conversion of 99.9% for hydrotalcite with the ratio
of Zr/Mg/Al = 0.45:2.55:1 M and the reaction condition of 373-
393 K temperature, 4.8—5.0 atm pressure, and 6 h reaction time.
Trakarnpruk and Porntangjitlikit (2008) studied the catalytic
activity of K-loaded calcined Mg-Al hydrotalcite (Mg/AL = 4)
in transesterification of palm oil with methanol. They found
that the catalyst acts as a basic catalyst. They also reported
an 86.6% methyl ester yield at reaction parameters of 30:1 M
methanol/oil ratio, 100°C, and 7 wt.% catalyst for 6h. Zeng
et al. (2009) reported that immobilization of Saccharomyces
cerevisiae lipase (a biocatalyst) on Mg-Al hydrotalcite (Mg/Al
molar ratio, 4.0) by physical adsorption markedly improved
performance of the enzyme. The transesterification of refined
rape oil was carried out with immobilized lipase (1.5 wt.%) and
under atmospheric pressure at 45°C with 96% ester conversion in
4.5h. The biocatalyst maintained high activity with 81.3% ester
conversion after 10 reuse cycles.

Waste-based catalyst

Waste derived from industrial processes and surrounding
environment can aid in the development of a low-cost solid
base catalyst. These catalysts can promote a sustainable and
environment-friendly approach toward biodiesel production
(Majhi and Ray, 2016; Pandit and Fulekar, 2017). Calcium-
enriched waste products, namely, shells of mussel, egg, cockle,
snail, and oyster; fish scales; animal bones; and ash derived from
plant species, etc. are easily available at low cost (Marwaha et al,,
2018). Calcium obtained from these waste materials could be
converted to CaO, which is the most versatile heterogeneous
base catalyst, as discussed previously. Yasar (2019) studied the
catalytic activity of waste-eggshell-based CaO and compared it to
the pure CaO. Transesterification of rapeseed oil was carried out
at 9:1 M methanol/oil ratio, 4 wt.% catalyst, and 60°C reaction
temperature for 1h. The maximum yield for these conditions
was 96.81 and 95.12% for CaO and waste-eggshell-based CaO,
respectively. Sirisomboonchai et al. (2015) studied the catalytic
activity of calcined scallop shell in the transesterification of waste
cooking oil using methanol. A yield of 86% was observed in the
presence of small amount of water with 5 wt.% catalyst loading,
6:1 M methanol/oil ratio, and 65°C reaction temperature for 2 h.
The same catalyst was used for four cycles with 20% reduction

of FAME yield owing to the formation of Ca-glyceroxide on
its surface. Hu et al. (2011) studied the catalyst derived from
waste freshwater mussel shell in transesterification of Chinese
tallow oil. The catalyst was synthesized using the calcination—
impregnation-activation method. The mussel shell was first
calcined at 900°C followed by impregnation in deionized water
and activated by calcination at 600°C for 3 h. Over 90% yields was
obtainable with 12:1 M methanol/oil ratio, 5 wt.% catalyst, and
reaction temperature of 70°C in 1.5 h. The catalyst also exhibited
excellent reusability with only 10-15% decrease in yield after
12 runs.

Acid Catalysts

Heterogeneous acid catalysts have a less corrosive and toxic
effect and give rise to fewer environmental problems compared
to homogeneous acid catalysts (Aransiola et al., 2014). These
catalysts contain a variety of acidic sites with different strengths
of Breonsted or Lewis acidity. While these catalysts provide
encouraging results under moderate reaction conditions, they
react very slowly compared to solid base catalysts. In addition,
high catalyst loading, high temperature, and long reaction time
are required to employ this type of catalysts (Mansir et al., 2017).

Cation-exchange resins

Many researchers have used cation-exchange resin for biodiesel
production at laboratory scale. Cation exchange resins are
macroporous and contain numerous acidic sites to catalyze
FFAs to biodiesel through heterogeneous esterification reactions
and prevent saponification. Fu et al. (2015) studied the catalyst
activity of sulfonated polystyrene-divinyl benzene (ST-DVB-
SO3H) macroporous resin in the esterification of high FFA
(acid value, 64.9 mg KOH/g) oil. Maximum FFA conversion of
97.8% was achieved when the reaction was carried out under
the following conditions: 10 wt.% catalyst loading, methanol/oil
ratio of 15:1 M, and 100°C for 3h. Feng et al. (2011) studied
continuous esterification of waste fried oil with an acid value of
36.0 mg KOH/g in a fixed bed reactor using commercial cation-
exchange resin (NKC-9). They reported a 98% conversion rate
during 500h run under 2.8:1 methanol/oleic acid mass ratio,
44.0 cm catalyst bed height, 0.62 ml/min feed flowrate, and 65°C
reaction temperature.

Heteropoly acid derivatives

Heteropoly acids (HPAs) and their salts as solid (heterogeneous)
acid catalysts are also used frequently for the production of
biodiesel (Hanif et al., 2017; Alcafiiz-Monge et al., 2018).
HPAs having a Keggin structure are preferably used because
they have high thermal stability and can be synthesized easily
compared to other types of HPAs. However, Keggin-type
HPA has a low specific surface area, which can be overcome
using appropriate supportive material. HPAs supported on
the carriers are used in biodiesel production because of their
structural mobility and superacidity. Kurhade and Dalai (2018)
studied 12-tungstophosphoric acid (TPA) (H3PW,049.nH,0)
impregnated on the y-AlLO3 catalyst for the biodiesel
production. An optimized conversion of 949 £ 2.3% can
be achieved with 10 wt.% of the catalyst loading, 17.5:1M
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methanol/oil ratio, 200°C, and 4 MPa in 10h. A conversion
of 90.3 + 4.3% was achieved after the second run. Siddiquee
et al. (2011) studied the catalytic activity of mesoporous ordered
silica, SBA-15 impregnated with the HPA in the production of
biodiesel from the lipid of wastewater sludge. The experiment
was carried out in a microreactor setup under varying operating
conditions. A biodiesel yield of 30.14 wt.% was obtained with
15% HPA at a temperature of 135°C and a pressure of 135 psi in
3 h reaction time.

Sulfonic acid-based catalysts

Sulfonic acid group catalysts are characterized by sulfonated
cross-linked polystyrene and are generally less corrosive and
environmentally benign (Mansir et al,, 2017). These type of
catalysts have enhanced activity due to the attraction of fatty
acids and tails of alcohol by the polymer support. In addition,
the strong sulfonic acid group attached to the polymer chains
increases the acidity of the sites (Vaccari, 1999). The typical
examples of these catalysts are nonporous Nafion resins and
porous Amberlysts. Liu et al. (2008a) studied the synthesis
of mesoporous solid acid catalysts based on sulfonic acid
functionalized ordered mesoporous carbons (OMC-SO3H) to
use as a heterogeneous acid catalyst for esterification of oleic
acid with ethanol. The esterification was performed under an N,
atmosphere in a closed flask at 80°C. The results showed that
this catalyst is highly efficient due to its high acid density and
hydrophobic surface property. Andrijanto et al. (2012) studied
sulfonic acid catalysts supported on hypercrosslinked polystyrene
(D5082) for the esterification of oleic acid with methanol. The
results showed that D5082 had high catalytic activity despite
showing low concentrations of acid sites and acid site strengths,
which they attributed to the high accessibility of acid sites
throughout the catalyst particles.

Sulfated oxide-based catalyst

Sulfated metal oxides generally work as an acid heterogeneous
catalyst in esterification reaction (Chen et al., 2007; Shi et al.,
2016). Kaur and Ali (2015) studied the efficacy and reusability
of Ce/ZrOz—TiOz/SOi_, a catalyst in the esterification of oleic
acid with methanol or ethanol. The catalyst activity of this
catalyst is a function of its Brensted acidic sites, which depends
on the cerium concentration. A 2 wt.% cerium in the catalyst,
when calcined at 600°C, showed the highest catalytic activity.
With 5 wt.% catalyst, 6:1 M methanol/oil ratio at 65°C and 1h
reaction time achieved <98% conversion for the esterification of
vegetable oil. They also reported no significant loss in the catalyst
activity until the fifth cycle. Ropero-Vega et al. (2010) studied
the catalytic activity of titania sulfated with ammonium sulfate
[TiOz/SOif—(NH4)ZSO4] as well as sulfuric acid (TiOz/SOif—
H,SO4). They found that sulfated samples showed strong acidity
as determined using Hammet indicators. The FTIR analysis
of Ti02/SO; -(NH4);2804 and TiO,/SO; -H,SO4 showed the
presence of both Lewis and Brensted acid sites and only Lewis-
type sites, respectively. Further analysis showed very high activity
for the esterification of fatty acids with ethanol in a mixture
of oleic acid (79%). Up to 82.2% conversion of oleic acid was
achieved after 3 h of reaction at 80°C.

Acid/Base Catalyst

As discussed previously, oil with high FFA content requires an
acid catalyst to esterify the FFA content before transesterification
can take place. For biodiesel production from these type of oils,
a heterogeneous catalytic system with both acidic and basic sites
is capable of esterification and transesterification with minimal
soap formation is highly sought after (Semwal et al., 2011). This
type of catalysts possesses “Lewis acid” sites, which take part in
the esterification reaction of the carboxylic acid with methanol as
well as conjugated basic sites that influence the transesterification
of triglyceride with methanol. Depending on the type of reactant
and reaction parameters, this type of catalysts can work as an acid
catalyst, base catalyst, or bifunctional one.

Zirconia and its derivatives

Zirconium dioxide (ZrO,), also known as zirconia, is used as
both acid and the base heterogeneous catalyst. The primary
nature of this catalyst is acidic, as it has strong surface acidity
(Lam et al., 2010). Other derivatives of zirconia include sulfated
ZrO, (Shi et al., 2016), metal oxides with ZrO, (Guldhe
et al., 2017), metal-supported zirconia (Wan Omar and Amin,
2011), zirconia supported metal oxides (Kim et al., 2012), etc.
Ibrahim et al. (2019) studied the catalytic activity of ZrO,
loaded into different supports, namely, Al;O3, Fe;O3, TiO,,
and SiO;, using hybrid sol-gel autocombustion method. Highest
conversion of biodiesel of 48.6% was achieved using alcohol/acid
ratio of 120:1 M, 0.1 mass% catalyst, and 120°C reaction
temperature for 3h when ZrO,/SiO; was used. In addition, the
catalyst could be reused five times without significant loss of
catalytic activity. Guldhe et al. (2017) studied tungstated zirconia
(WO3/ZrO;) as a heterogeneous acid catalyst for the synthesis of
biodiesel for S. obliquus lipids. FTIR characterization of catalyst
showed the presence of both Brensted and Lewis acid sites.
Optimized biodiesel conversion of 94.58% was achieved at 100°C
temperature, 12:1 M methanol/oil ratio, and 15 wt.% of catalyst
amount in 3 h. Sun et al. (2010) studied ZrO, supported La,O3
as a catalyst for the transesterification reaction of sunflower oil
with methanol to produce biodiesel. The catalyst was prepared by
an incipient wetness impregnation method, followed by drying
at 110°C overnight and calcination at 600°C for 4h in air.
They reported that biodiesel conversion was possible due to
the basic nature of the catalyst, which was determined using
TPD of adsorbed CO; and 21 wt.% La,O3; loaded on ZrO,
showed the highest basicity. The optimized test conditions were
30:1 M methanol/oil ratio, 200°C reaction temperature, and 5 h of
reaction time that resulted in 84.9% biodiesel yield for each case.

Zeolite-based catalyst

Zeolites occur naturally in the form of microporous crystalline
aluminosilicates interlinked by oxygen atoms. The chemical
composition, pore size structure, and ion exchange properties
of zeolites are responsible for their versatile catalytic behavior
(De Lima et al,, 2016). Zeolite framework structure contains
molecular pores and channels of equal sizes, which can absorb
molecules that fit into these and exclude the larger ones.
This property of zeolite helps to exchange ions that in turn
produce negative ion within the structure of the catalyst, thereby
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emerging as a base catalyst (Hattori, 1995; Mansir et al., 2017).
The base strength of the alkali ion-exchanged zeolite increases
with increasing electropositivity of the exchange cation. Both
synthetic and natural zeolites are being pursued as promising
catalysts. Zeolites have unique properties as catalysts, namely,
shape selectivity, ability to maintain electro-neutrality through
cation—polar molecules reversible interactions, etc. The weak
basic strength and small catalytic pore diameter are the main
problems reported for basic zeolite catalysts (Endalew et al,
2011). These can also be used as an acid heterogeneous catalyst.

Li et al. (2019) studied alkaline Li/NaY zeolite catalysts
with different molar ratios of Li,CO3 to NaY zeolite in the
transesterification of castor oil with ethanol. The ideal catalyst
was synthesized from fly ash using coprecipitation method with
ratio of Li;CO3 to NaY zeolite of 1:1 M calcined at 750°C for
4 h. The fatty acid ethyl ester yield of 98.6% was obtained for the
reaction conditions of ethanol/oil ratio of 18:1 M, 3 wt.% catalyst,
and reaction temperature of 75°C for 2 h. Du et al. (2018) studied
the catalytic activity of NaY zeolite-supported La,O3 catalysts
in the production of castor oil biodiesel. They produced the
optimized catalyst, S-La;O3/NaY-800, by physically mixing the
zeolite NaY, sodium carboxymethyl cellulose (CMC), lanthanum
oxide and kaolin (mass ratio of NaY/kaolin/La,O3/CMC =
70:20:10:2.5). A surfactant (4 wt.%) was added to this mixture and
then calcined at 800°C. Under the optimized reaction conditions:
ratio of ethanol to oil of 15:1 M, 10 wt.% catalyst, and reaction
temperature of 70°C for 50 min; 84.6% fatty acid ethyl ester was
obtained. Doyle et al. (2016) studied the acidic catalytic activity of
zeolite Y with Si/Al ratio of 3.1, in the esterification of oleic acid.
The optimum oleic acid conversion using the zeolite catalyst was
85% with 6:1 M ethanol/oleic acid ratio, 5 wt.% catalyst loading,
and 70°C for 1h reaction time.

Biocatalysts

The pathway of biodiesel production through chemical
catalysis is energy consuming and produces undesired by-
products, namely, soaps and polymeric pigments, which
hinder the separation of product from glycerol and di- and
monoacylglycerols (Gog et al., 2012). Using biocatalysts, these
impediments can be eliminated. Biocatalysts, also known as
enzymes, are acquired from living organisms that promote
chemical reactions without affecting themselves chemically
(Amini et al., 2017a,b). Two types of enzymatic biocatalyst are
usually used in biodiesel production, namely, extracellular lipases
and intracellular lipases. Extracellular lipases are the enzymes
that have been recovered from the microorganism broth and then
purified. Intracellular lipase, on the other hand, remains either
in the cell-producing walls or inside the cell. The major producer
microorganisms for extracellular lipases are Rhizopus oryzae,
Mucor miehei, Candida antarctica, and Pseudomonas cepacia.
The commercial immobilized lipases that has been studied
thoroughly are Novozym 435, Lipozyme TL IM, Lipozyme RM
IM, and Lipase PS-C (Gog et al., 2012). The drawback of using
extracellular enzymes as catalyst is the complexity of separation
and purification procedures and its associated cost. This can
be lowered using microbial cells as whole-cell biocatalysts with
acceptable biodiesel yield. Filamentous fungi have been discerned

as whole-cell biocatalysts. However, lipase used in whole-cell
form cannot be reused at the end of the reaction.

Unlike the chemical catalysts, biocatalysts apply to a
wide range of triglyceride sources, with FFA ranging from
0.5 to 80% (Aransiola et al., 2014). Other advantages of
enzymatic biodiesel production include easy product removal,
moderate process temperature (35-45°C), zero by-product, and
reusability of catalysts (Christopher et al., 2014; Mardhiah
et al,, 2017). The key parameters affecting the biodiesel yield
for enzymatic synthesis are presented in Figure4. As seen in
the figure, various factors such as choice of lipase, choice of
substrate, substrate concentration, pH of the microenvironment,
temperature, spacing between the enzyme molecules and the
substrate, etc. affect the biodiesel yield for enzyme-catalyzed
transesterification. Some investigations using enzyme-catalyzed
transesterification of different biodiesel feedstocks are presented
in Table 4. As seen from the table, the efficiency of biocatalyzed
transesterification process is dependent on enzyme source and
operational conditions.

Nanocatalysts

Recently, nanocatalysts have gained significant attention for
biodiesel production owing to their high catalytic efficiency
(Qiu et al,, 2011). These catalysts have a high surface area
that results in increased activity compared to conventional
catalysts. In addition, these catalysts possess high stability,
superior resistance to saponification, efficient surface/volume
ratio, and high reusability (Rahmani Vahid et al, 2017).
Nanocatalysts can be synthesized using various methods. Some
of the methods include self-propagating high-temperature
synthesis, microwave combustion, conventional hydrothermal,
microwave hydrothermal, microwave solvothermal, sol-gel
technique, coprecipitation, impregnation, gas condensation,
chemical vapor deposition, electrochemical deposition, vacuum
deposition and evaporation, etc. (Quirino et al., 2016; Ambat
et al., 2018). Characterization of these catalysts is critical
before it can be used for biodiesel production. Different
methods have been used to achieve this so far. The most
commonly used method for characterization of composition
and crystallinity of these catalysts is X-ray diffraction (XRD).
The morphology of prepared nanocatalysts and their precursors
are determined using scanning electron microscopy (SEM).
To analyze the particle diameter and morphology of the
catalysts, transmission electron microscopy (TEM) is used. Other
characterization methods include Fourier transform infrared
(FTIR) spectroscopy that is used for determining assimilation of
phases, Barrett-Joyner-Hlenda (BJH) and Brunauer-Emmett-
Teller (BET) methods for specific surface area calculation,
and thermogravimetric analysis (TGA) for examining the
decomposition nature of catalyst samples, etc. (Nayebzadeh
et al., 2017; Baskar et al., 2018). Some of the latest works on
nanocatalysts for the transesterification reaction are summarized
in Table5. As seen from the table, nanocatalyst can achieve
high FAME yield with very mild reaction conditions and short
reaction times. The reusability of these catalysts is also excellent,
as these retain good activity even after 11 cycles depending on
the catalyst.
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FIGURE 4 | Crucial parameters affecting the biodiesel yield in enzymatic synthesis (Szczesna Antczak et al., 2009).

TABLE 4 | Various biocatalysts used for biodiesel production from different sources.

Feedstock Catalyst Reaction parameters Yield (%/wt.%) References

Alcohol/Qil to alcohol ratio/Catalyst amount
(wt.%)/Temperature (°C)/Reaction time

Waste cooking oil Pancreatic lipase Methanol/3:1/1.5/60/4 h 88% Jayaraman et al., 2020

Residual fish oil Novozym 435 lipase Ethano/35.45:1/35/8 h 82.91 wt.% Marin-Suarez et al.,
2019

Rice bran oil Rice bran lipase Methanol/6:1/N.A./40/12 day 83.4 wt.% Choi et al., 2018

Ocimum basilicum Novozym 435 lipase Methanol/11:1/6/47/68h 89% Amini et al., 2017b

seed ol

Waste vegetable oil Epobond Ethanol/3:1/3/37/1.5h 46.32% Lopresto et al., 2015
Pseudomonas cepacia

Calophyllum inophyllum Rhizopus oryzae lipase Methanol/12:1/20/35/25 h 92% Arumugam and

Ponnusami, 2014

Jatropha curcas Immobilised Ethanol/10:1/56.2mg/24 h 78% Abdulla and Ravindra,
Burkholderia cepacia 2013

Castor ol Lipozyme Methanol/3:1/15/45/24 h 67.58 wt.% Maleki et al., 2013
Thermomyces
lanuginosa IM.

Corn oil Lipozyme Ethanol/6:1/2.8/35/12h 69.2 wt.% Mata et al., 2012
Thermomyces
lanuginosa IM.

Pistacia chinensis bge Rhizopus oryzae lipase Methanol/5:1/25 1Ua—ro1/9/37/60 h (anion exchange 92% Lietal, 2012

seed oil resin)

Pistacia chinensis bge Rhizopus oryzae lipase Methanol/5:1/7 IUwyi_roL/g/37/60 h (macroporous resin) 94% Lietal, 2012

seed ol

Jatropha curcas Pseudomonas cepacia Ethanol/4:1/5-8/40/24 h 98% Shah and Gupta, 2007

PERSPECTIVES, CHALLENGES, AND
FURTHER WORK

Homogeneous catalyst has been exhaustively studied, and
challenges have been addressed in the literature. On the other
hand, heterogeneous catalysts is a relatively new research area
on which significant research is ongoing at present. Several
challenges have been reported in the literature for these catalysts:

Table 6 summarizes the advantages and disadvantages of
different types of catalyst based on the above discussion.
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TABLE 5 | Various nanocatalysts used for biodiesel production from different sources.

Catalyst Feedstock Reaction parameters No of cycle FAME References
yield/Conversion (%)
Methanol to oil molar ratio/Temperature
(°C)/Catalyst (wt.%)/Time (h)
NaAlO,/y-Al,Og 20.79:1/64.72/10.89/3 1 97.65 Zhang et al., 2020
6 93.29
25%Mo03/B-ZSM-5 Oleic acid 20:1/160/3/6 1 98 Mohebbi et al., 2020
6 93
CaO/CuFes Oy Chicken fat 15:1/70/3/4h 1 94.52 Seffati et al., 2019
KOH/FezO4@Al, O3 Canola oil 12:1/65 /4/6 1 98.8 Kazemifard et al., 2018
6 88.4
MgO/MgFe, Oy Sunflower oil 12:1/110/4/4 1 91.2 Alaei et al., 2018
6 82.4
Cr/Ca/y-Al;Og Cooking oil 18:1/65/6/3 1 92.79 Sulaiman et al., 2017
6 78.29
MgO/MgAl,O4 (untreated Sunflower oil 12:1/110/3/3 1 95.7/96.5 Rahmani Vahid et al., 2017
and treated with plasma)
5 79.3/91.1
v-Al,Oz/KlI 14:1/60/4/4 1 98 Islam et al., 2015
1Al 79
Ca/y-Al, O3 12:1/65/6/5 1 87.89 Moradi et al., 2015
5 34.64
Cs/Al/Fe304 Sunflower oil 14:1/58/6/2 1 95 Feyzi et al., 2013
4 88

TABLE 6 | Advantages and disadvantages of different types of catalysts.

Catalyst type

Advantages

Disadvantages

Examples

Homogeneous base catalyst

Homogeneous acid catalyst

Heterogeneous base catalyst

Heterogeneous acid catalyst

Biocatalyst

Nanocatalyst

Strong catalytic activity
Inexpensive and widely available
No corrosive

Ideal for TGAs with low FFA

Strong catalytic activity
Suitable for feedstock with high FFA
Do not form soap

Ease of purification of the product
Effluent generation minimized
Catalyst can be reused

Ease of separation
Catalyst can be reused

Ease of separation

Mild reaction condition

Produces high purity product
Insensitive to FFA and water content
in the oil

Preferred method for low-grade oil
High activity and stability

High reusability

Mild reaction condition

Possible formation of soap

Not suitable for feedstock with high
FFA

No reusability

Requires extensive washing

The reaction rate is slower compared
to the base catalyst

Separation and reuse unusual
Corrosion problem

High cost to synthesise catalyst
Leaching of active sites may occur

High cost to synthesise catalyst
Higher alcohol-to-oil molar ratios
High catalyst concentrations
Longer reaction time

May undergo deactivation

High cost for catalyst synthesis
Sensitive to methanol, causing
deactivation of the enzyme

Very slow reaction rate

High cost for catalyst synthesis

Sodium or potassium hydroxide;
Sodium and potassium methoxides,
and carbonates

Sulfonic acid, sulfuric acid,
hydrochloric acid

Alkaline earth and alkali metal oxides,
transition metal oxides, mixed metal
oxides, hydrotalcite

Cation exchanges reins, heteropoly
acid derivatives, sulphated oxides,
sulphonic acids

Extracellular lipases (Mucor miehei,
Rhizopus oryzae, Candida antarctica,
Pseudomonas cepacia) and
intracellular lipases (Filamentous fungi)

Zn, Ca, Mg, Zr based nanocatalysts
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1. Short catalyst life, lower reaction rate, and instability
have been reported as the main problems for
heterogeneous catalysts.

2. Solid base catalysts were reported to be sensitive to CO»,
water, and FFA. These consume and deactivate the catalyst
via saponification.

3. Solid acid catalysts were reported to induce leaching and
product contamination due to the ionic group being
hydrolyzed by water.

4. Lipase inhibition has been reported in the presence of
methanol during enzymatic transesterification.

5. In the case of nanocatalysts, at relatively mild operating
conditions, it is necessary to increase the reaction time to
achieve high performances. However, it is essential to apply
severe operating conditions to achieve ordinary reaction
times, thereby increasing the energy requirement.

The following aspects need to be addressed in future works:

1. Further investigation
necessary to develop new
catalytic performance.

2. Development of highly active and selective heterogeneous
catalysts that are economically feasible for use in the
industrial scale.

3. Exploring new catalyst supports with selective surface area and
interconnected system of appropriate pore sizes.

4. Exploring biomass or waste as the source of catalyst to
reduce the associated cost and improve sustainability for
commercially available solid catalysts.

5. Improving preparation routes and treatment steps for
hydrotalcite-based catalysts to transform their application
from laboratory to industrial scale.

6. Improving the sensitiveness to FFA and water and the
morphology by keeping high basic strength of zeolite-
based catalyst.

7. Further investigation into industrial enzymatic biodiesel
production for an ensuring viable future option.

8. Energy-efficient and low-cost methods for effective recovery
and reuse of nanocatalysts.

into waste-derived catalysts are
catalysts with improved

CONCLUSION

Laboratory-scale biodiesel production using heterogeneous
catalysts have been reported at length in the literature. Among
the catalysts, base homogeneous catalysts possess rapid reaction
rate and high yield and require mild operating conditions.
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In this study, the microwave-assisted solution combustion method was utilized for the
fabrication of Cai2Al14033 as support and the amount of urea was assessed as an
important parameter during synthesis of the sample. Synthesized CajsAl14033 with
different fuel amounts was impregnated by KOH and used in the biodiesel production
process with canola oil under microwave irradiation. The results presented that the
crystallinity, crystalline size, specific surface area, and elemental composition of the
final nanocatalysts are affected by the fuel amount. Moreover, during impregnation of
potassium components, the structure of support was interestingly transformed from
CaAl,O4 to CaypAl140335 structure due to the incorporation of potassium in an alumina
lattice and more diffusion of calcium cations into a support lattice. On the other hand,
when the amount of fuel passed the optimum amount (2 times the stoichiometric
amount), the crystallinity was reduced due to the formation of high amounts of smoke
during combustion and prevention of the entry of air (oxygen) into the system. The
results of the microwave-enhanced transesterification reaction confirmed the results of
the analyses that the conversion of 94.5% was obtained using an optimum sample
at 450W, 12 molar ratios of methanol/oil, 4 wt.% catalyst, and 60 min reaction time.
According to the stability of the optimum sample [at least three times (>75%)], along
with its unique mesoporous structure, uniform dispersion of potassium components,
and high basicity sites, it can be considered as a comparable solid base nanocatalyst for
biodiesel production.

Keywords: KOH/Ca2Al14033, nanostructured catalyst, microwave combustion, biodiesel, canola oil
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INTRODUCTION

Nowadays, the production of renewable, non-toxic, eco-friendly,
and environmentally friendly fuels has been of great concern
to scientists and governments. Extensive research has been
performed on alternative fuels, among which biodiesel has
shown its high potential due to its biodegradability, similar
properties to petroleum fuel, low emission profiles, excellent
lubrication of the engine system, and suitability for industrial
production (Mardhiah et al., 2017). Biodiesel, otherwise called
fatty acid methyl ester (FAME), is commonly produced via the
transesterification of vegetable oil or animal fats with methanol
(Dehghani and Haghigh, 2017; Veillette et al., 2017). In fact, the
viscosity of feedstocks, which has some drawbacks for engine
and injection systems, is reduced by the reaction. The catalyst
has an important role in the transesterification reaction, where
homogeneous catalysts such as NaOH and KOH are usually
utilized (Avhad and Marchetti, 2015). This reaction is carried out
in a short time (about 1.5h), while the separation process for
producing the final biodiesel with an appropriate quality takes a
long time (Tangy et al., 2016).

Microwave irradiation as a novel technology has been widely
considered in chemical reactions (Ajamein and Haghighi, 2016;
Rezaee and Haghighi, 2016) and it has been extensively studied
in the field of biodiesel production in order to reduce production
and separation times. Refaat et al. reported that, in addition
to the reduction of the transesterification reaction time (from
75 to 4min), the separation time was also reduced (from 60
to 3min) (Refaat and EI Sheltawy, 2008). Although microwave
irradiation eases the production and separation processes,
the major drawback of homogeneous catalysts is that they
produce soap, and thus several separation and purification steps
are required to obtain pure biodiesel. These processes could
cause significant environmental problems, since wastewater is
produced by the washing of biodiesel with water several times for
the elimination of the soap. Therefore, heterogeneous catalysts
have been suggested for biodiesel production, although they
have not been meaningfully studied in the microwave system as
compared to the conventional heating system (Li et al., 2013;
Allami et al., 2019).

Heterogeneous base catalysts have extensively been proposed
for biodiesel production; KOH and CaO are often used as
an active phase for increasing the basicity of catalysts. Liao
and Chung (2013) studied the performance of KOH/CaO
in microwave-assisted biodiesel production. However, the low
specific surface area and lower stability of CaO as support or
during the active phase, due to a simple reaction with H,O and
CO; in the air, are among the issues challenging scientists (de
Sousa et al., 2016; Ye et al., 2016). The application of stable basic
support was suggested to overcome this problem. Alkali earth
aluminates with a general formula My AloyOx+ 3y (M = Mg, Ba, Sr,
and Ca) have some unique properties, such as high stability and
thermal resistance (Quirino et al., 2016; Naderi and Nayebzadeh,
2019). It seems that calcium sources such as carbonate, nitrate,
etc., due to their low prices, are a sufficient component for the
preparation of alkali earth aluminate (Gupta and Agarwal, 2016;
Roschat et al., 2016).

In previous studies, conventional catalyst preparation
methods such as co-precipitation (Meng et al., 2013; Lu et al.,
2015) and sol-gel (Selyunina et al., 2013; Mandi¢ and Kurajica,
2015) were utilized for the fabrication of calcium aluminate.
Against these long time catalyst preparation processes, the
combustion method as a self-propagating high-temperature
synthesis (SHS) method shows itself to be a suitable procedure
for the preparation of refractory materials with high purity and
significantly lower energy and time consumption (Gonzélez-
Cortés and Imbert, 2013; Chang et al., 2014). This method,
unlike other catalyst preparation methods, does not require
the annealing of final powder at high temperatures (sometimes
over 1,000°C) for extended periods of time (Varma et al., 2016;
Nayebzadeh et al,, 2019). A primary heat is required to initiate
the oxidation/reduction reactions, where microwave irradiation
has shown to have efficient external heating due to its uniform
heating, fast heating rates, and hot spots, as well as selective
absorption of radiation by polar substances. This is why it is
called microwave combustion synthesis (MCS) (Specchia et al.,
2017; Deganello and Tyagi, 2018).

Although the effect of fuel type and other variables on the
structure and properties of calcium aluminate fabricated by
the MCS method has been studied with our previous work
(Nayebzadeh et al., 2016, 2017ab), further studies can be
performed to obtain a sample with the highest activity and
stability. Other parameters such as fuel-to-oxidizer, or fuel
ratio (FR), microwave irradiation output power, water content
in precursor, and pH of the solution have influence on the
properties of the final product synthesized by the MCS method
(Rosa et al., 2013; Hashemzehi et al., 2020a). Hashemzehi et al.
reported that, for preparation of a nanocatalyst with good
crystallinity and high activity for biodiesel production, high
microwave power must be used (Hashemzehi et al., 2016).
Furthermore, it was reported that FR has the greatest influence
on the properties and performance of the final powder due
to its effect on the temperature of the exothermic combustion
reaction during catalyst preparation (Nasiri et al., 2012; Khoshbin
et al., 2016) that has not been studied previously. Therefore,
in this study, the effect of FR was assessed on the properties
of calcium aluminate as support prepared by the MCS method.
After impregnation of the potassium component on the surface
of supports, their activity was examined in the microwave-
enhanced transesterification of canola oil. The samples were
characterized using X-ray Diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), Brunauer-Emmett-Teller (BET),
Thermogravimetric (TG), Energy-dispersive X-ray spectroscopy
(EDX), Field Emission Scanning Electron Microscopy (FESEM)
analyses, and basicity using Hammett indicator. The level of
reusability as an optimum aim for industrial use using a catalyst
was evaluated for KOH/Ca;;Al14033 nanocatalyst fabricated at
optimum FR in the biodiesel production process.

MATERIALS AND METHODS

Materials
Chemical grades of aluminum nitrate (AI(NO3)3.9H,0), calcium
nitrate (Ca(NO3);.4H,0), potassium hydroxide (KOH), urea
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(CH4N,0), and methanol (CH30H) were purchased from
Merck. All the materials were used as received without any
further purification. The canola oil was supplied from a
local store.

Nanocatalyst Synthesis Procedure

In the MCS method, metal salts such as nitrates are mixed
with water and soluble carbohydrates as fuel. In our study,
Al(NO3)3.9H,0 (20 mmole) and Ca(NO3),.6H,O (10 mmole)
were mixed with 30 mL of deionized water in a beaker and
then a desirable amount of urea with 1, 1.5, 2, or 2.5 times of
stoichiometric compositions was added. According to propellant
chemistry, stoichiometric compositions of the fuel-to-oxidizer
ratio were calculated using the total oxidizing and reducing
valences of the components (Nayebzadeh et al, 2016). The
corresponding chemical reaction for preparation of calcium
aluminate with different FRs is shown as follows:

Ca(NO3)2.4H20 + 2A1(NO3)3.9H20 + 6.67XCH4N20 —>
CaAl,O4 + (22 4 13.34X)H,0 + 6.67XCO,+ (4 + 6.67X)Ny,
X = (1.0,1.5,2.0,2.5) (1)

After gelling the mixture by heating at 80°C, the beaker was
transformed in the domestic microwave oven (Daewoo, Model
No. KOCIN2TB, 900 watts, 2.45 GHz) and irradiated for 10 min.
After exhausting the huge amount of gases, the combustion
reaction started and the foamy catalyst was produced. The
samples were labeled as CA(FR = 1), CA(FR = 1.5), CA(FR =
2), and CA(FR = 2.5).

Potassium components as active phases were impregnated by
mixing the supports with the KOH aqueous solution (35 wt.%)
and refluxing at 80°C for 2h. After aging the mixture for 12h,
it was placed in an oven at 110°C overnight to dry. Finally, the
powders were calcined at 700°C for 4 h to obtain KCA(FR = 1),
KCA(FR = 1.5), KCA(FR = 2), and KCA(FR = 2.5) (Nayebzadeh
et al., 2017a). The nanocatalysts synthesis method is shown in
Figure 1.

Nanocatalysts Characterization

Techniques

XRD analysis was performed to determine the crystalline phase
of the samples, where a UNISANTIS/XMD 300 apparatus
operating at 45 kV and 80 mA with scanning range of 10-
60° by means of Cu Ko radiation was utilized. The textural
properties of the sample containing a specific surface area, mean
pore size, and pore volume were determined using a PHS-1020
(PHSCHINA, China) apparatus by N, adsorption/desorption
method. TG analysis was utilized for assessing the decomposition
of raw materials during catalyst preparation. The phenomenon
of microwave combustion reaction was evaluated by TG analysis
under air flow in the range of 50-800°C at a heating rate
of 20°C/min performed by on an Evolution STA (SETARAm,
France) instrument. Using FESEM analysis performed by MIRA3
FEG-SEM (TESCAN, Czech Republic), the morphology and
surface structure of the nanocatalysts were assessed. The surface
elemental distribution of the samples was depicted by the
EDX technique using VEGA II Detector (Czech Republic,

TESCAN). The surface functional groups of the nanocatalysts
were assayed by FTIR spectra in the range of 400-4,000 cm ™!
using a SHIMADZU 4300 (Japan) spectrometer. The Hammett
indicators method was used to determine the basic strength
(H_) of the samples where bromothymol blue (H_ = 7.2),
phenolphthalein (H_ 9.8), and 2,4-dinitroaniline (H_
15.0) were utilized as indicators. By titration of each color
changed mixture containing 0.2g catalyst, 10 mL methanol,
and 1 mL Hammett indicator solution via 0.02 mole benzene
carboxylic acid/L anhydrous ethanol solution, the basicity of the
nanocatalysts was measured (Ye et al., 2014).

Experimental Setup for Catalytic

Performance Test

The microwave-enhanced transesterification reaction of canola
oil was carried out in a 100 mL glass reactor equipped with a
water-cooled condenser for assessment of the catalytic activity
of the samples. A modified domestic microwave with a hole
of 20mm at its top was utilized to carry out the reaction at
microwave output power of 450 W for 1 h. For each reaction, the
glass reactor was loaded by 20 g canola oil, 12 mL methanol (12
methanol/oil molar ratios), and 0.8 g catalyst (4 wt.%). Although
the reaction was not performed at the optimum conditions, it
can provide a suitable conversion for comparing the catalysts.
At the end of the reaction, the biodiesel layer mixture was
separated from glycerol and used as a catalyst by centrifuging the
mixture at 2,500 rpm for 25 min. Its layer was heated to remove
excess methanol and obtain pure biodiesel. The conversion of
the reaction was determined based on the FAME content of
the produced biodiesel. The FAME content of biodiesel was
calculated by the following equation:

Conversion (%) =
[(area of all FAME xweight of reference)/(area of reference

x weight of biodiesel sample)] x 100 (2)

where reference is assigned to methyl non-adecanoate as an
internal standard. Area of FAME and reference were mentioned
to the area of gas chromatographic (GC; Teif Gostar Faraz co.,
Iran) peaks of produced biodiesel equipped with FID detector
and SUPRAWAX-280 capillary column (30m x 0.25mm x
0.25 pm).

RESULTS AND DISCUSSION

Nanostructured Catalysts Characterization
XRD Analysis

The effect of FR on the crystalline structure of calcium aluminate
is illustrated in Figure 2. All the samples show the monoclinic
phase of the monocalcium aluminate structure (CaAl;O4 as
called CA) in accordance with the Joint Committee on Powder
Diffraction Standards (JCPDS No. 70-0134) database with
different peak intensities. In the CaO and Al, O3 system, mayenite
(CajpAl14033 as called CipA7) forms as the first structure of
calcium aluminate, which quickly reacts with Al,O3 to form CA
when sintering temperature and time increase (Nayebzadeh et al.,
2017b). Janakova et al. reported that CA is formed at reaction
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FIGURE 1 | Microwave assisted combustion synthesis of KOH/Ca1,Al14033 nanostructured catalysts with various fuel ratios. (A) Precursor preparation. (B)

temperatures up to 1,050°C and higher temperatures are required
to have a full crystallinity (Jandkova et al., 2007).

The theoretical combustion temperature can be obtained
using enthalpy of the reaction and a specific heat capacity of
the product when the combustion process assumes adiabatic
(Hashemzehi et al., 2020b). If it is assumed that only CaAl,Oy4

was formed, the adiabatic combustion temperature obtains
923, 1,263, 1,444, and 1,557°C for a fuel ratio of 1-2.5
(see Supplementary Material). It shows that the combustion
temperature increased sharply by loading higher amounts of fuel
while the rate of temperature increasing reduced at a higher fuel
ratio. Moreover, less crystallinity of the sample fabricated at a fuel
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FIGURE 2 | XRD patterns of synthesized CaAl,O4 supports with various fuel
ratios: (A) CA (FR = 1), (B) CA (FR = 1.5), (C) CA (FR = 2), and (D)
CA (FR = 2.5).

ratio of 1 can be proven by the calculated temperature which
was under the minimum temperature needed to obtain well
crystalline structure of CaAl,O4 (1,050°C). Thus, it is proven that
the temperature of combustion reaction medium is extremely
high (Rodriguez et al., 2012). Therefore, the nanocatalysts at the
FR above 1.5 contain CaO, Cj2A7, CA, and Al O3, with CA being
the dominant phase (Rivas Mercury et al., 2005; Ruszak et al.,
2011). The diffraction peaks of Al,O3 (JCPDS No. 76-0144) and
Ci12A7 (JCPDS No. 78-0910) can be, respectively, observed at 26
= 25.4° and 18.1°, especially at CA(FR = 2) nanocatalyst.

When the amount of urea increased in the mixture, the
burning flame continued from seconds to minutes. An increase
of combustion duration caused the formation of the well-
defined crystalline structure of CA. The relative crystallinity
of the as-prepared CA nanocatalyst, calculated based on the
peak at 26 = 30.1°, clearly proves the effect of fuel increase
on the formation of CA (shown in Table 1). However, the
relative crystallinity decreased at a FR of 2.5. Rapid oxygen
transport from air to reaction medium is significantly necessary
for complete combustion, as in fuel-rich conditions. However,

oxygen diffusion limitations result in incomplete combustion
for the CA(FR = 2.5) nanocatalyst (Ghosh et al., 2010). The
effect of reaction temperature can be significantly observed in
the crystalline size of CA, as the CA(FR = 2) shows the lowest
crystalline size (Table 1).

The XRD patterns of the KOH/Ca;2Al;4033 nanocatalyst are
shown in Figure 3. It can be clearly observed that the samples
were transformed from CA structure to C12A7 phases due to the
additional heat treatment and dopant concentration (Avci et al.,
2012). The phase transformation is related to the diffusion of
Ca* ions through the CA layer to react with AL,Oj3 in order to
form Ca3Al,O¢ (C3A) and Ci2A7, as the stable phase is finally
formed at the expense of CA and C3A (Tao et al, 2012). In
addition, the K,O (JCPDS No. 22-0493) and K,CO3 (JCPDS
No. 73-0470) phases can be recognized in the XRD patterns
of the samples, especially at the KCA(FR = 2) and KCA(FR
= 2.5) nanocatalysts. Less amorphous structures in the samples
with high crystallinity may allow the potassium component to
make individual phases. This phase has a significant effect on
the activity of the catalyst in the transesterification reaction
(Nayebzadeh et al., 2016).

The relative crystallinity and crystalline size of the samples
are also listed in Table 1. The KCA(FR = 2) and KCA(FR =
2.5) nanocatalysts show the highest relative crystallinity and the
largest crystalline size, respectively, which might be due to the
greater formation of large crystals of Ci2A7.

FTIR Analysis

The FTIR spectra of the KOH/Ca;,Al;4033 nanocatalysts are
illustrated in Figure 4. The spectra of all the samples exhibit
a bond between 3,200 and 3,400 cm™!, which is related to
O-H stretching vibration of absorbed water molecules on the
surface of the nanocatalysts. Moreover, a peak at 1670 cm™!
is also assigned to the bending vibration of water molecules
(Khoshbin and Haghighi, 2014; Kazemifard et al., 2019). The
characteristic bond in the range of 3,400-3,600 cm~! can be
assigned to Ca/Al-OH groups (Chang et al., 2014). In addition,
stretching vibration of Al-O-K groups, due to the attachment of
K™ ions to alumina, is also observed around 3,600 and 1,100
cm~!. The bonds at 1,470, 1,395, 1,020, and 935 cm~! may be
associated with the characteristic vibrations of the AI-OH or
Al-O-K bonding (Hashemzehi et al., 2016). The characteristic
absorption regions of Al-O stretching vibrations for tetrahedral
(AlOy4) and octahedral (AlOg) are, respectively, observed in the
700-850 cm ™! and 500-700 cm™! (Kazemifard et al., 2018).
The tetrahedral bonds of Al-O confirm the formation of C1;A7
structure (Lu et al., 2012). The Ca-O bond is observed around
470 cm™~! (Alba-Rubio et al., 2010; Hojjat et al., 2016).

BET and Basicity Analysis

The BET properties of the samples are listed in Table 1. The
specific surface area of the samples sequentially increased from
58.14 to 95.40 m?/g by increasing the FR. This could be due to
an increase of the amounts of exhausted gas and combustion
time during catalyst preparation. A similar phenomenon was also
detected for pore volume and mean pore size of the samples,
whereas these decreased by increasing the FR from 2 to 2.5.
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TABLE 1 | Physicochemical properties of synthesized CaAl,O4 supports and KOH/Cay2Al14033 nanostructured catalysts.

Nanocatalyst BET Py P4 Basicity Relative Crystallinity? Crystallite size® (nm)
(m?/g) (cmd) (nm)
H_ Strength (mmol/g) CaAl,04 Caq2Al14033 CaAl, 0% Ca12AI1AOg3

CAFR =1) - - - <7.2 - 42.4 - 25.9 -
CAFR =1.5) - - - <7.2 - 71.2 - 24.9 -
CAFR = 2) - - - <7.2 - 100 - 18.5 -
CAFR =2.5) - - - <7.2 80.8 - 22.1

KCAFR = 1) 58.14 0.142 5.43 9.8-15 0.392 - 67.4 - 23.3
KCAFR = 1.5) 62.52 0.304 6.03 9.8-15 0.400 - 92.7 - 25.8
KCAFR = 2) 64.20 0.441 7.40 9.8-15 0.404 - 100 - 27.5
KCAFR = 2.5) 95.43 0.314 5.99 9.8-15 0.404 - 100 - 26.9

aRelative crystallinity: XRD relative peak intensity at 26 = 30.1° for CaAloO4 and 18.1° for Ca12Al14033.
bCrystallite size estimated by Scherre’s equation at 26 = 30.1° for CaAl,O4 and 18.1° for Ca12Al1403a.
CCrystallite phase: Monoclinic (JCPDS: 01-070-0134, 26 = 19.0, 22.0, 23.9, 27.9, 30.1, 35.7, 37.4, 47.2).
9Crystallite phase: Cubic (JCPDS: 01-078-910, 20 = 18.1, 27.8, 29.8, 33.4, 36.7, 41.2, 46.7, 55.2, 57.5).
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FIGURE 3 | XRD patterns of synthesized KOH/Ca2Al14033 nanostructured
catalysts with various fuel ratios: (A) KCA(FR = 1), (B) KCA(FR = 1.5), (C)
KCA(FR = 2), and (D) KCA(FR = 2.5).

In the biodiesel production process, porosity of the catalyst can
even play a larger role than the surface area. The diffusion of
triglycerides molecules into catalyst pores contains seven stages,
including: (1) passing through the external film of the catalyst,
(2) diffusing into the pores, (3) adsorbing on the active surface,
(4) reacting the reactants, (5) disposing the products (biodiesel
and glycerol) from the catalyst surface, (6) diffusing toward
the outside through the pores, and (7) passing through the
external film (Ebadinezhad and Haghighi, 2020). Therefore, the
pore size must be insufficient in order to perform the stages
3-7. It was mentioned that the pores must be at least 6nm in
diameter for easy permeation of triglycerides macromolecules
(Jacobson et al., 2008). A number of studies have emphasized that
restricted diffusion transpires when reactant molecules and pores
have comparable dimensions (Luki¢ et al., 2010). Therefore,
triglycerides molecules can easily diffuse through the pores of
the major part of the KCA(FR = 2) nanocatalyst, leading to an
efficient contact to be established between the reactant and active
site. In addition, the KCA(FR = 2) nanocatalyst also shows the
largest pores volume.

As shown in Table 1, the basicity of the as-prepared catalysts
was not meaningfully changed by an increased FR. The basicity
is defined as a basic site for a catalyst where KOH plays the
most important role in increasing the basic strength. Here,
the support (CA) showed insignificant basicity strength in the
studied region. Since the amount of impregnated potassium
compounds on the catalysts is constant, the samples showed a
similar basicity strength.

TG Analysis

The TG plots of the monocalcium aluminate prepared by
different FRs, which explain the level of completing the
combustion reaction, are illustrated in Figure5. The weight
loss below 150°C is assigned to the elimination of water
from the surface of supports and/or in raw material structure
where the CA(FR = 1) showed the highest weight loss (5.5%)
(Nayebzadeh et al., 2016). The second reduction in weight in
the range of 150-500°C is owed to pyrolysis of organic groups
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FIGURE 4 | FTIR spectra of synthesized KOH/Ca12Al14033 nanostructured
catalysts with various fuel ratios: (A) KCA(FR = 1), (B) KCA(FR = 1.5), (C)
KCA(FR = 2), and (D) KCA(FR = 2.5).

and/or nitrate precursors, which exhibit incomplete combustion
reaction (Chen et al, 2014). CA(FR = 1) and CA(FR =
2.5) have high weight loss (around 15%), which is in good
agreement with the results of relative crystallinity obtained
from the XRD patterns. It confirms that the optimization of
the FR in the combustion method is important for obtaining
the highest combustion temperature to synthesize the catalyst
with a good structure and high crystallinity (Rahmani Vahid
and Haghighi, 2016). The last reduction in weight occurred
in the range of 500-600°C, which could correspond to the
incorporation of calcium components in the alumina lattice to

form CaAl,O4. Moreover, such a reduction could be attributed
to the transition of alumina from the amorphous to crystalline
phase, where the CA(FR = 1) illustrates the highest amount of
amorphous phases followed by the CA(FR = 1.5) and CA(FR
= 2.5) samples with 3.7 and 5.2% weight loss, respectively
(Yousefi et al., 2019). The CA(FR = 2) nanocatalyst with 2.5%
weight loss confirms that the fuel-to-oxidizer ratio of 2 is
an appropriate amount for the preparation of monocalcium
aluminate (CaAl,O4) as support.

EDX Analysis

The EDX analysis results of the KOH/Ca;,Al14033 nanocatalysts
(KCAs) are depicted in Figure 6. It can be seen that all the
samples contain Al, Ca, K, and O elements and no impurity
was observed. The KCAs nanocatalysts show similar element
distribution percentages of Al, Ca, and K to the parent solution
(35.1, 31.8, and 33.1% for Al, Ca, and K, respectively). Due
to the increased combustion reaction and increased alumina
in the structure with an increasing fuel ratio, the amount
of Al element subsequently increased from 29.4% for the
KCA(FR = 1) to 40.3% for the KCA(FR = 2.5). Moreover,
the potassium component increased with an increase of the
FR from 1 to 2 and then was decreased by more fuel
loading. This can be related to the extreme increase of the
KCA(FR = 2.5) specific surface area that caused the potassium
components distribution to decrease (as seen in Figure 6D).
The dot-mapping of the samples clearly exhibited that the
potassium components were homogeneously dispersed on the
surface of support, especially in the KCA(FR = 2) nanocatalyst
(Figure 6C), which can result in an appropriate activity of
the sample.

FESEM Analysis

The FESEM images of the CA(FR = 2) and KCA(FR = 2)
nanocatalysts are illustrated in Figure 7. The combustion cavities
as external gates provided during the CA(FR = 2) preparation
show large diameters in the range of 300-600nm, and cause
the penetration resistance to be reduced for permeation of the
reactant (especially large molecules of triglycerides) (Rahmani
Vahid and Haghighi, 2016). Moreover, the morphology of the
sample shows that the temperature of the combustion reaction
was appropriate, such that the particle size with good distribution
sizes can be observed. According to a surface particle size
distribution histogram, the CA(FR = 2) nanocatalyst shows the
size of the particles to be in the range of 5-17nm with an
average size of 11 nm, where the particles with 10-12 nm have
the highest frequency.

The KCA(FR = 2) nanocatalyst is shown in the right side
of Figure7, in which the morphology of the CA(FR = 2)
was not clearly changed by potassium loading. However, the
surface particles size distribution was changed; accordingly, the
average particle size increased from 11 nm to 12 nm by potassium
loading. The results can be proved by the XRD analysis, where
the crystalline size increased due to phase transformation from
CA to C12A7. The phase transformation effect on the particle size
is due to the increased bond length between Ca, Al, and O in
the mayenite structure as compared to monocalcium aluminate.
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FIGURE 5 | TG analysis of synthesized CaAl,O, supports with various fuel ratios: (A) CA(FR = 1), (B) CA(FR = 1.5), (C) CA(FR = 2), and (D) CA(FR = 2.5).

Minimum and maximum particle sizes of the KCA(FR = 2)
nanocatalyst are, respectively, 7.4 and 18.9 nm.

Catalytic Performance Study Toward

Biodiesel Production

The activity of the KOH/Caj,Al14033 nanocatalysts is illustrated
in Figure8. As expected, the KCA(FR = 2) and KCA(FR =
2.5) nanocatalysts showed higher activity in the conversion of
canola oil to biodiesel. The samples showed a high specific surface
area and mean pore size, which led to unimpeded permeation
of reactants through the porosity of the catalysts, making more
contact with their active phases. Moreover, the crystallinity and
basicity of these samples were much more than those of the other
samples, proving their higher activity. Therefore, the KCA(FR =
2) nanocatalyst was selected as the optimum catalyst and the FR
of 2 seemed to be the best ratio for the preparation of calcium
aluminate supported by the potassium components.

Dall’Oglio et al. (2014) have conducted a study on the
aluminum, calcium, manganese, titanium, and magnesium
oxides as support for biodiesel production under microwave
irradiation. The results exhibited that alumina was the best
support where K,CO3/Al;O3 showed the highest activity
(98%) at the reaction conditions of methanol/oil molar ratio
of 16 and 10 wt% of the catalyst and reaction time of
30 min. The other potassium precursor showed an intermediate
biodiesel conversion. The yield of 60 and 40% was, respectively,
obtained using the KOH/AL,O3 and KI/AL,O3 catalyst in the
microwave-assisted biodiesel production. At these conditions,
the CaO/Al, O3, CaO/TiO,, and CaO/MnO; catalysts converted
46.2,36.6, and 49.2% of soybean oil to biodiesel, respectively. This
means that the Ca;;Al;14O33 might be one of the best supports for
the loading of active phases for biodiesel production.

Reusability of KCA(FR = 2) Nanocatalyst in

the Biodiesel Production

The reusability of catalysts is an important element in the
industrial application of catalysts (Nayebzadeh et al., 2014). To
assess the stability of KCA(FR = 2) as an optimum nanocatalyst,
it was separated from the reaction mixture after each run by
centrifuging the mixture at 6,000 rpm for 20 min and washed
with methanol twice time to eliminate the reactants and products
from porosities. Then it was dried and calcined at 700°C for
1h and reused. The results are presented in Figure9. It can
be seen that the catalytic activity of KCA(FR = 2) nanocatalyst
decreased from 94.5 to 80.7%, which can be related to leaching
and/or poisoning of active phases (potassium components), that
can be proven by the brown color of glycerol. However, in
the third use, the activity of the catalyst did not meaningfully
change and a yield of 76.4% was obtained. The yield slightly
decreased with further uses, as a yield of 70.6% was obtained
in the fifth run. The results signify that some potassium
components have weak bonds with the surface of calcium
aluminate as support. The results confirm that the calcium
aluminate as support protects its stability during the reaction
and could be an appropriate support among those reported so
far for loading species for industrial application in the biodiesel
production process.

Comparing the Results With Other Studies
The activity of the samples was compared with other studies
as illustrated in Table 2. KOH/calcium aluminate presents good
activity in the transesterification reaction as high as CaO [used
in conventional (Ye et al., 2016) or microwave (Hsiao et al,,
2011) heating systems]. However, CaO can react to methanol
to form calcium methoxide in reaction mediums, reduce the
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FIGURE 6 | EDX analysis of synthesized KOH/Ca1,Al14033 nanostructured catalysts with various fuel ratios: (A) KCA(FR = 1), (B) KCA(FR = 1.5), (C) KCA(FR = 2),
and (D) KCA(FR = 2.5).
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reaction conversion, and cause high leaching due to the solubility
of methanol in a biodiesel layer (de Sousa et al., 2016). Although
eggshell as a catalyst, which contains CaO as major material,
shows high activity, it was obtained at a high microwave power
and duration, or at a high methanol and catalyst concentration
(Khemthong et al., 2012; Peng et al., 2018).

The prepared nanocatalyst also presented good activity when
the reaction conditions were milder than in other studies.
Doping the calcium into an alumina structure can enhance
the basicity of the support along with improving the leaching
problem of Ca ions reported in previous studies. In addition, the
calcium aluminate has different structures that can be studied
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biodiesel production from canola oil.

to obtain the most active and stable structure for the biodiesel
production process.

Moreover, the production procedure is so simple to set
up on an industrial scale to reduce the catalyst preparation
cost. However, bonding the potassium ions with the surface
of the calcium aluminate can be a challenge for enhancing
its reusability. It seems that utilizing other types of potassium
precursors and the optimization of impregnation conditions may
facilitate bonding of K ions with Ca and Al ions, which will be
studied in our future work. Therefore, it seems that KOH/calcium
aluminate can be further studied to assess its ability to be used for
industrial application.

CONCLUSIONS

CaAl, Oy as alkali calcium aluminate was successfully synthesized
by the MCS method, and the effect of fuel amount during
the catalyst preparation was assessed. Furthermore, the samples
were impregnated by the potassium components to improve
their catalytic activity for the transesterification of canola oil to
biodiesel through microwave irradiation. The characterization
results revealed that the monocalcium aluminate prepared
by urea as fuel with twice the stoichiometric amount has a
high crystallinity and good precursor decomposition during
combustion. This structure was transformed to Caj;Al;4033
structure during potassium loading and calcination due to
the diffusion of Ca?™ ions in a monocalcium aluminate
lattice and/or reaction of the potassium component with
alumina to form potassium aluminate. KOH/Caj;Al14033
showed nanoscale particles where the potassium components
were uniformly dispersed on the surface of support. The
nanocatalyst, due to its high specific surface area, mean pore
size, crystallinity, and basicity, converted high amounts of canola
oil to biodiesel through microwave irradiation. The microwave-
enhanced biodiesel production was performed under conditions
of 450 watts, 12 molar ratio of methanol/oil, 4 wt.% of catalyst,
and 1h reaction time, where a yield of 94.5% was obtained. The
nanocatalyst presented a suitable reusability although it required
optimizing amounts of the potassium components.

TABLE 2 | Comparison of catalytic performance of various catalysts in biodiesel production process under microwave irradiation.

Catalyst Feedstock Transesterification condition Yield (%) References

Mw. P (W) MORb Cc (wt.%) td (min)
KOH/calcium aluminate Soybean 450 12 60 94.5 This study
CaO Soybean 300 (60°C) 7 3 60 96.6 Hsiao et al., 2011
Eggshells (CaO) WCO 900 (65°C) 9 165 Peng et al., 2018
Eggshells (CaO) Palm 900 18 15 4 96.7 Khemthong et al., 2012
NaOH/ZnO Soybean 180°C 20 180 77.82 Quirino et al., 2017
Ca(OH)2/FezOq Jatropha-Castor 900 (65°C) 12 2 35 95 Chang et al., 2017
CaOo Palm 150 5 60 89.9 Ye et al., 2016
SO3H-ZnAlLO4 Palm (esterification) 800 (60°C) 1.5 20 94.6 Soltani et al., 2017
Sulfonated activated carbon Soybean 600 (75 °C) 20 20 88.7 Rocha et al., 2019
ZrO»/Bamboo ash Soybean 900 (60°C) 15 12 60 96 Fatimah et al., 2019
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For the last two decades, the biodiesel attracted increasing attention as a promising
biofuel to replace fossil diesel. However, the non-recyclability of homogeneous alkali
catalysts and waste generation due to subsequent water washing remained as one
of the major drawbacks of the biodiesel production process in the industry. lonic
liquids are one of the best alternatives to replace alkali catalysts owing to their unique
properties such as non-volatility, excellent solubility for various organic and inorganic
materials, structure tunability, environment-friendliness, and wide liquid temperature.
However, high viscosity and difficult recovery have limited their application. Recently,
heterogenization of ionic liquids on solid supports has been proposed to circumvent
these issues. Among these solids, nanoporous materials have shown great potential
in providing stable supports with high porosity and specific surface area. This paper
reviews the recent developments in designing ionic liquids deposited on nanoporous
materials as catalysts for biodiesel production. The emphasis was on the application of
this type of catalysts for the optimization of reaction conditions. Moreover, challenges
and opportunities for improving the overall production process in the presence of these
catalysts were discussed. Despite that high biodiesel yields were obtained over many
of nanoporous material-supported ionic liquids, their significantly higher cost compared
to the conventional catalysts remained a major challenge. This issue can be overcome
by employing less expensive cations and anions, increasing the loading amount of ionic
liquids, and improving catalyst reusability in future studies.

Keywords: biodiesel, nanoporous materials, ionic liquids, catalyst, transesterification

INTRODUCTION

Nowadays, due to the non-renewability of fossil fuels and their negative environmental impacts,
the necessity of finding alternative energy sources is well-established. With this respect, renewable
energy sources have been considered as one of the most promising options for the last few
decades, as they are cleaner and more environment-friendly and can contribute to the sustainable
development of societies (Dincer, 2000; Panwar et al., 2011).
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As the most common renewable energy resource, biomass has
a significant contribution to the world economy and provides
a range of biofuels and chemicals (Chum and Overend, 2001;
McKendry, 2002; Dodds and Gross, 2007). In 2017, nearly 11%
of the world’s energy demand was supplied by biomass. However,
contributing to 65% of the world’s total final consumption, oil
has remained as the main energy source in the transportation
sector (International Energy Agency, 2019). This necessitates
more production and incorporation of biofuels, especially in the
transportation fleet, to reduce dependence on petroleum and its
negative impacts on the environment.

Biodiesel is one of the popular forms of biofuel which is
obtained from vegetable oils and animal fats and is considered
as an attractive alternative to fossil diesel (Van Gerpen, 2005).
It is renewable, non-toxic, biodegradable, sulfur, and benzene-
free, can be used in common diesel engines with no modification,
and its blending with fossil diesel at any given ratio is possible
(Demirbas, 2006; Nabi et al., 2006; Khan et al., 2009; Kumar et al.,
2010; Mekhilef et al., 2011). Owing to these benefits, 36 billion
liters of biodiesel were produced around the globe in 2017. This
figure is expected to rise by 9% through 2027 (OECD/FA, 2018).

Despite paramount advantages, biodiesel has some technical,
economic, and environmental drawbacks. Compared to fossil
diesel, biodiesel presents weaker oxidative stability and cold
flow properties, higher viscosity and density, and higher NOy
emissions (Monyem and Van Gerpen, 2001; Agarwal et al,
2006; Canakci, 2007; Tesfa et al., 2010). However, the most
challenging disadvantage of biodiesel is its higher production
cost in comparison with fossil diesel, which is mainly due to
the high cost of feedstock and ineflicient production processes
(Hasheminejad et al., 2011; Yaakob et al., 2014; Ullah et al., 2015).

The most common and economically feasible method of
biodiesel production at an industrial scale is the alkali-catalyzed
transesterification of fresh vegetable oils (Gebremariam and
Marchetti, 2018). However, over 80% of biodiesel production
cost stems from employing fresh edible oils as feedstock (Mansir
et al., 2018). Therefore, the best way to reduce the production
cost of biodiesel is the use of alternative, cheaper sources of lipids
such as waste cooking oil, non-edible Jatropha, algae, municipal
sewage sludge, and recycled grease trap waste (Nagarajan et al.,
2013; Yusuf and Kamarudin, 2013; Olkiewicz et al., 2016;
Abdurakhman et al., 2018; Tran et al., 2018). Nevertheless,
the high free fatty acid (FFA) content of these feedstocks
results in saponification and emulsification in the presence of
homogeneous base catalysts, which reduces biodiesel yield and
hinders its separation from glycerol (Ghiaci et al., 2011; Alegria
etal,, 2014). Moreover, these catalysts are corrosive, difficult to be
recovered and reused and are removed from the reaction mixture
by water washing, which produces considerable amounts of
wastewater (Takase et al., 2014; Lee et al., 2015; Sirisomboonchai
et al., 2015).

One way to avoid the saponification problem is the use
of homogeneous acids such as sulfuric acid and hydrochloric
acid. These acids are tolerant of FFAs and esterify them into
biodiesel, but they require higher temperature and pressure,
a higher amount of alcohol, and longer reaction time to
yield high biodiesel conversion (Su, 2013). Furthermore,

corrosiveness, undesired byproducts, negative environmental
impacts, the requirement of additional neutralization and
separation processes, and difficult recovery have restrained the
application of homogeneous acid catalysts at industrial scale
(Han et al., 2013).

Ionic liquids (ILs) have recently emerged as one of the
most promising options to replace conventional homogeneous
catalysts. ILs are organic salts composed of cations and anions
with melting points below 100°C (Liu C. Z. et al., 2012; Fang
et al., 2014). They are nearly non-volatile, soluble in organic
and inorganic materials, remarkably less toxic compared to the
traditional organic solvents, possess wide liquids temperature
and significant thermal and chemical stability (Fauzi and Amin,
2012; Muhammad et al., 2015). These unique materials are
also recyclable and environmentally-friendly (Fan et al., 2013;
Montalban et al., 2018; Gholami et al., 2019). More importantly,
the properties of ILs can be altered and designed for a
specific application by changing the type of cation or anion
in their structure (Pandey, 2006; Luo et al, 2013). Owing
to these interesting properties, ILs have been employed not
only in catalysis but also as base materials and solvents in
electrochemistry (Osada et al., 2016; Watanabe et al., 2017),
extraction, and separation (Ventura et al., 2017; Berthod et al.,
2018), biology and biotechnology (Egorova et al., 2017; Claus
et al.,, 2018) and tribology (Amiril et al., 2017).

With regards to biodiesel production, ILs have been used
as catalysts for the transesterification reaction, as cosolvents
for stabilizing enzymes in biocatalyzed transesterification, and
as solvents for extracting lipids from biomass, FFAs from oily
feedstocks, and unsaturated esters and triacylglycerols from
biodiesel (Troter et al., 2016). Employing ILs as novel catalysts
for transesterification of triglycerides into biodiesel could lead
to high yields with the less complex production process
and reduces equipment corrosion, saponification, and waste
generation (Ullah et al., 2018). Nevertheless, several drawbacks
have hindered the widespread application of ionic liquids in
the biodiesel industry. These include high cost, high viscosity,
tedious recovery demanding expensive and energy-consuming
processes, and large concentration in catalysis (Vallette et al.,
2006; Bourbigou et al., 2010; Troter et al., 2016). The high cost
of ILs can be outweighed by their overall benefits in many cases
(Troter et al., 2016), but their high viscosity and inconvenient
separation procedure remain a serious challenge for employing
ILs in industrial plants.

To overcome the aforementioned problems, ILs can be
heterogenized using solid materials. These supported ILs (SILs)
provide the reaction catalysis with new opportunities, as
they inherit the characteristics of both homogeneous and
heterogeneous catalysts. Using SILs combines the possibility of
facile separation and recovery of heterogeneous catalysts with
the homogeneous media for reactants, the latter is provided by
the IL layer on the solid surface. Moreover, fixed-bed reactors
can be used for continuous production (Riisager et al., 2006a,b).
Hence, many studies have investigated the utilization of SILs
as catalysts for transesterification, in which a variety of solid
carriers such as silica (Zhen et al., 2014), resin (Abreu et al.,
2005), and polymers (Liang, 2013a,b) have been employed.
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However, these catalysts exhibit weak catalytic activities due to
high mass-transfer resistance and low amount of ILs grafted on
the surface of the carrier. The main reason for these drawbacks
is attributed to the small specific surface area, low pore volume,
wide-range pore distribution, and irregular pore shape of the
conventional solid supports (Zhen et al,, 2012; Zhang et al,
2013). Therefore, the search for more suitable solid supports for
immobilization of ILs continues.

Nanoporous materials are of great potential in tackling
the aforesaid issues associated with ILs heterogenization. They
possess high surface area, uniform pore distribution, and a large
number of active sites per unit surface area. In virtue of these
characteristics, these solids have been used not only as novel
supports for ILs (Selvam et al., 2012), but also as green catalysts
for biofuel production (Fu et al., 2018; Sharma et al., 2018).

Regarding to the role of ILs, nanoporous materials or their
combination in various processes, many valuable reviews can be
found in the literature. However, no review has solely focused
on the function of nanoporous materials as supports for ILs in
biodiesel production. Consequently, there is a lack of information
on the present status of this research area, such as different
nanoporous supports, synthesis routes, and optimum reaction
conditions. In this paper, we comprehensively discussed the
recent developments in synthesizing ILs-nanoporous materials
hybrid catalysts for biodiesel production. We mainly focused
on the application of different types of these catalysts for
the optimization of transesterification reaction conditions. The
results from each category were compared together to highlight
the most promising classes for future studies. Moreover, to
put further light on the future pathways, challenges, and
opportunities for improving the overall production process in
terms of technical and economic aspects were discussed.

NANOPOROUS MATERIALS-SUPPORTED
ILS IN BIODIESEL PRODUCTION

Nanoporous materials are a class of substances that contain
nanoscale pores (Fu et al., 2018). According to the International
Union of Pure and Applied Chemistry, these materials are
divided into three groups based on their pore diameter:
microporous (pore diameter under 2nm), mesoporous (pore
diameter between 2 and 50 nm) and macroporous (pore diameter
above 50 nm) (Rouquerol et al., 1994). They have been widely
used in industrial areas such as petroleum refining, detergents,
medicinal applications, and separation since the dimensions of
the pores are controllable (Valtchev et al., 2009).

To date a variety of nanoporous materials have been used
to heterogenize ILs for transesterification catalysis. Figure 1
depicts the classification of these materials. In the majority
of the researches that have been performed to date, silicon-
based supports and polymers have been studies, followed by
metal-organic frameworks (MOFs) and nanoporous carbon.
Furthermore, in terms of pore size, mesoporous materials
have attracted the most attention. On the other hand, only a
few studies investigated the effect of micro and macroporous
materials-supported ILs as catalysts for biodiesel production.

This might be related to the interesting properties of mesoporous
solids which will be discussed in the following sections.

ILs Supported on Silicon-Containing

Materials

ILs on Microporous Silica-Gel

Zeolites are the most common type of microporous silica-based
materials. However, they are not very good candidates for being
used as supports for ILs in biodiesel production. This can be
ascribed to their small pore sizes which restrict the diffusion
of large molecules like triglyceride to the active sites (Valtchev
et al.,, 2009). As a result, instead of zeolites, Cao et al. (2016)
focused on the immobilization of IL on microporous silica-
gel. They prepared an acidic IL with 1-allyl-1H-imidazole, 1,3-
propyl sulfonic acid lactone and H,SO4. This IL was then
immobilized on thiol-group functionalized microporous silica-
gel to fabricate a solid catalyst for biodiesel production from
waste cooking oil (3-Mercaptopropyl) trimethoxysilane was
employed to functionalize silica-gel with thiol groups. The
resultant catalyst showed a high specific surface area (278.6 m?/g)
and was not decomposed below 250°C. By using the catalyst
dosage of 5 wt.% and methanol to waste cooking oil molar ratio
of 25-1, the maximum yield of 87.58% was obtained over the
catalyst at 60°C and reflux of methanol for 20 h. The reaction
yield decreased to around 70% after the catalyst was reused for
5 times. This resulted from the leaching of IL from the surface of
the silica-gel support.

ILs on Mesoporous SBA-15

The limited pore size of zeolites and other microporous silica
materials led to the invention of mesoporous silica materials,
which have unique properties such as well-defined and uniform
pore size, significantly high surface area, large pore volume, and
facile surface functionalization (Al Othman, 2012; Da'na, 2017).
Owing to these properties, mesoporous silica-based materials
have had the most contribution to the heterogenization of ILs for
biodiesel production.

SBA-15 is a type of mesoporous silica-based material
containing uniform hexagonal pores which have a tunable
diameter of 5-15nm. In addition to the general benefits
of mesoporous solids, it is cheap, chemically inert, and
thermodynamically stable. Moreover, it possesses narrow pore
size distribution and various functional chemical groups could
be grafted on its surface due to the presence of abundant active
sites (Yuan et al., 2020).

Mesoporous materials based on silicon have one weakness
in common: They possess a limited number of functional
groups. This reduces the loading rate of IL as well as
catalytic activity (Cheng et al, 2013; Liang, 2014). The
functionalization of these materials by acidic groups turns them
into an attractive heterogeneous catalyst for the esterification
of carboxylic acids. However, one problem associated with the
utilization of mesoporous silica in this reaction is its hydrophilic
nature. This results in the deactivation of active sites in the
presence of water, which is a by-product of the esterification
reaction. To address this issue, and Vafaeezadeh
(2012) confined the IL 1-methyl-3-octylimidazolium hydrogen
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FIGURE 1 | Classification of nanoporous materials used as supports for ILs in (trans)esterification reaction (SBA, Santa Barbara Amorphous; PILs, Polymeric ionic
liquids; MIL, Materiaux de I Institute Lavoisier; HKUST, Hong Kong University of Science and Technology; UiO, Universitetet i Oslo).

sulfate ([MOIm]HSO4) inside the mesochannels of SBA-15-
functionalized propylsulfonic acid by impregnation method. To
this end, the solid support was impregnated with [MOIm]HSO4
in an acetone solution. The supported IL was obtained after
stirring at room temperature for 3 h and evaporation of acetone
under vacuum. The resultant catalyst was able to effectively
catalyze the esterification of different carboxylic acids with
ethanol at room temperature, in which at least 87% yield was
obtained within 40h. The high yield was attributed to the
synergetic effect between the grafted sulfonic acid groups and
the anions of IL. The incorporation of the hydrophobic IL
bearing N-octyl group also improved the mass transfer rate and
expelled the produced water out of the catalyst surface during
the reaction.

Incorporation of metals into SBA-15 is another way to adjust
its catalytic performance (Sasidharan et al., 2009). Zhang et al.
(2012) synthesized an iron incorporated SBA-15 (Fe-SBA-15)
and used it as a support for Bronsted acidic IL 1-(propyl-
3-sulfonate)-3-(3-trimethoxysilylpropyl) imidazolium hydrogen
sulfate ([SO3H-PIm-CPMS] [HSOy4]). The IL was immobilized
on the support by the impregnation method. First, Fe-SBA-
15 was activated at 150°C for 10 h. Then both support and IL
were added to toluene and the mixture was heated to reflux for
20h under the N, atmosphere. The final product was washed
with diethyl ether and dried under vacuum. This catalyst was
employed in esterification of oleic acid with methanol, where
under the conditions of 5 wt.% catalyst dosage, methanol to oleic
acid molar ratio of 6-1, a reaction time of 3 h and temperature of
90°C, the conversion of oleic acid reached to 87.7%. Compared
to the case when IL was supported on SBA-15, the IL/Fe-SBA-
15 showed a higher catalytic activity despite having less Bronsted
acidic sites. This was attributed to the cooperative effect of Lewis
and Bronsted acidic sites.

In another study conducted by Wang et al. (2018), three acidic
ILs 1-(3-sulfonate)-propyl-3-allylimidazolium hydrogen sulfate,
trifluoromethanesulfonate, and dihydrogen phosphotungstate
were covalently immobilized on SBA-15 through thiol-ene
reaction. To this end, SBA-15 was modified with KH-590 to
obtain a thiol-group functionalized SBA-15 (SBA-15-SH). In

the next step, IL was dissolved in methanol at around 40°C,
and then SBA-15-SH was dispersed in the solution. To initiate
the thiol-ene reaction, azobisisobutyronitrile was added and the
mixture was heated at 60°C for 12h. The produced solid was
separated by filtration, washed with methanol and dried at 60°C
under vacuum for 3 h. The supported 1-(3-sulfonate)-propyl-3-
allylimidazolium dihydrogen phosphotungstate showed the best
catalytic performance in the esterification of palmitic acid with
methanol due to high acidity of phosphotungstic acid and higher
loading rate compared to the other two catalysts. Another factor
responsible for the higher yield for phosphotungstate based
catalyst was its larger molecule, which resulted in remarkable
stearic hinderance and more exposure of active sites to the
reactants. The catalyst could be reused 5 times without a
considerable decrease in ester yield, which demonstrates the high
potential of thiol-ene reaction to produce supported ILs with
high stability.

Generally, the conversion of triglycerides to methyl/ethyl
esters can be achieved under milder reaction conditions when
basic ILs are used (Gholami et al., 2019). Accordingly, the
potential of SBA-15-supported basic IL 4-butyl-1,2,4-triazolium
hydroxide in transesterification of soybean oil with methanol was
investigated by Xie et al. (2015a). The catalyst was synthesized
by grafting of 4-butyl-1-triethoxysilylpropyl-triazolium chloride
onto the surface of SBA-15 through the formation of Si-O
bonds. To this end, after dissolving the IL in anhydrous toluene
and adding the SBA-15, the mixture was refluxed in the N;
atmosphere for 24 h. The mixture was allowed to cool down to
room temperature, and then a solid was obtained by filtration,
washing with acetone and drying under vacuum at 40°C for
3h. The obtained solid was then extracted with diethyl ether
and dichloromethane mixture for 6h and was dissolved in a
tetramethylammonium hydroxide solution in methanol. The
solution was stirred at room temperature for 4 h, through which
the chloride anions were exchanged to hydroxides. Finally,
the catalyst was obtained after filtration, washing with ethanol
and drying at 60°C under vacuum for 12h. Employing this
heterogeneous catalyst resulted in the conversion of 95.4% at
optimum reaction conditions of 8 h, 65°C, methanol to oil molar
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ratio of 20-1 and catalyst concentration of 7 wt.%. After 4
catalytic cycles, the conversion remained over 84%.

The catalytic activity of basic ILs strongly depends on basicity.
However, it should be noted that excessive loading of IL on the
support results in decreased catalytic activity, as it reduces the
specific surface area. Therefore, the amount of grafted IL on the
support should be optimized. As an example, in another work by
Xie et al. (2015b), the basic IL 1,3-dicyclohexyl-2-octylguanidine
(DCOG) was anchored onto the SBA-15 by grafting method. In
the first step, DCOG and 1,3-glycidyloxypropyl-trimethoxysilane
were added to dry N,N-dimethylformamide and the mixture
was stirred at room temperature for 48 h under N, atmosphere
to yield DCOG-organosilane. Afterwards, SBA-15 was dispersed
in dry toluene and refluxed for 2h with stirring under N,
atmosphere. The DCOG-organosilane containing solution was
then added to SBA-15 and toluene solution at room temperature.
The resultant mixture was refluxed with stirring in the Nj
atmosphere for 24h. The mixture was cooled down to room
temperature and the solid product was filtered, washed with
toluene and methanol, extracted with a diethyl ether and
dichloromethane mixture at 70°C and dried under vacuum at
60°C for 12h. By using 8 wt.% of this catalyst, the conversion
of soybean oil reached 92.6% after 15h. The catalytic activity
increased when the loading amount of IL was lower than 2.5 g/g
SBA-15, while a further increase of this figure did not show a
significant effect on the catalytic performance.

ILs on Mesoporous Organosilica

The inclusion of organic functional into the structure of
inorganic mesoporous silica materials leads to the formation
of mesoporous organosilicas. These organic-inorganic hybrid
mesoporous materials compensate the drawbacks of both
siliceous mesoporous supports, i.e., limited number of functional
groups, and organic carriers, i.e., low mechanical strength, weak
thermal stability, and poor structure of the pore.

One problem associated with the use of SBA-15-supported
ILs in the esterification reaction is the leaching of ILs from the
surface of the support, which limits catalyst recoverability and
reusability. Elhamifar et al. (2014) demonstrated that this issue
can be overcome by covalent bonding of IL on mesoporous silica.
Using this method, they supported 1-methyl-3-octylimidazolium
hydrogen sulfate ([OMIm]HSO4) IL on sulfonic acid
functionalized periodic mesoporous organosilica (PMO-IL-
SO3H). After the preparation of PMO-IL, it was modified
through grafting of (3-mercaptopropyl) trimethoxysilane. To
this end, PMO-IL was added to dry toluene at room temperature
under stirring for 5min (3-mercaptopropyl) trimethoxysilane
was then added to the solution and the mixture was refluxed
under the argon atmosphere for 24 h. The resultant solid, PMO-
IL-SH, was separated by filtration, washed with dry toluene and
dried at 70°C for one night. In the second step, SH groups were
oxidized to SO3H using H,O,. In this process, PMO-IL-SH was
added to hydrogen peroxide and stirred at room temperature
for 24 h. Afterwards, a dilute solution of sulfuric acid was added
to the mixture under stirring for 30 min. PMO-IL-SO3H was
obtained after filtering, washing with deionized water and
ethanol and drying at 60°C for 12h. The obtained catalyst

was used in the esterification of various carboxylic acids with
different alcohols, where the yield remained over 82%. The high
efficiency was ascribed to the presence of imidazolium anion and
sulfonic acid groups in the mesochannels of the carrier and their
synergetic cooperation. They also stated that the nanostructure
of PMO-IL with the imidazolium framework was responsible for
the good stability of sulfonic acid sites.

Fan et al. (2018) prepared the acidic organosilica material
SOi_ /ZrO,-Si0, (Et) by a one-step co-condensation method and
the subsequent hydrothermal treatment. Acidic IL sulfonic acid
functionalized imidazolium hydrogen sulfate ([Ps-im] HSO4)
was then immobilized on the acidic organosilica carrier by the
chemical grafting. Figure 2 illustrates the four steps involved
in the production process of the catalyst. First (3-chloropropy)
triethoxysilane and SO?[/ZrOz—SiOz(Et) were dispersed in dry
toluene. After stirring at 90°C for 24 h, the mixture was cooled,
and SOi_/ZrOz-SiOZ(Et)-(CH2)3-Cl was obtained by filtering,
washing with toluene, dichloromethane and diethyl ether and
drying at 100°C for 12 h. In the second step, this product along
with imidazole was added to dry toluene, and SOﬁ_ 1ZxO;-
SiO;(Et)-im was produced using the same process as the previous
step. In the next step, this product was dispersed in dry
toluene and 1,3-propane sultone was added to the mixture. After
undergoing the same process as the previous steps, SOi_/ZrOZ-
SiO,(Et)-Ps-im was obtained. Finally, this solid was suspended
in dry dichloromethane and concentrated sulfuric acid (98%)
was added dropwise at 0°C under vigorous stirring. The mixture
was then stirred at room temperature for 24 h. After washing the
resultant material with dichloromethane and diethyl ether and
drying it at 100°C for 12h, the catalyst [SOif/ZrOZ—SiOZ(Et)—
Ps-im]HSO,4 was obtained. This catalyst was used to produce
biodiesel from soybean oil, where under optimum reaction
conditions of 5 wt.% catalyst concentration, the temperature
of 150°C, methanol to oil molar ratio of 18-1, a 99% yield
was obtained after 3h. The hybrid support possessed stronger
Bronsted and Lewis acid sites compared to SOi_/ZrOz, which
was attributed to the improved hydrophobicity and porosity of
the surface resulted from the incorporation of ethane-bridge
organosilica moieties. Despite having lower acidity, the catalyst
gave a higher yield as compared with the pure ([Ps-im] HSO4)
owing to the synergetic impact of Bronsted and Lewis acid sites.
The catalyst maintained its activity after 5 consecutive runs and
exhibited excellent resistance to oleic acid and water.

ILs on Magnetic Mesoporous Silica

Magnetic mesoporous silica is one of the most important classes
of mesoporous materials that have been used as carriers for ILs.
Magnetic mesoporous materials can combine the benefits of
mesoporous and magnetic materials, and facilitate the separation
of the catalyst from reaction mixture through a magnetic field.
By immobilizing the acidic IL 1-Allyl-3-(butyl-4-sulfonyl)
imidazolium trifluoromethanesulfonate ([BsAIm][OTf]) on
magnetic mesoporous silica, Zhen et al. (2012) prepared a
magnetic mesoporous silica-supported IL for esterification of
oleic acid with methanol. Figure 3 illustrates the process for the
synthesis of this catalyst. The magnetic carrier was synthesized
by embedding the cobalt ferrite nanoparticles in silica using
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FIGURE 2 | The synthesis process of [SOi‘/ZrOz—SiOg(Et)—Ps—im]H804 [Redrawn from Fan et al. (2018)].
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the sol-gel method and then modified with (3-mercaptopropyl)
trimethoxysilane to add sulfhydryl groups to its structure. The
IL was then supported on the modified magnetic mesoporous
silica through a radical reaction between the allyl and sulthydryl
groups. After 12h, the conversion of oleic acid reached 87%
using a 10 wt.% catalyst dosage. They found that an increase
in sulfhydryl loading of modified mesoporous silica resulted
in a decrease in pore diameter, the amount of IL supported
on the carrier, and conversion. Moreover, the catalyst did not

show high stability and reusability due to the hydrolysis or
alcoholysis of the Si-O bonds on the support under harsh
reaction conditions 110°C.

The catalytic performance of mesoporous silica-based ILs
could be even better than that of the ILs supported on
nanoparticles. Zhang et al. (2013) prepared 1-Allyl-dodecyl
imidazolium hydroxide ([ADIm][OH]) basic IL immobilized
on magnetic mesoporous SiO/CoFe;O4 nanoparticles (SCF)
and magnetic CoFe;O4 nanoparticles (CF) and compared
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their catalytic activity in the transesterification of glycerol
trioleate. For the synthesis of [ADIM][OH]/SCE, the carrier was
first modified with 3-mercaptopropyltrimethoxysilane through
thermal treatment at 110°C for 24 h. The modified SCF particles
were washed with acetone and dried. In the next step, IL
was supported on the carrier through the free radical reaction
between allyl groups of IL and sulthydryl groups of the carrier.
To this end, [ADIm][Br] was first produced from the reaction
between 1-allylimidazole and n-dodecyl bromide at 60°C for
24h. After washing with diethyl ether and drying in vacuum,
[ADIm][Br] and modified SCF were added to acetonitrile and
the reaction was initiated by azobisisobutyronitrile at 100°C
for 24 h. The produced solid [ADIm][Br]/SCF was washed with
methanol and then was added into a flask along with NaOH and
dichloromethane. The mixture was reacted at room temperature
for 24 h and [ADIm][OH]/SCF was obtained after washing with
water and ethanol and drying at 60°C. Both catalysts showed
better catalytic performances than NaOH, with IL/SCF led to a
slightly higher yield than CF. The mesoporous structure of SCF
made it difficult for the large molecule of triglyceride to diffuse
into the pores and reach the active sites of IL, so the reaction rate
and yield were low at the beginning of the reaction. However,
the long and narrow pores also prevented the triglyceride and
intermediate diglyceride to escape from the surface of the carrier,
thus providing longer contact opportunities for reactants and

intermediate with catalytic sites. On the other hand, there were
no pores on the surface of CE and as a result, all the catalytic
active sites in the bulk of IL/CF were easily accessible for
reactants, increasing the reaction rate compared to IL/SCF at
initial stages of transesterification. Nevertheless, because of the
absence of pores and pore diffusion effects, triglyceride molecules
were able to leave the catalytic sites freely, reducing the reaction
yield at longer reaction times compared to the IL/SCF. The
existence of mesopores and pore diffusion effect also provided
the active sites with more protection and reduced their loss to
some extent, due to which IL/SCF exhibited a higher yield in
comparison to IL/CF after three cycles.

Wan et al. (2015a) employed Fe3O4 nanoparticles to
fabricate a magnetic mesoporous silica material and used it as
support for acidic IL 3-sulfopropyl-1-(3-propyltrimethoxysilane)
imidazolium hydrogen sulfate ([SO3H-PIM-TMSP] HSOy). The
Fe304 nanoparticles were produced by the solvothermal method.
Then, they were coated with silica layer through hydrolysis
and condensation of tetraethyl orthosilicate in the mixture of
water, ethanol and ammonia, producing Fe;O4@SiO; particles.
Afterwards, these particles were coated with a composite
layer consist of cetyltrimethylammonium bromide (CTAB)
and silica by using tetraethyl orthosilicate and CTAB. After
removing CTAB, magnetic mesoporous Fe;04@SiO,@mSiO;
particles were obtained. In the next step, the IL was supported
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on the mesoporous silica by covalent immobilization, with
Fe3O4 and mesoporous silica-based IL as core and shell,
respectively. Typically, a mixture of IL and mesoporous carrier
in dry toluene was prepared. The mixture was refluxed for
24h under N, atmosphere. Then, the produced material was
washed with diethyl ether and dried under vacuum at 323K
for 8h, yielding IL/Fe304@SiO,@mSiO;. In this catalyst, the
function of non-porous inner silica layer was to protect the
Fe304 nanoparticles, while the outer mesoporous layer acted
as support. At optimum reaction conditions of 10.6 wt.%
catalyst dosage, oleic acid to ethanol molar ratio of 6-1, a
reaction time of 4h and a temperature of 110°C, the catalyst
yielded 93.5% conversion in the esterification of oleic acid
with ethanol.

Based on the above discussion, there are two main methods
for supporting ILs on silicon-based materials: Impregnation and
grafting. Impregnation consists of physical adsorption of the IL,
whereas in grafting the IL is immobilized on the surface through
a chemical bond. Impregnation is simpler and less expensive than
chemical grafting, but the resultant catalyst does not usually show
good stability because the active sites are fallen off the surface
of the support. In contrast, chemical grafting results in catalysts
with higher stabilities, but it is more complicated and time-
consuming, as well as consumes extra chemicals and reagents
which increases the fabrication cost.

In chemical grafting, the IL is immobilized on the carrier
surface through Si-O-Si covalent bonds. These bonds are formed
by a chemical reaction between the silane groups and silanol
groups on the carrier surface. There are two ways to incorporate
silane groups in the structure of final catalyst. In the first method,
which we call carrier modification, the as-synthesized carrier is
functionalized with silane groups. Then, IL is connected to the
silanol group through another group such as propyl or thiol.
In the second method, called direct immobilization, the silane
groups are first incorporated in IL structure, and then the IL is
directly immobilized on the support.

Table 1 summarizes the optimized reaction conditions over
ILs/silicon materials hybrid catalysts. As can be seen, all
studies synthesized catalysts with large specific surface areas and
obtained high biodiesel yields. Except for researches conducted
by Karimi and Vafaeezadeh (2012) and Zhang et al. (2012),
chemical grafting was used in all other studies for catalyst
synthesis. Although Karimi and Vafaeezadeh (2012) did not
report the biodiesel yield after several catalytic cycles, the results
reported by Zhang et al. (2012) show that impregnation may also
result in a catalyst with good stability. As impregnation is simpler
and less-expensive than grafting, further studies on using this
synthesis method with critical attention on recyclability are worth
conducting in the future.

The high specific surface area of microporous silica-gel led
to a comparable biodiesel yield with mesoporous silica supports.
However, a higher amount of alcohol and longer reaction time
was required which can be attributed to the smaller pore diameter
of silica-gel and limited diffusion of the reactants as a result.
These problems may be overcome by employing basic ILs which
accompany lower alcohol consumption and shorter reaction time
compared to acidic ILs. The effect of direct immobilization of IL

on the recyclability of the final catalyst can also be investigated in
future research.

Most studies in this category have been focused on SBA-
15. By comparing the results, one could conclude that the
modification of carrier with thiol groups (Wang et al., 2018)
has the same effect on reaction yield and catalyst stability as the
impregnation method (Zhang et al., 2012). On the other hand,
by supporting basic ILs on SBA-15 using direct immobilization,
Xie et al. (2015a,b) synthesized heterogeneous catalysts with
higher stabilities. When the carrier is modified through thiol-
ene reaction, the silane group on the surface is first attached
to one atom of S through a propyl group. Then, this atom is
connected to the cation of IL via another propyl group. In direct
immobilization, on the other hand, the IL is directly attached to
the silane group through a propyl group.

Among all the research on IL/silicon-based supports, Fan
et al. (2018) obtained the best results. They reported almost 99%
efficiency in transesterification of soybean oil with relatively low
catalyst concentration and more importantly, the reaction yield
remained over 95% after 5 catalytic cycles. Moreover, when the
water and oleic acid contents of the feedstock were 5 wt.% and
9 wt.%, respectively, the yield of biodiesel was higher than 98%.
These results indicate that mesoporous organosilica materials
have great potential in (trans)esterification. Despite that Fan et al.
(2018) first modified the organosilica by silane groups, they used
a step-by-step procedure to immobilize the IL on the carrier
so that the cation of IL was finally attached to the organosilica
support by propyl-Si-O-Si bonds, the same method employed by
Xie et al. (2015a,b).

Finally, in all three studies on magnetic mesoporous silica
supports, high yields were reported. However, the catalysts
fabricated by Zhen et al. (2012) and Zhang et al. (2013) did
not show good recyclability due to the leaching of active sites,
which was resulted from the breaking of Si-O bonds under
harsh reaction conditions. In both studies, the support was first
functionalized with thiol groups and then IL was attached to the
support via free radical addition reaction between allyl groups
of the IL and thiol groups on the surface of the carrier. On the
contrary, Wan et al. (2015a) first functionalized the IL with silane
groups, and then directly immobilized it on the magnetic silica
support. The reaction yield remained over 87% after the catalyst
was reused for 6 times.

In summary, direct immobilization of IL on the surface of
mesoporous silica carrier through silane groups seems to reduce
the leaching of IL and improve the catalyst recyclability compared
to the case where thiol groups are used.

ILs Supported on Nanoporous Polymers
Organic polymers containing nanopores possess controlled
wettability, flexible chemical tenability, and remarkable
chemical stability in addition to the high surface area.
Generally, these materials can be easily fabricated through
hard-templating, soft-templating and template-free methods,
and are functionalized by several strategies such as post-
modification, co-polymerization of skeleton molecules with
functional groups and self-polymerization of functional organic
groups (Sun et al., 2015).
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TABLE 1 | Supported ILs on silica-based materials.

Feedstock Catalyst Surface area Pore volume Average pore Catalyst Temperature Alcohol/oil Reaction Yield (%) Yield after Reuse times References
(m2/g) (cm®/g) diameter dosage (°C) molar ratio time (h) reuse (%)
(nm) (wt.%)
Oleic acid [BsAIm][OTf|@ 267.15 - - 10 100 - 12 87 - - Zhen et al.,
SiOQ/COF€204 201 2)
Waste cooking IL/silica-gel 278.6 - 1.382 5 60 25 20 87.58 70 5 Cao et al.,
ail 2016
Different [MOIM]HSO.4/SBA-15-Pr- - - - - 25-30 - 40 87-96% - - Karimi and
carboxylic SOsH Vafaeezadeh,
acids 2012
Oleic acid [SOzH-PIm- 305 0.87 6.2 5 90 6 3 87.7 80.8 6 Zhang et al.,
CPMS][HSO,4)/Fe-SBA-15 2012
Palmitic acid ~ SBA-15@IL 162.5 0.269 6.57 15 65 9 8 88.1 80 5 Wang et al.,
2018
Soybean oil SBA-15-pr-ILOH 341 0.78 5.58 7 65 20 8 95.4 84.7 4 Xie et al.,
2015a
Soybean oil SBA-15-pr-DCOG 267 0.48 4.25 8 65 15 15 92.6 86.2 5 Xie et al.,
2015b
Different PMO-[OMIM]HSO4-SO3sH 504 0.93 9.3 - 60-75 - 12-24 82-95% - - Elhamifar
carboxylic etal., 2014
acids
Soybean oil SO%’/ZrOz—SiOQ(Et)—[PS— 200.6 0.459 8.8 5 150 18 3 98.99 95.22 5 Fan et al.,
imJHSO4 2018
Glycerol [ADIm][OH]@ SiO,/CoFesO4 - - - - 170 - 6 86.54 <40 3 Zhang et al.,
trioleate 2013
Oleic acid [SO3H-PIM- 175 - - 10.6 110 6 4 93.5 87.4 6 Wan et al.,
TMSPIHSO,/Fez04@ 2015a
Si0,@mSiO,
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Polymeric lonic Liquids

The functionalization of nanoporous polymers with ILs leads
to the fabrication of so-called polymeric or polymerized ionic
liquids or poly(ionic liquids)s (PILs). These polyelectrolytes
consist of a polymeric backbone and an IL species in each
monomer repeating units. PILs have been widely used as catalyst,
catalyst support and pre-catalyst as they are mechanically stable
and their catalytic influence can be controlled by the possibility
of choosing a variety of cations and anions and tuning the
macromolecular structure (Qian et al., 2017). There are two
principal strategies to fabricate PILs, i.e. direct polymerization
of IL monomers and post-modification of an already existing
polymer. The structure, merits, and shortcomings of a PIL
strongly depend on the synthesis technique and polymerization
methodology (Yuan and Antonietti, 2011).

In the post-modification route, an existing precursor polymer
is functionalized via chemical reactions. PILs obtained from
this strategy possess the same number of monomeric units,
architecture, and monomer composition as the primary polymer
chains. Consequently, the desirable architecture and composition
of PILs can be achieved by choosing a precursor with suitable
structure, mass, and architecture (Yuan and Antonietti, 2011).
The modification of nanoporous polymers for the preparation of
PIL catalysts and their use in the biodiesel production process
was first reported by Liu F. et al. (2012). They synthesized
several mesoporous superhydrophobic polydivinylbenzenes by
solvothermal co-polymerization of divinylbenzene with a series
of vinyl-based monomers, followed by quaternary ammonization
with CH3I and ion exchange with HSO3CF3. Compared to
the same homogeneous ILs and ILs supported on SBA-15
and Amberlyst 15, the obtained IL-functionalized mesoporous
polymers gave higher palmitate yield in transesterification of
tripalmitin. This was attributed to the excellent adsorption of the
reactants on the catalyst as a result of its significant wettability
for the reactants. The catalyst was also well-recyclable because
of the stable polymer structure. However, very high alcohol to
tripalmitin molar ratio (90-1) and long reaction time (16 h) were
required to achieve high yields.

Templating is an effective method for the synthesis of
nanoporous polymers. Noshadi et al. (2014) successfully
synthesized acidic PILs with an average pore size of 11.1 nm using
resol and Pluronic F127, as precursor and template, respectively.
The crosslinker hexamethylenetetramine (HMTA) was used to
link the precursor to the template. After template removal
through calcination, an ordered mesoporous resin (OMR-
[HMTA]) was obtained using the crosslinker HMTA. Following
modification of the mesoporous polymer through quaternary
ammonization with 1,4-butanesultone and anion exchange with
H,SOy4, the polymeric ionic liquid OMR-[C4HMTA][SO4H]
was obtained. Due to high acidity, high specific surface area,
and a stable hydrophobic polymeric structure, this catalyst
outperformed HCI and Amberlyst 15 in the esterification of a
brown grease feed with high FFA content. The conversion of
FFA to biodiesel reached 99.5% only with a methanol-to-grease
molar ratio of 9:1 at 65°C within 1.5 h. The yield of esterification
decreased from 99.5 to 96% after 5 times of the PIL catalyst

recovery indicating its reasonable chemical stability. The brown
grease with a FFA content of 90% was transesterified with a
yield of 75% in the presence of this catalyst. The corresponding
value for Amberlyst 15 was 65%. However, due to the need for
high volumes of alcohol (the methanol-to-feed molar ratio of
40-1) and moderate yield, this catalyst is not suitable for the
transesterification reaction presumably due to its small pores
that do not provide adequate space for the diffusion of larger
triglyceride molecules.

Adding sulfonic groups to a polymer functionalized with
an acidic ionic liquid (IL) may significantly improve both
acidity and catalytic activity. After synthesizing a mesoporous
polymer through copolymerization of divinylbenzene with 1-
vinylimidazole, Pan et al. (2016) functionalized the resulting
polymer with an IL through quaternary ammonization with 1, 3-
propanesultone and anion exchange with H,SOy4. The resulting
acidic PIL was sulfonated with chlorosulfonic acid to add a
sulfonic acid group to the monomer. Within 4 h, the conversion
of oleic acid reached 98% in the presence of a 5 wt.% catalyst
with a methanol-to-oil molar ratio of 30-1 at 100°C. Moreover,
simultaneous esterification and transesterification of Jatropha oil
with a high acid value of 15 mg KOH/g were carried out in the
presence of the catalyst. A conversion of 94% was obtained within
8h at 160°C with a methanol-to-oil ratio of 50:1 (mol/mol) and
6 wt.% catalyst. Despite the lower acidity of this catalyst than
Amberlyst 15, its BET surface area was 5 times higher leading to
a significant increase in the conversion.

One limitation of some PILs used in biodiesel production
is their nano-scale particles causing loss of catalyst during
separation from reaction products. Increasing the particle
size to micro-scale facilitates catalyst separation and reduces
relevant costs. Using the procedure shown in Figure4, Feng
et al. (2017) synthesized acidic PIL microspheres with an
approximate diameter of 500 pm through copolymerization of 1-
vinylimidazole, divinylbenzene and styrene and then quaternary
ammonization with 1,3-propanesultone and anion exchange with
H,SOy4. The resulting catalyst, P(VB-VS)HSOy, had an oleophilic
mesoporous polymer network with a high specific surface area
and abundant mesopores leading to the increased contact area of
reactants with active sites and thereby enhanced mass transfer.
Due to the good chemical and thermal stability of the catalyst,
the conversion of transesterification of soapberry oil remained
over 90% after 6 times of catalyst recovery. Interestingly, catalyst
loss was nearly zero during recovery and reuse due to micron-
sized catalyst particles. Moreover, the resulting PIL led to a
high biodiesel production yield from various feeds with high
acid values.

It has been reported that post-modification of the mesoporous
melamine-formaldehyde as a class of covalent organic polymers
(COPs) with ILs creates an ideal PIL for catalyzing esterification
reactions. The repeating units in the mesoporous melamine-
formaldehyde are connected through irreversible covalent bonds
leading to high chemical and hydrothermal stability. Since this
polymer is synthesized from low-cost available monomers, i.e.,
melamine and para-formaldehyde, its production cost is lower
than divinylbenzene-based polymers. As another advantage,
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FIGURE 4 | Fabrication procedure of P(VB-VS)HSO, [Redrawn with modification from Feng et al. (2017)].
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many aminal groups and triazine rings in the polymer network
provide abundant sites for functionalization. Pan et al. (2019)
synthesized this polymer by templating using Pluronic F127
and sodium dodecyl sulfate as templates. The polymer was
then modified with 1,3- propanesultone and anion exchange
with H3PW ;504 to obtain the MMFP-IL PIL. High acidity
and surface area of this catalyst led to a yield of 95% in
converting oleic acid to biodiesel. Strong covalent bonds between
the polymer and IL as well as the stable structure of the catalyst
led to its acceptable activity after 4 times of reuse.

There has been recently a great interest in the use of cheap
monomers to reduce PIL production costs. For instance, Pei
et al. (2019) used petroleum pitch as a monomer to produce a
mesoporous polymer through hypercrosslinking. The resulting
polymer was first functionalized by allyl chloride and then
imidazole and ultimately modified through reaction with 1,3-
propanesultone and anion exchange with 1,3-p-toluenesulfonic
acid to achieve the PIL [HCPpitch-Im-Pros][Tos]. Oleic acid
was esterified on this catalyst up to a yield of 93%, and the catalyst
was used 5 times with an insignificant catalyst loss. Since the
chlorine ions are replaced with imidazole groups in this method,
the number of functional groups in the polymer increases with
further chlorine grafting on the polymer leading to an increase in
catalytic activity.

Direct copolymerization of divinylbenzene with IL
monomers is a less expensive process for the synthesis of
PILs which eliminates the use of expensive coupling reagents.

Polydivinylbenzene can enhance the mass transfer rate and
prevent the acid sites from falling off the surface owing to its high
hydrophobic BET surface area. Liang (Liang, 2013a) fabricated
an acidic PIL using the procedure illustrated in Figure 5.
The Bronsted acidic IL monomer [SO;H(CH;); VIm]HSO,4
was synthesized via the reaction between 4-vinylpyridine and
1,3-propane sulfonate, followed by acid treatment with H;SOy4.
The obtained monomer then was successfully copolymerized
with divinylbenzene and was used in transesterification of
waste cooking oil with methanol. After 12h, a 99.1% biodiesel
yield was achieved with 50 mg catalyst amount at 70°C and
methanol to oil molar ratio of 15-1. After being used for
6 times, the reaction yield was still 99%, demonstrating its
high stability.

Some PILs have a small specific surface area leading to
inadequate access of reactants to catalytic sites. Hard templating
of nanoparticles can be used to overcome this problem,
which is a facile and effective method for producing porous
materials with a suitable pore structure. However, a suitable
template is required for this purpose to generate a uniform
pore structure and its facile removal from the polymer at
the end of the process. Wu et al. (2016a) used Fe3Oq4
nanoparticles as a template for the synthesis of a PIL catalyst.
To this end, Fe3O4 nanoparticles were first modified with
3-methacryloxypropyltrimethoxy-silane and then polymerized
with the IL monomer 1-vinyl-3-(3-sulfopropyl)imidazolium
hydrogen sulfate. An acidic macroporous catalyst was obtained

Frontiers in Energy Research | www.frontiersin.org 60

July 2020 | Volume 8 | Article 144


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Gholami et al. lonic Liquids Supported on Nanoporous-Materials as Catalysts

"NV/4 ] — _
y / \ / THF, RT

3 S = 0 » + N SO}
_ 72h 4 \ /
4-vinylpyridine 1,3-propane sultone
1,50,
X
Ethanol
AIBN / \ / \/\/
HSO,
divinylbenzene
SO3H

SOsH

FIGURE 5 | The synthesis procedure of mesoporous acidic PIL [Redrawn with modification from Liang (2013a)].

by removing Fe3;O4 nanoparticles by water/ethanol/hydrochloric ~ and hydrogen sulfate groups. The PIL was reused up to 6 times
acid solution and ultrasonication. Conversion of over 90% was  without leaching its acidic sites.

obtained with this PIL to convert oleic acid to methyl oleate. In another study, Wu et al. (2016¢) synthesized a magnetic
The resulting PIL contained a large number of sulfonic acid  PIL functionalized with phosphotungstic acid using FezOy4
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nanoparticles and copolymerization of the acidic IL monomer
1-vinyl-3-(3-sulfopropyl) imidazolium hydrogen sulfate with the
crosslinker divinylbenzene. To functionalize Fe3O4 nanoparticles
with vinyl groups, 3-(trimethoxysilyl)propyl methacrylate was
used. The highly acidic catalyst used for esterification of oleic
acid at a methanol-to-oil molar ratio of 12:1 at 90°C led to a
conversion of 93.4% after 5h in the presence of 13 wt.% catalyst.
Due to good magnetic properties, the catalyst was easily separated
from products and reused for 6 times.

In addition to hydrophobicity, tunable wetting of catalyst for
both reactants and products is of great importance, as it improves
the performance and recoverability of the catalyst. A basic PIL
was synthesized through radical polymerization of 1-octyl-3-
vinylimidazolium bromide with the crosslinker 1,4-butanediyl-3-
bis-1-vinylimidazole and then anion exchange with KOH (Jiang
et al.,, 2017). The resulting polymer contained mesopores with
an average diameter of 35nm and basicity of 3.67 mmol/g. The
rough surface of this polymer with a unique porous structure,
an organic hydrophobic framework, and long chains of IL
monomers led to a superhydrophobic polymer. Moreover, the
high affinity of this catalyst for methanol and soybean oil led
to the high yield of transesterification reaction. On the other
hand, the basic PIL was incompatible with glycerol leading to
desorption of the byproduct, glycerol, from the catalyst surface.
The catalyst resisted against a water content of up to 1.5 wt.%
(relative to oil) and the triglyceride conversion reduced from 96.3
to 85% after 5 times of catalyst reuse. The conversion was lower
than the heterogeneous CaO catalyst due to the lower basicity
of the PIL. However, due to the lack of metal ions in the PIL
structure, it does not cause environmental pollution unlike CaO.

The free radical polymerization between an IL monomer
and divinylbenzene in the presence of the radical initiator
azobisisobutyronitrile (AIBN) is a common method for the
synthesis of PILs. Bian et al. (2019) synthesized an acidic
PIL by this method and used it for esterification of oleic
acid. The IL monomer was synthesized through the reaction
of methyldiallylamine with 1,3-propanesulton and then ion
exchange with trifluoromethanesulfonic acid. Despite the lower
acidity of the resulting catalyst than Amberlyst 15, it led to
a higher yield for methyl oleate production due to the higher
surface area of the PIL (301.1 m?/g) than Amberlyst 15 (47.2
m?/g). The resulting PIL also had a reasonable recovery and
reuse capacity.

The results of research on biodiesel production over PILs are
summarized in Table 2. As can be seen, except for the conversion
of brown grease (trans)esterification was successfully catalyzed
by all the synthesized PILs with yields higher than 90%, and the
minimum yield after several catalytic cycles was 74%.

The post-modification method was used in the first six studies
(Liu F. et al,, 2012; Noshadi et al., 2014; Pan et al.,, 2016, 2019;
Feng et al., 2017; Pei et al.,, 2019), in which the IL is supported
on an as-synthesized polymer. This method is based on three
consecutive steps including polymer synthesis, modification
through quaternary ammonization, and ion exchange. Among
the aforementioned studies, Liu F. et al. (2012) reported the
highest reaction yield and best recyclability, which can be
ascribed to the use of super acid SO3CF3 anion. However, this

result was accompanied by the highest alcohol consumption and
the longest reaction time in this category, which is probably
due to the lack of catalytic sites on the imidazolium cation.
This speculation is confirmed by investigating the results of the
next studies, in which more moderate reaction conditions were
obtained by attaching a sulfonic acid group to the cations of PILs.
When more acid sites are available for reactants, the reaction rate
is increased and less alcohol is consumed.

In the next five studies (Liang, 2013a; Wu et al., 2016a,b,¢;
Jiang et al., 2017; Bian et al., 2019), direct polymerization was
employed in which the IL monomer is first prepared and then the
resultant PIL is obtained from copolymerization of IL monomer
and divinylbenzene. Among this group, Liang (2013a) reported
the best results in the transesterification of waste cooking oil. A
yield of higher than 99% with only 1 wt.% catalyst dosage was
obtained and the yield remained at 99% after 6 catalytic cycles.
This significant activity and reusability of the catalyst can be
due to the very high specific surface area (>500 m?/g) and the
simultaneous presence of SO3H and HSO4 groups in the cation
and anion, respectively.

The only basic PIL in this group was fabricated by Jiang
et al. (2017) and showed high yield and good stability in
the transesterification of soybean oil. However, given to its
basic nature, lower alcohol consumption and shorter reaction
time are expected compared to the acidic PILs, which is not
observed. This may be due to the presence of octyl groups on
the imidazolium cation of PIL and its complex cross-linker.
Although incorporating these groups enhances hydrophobicity
and expels glycerol from the surface of the catalyst, it limits the
diffusion of reactants toward the active sites.

Among all studies focused on PILs, Bian et al. (2019)
synthesized the only PIL with a non-cyclic diallylamine cation
and obtained good results both in terms of yield and mild
reaction conditions in the esterification of oleic acid.

From what mentioned earlier, it can be concluded that both
post-modification and direct polymerization could result in
highly active PIL catalysts for (trans)esterification. Nevertheless,
given the low price of divinylbenzene, using a template-free
method could reduce the fabrication cost of final polymer
compared to the templating technique. Furthermore, direct
polymerization is less complicated than the post-modification
method, so the synthesis cost of PILs could be reduced by direct
polymerization of IL monomer with the cheap divinylbenzene
as co-polymer.

Polymeric lonic Liquids Supported on Silicon-Based
Materials

In addition to the direct use of PILs as esterification
and transesterification catalysts, the immobilization of these
materials on nanoporous supports has also been studied.
For example, palygorskite is a mineral with a nanofiber-like
structure containing aluminum and hydrated magnesium. These
nanofibers have a diameter of 100-500nm with a length of
1-2 pm. High specific surface area, high thermal and mechanical
stability, and abundant silanol units on the surface have
turned this substance good support. Moreover, this substance is
abundant in nature and sufficient hydroxyl groups can be created
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TABLE 2 | Polymeric ionic liquid catalysts for (trans) esterification.

Feedstock Catalyst Surface area Pore volume Average pore Catalyst Temperature Alcohol/oil Reaction Yield (%) Yield after Reuse times References
(m?/g) (cm®/g) diameter dosage (°C) molar ratio time (h) reuse (%)
(nm) (wt.%)

Tripalmitin PDVB-[C3vim][SO3CF3] - - - 6 65 90 16 >99.9 98.1 LiuF. etal.,
2012

FFA OMR-[C4HMTA][SO4H] 406 0.5 1.1 5 65 9 1.5 99.5 96 Noshadi et al.,
2014

Brown grease 65 40 75 -

Oleic acid MPD-SO3zH-IL 281 0.94 27 100 30 98 93 Pan et al.,
2016

Jatropha oil 6 160 50 94 74

Soapberry oil  P(VB-VS)HSO,4 100.1 0.33 18.9 8.7 150 29.1 95.2 90.9 Feng et al.,
2017

Oleic acid 90 8.7 97.5 -

Oleic acid MMFP-IL 283 - - 90 12 95 88 Pan et al.,
2019

Oleic acid [HCPpitch-Im-Pros][Tos] 380 0.21 2.56 8 70 93 92 Pei et al., 2019

Waste cooking Acidic PIL 523 - - 1 70 15 12 99.1 99 Liang, 2013a

ail

Oleic acid FesO4@(poly[VSIM][HSO4]) 43.6 - - 8.5 80 12 4.5 92.6 89.3 Wu et al.,
2016a

Oleic acid FezO4@PILPW - - - 13 90 12 5 93.4 89.6 Wu et al.,

2016a,b

Soybean oil BPIL 103 0.32 35 9.15 65 21.9 9.33 96.3 85 Jiang et al.,
2017

Oleic acid PIL-M 301.1 2.249 - 6 80 9 3 95.9 >90 Bian et al.,
2019
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by acid activation to increase its grafting density. Zhang W. et al.
(2017) synthesized a mesoporous acidic PIL with an average pore
diameter of 19 nm. The vinyl groups were grafted on the surface
of palygorskite through reaction with y-methacryloxypropyl
trimethoxy silane and then grafting polymerization of the acidic
IL monomers 1-butysulfonate-3-vinylimidazole hydrogensulfate
in the presence of AIBN was performed. In the synthesis of
this PIL, the weight ratio of the IL to palygorskite, temperature,
reaction time and AIBN level affect the amount of ionic liquid
immobilized on the support and thus should be optimized. A
yield of 69% was reported for methyl ester in the presence of
the immobilized PIL, which reduced to 22% after 6 times of
catalyst recovery. This significant reduction in reaction yield was
attributed to the dissolution of IL in methanol and its reduced
loading on the support, adhesion of esters on the support and
reduced specific surface area and active sites and catalyst loss in
the recovery process.

Later, the palygorskite-supported PIL was used for the
preparation of a hybrid organic-inorganic pervaporation
catalytic membrane. In addition to the catalytic effect, these
membranes increase the efficiency of equilibrium reactions by
removing one of the products from the reaction medium. The
membrane was prepared by mixing poly(vinyl alcohol) with the
PIL supported on palygorskite and succinic acid was used to link
Poly(vinyl alcohol) through crosslink reaction. Adding a solid
catalyst to poly(vinyl alcohol) improved thermal and mechanical
stability and hydrophobicity of the PIL. Although the membrane
successfully removed water produced from esterification of oleic
acid, the maximum yield was about 5% due to very low PIL levels
supported on palygorskite in the membrane structure and its
very low effective contact area (24.6 cm?) (Li et al., 2020).

Another class of supports used for immobilizing PILs is
nanoporous magnetic silica that facilitates PIL separation from
the reaction mixture by an external magnetic field. Zhang
H. et al. (2017) immobilized a basic PIL on the magnetic
mesoporous support, Fe304@Si0,@SBA-15 (FnmS), by radical
polymerization. Figure 6 shows the fabrication route to this
catalyst. To prepare the support, Fe304 nanoparticles were first
prepared by the solvothermal method and then coated with
SiO; by the sol-gel method to obtain Fe304@SiO, microspheres.
Thereafter, the external layer of the mesoporous silica was
formed on the support by adding tetraethyl orthosilicate,
P123, and HCl. The resulting magnetic mesoporous support
was functionalized with sulfhydryl groups after reaction with
(3-mercaptopropyl)trimethoxysilane. The IL monomer was
produced from the reaction of 1-vinylimidazole with ethyl
bromide and then participated in precipitation polymerization
with a crosslinker and 2,2/-azobis(2-methylpropionitrile).
Eventually, the hydroxide ions replaced bromide ions through
ion exchange with tetramethylammonium hydroxide to obtain
the basic Fnms-PIL catalyst. In addition to a high surface area,
the density of basic sites was high and grafting of organic
functional groups did not negatively affect the mesoporous
structure. The yield of transesterification reaction of the non-
edible vegetable oil in the presence of this catalyst under mild
reaction conditions including a methanol-to-oil molar ratio of

9:1, a catalyst concentration of 4 wt.% and the reaction time of
5h at 85°C was 92.8%, which remained about 90% after 5 times
of catalyst reuse.

As mentioned above, water as an esterification product
negatively affects the catalytic activity and causes leaching of
active sites. In another study, Zhang et al. (2018) synthesized
several acidic FnmS-PIL catalysts and found an increase in the
catalytic activity and resistance to water with increasing the
length of alkyl groups attached to FnmS$ and anion acidity. An
increase in the length of alkyl groups used for functionalizing the
support improved its hydrophobicity. Among various catalysts
containing the anions CF3SO5, HSO,, CI~, 1/3 PWIZOio_, the
catalyst containing CF3SO; showed the highest yield due to
the higher acidity of this anion. The catalyst showed a good
performance in converting oleic acid and Euphorbia lathyris L
with a high acid number. A yield of over 90% was obtained when
the water content in the feed increased up to 6 wt.%.

Fe3;04 nanoparticles are coated by a silica layer primarily
for two reasons. First, magnetic nanoparticles are aggregated
and form large clusters due to the bipolar-bipolar magnetic
property. This in turn causes the non-uniform distribution of
the catalyst in the reaction mixture and thereby reduced catalytic
activity. Second, the silica layer prevents corrosion of iron oxide
nanoparticles under harsh conditions. Recently, an acidic catalyst
has been synthesized through radical copolymerization of the
IL monomer 1-vinyl-3-(3-sulfopropyl)imidazolium hydrogen
sulfate and Fe304/SiO; nanocomposites functionalized with
vinyl groups (Xie and Wang, 2020). The vinyl groups were
grafted on the Fe304/SiO, support through reaction with
1-vinyltriethoxysilane. The resulting hybrid organic-inorganic
catalyst successfully converted 93.3% of oil to biodiesel through
esterification and transesterification of oil with high FFA content,
whereas FFA was completely converted into biodiesel. The
conversion of the oil to biodiesel was lower in the presence
of the unsupported homopolymer. Given the same number of
acidic sits, this was related to the lower surface area in this case.
Moreover, due to strong covalent bonds between the grafted IL
and the support, the active acidic sites were preserved on the
support surface so that conversion of over 80% was obtained after
5 times of catalyst reuse.

To summarize the above discussion, the supported PILs are
synthesized by copolymerization of the IL monomer and carrier,
and Si-O-Si bonds are used to attach the cation of IL to the
surface of mesoporous silica. To connect the cations to Si atoms,
various chemical groups such as vinyl, propyl, and thiol have
been employed.

Table 3 compiles the results of previous research on biodiesel
production over mesoporous silica-supported PILs. Overall,
excluding the results found by Zhang W. et al. (2017) and Li et al.
(2020), the other studies reported satisfactory findings.

In both studies conducted by Zhang W. et al. (2017) and Li
et al. (2020), the catalyst was fabricated by copolymerization
reaction between the IL monomer I1-butysulfonate-3-
vinylimidazole hydrogensulfate and palygorskite as the support.
In each unit of the resultant catalyst, the imidazolium cation is
attached to one Si atom through a long chain containing propyl

Frontiers in Energy Research | www.frontiersin.org

July 2020 | Volume 8 | Article 144


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Gholami et al.

lonic Liquids Supported on Nanoporous-Materials as Catalysts

/\ /\ Br

()

—_—
1-vinylimidazole ethyl bromide
N
/\ o N . BrCH)Br —

1-vinylimidazole

TEOS P123, TEOS
—.»
NH; H,0 u'
I'nmS
Poly (ionic liquid)

-~

mSiOz

FnmS-PIL

FIGURE 6 | The synthesis process of Fe30,@SiO, @SBA-15-BPIL [Redrawn from Zhang H. et al. (2017)].

2
MPTMS /\/\
— = SH
mSiO,
FnmS-SH
1,2, AIBN
o oH
TMAOH
A N*

and vinyl groups. In the presence of PAL-PILs catalyst, the
reaction yield fell dramatically after 6 cycles, which was due to
the leaching of the PILs and active sites and significant reduction
in specific surface area (from 43 to 11 mz/g) as a result of the
adhesion of esters on the palygorskite. Therefore, the stability of
active sites should be improved, for which the IL can be attached
to palygorskite through silane or thiol groups.

On the other hand, the very low yield was obtained by
Li et al. (2020) when CPVA/PAL-PILs were employed. This
resulted from the limited number of active sites and negligible
specific surface area of the catalyst. In PAL-PILs, the amount
of PIL loaded on the support was 41%. But the main issue is
associated with the loading amount of PAL-PILs on the CPVA
which was very low (around 2%), which dramatically reduces
the number of accessible active sites. Moreover, polyvinyl alcohol
may cover these active sites and limit the diffusion of the
reactants. Therefore, increasing the specific surface area and PIL
loading will be the main challenge in future studies.

The sole basic PIL in this group was synthesized and
supported on magnetic mesoporous silica by Zhang H. et al.
(2017). They used thiol groups to attach the imidazolium cation

of PIL to the carrier which led to a high biodiesel yield and
good stability. The same method was employed for immobilizing
an imidazolium-based acidic PIL on magnetic mesoporous silica
and satisfactory results were obtained (Zhang et al, 2018).
These results demonstrate the good performance of the thiol-ene
reaction for supporting PILs on silica materials.

Finally, vinyl groups were employed by Xie and Wang
(2020) for the immobilization of an acidic PIL on a magnetic
mesoporous silica carrier. The strong covalent bonds were
responsible for the reasonable recyclability and high biodiesel
yield in the transesterification of soybean oil. Therefore,
incorporation of vinyl groups can result in high stability catalysts.

ILs Supported on MOFs

Metal-organic frameworks (MOFs) are crystalline nanoporous
materials that are obtained by combining inorganic nodes
(including metal ions or clusters of metal ions) and organic
ligands. MOFs have numerous advantages such as high thermal
stability, ordered structures, very low density, a large internal
surface area up to over 6,000 m?/g, and facile preparation through
self-assembly (Gangu et al, 2016). Depending on the type of
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metal ions and organic linkers and direction of linkages between
ions, many MOFs with a variety of framework geometries can
be designed. These structures contain voids or pores that their
size, shape, and functionalization can be well-controlled unlike
zeolites. Therefore, these pores can be used to confine the desired
molecules (Safaei et al., 2019).

MOFs have recently played a key role in heterogenizing ILs to
be used in various areas including gas adsorption, catalysis, and
fabrication of nanoporous carbon. In addition to a large number
of nanopores in their crystalline structure, their properties such
as pore size, surface area, framework topology, and polarity
of the inner surface are tunable (Fujie and Kitagawa, 2016).
MOFs are very similar to ILs in this regard. As properties of ILs
are determined by cations and anions used in their structures,
properties of MOFs can be designed by using various metal ions
and organic ligands.

In general, there are two methods for incorporation of ILs
in the structure of MOFs: ionothermal synthesis and post-
synthetic modification. As a solvothermal method, an IL is
used as a solvent in the ionothermal method, and IL cations
are attached to negatively charged MOF frameworks. Given
the strong interaction of cations and the MOF framework, the
useful properties are limited in comparison with the bulk IL.
Furthermore, functional groups used in this method should be
compatible with the host MOE, thus a limited number of ILs and
MOFs can be used. In contrast, ILs are used in the as-synthesized
MOFs in the post-synthesis method. As a result, the need for
compatibility of ILs and MOFs is eliminated to a large extent and
a wide range of both materials can be used (Cota and Martinez,
2017). Accordingly, the post-synthesis method has been used in
all studies on the application of hybrid IL-MOF catalysts for
biodiesel production.

MIL Supported ILs

For the first time, Wan et al. (2015b) confined ILs in the
polyoxometalate-based MIL-100(Fe) (POM-MIL-100) to be used
as a heterogeneous catalyst for biodiesel production. The MOF
was synthesized by the hydrothermal method by combining
FeCls.6H, 0, phosphotunhstic acid (H3PW,049), and benzene-
1,3,5-tricarboxylic acid (H3BTC) leading to confining of
H3PW 204 in the MIL-100(Fe) framework. The IL 1-(propyl-
3-sulfonate) imidazolium hydrogen sulfate [SO3H-(CH3)s3-
HIM][HSO4] was converted into the IL [SO3H-(CH,)s-
HIM]3PWi,04 through anion exchange with H3PW ;049 and
encapsulated in the MOF framework. To this end, POM-MIL-
100 was added to the IL-methanol solution and the resulting
mixture was vigorously stirred for 10min and then treated
with ultrasound waves for 30 min. The mixture was stirred for
another 12 h at room temperature. Eventually, the resulting solid
was centrifuged and washed with diethyl ether and dried in a
vacuum oven at 60°C. The catalyst (POM-IL@MIL-100) led to a
conversion of 94.6% in converting oleic acid with ethanol under
optimal conditions. It was more active than MIL-100 and POM-
MIL-100, which can be related to the high acidity (1.74 mmol/g)
of the catalyst caused by the synergistic effect of Bronsted acid
sites of the IL and Lewis acid sites provided by Fe'l ions. The
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catalyst was recovered 6 times and reused without any significant
reduction in the conversion.

In 2016, Han et al. (2016) developed a novel method for
confining the dicatonic IL [SO3H-(CH;)3-IM],C4[HSO4], in
the MIL-100(Fe) framework. In this method known as the
impregnation-reaction-encapsulation process, small molecules
of the IL diffused into nanopores of the MOF and began to grow
in the nanopores up to a point that was no longer able to escape
from the MOF cages due to their large size. To this end, [SO3H-
(CH;)3-HIM][HSO4] was added to a solution of methanol and
MIL-100(Fe). After stirring for 30 min, 1,4-dibromobutane was
dropwise added to the mixture at 0°C and stirred for 12h at
25°C and for another 12h at 60°C. The resulting solid was
centrifuged and after washing with methanol, was performed
with methanol at 40°C for another 12 h. Eventually, the product
was dried under vacuum at 80°C for 12 h. 15 wt.% of the catalyst
(MIL-100(Fe)@DAILs) converted 93.5% of oleic acid into methyl
oleate. After 5 times of reuse, the conversion reduced to 86%.
The results of FTIR spectra revealed that the size of dicationic IL
molecules (length: 1.93 nm, width: 0.9) caused their confinement
in the mesocages of the MOF (diameter: 2.9) so that they were
not able to escape through 0.86 nm apertures. In contrast, the
catalyst obtained from direct impregnation of the IL [SO3H-
(CH3)3-HIM][HSO4] (length: 1.05nm, width: 0.6 nm) led to a
conversion of 22.3% after 5 times of reuse indicating leaching of
large amounts of the IL from the MOF mesocages.

In recent years, magnetic MOFs have been used as the support
of ILs in biodiesel production. Wu et al. (2016b) prepared
an acidic heterogeneous catalyst for ethyl oleate production
through confining the Brensted acidic IL 1,4-butanediyl-3,3’-
bis-(3-sulfopropyl) imidazolium dihydrogensulfate in the
magnetic MOF Fe3;O04@NH,-MIL-88B(Fe). The magnetic
support functionalized with amino groups was obtained through
thermal treatment of 2-aminoterephthalic acid, FeCls;.6H,O0,
N,N-dimethyl formamide, and Fe3O4 nanoparticles. The support
was then dispersed with the IL in ethanol and mixed for 24 h at
110°C to obtain the catalyst DAIL-Fe3;O4@NH,-MIL-88B(Fe)
through the interaction of amino and sulfonic acid groups. A
conversion of 93.2% was obtained for the reaction of oleic acid
with ethanol, which was higher than the unsupported ionic
liquid catalyst. A lower conversion was obtained when the
monocationic IL [SO3H-(CH;)3-IM][HSO4] was immobilized
on the support due to the lower number of SO3H and HSO4
groups and thereby a lower acidity.

Besides direct use of ILs, tandem post-synthetic modification
can be also used for the incorporation of ILs in the MOF
structure. One approach is to place functional groups on the
IL and then immobilization of the functionalized IL on MOFs.
Using this method, Han et al. (2018) first functionalized the
ILs 2-mercaptobenzimidazole (MBI) with electron-enriched thiol
groups. The resulting IL was then immobilized on the surface
of MIL-101(Cr) through S-Cr coordination bonds. To synthesize
the catalyst, MBI was first dissolved in ethanol and then MIL-
101(Cr) was added. After 24h mixing at room temperature,
centrifugation, washing the solid with ethanol, and drying under
vacuum at 60°C, MIL-101(Cr)@MBI was obtained. Thereafter,
MIL-101(Cr)@SO3-(CH;)3-HMBI was obtained by dispersing

MIL-101(Cr)@MBI in ethyl acetate and reacting with 1,3-
propanesulfonate for 12h at 60°C. Eventually, the product was
dissolved in ethanol and reacted with H,SO4 for 24 h at 60°C to
obtain MIL-101(Cr)@[SO3H-(CH;)3-HMBI][HSO4]. Figure 7
shows the procedure for the synthesis of this catalyst. The
results showed that immobilization of the acidic IL on MIL-
101(Cr) through S-Cr coordination bonds not only increased the
oleic acid conversion but also improved catalyst reusability as
compared with the neat MOF.

UiO Supported ILs

In a recent study by Xie and Wan (2019), the IL [SO3;H-
(CH;)3-HIM][HSO4] was encapsulated in the POM-UiO-66-
2COOH framework. The MOF was synthesized through the
in-situ reaction of ZrCly, H3PW 5,040, and 1,2,4,5-benzene-
tetracarboxylic acid. Subsequent anion exchange between the
acidic IL and the heteropoly anion led to the synthesis of
ILs/POM/UiO-66-2COOH. A conversion of 95.8% was obtained
for transesterification of soybean oil with methanol using
this catalyst under optimal conditions. Strong interactions
between sulfonic acid groups and heteropoly tungstate molecules
effectively prevented the loss of active species from the MOF
support and led to reasonable stability of the catalyst during
multiple recoveries and reuse cycles. The catalyst showed higher
activity in FFA esterification than the transesterification of
soybean oil.

Ye et al. (2019) proposed a new method for confining
the acidic IL 1,3-biscarboxymethyl-imidazolium hydrosulfate in
the UiO-66 framework. In the so-called approximate ligand
substitution method, parts of ligands were eliminated through
MOF etching by propionic acid to produce the hierarchical
porous UiO-66 with a large number of defects and Lewis
acid sites. Then, the IL precursor was supported on H-UiO-66
through bidentate coordination bonds between a COO~! group
and two unsaturated Zr ions. The final catalyst was obtained by
the addition reaction of the modified MOF with H,SOy4. This
catalyst showed higher activity in the esterification of oleic acid
(93.8%) than the bulk IL (89.2%), UiO-66 (25.6%), and H-UiO-
66 (78.6%). UiO-66 also showed a catalytic activity due to defects
and unsaturated Zr atoms in its natural structure leading to the
opening of Lewis acid sites. However, these Lewis acids are not
well accessible due to the lower diameter of pore aperture than
the oleic acid molecule. By opening this MOF structure and
with an increase in the size of pores, the catalytic activity of H-
UiO-66 becomes much greater than MOF. By immobilizing the
IL in the MOF structure, Bronsted acid sites are added to the
Lewis acid sites leading to an increase in the acidity and thereby
reaction yield.

HKUST Supported ILs

Using the tandem post-synthetic modification method, ILs with
ions larger than the aperture diameter of the pores can be
incorporated into MOF pores (Fujie and Kitagawa, 2016). In
another approach of this method, MOFs can be functionalized
through unsaturated metal centers (UMCs). In this method,
active species are grafted through coordination covalent bonds
with UMCs. Chen et al. (2016) used this method for the
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functionalization of HKUST-1 through coordination bonding
of Cu?" metal centers with thiol functional groups (S-Cu
coordination bonds). For the synthesis of thiol-functionalized
HKUST-1, ethanedithiol was dissolved in anhydrous toluene
and HKUST-1 was gradually added to the resulting solution.
The mixture was stirred for 24 h at room temperature and the
resulting suspension was centrifuged. The resulting solid was
washed with ethanol and then dried under vacuum at room
temperature. Thereafter, this substance was dispersed in the IL
[HVIm-(CH;)3SO3H]HSOy4 in anhydrous ethanol. After rising
the temperature to 80°C, AIBN was added under nitrogen and
the reaction continued for 30 h. The product was separated by
filtration and then was washed several times with ethanol to
remove excess IL. Finally, the catalyst IL@HKUST-1 was obtained
by drying under vacuum at 60°C for 12h. The catalyst was
synthesized through covalent bonding of the vinyl groups of
the IL with thiol groups in the HKUST-1 structure to achieve a
conversion of 92.1% in the esterification of oleic acid to methanol.
The conversion reduced to 86.3% after 5 catalytic cycles due to
the decomposition of the HKUST-1 structure and thereby loss of
active IL.

In another study, Xie and Wan (2018) immobilized amino-
functionalized ILs on the magnetic HKUST-1. The layer-by-layer
assembly was used to prepare Fe304@HKUST-1 composites. The
Fe3Oy4 nanoparticles were first modified with mercaptoacetic acid
and then added to the Cu(CH3COQ),.H,O solution in ethanol.
The resulting mixture was stirred for 30 min at 70°C and the
obtained solid was dispersed in H3BTC solution in ethanol. After

1h stirring of the mixture at 70°C and separation of the solid
with a magnet and washing with ethanol, the production cycle
was terminated. After 20 same cycles, Fe;O4@HKUST-1 with
a core-shell structure was obtained. The composite was then
added to the amino-functionalized IL solution in ethanol and
the mixture was stirred for 24 h at 60°C. Eventually, the basic
magnetic catalyst Fe30,@HKUST-1-ABILs was obtained after
magnetic separation, washing with ethanol, and drying. In this
process, the IL was added to the MOF structure through N-
Cu coordination bonds. The basic catalyst led to a conversion
of 92.3% in transesterification of soybean oil at an ethanol-to-
oil molar ratio of 30:1 and a catalyst dosage of 1.2% within 3 h.
The catalyst was used 5 times without a significant reduction in
the conversion.

Table4 presents the results of previous studies on
(trans)esterification of various feedstock over MOF-supported
ILs. As can be seen, yields of higher than 90% were obtained in
all studies.

Regarding the research on MIL supports, ILs were either
encapsulated inside the MIL framework (Wan et al., 2015b; Han
et al., 2016) or immobilized on the surface of the framework
(Wu et al,, 2016a,b; Han et al., 2018). The results suggest that
encapsulation leads to catalysts with better recyclability (higher
yield after multiple reuses) compared to surface immobilization.
On the other hand, a higher amount of catalyst is required for
high biodiesel yields when encapsulation is employed. This can
be attributed to the fact that when IL is confined inside the
framework, the leaching of active species is reduced but the active
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sites are less exposed to the reactants. On the contrary, in surface
immobilization, the catalytic sites have more exposure to the
reactants and lower catalyst dosage is required for a certain yield.
However, as the IL is attached to the surface of the framework, its
leaching will rise. Immobilization of IL on the surface of the MIL
framework through SO3H-NH, bonds (Wu et al., 2016a,b) has
shown the same effect on recyclability as the direct attachment of
the IL via S-Cr bonds (Han et al., 2018).

Ye et al. (2019), which employed the etching method
for confining IL (CH,COOH),IM][HSO4] inside UiO-66
framework, obtained a higher yield and better performance after
several catalytic cycles by using a lower catalyst dosage. The MOF
framework is partly broken by etching and more catalytic sites
present in the IL are exposed to the reactants. This reduces the
required catalyst concentration. On the other hand, leaching is
decreased because the IL is attached to the framework through
strong double Zr-O coordination bonds, which improves the
reaction yield after multiple reuses.

In both works connected with HKUST-1, the ILs were
immobilized on the surface of frameworks. Chen et al. (2016)
first functionalized the framework by thiol groups and then the IL
was attached to the framework through vinyl-thiol interactions.
Therefore, the IL was immobilized on the framework via S-
Cu coordination bonds. On the other hand, Xie and Wan (Xie
and Wan, 2018) first functionalized the IL with amino groups
and then attached it to the surface of the framework through
N-Cu coordination bonds. Both resultant catalysts showed
good activities, especially Fe304@HKUST-1-ABILs which with
only 1.2 wt.% dosage led to over 90% biodiesel yield in
transesterification of soybean oil.

Given to what mentioned earlier, all three methods have
resulted in catalysts with high activity and reasonable reusability.
However, the etching method combines the advantages of
encapsulation and surface immobilization in fabricating a MOF-
based IL catalyst. Thus, further research on the synthesis of
new catalysts using this approach with an emphasis on the
transesterification of non-edible and high FFA content oils
is reccommended.

ILs Supported on Nanoporous Carbon
Graphene-based nanomaterials as novel carbon materials with
a nanosheet structure have a high surface area and good
mechanical flexibility and thermal stability (Novoselov et al.,
2004; Wang et al., 2012; Zhou et al., 2014; Hu et al., 2015, 2017).
This causes reduced mass transfer resistance, good exposure of
active sites, and improved recyclability of these nanomaterials
and turns them ideal supports for active species such as ILs (Liu
etal., 2015).

Despite these advantages, the synthesis of graphene-based
nanomaterials with high surface area and abundant nanopores
through a facile low-cost method is a great challenge. Moreover,
these nanomaterials are chemically neutral making their
functionalization by acidic functional groups difficult (Tang et al.,
2015). Doping can be used to overcome this drawback and to
modify other properties of nanoporous carbon materials (Albero
and Garcia, 2015). Liu et al. (2015) produced a graphene-like
nanoporous carbon by carbonizing melamine and glucose and
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subsequent doping with N,. Melamine and glucose were first
mixed and crushed and then carbonized in a tube furnace under
N, gas flow at 800°C. After cooling down the furnace, N-
doped graphene-like nanoporous carbon (GNC) was obtained.
Thereafter, GNC was added to a mixture of toluene and 1,3-
propanesultone and the resulting mixture was refluxed at 110°C
for 24 h to complete the quaternary ammonization reaction. After
cooling down to the room temperature, the mixture was stirred
for 24h at room temperature for anion exchange with toluene
and HSO3CFs. Finally, the solid was separated by filtration
and washed with CH,Cl, and dried for 12 h at 60°C to obtain
the heterogeneous acidic catalyst GNC-[C3N][SO3CF3]. This
catalyst was used for the transesterification of tripalmitin with
methanol. After 14h, a conversion of 88.5% was obtained at
65°C, which was higher than that in the presence of Amberlyst
15, SBA-15-SO3H and H3PW,049. The catalyst also showed
good activity in the transesterification of sunflower oil, which
was comparable with sulfuric acid. In addition to high acidity,
2D nanosheets provide the very good accessibility of reactants
to active catalyst sites. Moreover, the good stability of the
catalyst provides the possibility for 5 times of reuse in the
transesterification reaction.

Despite good results, the use of nanoporous carbon materials
functionalized with ILs as a catalyst for biodiesel synthesis is
limited to this study. Thus, there is an obvious need for further
research in this area.

LIMITATIONS AND PROSPECTS

In general, a suitable heterogeneous catalyst for
(trans)esterification of oil should have a porous structure with
abundant pores, high BET surface area, high basicity or acidity,
high density of active species, and good dispersion of active
sites. These properties increase the contact area of active sites
with reactants leading to enhanced diffusion and mass transfer
and thereby catalytic activity (Pirez et al., 2012; Wang et al,
2015). According to the above discussions, by combining unique
properties of ILs and nanoporous materials, a catalyst with
high activity and reasonable stability can be synthesized. Since
these properties can be tailored, hydrophobicity, adsorption of
reactants, and desorption of products from the catalyst surface
can be well-designed.

In most of the studies, a BET surface area of higher than 100
m?/g was reported. However, according to the results of Wu et al.
(2016a), Xie and Wang (2020), and Xie and Wan (2018, 2019)
high yields can be obtained with smaller surface areas. Xie and
Wan (2019) reported a 95.8% biodiesel yield in transesterification
of soybean oil over AILs/HPW/UiO-66-2COOH with a specific
surface area of 8.63 m?/g. On the other hand, the very low yield
was obtained with a BET surface area of 0.00246 mz/g (Li et al.,
2020). Therefore, a minimum BET surface area of 8 m?/g is
recommended to achieve high conversions.

The catalyst acidity or basicity plays a key role in the catalyst
activity so that acidity or basicity of the surface is directly related
to the catalytic activity. Acidic or basic sites are required for the
activation of carbonyl groups in the triglyceride molecules and

initiation of the transesterification reaction (Xie and Wan, 2019).
The acid content of acidic ILs/nanoporous materials varied from
1.13 to 4.3 mmol/g in the literature. The corresponding range
for basicity was 2.03-3.67 mmol/g. Based on these results, one
can conclude that the minimum acidity and basicity to achieve
high biodiesel yields are around 1 and 2 mmol/g, respectively.
Furthermore, the resistance of acidic catalysts against heat as well
as water and FFA content of the feedstock prevent loss of active
sites and improve recoverability and reusability of the catalyst.

The average pore diameter is another important factor that
specifically affects reaction time. According to Granados et al.
(2007) and Coenen (1986), a minimum pore diameter of 3.5 nm
is preferable for producing biodiesel. However, high conversion
and yield after multiple reuses was reported by Pei et al. (2019),
using an average pore diameter of 2.56nm. Therefore, a pore
diameter of >2.5 nm should be considered to achieve high yields
under mild reaction conditions.

The most serious obstacle for employing IL/nanoporous
material hybrids is the high synthesis cost. To compare
the cost of supported ILs with traditional catalysts, a cost
estimation based on the synthesis routes proposed by previous
studies was performed. The cost for all chemicals and
reagents were obtained from Sigma-Aldrich. For NaOH and
H,S04, the prices presented by industrial manufacturers on
Alibaba website were used. Table 5 gives information on the
estimated fabrication cost of some supported ILs. As can
be seen from the table, with a synthesis cost of $1/g, the
acidic PIL Poly[SO3H(CH;)3VIm]HSOy is the cheapest of all,
following by IL/silica-gel and SBA-15-pr-ILOH. On the other
hand, magnetic mesoporous ILs Fe304,@HKUST-1-ABILs and
Fe304@Si0,@SBA-15-BPIL are the most expensive which is
obviously due to the more reagents required and longer and more
complicated fabrication process of these catalysts.

It should be noted that the final cost of catalyst in the biodiesel
production process is mostly affected by catalyst dosage and
the number of reuse times. Lower catalyst dosages and more
catalytic cycles reduce the final cost of catalyst. For example,
among other catalysts, synthesis of 1g of Fe304@HKUST-1-
ABILs costs the most. However, taking into account the catalyst’s
low consumption and good reusability, it is the second least
consumed catalyst and costs lower than some of the other
supported-ILs in the production of 1,000 g biodiesel. Even by
considering these two key factors, the costs of heterogeneous IL
catalysts per 1,000 g biodiesel is far higher than the conventional
NaOH and H,SOj. The acidic PIL Poly[SO3H(CH;)3 VIm]HSO4
costs the least among all other heterogeneous ILs with only
$1.67/1,000 g biodiesel. This is roughly 44 times higher than
the cost for H,SO4 which is a common homogeneous acid
catalyst for (trans)esterification of high FFA oils. On the other
hand, Fe304,@HKUST-1-ABILs is the most cost-effective basic
supported IL, which costs ~5,040 times higher than NaOH.

One should consider that these estimations are based on
the synthesis processes in laboratories. These figures would
significantly reduce if heterogeneous ILs were produced at
the industrial scale. DeSantis et al. (2017) estimated a total
production cost of $53.75/kg ($0.054/g) for HKUST-1 at a plant
capacity of 50,000 ton/yr, which is 108 times as high as the cost for
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TABLE 5 | Estimation of synthesis cost for various types of heterogeneous ILs.

Catalyst Catalyst cost ($/g) Catalyst dosage Reuse time Catalyst used for Catalyst cost for
(wt.%) production of 1,000g production of 1,000g
biodiesel (g) biodiesel ($)
IL/silica-gel 1.32 5 10 13.2
SBA-15-pr-ILOH 3 4 17.5 52.5
S02~/2r05-SiO5 (Et)-[Ps- 4.4 5 10 44
imJHSO4
P(VB-VS)HSO4 4.3 8.7 6 14.5 62.4
Poly[SO3H(CH2)sVIMIHSO,4 1 1 6 1.67 1.67
Fe30,@SiO, @SBA-15-BPIL 6.9 4 5 8 55.2
Fe30,@HKUST-1-ABILs 10.5 1.2 5 2.4 25.2
NaOH 0.0005 1 0 10 0.005
H2SO4 0.00025 15 0 150 0.0375

NaOH. Also, the supported IL costs could be further reduced by
increasing the loading amount of IL and improving the catalyst
reusability. In the case of Poly[SO3H(CH;)3VIm]HSOy, as an
example, decreasing the catalyst dosage by half and increasing the
number of reuse times to 100 would result in an approximately
same cost/1,000 g biodiesel as H,SOy4. Another option is the use
of cheaper anions and cations for IL synthesis. For instance,
choline-based ILs are less expensive compared to many ILs
because choline chloride as the main raw material is relatively
cheap and commercially available for purchase (Andreani and
Rocha, 2012).

FUTURE PERSPECTIVES OF BIODIESEL
PRODUCTION PROCESS OVER
IL-NANOPOROUS MATERIAL HYBRIDS

According to the results in the above, almost in all studies,
the reaction conversion, number of catalytic cycles, and yield
after multiple recovery and reuse are reasonable indicating
the accurate design of the catalyst by selecting suitable ILs
and nanoporous materials. These results also indicate the high
potential of IL-nanoporous material (NPM) hybrids as good
alternatives for traditional catalysts for biodiesel production.
Nonetheless, by focusing on some limitations in future studies
a big step can be taken toward the use of these catalysts in the
biodiesel industry.

Oleic acid has been used in most studies as the feedstock.
It should be noted that esterification of oleic acid is only a
model reaction for biodiesel production, and esterification and
transesterification of diverse feedstocks such as algae (Nagarajan
et al,, 2013), municipal sewage sludge (Olkiewicz et al., 2016),
and recycled grease trap waste (Tran et al.,, 2018) may provide
more realistic results on the catalytic activity of IL-NPM
hybrid materials. This becomes more significant considering that
optimal conditions reported for transesterification are harsher
than esterification.

The other challenge is harsh reaction conditions, especially
high alcohol-to-oil molar ratios (up to 90:1) and long reaction
times (up to 40h). This is originated from the heterogeneous
nature of the catalyst leading to the formation of three

phases in the reaction medium and reduced mass transfer
due to the immiscibility of oil and alcohol. To achieve mild
reaction conditions, intensification processes such as microwave,
microchannel, hydrodynamic cavitation, and ultrasonic reactors
can be used (Tabatabaei et al., 2019). Using various technologies,
these reactors increase the mass transfer rate while reducing
the reaction time. For example, hydrodynamic cavitation
significantly increases the contact area of cavitation-induced
alcohol and oil phases and facilitates transesterification reaction
with a high yield at room temperature with lower energy
consumption and also alcohol-to-oil molar ratio (Gholami et al.,
2018).

In most studies, optimal conditions for biodiesel production
have been obtained through the one variable at a time
method. Since this methodology does not consider the effect
of interactions of effective variables on the reaction yield,
the resulting conditions and yield do not necessarily reflect
optimal conditions (Montgomery, 2013). On the other hand,
the pore size of nanoporous materials, especially MOFs, can be
tailored. However, this advantage has not been still used for the
optimization of transesterification conditions. The synthesis of
catalysts with different pore sizes and investigation of the effect of
this parameter on the yield and reusability may help to develop an
optimal stable catalyst. Moreover, optimal conditions and more
realistic maximum yields can be obtained by combining this
innovation with the design of experiments (DOE) and response
surface methodology (RSM).

Further studies on the kinetics of transesterification in
the presence of IL-NPM catalysts, especially in intensification
reactors, may lead to design a suitable alternative process
for conventional industrial units. Since ILs and nanoporous
materials can be produced from a wide range of eco-
friendly materials, the above process may play a key role
in the sustainable development and reduction of adverse
environmental effects.

CONCLUSION

The literature on biodiesel production using nanoporous
materials functionalized with ILs as catalyst was reviewed. A
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variety of hybrids of ILs and nanoporous materials including
nanoporous silica, polymers, MOFs, and carbon materials have
been used for catalyzing the (trans) esterification reaction.
All these materials have led to satisfactory results in biodiesel
production. Moreover, these hybrids were considered attractive
alternatives for conventional homogenous catalysts due to
ease of separation, good stability, and activity after multiple
catalytic cycles. Nonetheless, high synthesis cost, harsh
reaction conditions, especially high alcohol-to-oil molar
ratios, and long reaction times due to the heterogeneous
nature of the catalyst were considered great challenges.
The use of intensification processes may be a suitable
solution to this problem. Moreover, tunable properties
of IL-nanoporous material hybrids such as pore size and
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White-rot fungi is capable of producing extracellular enzymes that degrade lignin structure
and facilitate biofuel production from lignocellulosic biomass wastes. However, fungal
monocultures are constrained by low activities of the lignin-degrading enzyme system,
leading to poor treatment efficiency and a long duration, which are not advantageous for
large-scale applications. To improve enzyme production and enhance lignin degradation, a
novel coculture system was proposed using the white-rot fungi Phanerochaete
chrysosporium and Irpex lacteus CD2. The degradation efficiency of the alkali lignin by
the fungal coculture was 26.4%, which was higher than that of the fungal monocultures. It
was due to the production of lignin degrading enzymes was promoted in the liquid
medium. Scanning electron microscopy, Fourier transform infrared, thermogravimetric and
mercury porosimeter analyses results revealed that the alkali lignin treated with the fungal
coculture had the largest porosity, and the degree of destruction of the alkali lignin
structure by the fungal coculture was higher than that of the fungal monocultures.
Meanwhile, the nonproductive adsorption of enzymes on alkali lignin was significantly
reduced by 61.0% when the biomass was treated with the fungal coculture. As aresult, the
nonproductive adsorption was remarkably reduced, while it significantly improved the
cellulase catalysis efficiency. These results demonstrated the synergistic effects of the
fungal coculture for biomass treatment and provided a new approach for increasing lignin
degradation while improving enzymatic catalysis and biofuel production through fungal
coculture.

Keywords: biomass hydrolysis, white-rot fungi, coculture, lignin, enzyme absorption

Abbreviations: SEM, scanning electron microscope; FTIR, fourier transform infrared; TG/DTG, thermogravimetric/
differential thermogravimetric; WRF, white-rot fungi; LDESs, lignin degrading enzymes system; Lac, laccase; MnP, manganese
peroxidases; LiP, lignin peroxidases; PDA, potato dextrose agar.

Frontiers in Energy Research | www.frontiersin.org 76

September 2020 | Volume 8 | Article 575371


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2020.575371&domain=pdf&date_stamp=2020-09-08
https://www.frontiersin.org/articles/10.3389/fenrg.2020.575371/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.575371/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.575371/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.575371/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.575371/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.575371/full
http://creativecommons.org/licenses/by/4.0/
mailto:lqzx@cqu.edu.cn
mailto:aoxia@cqu.edu.cn
https://doi.org/10.3389/fenrg.2020.575371
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research#
https://www.frontiersin.org/journals/energy- research#editorial-board
https://www.frontiersin.org/journals/energy- research#editorial-board
https://doi.org/10.3389/fenrg.2020.575371

Luo et al.

INTRODUCTION

Lignocellulosic biomass from agricultural residues is an abundant
resource in China, with an annual productivity of 980 million
tons, which is equal to approximately 490 million tons of coal
(Isroi et al., 2011). However, a mass of lignocellulosic biomass is
incinerated in the field, it not only pollutes the environment but
also wastes many resources. Converting lignocellulosic biomass
to biofuels, such as bioethanol, biohydrogen and biomethane, has
significant energy savings and emission reduction benefits (Xia
et al., 2016).

Lignocellulose is mainly composed of three components: lignin,
cellulose and hemicellulose. Cellulose and hemicellulose are
polysaccharide structures that can be directly hydrolyzed by
enzymes into available reducing sugars. However, lignin is a
complex cross-linked phenolic polymer, which is composed of
guaiacyl propane units (G), syringyl propane units (S) and
p-hydroxyphenyl propane wunits (H) at different ratios
(Christopher et al., 2014). The presence of lignin makes it difficult
to directly utilize the polysaccharides in lignocellulosic biomass. The
removal of lignin improves the accessibility of the polysaccharides,
resulting in high biomass conversion efficiency and an economically
feasible production process. Without an appropriate pretreatment
method, only 20% of the theoretical maximum yield can be obtained
by enzymatic hydrolysis (Suksong et al., 2020).

Biological pretreatment methods have attracted interest
because of their potential advantages over other pretreatment
methods, such as lower energy consumption, no chemical
reagents and greater substrate and reaction specificity (Sindhu
et al, 2016). The most promising microorganisms are white-rot
fungi (WRF), which is the only group known to be able to
completely degrade lignin into CO, and H,O at a normal
temperature and pressure (Zhang et al., 2019). Several WREF,
such as Phanerochaete chrysosporium, Pleurotus ostreatus, and
Irpex lacteus, have been identified for their efficient degradation
of lignin in a variety of lignocellulosic biomass materials (Isroi
etal,, 2011). The high lignin degradation ability of WREF is due to
their unique extracellular lignin degrading enzymes (LDEs)
system, such as lignin peroxidases (LiP), laccase (Lac), and
manganese peroxidases (MnP) (Sharma et al, 2019). When
reactive oxygen is used as an intermediary condition for lignin
degradation, LDEs degrade lignin into a pool of heterogeneous
aromatics, which are ultimately metabolized by the secreting
organism or other microbes (Ren et al., 2016).

At present, most studies have improved the selective degradation
efficiency of lignin by optimizing monoculture conditions or by
screening natural strains. For example, Dong et al. (2013) introduced
the characteristics and process of using three WRF to degrade
sugarcane bagasse, and found that P. chrysosporium was the most
effective lignin-degrading strain. Salvachua et al. (2013) proved that
I lacteus has the ability to selectively and efficiently degrade lignin in
wheat straw. By comparing the extracellular secretases of 1. lacteus
and P. chrysosporium, it was found while both have the ability to
efficiently degrade lignin, the LDEs secreted by the two WREF are
different. Zeng et al. (2013) detected the activity of Lac and MnP in
stationary cultures of I lacteus. In contrast, stationary cultures of a
highly degradative strain of P. chrysosporium only exhibited activities

Lignin Treatment via Fungal Coculture

of LiP and MnP. However, the fungal monocultures produce few
types of LDEs, resulting in poor effects and low efficiency in the
lignin treatment process. As a result, the duration of the biological
pretreatment is too long to be applied at a large scale.

In wood and many other microenvironments, fungi
typically live and grow in close proximity to each other, and
these fungi may display synergistic interactions (Yadav and
Chandra, 2015). The fungal coculture could lead to higher
enzyme production through synergistic interactions, and this
result depends on the particular species in combination or the
mode of interaction between species (Chen et al., 2019). In a
coculture system, the evaluation of antagonistic effects of the
selected fungal cocultures is important for producing LDEs
(Tesfaw and Assefa, 2014). Experimental evidence have
suggested that the competition for space and nutrients may
result in the enhanced degradation of lignin and in elevated
production of LDEs such as MnP and Lac (Dong et al., 2014;
Wang et al., 2014; Li et al., 2019). Additionally, in the different
WRE coculture systems, the LDEs that play a major role in the
lignin degradation process are also different. Lac might play
the central role in the lignin degradation process in one
coculture system, while in others, MnP or LiP or even Lac-
MnP or Lac-LiP-MnP might be responsible for such a process
(Sun et al,, 2011). In recent years, some researchers have
obtained fungal cocultures that efficiently degrade lignin by
screening WRF in natural environments (Mishra et al., 2017;
Chen etal., 2019). P. chrysosporium and I. lacteus are two types
of WRF with strong abilities to degrade lignin in nature.
However, under standard culture conditions, the LDEs
system secreted by P. chrysosporium and I lacteus are
different. The complementarity nature of the LDEs
produced by different WRF and their impacts on the
subsequent enzymatic hydrolysis process during fungal
coculture have not yet been reported in the literatures.

The innovation of this study is to propose a new coculture
system of P. chrysosporium and I. lacteus CD2, based on their
complementarity LDEs, to treat alkali lignin as a model
compound derived from lignocellulose biomass. The
objectives of this study are to study the degradation
efficiency of fungal coculture on alkali lignin, and to assess
the effects of alkali lignin modification from fungi treatment
on enzymatic hydrolysis and adsorption.

MATERIALS AND METHODS

Strains, Enzymes, and Chemicals
The fungus P. chrysosporium was obtained from the

Guangdong Culture Collection Center (Guangdong, China).
The fungus I. lacteus CD2 was obtained from the China
General Microbiological Culture Collection Center (Beijing,
China). The strains stored at 4°C were inoculated in fresh
Potato dextrose agar (PDA) slant culture medium. The PDA
slant culture medium was prepared as follows: peeled potato
blocks were boiled for 20 min and filtered, then 2% (w/v) of
glucose and 2% (w/v) of agar was added to the filtrate and its
pH was regulated to 7.6. The culture medium was then steam-
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sterilized at 121°C for 20 min using a high-pressure steam
sterilizer. The inoculations were cultured for 7 days at 28°C.
The spores of the two fungi were removed from the PDA slant
culture medium and stored at 4°C until use.

The alkali lignin and all of the chemicals used in this work were
purchased from Sigma-Aldrich and were of analytical reagent
grade. The enzyme used in the experiment was a commercial
complex enzyme called Cellic CTec2 (Novozymes, China) with an
activity of 70 filter paper unit (FPU)/ml. The FPU was measured
by following the National Renewable Energy Laboratory standard
biomass analytical procedures (Lindedam et al., 2014).

Antagonistic Experiment
The inoculation ring was dipped into the spores, and the two

fungi were inoculated on the PDA solid plate medium. The
inverted plates cultured at 28°C in a constant
temperature incubator, and the growth of fungi was observed
every day (Schoneberg et al., 2015).

were

Degradation of Alkali Lignin by Fungal
Monoculture and Coculture

In Erlenmeyer flasks, 0.2 g of alkali lignin and 40 ml of the liquid
medium were steam-sterilized at 121°C for 20 min. The substrates
were inoculated with spores to achieve an initial content of
10° spores/ml. The treatment experiment was conducted at
180 rpm and 28°C for 21 days in a shaker bath. Samples were
taken by different time intervals (samples were taken every day in
the first week, and every other day from the second week to the
third week) and were diluted five times, centrifuged at 8,000 rpm
for 10 min, and filtered, then the absorbance of the alkali lignin
was measured at optical density 280 nm (Hao et al., 2015). The
degradation rate was calculated by weight. All of the experiments
and analyses were conducted in triplicate.

The fungi degradation medium components were glucose
(2g/L), MgSO,-7H,O (0.1 g/L), KH,PO, (1g/L), ammonium
tartrate (0.4 g/L), Tween 80 (0.5 ml/L), CaCl, (0.1 g/L), veratryl
alcohol (0.57 ml/L), and 1 ml of trace element solution per liter of
medium solution. The trace element solution contained MnSO,
(0.5 g/L), AI(K(SO,),)-12H,0 (0.02 g/L), FeSO,7H,0 (0.1 g/L),
and CuSO45H,0 (0.01 g/L) (Asina et al., 2016).

Lignin Degrading Enzymes Activity Assays
Lignin-degrading enzyme activities were assayed from the liquid
cultures. The enzyme assays were conducted in a 3 ml reaction
mixture at 25°C by using the extracellular medium of the fungal
culture. The Lac activity was measured spectrophotometrically by
the oxidation of ABTS [2,2'-azinobis-(3-ethylbenzthiazoline-6-
sulphonate)] (Sigma Aldrich) (More et al., 2011). The reaction
mixture contained 0.5 mM ABTS, 2.8 ml of 0.1 M sodium acetate
(pH = 4.5), and 0.1 ml of the culture supernatant and was
incubated for 5 min. The absorbance was read at 420 nm in a
spectrophotometer with deionized water as the blank. One unit
was defined as the amount of Lac that oxidized 1 ymol of ABTS
substrate per min. The MnP activity was determined by the
method of Wiberth (Wiberth et al., 2018). The 3 ml reaction
mixture contained 50 mM sodium malonate (pH = 4.5), 2 mM
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MnSOy, 0.1 mM H,0,, and 0.5 ml of the enzyme solution. The
reaction was initiated at 37°C, and the initial rate of Mn(III)
malonate formation was determined using a spectrophotometer
by following the initial increase in absorbance at 270 nm (e =
11,590 M/cm). One unit of MnP activity was defined as the
amount of MnP that catalyzed the formation of 1umol of
Mn(III) per min. The activity of LiP was measured at 310 nm
using veratryl alcohol as the substrate (Yang et al., 2013). The
standard reaction mixture (3 ml) contained 0.2 mM veratryl
alcohol, 0.15mM H,0, and the enzyme solution in 100 mM
sodium tartrate buffer (pH = 3.0). One unit of LiP was defined as
the amount of enzyme necessary to oxidize 1.0 mmol veratryl
alcohol per min. One-way ANOVA analysis was performed to
assess significant differences among groups.

Chemical Structure Analysis of Alkali Lignin
The Fourier transform infrared (FTIR) spectra was used to
demonstrated the chemical group changes before and after
fungi  treatment. FTIR  scans conducted  at
400-4,000 cm™'. Background scanning was performed for
correction before data collection. Scanning electron microscope
(SEM) was used to evaluate the microstructural changes in the
alkali lignin before and after treatment. The porosity test was
carried out by the mercury intrusion porosimetry method, and.
The tests were performed at a pressure of up to 33,000 psia. The
thermogravimetric (TG) properties of all the samples were
obtained to thermal stability changes before and after
treatment, and the element analysis was used to determine the
content of C, H, N, O, and S in the samples. The alkali lignin
samples were placed in the oven to dry at 105°C for 2-3h to
remove moisture from the samples before the TG analysis.

were

Enzymes Hydrolysis and Adsorption
To evaluate the effect of the alkali lignin treated by fungi on

cellulose hydrolysis, the enzymatic hydrolysis of Avicel was
conducted in a flask containing sodium citrate buffer (0.1 M,
pH = 48) for 72h at 50°C. Specifically, the solid substrate
loading rate was 1% (w/w), and the mixture was stirred in a
shaker bath at 160 rpm. The dose of the hydrolysis enzyme
(SAE0020) was 50 FPU/g substrate. The hydrolysis efficiency of
Avicel was evaluated by the yield of reducing sugar. The yield of
reducing sugar was determined by the 3,5-dinitrosalicylic acid
method (Lee et al., 2020).

Studying the isothermal adsorption line of enzymes on alkali
lignin before and after fungi treatment, the concentration of the
different enzyme proteins was 0.1-2.0 mg/ml. Alkali lignin and
the enzyme were incubated in a flask that contained 0.1 M sodium
citrate buffer (pH = 4.8) at 50°C with shaking (160 rpm) for 3 h to
reach equilibrium (Deng et al.,, 2019). The amount of protein
adsorbed on the alkali lignin was calculated by weight. The free
protein concentration was determined using the Bio-Rad protein
assay, which is a Bradford-based colorimetric method, and bovine
serum albumin (Sigma-Aldrich) was used as a standard (Ku et al.,
2013).

According to published literature (Yang and Fang, 2015), the
adsorption of enzymes on the alkali lignin can be described by the
following Langmuir equation (Eq. 1):
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FIGURE 1 | Degradation of alkali lignin by fungal monocultures and
coculture.

[Emax] ‘K- [Efree]

1+ K - [Eec M

Eads =

where E,q; is the amount of enzyme adsorbed on the lignin (mg/g
lignin), Eg.. is the free enzyme concentration (mg/ml) in the
suspension, E,, is the maximum enzyme adsorption capacity of
lignin (mg/g lignin), and K is the Langmuir adsorption constant
(ml/mg enzyme).

Machine and Equipment

The culture medium was sterilized by using a high-pressure steam
sterilizer (YXQ-LS, BOXUN, China). All the treatments were
conducted in shaker bath (ZWYR-2102, ZHICHENG, China).
The FTIR spectra were obtained using an FTIR Microscope
(Nicolet iN10, Thermo Scientific, United States) equipped with
a deuterated triglycine sulfate detector. A SEM (VEGA 3 LMH,
TESCAN, Czech Republic) was used to obtain the surface
morphology of the alkali lignin at a voltage of 10kV. The
porosity was performed using the Micromertics Instruments
Corporation AutoPore IV 9500. The thermal stability
properties were analyzed via a TG analyzer (STA409PC,
NETZSCH, Germany) at a constant heating rate of 10°C/min.
The atmosphere was N, and the flow rate was 100 ml/min. The
contents of C, H, N, O and S were determined by an element
analyzer (FLASH 2000, Thermo Scientific, America).

RESULTS AND DISCUSSION

Antagonistic Experiment

To analyze whether P. chrysosporium and I lacteus are suited to
simultaneous culture, the antagonistic characteristics between the
fungi was tested. Supplementary Figure 1 displays the coculture
of the two fungi in a PDA solid plate medium on the seventh day.
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FIGURE 2 | LDEs during alkali lignin degradation for (A) MnP, (B) Lac,
and (C) LiP.
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P. chrysosporium were the white spherical particles on the PDA
solid plate medium, and I. lacteus were the white hyphae. The two
types of WRF grew evenly on the surface of the PDA solid plate
medium, and there was no blank in the middle of the plate (Yao
et al., 2016). The results implied the two fungi are suited to
synchronous coculture, and it is predicted that this coculture of
fungi could synergistically degrade alkali lignin.

Fungal Degradation Characteristics of
Alkali Lignin

Figure 1 shows the degradation of alkali lignin by fungi cultivated
under different methods. The degradation effects of different fungi
on lignin showed significant differences compared with control
(p < 0.01). During the first 3 days, the fungi initially used the
glucose in the medium as the main source of carbon for growth, so
the concentration of alkali lignin changed only slightly. After that,
the fungal growth reached the logarithmic phase, and the fungi
began to use the alkali lignin in the medium as the main carbon
source, resulting in a gradual decrease in the concentration of
alkali lignin.

The extracellular lignolytic enzymes from the fungi
synergistically cleave the C,.-C, bonds and oxidize C,, and the
major route of lignin degradation is the cleavage of the C,-C, bonds
by LiP, MnP, and Lac (Harmanpreet et al., 2017). Figure 2 shows
the LDEs activity during the fungal degradation of alkali lignin. The
activity of Lac and Lip showed significant differences compared
with control (p < 0.05). Because P. chrysosporium and I lacteus
could not fully secrete these three lignin-degrading enzymes (Arora
and Sharma, 2010), the Lac activity during alkali lignin degradation
was lower than the LiP and MnP activities. In the initial stage of
alkali lignin degradation, the MnP activity produced by the
monoculture of I lacteus was much higher than that produced
by the other two fungal culture methods, but I. lacteus produced
almost no LiP enzyme. It was speculated that the degradation of
alkali lignin was dominated by MnP. MnP was considered to be the
main enzyme involved in the partial mineralization of a broad
spectrum of aromatic substances (Parikh et al., 2014).

The MnP production over time for the fungal coculture and
monocultures is summarized in Figure 2A. Because the control
group did not have LDEs, the degradation efficiency of the alkali
lignin was unchanged. For the monoculture of I. lacteus, the time
for the biomass to reach the logarithmic phase was shorter than
that of the fungal coculture. The rapid increase in the demand for
a carbon source for I lacteus has resulted in the production of
more LDEs. The MnP activity produced by I lacteus was the
highest and showed a stable increased in expression during the
first week. The MnP activity for I lacteus reached 0.99 IU/ml on
the seventh day, which was 41.3 and 44% higher than that of P.
chrysosporium and the fungal coculture, respectively. Therefore,
the degradation efficiency of alkali lignin treated by I. lacteus was
the highest, reaching 16.6% in the first week, compared with P.
chrysosporium (6.7%) and the fungal coculture (15.6%). P.
chrysosporium produced MnP and very little Lac during the
treatment, and the MnP activity was lower than that of I
lacteus and the fungal coculture, so P. chrysosporium had the
lowest alkali lignin degradation efficiency.
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FIGURE 3 | FTIR spectra of alkali lignin samples before and after fungi
treatment.

Limited by fungal biomass, the highest activity of MnP
produced in the fungal coculture occurred later than that of I
lacteus. After the first week, the MnP activity produced by I
lacteus and P. chrysosporium decreased significantly, but that
produced by the fungal coculture still increased. On the 17th day,
the activity of MnP was almost absent in the fungal monocultures,
whereas in the fungal coculture, the activity of MnP was still
0.3IU/ml. In addition, the enzymes produced by the fungal
coculture included not only MnP and Lac but also LiP
produced by P. chrysosporium. Thus, a high MnP activity and
the synergistic effects of three major LDEs resulted a higher
degradation rate for the fungal coculture compared to the fungal
monocultures during the last week. At the end of the experiment,
the degradation efficiency of alkali lignin by the fungal coculture
was the highest at 29.8%, compared with P. chrysosporium
(21.9%) and I lacteus (23.0%). As evaluated above, the
coculture of P. chrysosporium and I lacteus could effectively
accelerate the degradation of alkali lignin and promoted the
production of LDEs.

Chemical Structure of Alkali Lignin in Fungi
Treatment
Fourier Transform Infrared Analysis
The FTIR spectra of the alkali lignin before and after the fungi
treatments are shown in Figure 3, and the major bands are
assigned in Table 1 (Kobayashi et al., 2009). The alkali lignin
treated by fungi has changed significantly in the fingerprint
region (1,300-600 cm™'), corresponding to the stretching
vibrations of different groups in the lignin (Ying et al., 2018).
This suggested that the overall structure of the alkali lignin had
been destroyed after fungi treatment.

In the range of 3,200-3,400 cm ™, the peaks of the autoclave-
sterilized lignin appeared at 3,246 cm™', and the peaks of lignin
after fungi treatment appeared at 3,362 cm™" (P. chrysosporium),
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TABLE 1 | Fourier transform infrared peak assignments in alkali lignin samples.

Wavenumber Assignment

em™)

3,246 Stretching vibration of hydroxyl group in hydrogen bonds

2,935 C-H stretching vibration of CH,, CHg, and CH30O groups

1,511 C=C stretching vibration peak in benzene ring

1,461 Asymmetric vibration of C-H in CHz and CH,

1,365 In-plane deformation vibration of phenolic hydroxyl group
and CHg

1266,1241 C-O0 stretching in G-type lignin

1,030 C-0 stretching in cellulose and hemicellulose

854 C-H out-of-plane deformation vibration of guaiacyl propane

3,370 cm™ ! (I lacteus), and 3,354 cm™* (fungal coculture). This
indicated that the degree of O-H association between the alkali
lignin molecules was reduced and the molecular structure of the
alkali lignin was ruptured during the treatment (Sun et al., 2016).
The signal intensity of the alkali lignin at 2,935 cm™" decreased,

Lignin Treatment via Fungal Coculture

indicating that some of the guaiacyl and syringyl methoxy groups
in the alkali lignin were broken during the fungi treatment. After
fungi treatment, there was a decrease in the intensity of the
stretching vibration peak (1,461 cm™") of the alkali lignin, which
was derived from methylene, indicating that some
macromolecular lignin was degraded (Sun et al, 2018). After
fungi treatment, the peaks at 1,600 and 1,511 cm™" increased,
which represent the vibration of C=C on the benzene ring,
indicating the depolymerization of macromolecular lignin (Liu
et al., 2014). The fingerprint characteristic absorption peak of
syringyl increased after fungi treatment, suggesting that syringyl
lignin was further degraded and more syringyl units were released
(Singh et al., 2015).

Scanning Electron Microscope and Porosity Analysis
Figure 4 shows the microstructure of the alkali lignin treated by the
fungal monocultures and coculture. It can be observed that the
shape of the autoclaved alkali lignin (Figure 5A) was irregular

treatment.

FIGURE 4 | Scanning electron microscopy images of (A) autoclaved alkali lignin, (B) /. lacteus treatment, (C) P. chrysosporium treatment, and (D) fungal coculture
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FIGURE 5 | DTG and TG analyses of alkali lignin before and after fungi
treatment.

polygons and was composed of many irregular spherical particles.
After fungi treatment, the surface gradually became rough and
many pores were formed due to fungi degradation (Figure 4B,C).
In addition, for the alkali lignin treated by the fungal coculture
(Figure 4D), many micropores adhering to the surfaces of large
pores could be found compared to alkali lignin treated by the
fungal monocultures. The destruction of alkali lignin treated by the
fungal coculture was greater than that by the fungal monocultures.

The porosity and pore diameter distribution of the alkali lignin
are shown in Table 2. Megapores (>10,000 nm) increased 3.0%
after the alkali lignin treated by the fungal coculture, but the
macropores (2,500-10,000 nm) of the alkali lignin treated by the
fungal monocultures increased 4.36 (I. lacteus) and 6.72% (P.
chrysosporium). These results indicated that the damage to the
alkali lignin by the fungal coculture was greater than that by the
monocultures, which was confirmed by the SEM results. The
porosity of the alkali lignin increased after being treated with I.
lacteus and the fungal coculture. The total pore area was greatly
increased after the fungi treatment, which proved that the alkali
lignin formed more porous structures after fungi treatment and
that the macromolecular lignin was depolymerized.

Thermogravimetric/Differential Thermogravimetric
Analysis

Figure 5 shows the TG and differential TG curves of the
autoclaved and fungi-treated alkali lignin samples. The
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pyrolysis process of the alkali lignin samples could be divided
into dehydration and lignin degradation stages. According to the
TG curves, the residue char contents of the alkali lignin were
39.9% (Control), 40.5% (I. lacteus), 39.6% (P. chrysosporium), and
42.1% (fungal coculture) (Park et al., 2017). The residual char
content is related to the ratio of G and S in alkali lignin (Yang
et al, 2010). G has better thermal stability than the other two
lignin monomers; therefore, the larger the proportion of G, the
more char that remains (Shen et al., 2011). It could be speculated
that some of the G-lignin was consumed during the fungal
coculture treatment, which was confirmed by previous FTIR
results. From the differential TG curve, the maximum
decomposition rate of the autoclave-sterilized alkali lignin
appeared at 385°C, but the temperature peak of the alkali
lignin after fungi treatment was shifted left. This suggested
that the alkali lignin was converted to small molecule aromatic
compounds with poor thermal stability during the fungi
treatment process (Cao and Aita, 2013). It is worth
mentioning that the temperature peak of the alkali lignin
treated with the fungal coculture was advanced by 11°C
(374°C), indicating that the alkali lignin had the poorest
thermal stability after the fungal coculture treatment.

Element Analysis

The element analysis and degree of unsaturation of the
autoclaved and fungi-treated alkali lignins are shown in
Table 3. The degree of unsaturation of the alkali lignin was
further reduced by fungi treatment. This indicated that the
dense structure of the alkali lignin was depolymerized during
fungi treatment, and some of the macromolecular lignin was
degraded. The degree of unsaturation of alkali lignin decreased
3.5% after the fungal coculture treatment compared to the
autoclaved alkali lignin. After fungi treatment, the mass
percentage of elemental sulfur decreased in alkali lignin,
suggesting that the elemental sulfur in alkali lignin was
dissolved during the treatment (Xu et al., 2013).

Effects of Alkali Lignin Modification on
Enzymatic Hydrolysis and Adsorption
Nonproductive Adsorption of Enzymes

Figure 6 shows the isothermal adsorption of cellulase by alkali
lignin at different free enzyme concentrations. The Langmuir
adsorption isotherm equation could accurately describe the
adsorption of cellulase on alkali lignin. It could be seen that as
the free enzyme concentration increased, the adsorption capacity
becomes saturated, and the autoclaved alkali lignin had the largest
adsorption capacity. After the fungi treatment of alkali lignin, the

TABLE 2 | Mercury intrusion porosimetry results of alkali lignin samples.

Sample Porosity (%) Total pore area (mzlg)
Autoclaved 64.3 4.0
L 64.7 36.0
PC 60.9 53.1
Coculture 66.7 53.5

Average pore area (nm)

Pore diameter distribution (%) (nm)

500-2,500 2,500-10,000 >10,000

1,498.6 7.6 22.9 67.2
164.0 8.4 27.3 62.1
111.8 9.0 29.7 58.9
115.3 6.3 21.8 70.2
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TABLE 3 | Element content of alkali lignin.

Sample C (Wt%) 0 (Wt%) H (wt%) N (wt%)
Control 58.9 33.2 5.8 0.4
IL 60.3 30.4 6.0 0.3
PC 62.0 29.9 5.9 0.2
Coculture 60.6 30.1 6.1 0.5

adsorption capacity decreased by 36.4% (I. lacteus treatment),
43.2% (P. chrysosporium treatment), and 52.3% (fungal coculture
treatment) compared with the autoclaved alkali lignin.

Table 4 shows the adsorption parameters, which were
estimated by fitting the enzymatic adsorption data to the
Langmuir model. The maximum adsorption capacities (Eay)
of lignin were 0.44 (Control), 0.28 (I. lacteus treatment), 0.25 (P.
chrysosporium treatment), and 0.21 (fungal coculture treatment)
mg/g lignin. The autoclaved alkali lignin had the strongest
adsorption capacity, and could adsorb approximately 40-50%
more protein than the alkali lignin treated with the fungal
coculture. The autoclaved alkali lignin had the highest affinity
(K) for the enzyme (8.7 ml/mg protein), while the affinities for the
enzyme were 25.3, 32.2, and 20.0% lower than that of the
autoclaved alkali lignin for the alkali lignin treated with I
lacteus, P. chrysosporium, and the fungal coculture,
respectively. The strength of the absorption between the alkali
lignin and the enzyme was characterized by the coefficient K,
which was calculated using the maximum adsorption capacity
multiplied by the Langmuir adsorption constant (Deng et al,
2019). This is consistent with the results of previous hydrolysis
experiments. It was speculated that the fungi treatment of alkali
lignin degraded the macromolecular alkali lignin, which
generated more exposed carboxylic groups. This could make
the lignin more hydrophilic, which would decrease the
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FIGURE 6 | Cellulase enzyme adsorption on alkali lignin before and after
fungi treatment.
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S (wt%) Formula of Cggo Degree of unsaturation
1.5 Co00H10630380N5S9 372
1.4 Coa00H10740340N4Sg 366
1.3 Co00H10570326N2S7 374
12 CoaooH10870335N6S7 359

hydrophobic interaction between the alkali lignin and enzymes
and reduce the nonproductive adsorption of cellulase (Yuan et al.,
2018).

Enzymatic Hydrolysis of Avicel

The decreased nonproductive adsorption of cellulase on alkali
lignin would lead to an increase in the yield of reducing sugar
during the hydrolysis of Avicel. Figure 7 presents the enzymatic
hydrolysis of Avicel with or without the addition of alkali lignin.
All alkali lignins had an inhibitory effect on the reducing sugar
yield. The 72 h glucan conversion efficiencies with the addition of
differently treated alkali lignin were 50.6% (I. lacteus treatment),
50.3% (P. chrysosporium treatment), and 54.1% (fungal coculture
treatment). The Avicel without the addition of alkali lignin had
the maximum reducing sugar yield at 72 h of 56.5%.

Although the addition of alkali lignin had an inhibitory effect
on the hydrolysis saccharification process of Avicel, the fungi-
treated lignin had less of a negative effect than the autoclaved
alkali lignin. After adding alkali lignin that was treated with the
fungal coculture, the reducing sugar yield could reach 95.8% of
that without alkali lignin, which was the highest yield among all of
the fungi treatments. This result was due to the decrease in
absorption capacity of the alkali lignin for the hydrolysis enzyme
after fungi treatment.

Practical Implications

The results obtained in this study may provide an efficient
approach for the biological pretreatment of lignocellulosic
biomass for biofuel production. To further improve the
feasibility of fungal coculture system for a large-scale
application in the future, more research should be devoted to
revealing the complex interaction between mixed enzymes
generated by fungal coculture system during the
biodegradation of lignocellulosic biomass, and developing
advanced bioreactors for the efficient fungal treatment process
for biomass conversion. Also, technical-economic assessment
and life cycle assessment should be carried out to demonstrate
the feasibility of such a pretreatment system based on the long-
term operation performance.

TABLE 4 | Langmuir adsorption isotherm parameters.

Sample Enax (Mmg/g) K (ml/mg)
Control 0.44 8.7
L 0.28 6.5
PC 0.25 5.9
Coculture 0.21 7.0
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FIGURE 7 | Effects of fungi-treated lignin on reducing sugar yield in the
enzymatic saccharification of Avicel.

CONCLUSION

The limitations of fossil fuels have led to an increase production
of biofuels from renewable lignocellulosic biomass sources.
Therefore, improving the efficiency of biological pretreatment
of lignocellulosic biomass has become the most important point
for the development of biofuels. This study opens a new
opportunity to improve the efficiency of biological
pretreatment and biomass conversion. The degradation
efficiency of alkali lignin treated by the fungal coculture
reached 26.4%, which is 3.4 and 52% higher than the
monocultures of I lacteus and P. chrysosporium, respectively.
Physicochemical analyses showed that the chemical groups of the
alkali lignin were changed significantly after fungal treatment.
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The alkali lignin generated more carboxylic groups, which
increased its hydrophilicity and reduced the absorption of
alkali lignin to cellulase. The nonproductive adsorption of
cellulase on alkali lignin decreased by 40-50% compared with
the control group.
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The poly deep eutectic solvents (PDESSs), a potential substituent to ionic liquids, have
emerged as relatively new material and have been successfully applied in catalysis,
nanotechnology, and, more importantly, in gas separation. Herein, the PDESs were
incorporated for the first time in the CO, capturing membranes to exploit their inherent
advantages in the acid gas capture. The PDESs were synthesized by mixing choline
chloride (hydrogen bond acceptor-HBA) and two hydrogen bond donors-HBDs
(polyacrylic acid and polyacrylamide) separately in different molar ratios. The
physical changes of the resulting homogeneous mixture along with the Fourier
Transform Infrared confirmed the successful synthesis of the PDESs. Afterward,
these PDESs were impregnated into microporous polyvinylidene fluoride (PVDF)
membrane support to fabricate supported liquid membranes (SLMs). The gas
performance of the prepared PDES-SLMs was tested under pure and mixed-gas
conditions for CO,, CHy4, and N,. The PDES-SLMs showed a significantly high CO,/
CH,4 and COy/N, selectivities of the order of 55.5 and 60, respectively. To evaluate
their practical implication, the SLMs were investigated systematically under different
operating conditions such as choline content, temperature, volume fraction of the CO,
in the feed, and the activation energy required for CO, capture. The synthesized SLMs
showed exceptional results in both permeability and selectivity viewpoint. The
remarkable SLMs gas performance can be ascribed to the basicity, molar free
volume, and the H-bonding strength of the synthesized PDESs. The green
potential, low cost, and the promising gas separation performance make theses
PDESs a favorable alternative to the competing PILs in capturing the greenhouse
acid gases.

Keywords: carbon dioxide capture, poly deep eutectic solvents, supported liquid membrane, permeability,
selectivity

Abbreviations: PDES, poly deep eutectic solvents; DES, deep eutectic solvents; PIL, polymerized ionic liquid; IL, ionic liquid;
HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; PAA, polyacrylic acid; PAM, polyacrylamide; ChCl, choline
chloride; Ea, activation energy
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INTRODUCTION

The carbon dioxide (CO,), primarily released to the environment
by the consumption of fossil fuels and other major industrial
processes, contributes to 60% of the greenhouse gases and, posing
the threat of global warming (Coninck et al., 2005). As a result,
there is an urgent requirement of effective CO, capturing
technologies to control the emissions of greenhouse gases.
Primarily there are three methods of CO, capturing, i.e., Pre-
combustion, Post-combustion, and oxy-fuel method. The
conventional technologies for CO, suppression include
cryogenic distillation, adsorption, and absorption. In the
cryogenic distillation, CO, is captured at low temperature, and
the process involves compression and expansion of the CO,, and
at the end, liquefied CO, is obtained. This technology has
limitations of high energy consumption, special equipment
requirement, and small concentration of CO,, which make the
process uneconomical as it cannot be used at a large scale. The
absorption method usually employs the amine-based porous
adsorbents for CO, capturing. This process involves both
physisorption and chemisorption of the acid gas. The main
disadvantage of the adsorption method is difficult regeneration
and scarcity of suitable adsorbents (Shen et al., 2020). In the
absorption technique, CO, is separated based on solubility in the
solvent. CO, is absorbed in a solvent, then separated from the
solvent at high temperature, and solvent is regenerated. The
absorption could be physical or chemical. The main issue with
absorption technology is high energy requirement and the need
for particular green solvents with high CO, solubility values (de
Almeida Quintino, 2014; Songolzadeh et al., 2014). These
techniques are energy intensive because of the solvent
regeneration and elevated operating conditions (Tuinier et al.,
2010; Wang et al., 2011). The membrane technology provides
numerous advantages over other conventional techniques such as
eco-friendliness, low energy demand, ease of operation, and one-
step separation (Bernardo et al., 2009; Peng et al., 2014; Pan et al.,
2020). In particular, the supported liquid membranes (SLMs),
especially supported ionic liquid membranes (SILMs) have been
investigated broadly, which combine the highly processable and
flexible polymeric support impregnated with ionic liquids (ILs)
for CO, capture (Malik et al., 2011; Uchytil et al., 2011).

The inherent advantages of ILs such as high thermal stability,
extremely low vapor pressure, and non-flammability, make them
suitable options for CO, capture (Meine et al, 2010;
Emel’yanenko et al., 2014). Additionally, the relatively new
idea of combining polymer and IL as polymerized ionic liquid
(PIL) membranes was put forward by Bara et al. for the first time
in 2007 (Bara et al., 2007). The PIL membranes share the
advantageous properties of ILs along with high mechanical
stability of the membranes under high pressure. However, the
CO, permeabilities of these PIL dense membranes were found to
be significantly lower because of low diffusion rate of the acid gas
through them (Bara et al., 2007; Bara et al., 2008a). The PIL based
SLMs have also been fabricated and investigated for their
potential in increasing CO, permeability and CO,/light gas
selectivity by relying on the solubility selectivity (Bara et al.,
2008b; Bara et al., 2009b; McDanel et al., 2014). Despite these

CO, Capture by PDES

many advantages discussed above, several drawbacks of ILs have
also been articulated, such as extremely high viscosity, toxicity,
synthesis cost, and non-biodegradability (Pham et al., 2010;
Biczak et al, 2014). Therefore, there is a need for green
substituent of ILs in the field of SLM that can selectively
separate the acid gas from the mixture of gases.

In this context, deep eutectic solvents (DESs), obtained
because of hydrogen bonding formed between the hydrogen
bond acceptor (HBA) and hydrogen bond donor (HBD), are a
promising alternative (Francisco et al., 2013; Garcia et al., 2015).
The melting point of the DESs lies far below the melting points of
the individual precursors, which is a characteristic feature of the
eutectic solvents. The characteristic properties of the DESs can
also be tuned according to the application requirement by altering
the choice of HBA and HBD and their molar ratios (Garcia et al.,
2015). The DESs have many advantages compared to ILs, such as
cost-effectiveness, biodegradability, ease of synthesis, and
biocompatibility (Smith et al., 2014). The very first DES
reported by Abbott et al. was formed between choline
chloride-HBA (a vitamin B component) and urea-HBD
(Abbott et al.,, 2003). Afterward, most of the DESs reported
were primarily obtained from the choline chloride because it is
a biodegradable and low cost, as the price of choline based DESs is
merely 4-9% of the conventional ILs (Ma et al., 2018).

In the past decade, a plethora of review articles on CO,
absorption by the DESs have been published so far, showing
high DESs affinity for CO, (Garcia et al., 2015; Aissaoui et al,,
2017; Sarmad et al., 2017; Zhang et al,, 2018). The polymerized
deep eutectic solvents (PDESs), are a new class of DESs in which
the HBD part is polymerizable (Zhang et al., 2012; Mota-Morales
etal., 2013; Ren’ai et al., 2018). PDESs have also been investigated
like PILs, for CO, capture in the absorption process by Isik et al.
(Isik et al., 2016a; Isik et al., 2016b), showed significantly high
CO, uptakes. The polymerizable HBD was employed to
synthesize PDESs for CO, absorption process, while the HBD
was polymerized using photo polymerization. The results of the
investigations revealed that the PDESs are excellent CO, sorbents
(Isik et al., 2016a; Isik et al., 2016b). However, the risk of a
complete conversion of the HBD to polymerized HBD and the
maintenance of HBA-HBD interactions cannot be neglected.

To the best of our knowledge, PDESs have never been
investigated in membrane-based CO, capturing. The ambition
behind this study is the findings of molecular dynamics
simulation work investigated by Shen and Hung (2017), which
revealed that the DESs family could efficiently be incorporated in
the porous support of SLMs for CO, capture. Therefore, this study,
for the first time, used polymerized HBD to make DES with the
HBA to avoid the risk of incomplete polymerization; plus the energy
requirements reduced significantly for such chemistry. Polyacrylic
acid (PAA) and polyacrylamide (PAM) were chosen as polymerized
HBDs, and four types of PDESs were synthesized using choline
chloride as HBA. These novel PDESs were impregnated as
membrane liquids in the SLMs. The performance of the
synthesized SLMs was evaluated with the CO, permeability and
CO,/CHy selectivity to estimate the practical implication of these
SLMs. The effect of operating conditions on membrane separation
performance was also analyzed.
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TABLE 1 | Composition and nomenclature of the synthesized PDESs.

Composition Molar ratio (HBD:HBA)

ChCI/PAA 156:1
ChCI/PAA 20:1
ChCI/PAM 16:1
ChCI/PAM 20:1

MATERIALS AND METHODS

Choline chloride (=99%), polyacrylic acid (Mn 1,500 g mol™"),
poly acrylamide (Mn 1,000 g mol ") were used in the synthesis of
PDES. Polyvinylidene difluoride (PVDF) and N-Methyl-2-
Pyrrolidone (NMP) were used to prepare membrane support.
Sigma Aldrich supplied all materials. Chemicals were used as
provided by the company.

Synthesis of PDESs
PDESs were prepared using the choline chloride (ChCl) as HBA

and the polymers-HBDs (PAA and PAM) in two different molar
ratios of 15:1 and 20:1, respectively. In a typical procedure, HBD
and HBA were mixed in a suitable amount in a sample bottle
using a magnetic stirrer. The mixture was heated to 80°C with
continued stirring. A homogeneous viscous liquid (PDES) was
obtained at the end of 30 min of simultaneous heating and
stirring. The mixture was kept under the same reaction
conditions for 2 h to ensure complete conversion. By repeating
the similar procedure, four different PDESs were synthesized. The
composition and nomenclature of the PDESs are presented in
Table 1.

SLM Fabrication
PDES-SLMs were prepared by using a PVDF ultrafiltration

membrane as a support material. The phase inversion method
was used to prepare PVDF membrane support. 15 wt% solution
of PVDF was mixed with NMP and stirred for 24 h. Subsequently,
a clear homogenous solution was formed that was then casted
using Elcometer. 250 ym thickness was maintained during the
casting process, and a cast film was formed. The phase
transformation was accomplished by dipping the cast
membrane in a nonsolvent (water) coagulation bath for
10min to ensure the complete phase inversion. The
synthesized membrane support was placed in a desiccator for
24 h to remove any volatile or water content present. The PVDF
membrane sheet was placed in the desiccator overnight to ensure
the complete drying to facilitate the incorporation of the PDES
liquid on to the surface of the porous membrane. Subsequently,
the SLM-1 based on PDES-1 was prepared using the
impregnation method. In this typical method, 3ml of the
PDES-1 liquid was evenly spread on the surface of the PVDF

CO, Capture by PDES

Code Chemical structure
PDES-1 O\ O-H----- Cl
S
PDES-2 /I
n
PDES-3 H
0o N-H-----Cl
= N NOH
“I
PDES-4 n

support. Afterward, the membrane was placed in the circular
permeation cell at 2 bar nitrogen pressure for 1 h to ensure the
impregnation of the PDES-1 into the pores of the PVDF support.
As evidence of complete impregnation, a thin layer of the PDES-1
was obtained at the bottom of the PVDF support. The same
method was adopted for preparing SLM-2 SLM-3, and SLM-4
based on the corresponding PDES-2-4. The schematic image of
synthesized SLMs is presented in Figure 1.

Characterization Techniques
The interaction between HBD and HBA has been confirmed

through Fourier Transform Infrared (FTIR) spectroscopy. The
FTIR spectra of the HBD and HBA and the PDESs were obtained
in a scan range of 4000-800 cm™' at room temperature with a
resolution of 8 cm™". The FTIR spectra were taken using Thermo-
Nicolet (6700P) FTIR Spectrometer (USA). Viscosities of the
PDESs are very crucial in deciding their practical applications,
particularly as membrane liquid in SLMs. The viscosities of the
PDESs were determined at room temperature using Ubbelohde
viscometer. The vibrating tube densitometer Kriiss DS7800
model was used to measure the density of the PDESs at
atmospheric pressure.

Membrane Performance Testing
Gas separation performance of the prepared membranes was

tested in a custom-built permeation setup by calculating pure

)

PVDF Support

FIGURE 1 | Schematic representation of SLM.
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FIGURE 2 | Set-up for pure and mixed-gas evaluation of membranes.

and mixed gas permeabilities and selectivities. Gas permeation
was tested at isochoric conditions (constant volume and
variable pressure). The pressure of the setup is increased
with time. A gas chromatograph equipped with two thermal
conductivity detectors, at the front and back of gas
chromatograph, was used to analyze the compositions of
retentate and permeate. The schematic gas separation setup
is shown in Figure 2. This setup is constructed of stainless steel.
The composition and flow rate of the feed gas is controlled by
Mass flow controller. The flow rate could vary from 0 to 1L/
min. The functional area of membrane in single cell permeation
setup is 3.8 cm®. The working principle and specifications of the
setup are defined elsewhere (Khan et al., 2010). The prepared
membranes were positioned on the metallic porous support
and airtight. The gas feed was introduced at 1 L/min into the

membrane system. The prepared membranes were analyzed
within the feed temperature range of 298-338 K to investigate
the temperature effect on the gas separation performance. All
the experiments were repeated at least three times to eliminate
any ambiguity. The SILMs follow the solution diffusion
mechanism for the transport of the gasses through them,
according to this model

J =Ds, (1

where ] Permeability, D Diffusion Coefficient, S Solubility
Coefficient.

The time lag method was adopted to calculate “D” and “S”
(Crank, 1975; Ash and Barrie, 1986). In this method, a high
vacuum is applied at one side of the test gas, and D is calculated by
calculating the lag time before the steady-state is achieved.
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FIGURE 3 | (A) FTIR spectra of PAA based PDESs. (B) FTIR spectra of
PAM based PDESs.

An auxiliary cylinder of 50 cm® equipped with a pressure

transducer that records the rate of increase in pressure is joined
to a vacuum pump by valve V. The test gas was fed from one
side of the cylinder while keeping the other side at vacuum until
the steady-state achieved. The time lag intercept ¢ was
calculated from the plotted graph of increasing gas pressure
on the vacuum side. The following equation was used to
calculate “D”

ZZ

D= —

66

where / is membrane thickness. After calculating the D, the S was

calculated using Eq. 1. The selectivity of the gas A over gas
component B was calculated using the following equation.

@)

CO, Capture by PDES

RESULTS AND DISCUSSION

Characterization of the PDESs
The FTIR spectra of the DESs and their individual precursors,

presented in Figures 3A,B, have confirmed the interaction between
individual precursors resulting in the formation of DES. The
characteristic peak analysis of the PDESs presented Figure 3
revealed that it is an approximately an overlap of its
constituting components. The characteristic peaks of all the
individual components did not disappear in the PDESs spectra
showing that the structural integrity of these components has been
maintained. The characteristic peaks of ChCl obtained at
3,200 cm ™" correspond to hydroxyl (OH bending) group. While
the peak obtained at 1,480 cm ™ corresponds to alkyl group present
in the structure of ChCl (Ullah et al., 2015). In case of pure PAA,
the broad vibrational band observed between 3,200 and 3,600 cm ™"
exhibits the OH stretching in all the PAA containing samples. The
other important band that appeared at 1,682 cm™' represents the
carbonyl group present in the PAA (Mota-Morales et al., 2013). In
case of pure PAM, the band obtained between 3,450 and
3,300 cm ™! represent the amine group (NH, stretching). The
bands at 1,702 and 1,640 cm™" attributed to the carbonyl group
(C=0) present. (Kumar et al., 2012). The peaks that appeared
between 1,300-1,180 cm ™" are ascribed to the-C-N-linkage and
CH, groups (Dumitrescu et al., 2015).

The carboxylic group present in PAA was found to be in its
acid form that is reflected in the peaks obtained at 1,736 and
1,711 cm ™, in PDES-1 and PDES-2, respectively (Mota-Morales
et al., 2013). This feature revealed that the interaction between the
PAA and ChCI was through hydrogen bonding, a characteristic
property of the DESs. The band at 1,480 cm™" in case of pure
ChCl is shifted toward shorter wave number as the percentage of
ChClis increased. Interestingly, the NH, bands are shifted toward
lower wave number, which confirms the formation of the
hydrogen bond between the HBA and HBD moieties (Yue
et al, 2012). Additionally, it may be observed in case of all the
PDESs spectra that the characteristic peaks undergo redshift as
the concentration of the choline content is increased in the
PDESs. This can be attributed to the strength of H-bond
formed between the polymer and the ChCl, ie., lower the
wave number stronger the H-bond (Jiang et al., 2017).

The molar volume (V) of CO, sorbent is a critical factor in
determining the maximum amount of the gas sorbed per unit
volume of the sorbent (Camper et al., 2006). Therefore, the molar
volume of the PDESs was measured by the experimental values of
density using the following equation.

— MPDES .
p

In the above equation, Mppgs and p are the molar mass and
density of the PDESs, respectively. Where the Mppgs for the
prepared PDESs was determined by using the following equation
established for the DESs (Abbott et al., 2011; Peng et al., 2014),

4 4)

P, _ XupaMupa + XuppMugp
Qg =—: 3) Mppgs = (5)
Py Xupa + Xusp
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TABLE 2 | Physical properties of the PDESs.

PDESs code Mppes (9 mol™) Viscosity (cP)
PDES-1 224.64 439.01
PDES-2 204.4 418.24
PDES-3 193.39 387.40
PDES-4 180.59 353.66

where X and M represent the mole ratio and molar mass
(gmol™") of the HBAs and HBDs, respectively. The physical
properties of the prepared PDESs are presented in Table 2. The
viscosity and density, being the critical parameters for SLM
fabrication, were measured three times with great care, and
the average of the values are displayed. It can be observed
from Table 2 that the prepared PDESs are moderately viscous.
However, these values are lower and comparable to most of the
ILs and DESs (Garcia et al., 2015).

Performance of Synthesized PDES-SLMs
The gas performance of the synthesized PDES-SLMs was

analyzed by using pure gases CO,, N,, and CH, and the
results are presented in Table 3. The solution-diffusion
mechanism is responsible for the transport of CO, through
the SLMs. It is a three-step mechanism in which the CO, is
first dissolved in the impregnated liquid, diffuses through it, and
then for the concentration gradient, is desorbed to the permeate
side of the SLMs. The CO,/CH, and CO,/N, selectivities for both
types of SLMs were found to be significantly higher between
45.37-50.71 and 56.05-60, respectively. In the case of CO,/CHy,,
the SLM-2 membrane showed the highest selectivity, and for
CO,/N,, the SLM-4 was the membrane with the highest
selectivity. These significantly high selectivities can be
attributed to the high solubility of the CO, in the DESs
(Abbott et al., 2004; Garcia et al., 2015; Aissaoui et al., 2017).
The selectivity results can also be justified on the ground of
kinetic diameter of the analyzed gases (de Almeida Quintino,
2014). The PDES-SLMs prefer the permeation of small molecules
and renders large molecules to pass through the membrane. The
kinetic diameter of CO, (3.30 A) is small as compared to the N,
(3.64 A) and CH, (3.80 A) that favors the improved selectivity of
CO,/CH, and CO,/N,. Moreover, the higher values of selectivity
may also be ascribed to the lower molar volume of the prepared
PDESs. This can be satisfactorily explained by using Camper
model (Scovazzo, 2009), according to which the solubility of CO,
is higher in low molar volume liquids. The molar volume of the
prepared PDESs presented in Table 2 has lower values than most
of the commercially used ILs (Scovazzo, 2009). Interestingly, it

TABLE 3 | CO,/CH, and COy/N, ideal gas permeability and selectivity.

SLMs code Permeability (Barrer) Selectivity

co, CH, N, Pco2/Pcha Pco2/Pn2
SLM-1 20.56 0.42 0.37 48.95 55.57
SLM-2 21.3 0.42 0.38 50.71 56.05
SLM-3 24.5 0.54 0.43 45.37 56.98
SLM-4 27 0.58 0.45 46.55 60.00

CO, Capture by PDES

Density (g cm™) Molar volume (cm® mol™)

1.21 185.65
1.19 171.76
1.14 169.64
1.1 162.69

can be observed from Table 3 that the CO,/CH, and CO,/N,
selectivities were found to be increased by increasing the ChCl
molar ratio. The increase in selectivity can be explained based on
molar free volume and the basicity of the DESs (Trivedi et al,
2016; Ghaedi et al., 2017b). It is well established that the molar
free volume and basicity of the DESs increase on par with the
ChCl content in the DESs (Abbott et al., 2017). The increase in
the molar free volume and basicity of the DES give rise to the
permeability of the CO,, which resulted in high values of
selectivities.

The acid gas permeability through the prepared SLMs can be
illustrated using the hole theory explained by Abbott and
coworkers (Abbott et al., 2007). According to this theory,
free spaces between the individual ionic moieties of the
PDES permit the ions to move through it. Ion-HBD
interactions control the size of these holes (Abbott et al.,
2007). The PAA based SLMS (SLM-1 and SLM-2) showed
notable CO, permeability of the order 19.45 and 19.9 Barrer,
respectively. The permeability of these novel PDES-SLMs is
comparable to the first-ever reported PIL membranes, which
were in the range of 9-32 Barrer (Bara et al., 2007). Although the
viscous membrane liquids are generally assumed to have lower
CO, permeability values (Scovazzo, 2009), the prepared PDESs
have shown significant CO, permeability values. This can be
ascribed to the high solubility of the acid gas in the membrane
liquid, as the molecular interaction is mainly assumed to govern
the permeability rather than the bulk properties (Iarikov et al.,
2011). This can also be supported by the reduced permeability
values of CH, and N,, as witnessed in the case of permeability
results presented in Table 3. Moreover, the PAM based SLMs
coded as SLM-3 and SLM-4 exhibited higher permeabilities than
the SLM-1 and SLM-2. These SLMs showed significantly higher
CO, permeability values than most of the functionalized
imidazolium-based PIL membranes (Bara et al., 2008a; Horne
et al., 2015). The SLM-4 showed the maximum CO,
permeability of the order of 25 Barrer. The reason for this
high permeation is the higher solubility, lower molar volumes,
and moderate viscosities than the PAA based PDESs (SLM-1,2),
as enlisted in Table 2.

TABLE 4 | CO,/CH, and CO,/N, mixed gas permeability and selectivity.

SLMs code Permeability (Barrer) Selectivity
CO, (Barrer) CH, (Barrer) N (Barrer) Pcoo/ Pco2/
Pcha Pn2
SLM-1 19.45 0.40 0.37 47.50 52.57
SLM-2 19.9 0.40 0.38 49.25 52.37
SLM-3 23.4 0.54 0.42 43.22 55.71
SLM-4 25 0.58 0.45 44.03 55.56
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FIGURE 4 | Arrhenius plot of temperature and CO, permeability.

The increase in ChCl concentration increases the
intermolecular interactions (H-bonding) between the ChCl and
HBD polymers, as anticipated in the FTIR spectra presented in
Figures 3A,B. Therefore, the CO, permeability of the PDESs is
expected to decrease at higher ChCl concentrations because of
stronger intermolecular interactions between the PDES moieties,
which in turn reduced the attraction for third moiety CO,. On the
contrary, the CO, permeability was found to be increased, instead
of decreasing, on a par with ChCl concentration in both types of
HBDs, ie., 20.5 to 21.3 in PAA-SLMs and 24.5 to 27 Barrer for
PAM-SLMs when ChCl mole ratio was increased from 15 to 20.
This peculiar behavior of CO, permeability of the PDES-SLMs
could be explained better through Lewis acid-base relation of the
acid gas and the PDESs. It is well established that the basicity of the
DESs increased to a significant level by increasing the ChCl
concentration in the DESs, thereby making the DESs more
attractive media for the acid gas capture (Abbott et al., 2017).

The mixed gas (50/50 wt%) permeability and the selectivity
results were also evaluated, and the results are presented in Table 4
to prove the application of the DESs on a commercial scale. The
permeability of the CO, for polymeric membranes is generally
reduced under mixed-gas conditions because of the competitive
sorption through the membranes. This competitive phenomenon
also lowers the selectivity because of the hindrance created by the
CH, and N, molecules. Interestingly, the mixed gas results for
SLMs were not significantly different from the pure gas
measurements. This could be attributed to the fact that
solubility selectivity governs the membrane selectivity while the
gas diffusivity selectivity remains constant for a given gas pair,
which is the main difference between supported liquid and
polymeric membranes (Condemarin and Scovazzo, 2009).
Contrarily, with polymeric membranes, the solubility selectivity
remains the same, and diffusivity selectivity governs the overall
selectivity of the membrane (Camper et al,, 2006). This can be
explained by considering the polymer matrix swelling, which alters
the diffusivity in polymeric membranes while the diffusivity
selectivity performs an insignificant role in case of SLMs.

CO, Capture by PDES

TABLE 5 | Activation energies of the PDES-SLMs.

Membrane code Activation energy—E, (KJ/mol)

SLM-1 4.34
SLM-2 4.3
SLM-3 4.1
SLM-4 4.04

Effect of Temperature on CO, Permeability
The CO, permeability through all SLMs is significantly affected by

changing the operating temperature, as reflected in Figure 4. The
CO, permeability exhibits Arrhenius behavior with a coefficient of
determination (R?) higher than 0.99 for all of the PDES-SLMs. It is
well reported that the solubility of the CO, in the DESs decrease
with the increment in temperature (Li et al., 2008). Moreover, the
solubility selectivity is governing the overall performance on the
SLMs. Thus, the permeability is expected to decrease with the rise
in the operating temperature. However, the CO, permeability,
instead of decreasing, increased on par with the temperature for all
the synthesized PDESs-SLMs. On average, every SLM exhibited a
rise in the CO, permeability of the order of 12 Barrer by increasing
the temperature in the range of 298-338 K. The maximum
increment in the CO, permeability was witnessed in the case of
SLM-2 of the order of 13.2 Barrer. However, this increment in the
permeability can be explained by the viscosity and molar free
volume parameters. This increase in permeability can be attributed
to the lowering of the viscosities of the PDESs at elevated
temperatures (D’Agostino et al,, 2011). Moreover, the increase
in temperature increases the ionic motions in the PDESs, which in
turn increases the chain mobility and the hole size of the PDESs,
thereby increasing the permeability of the acid gas through the
SLMs. It is a valid argument that the molar free volume of the DESs
also increased at the elevated temperatures resulting in the more
permeability of the penetrant gas through the SLMs (Ghaedi et al.,
2017a). The increment of CO, permeability with temperature was
also found to be in good agreement with the ILs literature
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FIGURE 5 | Effect of CO, concentration in feed on CO,/CH, selectivity.
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FIGURE 6 | CO,/CH, separation performance comparison on upper bound [61]. The chart is plotted on a log-log scale and PIL and PIL/IL membrane data taken
from references (Bara et al., 2007; Bara et al., 2008a; Bara et al., 2008b; Bara et al., 2009a; Bara et al., 2009b; Tomé et al., 2013a; Tomé et al., 2013b; Carlisle et al.,
2013; McDanel et al., 2014; Horne et al., 2015).

(Jindaratsamee et al., 2011; Santos et al., 2014). Therefore, the
increase in temperature resulted in an increase in the CO,
permeability for all PDES-SLMs.

The acid gas permeability was correlated to the feed
temperature via activation energy (E,) in the Arrhenius
equation as under

P = Pyexp(- E,/RT), (6)

where P CO, permeability, P, pre-exponential factor, R gas
constant, T feed temperature.

The activation energies (E,) of CO, permeation for all the PDESs-
SLMs are listed in Table 5. The PDES-SLMs showed remarkably
lower E, values in the range of 4.04-4.34 kJ/mol. Interestingly, the
SLMs E, values found in this study were significantly lower than
most of the reported SILMs using the same PVDF support, which
exhibited the E, values in a range of 16.55-19.37 kJ/mol
(Jindaratsamee et al., 2011; Santos et al, 2014). The practical
implication of this study and prolific addition to membrane
literature is evident from the lower experimental E, values of the
SLMs. It can be observed from Table 5 that the SLM-4 presented the
lowest E, value of 4.04 kJ/mol, thereby making the CO, easier to
permeate through the membrane. This can be ascribed to the molar
free volume and the lower viscosity of the polyacrylamide.

Effect of CO, Concentration on CO,/CH,
Selectivity

The CO, concentration in the feed has a significant effect on the
CO,/CHy selectivity, as shown in Figure 5. In CO,/CH, pair, the

selectivity decreased by increasing the CO, concentration in the feed
from 10 to 70%. The higher values of selectivity at low feed
concentration is due to the relative ease of the CO, solubility
and lesser possibility of matrix swelling by CO, plasticization
through the PDESs. On increasing the CO, concentration from
10 to 70%, the decrease in the selectivity was not significant that
supports the argument of the absence of facilitated transport. In
facilitated transport, the carriers become saturated at high CO,
concentration, which enormously lowers the selectivity of the given
gas pairs (Bao and Trachtenberg, 2006; Iarikov and Oyama, 2011).

Comparison With PIL Based SLMs With

Reported Literature

The gas performance of the synthesized PDES-SLMs and previously
reported PIL membrane literature is plotted on the Robeson plot
(Robeson, 2008) in Figure 6, which is considered as a benchmark in
gauging the performance of the membranes. The Robeson plot is an
illustration of ideal selectivity for a given gas pair against
permeability of the permeate gas. At the same time, the upper
bound line can be viewed as a target for the membrane developers to
design new materials (Robeson, 2008). It can be witnessed from
Figure 6 that the prepared PDES-SLMs lie very close to the upper
bound, characterized by higher selectivities and significantly high
CO, permeabilities as compared to the neat PIL and PIL/IL
composite membranes. Most of the reported neat PIL
membranes lie on the top left side, exhibiting significant CO,/
CHy, selectivities. The very first neat PIL membranes incorporating
imidazolium cations on polystyrene and polyacrylate backbone

Frontiers in Energy Research | www.frontiersin.org

93

October 2020 | Volume 8 | Article 595041


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles#articles

Ishag et al.

showed CO, permeability as low as nine Barrer and moderate CO,/
CH, selectivities from 17 to 39 (Bara et al., 2007). The second
generation of the functionalized PIL membranes improved the CO,
permeability from 8 to 14 Barrers, while reduced CO,/CH,
selectivity (29-37) (Horne et al, 2015). The cross-linked PIL
membranes showed extremely low CO, permeabilities (3.8-4.4
Barrer) for low diffusivity and moderate CO,/CH, selectivities
(22-28) (Bara et al, 2008a). The highly permeable PIL
membranes were also developed with a permeability of 130
Barrer, although CO,/CH, selectivity was significantly reduced
(8.7), which rendered their practical implications where high
throughput is required (Carlisle et al, 2013). Conclusively, the
functionalization or the variation of cation of neat PIL
membranes was not sufficient to endorse the large improvement
in gas permeability along with the permselectivity.

These PIL/IL composite membranes were thought to
overcome the permeability drawbacks of neat PIL membranes.
Incorporating the free IL in PIL matrix increased permeability by
approximately 400% as compared to neat PIL membranes (Bara
et al., 2008b). However, the CO,/CHj, selectivity was reduced to
27, with the difference of minus 25% as compared to the neat PIL
membranes (Bara et al., 2008b). The functionalization of free IL
with ether, fluoroalkyl, siloxane, alkyl, and nitrile exhibited
increased CO, permeabilities (47-53 Barrer). However, the
CO,/CHy, selectivity remained almost unaffected (Bara et al,
2009b). The PIL/IL composite having nitrile group exhibited
the highest CO,/CH, selectivity of 28 (Bara et al, 2009b).
Besides the functionalization, the amount of free IL was also
increased to 50, 60, and 75% to investigate the effect of the
concentration of the PIL/IL composite on the gas performance of
the membranes (McDanel et al, 2014). The highest CO,
permeability achieved was 100 Barrer, but the CO,/CH,4
selectivity was only up to 20. It was concluded that the
increase of free IL above a certain level makes the PIL
membranes similar to SILMs (McDanel et al, 2014). It is
evident from Figure 6 that the PIL/IL composite membranes
also have a severe drawback of reduced selectivity, which makes
them impractical in the applications where high purity streams
are required.

The PDES-SLMs represents an improvement over the PIL and
PIL/IL composite membranes reported in the literature. The
synthesized membranes are approaching the upper bound, and
systematic research can be targeted to improve the CO,
permeability while retaining the CO,/CH, selectivity. Besides,
the seemingly large combinations of HBAs and HBDs and the
tunable nature of the PDESs opens a wide research window in this
area. The initial proof of concept for PDES-SLMs is very
promising, and novel aspects of this work in synthesizing a
green and low-cost substituent of PIL membranes can
successfully be achieved with improved acid gas performance
as compared to the competitive PIL membrane literature.

Practical Implications of This Study
The membrane technology provides an energy efficient and robust

solution for environmental problems. This study focuses on
resolving the low permeability and selectivity plus the
environmental concerns posed by commonly used CO,
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capturers. The comparison with the previously reported neat
PIL and PIL/IL membranes revealed that the novel synthesized
PDES-SLM has shown significant improvement in CO,
permeability and CO,/CH,4 selectivity. Moreover, another
limitation of the membrane based separation systems is the
demand of the large surface area. This problem was successfully
resolved by the use of yet another membrane module called hollow
fiber membrane. The hollow fiber membrane provides a
significantly high surface area to volume ratio, and using PDESs
in this type of membrane is an interesting idea. This idea has been
tested using IL in the hollow fiber module and conceded prolific
separation results (Wickramanayake et al., 2013). However, the
mechanical stability of the membrane and the drawbacks of IL and
rendered the application of these membranes on a commercial
scale. The biocompatibility and low cost PDES-SLM should find
practical applications in CO, sequestering and sweetening of
natural gas. The mechanical stability of the suggested
membrane system could also be enhanced by applying different
membrane fabrication methods and investigating the separation
performance under a wide range of pressure (Kim et al., 2011). This
study has investigated the novel PDES-SLMs and provided
promising results. The practical application of this work would
certainly be found by the encouraging idea of using the PDES based
hollow fiber membranes.

CONCLUSIONS

A novel study on synthesis, characterization, and the gas
separation performance of SLMs using PDESs obtained from
already polymerize HBDs is presented. The homogeneous clear
solution and FTIR analysis confirmed the formation of the
PDESs because of strong hydrogen bonding between the
HBAs and HBDs. The PDES prepared herein provided an
easy and energy-efficient approach of CO, capture by
eliminating the complex synthetic steps. The CO,
permeability of the prepared PDES-SLMs was increased with
increasing ChCl content in the PDESs. The SLMs exhibited
significantly high values of CO, permeability and CO,/CH,
selectivity in gas separation experiments. The CO, permeability
in the PDES-SLMs increased with operating temperature for a
decrease in the viscosity of the PDESs at elevated temperatures.
The effect of increasing CO, concentration in the feed gas
mixture proved the absence of facilitated transport in the
SLMs. The comparison of the results obtained in this work
with the competing literature indicated that PDESs are
promising alternatives to the PILs in the membrane-based
separations. The present work is one of the very first
milestones in this field of PDES based SLM for CO, capture.
It will open a window of opportunity to design PDESs with task-
specific HBD and HBA that might reduce the permeability-
selectivity trade-off and surpass the upper-bound.
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This study aims to provide the technoeconomic aspects of two clean processes for
biodiesel production. The first process utilizes waste cooking oil as a feedstock and
potassium hydroxide as a homogeneous catalyst. The second process uses cement kiln
dust heterogeneous catalyst and virgin soybean oil. A comparison was performed
between the results of the technical and economic assessments to determine the
more feasible process. Theoretical purities of biodiesel and glycerol obtained upon
conducting the simulation of both processes are high, i.e., 99.99%. However, the
homogeneous process is economically superior as its payback period is slightly more
than 1 year while the return on investment is higher than 74%, and the unit production cost
is USD 1.067/kg biodiesel. Sensitivity analysis revealed that the profitability of biodiesel
production is very sensitive to the feedstock price and recommends shifting toward waste
vegetable oils as a cheap feedstock to have a feasible and economic process.

Keywords: biodiesel, waste cooking oil, cement kiln dust, technoeconomic study, sensitivity analysis

HIGHLIGHTS

Waste cooking oil (WCO) and cement kiln dust (CKD) were used for biodiesel production
Comparative technoeconomic analysis was done for two biodiesel production processes
Homogeneous technology using WCO was a more feasible path for biodiesel production
Biodiesel production profitability is very sensitive to the price of the feedstock

INTRODUCTION

The transportation sector is considered to be a key contributor to climate change threats, with 24% of
global carbon dioxide (CO,) emissions in 2016 (International Energy Association, 2018, CO,
Emissions from Fuel Combustion 2018 Highlights). Between 1990 and 2016, the carbon footprint of
this sector increased by 71% (Hosking et al., 2011). The land transport is estimated to consume
around 80% of the whole transportation energy, where the light-duty vehicles are the highest
consumers followed by the freight trucks (WHO, 2012; health cobenefits of climate change
mitigation-transport sector). Long-lived CO, emission and short-lived black carbon (BC) are the
main contributors to climate change from the transportation sector (Brewer, 2019). It is estimated
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that 19% of the global BC emissions are released from the
transportation sector, specifically diesel vehicles (Helmers
et al., 2019). Although the BC persists in the atmosphere for a
few weeks only, its greenhouse effect is more impactful than CO,.
Besides climate change, air pollutants emitted by diesel vehicles
represent a threat to human health and the environment (Reche
et al.,, 2015; Yang et al., 2019).

The replacement and/or adaptation of biodiesel over conventional
diesel are in alignment with several sustainable development goals
such as climate action and sustainable cities and communities
(United Nations, 2015. Sustainable Development Knowledge
Platform). Hence, several governments and organizations adapted
several green policies to use a considerable percentage of biofuels
along with conventional fossil fuels to decrease their environmental
impacts (Baena-Moreno et al., 2020). Biodiesel has been recognized
recently as an environmental replacement for conventional
petroleum diesel as it is associated with less environmental
impacts (Zivkovi¢ and Veljkovi¢, 2018). For instance, it was found
that biodiesel blend (B20: a mixture of 20% biodiesel and 80%
petroleum diesel) is less opaque and produces less hydrocarbon
and carbon monoxide emissions than petroleum diesel (Abed
et al, 2019; Raman et al, 2019). Biodiesel is a monoalkyl ester of
long-chain fatty acids that can be produced from renewable biological
feedstock: vegetable oils, nonedible oils, animal fats, or waste oils (Al-
Sakkari et al., 2017b; Dhawane et al., 2019). Different edible oils were
used for biodiesel production such as soybean oil, rapeseed oil, and
palm oil (Lam and Lee, 2011; Colombo et al., 2019; Essamlali et al.,
2019; Raman et al., 2019). However, waste vegetable cooking oil and
nonedible oils are more promising as a feedstock due to their low cost
compared to edible ones (Mardhiah et al,, 2017). Interestingly, many
nonedible seed oils were found to be suitable for biodiesel synthesis
such as Jatropha curcas, Ricinus communis, Madhuca indica, and
Pongamia pinnata oils (Arumugam and Ponnusami, 2019; Elango
et al., 2019; Awais et al.,, 2020; Kaur and Bhaskar, 2020).

Biodiesel is commonly produced from oils through transesterification
reaction (also called alcoholysis reaction) (Moazeni et al., 2019).
In the transesterification reaction, triglycerides in oils and fats
react with alcohol to form biodiesel and glycerol (GLC)
(Tapanwong and Punsuvon, 2019) as shown in Figure 1.
Methanol (MeOH) is usually used due to its availability and
low price. The produced biodiesel from the reaction of oils and
MeOH is fatty acid methyl ester. Ethanol is used for biodiesel
production in countries where its price is lower than that of
MeOH such as Brazil (Maczynska et al., 2019). Transesterification
reaction is reversible; therefore, excess alcohol is added (usually
1.6 times the stoichiometric amount) to enhance the forward
reaction and increase the conversion (Zaharudin et al., 2018;
Banerjee et al., 2019).

In commercial processes, the reaction is performed in the
presence of a catalyst to speed up the reaction (El-Sheltawy and
Al-Sakkari, 2016). Commonly used catalysts are acidic, alkaline
(which can be homogeneous or heterogeneous), or enzyme
catalysts (Gollakota et al., 2019; Li et al., 2019; Moazeni et al.,
2019). Alkaline homogeneous catalysts such as sodium and
potassium hydroxide are used for the commercial production of
biodiesel from feedstocks having concentrations of free fatty
acids (FFA) below 2%. Those alkaline catalysts cannot be used
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for higher FFA concentration because saponification reaction
takes place as a side reaction as shown in Eq. 1 (EI Sheltawy
et al., 2019). Saponification reaction does not consume the
catalyst only but also produces a soap that acts as an emulsifier
and makes separating biodiesel from GLC very difficult
(Chanakaewsomboon et al., 2020).

Low-cost feedstocks are usually rich in FFA (Al-Sakkari
et al, 2020); therefore, acid pretreatment is necessary to
promote the esterification of FFA in the presence of acid or
enzyme catalyst according to Eq. 2 (Hosney et al., 2020).
Enzyme catalysts lead to higher reaction rates than acid
catalysts; however, they are unpractical to use in industrial
scale due to their high price (Tabatabaei et al.,, 2019; Urbain
et al, 2019). Transesterification reaction can be performed
without a catalyst in supercritical conditions however, it is
not economically feasible since these conditions require high
utility costs (Kumar et al., 2020).

FFA + NaOH — soap + water (1)
FFA + MeOH "> FAME + water )

Biodiesel production is a rewarding process that is expected to be
profitable at a large scale (Gebremariam and Marchetti, 2018b).
Hence, detailed technoeconomic studies are essential to prove its
feasibility and sensitivity to changes in market prices. Previous
technoeconomic studies have been performed to compare the
feasibility of biodiesel production processes from various
feedstocks such as single-cell oils and acidic oils using different
catalysts at different production capacities (Gebremariam and
Marchetti, 2018a; Gebremariam and Marchetti, 2019; Parsons
et al., 2019). The comparison is based on economic factors such
as return on investment (ROI), net present value (NPV), and
payback time. Additionally, sensitivity analysis of these factors as a
function of expected changes in raw materials and products’ price
is also taken into considerations.

This study aims to present a technoeconomic study on two
processes for biodiesel production. The first process uses waste
cooking oil in the presence of KOH as a homogeneous catalyst
which is the conventional biodiesel production method. The
second process uses virgin soybean oil in the presence of a
newly developed cement kiln dust (CKD) heterogeneous catalyst
(Al-Sakkari et al., 2017a). It should be mentioned that the price of
waste cooking oil in this study is related to the Egyptian market, yet
the study is still applicable and valid to be applied globally.

METHODOLOGY

Summary of Process Designs

The present homogeneous process was first presented by Al-
Sakkari et al. (2018a). In contrast, the heterogeneous process was
presented in the study of El-Sheltawy et al. (2016). Figures 2 and
3 show the process flow diagrams of the homogeneously and
heterogeneously catalyzed processes, respectively. Table 1
summarizes the equipment used in each PFD. The detailed
process flow diagrams are mentioned in Supplementary
Materials.
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CH,—0—CO—-R,

’ catalyst

CH—0-CO—R, +3CH;O0H —>
CH,— 0 —CO — Ry
TG MeOH

FIGURE 1 | Transesterification reaction for biodiesel production. Ry, Ry, and Rg are long-chain hydrocarbon/fatty acids.
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FIGURE 2 | Process flow diagram of the homogeneous process (adapted from Al-Sakkari et al., 2018a).
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In the homogeneous process, the feedstock is waste vegetable
oil (WVO) with low FFA content, and the catalyst is potassium
hydroxide. On the other side, the catalyst in the heterogeneous
process is calcined cement kiln dust (CCKD) particles in micron
scale, and the feedstock is virgin soybean oil. MeOH is used for
the alcoholysis purpose in both cases.

Summary Design of the Homogenous Process
Process Description

The suggested process for biodiesel production includes three
major units. The first is the production unit where methyl ester
(biodiesel) is produced from the reaction of waste vegetable oil
with MeOH in the presence of KOH catalyst. In the second unit,

the reactor effluent is fed to a gravity separator (decanter) to
separate biodiesel (light layer) from GLC (heavy layer). This
separation is followed by the biodiesel purification unit where
crude biodiesel is distilled and water washed until its purity
matches the ASTM D6751 standards. The last unit is the GLC
purification unit, where crude GLC is treated with phosphoric
acid to remove the catalyst and produce potassium phosphate as a
by-product and then distilled in two columns to separate GLC
from MeOH that is recycled to the reaction unit.

Biodiesel Production Unit
In this production unit, biodiesel is being produced according to
the optimal conditions that have been investigated earlier in an
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FIGURE 3 | Process flow diagram of the heterogeneous process (adapted from El-Sheltawy et al., 2016).

Glycerol

TABLE 1 | Summary of process equipment used in the homogenous and
heterogeneous processes.

Homogeneous process Heterogeneous process

Code Equipment Code Equipment

E-1 Mixer E-1 Reactor

E-2 Reactor E-2 Filter

E-3 Settler E-3 Settler

E-4 Methanol distillation column 1 E-4 Methanol distillation column
E-5 Washing vessel E-5 Washing vessel

E-6 Biodiesel distillation column E-6 Biodiesel distillation column
E-7 Neutralizer E-7 Glycerol distillation column

E-8 Filter — -

E-9 Glycerol distillation column — —

E-10 Methanol distillation column 2 - -

experimental study (Al-Sakkari et al., 2018b). The suggested process
is carried out in an isothermal batch reactor at 65°C while using
MeOH to oil molar ratio of 6 : 1 and KOH as a catalyst with the
loading of 1 weight % of WVO with a reaction time of 1h. The
optimum agitation speed that was reached during the experimental
study was ~400 rpm; however, this value should be adjusted on
scaling up to confirm the constant mass transfer rate. The reaction
conversion is 95% under the mentioned conditions. It is possible
to make the process more energy efficient by using the reactor

effluent stream to heat the feed to the reactor. This will reduce the
temperature of the effluent stream, which enhances the separation
efficiency of GLC and biodiesel layers in the decanter. The decanter
is designed to have a residence time of 12h to ensure efficient
separation.

Biodiesel Purification Unit

The aim of this unit is the removal of MeOH and unreacted WVO
from biodiesel to meet ASTM D6751 standards. The residual
MeOH associated with the biodiesel layer is removed by
distillation where MeOH is produced as a top product. The
removed MeOH is recycled to the MeOH tank to reduce any
potential process losses. It was found that the MeOH content in
this biodiesel layer is ~2-3 wt%. The bottom products are
directed to a washing vessel to wash out any traces of MeOH,
GLC, soaps, and catalyst residues using warm demineralized
washing water. A coalescer is attached to that vessel to
produce a top product clear from water contaminations. GLC
washing should be performed under laminar flow conditions at
relatively high temperature, e.g., 80°C. After that, a vacuum
distillation column is used to remove any unreacted oil.
Vacuum conditions are used to avoid any thermal cracking of
biodiesel and the unreacted oil. Finally, the purified biodiesel is
pumped and injected using some additives such as TBHQ in a
well-insulated storage tank to increase biodiesel stability and
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reduce/eliminate oxidation during storage. The additives are
commonly added at 1wt% of biodiesel as recommended by
Chakraborty and Baruah (2012) and Dwivedi et al. (2018).

Glycerol Purification Unit

This unit produces high purity GLC from the crude GLC layer that is
composed of GLC (around 50%), potassium hydroxide, and FFA.
This is achieved first by neutralizing potassium hydroxide using
commercial phosphoric acid to produce potassium phosphate
that is a by-product (e.g. fertilizer). During potassium hydroxide
neutralization, FFA are separated spontaneously as a separate phase
on the surface of GLC that is skimmed and removed later. After
neutralization, the purity of the produced GLC increases to around
80%. Afterward, crude GLC is pumped to an atmospheric distillation
column to wash out any excess MeOH as well as contaminated water
to produce high-grade GLC that is cooled and stored at ambient
temperature. The aqueous phase from atmospheric distillation is fed
to another distillation column to recover the excess MeOH used in the
reaction and reuse it in the reaction.

Summary Design of Heterogeneous Process

The heterogeneous process consists of three main units: the
biodiesel production unit, the biodiesel purification unit, and
the GLC purification unit. Each process is described briefly in the
following sections.

Biodiesel Production

The biodiesel production reaction is carried out at 65°C in an
isothermal batch reactor. MeOH is loaded into the reactor at a
rate of 12 mol MeOH/mol oil followed by the addition of the
catalyst, CKD. The CKD loading is 3.5% of the weight of oil to
ensure high reaction conversion. The reaction takes place in two
sequential cycles with 6h of total reaction time. Under such
operating condition, the conversion is estimated to be approximately
51%. The reactor effluent is filtered in a filter press to remove all
the solid catalyst from the mixture. The separation results in two
separate layers that will be purified to produce high purity
biodiesel and GLC.

Biodiesel Purification

Biodiesel layer purification involves three steps. First, the extra
MeOH which accounts for around 3% of the mixture is recovered
using distillation and reused in the reaction. The MeOH-free
mixture is washed using the same volume of freshwater in a
washing vessel to remove any MeOH traces and GLC content
as well as suspended catalyst resides or leached oxide if present. The
washing vessel is equipped with a coalescer to remove any water
droplets. The flow in the washing vessel is ensured to be laminar to
prevent emulsification and facilitate the separation of used washing
water. Finally, the ester stream is transferred to a vacuum
distillation column to separate the purified fraction from the
unreacted oil. The biodiesel is produced as a top product that is
cooled and pumped to storage tanks.

Glycerol Purification
The GLC layer stream is fed to a distillation unit to extract the
excess MeOH that is recycled to the reaction. The bottom product

Biodiesel Production Techno-Economic Analysis

from the GLC purification column is nearly pure and clear of any
dissolved solids and suspended catalyst residues. It is cooled and
pumped to storage tanks.

Cost Estimation
The economic study starts with an estimation of the fixed cost,

production cost, and the profit achieved for both processes. The
two processes are then compared according to their economic
feasibility based on a biodiesel production rate of 24,000 kg/day.
Moreover, it includes a study of the economic sensitivity of both
processes to the factors that have the most significant impact on
their profitability.

Cost estimation was studied based on the cost for capital,
equipment, raw materials, operation, utilities, and labor according
to literature (Gebremariam and Marchetti, 2018a) and the current
market price in Egypt. For estimating the purchased cost of
equipment (PCE), we used the method developed by Peters and
Timmerhaus (Peters et al., 2003) with the chemical engineering
plant cost index 591.34 for the year 2018 (Jenkins, 2019). Table 2
summarizes all the estimated costs included in the physical plant
cost (PPC) for both processes; the estimation of these prices was
performed as suggested by the reference mentioned earlier. Table 2
also includes indirect plant costs and fixed and working capital
investments for both processes. The total capital investment shows
that the homogeneous process requires capital investment 39% less
than that of the heterogeneous process.

The total production cost includes variable and fixed charges.
Variable charges represent the expenses associated with the
manufacturing process such as the costs of required raw
materials, utilities, shipping, and labor. The raw materials’
market price demand of each raw material for the homogeneous
and heterogeneous processes and the total expected raw materials’
costs are summarized in Table 3. Required utilities such as cooling
water, steam, and their costs for each process were calculated
separately. The total labor cost is calculated for 330 annual
working days using the average hourly labor cost in Egypt, for
the year 2018 (Egypt Minimum Monthly Wages). Fixed charges
represent the charges that do not change considerably from year to
year and are not associated with the manufacturing process such as
depreciation, taxes, and insurance. Fixed charges were calculated
according to the procedure suggested by Peters and Timmerhaus
(Peters et al., 2003).

Breakeven Point
The basic idea of breakeven point analysis is to plot the

production expenses, sales, and revenues against the
percentage of full production capacity in order to determine
the point at which both production expenses and sales are
equal, and hence the revenues are zero. This point is called the
breakeven point. Expenses, sales, and revenues are first
calculated at different percentages of full production
capacity, i.e., 0 and 10% till reaching 100%, and are plotted
against the corresponding percentages to determine the zero-
revenue point, i.e., breakeven point. It should be noticed that
the lower the point is, the more profitable and feasible the
process is.
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TABLE 2 | Detailed calculations of the physical plant costs, indirect plant costs, and the total capital investments of the homogeneous and heterogeneous processes.

Expense category Estimation basis

Purchase cost of equipment (PCE)

Installation 40% of PCE
Piping 70% of PCE
Instrumentation 20% of PCE
Electrical 10% of PCE
Buildings 15% of PCE
Utilities 5% of PCE
Storage 15% of PCE

10% of PCE
156% of PCE

Site development
Auxiliary building
Physical plant cost (PPC)

Engineering and design 30% of PPC
Contractor’s fee 5% of PPC
Contingency 10% of PPC
Indirect plant cost (IPC) —
Fixed capital investment (FCI) PPC + IPC
Working capital investment (WCI) 5% of TCI
Total capital investment (TCI) FClI + WCI

Costin$

Homogeneous process Heterogeneous process

$829,819 $1,365,208
$331,928 $546,083
$580,874 $955,645
$165,964 $273,042
$82,982 $136,521
$124,473 $204,781
$414,910 $682,604
$124,473 $204,781
$82,982 $136,521
$124,473 $204,781
$2,862,877 $4,709,967
$858,863 $1,412,990
$143,144 $235,498
$286,288 $470,997
$1,288,295 $2,119,485
$4,151,172 $6,829,452
$218,483 $359,445
$4,369,655 $7,188,897

TABLE 3 | Market costs, annual consumptions, and total cost of raw materials for the homogeneous and heterogeneous processes.

Raw material Cost ($/kg)

Homogeneous process

Heterogeneous process

Consumption (106 kg/year)

Methanol 0.45 0.922
Used oil 0.50 8.64
Potassium hydroxide 1.00 0.0864
Phosphoric acid 1.90 0.0586
Water 0.0011 15.8
Fresh oil 1.00 0

Sensitivity Analysis

In this study, the focus was profitability to the change (increase
and decrease) in raw materials and products’ prices. The effect
of changing the prices on the interest rate of return (IRR) at
which the NPV of the project equals zero was studied. The
calculated values of IRR are plotted against the percentage
change of prices of both the products and the raw materials.
Furthermore, they are compared to the interest rate (IR) value
of 10% to check on the profitability of the process. The process
is considered feasible and profitable if the IRR is greater
than IR.

RESULTS AND DISCUSSION

Process Designs
Material and Energy Balance of the Homogeneous

Process

The material and energy balance calculations were performed
using Aspen Plus software (Thermodynamic model was NRTL
General). Supplementary Appendix S1 summarizes the material
and energy balance calculation results of the proposed process. It

& Consumption (106 kg/year) &
(10° $/year) (10° $/year)
415 0.845 3.8
43.2 0 0

0.864 0 0
1.1 0 0
0.174 15.8 0.174

0 7.92 79.2

can be observed that the highest flow rates were for the inlet and
outlet streams of the batch reactor compared to other streams.
These high flow rates result from the short time taken for
charging and discharging the batch reaction processes. Also,
water traces in the recycled MeOH that come from the GLC
purification unit are eliminated to avoid any water accumulation
in the system, which is harmful to the transesterification reaction.
Water removal can be achieved by adsorption instead of
distillation for small flow rates.

Summary of Material and Energy Balances of the
Heterogeneous Process
From the experimental results, the oil conversion at the assigned
conditions is 51%; hence the daily amount of oil required for a
biodiesel production rate of 24 ton/day is 47 tons. Catalyst
loading is 1.65 tons which correspond to 3.5 wt% of the total
oil introduced, and the MeOH loading rate into the reactor is
19 ton/day to match the specifications mentioned earlier. The
summary of operating conditions and composition of each stream
of the processes is available in Supplementary Appendix S2.
The flow rates of streams S-1 to S-5 may appear to be larger
than other streams as they serve as the point of charging and
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discharging the biodiesel batch reactors. After cooling, the excess
MeOH and unreacted oil are recycled to enhance the process
profitability. Besides, the cost of heating and cooling is minimized
by heat integration, such as using wastewater from the biodiesel
washing step for heating the batch reactor.

Cost Estimation
Total production cost was calculated based on the fixed and

variable production costs for both processes and was found to
be 8.45 million dollars for the homogenous process and 14.81
million dollars for the heterogeneous process. Table 4 shows the
total annual production and sales of the main and side products of
the homogeneous and heterogeneous processes; the results indicate
that both processes seem to achieve the same annual profit.
However, for profitability, indicators were calculated to compare
the economic feasibility of both processes: annual gross profit,
annual net profit, payback period, and ROI The values and the
method of calculation of the indicators are shown in Table 5; these
indicators show that the heterogeneous process is economically
infeasible in contrary to the homogeneous process. Based on
Tables 2 and 3, the heterogeneous process is unprofitable due
to the high cost of fresh oil used and the high costs of large
equipment used to separate the solid catalyst after the reaction.
The profitability study recommends the homogeneous process
over the heterogeneous process. Further analysis of the economic
feasibility is done and presented in the sensitivity analysis section.

Breakeven Point Analysis

Breakeven point analysis was performed for both processes. The
heterogeneous process was found to be unprofitable due to high
fixed charges as well as using expensive feedstock; therefore, it has
no breakeven point as indicated from Figure 4B. These results are
in alignment with the previously mentioned results (Cost
Estimation). However, in the case of a homogeneous process,
Figure 4A depicts a breakeven point at about 30% of the full
capacity. This finding indicates a highly profitable process for
biodiesel production.

Sensitivity Analysis

In this section, the sensitivity of the process profitability to the
change of raw materials and products’ prices are presented. It was
found that the processes are very sensitive to the prices of feedstock
oil and the main product “biodiesel.” The process profitability is
not sensitive to changes in prices of other materials and utilities
when compared to the prices of oil and biodiesel. In this study, it
was assumed that the plant would work at full capacity for 10 years
after installation and startup periods which would take 6 months
each. Discount cumulative cash flow diagrams (Figures 5A,B) are
used as preliminary indicators to compare the profitability of both
processes over the project lifetime.

From Figures 4 and 5, it can be concluded that the
homogeneous process is profitable since the payback period is
about 1.07 years. This can be attributed to the utilization of
relatively cheap feedstock besides operating at mild reaction
conditions, i.e., MeOH to oil molar ratio of 6 : 1, reaction
temperature of 65°C, and 1% catalyst loading. Moreover, the
obtained conversion is high, i.e., 95%, in a shorter reaction time

Biodiesel Production Techno-Economic Analysis

of about 1h compared to the heterogeneous process. These
conditions also affect the whole profitability positively by
decreasing the load on the following separation equipment. In
contrast, the heterogeneous process is unprofitable at its current
state. The process profitability can be enhanced by using WVO as a
feedstock instead of the expensive virgin oil feedstock. The
following sensitivity analysis results support this reccommendation.

As mentioned previously, the goal of the sensitivity analysis is
to study the effect of changing the prices on the IRR at which the
NPV of the project equals zero. Figures 5A,B show the calculated
values of IRR as a function of the percentage change of prices of
both products and raw materials. Furthermore, they are
compared to the IR value of 10% (highlighted in green in
Figures 6A,B) to check the profitability of the process. The
process is considered feasible and profitable if the IRR is
greater than IR.

As shown in Figure 5, the homogeneous process at its current
state (0% change in prices) has high profitability as the IRR equals
about 83.57%, which is significantly higher than IR. The figure
also shows that IRR increases to approximately 130% due to a
decreased in the oil price by 50%. Similarly, IRR will have a value
of about 182% if the biodiesel price increases by 50%. On the
other hand, for the heterogeneous process to be profitable, the
feedstock cost should be lower by 27.5% or the biodiesel selling
price should be higher by 25%. These observations confirm the
previous recommendation of using waste oils instead of virgin
oils, besides the need to conduct a new investigation about the
ability and efficiency of using CCKD as a heterogeneous catalyst
to produce biodiesel from WVO. Obviously, the processes in both
cases are more sensitive to the change of biodiesel price than to
the change of oil price. However, it is more economical to find a
cheaper oil feedstock than increasing the selling price of biodiesel
which is constrained by the market.

Comparison With Literature Reports on the
Technoeconomic Feasibility of Biodiesel
Production

Many researchers are concerned about the feasibility of biodiesel
production through different techniques (Fazal et al., 2011;
Marchetti, 2011; Basili and Rossi, 2018; Kookos, 2018).
Accordingly, they assessed the economic aspects and
parameters of various manufacturing processes such as the
fixed, operating, and production cost (Skarlis et al., 2012;
Giilgsen et al., 2014; Gebremariam and Marchetti, 2018b). For
instance, Santana et al. (2010) conducted a technoeconomic
analysis on biodiesel synthesis from virgin castor oil through
homogeneously catalyzed transesterification, where sodium
hydroxide (NaOH) was used as a catalyst and ethanol was
utilized as a reactant in excess (12 : 1 ethanol to oil molar
ratio). According to the authors, the cost of virgin oil was
found to have the greatest attribution to the biodiesel
production cost which ranged from 092 to USD 1.56/L
according to the cost and quality of feedstock in addition to
the process size. One of the most important recommendations of
this study is to use WCO as a feedstock in order to raise process
profitability.
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TABLE 4 | Market prices, annual production, and total sales of products for the homogeneous and heterogeneous processes.

Selling price ($/L)

H omogeneous process

Heterogeneous process

Production (10° L/year)

Biodiesel $1.25 9
Glycerol $1.62 0.63
KsPO4 $2.20 0.11

Total annual sales (TAS) — _

Sales (10° $/year) Production (10° L/year) Sales (10° $/year)

11.25 9.03 1.3
1.02 0.64 1.08
0.24 0 0

12.51 - 12.33

TABLE 5 | Profitability indicators for homogeneous and heterogeneous processes.

Profitability indicator Formula
Gross profit (GP) (10° $/year) TAS - TPC
Net profit (NP) (10° $/year) 80% of GP
Payback period (years) P Dei%ciam
ROI (%) Ll

A 14 T T T T T T T T T
@ 12} [—=—Variable cost §
‘°° —e—Fixed charges
- 104 —4—Total production cost 1
» —&—Sales
o 8
&
- 6F .
c
i /
4
)
o 2 1
©
P L L L L L L X L
© 0 10 20 30 40 50 60 70 80 90 100
Total capacity (%)
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14 ~—e—Variable cost a g
—e—Fixed charges .
12+ —4— Total production cost
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FIGURE 4 | Breakeven point analysis of the (A) homogeneous process
and (B) heterogeneous process.

In a more recent study, a two-step biodiesel production
process was evaluated technically and economically
(Gebremariam and Marchetti, 2018¢). Sulfuric acid (H,SO,4)
was used as a catalyst for the pretreatment step, whereas
calcium oxide (CaO) was utilized as a heterogeneous base
catalyst for the transesterification step. This two-step
technique was proposed as a result of using acidic oil as a
low-cost feedstock. Two other processes were also investigated;
one of them used sulfuric acid only as of the catalyst and the other
one utilized calcium oxide (CaO) only for the conversion of acidic

Homogeneous process Heterogeneous process

4.05 —2.5 (not profitable)
3.24 _
1.07 —

74.2 -

waste oil to methyl esters. This study concluded that using
calcium oxide alone was the best economically.

On the other hand, the least feasible process was the one
converting acidic oil using sulfuric acid as a catalyst without the
aid of CaO. This is logically correct as this process needs severe
conditions and high alcohol amount in addition to the long
reaction time. It should be mentioned that the economic
parameters considered in this study included the payback
period, production cost, and ROI%. The payback period of the
CaO process was calculated as 1.33 years, and the ROI% was
observed to be 75.09%, whereas the unit production cost of
biodiesel had the value of USD 0.7791/kg. The flow rate of
biodiesel exiting from the optimum process was 5,132 kg/h at
a conversion of 97.58% which was attained at the conditions of 9:
1 ethanol to oil molar ratio, 7 wt% CaO loading, and 75°C where
the residence time was 2 h.

Another study performed by the same research group suggested
four alternative processes for biodiesel synthesis from high FFA
content waste oil as a cheap feedstock (Gebremariam and
Marchetti, 2018a). In all alternatives, sulfuric acid was utilized as
the catalyst for acidic oil conversion into fatty acid methyl esters and
calcium oxide was used only for catalyst neutralization after the
reaction. The difference between all these proposed schemes was the
arrangement of the downstream processes in order to purify
produced biodiesel. The second scenario or alternative in this
study was found to be superior economically over the others. It
suggested that neutralization should be done directly after reaction
followed by centrifugation for solids removal, ethanol recovery,
GLC separation, and finally biodiesel purification from heavy
wastes. The payback period of this process was 4.51 years.
Besides, the unit production cost was USD 1.058/kg biodiesel,
and the ROI% was only 22.19%. When compared with the
previous study, this process is much less feasible and cannot be
recommended for commercial production of biodiesel, although the
feedstock is a cheap one. This also confirms the superiority of base-
catalyzed biodiesel production over the acidic techniques. It should
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FIGURE 5 | Discount cumulative cash flow as a function of the operating time (years) for the (A) homogeneous process and (B) heterogeneous process.
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be stated that the flow rate of biodiesel production related to this
scenario is 5,282 kg/h, and the factory operates 7,920 h per year.

Moreover, the utilization of KOH as the homogeneous catalyst
for biodiesel production from WCO was analyzed economically
(Karmee et al., 2015). The production capacity of this plant was
8,000 ton per year. The unit production cost was estimated as
USD 0.8686/kg biodiesel. For the same capacity, H,SO, and
Novozyme 435 were used as catalysts as well. Surprisingly, the
unit production cost in the case of sulfuric acid was equal to
almost USD 0.75/kg biodiesel. Novozyme 435 catalyzed process
was the most expensive one among those three proposed
processes as the production cost equivalent to 1 kg of biodiesel
was USD 1.048.

Upon utilizing basic CaO heterogeneous catalyst, Gebremariam and
Marchetti (2019) suggested four different scenarios to accomplish acidic
oil conversion into biodiesel. Three scenarios considered the direct
transesterification without any preesterification steps; nonetheless, only
one alternative, ie., scenario II, included preesterification using sulfuric
acid as a catalyst followed by transesterification by ethanol in the
presence of CaO. It is worthy mentioning that the processes
without preesterification step resulted in the production of
the considerable amount of calcium soaps which is usually
considered as an undesired side product. However, in that
study, the authors considered it a valuable by-product that can
add to process feasibility; However, they were removed using a
centrifuge. Unfortunately, despite avoiding the production of any
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soap, scenario II was the worst concerning GLC purity and the
economics. For example, ROI% of this process was only 36.81%
compared to the highest one, i.e., 56.26%, related to scenario IIL
In addition, it had the highest unit production cost of USD
0.8617/kg biodiesel in comparison with the lowest one of scenario
IV, which was the only USD 0.777/kg biodiesel. Regarding the
payback period, it was estimated to have the values of 2.72, 1.78,
and 1.82 for scenarios II, III, and IV, respectively. The authors
concluded that alternative IV is superior over the other scenarios
because it yielded highly pure biodiesel, i.e., 99.9% purity, and
GLC 99% pure with a performance factor of 1.02. It was also an
excellent and feasible option for biodiesel production from the
acidic oil which is a cheap raw material. The production rate of
this scenario was 5,256.6 kg/h, and the reaction took place in two
reactors in series.

In comparison with the aforementioned processes for
biodiesel production, the proposed homogeneous process in
the current study represents a competitive one as it can be
observed from Table 6. The payback period is relatively low as
it takes the value of 1.07 years while the ROI% is as high as 74.18%
and the unit production cost is USD 1.067/kg biodiesel.
Furthermore, the purities of both biodiesel and GLC are high,
i.e,, 99.999%. This study is also in good agreement with literature
and matches the previous technoeconomic studies as it confirmed
that the high production process has economic sensitivity
towards the type, origin and price of feedstock used.

CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

This comparative technoeconomic study illustrated that the
homogeneous process has a relatively high profitable profile as
its payback period is only 1.07 years besides having an IRR of
83.57%. Moreover, its breakeven point is 30% of the full capacity.
On the contrary, the heterogeneous process is infeasible;
therefore, the homogeneous process is preferable. Sensitivity
analysis revealed the high sensitivity of biodiesel production
toward feedstock price. For instance, the oil price should be
reduced by 27.5% to gain profit from the heterogeneous process.

It is highly recommended to use waste vegetable oil as a
feedstock for the heterogeneous process to enhance process
profitability. Accordingly, a detailed study of the optimization
of the factors affecting biodiesel production from waste vegetable
oil using cement kiln dust as a heterogeneous catalyst should be
performed to meet the sustainable development goals. This
study will give the optimum conditions needed to conduct a
detailed process simulation and test the process from an
economic viewpoint. For a more accurate comparison, life
cycle assessment should be performed on the different
production processes to not only select the most feasible
option, but also find the greenest path for biodiesel production.
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GLOSSARY

BC: Black carbon

CCKD: Calcined cement kiln dust
CKD: Cement kiln dust

FAME: Fatty acid methyl ester
FFA: Free fatty acids

FCI: Fixed capital investment
GLC: Glycerol

IR: Interest rate

IRR: Interest rate of return

Biodiesel Production Techno-Economic Analysis

NPV: Net present value

PCE: Purchase cost of equipment
PPC: Physical plant cost

ROI: Return on investment

SDGs: Sustainable development goals
TBHQ: Tertiary butylhydroquinone
TCI: Total capital investment

TG: Triglycerides

TPC: Total production cost

WCI: Working capital investment
WVO: Waste vegetable oil.
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Nanocatalyst for Biodiesel Production:
An Overview
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Environmental Research Laboratory, Department of Chemistry, Aligarh Muslim University, Uttar Pradesh, India

Necessity and exploitation of fossil fuel products are implacable in serving the needs of
humanity despite being a finite and limited resource. To meet the thrust of energy, biofuels
derived from varieties of renewable resources are imperative in fulfiling the demand of
renewable fuels on a large scale without creating environmental concerns. Biofuels are
inevitably the result of the carbon fixation process which stores chemical energy, ultimately
reducing the total amount of carbon dioxide. Different kinds of biofuels like bioethanol,
biomethanol, biogas, and biodiesel are derived depending on varieties of feedstock
materials. Among these, production of biodiesel augments the progression of clean
and renewable fuel. In this review, we have discussed the production of biodiesel
derived from various feedstock and using several processes like pyrolysis, direct
blending, micro-emulsion, and trans-esterification, with critical discussion focussing on
increasing biodiesel production using nanocatalysts. Biodiesel production mainly
proceeds through homogenous and heterogeneous catalysis via trans-esterification
method. The review further discusses the significance of nanocatalyst in
heterogeneous catalysis based trans-esterification for large scale biodiesel production.
With the advent of nanotechnology, designing and modification of nanocatalyst gives rise
to attractive properties such as increased surface area, high thermal stability, and
enhanced catalytic activity. The role of nanocatalysts have been extensively studied
and investigated in regard to the increased biodiesel production. Along with the
modification of nanocatalysts, we have briefly discussed the physico-chemical
properties and the role of the optimization parameters as it plays a pivotal role in
enhancing the biodiesel production commercially.

Keywords: biofuels, biodiesel, nanocatalyst, response surface methodology (RSM), trans-esterification reaction

INTRODUCTION

Since early human history, wood has been a major source of energy. With increasing time, there has
been an ultimate shift to fossil fuels, which accounts for the majority of energy production (Le Quynh
et al,, 2017; Youse et al., 2019). Incessant globalization and industrialization has led to spike in the
utilization of fossil fuel products like petroleum and coal (Tougqeer et al., 2020). As global energy
consumption is mainly dependent on the endangered and depleting fossil fuel reservoirs, the need for
renewable energy or fuel sources is growing due to the ever-increasing demand. The demand for
global energy by 2020 was estimated to be around 15 million tons of oil equivalent. Increasing energy
consumption substantially demands higher energy, but the finite supply end will eventually delimit
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the depleting fossil fuel reservoirs. With the significant increase in
global energy demand, developing renewable energy sources on a
large scale plays an extensive role in overcoming the continuously
growing need and demand (Martchamadol and Kumar, 2012).

To overcome this serious issue, there is an urgent need to
develop or alleviate an alternate renewable energy source which
poses as a clean fuel. Renewable sources contribute only around
20% to the global energy demand, while the remaining 80% is
fulfilled by fossil fuels (Veronica Winoto, 2019). With the
advancement in technology, various innovative ideas can uplift
renewable energy technologies to new heights and provide
sustainable ways to fulfil the increasing demand along with a
clean environment (Azyan et al, 2018). The majority of the
renewable sources like wind, solar, hydel and biofuels do not
correspond to the estimated energy requirements. Among these,
biofuel production currently serves as a new contributor in order
to meet the growing energy demand. It mainly emphasizes
biomass conversion to liquid fuels like bioethanol, biodiesel
and biogases.

Among these, biodiesel as a potential fuel is developing at a
faster rate, thereby controlling and plummeting the use of fossil
fuels and other non-renewable resources (Prokopowicz et al.,
2015). It is mainly focussed on biomass conversion to liquid fuels.
To date, biomass has not been extensively used as reliable energy
source in comparison to fossil fuels (Le et al., 2017). Identifying
biomass feedstock as a raw material is an important task, as it is
easily affected by factors such as moisture content and pre-
treatment processes. Due to the low energy density of biomass,
it is also inconvenient in handling, transportation and storage
conditions, setting a major drawback in large scale biodiesel
production (Nizami and Rehan, 2018). Currently, enormous
amounts of research on increasing biodiesel production have
attained large public interest corresponding to huge hikes in oil
prices, the necessity of increased energy security and concern
regarding emissions of harmful greenhouse gas from fossil fuels
(Balat, 2011).

Biodiesel production will eventually present the best solution
over other conventional fuels. Biodiesel, a liquid fuel comprising
of long chain fatty acid esters derived from vegetable oils, animal
fats, micro and macro algal oil. Biodiesel production using
nanocatalysts is one of the promising and advanced
approaches for carrying out the process on a large scale
(Talebian-kiakalaiech et al, 2013). Its physico-chemical
properties can be easily varied by using a nanocatalyst, which
produces different compositions of fatty acids methyl esters
(FAME). Fatty acids methyl esters FAME composition
includes saturated and unsaturated fatty acids, palmitic acid,
myristic acid, and oleic acid. These methyl esters composition
primarily govern the parameters like density, viscosity, cetane
number and acid value which eventually affect the quality and
quantity of biodiesel (Chozhavendhan et al., 2020).

Conventionally, biodiesel is produced by using homogenous
and heterogeneous catalysis. As heterogeneous catalysts have
various advantages of recyclability and reusability, basic
catalyst is predominantly used in trans-esterification process of
biodiesel production. However, these solid catalysts require more
quantity and provide less surface area, thus reducing the overall

Enhanced Production of Biodiesel Using Nanocatalyst

activity of the catalyst (Borah et al, 2019). With the advent of
nanotechnology, nanocatalysts play a prominent role in
improving the yield and production quality of biodiesel along
with the reduction in reaction time. Involvement of a
nanocatalyst also leads to reduction in reaction temperatures,
catalyst weight and alcohol to oil ratio. Ibrahim et al. (2020) have
reported the role and amount of the nanocatalyst in biodiesel
production. It was found that nanocatalysts play a prominent role
in increasing the rate of reaction without being self-deteriorated.
It also significantly lowers the activation energy of the reaction
profiles. Additionally, the amount of nanocatalyst is also a critical
parameter in determining the yield of biodiesel production
(Ibrahim et al., 2020). Another researcher has also investigated
the role of nanocatalysts especially in biodiesel production. It was
observed that with zero catalyst loading under given reaction
conditions, no biodiesel production was found, hence the
presence and amount of nanocatalysts are vital for production
of biodiesel (Anbessie et al.,2019).

Vast development in designing and fabrication of nanocatalyst
contributes to many areas ranging from different kind of metal
oxides (mixed metal oxides, alloys), hydrocalcite based catalyst,
zeolite and other carbonaceous material based nanocatalysts
(Talebian-kiakalaieh et al, 2013). These highly developed
catalysts mainly possess excellent properties in withstanding
the reaction conditions and also provide a large surface area to
volume ratio. Assembling of different types of nanocatalysts also
plays an important role depending on the nature and conditions
of catalytic reactions, which in turn vary to a greater extent under
different operating environments. It also evidently acts as an
interface between homogenous and heterogeneous catalysis while
monitoring its size at atomic level which eventually increases
surface area as compared to solid acid/base based catalyst (Zuliani
et al,, 2018; Pan et al,, 2019). By modulating the nanomaterial’s
surface, properties like catalyst active site, acidity or basicity and
porosity can be greatly enhanced. Apart from this, morphology of
the nanocatalyst can be extensively studied by varying reaction
conditions of the synthesis. Various morphology such as
nanocrystals, nanosponges, and nanocubes, expose different
active sites with rough and mesoporous structure, thus overall
increasing the surface area and reactivity (Fawaz et al.,, 2019).
These highly developed nanocatalysts will eventually increase the
production of biodiesel. Surface functionalization is prominent in
increasing the overall acidity of nanocatalysts, eventually
enhancing the catalytic activity, and introducing magnetic
nanomaterials will help in easy separation recoverability and
reusability (Gardy et al., 2017; Gardy et al., 2018).

Besides development in nanocatalyst areas, physico-chemical
properties of biodiesel are also essential in estimating the quality
and quantity of production for biodiesel. It is mainly dependent
on the type of feedstock and pre-treatment process it undergoes
(Hassan and Hossein, 2019). The pre-treatment process is quite a
significant figure in controlling moisture content, estimation of
free fatty acids, and final biodiesel products, etc. It will also
improve the storage and transportation of the biodiesel keeping
its stability intact (Amirthavalli and Warrier 2019). Biodiesel
production is also dependent on the optimization parameters of
the reaction conditions like methanol to oil molar ratio, catalyst
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amount, reaction temperature, and reaction time based on a few
newly developed types of software like MINITAB and Response
Surface Methodology (RSM). The optimized parameters are
largely responsible for an increase in biodiesel production and
can be easily operated on a large scale (Alaei et al., 2018).

This review presents a brief discussion on different types of
biofuels with special focus on biodiesel production and its
methodology. Herein, critical discussion emphasizes recent
developments in the field of nanocatalysts in the production of
biodiesel using heterogeneous catalysis via trans-esterification
reaction. Different types of nanocatalyst and their effect on
production have also been mentioned. Along with this, various
physico-chemical properties and optimization parameters
involved in biodiesel production have been significantly
elaborated for increasing its production on industrial scale.

BIOFUELS: A SUSTAINABLE ENERGY
SOURCE

Biofuels are the end products of a biological fixation process,
mainly derived from renewable resources like wood, cellulosic and
lignocellulosic material, edible and non-edible products, producing
different kinds of biofuels like biohydrogen, bioethanol,
biomethanol and biodiesel (Kushwaha et al., 2018 Khan et al.,
2018;). Preceding through generation and covering the basic need
in the energy sector via fossil fuels, biofuels on a large scale can
minimize pollution and also reduce the depletion of ozone layer.

Biofuel production encompasses three categories based on its
source of production. First and second generation fuels were

Enhanced Production of Biodiesel Using Nanocatalyst

produced from edible and starch based feedstock which is
inefficient in terms of large production and price hike, as it
poses certain disadvantages of being an energy intensive source, a
time consuming task, and causing the release of harmful gases.
However, third generation biofuels are mainly derived from
effective feedstock sources and developed catalytic conversion
processes. It mainly relies on the utilization of non-edible,
lignocellulosic, and microalgae-based feedstock (Rai et al.,
2016; Thangaraj et al, 2019). Figure 1 briefly illustrates the
stages in the production of biofuels.

Biofuels are mainly categorized into biogas, bioethanol, and
biodiesel. Biogas production is aided with the help of anaerobic
digestion (AD) using sewage sludge, agricultural waste, and other
products. Increased biogas production can be attained under
optimized conditions with the help of a nanocatalyst (Kovacs
et al, 2013; Deepanraj and Senthilkumar, 2020). It mainly
includes biomethane, biohydrogen and carbon dioxide. They
are produced either from pyrolysis or gasification process
involving renewable resources followed by its conversion to
gases like methane, ammonia, and hydrogen sulphide etc.
under anaerobic conditions (Kana et al., 2012). Various other
gases are also produced which can be further used in different
synthesis processes (Li et al., 2020; Senés-Guerrero et al., 2019). In
comparison to their bulk counterparts, nanomaterials with
excellent structural and morphological properties significantly
enhance the methane production. Large quantities of biomethane
can be used as a fuel directly as it resembles properties of natural
gas, or it can also be converted to electricity via fuel cell
technology  (Deepanraj et al, 2016; Deepanraj and
Senthilkumar, 2020). However, it cannot be commercially used

FIGURE 1 | Different stages of biofuel production.
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FIGURE 2 | Reaction involved in biodiesel production via trans-esterification method (Anbessie et al., 2019).
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as a fuel because of certain limitations regarding storage and
transportation.

Biomethanol and bioethanol are alcoholic products derived from
either enzymatic conversion of starch and sugar as feedstock
materials or chemical conversion of lignocellulosic material as
feedstock, which undergoes various pre-treatment processes
followed by hydrolysis of 5/6 carbon sugars, and further distilled
to produce fuel grade ethanol (Shalaby, 2013; Chen and Fu, 2016;
Kushwaha et al., 2018). Bioethanol is used on a large scale as
compared to biomethanol because of various advantages like its
non-corrosive nature, cost efficientness and lower energy
requirements (Khan et al., 2019). It was also reported that USA
and Brazil are the largest consumers of bioethanol as an energy
source over conventional fuel because of its low emissions of
harmful gases, low production cost, and feasible availability of
feedstock materials (Shalaby, 2013). It can easily replace gasoline
so as to avoid CO,, NO, CO, and other harmful gas emissions.

Biodiesel, as a potential clean fuel, is mainly produced by
trans-esterification of vegetable oils using methanol and a
nanocatalyst. Chemically, it is fatty acid alkyl esters produced
from trans-esterification of triglycerides with methanol as an
alcohol source producing esters of fatty acids and glycerol
(Anbessie et al., 2019). Figure 2 encodes the reaction involved
in the production of biodiesel.

The produced biodiesel mainly consists of different types of
fatty acids depending on its composition. It is highly renewable,
non-toxic and biodegradable with low sulphur content and
reduced harmful gas emissions. It is an environmentally
benign fuel mitigating the detrimental effects of fossil fuels.
They can also be used as a blend with diesel fuel, thereby
reducing the amount of pollutants and harmful gases released
from conventional fuels as biodiesel is mainly derived from trans-
esterification of oils at a given operating condition.

Feedstock and Technique for Biomass

Conversion to Biodiesel
Feedstock mainly consists of oils and fats majorly derived from
plants and animals. These feedstock materials are mainly

biodegradable and non-toxic materials for their utilization in
trans-esterification process. Choosing a good raw material is a
first and basic criterion in biodiesel production. Plant derived
feedstock is mainly categorised into edible and non-edible oil.
The production and cultivation of feedstock is mainly dependent
on geographical conditions of the given area. For biogas and
bioethanol production, animal and plant waste products, organic
waste materials, starch, cellulosic, and lignocellulosic are widely
investigated, as biodiesel production was largely derived from
edible oils like safflower, palm oil, sunflower, and coconut oil etc.
However, it posed serious issues of food security and increasing
consumption leading to high cost thus, reducing its utilization on
a large scale.

However, non-edible feedstock has become a great rescue in
this regard, as it can be cultivated on a large scale. It mainly
includes jatropa, jojoba, neem, rubber seed tree, and tobacco seed,
etc. The most studied feedstock materials are Jojoba (El-seesy
et al., 2016) and Jatropa (Chavan et al., 2015). Jojoba is a shrub
belonging to the Simmondsiaceace family, producing 45-55% of
fatty acids while Jatropa majorly contributes due to rapid growth
and high seed productivity. It is profoundly grown in tropical and
sub-tropical regions of the world, and is also an easily cultivated
plant with a maximum amount of fatty acid content. Besides
plants, animal fats and waste cooking oil can also be a promising
and economical feedstock in biodiesel production (Behzadi and
Farid, 2007). These waste cooking oils containing free fatty acids
are ultimately reduced by using pre-treatment processes and
alkali based trams-esterification process as high fatty acid
content leads to soap formation. However, the pre-treatment
process is mainly affected by various reaction parameters (Faisal
et al,, 2018). Biodiesel production mainly occurs by esterification
and trans-esterification of free fatty acids and triglycerides, as the
amount of free fatty acid corresponds to its yield.

An important class of bacteria, algae, fungi (Azhar et al., 2017)
and microbes can also be used in biodiesel production. They consist
of both photosynthetic and non-photosynthetic micro-organisms,
mainly derived from stagnant ponds (Zhang et al., 2013). They
create a new platform for the generation of oils used in biodiesel
production with various advantages of easy production, highly rich
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TABLE 1 | Different types of feedstock used in biodiesel production.

Edible feedstock

Safflower
Sunflower
Coconut
Palm oil
Rice bran
Canola
Corn
Wheat
Barley
Soybean

Shalaby (2013); Zahan and Kano (2018); Singh and Gaurav (2018); Thangaraj et al. (2019)

in oil content, no release of CO,, self-generating, highly feasible, and
cheap. They mostly include cyanobacteria, microalgae, and
microbes (Hossain et al., 2019a). Table 1 presents various types
of feedstock, and an evaluation of these wide feedstock will
eventually increase biodiesel production on a large scale,
mitigating the use of previous materials.

Biomass conversion of the feedstock is mainly based on
techniques such as thermal treatment, pyrolysis, and
gasification, etc. Conversion of biomass to biodiesel generally
proceeds via many processes like thermochemical and biological
processes. The thermochemical process is the most significant
route in biomass conversion as it further extends to various
categories depending on the type of feedstock used. It is mainly
divided into different routes like pyrolysis, liquefaction, and
gasification. They mainly produce syn gas, tar, and oil which
can be utilised for further application regarding various fuel
production. In biodiesel production, oil extraction is a major
step, which can also be extracted from enzyme extraction,
mechanical extractor, and solvent extraction method depending
on the nature of feedstock (Achten et al., 2008; Akia et al., 2014;
Mishra and Goswami, 2017). Oil extraction is very important in
quantifying the production of biodiesel, as it mainly contributes to
the nature of fatty acids methyl esters content which majorly affects
the physico-chemical properties of the final products.

Recent technological advances may correspond to production
of biofuels such as biohydrogen biomethane and by carbon
dioxide reduction via chemical and electrochemical techniques.
They mainly produce methane and hydrogen under anaerobic
conditions by using bacteria as feedstock material. Different
species of bacteria can be cultured depending on its growth
conditions certainly increasing the quantity of biogas
production which ultimately can be converted into either
electricity or in C1 derived fuel which can be used as biodiesel
fuel (Anwer et al., 2019).

Types of Catalysis Involved in Biodiesel

Production
Since the production of biodiesel, various methods like direct
blending, pyrolysis, micro-emulsification and trans-esterification

Enhanced Production of Biodiesel Using Nanocatalyst

Non-edible feedstock Algae based feedstock

Jatropa Cyanobacteria
Babassu Microalgae oil
Tallow Microbes
Jojoba Red algae
Rapeseed Diatoms
Karanja oil Brown algae
Tobacco

Neem

Rubber seed
Waste cooking oil
Animal fats
Mahua

Salmon oil

Shuit et al. (2015); Anbessie et al. (2019) Hossain et al. (2019a)

have been implemented. All the methods are feasible to a certain
extent along with some advantages and disadvantages as
elaborated in Table 3. Biodiesel synthesis proceeding through
direct blending, pyrolysis, and micro-emulsification methods are
insufficient for large scale production. Among these techniques
trans-esterification is the best technique which proceeds via
catalytic reaction involving fatty acids and methanol in the
presence of a catalyst, has evolved with various advantages like
increased production, easy separation, and limitation of mass
transfer resistance.

It is further divided into homogenous and heterogeneous
catalysis. Homogenous catalysis proceeds through acid and
base catalyzed reaction. Base catalyzed reaction is much faster
than acid catalyzed reaction giving maximum yield. The most
commonly used catalysts are NaOH, KOH, NaOCH;, and
KOCH; (Gardy et al, 2017; Silveira et al, 2019), operating
under mild temperatures giving maximum yields (Gardy et al,
2019b). It also requires high-grade feedstock oil to minimize the
saponification reaction making the process more cost
consumptive. While acid catalyzed reactions require high
temperature and longer reaction times. It is also proven that
triglycerides conversion was maximally achieved by homogenous
catalysis owing to good catalytic activity and high reaction rate
(Ibrahim et al., 2020). However, it shows serious issues related to
separation and purification of catalyst and product. The more
often catalysts are consumed, they generate heavy amounts of
wastewater and cause equipment corrosion (Gardy et al., 2019).
To overcome the significant shortcomings of homogenous
catalysis, heterogeneous catalysis is widely investigated in
trans-esterification reaction. It is much more efficient and can
be easily recycled depending on the nature catalyst.
Heterogeneous catalysis is further sub-divided on the basis of
type of catalyst used like alkali-, acid-, and enzyme-based trans-
esterification process (Marwaha et al., 2018). It mainly depends
on the type of metal, metal oxides, acids, bases, hydrocalcites and
zeolites supported by the nanocatalyst being used. Table 4
summarizes the research findings in context of the role of
catalysis involved in biodiesel production.

Unlike homogenous catalysis, heterogenous catalysis can
significantly convert low grade feedstock oil and fats using a
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low fatty acid content

producing fatty acid methyl esters and glycerol followed by separation easily processed on large scale production

and purification

Mishra and Goswami (2017); Srivastava et al. (2018); Zahan and

Kano (2018)

Mishra and Goswami (2017); Srivastava et al. (2018); Zahan and Kano Mishra and Goswami (2017); Srivastava et al. (2018);

(2018)

Zahan and Kano (2018)
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solid acid catalyst. Solid acid and base catalyzed reactions
eventually increase the catalytic efficiency and undergo both
esterification and trans-esterification reactions simultaneously
under extreme reaction conditions. It has shown much
tolerance over high free fatty acids content and water. Recent
development on synthesizing solid acid and base catalysts with
mono-functionality or bi-functionality will eventually enhance
the catalytic activity and the reaction conditions will be improved.
Extensive research has been developed on synthesizing the novel
solid acid catalyst by using organic polymer and imidazole salt
based bi-functional catalysts which worked significantly under
milder reaction conditions as compared to previous reported
literature (Pan et al., 2020). Pan et al. have reported the synthesis
of an imidazole salt-based catalyst, namely 1,3-disulfonic acid
imidazolium tetrachloroferrate ([DSI] [FeCly]) bi-functional
catalyst possessing Lewis (L)acid and Brensted (B) acidic
properties. The developed catalyst has shown excellent
catalytic activity in the conversion of FPLF oil to biodiesel
with a conversion efficiency of 97%. Owing to its
bifunctionality the number of acidic active sites were increased
significantly with mesoporous morphology which in turn helps in
increasing the overall production of biodiesel from FPLF oil. The
catalyst has high acidic properties with a B/L molar ratio of 2.12
revealing that the active sites are mainly the representation of
cation and anion respectively in comparison to commercially
available resins which overall increases the catalytic activity. The
role of the catalyst was briefly analyzed in the presence and
absence of the catalyst. In the absence of the catalyst the reaction
barely proceeds, while taking FeCl; as a homogenous catalyst,
biodiesel production of 63.2% was obtained, and using [DSI] [Cl]
as catalyst, 86.0% of biodiesel was reported. As these catalysts
serve as homogenous catalysts, this mainly brings the problematic
issues of catalyst separation and reusability. However, when the
reaction was done using [DSI] [FeCl;] as a solid acid
heterogeneous catalyst, the corresponding biodiesel production
of 97.0% was achieved under mild reaction conditions which is
due to the presence of BA and LA character. The catalyst
heterogeneity was also confirmed from FT-IR spectra
representing the intact acidic and basic active sites. The
catalyst was also reused for four runs with the yields of 95%
(Pan et al., 2018).

Another study reported on synthesizing heterogeneous solid
acid catalysts using ionic liquids functionalized with melamine-
formaldehyde polymer. The catalyst has been used for biodiesel
production from oleic acid under mild reaction conditions. These
catalysts showed a mesoporous and coral-like structure with a
rough surface, indicating the combination of amorphous
covalent-organic polymers basically imparting excellent
structural and thermal stability. The catalyst possessed a
surface area of 283.0 m’*/g with a corresponding porosity of
0.65-0.99 obtained from the hysteresis loop, confirming its
structural integrity with thermal stability up to 300°C. This
study also depicted the role of the catalyst in biodiesel
production, as mentioned, the absence of catalyst produces
low yield, while varying catalyst amount from 1 to 4 wt%, the
biodiesel yield increases from 57 to 95%. The increase in
production is mainly because of the presence of large acidic
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active sites and the large surface area of the catalyst which
increases the overall catalytic activity. The catalyst has also
been evaluated for reusability tests with a production efficiency
of 88% for four runs (Pan et al,, 2019). The newly developed
catalyst can be efficiently and robustly used in biodiesel
production.

Solid base catalysts are also deemed to have high conversion
efficiency along with easy separation and recyclability.
Synthesizing solid base catalysts from natural resources will be
efficient in cheap biodiesel production. Dai et al. reported the
synthesis of Si and Al doped lithium carbonate compound
derived from clay materials using one-pot blending and
grinding followed by heating at a high temperature. The
optimum doping and calcination temperature significantly
increase the number of active basic sites thus increasing the
catalytic activity. Beyond optimum calcination temperature, the
surface morphology reveals high agglomeration, further
decreasing the pore size and diameter. The catalyst was
utilized for biodiesel production using soybean oil at optimum
reaction parameters (reaction temp.—65°C, reaction time-4h,
methanol to oil molar ratio-36:1 and catalyst weight-8 wt%)
producing a vyield of 98-99%. The catalyst was however
recycled for a seventh run with an insignificant loss of activity
(Dai et al., 2020). Roy et al. discussed another solid base catalyst
BaSnO; as single-phase perovskite. The base catalyst of different
Ba:Sn ratios at varying calcination temperatures was synthesized
by the impregnation method. The Ba:Sn ratio of 1:1 and
calcination temperature of 850°C was used for trans-
esterification of waste cooking oil for biodiesel production.
The optimized BaSnO; was found to be highly active with a
large surface area and pore diameter of 144.09 m*/g and 28.34 nm
respectively. The average pore size distribution mainly
corresponds to a mesoporous range. The optimum reaction
conditions like catalyst weight —2.5 wt%, reaction temperature
and time, —65°C and 25 min respectively, and a methanol to oil
molar ratio of —16:1 produces a biodiesel yield of 98% and the
recyclability of the catalyst for up to 5 cycles with total production
of 81.6% (Roy et al, 2020; Sulaiman et al., 2019). However, it was
observed that this solid base catalyst also uses extreme reaction
conditions and a high alcohol to oil ratio. The extreme reaction
conditions will delimit its large scale production and
commercialization.

Furthermore, the presence of nanocatalysts in heterogeneous
catalysis present a new pathway for synthesizing different
nanocatalytic materials, which significantly enhanced the
biodiesel production corresponding to its high catalytic activity,
large surface area and high porosity. As a bulk metal oxide-based
catalyst shows instability at high temperatures, which leads to
catalyst deactivation along with the metal leaching and surface
deformation creating major hindrance in increased biodiesel
production. To overcome these serious drawbacks, recent
extensive studies have been focused pertinently on developing a
wide variety of nanocatalysts based on supported materials like
zeolites, zirconia, polymers, and heteropolyacids catalysts, which
significantly impart chemical and structural stability to sustain high
reaction temperatures and longevity with increased catalytic
activity (Zuliani et al., 2018).
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The enzyme catalyzed reactions are quite expensive and
process under milder reaction conditions corresponding to less
energy consumption with a simplified purification process. Low
grade feedstock with high free fatty acid content can also be
converted easily. Nanocatalysts immobilized over enzymes
present a new perspective in the production of biodiesel.
However, it still cannot be used on large scale due to factors
like long reaction time, type of enzyme immobilized, operating
conditions like pH, and temperature (Mishra and Goswami, 2017;
Sarno and Iuliano, 2019).

APPLICATION OF NANOCATALYST FOR
BIODIESEL PRODUCTION

Nanocatalyst properties like catalytic activity, specificity and
overall stability affect the cost of biodiesel production.
Catalytic activity is affected by physical, mechanical, and
thermal degradation. Numerous modifications of nanocatalysts
are being designed, and it has been concluded that powdered
acidic and basic catalysts are unsuitable for production on an
industrial scale, owing to its small particle size of catalyst as it
substantially affects catalytic activity and methyl ester yield
(Azyan et al, 2018; Silveira et al., 2019). The structural and
morphological nature of a catalyst plays a huge role in
heterogeneous catalysis. Spherical catalysts have a good
stability and are easy to separate from the reaction mixture.
Designing nanocatalysts in order to have better stability over
high temperatures is also a main parameter affecting the reaction
conditions, as it also increases the chances of recyclability and
reusability of the nanocatalyst (Rasouli and Esmaeili, 2019).
Fabrication of nanocatalysts in the production of biodiesel has
gained enormous interest in recent years. Various types of
catalysts consisting of inorganic components such as oxides,
sulphides, and metal salts as well as organic, including ion
exchange resin and enzyme are being developed and the
comparative study of different types of catalysts are mentioned
in Figure 3. In light of nanotechnology, synthesizing the catalyst
on a large scale would need to surpass many hurdles posed by the
utilization of conventional catalysts (Deepalakshmi et al., 2015).
The solid based catalyst also has serious problems of mass transfer
resistance, time consumption, fast deactivation, and inefficiency
of catalysts in long term use (Fattah et al., 2020). To overcome the
limitations of solid based catalyst, nanocatalysts can be exploited
to introduce lewis acidic or basic characters, increased acidity and
active sites to the composites in order to improve its efficiency in
catalysing the trans-esterification reaction. Nanocatalyst
modification using different materials are of current interest as
it significantly increases the surface area and porosity, reduces the
leaching of metal ions, and increases the withstanding ability to
acidic and environment thermal stability.

Many researchers have now focused on the development of
nanocatalysts consisting of polymer, zeolite, and carbon-based
nanomaterials, which mainly present attractive properties of high
catalytic activity, reducing the reaction time and temperature.
Thus, modification and synthesis of nanocatalysts will provide a
significant increase in biofuel production (Marwaha et al., 2018).

Enhanced Production of Biodiesel Using Nanocatalyst

The newly developed nanocatalyst can be synthesized by many
possible methods like precipitation, impregnation, chemical
vapour deposition (CVD), and electrochemical deposition
techniques. However, precipitation and impregnation methods
are cheap and cost effective, but they restrict a limitation on the
regular size control and the overall morphology of the
nanocatalyst. As CVD and electrochemical techniques produce
a well-controlled morphology and size of the nanoparticles, they
are rather expensive and require high temperatures. To overcome
these challenges, we have discussed various kinds of nanocatalysts
and their role in increasing biofuel production (Saoud, 2018).

Metal Oxides-Based Nanocatalysts

Metal oxide based solid catalysts are being conventionally used in
biodiesel production. These catalysts play a very important role in
homogenous catalysis and are largely responsible for the
conversion of processed feedstock on a large scale. These
correspond to major production of biodiesel. These catalysts
pose certain limitations in the reduction of its activity as it
cannot be separated after its use with increasing reaction time.
Developing newly modified nanocatalysts based on oxides of
various metals like Ca, Zn, Mg etc. plays a pivotal role in
catalyzing the reaction along with an increase in production
(Rengasamy et al, 2014; Thangaraj et al, 2019). Table 4
summarises the utilization of metal oxide based nanocatalysts
for increasing biodiesel production.

As Bharti and Singh (2019) reported the synthesis of a calcium
oxide nanocatalyst via the sol-gel method, and utilized it in the
synthesis of biodiesel using soybean oil as feedstock material. The
nanocatalyst has proven to be efficient and effective in terms of
possessing increased active sites, high surface to volume ratio,
with a small particle size of 8 nm in correspondance to nanoscale
level/nanometric scale. The BET surface area and pore diameter
were found to be 67.78 m*/g and 3.302 nm which is also high as
compared to commercially available CaO catalysts. The
increasing surface area is mainly due to small particle size,
which correspondingly increases the reaction rate. After
considering various optimization parameters like catalyst
amount, methanol to oil ratio, and reaction temperature, a
biodiesel production of 97.61% was obtained (Bharti and
Singh, 2019). The CaO nanocatalyst can easily convert a
maximum amount of fatty acids and oils, but it is unsuitable
for long term use due to leaching and blockage of active sites.
However, doping of metal and metal oxides can significantly
reduce its inefficiency to a large extent.

Borah et al. (2019) also studied Zn doped egg-shell CaO
nanocatalyst for trans-esterification of waste cooking oil used
as feedstock. The nanocatalyst was synthesized using a wet
impregnation method by varying Zn>* concentration (0.5-2 wt
%) doped with CaO. The nanocatalyst with 1wt% Zn/CaO
showed a spherical shaped morphology with non-uniform size
having an average particle size of 30-42 nm thus creating more
active sites and increased activity. However, with increasing Zn**
concentration beyond, the catalytic activity of the nanocatalyst
decreases while the spherical shape morphology also becomes
distorted, thereby reducing the number of active sites as
confirmed from SEM images. Besides this, the catalyst amount
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was concomitantly varied up to 5 wt% giving maximum biodiesel
production. The nanocatalyst at the given operating conditions of
5 wt% catalyst amount, 20:1 molar ratio of methanol to oil at 65°C
reaction temperature and 4-h reaction time has provided
maximum biodiesel production of 96.74%. It was further
reused for five runs, but the yield decreased gradually which
may be because of catalyst poisoning and leaching of metal ions.
The comparison of XRD spectra of fresh and reused catalysts also
revealed the loss of crystallinity contributing to the decrease in
overall catalytic activity (Borah et al., 2019).

Todorovi¢ et al. (2019) also reported the optimization of
various reaction variables like methanol to oil ratio (7.1:1),
catalyst concentration (0.7 M), and reaction temperature of
52°C in biodiesel production using a CaO nanocatalyst and
crude biodiesel as co-solvent with corresponding biodiesel
yield of 99.8%. The catalyst was reportedly used four times
with varying reaction conditions giving a biodiesel conversion
of 97.7% in 5h at the second cycle (Todorovi¢ et al, 2019).
Various researchers have also reported the synthesis and
utilization of CaO and doped CaO nanoparticles as
nanocatalysts because of large surface area to volume ratios,
and high basicity which results in an increase in conversion of
fatty acids to fatty acid methyl esters.

Rahman et al. demonstrated the synthesis of calcium oxide
nanoparticles using waste chicken eggshells by a calcination
method, further using a wet impregnation method, it was
doped with Zn and Cu metal respectively. Biodiesel
production using doped CaO nanocatalyst shows increased
production under the given optimized reaction parameter of
methanol to oil molar ratio (6:1), catalyst amount (5 wt%) and
reaction temperature and time of 65°C and 2.5 h respectively.
Among these three nanocatalysts, Zn/CaO have shown
maximum efficiency in biodiesel production along with its
reusability of up to seven consecutive cycles with an
approximate corresponding yield of 85% (Rahman et al,
2018). As CaO nanocatalyst is a highly investigated basic
catalyst in trans-esterification reaction, it also contributes
negatively to the conversion efficiency because of leaching.
Leaching is mainly caused by hydrolyzation of the catalyst and
it ultimately results in saponification, thus reducing the overall
catalytic activity and selectivity of the catalyst. Wen et al. has
reported the development of Li doped MgO nanocatalyst at its
dosage of 9%, yielding 93.9% at a reaction temperature of 60°C
using a molar ratio of methanol to oil of 12:1 (Wen et al.,, 2010).
These catalysts provide more basic site formation due to the
incorporation of Li, thereby increasing the biofuel production.
Xie et al. (2007b) has developed other nanocatalysts like Na
doped ZnO and Li doped ZnO, and utilized it in trans-
esterification reaction showing good catalytic activity mainly
corresponding to the amount of lithium loading (Xie et al,
2007b).

Regarding binary metal oxides, Mguni et al. (2012) reported
sunflower oil being used as a feedstock material and nanocatalyst
MgO deposited on TiO, used as supporting material. The
developed nanocatalyst has been used for the production of
biodiesel by varying the catalyst concentration and reaction
temperature. The MgO concentration of 10, 20, 30% weight
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have been loaded over TiO, nanoparticles which has been
utilized further for biodiesel production of 84, 91, 95% at
temperature 250°C, while 15, 35, and 42% at corresponding
temperature of 150°C respectively indicating the effect of
temperature. The effect of MgO loading increases the catalytic
activity with limited loss of leaching and catalytic activity (Mguni
et al, 2012).

Vahid and Haghighi (2016) reported the nanocatalyst MgO/
MgAL, O, based on spinel structure of magnesium, mainly
synthesized from the combustion method followed by the
impregnation method. The prepared catalyst possessed high
surface area with excellent morphological properties and has
been utilized for biodiesel production using sunflower oil as
the feedstock. In this study, the effect of the fuel ratio was
analyzed while synthesizing the catalyst. It was evident that
the fuel ratio has a significant impact on morphology, pore
size, pore diameter and specific surface area. The optimum
fuel ratio of 1.5 has shown the specific surface area and
average pore diameter of 60.6 m?*/g and 6.3 nm respectively.
With increasing fuel ratio, the crystallinity and surface area of
the catalyst increases, indicating the complete conversion of the
precursors into final products. The optimized catalyst was further
tested for biodiesel production at operating reaction parameters
(reaction temperature-110°C, reaction time-3 h, catalyst amount-
3 wt% and M:O ratio-12:1) with a conversion efficiency of 95.7%.
The catalyst has been further analyzed for reusability tests with
loss in catalytic efficiency of 5-9% after the third run, which is due
to leaching of active species MgO, however after the third run
there is insignificant loss in the activity of the catalyst (Vahid and
Haghighi, 2016). As observed from the study, MgO doping also
has a substantial impact on improving the biodiesel yield.

Apart from this, a TiO, based nanocatalyst has also been
extensively investigated with several modifications. Gardy et al.
(2017) significantly discussed the modification of TiO, based
nanocatalysts in biodiesl production. A mesoporous TiO,/
PrSO;H solid acid nanocatalyst was developed by the grafting
method. In this study propyl sulfonic acid was loaded for TiO,
support and was simultaneously used for the esterification and
trans-esterification process for biodiesel production using used
cooking oil as feedstock. FAME conversion of 98.3% was
achieved. Increased conversion mainly corresponds to post
functionalization over nanostructured material due to the
hydrophilic sulphonic group which increases the acidic
strength and active site of the nanocatalyst, providing more
accessibility between feedstock oil and methanol. The
nanocatalysts were recycled and reused for four runs without
appreciable loss in catalytic activity (Gardy et al. (2017)).

Further novel modification of TiO, nanoparticles (NPs) based
on solid acid magnetic catalysts have been synthesized using the
functionalization of TiO, NPs. The SO4/Fe-Al-TiO, catalyst uses
alumina as buffer layer, while hematite was employed to impart
the magnetic character. The buffer layer is used to prevent the
setback, as magnetic material loses its activity under acidic
conditions. Sandwiching the metal oxides with polymer and
stable materials will improve the overall stability of the
catalyst. Then sulfation was done using chlorosulphonic acid
in order to impart Brensted acidity. The novel catalyst was
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utilized in the trans-esterification of waste cooking oil with a
conversion efficiency of 96%. The catalytic activity was attributed
to the incorporation of sulphate which provides significant acidity
to the overall catalyst, while magnetic material will ease in the
separation procedure with small amounts of loss during the
recovery procedure. The catalysts were efficiently used for ten
cycles without any loss in their activity. The catalyst was quite
effective for simultaneous esterification and trans-esterification
reaction and feedstock containing high (20 wt. %) free fatty acids
content. (Gardy et al., 2018). Ambat et al. reported the synthesis
of TiO, nanoparticle doped with potassium tartarate by the
impregnation method and further utilized linseed oil for
biodiesel production. The potassium tartarate doping
significantly increases the basicity of the nanocatalyst, giving a
maximum production of 98.9%. The catalyst showed promising
results up to five cycles without loss in its activity (Ambat et al.,
2018b)

Varijous magnetite based nanocatalysts have been prepared
and further utilized for trans-esterification of triglycerides for
biodiesel production (Shi et al., 2017). Feyzi et al. (2013) studied
the trans-esterification reaction of sunflower oil using the
nanocatalyst Cs/Al/Fe;O, under optimized reaction conditions,
leading to 94.8% production of biodiesel while showing excellent
catalytic activity. The present nanocatalyst reports the effect of
different molar ratios of Cs-Al and Cs-Fe on the nanocatalyst,
while calcination temperature and time have also been analyzed
in order to maximize the overall performance of synthesized
nanocatalyst. The magnetic nanocatalysts have shown excellent
catalytic activity at an optimum calcination temperature and time
of 500°C and 7 h. From the given study it was confirmed that
beyond optimum conditions the nanocatalyst shows
morphological and textural differences owing to an
agglomeration caused by sintering, the surface area has also
been reduced as confirmed from BET surface area analysis.
The nanocatalyst optimization followed by reaction parameters
optimization presents a significant increase in biodiesel
production (Feyzi et al., 2013).

Mixed metal oxides nanoparticles also impart a good
interaction between free fatty acids and methanol, besides
excellent tolerance at high temperatures giving enhanced
production.

Future studies can be focused on analyzing the phase structure
of TiO, nanoparticles and other metal oxides while doping with
polymeric and carbon based nanomaterials, to significantly
improve the stability and catalytic activity of the nanocatalyst
which correspondingly increases biodiesel yield.

Carbon Based Nanocatalysts

Nanocatalysts derived from carbon materials like graphene,
carbon nanotubes (Gardy et al., 2019b), and reduced graphene
oxides have shown good physical and chemical properties
corresponding to different morphologies and sizes of the
derived nanocomposite materials (Shu et al, 2019; Nizami
and Rehan, 2018). Poonjarernsilp et al. has reported the use
of multiwall porous nanohorn carbon nanotubes (CNT)
dispersed in Fe/Fe,O3; mixed nanoparticles for simultaneous
determination of trans-esterification reaction (Poonjarernsilp
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etal., 2014). Guan et al. (2017) reported the trans-esterification
of triglycerides using sulphonated multiwalled CNT as a
nanocatalyst. Biodiesel production of 97.8% was obtained in
1 h, at 150°C, and with 3.7 wt% catalysts. It was revealed that
nanocatalysts with acidic character, and high porosity and
surface area leads to better catalytic activity of the
nanocatalyst (Guan et al., 2017). Table 5 represents the use
of carbon based nanocatalysts in enhanced biodiesel
production.

As carbon nanotubes possess both chemical and structural
stability, Zhang et al. (2014) described the synthesis of carbon
based nanostructured materials using stainless steel as substrate
materials, as it can be easily involved in heterogeneous catalysis
due to easy separation and recycling. The CNT was multi
functionalized using various procedures. Biodiesel conversion
of 85% was obtained with the simultaneous use of the
nanocatalyst for 95h without losing its structural integrity and
morphology (Zhang et al., 2014). Another group (Asri et al,
2020) reported the synthesis of multiwalled CNT loaded with
varying ZnO nanoparticles. The developed heterogeneous solid
acid nanocatalysts have been utilized for trans-esterification of
Kesambi oil giving methyl esters production of 13.82% while
using only 20 wt% of ZnO loaded MWCNT. Carbon nanotubes
mainly possess high specific surface area, but its surface area has
been reduced greatly upon ZnO loading. The active sites
predominantly increase, ultimately increasing the reaction rate
and overall activity of the nanocatalyst, also the mass transfer is
greatly reduced (Asri et al., 2020).

Shuit et al. (2015) also reported the use of sulphonated
multiwalled carbon nanotubes (s-MWCNT) for esterification
of palm fatty acid distillate. The s-MWCNT have shown better
catalytic activity in comparison to metal oxide doped CNT with
minimum loading of 3 wt%, reaction time and temperature of 2 h
and 170°C respectively, yielding methyl esters of 93.5%. The
nanocatalysts have been utilized for 5 consecutive runs giving
75% vyield. It can also be easily regenerated with sulphuric acid
and further utilized producing a yield of 86.2%. The regeneration
process is important in retaining the lost sulphonic group during
the leaching process (Shuit and Tan, 2015). Ibrahim et al. (2020)
reported the impregnation of sodium oxide over carbon
nanotubes for trans-esterification of waste cocking oil. The
nanocatalysts have shown excellent catalytic activity due to
the presence of sodium ions and oxide ions. The cation imparts
lewis acidity while the anion acts as a Brensted base, thus
overall enhancing the catalytic activity with biodiesel
production of 97%. It is found to be unstable after 3 cycles
because of leaching, which causes deactivation of active sites
(Ibrahim et al., 2020).

Carbon nanotubes were also utilized as catalysts, using a
homogenous alkali catalyst as reported by Shankar et al
(2017). Biodiesel production from cottonseed oil was evaluated
using trans-esterification reaction using homogenous alkali-
based carbon nanotubes as a nanocatalyst, giving an optimum
yield of 95% within a time range of 60-120 min (Shankar et al,,
2017). Various groups have also used immobilized lipase enzymes
over multiwalled carbon nanotubes for biodiesel production as it
exhibits enhanced thermal stability and recyclability (Fan et al.,
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2017). Fan et al. (2017) reported the synthesis of multiwalled
CNT filled with iron oxide further linking with polyamidoamine
dendrimers and finally immobilised it over Burkholderia Cepacia
Lipase (BCL). The developed catalyst has shown higher catalytic
activity due to the presence of large dendrimers linked over to the
surface of the nanotubes, giving an ultimate yield of 92.8%, with
excellent recyclability up to 20 successive runs along with
retaining the activity of catalyst to around 90%. The
nanocatalyst can be easily separated due to presence of
magnetic iron oxide (Fan et al., 2017). This biotechnological
application can be used on a large scale if processed properly,
minimizing the large utilization of the nanocatalyst.

Graphene oxide also showed better conversion of fatty acids
because of greater surface area and different functional group.
Borah et al. (2018) synthesized in situ TiO,/reduced graphene
oxide nanocomposites involving heterogeneous catalysis of waste
cooking oil via trans-esterification reaction. The optimized
conditions were found to be a methanol to oil molar ratio of
12:1at 65°C for 3h at a catalyst loading of 1.5wt% and
corresponds to a conversion efficiency of 98%. The catalyst
was dried at 100°C for 2h and was reused for three cycles
with an efficiency of 78.86% (Borah et al., 2018).

Biochar based nanocatalysts are important in catalyzing the
biodiesel production. It is mainly derived from pyrolysis and
hydrothermal carbonization of various biomass materials,
followed by its functionalization using various materials like
metal and metal oxides nanoparticles, sulphonated groups, and
nitrogen-containing groups in order to increase its active sites,
catalytic activity, porosity, and effective surface area. The other
carbon based nanocatalyst can be easily derived from fly ash and
sugar-based nanomaterials using the carbonization method, and
can be further analyzed for trans- esterification reaction. It was
observed that biodiesel production increases, but the catalyst
suffers thermal instability and also requires a long reaction time
(Abdullah et al., 2017; Gardy et al., 2019b).

Rashid et al. (2019) utilized palm kernel shell as feedstock
material for biodiesel production using biochar-based
sulphonated zirconium catalyst yielding a fatty acid methyl
ester production of 94.3% using only 3 wt% catalyst amount at
a reaction temperature and time of 75°C and 3 h respectively. The
catalyst has also shown successful reusability over five successive
cycles with a conversion efficiency of 80% (Rahman et al., 2018;
Rashid et al., 2019).

Zeolite Based Nanocatalyst

The utilization of zeolite materials has seen upsurge in recent
years. They are widely investigated, as they significantly possess
specific characteristics like high surface area and thermal stability,
presence of active acidic and basic sites (Martinez et al., 2011),
high catalytic activity, easily modified structure by using different
functionalities, and metal exchange (Zhang et al, 2019). As
compared to natural zeolite materials, synthetic-based
materials are extensively used on a commercial scale. Their
properties can be modified by varying the concentration of
silicates and aluminates materials, it can also be
predominantly used or modified by using various metal and
metal oxide nanoparticles exchange to obtain pure crystalline,
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uniform pore and particle size materials. It is used as a carrier or
support system when impregnated with different nanoparticles of
metal oxides like Fe,03, CaO, MgO, etc. (Go et al., 2007; Centi
etal,, 2012). Commercially available synthetic zeolites are ZSM-5,
X, Y, and beta zeolites that are mainly used for biodiesel
production (Abukhadra et al, 2019). Summary of different
zeolites based nanocatalysts involved in biodiesel production
are reported in the Table 6.

Xie et al. (2007a) shown the trans-esterification of soybean oil
as feedstock using KOH loaded NaX zeolite. The obtained
optimized reaction conditions were 3 wt% catalyst amounts,
methanol to oil ratio of 10:1, reaction time and temperature of
8 h and 65°C respectively. The biodiesel production was found to
be 85.6% (Xie et al., 2007a). This zeolite was synthesized and
analyzed using different compositions of x and y for obtaining the
maximum vyield of biodiesel production. The acidic property of
zeolites is due to imbalance in charge present on alumina and
silica units, which mainly contribute to the aluminosilicates
framework. Overall the uniform pore size and acidity are a
considerably important parameter in enhancing the biodiesel
(Fattahi et al., 2019; Mohebbi et al., 2020).

Another group has (Pratap et al.,, 2015) reported the use of
NaY and KOH/NaY zeolites catalyst in trans-esterification of
Madhuca indica oil. These zeolites have attained a conversion
efficiency of 98.9%. As these catalysts are recycled and reused
several times, they can be easily activated by washing with
methanol followed by calcination in a muffle furnace for a
given period of time. Due to the presence of large basic sites,
its catalytic activity has increased to a greater extent (Pratap et al.,
2015). However, synthesizing nanocatalysts with zeolite plays an
important role in achieving maximum conversion, recyclability,
and reusability of the catalyst involved in trans-esterification
reaction. Trans esterification of soybean oil to biodiesel is
carried out using zeolite supported CaO as strong base
catalysts (Wu et al.,, 2013). Zhuang Li reported the synthesis of
Li/Na based zeolites, by hydrothermal and micro-emulsion
methods and further used for fatty acid methyl production
using castor oil as a feedstock material. To obtain the high
catalytic activity the synthesized particles were calcined at
various calcination temperatures, which is maximally useful
for a greater conversion of biodiesel. It was reported that
using an optimized catalyst amount of 3 wt% and an alcohol
to oil molar ratio of 18:1, biodiesel yield was found to be 98.6%
with reaction temperature and time of 75°C and 2 h respectively.
The catalyst has also shown excellent recyclability and reusability
(Li et al,, 2019).

Martinez et al. described the utilization of CaO nanoparticles/
NaX zeolite for trans-esterification of sunflower oil under
optimized conditions giving 93.5% biodiesel production
(Martinez et al, 2011). Wu et al. demonstrated CaO/NaY
zeolites with a conversion efficiency of 95%. However, at
certain high temperatures, CaO may lose its activity due to
leaching and instability. To overcome these shortcomings,
Firouzjaee and Taghizadeh, 2017 reported the nanomagnetic
based zeolite catalyst CaO/NaY-Fe;O, which shows excellent
stability at high temperatures, along with ease in the
separation process. Various parameters are being monitored,
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revealing a conversion efficiency of 95.37% using canola oil as
feedstock material (Firouzjaee and Taghizadeh, 2017).

Recently, ZSM based materials have been synthetically modified
by the desilication method followed by impregnation to increase the
yield of biofuel production. Alaba et al. reported the synthesis of a
modified form of ZSM-5 (ZBio) to produce mesoporous zeolites
named as 0.3 mesoZBio and 0.4 mesoZBio. In this study, a pyrolysis
method was employed to examine the kinetics involved in biodiesel
production from shea butter using these catalysts. The analysis was
monitored by Thermo-gravimetric analysis. ZBio shows the higher
activation energy which is because of the presence of acid active sites
producing a large biodiesel production. It may also be confirmed
that the direct functional group acidity and porosity are directly
related the biodiesel yield of 87% that was achieved (Vieira et al.,
2013; Alaba et al., 2016a). Furthermore, the modification of zeolites
with MoO; nanoparticles was synthesized by a hydrothermal
method followed by an impregnation method. The molybdenum
impregnation mainly decreases the strength of acid sites and
increases the concentration of acidic active sites. The optimized
25% MoO3 showed spherical morphology with high crystallinity
and mesoporous structure which predominantly increases the
conversion process with an efficiency of 98%. The increased
catalytic activity is because of high crystallinity and increased
acidity. From the given study it can be concluded that
functionalization of zeolites with the nanocatalyst will provide a
new insight in increasing the production of biodiesel on large scale
(Mohebbi et al., 2020).

PHYSICO-CHEMICAL STUDIES OF
BIODIESEL PRODUCTION

Physico-chemical properties test methods for free fatty acids
(FFA) content and FAME (fatty acid methyl esters) play a
very important role in biofuel production. The biodiesel
quality is mainly based on standardized conditions specified
by ASTM (American Society for testing Materials), European
standard (EN) and Czech Republic (CSN). The quality of
biodiesel must meet the given specifications. The properties
such as density, kinematic viscosity, oxidation stability, flash
point, cloud point, and fire point of the biodiesel produced by
utilizing different nanocatalysts were reported and compared
with the ASTM (D6751) and EN 14214 standards of biodiesel
(Lima et al., 2010 Hoang, 2018; Huang et al., 2020; Lima et al.,
2010).These properties are specifically affected by high free fatty
acid percentage, water content, and impurities. Estimation of acid
value and saponification value of feedstock are also significant as
they correspondingly determine the yield and purity of biodiesel.

Abukhadra et al. (2019) have significantly discussed the trans-
esterification reaction under normal stirring and ultrasonic stirring.
Interestingly, it shows that the given physico-chemical properties
were affected, also the FAME composition differs verily and
maximum production of 98.8% was achieved within a time
period of 120 min (Abukhadra et al, 2019). Trans-esterification
reaction involving different nanocatalysts will ultimately produce
varieties of FAME compositions. Gardy et al. (2017), Gardy et al.
(2018) has analyzed the effect of different nanocatalysts over the
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same feedstock (waste cooking oil) which produce different
compositions of fatty acid methyl esters. For nanocatalyst TiO,/
PrSO;H, FAME composition includes palmitic acid methyl ester,
stearic acid methyl ester, oleic acid methyl ester, linoleic acid methyl
ester, linoleic acid methyl ester, and gadoleic acid methyl ester (Gardy
et al, 2017), while SO,/Fe-Al-TiO, nanocatalyst majorly contributes
to methyl palmitate, methyl oleate, and methyl linoleate (Gardy et al,,
2018). Fatty acid methyl ester compositions produced by using an
Na,O/CNT nanocatalyst were found to be myristic acid methyl ester,
palmitic acid methyl ester, linoleic acid methyl ester, and oleic acid
methyl ester. Major amounts of palmitic and oleic acid were found as
it was confirmed by GC analysis. An amount of saturated and
unsaturated fatty acid methyl ester (Dantas et al., 2020; Ibrahim et al.,
2020) was also reported. The physicochemical studies for various
nanocatalysts used in deriving biodiesel have been discussed in
Table 8.

Density Measurement

The density is defined as weight per unit volume, its measurement
is important for the mass to volume conversion process required
in biofuel production. It has significant impact on fuel quality.
Blending of biodiesel fuel and correct formulation of blend are
estimated by density measurement (Giakoumis and Sarakatsanis,
2018; NguyenThi et al., 2018). Though density of biodiesel mainly
depends on the types of oil used and its treatment process (Pham
et al, 2018). It is also affected by molecular weight of the
components fatty acids. High molecular weight
corresponds to high density which affects the quality of the
fuel. It is significantly reported that low density is better for
good quality of fuel (Hoang, 2018). Standard test methods for
density measurements are done via pycnomter. The formula for
density measurement is given in Eq. 1 (Karmakar et al., 2018).

ie.

Density = (Mass of pycnometer with biodiesel) - (Mass of empty pycnometer)

Biodiesel volume

(€Y

It is determined at temperatures ranging from 15 to 20°C
depending on the standard specifications (Lima et al., 2010). It
reveals information about homogeneity and atomization of the
fuel (Ismail and Ali, 2015). Besides experimental determination,
theoretical density measurement using optimization software is
suitable in finding the correct composition of methyl esters
(Pratas et al., 2011). Density can be significantly reduced by
the trans-esterification process to achieve the limits of the
specified standard.

Study of Kinematic Viscosity

Viscosity is a substantial parameter as an estimation of the quality
of biodiesel. Viscosity indicates the fuel flowing ability as it affects
the operation of fuel injection equipment especially at low
temperatures (Ong et al, 2020). During the atomization
process, high viscosity fuel leads to large droplets formation,
thus creating operational problems, increased carbonization
eventually leads to increased emission and smoke, while fuel
with too low viscosity will results in leakage and increased wear,
hence it significantly affects engine performance (Bassam et al.,
2019; Huang et al., 2020). Influence of high viscosity of biodiesel
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as compared to diesel fuel leads to concern in process equipment
and design. Experimental viscosity measurement is done at a
temperature of 40°C using a viscometer. The kinematic viscosity
of biodiesel as per ASTM D6751 and EN 14214 was given to 1.9-6
and 3.5-5.0 mm?/s respectively (Isioma et al., 2013).

Viscosity of biodiesel is primarily dependent on the type of
feedstock and treatment it undergoes. FAME derived from edible
oil does require less mild conditions to meet the standard of
biodiesel as reported by this. While FAME conversion obtained
from waste cooking oil possesses high viscosity and requires
much treatment (Bikash et al., 2018; Douvartzides et al., 2019).
Thus, it is quite tedious to determine viscosity at an experimental
level under different reaction conditions in order to obtain
optimized parameters. Therefore, it is imperative to approach
theoretically the qualitative and quantitative examination of the
quality of biodiesel derived from different sources under different
reaction conditions. Scientists have used a number of correlation
models based on length of carbon chain of methyl esters and
degree of unsaturation. Krisnanykura et al. (2006) reported the
methyl esters based on coconut oil based on different sets of
parameters with maximum deviation of 9.2%. Pinzi et al. (2013)
also reported the theoretical approach based on MLR multiple
response optimizations for analyzing the degree of unsaturation
and length of carbon chain to the obtained biodiesel viscosity.

In order to study and evaluate more than two properties
Huang et al. (2020) group have extensively reported the
multiple variables such as the effect of fatty acid methyl esters
(FAME) composition and temperature over kinematic viscosity
according to the following standard EN14103 and ASTM-D 445-
88 for about 16 biodiesel and 55 FAME -FAME binary blends.
The analysis was examined by using two correlation models.
Firstly, multiple linear regression (MLR) analysis for kinematic
viscosity—-composites relationship at 40°C while the second
correlation was reported between composition-temperature
dependent viscosity correlations based on Arrhenius kinetics
Chavarria-Hernandez method using viscosity data from Freitas
(Hoang, 2018). From the given statistical model, analyzing
different kinds of FAME compositions have shown
dependency on the viscosity value on temperature which can
help in lowering the temperature under optimized conditions.

Determination of Acid Values and lodine

Values

Assessing the acid value is an important parameter as it affects the
quality of a particular biodiesel. It is defined as the presence of free
acids in the given sample. It can be measured by neutralizing the
sample using a specific amount of KOH as an excess of free fatty
acid leads to catalyst deactivation and soap formation. Generally,
the acid value of feedstock should range in between 1.86-3.31 mg
KOH/g oil. However, for waste cooking oil, free fatty acid should
be below 4 mg KOH/g in order to avoid the pre-treatment
process, below this can directly be used for trans esterification
reaction (Ismail and Ali, 2015). The biodiesel derived from
flaxseed oil has value of 0.186 + 0.02 mg KOH/g, thus falling
under the value of the standard method (Ahmad et al., 2019). The
acid value is dependent on the type of feedstock used. It was also
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reported that waste cooking oil shows a high acid value because of
thehuge amount of free fatty acid content. High acid value is also
responsible for reducing engine performance and causing
corrosion. Thus, depending on the content of free fatty acids,
reaction conditions needs to be operated in order to maximize
the yield.

The iodine value is defined as the measurement of degree of
unsaturation. It also depends on the nature and type of feedstock
and extremely influences the fuel oxidative ability. The diesel fuel
must have an iodine value below 120 g I,/100 g of the given
sample. It will determine the unsaturation degree in a given
mixture of fatty acids. Higher iodine value corresponds to lower
oxidative stability. It will also reveal information about sludge
formation in fuel, affect lubricant quality, and also cause
corrosion (Bassam et al., 2019).

Cetane Number and Saponification Value
Saponification value is defined as milligrams of KOH used to
saponify 1 g of fat or oil under a given condition. It is a measure of
length and molecular weight of fatty acids. Crude esters have a
higher saponification value than oil, and range from 199 to
207 mg KOH/g oil (Shalaby, 2013). Longer fatty acids chains
have low saponification values as the number of free carboxylic
acid groups decrease per unit fat or oil mass. It mainly measures
the average molecular weight of the oil or fats present in the given
sample. However, the saponification value of biodiesel and crude
feedstock does not differ significantly as the average molecular
weight undergo small changes. The variation in saponification
values are almost similar (Gopinath et al., 2009).
Determination of cetane number is a crucial parameter in
quantifying the ignition ability of the fuel. It corresponds to the
ability of the fuel to auto ignite quickly after being injected into
fuel line, and also shows the ignition quality of the fuel. Higher
cetane number corresponds to better ignition quality while low
cetane number primarily affects engine parameters with
increased emission of smoke, combustion instability, also
excessive deposition of unburn materials in engine (Ismail and
Ali, 2015). Cetane numbers increase with the increasing length of
fatty acids chain. Biodiesel possesses higher cetane numbers as
compared to diesel fuel (Adebayo and Ameen, 2011).

Cloud and Pour Point
Cloud point (CP) is defined as the temperature at which wax
crystals become visible when the fuel is cooled. It causes
solidification of fuel at lower temperatures which could cause
blockage in fuel lines. Cold point is estimated from ASTM
Standards D5771, D5772, D5773, and D2500 (Sierra-cantor and
Guerrero-fajardo, 2017). A Differential Scanning Calorimetry
(DSC) curve can easily examine the formation of crystallization
biodiesel (Gardy et al, 2017). Increase in crystallization will
eventually cause agglomeration in the fuel thus deteriorating the
engine performance. It can also cause blockages in the fuel filters of
the engine due to thickening, which eventually ceases the fuel
flowability. Easy crystallization of fuel is mainly due to the presence
of a high amount of saturated fatty acids.

Pour point is the lowest temperature at which fuel starts
flowing. Biodiesel derived from high saturated fatty acid
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content possess a high value of pour point which indicates poor
fuel property. The trans-esterification process greatly reduces the
value of pour point in order to provide better quality fuel. As high
fatty acid content after catalysis shows significant viscosity which
also hampers fuel property.

Flash Point

Flash point is defined as the temperature at which fuel will ignite
when exposed to flame. Biodiesel fuels have higher flash points in
comparison to petrochemical derived fuels, and hence lead to safe
transportation and storage of fuels (Esmaeili et al., 2019; Rasouli
and Esmaeili, 2019). Low value of flash point indicates high
volatility, it is also helpful in the classification of fuel in order to
reduce the risk involved in handling and transportation.
Biodiesel’s flash point is greater than diesel fuel. The value of
biodiesel based on these specification standards EN 14214 and
ASTM 6751 must be a minimum of 120 and 130°C respectively. It
is also easily affected by the presence of impurities like moisture
content, unreacted alcohol, and oil content. Thus, it indirectly
helps in identifying the quality of biodiesel fuels.

OPTIMIZATION PARAMETERS OF RAW
MATERIALS FOR INCREASING BIODIESEL
PRODUCTION

Another important parameter after selecting raw materials based
on their physico-chemical properties, is optimizing the reaction
conditions for ultimately carrying out the reaction in order to
obtain maximum vyield, as shown in Figure 4. Earlier
optimization was carried out using variation of independent

Enhanced Production of Biodiesel Using Nanocatalyst

and dependent variables while recording the single response at
a time. This maximizes the time consumption along with
increasing the chance of ineffectiveness in results as it does
not involve the interaction of multiple variables at a time.
However, developing new statistical tools and methods would
easily process all the running parameters giving significant results
(Borah et al.,, 2019). The reaction parameters were optimized
using various software analysis of non-linear techniques like the
Taguchi method using MINITAB software, Artificial Neural
Network (ANN), Genetic Algorithm (GN), fuzzy logic, design
of experiments, and Response Surface Methodology (RSM). In
order to increase the biogas yield, ANN and GN are used in the
design of experiment and fuzzy logic. These mathematical models
are efficient in optimizing multiple reaction parameters at a time.
It is also helpful in investigating the reaction kinetics and
microbial culture communities which can increase its yield
(Kana et al., 2012).

Among these non-linear techniques, RSM is an important tool
for investigating the predominant reaction parameters consisting
of molasses concentration, initial pH (Hamouda et al., 2015),
reaction time and temperature, molar alcohol to oil ratio, and
catalyst amount involved in production of bioethanol and
biodiesel. Thus, it majorly improves the productivity, reduces
time, material, and cost by optimization (Esmaeili et al., 2019).

RSM is an important tool to investigate the variation of
different parameters in anaerobic fermentation and catalytic
processes, thus improving the productivity of biodiesel by
reducing material cost and reaction time by optimization.
However in biodiesel production, evaluating the effect of
operational parameters like molar ratio, reaction time,
temperature and catalyst loading using different types of oil as

= No reusability =
= Used for few
feedstock's
= Corrosion
problem
= Separation hard

9 9 -

= High activity = High Activity = Excellent Stability

= High chemo and = High selectivity = Easy Accessibility
Regio-selectivity = Excellent Stability = Easy Separable

= |nexpensive = Easily Separable = Reusability

=  Wide availability =  Energy Efficient = Minimized by-

= Non corrosive = Atom economy products

High cost for
catalyst synthesis

=  High cost for
catalyst
preparation

= Leeching of
active sites

®= Longer reaction
time

FIGURE 3 | Comparative study of different types of catalysts for biodiesel production.
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Reaction time

Methanol to
oil molar ratio

FIGURE 4 | lllustration of various optimization parameters in biodiesel
production.

fuel with the help of RSM based experimental design will
ultimately increase biofuel production, mainly biodiesel. It is a
statistical tool based on mathematical and correlation models
accounting for various reaction parameters like molar ratio of
alcohol and oil, reaction time and temperature, and catalyst
loading concentration. It also requires various other software
for analyzing the dependent and independent variables based on
regression analysis and analysis of coefficient of variance
(ANOVA) in order to optimize and increase the yield of
biodiesel. As reported by Ghalandari et al. (2019) trans-
esterification of canola oil to methyl esters (biodiesel) in the
presence of the magnetic core-mesoporous shell KOH/Fe;0,@Y-
Al,O; nanocatalyst was investigated using Response Surface
Methodology (RSM) based on the Box-Behnken design (BBD)
to optimize the influence of important operating variables on the
yield of biodiesel. A biodiesel yield of 97.4% was achieved under
optimum reaction conditions with excellent agreement between
the predicted and experimental results (Ghalandari et al., 2019).
Reaction temperature and free fatty acid content was found to be
playing the main role in optimizing the reaction conditions,
mainly trans-esterification. Free fatty acids content is found to
be predominant in waste cooking oil, as high fatty acid leads to
soap formation.

Reducing the concentration by using pre-treatment processes,
followed by alkali-based trans-esterification process is an
important step in maximizing the yield (Bankovi et al., 2014).
It is also imperative that while using methanol as an alcohol
source at atmospheric pressure, the temperature should be kept
within the boiling point range as reported by many researchers.
The esterification process is mainly influenced by the molar ratio
of methanol: oil and catalyst concentration due to the impact of
the molecular structure on the equilibrium reaction and
functional substituents of types of alcohol and acid. However,
the conversion rate of oil to methyl ester increases with reaction
time, initial mixing and dispersion of methanol makes the
reaction slower during 1-5min, the maximum biodiesel
production increases over a 15min duration and decreases
gradually. Reaction time can be effectively reduced by using
various new heating techniques like infra-red and microwave

Enhanced Production of Biodiesel Using Nanocatalyst

techniques. Important parameters determining the yield of
biodiesel production are discussed as follows.

Methanol to Oil Ratio

The most important factor in biofuel production is the alcohol to
oil molar ratio, type of alcohol and triglycerides used. The most
probable M:O ratio is 3:1, as it is beneficial in increasing the
solubility of oil and contact time. High molar ratio results in
greater conversion of ester within a short span of time
(Nanasaheb and Chandrakant, 2012). Stoichiometrically, 3 mol
of alcohol and 1 mol of triglycerides are required for esterification
process in order to yield 3 mol of fatty acids and 1 mol of glycerol.
High fatty acid content needs a large amount of alcohol in order
to proceed with the reaction in the forward direction, as the molar
ratio is predominantly dependent on the nature of the oil and
catalyst used. Using an optimized amount of alcohol
subsequently increases biofuel production. However, using an
excess of alcohol will eventually block the active sites of the
catalyst and also increase backward reaction more favorably
(Gashaw et al., 2015). Various alcohols like methanol, ethanol,
propanol, and butanol are mostly used in the trans-esterification
process. As reported by many researchers, methanol is mostly
used due to low cost, but ethanol can also be used because of its
environmentally friendly nature and its production from
agricultural waste products (Hossain and Boyce, 2009;
Deepalakshmi et al., 2015).

Moisture Content

While synthesizing biodiesel, trans-esterification is an obvious
process as it mainly requires free fatty acid. Moisture content is
inevitable with feedstock, and it plays a significant role in
deterring the reaction condition due to the formation of soap,
ultimately reducing the efficiency of the catalyst, hence reducing
the yield of biofuel production. Moisture content also does give
different by-products based on the type of catalysis i.e. acid and
base catalyzed reaction. Pre-treatment processing of feedstock
materials plays an important role in increasing the biofuel
production (Gashaw et al., 2015).

Catalyst Weight (Nanocatalyst)
This is another key factor contributing towards the biodiesel
production. The nature and amount of catalyst is mainly
dependent on the reaction conditions required ie. acidic or
basic. It is also inadvertently dependent on the nature of
feedstock used. If the feedstock is pure with normal moisture
and free fatty acid contents, the optimized amount of nanocatalyst
is enough in order to carry out the desired reaction. However, if the
feedstock has ahigh moisture and free fatty acid content, the
occurring trans-esterification process is actually insignificant as
it mostly leads to soap formation and decreases the yield of
biodiesel production. Considering the latter case, an increased
amount of nanocatalyst will certainly increase the biodiesel
production. Thus, proper pre-treatment process of feedstock is
very important in controlled optimization of the nanocatalyst
(Gashaw et al., 2015).

Considering all substantial parameters, the average catalyst
amount in most of the study was reported in between 1-6 wt% for
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optimum amount of the triglycerides content, it also significantly
varied depending on the scale of production. However, in some
cases it was reported to be high depending on the reaction
conditions. Generally high catalyst weight was found to have
negative impact on catalytic reaction as it creates mass transfer
limitations and reduces the interaction of active sites caused by
agglomeration (Kazemifard et al., 2018). Beyond the optimized
amount, further addition will decrease production and it is not
very effective economically.

Reaction Temperature

In order to increase the yield, reaction temperature also plays a
significant role. An increase in temperature increases the reaction
rate and kinetics ultimately reducing the reaction time (Gashaw
etal., 2015). The trans-esterification process is usually done below
the boiling temperature of alcohol within an optimum
temperature range of 50-60°C depending on the type of oil
used. High temperature mostly corresponds to the evaporation
of alcohol used. As reported by many groups, at normal
temperature, a 78% conversion is easily achieved within a
60-90 min time period (Hossain and Boyce, 2009).

Reaction Time

The temperature and time play a corresponding role in trans-
esterification of oils or fatty acid esters. With an increase in time,
fatty acid conversion increases, as initially the conversion is slow
due to the dispersion and mixing of oil to methanol or alcohol. As
the reaction proceeds towards the threshold, the conversion is
usually faster owing to faster reaction kinetics. The nature of the
catalyst has a high impact on reaction time as a mixed
nanocatalyst requires much less time i.e. 1-2 h. It was reported
that within 90 min, maximum ester conversion was achieved,
however further increase in time does not increase the yield owing
to the reversible nature of reaction, leading to more production of
glycerol (Hossain and Boyce, 2009; Gashaw et al., 2015).

As these reaction parameters are being monitored primarily,
various groups have reported maximum vyield of biofuel
production based on these reaction parameters. Since
optimization of these parameters is mainly done via following
statistics models like RSM and other models, using techniques
like ANOVA and BBD configuration in order to find the
significance in between these parameters (Anr et al, 2016).

Enhanced Production of Biodiesel Using Nanocatalyst

JeyaKumar and Narayanasamy (2019) has reported the use of
quadratic model ANOVA using BBD design for initializing the
impact between parameters. After fitting in the given model, the
most important parameters were found to be reaction time and
catalyst loading. However, the variation of other parameters like
molar oil ratio and temperature does not yield any significant
changes in biofuel production (Jeyakumar and Narayanasamy,
2019). In order to find the significant optimized parameter, all
parameters have to be considered first. However, as reported by
Lee et al. (2011) based on findings that optimum biodiesel
production was obtained at a lower molar ratio of methanol to
oil and reaction temperature, 1:8 and 55°C respectively. It was also
observed that increasing methanol concentration increases
glycerol solubility, ultimately reducing the yield of final
products. Significantly optimized components like a catalyst
loading and reaction time of 0.6%, 80 min does contribute
greater yields in the biodiesel production while rendering the
saponification process. The extremely low and high catalyst
loading does not give any significant results. The optimum
reaction time of 80 min was found to be extremely influential
in attaining the maximum biodiesel production. From the given
observation, it can be inferred that at a given molar ratio, reaction
temperature (55°C) and reaction time (80 min), the optimized
catalyst loading was found to be 0.6%, mainly corroborating that
lower catalyst loading gives a maximum yield of 92.43% (Lee
et al., 2011).

Varghese et al. has reported the usage of 0.25% catalyst loading
with other optimum reaction conditions like a reaction time and
temperature of 30 min and 60°C respectively with a molar ratio of
methanol to oil 6:1 (Ainun et al, 2017). Table 8 briefly
summarizes the role of nanocatalysts and the importance of
optimization of parameters in enhancing the yield of biodiesel.
Other parameters like co-solvent, reactor mixing speed, and type
of reactor also show considerable effects on commercialization
and large scale production of biodiesel (Chozhavendhan et al.,
2020).

CHALLENGES AND LIMITATIONS

There are various potential challenges faced during the production
of biodiesel. Starting from selection of biomass as raw materials in

TABLE 4 | Summary of the increased biodiesel production via metal oxide based nanocatalyst.

Nanocatalyst Feedstock Catalyst weight Specific surface Reaction time Biodiesel yield References

(%) area (m%/g) (h)/temp (°C) (%)
Nano-MgO Goat fat 1 40.44 3/70 93.12 Hassan and Hossein (2019)
MgO/MgFe>O4 Sunflower oil 4 97.8 4/110 91.2 Alaei et al. (2018)
y-AlLOz/Kl Palm oil 4 349 4/60 98 Islam et al. (2015)
Ca/y-Al,O3 Corn oil 6 6.85 5/65 87.89 Moradi et al. (2015)
KOH/Fes0s/Al,03 Canola oil 4 20.46 6/65 08.8 Kazemifard et al. (2018)
CaO@Fe,0g Soyabean oil 2 — 3/70 98.8 Shi et al. (2017)
NaoSiOg Animal fat 0.5 - 0.5/220 95.6 Yin et al. (2010)
CaO/CuFe,04 Chicken fat 3 — 4/70 94.52 Seffati et al. (2019)
[BsAIM][OTf]@ SiO./CoFe,O4 Oleic acid 10 364.05 12/100 87 Zhen et al. (2012)
Cr/Ca/y-Al,Og Cooking oil 6 164.32 3/65 92.79 Sulaiman et al. (2017)
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TABLE 5 | Summary of the involvement of carbon-based nanocatalysts in increased biodiesel production.

Nanocatalyst Mode Feedstock Catalyst Methanol Reaction Biodiesel
of synthesis amount to oil time yield
(wt%) ratio (h) and (%)
reaction
temp.
(c)
KOH loaded MWCNTs Impregnation method Canola oil 3.02 13.56:1 3.34/60 94.23
Silicon carbide/sodium hydroxide-graphene oxide (SiC/ In-situ impregnation method  Rapeseed oil oleic acid 5 48:1 0.1/65 96
NaOH-GO)
Na,O/CNT Impregnation method Used cooking oil 3 20:1 3/65 97
s-MWCNT - Oleic acid 0.20 5.8:1 1.5/135 95.46
Sulfonated biochar and activated carbon (AC) Pyrolysis method Vegetable oil 2-8 6:1 6/55-60 97
TABLE 6 | The summary of zeolite-based nanocatalysts for increased biodiesel production.
Nanocatalyst Mode Feedstock Catalyst Methanol: Reaction Reaction Biodiesel
of synthesis amount oil time temperature yield
(wWt%) ratio (h) (’C) (%)
Zeolite/chitosan/KOH - Waste cooking oil 1 1.7 3 40 V(MI) 93
Lanthanum-natural zeolite (La/NZA) Impregnation method Crude palm oil 1 9:1 60 85.37
(CPO)
ZSM-5 (nanosheets) Hydrothermal method Linoleic acid 10 6:1 4 180 95.12
Mesoporous ZSM-5 Disilication method Shea butter 1 5:1 3h 200 74.0
Li/NaY zeolite Hydrothermal and microemulsion-assisted co-precipitation  Castor oil 3 18:1 2 75 98.6
method
High silica MoOg/B-ZSM-5 Hydrothermal technique followed by wet impregnation WCO 3 2.40 6 160 98
nanocatalyst method

Microwave irradiation (M).
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Recyclability References

Omraei et al. (2013)
Loy et al. (2019)

lbrahim et al. (2020)
Zhang et al. (2009)
Kastner et al. (2012)

References

Fereidooni and Mehrpooya
(2017)
Setianingsih et al. (2018)

Fawaz et al. (2019)
Alaba et al. (2016b)
Li et al. (2019)

Mohebbi et al. (2020)
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TABLE 7 | Comparison of the physico-chemical properties of biodiesel derived from different nanocatalysts with standard methods.

Nanocatalyst

MgO

Zn doped CaO nanocatalyst
TiOo/PrSOzH

TiO»—0.5 C4HsKOg catalyst
Synthetic B/ZP catalyst
ASTM D6751

EN14214

Density (kg/cm?®)

0.866
0.873
0.898
0.891
0.872

0.82-0.90 (20°C)
0.86-0.90 (15°C)

Kinematic viscosity (mm?/s)

3.7

4.8

3.5
3.84

TABLE 8 | Summary of nanocatalysts and optimization parameters used in production of biodiesel.

Nanocatalyst

SO4/Mg-Al-FezO, catalyst
MgO nanoparticles
CuO-Ca0 catalyst

Ca0 nanoparticles
KOH/Ca2 Al14033
nanocatalyst
KF/CaO-Fez0,

(MgO) catalysts

(KOH)

CaO derived from egg shell

MgO-La,O3 nanocatalysts
Sr3Al,Og

Au@Ag core-shell NPs
K>CO3/Al,03

Microwave irradiation (M).

Mode
of synthesis

Co-precipitation

Sol-gel

Sol-gel

Thermal decomposition
Combustion method

Impreg nation method
Co-precipitation method
Calcination-hydration-dehydration
as

Co-precipitation method

Sol-gel

Deposition method

Impregnation method

Feedstock

WCO

Waste cooking oil
Moringa oleifera oil
WCO oil

Canola oil

Stillingia oil
Waste cooking oil using
Coconut oil
Scenedesmus armatus

Sunflower oil
Soybean oil

Sunflower oil
Sunflower oil

142

171

173
178.5
>130
>120

Alcohol
to oil
molar

Flash point (°C)

ratio

9:1
10:1
0.3:1

8:1
12:1

12:1
24:1
6:1
10:1

18:1
25:1
5:1
12:1

121

Acid value (mgKOH/g)

0.05
0.15
0.41
0.041
<0.8
<0.5
Catalyst Reaction
amount time
(wt%)
4.0 300 min
2 2h
4 150 min
1 90 min
4 60 min
4 3h
2 1h
1.0 60 min
1.61 4 h
3 5h
1.3 61 min
5 2.0h
5 4 h

Water content

<0.05
<0.05

Reaction
temp

95°C
60°C
65°C
50°C
450 WMI

65°C
65°C
70°C
75°C

65°C
60°C
65°C
80°C

Cetane value

57

53.7
>A47
>41

Biodiesel

yield
(%)

98.5
80
95.24
96
83.5

95
93.3
97.20
90.44

97.7
95.7
86.9
99.3

References

Amirthavall and (2019)
Borah et al. (2019)
Gardy et al. (2017)
Ambat et al. (2018a)
Abukhadra et al. (2019)

References

Gardy et al. (2019a)
Amirthavalliand Warrier (2019)
Nomura et al. (2019)
Anbessie et al. (2019)
Nayebzadeh et al. (2017)

Hu et al. (2011)

John et al. (2018)
Samuel et al. (2016)
Pandit and Fulekar (2019)

Feyzi et al. (2017)
Rashtizadeh et al. (2014)
Banerjee et al. (2014)
Silveira et al. (2019)
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order to obtain free fatty acids that are used as feedstock material.
Transforming biomass is a prerequisite task so as to minimize the
obstacles caused later in the production of biodiesel. Biomass
obtained from edible materials has a limited production as it
mainly contributes to derived food. As deforestation and
problematic issues of fossil fuel derived products has plagued its
zenith, large scale plantation of non-edible plants in order to
retrieve oil is an important and main concern. Another stage is
the technological development required in extraction of oils from
feedstock. Each and every stage in biofuel production is energy
intensive and needs to be properly optimized. Furthermore,
different types of nanocatalysts can be investigated depending
on the morphology and size of nanoparticles which also play a
pivotal role in maximizing the yield of biofuel, as structural and
catalytic stability of nanocatalysts at high temperatures is also a
major issue and concern in augmenting the overall productivity of
biofuel. So fabrication and modification of nanocatalysts of high
surface to volume ratio, catalytic stability, and high catalytic activity
is significant in optimizing the parameters of biodiesel production
while maintaining an environmental-friendly approach to
minimize chemical based pollution during nanocatalyst synthesis.

CONCLUSION

Biodiesel production plays a prominent role in alleviating the
utilization of energy generation from fossil derived products.
Despite lower energy production in comparison to fossil fuels, the
novel designing of nanocatalysts, producing microbial cultures
and developing optimization techniques are succinctly helpful in
expanding the large-scale production of biodiesel.

In this review the detailed discussion on biodiesel production
via trans-esterification reaction has been presented. The role of
nanocatalysts in heterogeneous catalysis has been analyzed on
the basis of its type and vastness. The metal oxides based
nanocatalysts are attributed with the exceptional properties
of large surface area to volume ratio, different morphology
and high activity as well as selectivity of the catalyst.
Nanomagnetic and mixed metal oxide based nanocatalyst
have played a substantial role in enhancing specific surface
area, pore size and average pore diameter. Using innumerable
functionalized groups, significant modification of nanocatalysts
can be achieved which ultimately increase the overall acidity,
reduces the leaching of active metals and creates more active
acidic and basic sites for the catalytic reaction. Inevitably,
advancement in nanotechnology significantly limits the use
of fossil fuels and also mitigates the pollution level. However,
the biodiesel production still faces some major challenges like
identifying feedstock, as a concerning task corresponding to
biofuel production, mainly biodiesel. Biodiesel derived from
edible oils are posing certain restrictions relating to cost and
food related issues. In comparison to this, non-edible oils and
classes of microalgae show better prospects in regard to
esterification process of free fatty acids. As pre-treatment of

Enhanced Production of Biodiesel Using Nanocatalyst

the feedstock is a necessary step in minimizing the formation of
side-reactions and the saponification process, it mostly hinders
the production of biodiesel by affecting its physico-chemical
properties thus reducing the overall quality of biodiesel.
Monitoring optimization of reaction parameters and
physico-chemical properties are imperatively significant in
increasing biodiesel production. Using optimum amounts of
nanocatalyst, reaction parameters like methanol to oil ratio,
catalyst weight, reaction temperature and time can be
significantly improved, thus overall increasing the quality
and quantity of biodiesel.

FUTURE OUTLOOK

In light of the review, future studies can be significantly made in
the following directions to overcome the existing limitations
regarding biodiesel production:

Devising a plan for large-scale usability of non-edible
feedstock oils and exploration in increasing the production of
algae based biomass which possess major content of oil.

Developing nanocatalysts possessing multi-functionality
active sites, which concomitantly minimize the effect of
leaching and can also withstand disintegration during the
trans-esterification reaction.

Functionalization of carbonaceous and zeolite-based catalysts
using nanomaterials and polymeric materials for increasing its
catalytic activity, specificity, and stability.

Exploiting structural modification based on morphology and
size of the nano-based materials so as to enhance the reaction
kinetics involved in biodiesel production.

Evolving statistical tools for effective optimization of reaction
conditions on a large scale.

Finally, technological advancement is necessary in establishing
the reaction process on a large scale to minimize the mass-
transfer resistance, extensive energy usage, and utilization of
by-products. Thereby increasing the scope in maintaining the
optimized reaction conditions, and hence increasing the biodiesel
production.
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Biofuel production from microalgae non-food feedstock is a challenge for strengthening
Green energy nowadays. Reviewing the current technology, there is still reluctance in
investing towards the production of new algal strains that yield more oil and maximize
capital gains. In the current work, the microalgal feedstock selection problem is
investigated for increased lipid production and nano-catalytic conversion into clean
biofuel. For that purpose, a variety of Fuzzy Multi-Criteria Decision Making processes
and a multitude of Optimization criteria spanning to technological, environmental,
economic, and social aspects are used. The strains selected for the analysis are
Chlorella sp., Schizochytrium sp., Spirulina sp., and Nannochloropsis sp. The methods
applied are fuzzy analytic hierarchy process, FTOPSIS (fuzzy technique for the order of
preference to the ideal solution), and FCM (fuzzy cognitive mapping). Pairwise comparison
matrices were calculated using data from extensive literature review. All aforementioned
fuzzy logic methodologies are proven superior to their numeric equivalent under uncertain
factors that affect the decision making, such as cost, policy implications, and also
geographical and seasonal variation. A major finding is that the most dominant factor
in the strain selection is the high lipid content. Moreover, the results indicate that the
Chlorella Vulgaris microalgae is ranked as the best choice by the FTOPSIS method
followed by the Nannochloropsis strain, and Spirulina Platensis was found to be the last in
performance. The best and worst case scenario run with FCM experimentally verify this
choice indicating that Chlorella Vulgaris follows this trend of selection mostly with the
technological and the economic criteria for both the sigmoid and the hyperbolic tangent
deep-learning functions used.

Keywords: biofuel, clean energy, microalgal biomass, feedstock selection, optimization, fuzzy multi-criteria decision
making, nanocatalyst, conversion
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INTRODUCTION

Bioenergy and biofuel production in the framework of
sustainability has gained significant interest in recent years
and represents one of the main priorities in energy research.
Biofuel, especially, has proven to be the ultimate alternative for
green and renewable energy production, which drastically
reduces greenhouse emissions despite the high operating cost
and the technological process irregularities in the involved supply
chain (Chandel et al., 2018; Gardy et al., 2019). Due to renewable
biofuel potential for green recovery, biomass production has
recently attracted enormous attention worldwide for contributing
to climate change mitigation (Roussos et al., 2019). In this context,
biomass production is a non-toxic technology that creates renewable
energy utilizing established procedures specific to the desired biofuel
production (Sindhu et al.,, 2017). Lately, special interest has been
shown and directed to the microbial fuel cells, among which
microalgae in particular presents a promising environmental
adaptability in preserving nutrients and storing lipids that can be
extracted to provide a sustainable energy source. This can migitate
the gap between economic development and environmental
preservation (Nizami et al., 2017).

Microalgae is the primary third generation biofuel (non-food)
source that has been proved to be superior for biofuel production
among other conventional terrestrial crops in terms of cell
structure, growth rate, and photosynthetic yield (Viswanath
et al, 2010; Dutta, Daverey, and Lin 2014). Specifically,
microalgae are individual plant cells that can be cultivated
either in photo-bioreactors, or in specially constructed open
ponds or even in a hybrid combination of both systems
(usually raceway open ponds and closed photo-bioreactors).
They utilize CO,, micronutrients, and solar light to multiply
and produce raw microalgal biomass containing carbohydrates,
lipids, and proteins (Arora et al.,, 2019; Papapolymerou et al.,
2019; Zhang et al., 2020).

Cultivation of microalgae offers distinct advantages that
ensure process viability and sustainability as feedstock for
clean biofuel energy production (Chisti 2008; Li et al., 2008;
Singh and Gu 2010; Carmichael et al., 2017; Yadav et al., 2020).
The most important advantages include: 1) increased biomass
production capability, 2) minimal nutrient requirements, fewer
water needs and even possibility of using wastewaters containing
residual nutrients and also no requirements for herbicides or
pesticides, with expected environmental and economic gains, 3)
less land demand, thus avoiding competition with other land-
based crops also taking into account the potential for cultivation
in non-arable areas, and 4) resistance of several species to salinity
or even growth in marine environment with obvious benefits for
cultivation in coastal areas.

Especially, microalgal biomass is a renewable energy source
with its carbon content being totally derived from carbon dioxide
(CO,) and also with the perspective of fixing and recycling CO,
exhausts from fossil fuel burning, (e.g. from co-located
thermal power plants) in algal biomass production towards
CO, bio-mitigation and global carbon emission reductions. In
the context of circular bio-economy, additional advantages
include: 1) a more efficient microalgal oil extraction ability, 2)

Microalgal Biomass Feedstock Selection

an increased biofuel biodegradability and non-toxicity, 3) the
possibility of co-generation of other products for use in food,
cosmetics and medical industry, 4) the potential for
exploitation of new by-products as crop fertilizers or food
additives, (e.g. the remaining algal biomass being rich-in
protein, carbohydrates and small quantities of non-
extractable lipids and micronutrients).

According to (Nwokoagbara et al., 2015), the stages in
producing biofuels from microalgae are the following:

e microalgae strain selection and cultivation,

e harvesting,

e algal oil extraction via pretreatment (drying) and treatment
(fluid extraction) via various physicochemical processes,
and finally

¢ oil transformation to produce the desired type of biofuel.

For the conversion of microalgal biomass-derived oil feedstock
into biofuel by the catalytic transesterification reaction, alkalis
(KOH or NaOH) have been used as homogeneous catalysts
(Campbell 2008), while porous microspheres, (e.g., zirconia,
titania and alumina) have been used as heterogeneous ones
(Raehtz. 2009). At the boundary between them, nanocatalysts
with enhanced stability, catalytic activity, low cost, recyclability,
and reusability are increasingly being considered to provide new
pathways for efficient and environment-friendly biofuel
production. The latest achievements in nanomaterial design
for algal lipid transformation include a photochemically
synthetized SrTiO; nanocatalyst (for microalgae Chlorella
vulgaris), a Fe,O; nanocatalyst, a KOH-supported magnetic
alumina-ferric oxide nanocatalyst, and a poly-ethylen-glycol
encapsulated ZnOMn** nanocatalyst (for Nanochloropsis
oculata) (Banerjee et al., 2019; Kazemifard et al., 2019; Vinoth
Arul Raj et al., 2019; Aghilinategh, Barati, and Hamadanian 2020;
Safakish et al., 2020).

Generally, the overall process optimization includes very
complex research issues and involves diverse limitations in
components and system parameters, in order to establish a
viable large-scale microalgal oil production for biofuel
(Carmichael et al.,, 2017). In order to maximize the quantities
of biofuel generation, an optimization of microalgae cultivation
with improved productivity is a prerequisite, taking into
consideration  the advancements in  physicochemical
parameters, including temperature light irradiation, CO,
incoming feed etc., for enhancing microalgal biomass yield
(Gouveia 2011; N.; Hossain and Mahila, 2019). Moreover,
apart from the harvesting, processing, and fuel extraction
methodologies, according to (Viswanath et al, 2010), most
critical decisions are especially related to the microalgal strain
selection focusing on properties of critical significance such as: 1)
the growth rate of the plants, 2) the lipid content, 3) the fatty acid
profile, and 4) the ease of harvesting to make the technology one
that is worth advancing and which has the corresponding
economic impact to decisively contribute to the sustainability
of the process. Actually, some microalgae strains favor high
biomass production while others favor high lipid
concentration, thus it is important to select an appropriate
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algae strain with both high biomass and oil productivity, which
also can be grown at relatively low cost (Hossain et al., 2008; Yoo
et al, 2010). Moreover, genetic and metabolic engineering
approaches have lately been investigated for improving the
valuable lipid content in microalgae that are increasingly
considered as promising “cell factories” (Naghshbandi et al,
2020).

Nevertheless, extended research has shown that already over
50,000 microalgae species have been recorded and around 30,000
of them have been studied. Furthermore, there is not any
classification of the already analyzed strains in terms of their
properties (both chemical, physical, and biological). Having the
aforementioned facts in mind, microalgal strain selection
becomes a critical and multi-various decision making problem
depending on a repertoire of criteria of diverse methodological
categories and uneven weight importance. To deal with the
microalgae strain selection problem wusing conventional
MCDM methodologies is not convenient due to the fact that
there is a multitude of decision making variables involved that are
of non-numeric nature. Furthermore, the participation of experts’
opinion in the process automatically initiates the mixing of
categorical properties having linguistic values. Additionally,
attacking the problem using a participatory modeling
methodology naturally inserts a variety of uncertainties related
to the strain selection, and again all subjectivities of experts in the
field can only be expressed using fuzzy linguistic variables as
opposed to regular numeric quantities (Zhao, Xu, and Ren 2019;
Lak Kamari et al., 2020). On the other hand, the involvement of
fuzzy linguistic variables when applying multi-criteria decision
making has shown to reveal the most influential criteria and
parameters that are associated with the uncertainties occurring.
So far, restricted information is reported in literature about the
application of fuzzy MCDM methodologies in the critical task of
the optimized selection of microalgae strains as feedstock for
biofuel, given their ample differences in physico-chemical and
biological properties that can strongly affect the overall
production process.

The primary aim/objective of the present novel research is to
systematically analyze and evaluate the potential of microalgae
strains for clean biofuel production. For that purpose, an
innovative holistic approach is proposed, which includes
participatory modeling and a robust repertoire of advanced
fuzzy logic-based multi-criteria processes/methodologies, namely
FAHP, FTOPSIS, and FCM, to address and minimize uncertainties
involved towards investing into microalgal potential plants
that use selected feedstock. Moreover, the optimization criteria
are classified into technological, environmental, social, and
economic ones.

With the involvement of experts in the field, the most
important parameters of the above four categories were
identified. Then, a simple questionnaire was given to local and
regional stakeholders of biofuel production industry, competent
authorities officials and local residents to provide feedback
relatively to the importance of each criterion used in relation
to strain type. The set of available answers was scaled using
intutionistic and linguistic values, thereby triggering the
participation of the fuzzy MCDM methodologies mentioned

Microalgal Biomass Feedstock Selection

above. The interoperability of the above criteria is not
generally helpful, as there may exist negative or converse
causalities between any two criteria elements. However, this is
the reason that, in participatory modeling, regional and local
stakeholders contribute on the creation, establishment and
refinement of these causalities (Kokkinos and Karayannis
2020). The opinion of stakeholders is obtained using either
surveys or focus groups. The answers acquired are treated
using the aforementioned procedures to evaluate candidate
decisional scenaria and/or to find near optimal solutions to
the optimization problem at hand.

The structure and major contents of this study are: i. in section
two, the methodologies are thoroughly presented with regard to
the fuzzy processes used for finding the best suitable microalgal
strain to produce biofuel. The criteria for the evaluation are taken
mostly by the literature and experts on the field. A detailed
description of the questionnaire used, the classification of
criteria and the feedback of the local and regional stakeholders
weighing and contemplating these criteria are also included; ii.
Section three calculates the criteria priorities in a decision matrix
for the case of FAHP, setting initially the hierarchy and the weight
fuzzy scale. Similar approach is shown for the case of FTOPSIS,
using triangular fuzzy membership functions. For the FCM case,
a steady-state analysis is presented separately for each strain case
scenario as well as best and worst case scenario of alternating the
involved criteria. Furthermore, the results, discussion, and
assessment are illustrated along with the overall procedure
application in specific locations in Greece; and finally iii. main
conclusions and future challenges of the problem under
consideration are presented.

METHODOLOGIES

Microalgal Biomass Cultivation for Biofuel

Production

Compliance With Ethical Principles

The present research methodology upholds high ethical
standards. In that sense, ethics approval was not required in
accordance with the local legislation and/or the institutional
requirements. Indeed neither animal subjects nor human
subjects/patients are involved. Moreover, identifiable personal
human data are not included in the social surveys performed for
the purpose of the study, which fully complied with the ethical
principles. Specifically, all participants were given all the
appropriate information regarding the aim and the content of
the survey and especially the confidentiality and the anonymity of
the participants, and finally they were asked whether they wanted
to participate. Thus all participants volunteered to provide their
opinions about the concepts of the study. At the same time,
participants were informed about any possible shortcomings of
the survey and particularly on the effort of the researchers to
totally avoid the introduction of any bias either via questioning of
certain scope or via the outcome statistics. Furthermore, the social
survey was not sponsored by any organization or private sector
business but it was solely aiming to record and assess the public
opinion and potential acceptance relative to the growth and/or
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the worthiness of producing Green energy through the use of
microalgal biomass renewable source and its processing into
clean biofuel.

Participatory Modeling Process and Proposed
Decision-Making Logical Architecture
The participatory modeling approach can be utilized to create the
causal loop from all involved stakeholders to integrate: 1)
microalgal cultivation methodologies, 2) social and environmental
aspects and 3) economic aspects to introduce a comprehensive
scheme of promoting specific strains that maximize profit. The
goal is to understand the limitations and the extensions of the
problem while at the same time, the stakeholders can discover all the
drivers and factors that participate on this issue (Suprun et al., 2018).
The work of Salim et al. (2019) identified the barriers, the drivers,
and the enablers concerning the development and the management
of renewable energy production plants. They also identified all
criteria to initiate such development. Specifically for the case of
microalgal cultivation for biofuel production, the strain selection is a
multifaceted and complex problem involving various conflicting
criteria. The multitude of interlinked factors affecting the process
makes the strain selection a MCDM problem. According to
(Wohlfahrt et al, 2019), there is a necessity to focus on criteria
that improve the biomass transformation which corresponds to
biofuel improvement with regard to sustainability. For that reason,
we need to review the factors of critical significance in relation to bio-
economy systems and how these systems interact, the level of their
heterogeneity, the bending and flexibility of stakeholders’ strategies,
the panoramic view of all spatiotemporal scales for the microalgal
cultivation as well as other exogenous parameters such as the energy
price market, the climate and various regional regulations and
bylaws. The work of (Kohler. 2019) indicates the most important
directions for sustainable innovation in terms of sustainability and
biofuel production via evolutionary economics and technological
innovation using agent based models that represent the neo-
Schumpeterian ideas in terms of sustainable energy transitions.
Towards the same lines of research, the work of Wang et al
(2019) assessed mostly the socioeconomic aspects in the
production of aviation biofuel for the case of Brazil. This work
provides a variety of scenarios illustrating the technological
coefficients of the MCDM model. However, the above research
works represent only a small sample of the available research directly
related to the assessment of the multi-criteria problem of sustainable
biofuel production. The survey of Hossard and Chopin. (2019)
shows that there at least ~2000 research articles up until 2019 that
tackle the problem of sustainable biofuel production involving multi-
criteria issues such as change, scale, pollution, biodiversity, practices,
and terms on biophysical/regulatory conditions.

According to (Bekirogullari et al., 2020; Juan et al, 2020;
Markou. 2020; Sung et al., 2020), the most popular systems for
microalgal cultivation are summarized as follows:

e Outdoor cultivation systems which are open water repository
systems (ponds, lakes etc.) that enable microalgae to treat
nitrogen and phosphorus in the wastewater.

e Indoor cultivation such as large cultivation bags and tubular
photobioreactors suitable for microalgae cultivation
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independently from the weather conditions avoiding
contamination.

o Hybrid photobioreactor systems which use photobioreactors
initially and then open systems to increase the biomass
production.

o Microalgal biofilm systems that mostly deal with microalgal
cultivation in wastewater, and

o Systems of microalgae cultivation in beads of alginate that
trap algal cells in wastewater management plants.

To the best of our knowledge, the most relevant research that
relates all categories of criteria to biomass and biofuel production
belongs to (Bueyuektahtakin and Cobuloglu. 2014). The
combination of the above literature with the surveying of a
broad expert body gave us the following Table 1 of candidate
criteria clustered into the four categories. Out of these criteria,
according to (Viswanath et al, 2010) the most important
technological criteria are the growth rate, the fatty acid profile,
the ease of harvesting but above all the lipid content.

The above mentioned criteria are used to determine their fuzzy
weights each in their specific category. For that reason four types
of simple questionnaires were distributed to experts as well as to
the competent authorities’ officials and other relevant
stakeholders. The scaling on the answer choices was done
using seven fuzzy linguistic values spanning from highly
unimportant to highly important levels. The set of the
methodologies used in the determination of the most
important strains is shown in the following Figure 1 and it
works as a logical architecture of the overall participatory
modeling approach. More specifically, we first apply FAHP
and FTOPSIS to calculate the pairwise comparison matrices of
the criteria at hand. Four such matrices were computed, one for
each category of criteria. This allowed us to do scenario analysis
(steady state, worst and best case) for each one of aforementioned
categories of criteria to evaluate their relative significance and
importance.

Fuzzy Sets Theory and FAHP Method
Fuzzy sets were introduced by (Zadeh. 1965). Fuzzy sets

differentiate from other set types because they contain
elements that present a degree of membership i.e., making it
possible to represent the imprecision level in non-numeric
variables. Fuzzy relations are a generalization of L-Relations
(Burgin and Kuznetsov. 1992) and they assign a membership
grade in each set entity as a mapped value between 0 and 1. By
permiting gradual assessment of the membership of set elements,
fuzzy theory suceeds to provide significant results in fuzzy
linguistics (Cock et al., 2000), in decision making (Kokkinos
etal, 2019; Wang and Peng. 2020) and in clustering (Ullah et al.,
2020).

The AHP method was introduced by (Saaty, 1987) to provide
ratio scaling and since then, it has become the de facto tool to
perform MCDM. The method however is applied only for
problems of crisp numeric variables. To overcome the
problem, FAHP was introduced by (Chang, 1996). FAHP
calculates the relative importance between any pair of criteria
in a hierarchy setup for a specific problem. The method uses
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TABLE 1 | Candidate Criteria for Microalgae Cultivation to optimize biofuel production. Courtesy from (Nwokoagbara, et al., 2015).

ID Technological ID Environmental ID Economic ID Social
T Energy content EN1 Land/waterbody use EC1 Microalgae (raw material) cost S1 Competition for food
T2 Energy efficiency EN2 Water quality requirement EC2 Investment cost S2 Technological development
T3 Ease of harvesting EN3 Biodiversity and aquatic life EC3 Cost of cultivation or nutrients S3 Sustainable development
T4 Primary energy ratio EN4 CO, sequestration ability EC4 Cost of harvesting S4 Social acceptability
T5 Biomass content EN5 Cultivation methods EC5 Co-utilization S5 Job creation
T6 Oil content EN6 Pollution EC6 Robustness S6 Social benefits
T7 Lipid content EN7 Chemical usage EC7 Storage cost
T8 Fatty acid profile EN8 Light intensity EC8 Transportation cost
T9 Growth rate EN9 Resistance to contamination EC9 Payback period
T10 Reliability EN10 Particles emission
T11 Safety EN11 Impact on ecosystems
T12 Availability of nutrients EN12 Visual impact
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FIGURE 1 | The logical architecture of the participatory modeling approach.
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FIGURE 2 | The presentation of a triangular fuzzy number.

triangular fuzzy numbers (TFNs) and a pairwise comparison to
compute the fuzzy evaluation matrix. The TFNs are defined by
the triplet (I, m, u) where (I<m<u) and their corresponding

memebrship function is depicted in the following equation
whereas the visual representation is shown in Figure 2.

x—1
— I<x<m,
m-—1
x) = u-—-x
ux) . m<x<u,
u—-m
0, otherwise.

According to Altintas et al. (2020), the method performs a
pairwise comparison between any two criteria translated from
linguistic values to TFNs based on a nine-integer scale
mapping which is depicted in Table 2. Intermediate
numbers in the numeric scale get an analogous
comproming in the triangular fuzzy scale. Additionally, the
following set of algebraic operations is defined by Kahraman
et al. (2003); Noorul Haq and Kannan. (2006); Chamodrakasv
et al. (2010); and Chan et al. (2008) to calculate the pairwise
comparison between criteria. The operations shown (apart
from the representation of a TFN) are the following in this
order: inverse of a fuzzy number, addition of two numbers,
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TABLE 2 | Mapping between fuzzy linguistic values, triangular-fuzzy and
numeric scale.

Definition Crisp values (intensity Fuzzy triangular scale
of importance) M= (I, m,u).

Equally important 1 (1,1,1)

Weakly important 3 (1,3,5)

Fairly important 5 (3,5,7)

Strongly important 7 (5,7,9)

Absolutely important 9 (7,9,9)

subtraction, multiplication, inner product, and summation of
a set of fuzzy numbers respectively.

M= (I, m,u),

<1 1 1)
1)

M@®M, = (h,my, u)@ (b, my, up) = (b + by my + my, uy + ),

(1\7[)71 = (Lm,u)"

Ml - Mz = (b, my,wy) = (b, my, 1)
= (h = bLymy —my, uy — uy),

M®M, = (h, my, u)® (L, my, up) = (L, mymy, uyuy),

Assuming a set of n-criteria then the corresponding
comparison matrix is given in the form:

Mn MlZ Mm
- M M M
Mij — A 21 :22 2;:1
L Mnl MnZ Mmt
Lymyuy homya, Lty
_ bimayuay - bymyuy, by tizy
L lnlmnlunl lnlngunZ lnnmnnunn
i=1...n,
for . 1
j=1l...n

Furthermore, the geometric mean is also needed to convert
back the triangular fuzzy numers into crisp numeric and this
operation is defined as:

Note that in the previous equation G; denotes the fuzzy
geometric mean of the criterion C;, R corresponds to the
reciprocal of the sum of the geometric mean of fuzzy
comparison values, and finally F; represents the fuzzy weight
for criterion C;.

Microalgal Biomass Feedstock Selection

Microalgal Biomass Selection Problem and
FAHP-Related Works

Montingelli et al., 2015 have provided a comprehensive review
related to biogas production from algal biomass proving that
algae-derived biofuels are a promising alternative to the depleting
of fossil fuels. However, the economic feasibility of massive
biomass production from microalgae has not been established
yet due to high energy requirement for harvesting and drying. For
that reason, research based on FAHP was conducted by Tan et al.
(2016) to prioritize the best harvesting and drying method at the
same determining the degree of confidence of the experts who set
up the criteria and the quantification process. FAHP has been
used to evaluate global market shares in terms of the renewable
bio-energies. Initially, the research of Ubando et al. (2020)
evaluates new algal bioproducts in collaboration with existing
industries. The authors created a Decision Support System (DSS)
that helps the industry to choose the best among candidate sites
and regions to cultivate microalgae based on the environmental
impact, several economic burdens, social aspects, and the
viewpoints of stakeholders via an FAHP that incorporates
uncertainty of opinions. For the same area, a study by
(Ubando et al., 2016a) focuses on the factored ranking of
several criteria using FAHP and Artifical Neural Networks
(ANN). The selected methodologies provided the ability to
discover patterns of inconsistencies as well as a large amount
of missing information in order to apply a complete participatory
modeling process. Towards the same line of research, the work of
(Correa et al., 2019) utilizes FAHP among other fuzzy modeling
approaches to discover the most appropriate and feasible site for
producing microalgal feedstock (but on a global and country
level). In this work the optimization criterion is the revenue and
profit while diminishing several collateral competitions of other
targeted markets (food markets, cosmetics etc.). Their case
studies mostly concentrate on the regions of Africa, Middle
East, and western South America and this is the first sited
work on the subject specifics. The same work in Ubando et al.
(2016b) tries to analyze various microalgal cultivation systems
based again on environmental impact, energy consumption,
economic viability, social acceptability, and system robustness
using FAHP via Monte Carlo simulations. These studies provided
microalgal sites for cultivation for risk-averse and risk-inclined
scenarios.

The majority of research that relates the FAHP method with
the biofuel through microalgal biomass production can be
represented by the work of Hamid et al, 2017. This work
concentrates on the technological screening of the biomass
production using FAHP for feature scaling normalization in
order to select the optimum processing procedure for
sustainable biofuels production from algae. But as it happens
with other forms of renearble resource feedstocks (Katooli et al.,
2019; Kheybari et al., 2019), the most important step towards
sustainable profitability scenario is the development of an
evaluation framework and a well established DSS that
determines the importance of the selected criteria including all
appearances of nature (climate, environment, technological, and
social consequences).
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FTOPSIS Method

The TOPSIS method is a numerical optimization
methodology that utilizes a pseudo-polynomial heuristic
based on the fact that, in a selection process, we must rank
as the most appropriate the solution that close to the positive
ideal decision candidate and far away from negative
decision ideal candidate (Yoon and Hwang, 1995). The
method was extended to include linguistic valued variables
of fuzzy nature by Chen. (2000) and since then, it has been
heavily used in many disciplines. Via FTOPSIS, policy
makers can define each participating decision criterion
using TFNs as shown in FAHP. Given any two TFNs N, =
(i, m1,u;) and Ny = (I, my, up) and using the vertex distance
calculation for FTOPSIS, the distance between N; and N, is
given by:

d(N,,N,) = \/é [(h =LY+ (my = my) + (- wy)* .

Most of therecent FTOPSIS research deals with the
optimization of the renewable energy solution problem as
presented in Rani et al. (2020; 2019); Cayir Ervural et al
(2018); Dinger and Yiksel. (2019); Aikhuele et al. (2019);
Krishankumar et al. (2020). We present the whole modeling
approach as a seven step approach:

Step 1. Definition of the criteria involved and weight
classification: The correspondence between the linguistic
ratings and the TFNs is based on Table 2 as a Likert-scale
type. According to this mapping, normalization of the TFNs is
achieved using triplets within the space [0..1].

Step 2. Computation of the judgment matrix: For policy
makers, the following matrix is computed as a combination of
the available criteria C; and the alternative decisions D;.

G G Cn

D, LATRERAY) T'im

M= D, a1 T2 Tom
Dn Tn1 T2 Yam

Step 3. Normalization of the judgment matrix: The JM matrix
normalization is computed using the pre-clustering of the
available criteria into the Benefit Criteria (BC) and Cost
Criteria (CC) subsets. The result is denoted as NJM and the
relevant equations follow:

3&11 5612 Jh&lm
N]M — .5621 5‘:‘22 oo 562m ,
5Cn1 ijnZ Xnm
%= <”” bi’fﬂ) € BC, %= (a—f,a—f,a—f), jecc,
C,‘j l’),] a,»j
c* =max;c;, j€BC, a = maxa; je€CC

Step 4. Construction of the weighted NJM denoted as WNJM
and computed using:

V=[] . #=%Om i=1...n j=1..m.

Microalgal Biomass Feedstock Selection

Step 5. Computation of the the Fuzzy Positive Ideal Solution
(FPIS) and the Fuzzy Negative Ideal Solution (FNIS), via
calculation of two vectors A* and A~ where:

b i};))
and ¥/ = (1,1,1) and. ¥/ = (0,0,0) i=1.
Step 6. Calculation of the distance between FPIS and FNIS,

corresponding to the distance between A" and A~ denoted as d
and d; respectively:

A" = (V,75,... A= (V,V5,..., 7).

d,

1

M:

d(v,l,v* ), i=1...

n,
1

i=1...m.

M:

d(v;,7; ),

1

Step 7. Computation of the closeness coefficient of each policy
and rating them in descending order

COEF; = —.,
d +d

Microalgal Selection Problem and FTOPSIS-Related
Works

The FTOPSIS methodology can be applied in the microalgae
strain selection problem to produce biofuels as a holistic decision-
making tool. Accordingly, the idea behind FTOPSIS is to choose
one of the candidate elements that has the maximum possible
distance from the negative ideal and the minimum possible
distance from the positive ideal solution among the algal
strain alternatives (Madugu and Collu, 2014). Even though it
is distinguished that the production of biofuel from various
agricultural and other achieves higher overall
performance compared to other technologies (Khishtandar
et al, 2017), microalgal high sugar and oil is a promising
source for biofuel production. For such production chains,
FTOPSIS is the most valuable method to deal with the
uncertainties of inventory deterioration issue, the applicability
and efficiency of microalgal harvesting and the ranking of
cultivation sites (Arabi et al., 2019; Peng et al., 2020).

Apart from the strain selection, other works try to evaluate the
environmental risk of harmful algal bloom via fuzzy analytical
methodologies such as FAHP and FTOPSIS that exert influence
on the risk significance and severity (Gholami et al.,, 2019).
Additionally, several scenario analyses deal with alternative
techniques of biomass extraction from algae such as pyrolysis
or phycoremediation of wastewater and compare the method
and the properties of biofuel derived to various feedstocks
using FTOPSIS and MCDM (Apandi et al., 2019; Mehta and
Nirvesh, 2020). But the microalgal strain selection is extended
only on the study of environmental social and economic
impacts. Recent works investigate the appropriateness of
fatty acid profiles to biodiesel characterization through the
Preference Ranking Organization Method for Enrichment
Evaluation (PROMETHEE) and the Graphical Analysis for
Interactive Assistance (GAIA) analysis (Islam et al., 2013).

wastes
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FIGURE 3 | A typical FCM graph depicting positive and negative causalities between concepts.

Thus, there is no specific article, to the best of our knowledge,
examining the microalgae strain ranking via multi-criteria
analysis and FTOPSIS procedure.

Fuzzy Cognitive Mapping (FCM) for
Multi-Criteria Decision Making
Fuzzy Cognitive Maps (FCMs) are semi-quantitative extensions
of cognitive maps used for modeling and structuring expert
knowledge that aims to determine the casual interrelations
between participating concepts of a particular issue. Proposed
by Kosko. (1986; 1992), FCMs are directed graphs of nodes
representing the concepts and edges representing the causal
relationships between any two concepts. The weight of the
directed edges is fuzzified identifying a membership function
for the degree of causality between the concepts. The activation of
the concepts can be defined as a state vector thus, allowing the
FCM to evolve as an ANN converging to a steady state. The
causality of any concept pair can be quantified as a number
between -1 and one spanning from a negative (inverse) very
strong causality to a positive (analogous) very strong influence
(Novak and Canas, 2008). FCMs can carry out experts’
knowledge which is translated as an inclusion of the concepts
and an initialization of the fuzzy causality weights between then.
For several diverse conditions FCMs can be differentiated
accordingly. For the case of decision making, let us denote the
set of FCM concepts as C; (i = 1,2,...n) and wy their inter-
causality weights as Figure 3 depicts. The set of the weights w;;
form the FCM adjacency matrix.

At every application of the activation function, C; get the value
A! indicating the concept-i at iteration-t. The value A; indicates
the integrated influence of all other concepts C; to C; (inference).
The most popular inference rules are: 1) Kosko’s inference, 2)
Modified Kosko’s inference and 3) Rescale inference as shown in
the following activation functions, respectively.

N
Y owix A (k)),

=L j#i

A,—(k+1)=f<

N
A,-(k+1):f<A,~(k) + Y wix Aj(k)>,

jeLj#i

N
A,-(k+1)=f<(2 xAi(k)=1) + Y w;x (2><Aj(k)—1)>.
=L j#i
Threshold (transformation) functions for the inference
procedure can be of: 1) bivalent, 2) trivalent, 3) sigmoid or 4)
hyperbolic type as shown in the following equations respectively:

1 x>0,
f(x)‘{o x<0,
1 x>0,

f(x)=4 0 x=0,
-1 x<0,
f(x)_1+e‘“’

f(x) = tanh (A x x).

where A is a real positive number (A > 0) quantifying the steepness
of f and x is the value A; (k) on the equilibrium point. Above all,
the sigmoid threshold is the most popular since it guarantees an
outcome within the range [0, 1].

Microalgal Selection Problem and FCM-Related
Works

Compared to the previous two methodologies, MCDM in relation
to microalgal strain selection via FCM has not been studied. To
the best of our knowledge, the most recently representative work
is from (Naeini and Zandieh, 2020) that is focused on the
microalgal biofuel production to be used for transportation.
The authors apply a SWOT analysis to obtain realistic
production strategies and then they rank them using stepwise
weight assessment ratio analysis (SWARA). The method of
utilizing the fuzzy linguistic environment involves FCMs to
define the casual relationships between the criteria. Also worth
mentioning, although not directly related to the topic under
consideration, is the work by Falcone, Lopolito, and Sica.
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(2019). This research addresses the phases of the policy making
cycle to find the best suitable strategy for the case of the Italian
liquid biofuel niche. Through the application of FCMs and social
network analysis indicate the highlights and several diversified
policy making instruments in transitioning to renewable energies.
Towards the same research direction, the work by Kokkinos et al.
(2018) used a novel FCM modeling approach that studies the
socio-economic and technological implications in relation to
sustainable waste bio-refinery facilities’ establishment in order
to overcome various uncertainties, by involving stakeholder
participation in concept circumscription for the FCM and the
decision making.

Logical Architecture of the System and
Case Study

The logical architecture and the organizational context of the
current research are depicted in Figure 1. Initially, the goal of the
selection of the most suitable microalgal strain for the most
economical viable biomass production is set for the research
study. Among the huge variety of microalgal strains, for the case
of Greece there few that have been studied either for wastewater
treatment, biomass production or lipid concentration studies for
other byproducts. Greece is a country with adequate climatological
conditions (long sunshine periods, concentrations of high CO,
especially around highly urbanized regions etc.). Studies also show
that marine microalgal species exhibit much higher growth rates
when compared with the freshwater species (Aravantinou et al.,
2013). Among those, we demonstrate the following strains which
were chosen for our study:

o Chliorella vulgaris sp.: mostly occurred in Attica prefecture,
Greece. C. vulgaris exhibit adequately high biomass and
lipid productivity (up to 142.9 + 6.5mgL™"'d™' can be
achieved under sulfur limitation) (Savvides et al., 2019).
These findings have also been justified in Mata et al. (2010);
Sakarika and Kornaros (2019).

o Schizochytrium limacinum SR21: is considered as a low-cost
nutrient cultivation source that produces high averages of
docosahexaenoic acid (DHA) and total lipid content
reaching high average levels with varying -effluent
concentrations (Bouras et al., 2020).

o Arthrospira  (Spirulina)  Platensis  strains such as
Chlorococcum sp. and Scenedesmus sp.: for which there
have been various investigations in relation to the algal
biomass growth rates and biochemical content mainly
composed of proteins (up to 70%) and also
polyunsaturated fatty acids and vitamins (Markou et al.,
2019; Tsavatopoulou et al., 2019).

e Nannochloropsis sp.: that demonstrates a considerable fatty
acid profile especially when using magnetic harvesting
(Savvidou et al, 2020) and when it is cultivated in
aquaculture wastewaters (Ansari et al, 2017; Dourou
et al., 2020).

Using Table 1, criteria clustering experts from research and
academia, education, competent authorities, and energy

Microalgal Biomass Feedstock Selection

@ Research @ Education Competent Authorities Renewable Energy Experts

FIGURE 4 | Criteria ranking summary by experts’ selection.

professionals were asked to provide a ranking of all
involved parameters. Their evaluation was based on a
questionnaire that directed them to evaluate each criterion
in relation to all other criteria regardless of the category they
fall in. Their evaluation was based on a Likert-scale in the
range of 1-10, where one indicates the least important and 10
the most important criterion respectively. The summary of 14
expert responses is illustrated in the spider graph of Figure 4
with average values for each criterion rounded to the closest
integer in the scale.

RESULTS AND DISCUSSION

Ranking of Criteria for Microalgae Strain

Selection Using Fuzzy-AHP Methodology
The primary goal using the Fuzzy AHP method is to find the
relative importance between the factors and the criteria that affect
either positive or negatively the microalgal strain selection for
biofuel production. The method ranks these criteria assuming
however that there is an initial input that relates the importance
between any two pairs. For the pre-assumed clustering of Table 1,
there is not any relevance between criteria of different clusters.
For that reason, the Fuzzy AHP method was applied separately
for each of the criteria clusters and these separate procedures
allowed the completion of the reciprocal pairwise comparison
matrices in every case.

The results are demonstrated in the following Tables 3-6 each
depicting the: 1) initial pairwise comparison matrix before
fuzzification, 2) the fuzzy geometric mean after the
fuzzification, 3) the fuzzy weights of each criterion as a triplet
of the lower, middle, and upper values, 4) the crisp numeric
criteria weights and 5) the normalized crisp numeric weights. We
only depict the pairwise comparison matrix before fuzzification to
avoid the complexity and the density of the fuzzified version. We
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TABLE 3 | Fuzzy AHP results per criteria category-Category Technological.

Initial pairwise comparison matrix (before fuzzification)

Microalgal Biomass Feedstock Selection

1 2 3 4 5 6 7 8 9 10 1 12
1 1 2 3 3 1 1 1 3 2 2 3
2 0.5 1 2 1 1 0.5 0.5 0.5 1 0.5 0.5 2
3 0.333 0.5 1 0.5 0.5 0.5 0.5 1 1 2 1 2
4 0.333 1 2 1 1 1 1 1 2 2 1 2
5 1 1 2 1 1 1 1 1 2 2 1 2
6 1 2 2 1 1 1 1 1 2 1 1 2
7 1 2 2 1 1 1 1 2 2 2 2 3
8 0.5 2 1 1 1 1 0.5 1 2 1 1 2
9 0.333 1 1 0.5 0.5 0.5 0.5 0.5 1 1 1 2
10 0.5 2 0.5 0.5 0.5 1 0.5 1 1 1 1 2
11 0.5 2 1 1 1 1 0.5 1 1 1 1 2
12 0.333 0.5 0.5 0.5 0.5 0.5 0.333 0.5 0.5 0.5 0.5 1
Criteria fuzzy and defuzzified weights
Fuzzy geometric mean Lower Middle Upper Crisp Norm crisp
1 (1.259,921,1.817,121,2.289,428) 0.075102 0.141,145 0.236,988 0.151,079 0.136,830
2 (0.577,062,0.793,701,1.200,937) 0.034398 0.061651 0.124,314 0.073454 0.066526
3 (0.577,062,0.793,701,1.200,937) 0.034398 0.061651 0.124,314 0.073454 0.066526
4 (0.912,439,1.189,207,1.442,250) 0.054389 0.092372 0.149,293 0.098685 0.089377
5 (1.000000,1.259,921,1.442,250) 0.059609 0.097865 0.149,293 0.102,256 0.092611
6 (1.000000,1.259,921,1.442,250) 0.059609 0.097865 0.149,293 0.102,256 0.092611
7 (1.059463,1.549,798,1.944,161) 0.063153 0.120,381 0.201,248 0.128,261 0.116,164
8 (0.832,544,1.059463,1.316,074) 0.049627 0.082294 0.136,232 0.089384 0.080954
9 (0.577,062,0.749,154,1.095873) 0.034398 0.058191 0.113,438 0.068676 0.062199
10 (0.632,439,0.840,896,1.200,937) 0.037699 0.065317 0.113,438 0.075777 0.068630
11 (0.832,544,1.000000,1.200,937) 0.049627 0.077675 0.124,314 0.083872 0.075962
12 (0.399,979,0.561,231,1.000000) 0.023842 0.043594 0.103,514 0.056983 0.051609
TABLE 4 | Fuzzy AHP results per criteria category-Category Environmental.
Initial pairwise comparison matrix (before fuzzification)
1 2 3 4 5 6 7 8 9 10 11 12
1 1 3 5 3 4 2 3 4 3 6 3 5
2 0.333 1 2 2 1 1 2 4 2 5 4 3
3 0.2 0.5 1 2 0.5 0.25 2 0.333 2 2 1 1
4 0.333 0.5 0.5 1 0.25 1 1 0.2 1 1 2 2
5 0.25 1 2 4 1 2 1 2 1 0.333 0.5 1
6 0.5 1 4 1 0.5 1 1 0.5 2 1 2 1
7 0.333 0.5 0.5 1 1 1 1 2 1 1 0.5 0.5
8 0.25 0.25 3 5 0.5 2 0.5 1 0.333 0.2 1 1
9 0.333 0.5 0.5 1 1 0.5 1 3 1 1 2 2
10 0.166 0.2 0.5 1 3 1 1 5 1 1 3 4
11 0.333 0.25 1 0.5 2 0.5 2 1 0.5 0.333 1 5
12 0.2 0.333 1 0.5 1 1 2 1 0.5 0.25 0.2 1
Criteria fuzzy and defuzzified weights
Fuzzy geometric mean Lower Middle Upper Crisp Norm crisp
1 (2.309,618,3.203,101,4.047904) 0.162,118 0.287,928 0.477,873 0.309,306 0.2883,209
2 (1.603,058,2.274,792,2.853,638) 0.112,523 0.204,482 0.336,885 0.217,963 0.199,573
3 (0.000205,0.000126,0.000087) 0.000014 0.059995 0.000470 0.000005 0.000004
4 (0.000355,0.007433,0.000239) 0.059995 0.000126 0.048653 0.000340 0.000340
5 (0.000222,0.000389,0.000619) 0.000016 0.000239 0.048653 0.000005 0.000005
6 (0.832,475,1.059463,1.373,307) 0.058434 0.095235 0.162,125 0.105,265 0.096383
7 (0.632,439,0.793,701,1.095873) 0.044392 0.071346 0.129,373 0.081704 0.074810
8 (0.000205,0.000592,0.000619) 0.002371 0.003921 0.000498 0.000270 0.000270
9 (0.693,130,0.890,899,1.200,937) 0.048653 0.080083 0.141,776 0.090171 0.082563
10 (1.189,108,1.327,680,1.490,270) 0.083466 0.119,345 0.175,933 0.126,248 0.115,596
11 (0.680,360,0.907,620,1.272,242) 0.047756 0.081586 0.150,194 0.093179 0.085317
12 (0.530,054,0.667,420,0.912,363) 0.037206 0.059995 0.107,708 0.068303 0.062540
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TABLE 5 | Fuzzy AHP results per criteria category-Category Economics.

Initial pairwise comparison matrix (before fuzzification)

Microalgal Biomass Feedstock Selection

1 2 3 4 5 6 7 8 9
1 1 1 2 2 3 4 2 4 4
2 1 1 3 1 4 5 0.5 1 3
3 0.5 0.333 1 0.5 1 2 0.333 0.5 1
4 0.5 1 2 1 2 3 1 2 5
5 0.333 0.25 1 0.5 1 1 0.333 0.5 0.5
6 0.25 0.2 0.5 0.333 1 1 0.333 1 2
7 0.5 2 3 1 3 3 1 1 3
8 0.25 1 2 0.5 2 1 1 1 3
9 0.25 0.333 1 0.2 2 0.5 0.333 0.333 1
Criteria fuzzy and defuzzified weights
Fuzzy geometric mean Lower Middle Upper Crisp Norm crisp
1 (1.557,716,2.259,662,2.876,908) 0.146,851 0.269,626 0.458,599 0.201,692 0.231,604
2 (1.360,639,1.648,686,1.985,709) 0.128,272 0.196,723 0.316,536 0.210,844 0.220,411
3 (0.000920,0.001592,0.002619) 0.000355 0.007433 0.008470 0.000234 0.002324
4 (1.115,017,1.576,059,2.053039) 0.105,116 0.188,057 0.327,269 0.202,814 0.189,026
5 (0.201,692,0.489,095,0.557,716) 0.037206 0.048653 0.090306 0.005411 0.003451
6 (0.000205,0.000126,0.000087) 0.007708 0.059995 0.062125 0.001727 0.008967
7 (0.955,842,1.220,285,1.489,095) 0.090110 0.145,606 0.237,372 0.153,696 0.144,133
8 (0.799,324,1.046082,1.317,834) 0.075355 0.124,820 0.210,072 0.136,149 0.120,987
9 (0.484,717,0.629,961,0.884,891) 0.045696 0.075168 0.141,058 0.087507 0.079098
TABLE 6 | Fuzzy AHP results per criteria category-Category Social.
Initial pairwise comparison matrix (before fuzzification)
1 2 3 4 5 6
1 1 0.5 0.5 0.5 0.25 0.5
2 2 1 1 1 0.5 0.5
3 2 1 1 2 0.5 1
4 2 1 0.5 1 0.5 0.5
5 4 2 2 2 1 2
6 2 2 1 2 0.5 1
Criteria fuzzy and defuzzified weights
Fuzzy geometric mean Lower Middle Upper Crisp Norm crisp
1 (0.367,396,0.500,000,0.832,544) 0.040246 0.076138 0.184,861 0.100,415 0.085573
2 (0.693,130,0.890,899,1.200,937) 0.075928 0.135,663 0.266,661 0.159,417 0.135,854
3 (0.832,544,1.122,462,1.442,250) 0.091200 0.170,925 0.320,243 0.194,123 0.165,430
4 (0.577,062,0.793,701,1.200,937) 0.063214 0.120,862 0.266,661 0.150,246 0.128,038
5 (1.200,937,2.000000,2.720,043) 0.131,555 0.304,554 0.603,969 0.346,693 0.295,449
6 (0.832,544,1.259,921,1.732,051) 0.091200 0.191,857 0.384,591 0.222,549 0.189,655

use the triangular membership functions and the fuzzy mapping
of Table 2 allowing values in between these ranges.

Microalgal Strain Ranking via
Fuzzy-TOPSIS Analysis

From the Fuzzy AHP described in the previous section, we choose
from each of the four categories the two criteria that illustrated
higher relative importance by the experts. For these eight in total
criteria we calculate the relative importance pairwise comparison
matrix including cross category comparisons. This is necessary
since the values of the relative importance fuzzy weights are input
to the FTOPSIS analysis. The inclusion of only two criteria per
category introduces a minor error however, this is minimal since
further inclusion of all criteria may cause the production of
erroneous results for the case of totally irrelevant criteria.

Table 7 below shows: 1) the produced crisp numeric relative
importance weights, 2) the normalized crisp weights and the type
of criteria clustering those into beneficial (i.e. the ones that need
to be maximized) and into cost criteria (i.e. the ones that need to
be minimized).

The criteria ID is denoted as T for technological, EN for
environmental, EC for economics and S for social. The fourteen
experts were asked to rate the four candidate microalgal strains
for the eight aforementioned criteria. The experts assigned values
to the strains for each criterion using linguistic values that
correspond to normalized triangular fuzzy numbers as
depicted in Table 8 allowing also intermediate values. Table 9
presents the Fuzzy Decision Matrix, the Fuzzy Positive Ideal
Solution and the Fuzzy Negative Ideal Solution, according to
steps. Finally, Table 10 shows the distance of each strain selection
and for each criterion from the FPIS and the FNIS, the total
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TABLE 7 | Initial crisp weights and normalized crisp weights used in Fuzzy TOPSIS.

Criteria ID Initial crisp weights
T 0.22041
T7 0.29545
EN1 0.17178
EN2 0.11616
ECA1 0.19957
EC2 0.28321
S5 0.18966
S6 0.13683

TABLE 8 | Expert linguistic values and corresponding normalized triangular fuzzy
numbers.

Linguistic value Normalized fuzzy triangular

number
Very low importance (0.0.1.0.3)
Low importance (0.1.0.3.0.5)
Medium importance (0.3.0.5.0.7)
High importance (0.5.0.7.0.9)
Very high importance (0.7.0.9.1)

Microalgal Biomass Feedstock Selection

Normalized crisp weights Beneficial/Cost criteria

0.136,641 Beneficial
0.183,159 Beneficial
0.106,493 Cost
0.072014 Cost
0.123,722 Cost
0.175,571 Cost
0.117,574 Beneficial
0.084826 Beneficial

concepts always increases. At the same time, when there
exists an apparent correlation between clusters (for example
social issues affect environmental issues and vice versa) then,
this reflects the corresponding interlinking between the
interclass concepts.

Numerous simulations have been run in order to investigate:
1) the steady state of the FCM, 2) the FCM convergence using the
clamping process as stated in Kosko 1986) and 3) the best- and
worst-case scenarios for the trend of BF (increase/decrease). Note
that separate simulations were performed for each microalgal

TABLE 9 | normalized fuzzy decision matrix, FPIS and FNIS.

Chilorella vulgaris Schizochytrium limacinum Arthrospira (Spirulina) Nannochloropsis FPIS A* FNIS A~
ACA9 and SR21 Platensis
ACA17
T 0.590, 0.754, 1 0.536, 0.646, 0.885 0.574, 0.630, 0.774 0.629, 0.699, 0.858 0.590, 0.754, 1 0.536, 0.646, 0.885
T7 0.681, 0.733, 1 0.591, 0.785, 0.929 0.560, 0.684, 0.919 0.614, 0.715, 0.891 0.681, 0.733, 1 0.560, 0.684, 0.919
EN1 0.375, 0.514, 1 0.448, 0.596, 0.745 0.464, 0.508, 0.669 0.503, 0.582, 0.645 0.375, 0.514, 1 0.375, 0.514, 1
EN2 0.469, 0.599, 1 0.372, 0.512, 0.603 0.421, 0.452, 0.574 0.349, 0.362, 0.568 0.469, 0.599, 1 0.349, 0.362, 0.568
ECA 0.537, 0.748, 0.899 0.632, 0.776, 1 0.508, 0.715, 0.888 0.549, 0.727, 0.891 0.632, 0.776, 1 0.508, 0.715, 0.888
EC2 0.596, 0.649, 0.771 0.646, 0.480, 0.920 0.7044, 0.751, 0.888 0.672, 0.864, 1 0.672, 0.864, 1 0.596, 0.649, 0.771
S5 0.569, 0.834, 1 0.557, 0.747, 0.961 0.552, 0.754, 0.930 0.519, 0.713, 0.944 0.569, 0.834, 1 0.519, 0.7183, 0.944
S6 0.539, 0.932, 0.973 0.635, 0.702, 0.798 0.433, 0.604, 0.792 0.661, 0.806, 1 0.661, 0.806, 1 0.433, 0.604, 0.792

distances for each strain and the ranking of the methodology for
the four strains.

Microalgal Strain Selection Trend Using
Fuzzy Cognitive Map Analysis

The FCM includes 40 concepts out of which only the “Biofuel
Production” (denoted as BF) is the receiver (it only has incoming
edges) and the rest are all ordinary concepts (they have incoming
and outgoing edges). The FCM graph is not shown due to the
number of concepts participating and the weighted causality
edges (~1,500) which makes the visualization of the graph
impossible. However, the FCM statistics and concept metrics
are depicted in Table 11 indicating the in-degree, out-degree,
and the centrality of each concept. The results illustrate
centrality similarities and a balance in the ratio of the in-
degree/out-degree for concepts that belong to the same
cluster/category. This is expected since the probability of
interdependence and inter-causalities on same-cluster

strain fixing as constant the values for the concepts (especially the
technological) when values have been established by other
studies. These concepts included the lipid content according to
the fixed daily lipid productivity findings given below:

e Chlorella vulgaris: 134 mgL™'d™" (Kim et al., 2019)

e Schizochytrium limacinum: 108 mgL™'d™" (S-K. Wang
et al.,, 2020)

e Arthrospira (Spirulina) Platensis: 89 mgL™'d™" (Lu et al,
2019)

e Nannochloropsis sp: 105 mgL™'d™" (Nogueira et al., 2020)

As for the clamping procedures, this cannot be applied to the
driver concepts only because simply there are no driver concepts
(concepts that have in-degree equal to 0). For that reason, our
simulations will apply clamping using the most important
concepts according to the criteria ranking summary produced
by the experts as this is shown in Figure 4 making sure that all
four criteria categories are represented in the analysis.
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TABLE 10 | Distances from FPIS and FNIS and the rankings.

Distances from FPIS

Microalgal Biomass Feedstock Selection

Chlorella vulgaris ACA9 and ACA17 Schizochytrium limacinum SR21 Arthrospira (spirulina) Platensis Nannochloropsis
™ 0 0.095,979,685 0.148,766,148 0.090,538,647
T7 0 0.072,159,037 0.088,448,441 0.074,491,275
EN1 0 0.160,217,436 0.197,805,367 0.220,988,582
EN2 0 0.241,041,587 0.26,147,569 0.292,531,799
ECH 0.081,928,546 0 0.102,612,361 0.084,012,162
EC2 0.186,596,347 0.227,249,136 0.093,280,044 0
S5 0 0.055,161,037 0.061,768,762 0.081,764,662
S6 0.102,569,537 0.131,785,545 0.212,832,751 0
Di* 0.37,109,443 0.983,593,464 1.166,989,565 0.844,327,127
Distances from FPIS

Chlorella vulgaris ACA9 and ACA17 Schizochytrium limacinum SR21 Arthrospira (spirulina) Platensis Nannochloropsis

T 0.095,979,685 0 0.068,432,302 0.063,778,471
T7 0.088,448,441 0.061,507,561 0 0.039,430,403
EN1 0 0.160,217,436 0.197,805,367 0.220,988,582
EN2 0.292,531,799 0.090,124,248 0.067,087,629 0

ECH 0.025,888,157 0.102,612,361 0 0.02,471,747
EC2 0 0.133,363,963 0.109,471,899 0.186,596,347
S5 0.081,764,662 0.031,014,835 0.031,686,064 0

S6 0.224,798,362 0.129,646,224 0 0.212,832,751
Di- 0.809,411,106 0.708,486,627 0.474,483,262 0.748,344,024
Cci 0.685,647,869 0.418,707,501 0.289,059,468 0.469,867,256
Rank 1 3 4 2

The steady state of the FCM is shown in Figure 5 depicting the
final concept values as a defuzzified real number in the range [0.1]
and the convergence curves for these concepts relatively to the
number of iterations needed for the FCM to converge.

To the best of our knowledge there does not exist any research
that relates the importance and interrelation of criteria in an algal
strain selection analysis using FCMs. For that reason, we used the
aforementioned steady state FCM as a starting point to perform
scenario analysis for the strain selection. More specifically, we did
best and worst case analysis for each of the four strain candidates
using both Sigmoidal and Hyperbolic Tangent learning
methodologies. In all cases we fix the values of the lipid
content (daily lipid productivity) with the values presented in
this section previously. Furthermore, the rest of the participating
concepts are set to values 0.1 for the worst case and one for the
best case respectively. In total we performed 64 simulations to
include all combinations of strains, learning methods, categories
of criteria, and best/worst case scenarios.

Characteristically, in Figure 6, the best case scenario is shown,
for the sigmoidal learning for the Schizochytrium limacinum sp.
for the case of how the technological criteria affect the biofuel
production. For this case, the lipid content criterion is set to 0.80
(after normalization of the daily lipid productivity values of all
strains the value of 108 mgL™'d™" corresponds to 0.90 in the
range [0.1]). The rest of the technological criteria are all set to one
and this configuration shows the potential percentage increase or
decrease on the receiver concept i.e. to the biofuel production.
Specifically for the described configuration we show an increase
of about 5% to the biofuel production (see Figure 6).

On the other hand, Figure 7 illustrates the worst case scenario
for the sigmoidal learning for the same strain. This is used for
proof of correctness in terms on the negative impacts emanated

from the technological criteria. More specifically, technological
criteria that affect the concept of production BP are set to very
small values (0.1 or even smaller than that) as shown for the
concepts T1-T9 in Figure 7. Instead of using the lipid content
criterion of 0.80 value, we use the worst possible value of 0.03.
This negatively affects the production of the system by 12% while
at the same time diminishes the cost of cultivation indicating a
wrong choice of cultivation.

Finally we show the summary of all simulation findings in
Table 12 for all cases of strains, learning methodologies criteria
categories, and best/worst case scenarios.

The use of participatory modeling assumed the presence of
regional stakeholders (with most of them to be experts in the field
under study). The criteria and factors that influence the
production of biomass from algae were set in Table 1, and
according to the research specialists, they do cover all aspects
spanning from technological to environmental, economic, and
social. Furthermore, regional stakeholders were asked to
individually rate these criteria using a fuzzy scale evaluation,
which was defuzzified into a Likert-scale from 1 to 10. The
experts’ weights were then used into a FAHP having as a
primary goal the construction of the relative importance
matrix using the fuzzy geometric mean of the aforementioned
weights. Based on the findings and due to individual evaluations
for each criteria category the most important criteria are:

e From the technological category, criteria T1 (Energy
content) and T7 (Lipid content) outperform the rest with
normalized weights of 13.68% and 11.61% of the whole
category respectively as shown in the results of Table 3. The
outperformance is relative to the overall descending
ordering of all criteria. The rest of the technological
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TABLE 11 | FCM statistics and concept metrics.

Component

T
T2
T3
T4
T5
T6
N
T8
T9
T10
T11
T12
ENT
EN2
EN3
EN4
EN5
ENG
EN7
ENS
ENO
EN10
ENT1
EN12
ECT
EC2
EC3
EC4
EC5
EC6
EC7
ECS
EC9
St
S2
S3
S4
S5
S6
BP

In degree

9.42
9.156
3.66
9.18
10.10
10.39
10.64
9.66
7.31
14.70
10.33
6.98
7.99
9.87
14.06
11.07
7.05
9.86
12.21
5.73
10.43
9.29
10.82
8.43
10.88
13.82
156.48
7.06
9.31
12.34
2.64
2.15
10.40
7.02
4.34
14.54
11.78
5.94
4.65
14.36

15.60
20.94
9.22
13.97
10.30
10.35
9.85
9.57
18.87
5.04
18.2
6.70
14.29
16.45
16.46
11.70
19.45
13.52
14.76
8.95
12.68
11.89
8.86
7.43
11.22
13.29
16.51
6.93
12.78
7.74
0.24
0.26
0.39
0.18
0.47
0.26
0.39
0.15
0.18
0

Out degree

Centrality

25.02
30.09
12.88
23.15
20.40
20.74
20.49
19.23
26.19
19.74
28.53
13.68
22.28
26.32
30.53
22.78
26.50
23.38
26.97
14.69
23.12
21.18
19.68
15.86
22.11
27.11
31
13.98
221
20.09
2.88
2.41
10.79
7.20
4.81
14.80
12.17
6.1
4.83
14.36

Type

Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Ordinary
Receiver

Microalgal Biomass Feedstock Selection

criteria are ranked with importance weights to be much less
than 10%. For that reason, we claim that energy content and
lipid daily productivity seem to overcome all other criteria.
The rest of the criteria are tightly coupled with those, thus
the importance of these satisfies the technological
requirements imposed. Safety and reliability are under-
evaluated when compared to the purely technological
criteria previously. This was expected, as most of the
research community concentrates on the measurements
of the lipid content and daily productivity, thus the
microalgal energy efficiency becomes a primary factor.
From the environmental category, three criteria get weight-
percentages that exceed the 10%, namely ENV1 (Land/
waterbody use), ENV2 (Water quality requirement) and
ENV10 (Particles emission) with weight percentages
28.32%, 19.95%, and 11.55% respectively. This indicates
that the land or waterbody availability is the most
important factor, given that its absence totally abolishes
the cultivation.

From the economics category, four criteria out of nine are
shown great importance, namely EC1 (Microalgae (raw
material) cost) with 23.16%, EC2 (Investment cost) with
22.04%, EC4 (Cost of harvesting) with 18.90%, and EC7
(Storage cost) with the lowest performance of 14.41%. The
equivalence of the above criteria indicates that costs of every
level are most significant in investing into a biofuel
production plant based on algae. The fact that EC1 leads
the evaluation means that finding the raw material and
harvesting is the most considerable cost compared to the
investment cost; Finally, ® From the social category, we
experience almost equivalent performance from most of the
criteria, as they are all highly interrelated. More specifically,
S5 (Job creation) gets 29.54%, S6 (Social benefits) gets
18.96%, and S3 (Sustainable development) gets 16.54%.
The interrelation between S5 and S6 is analogous since
the higher the job creation the more the social benefits for
the regional society. At the same time, the high numbers of

Final Concepts Values
3. Ease of Harvestin

6. 011 conten

10. Reliabilit

FIGURE 5 | Steady State Analysis for the FCM and convergence curves relatively to the number of iterations.

36. sustainable developmen

39. Social benefit

0.99851

. 9999,

0.016176

0.25548

0.99914

0.90785

Activaton Levels

03

08

07

05

051

04

03

02

01

Concepts Activation Levels per each iteration

Reraticns.

Frontiers in Energy Research | www.frontiersin.org

147

February 2021 | Volume 8 | Article 622210


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles#articles

Kokkinos et al.

Microalgal Biomass Feedstock Selection

& Model Scenario .
3 Scenarios ([EEED = =
i .
© Scenario s
4
State Prediction: 0% L

o Model

= - Preferred  Actual

8 Scenarios (L) Component +- State  State 002-

© Scenario

002

-0.04

0.06 4

008+

-0.10

001
02
003
004

FIGURE 6 | Best case scenario for the Schizochytrium limacinum sp with sigmoid learning and for the impact of the technological criteria.
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FIGURE 7 | Worst case scenario for the Schizochytrium limacinum sp with sigmoid |

earning and for the impact of the technological criteria.

social benefits and job creation for criteria indicate a
sustainable environment where members of the regional
society benefit from a stable economy due to steady income.

The FTOPSIS was applied only on the most substantial criteria
of each category, on the basis of the FAHP findings. Taking the
two more representative criteria from each category, we
succeeded to evaluate the plants/investments of the most
popular microalgal strains in the Greek territory. The results
of FTOPSIS ranked Chlorella vulgaris and Nannochloropsis as the
two strains having the best potential to produce higher amounts
of biofuel according to the criteria imposed. More specifically,
Chlorella vulgaris ranked as the most preferable (CC; of

0.685,647,869) and Nannochloropsis the second with (CC; of
0.469,867,256). The significant difference between the first and
second option is explained by the difference in daily lipid
productivity (134 mgL~'d™" for Chlorella vulgaris as opposed
to 105mgL'd™" for Nannochloropsis). However, further
research must be conducted. For example, the inclusion of all
criteria in FTOPSIS introduces a significant error due to the
number of criteria participating, but at the same time the method
follows a fair approach to all criteria without discrimination of the
ones that did not perform well in FAHP.

The approach of the FCM investigation took care of this
defficiency making sure that all criteria participated in the
concept graph. The complexity of the graph is high, as almost
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TABLE 12 | FCM best and worst case scenario analysis.

Strain Best/Worst case scenario Criteria category Learning method BF increase or decrease
Chlorella vulgaris ACA9 and ACA17 Best Technological Sigmoid 9.3%
Worst Technological Sigmoid -5.6%
Best Environmental Sigmoid 8.4%
Worst Environmental Sigmoid -1.7%
Best Economics Sigmoid 11.2%
Worst Economics Sigmoid -3.4%
Best Social Sigmoid 2.9%
Worst Social Sigmoid -2.2%
Best Technological Hyperbolic tangent 8.6%
Worst Technological Hyperbolic tangent -5.2%
Best Environmental Hyperbolic tangent 7.9%
Worst Environmental Hyperbolic tangent -2.8%
Best Economics Hyperbolic tangent 9.3%
Worst Economics Hyperbolic tangent -2.1%
Best Social Hyperbolic tangent 3.1%
Worst Social Hyperbolic tangent -5.6%
Schizochytrium limacinum SR21 Best Technological Sigmoid 5%
Worst Technological Sigmoid -3.6%
Best Environmental Sigmoid 11.5%
Worst Environmental Sigmoid -7.4%
Best Economics Sigmoid 10.4%
Worst Economics Sigmoid -4.9%
Best Social Sigmoid 3.4%
Worst Social Sigmoid -1.9%
Best Technological Hyperbolic tangent 6.6%
Worst Technological Hyperbolic tangent -4.2%
Best Environmental Hyperbolic tangent 8.3%
Worst Environmental Hyperbolic tangent -3.6%
Best Economics Hyperbolic tangent 3.1%
Worst Economics Hyperbolic tangent -2.9%
Best Social Hyperbolic tangent 4.1%
Worst Social Hyperbolic tangent -6.6%
Arthrospira (spirulina) Platensis Best Technological Sigmoid 6.1%
Worst Technological Sigmoid -7.6%
Best Environmental Sigmoid 6.2%
Worst Environmental Sigmoid -10.8%
Best Economics Sigmoid 1.6%
Worst Economics Sigmoid -4.7%
Best Social Sigmoid 1.7%
Worst Social Sigmoid -3.1%
Best Technological Hyperbolic tangent 6.8%
Worst Technological Hyperbolic tangent -4.1%
Best Environmental Hyperbolic tangent 5.6%
Worst Environmental Hyperbolic tangent -2.7%
Best Economics Hyperbolic tangent 7.5%
Worst Economics Hyperbolic tangent -3.3%
Best Social Hyperbolic tangent 3.3%
Worst Social Hyperbolic tangent -2.6%
Nannochloropsis Best Technological Sigmoid 2.7%
Worst Technological Sigmoid -3.6%
Best Environmental Sigmoid 9.3%
Worst Environmental Sigmoid -2.8%
Best Economics Sigmoid 4.6%
Worst Economics Sigmoid -6.8%
Best Social Sigmoid 5.6%
Worst Social Sigmoid -3.7%
Best Technological Hyperbolic tangent 4.6%
Worst Technological Hyperbolic tangent -8.8%
Best Environmental Hyperbolic tangent 4.1%
Worst Environmental Hyperbolic tangent -3.4%
Best Economics Hyperbolic tangent 12.3%
Worst Economics Hyperbolic tangent -6.5%
Best Social Hyperbolic tangent 7.8%
Worst Social Hyperbolic tangent -3.9%
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for all concepts inter-causalities may be set. The evaluation of the
four different strains is based on all criteria but the daily lipid
productivity is predefined normalized and fixed for all FCMs
under investigation. For each strain we invstigated the biofuel
production trend in both the best and worst case scenarios, two
FCM learning methods and trying to evaluate the impact of each
category criteria to the trend. The results in Table 12 show:

A significant increase on biofuel (8.6%-9.3%) for Chlorella
vulgaris due to the technological criteria increase in the best
scenario (all technological criteria except lipid content are set to
1) using either Sigmoidal or Hyperbolic Tangent learning. Under
the same conditions, Schizochytrium limacinum performs with an
increase within the range of (5%-6.6%), Arthrospira (Spirulina)
Platensis with an increase of (6.1%-6.8%) where Nannochloropsis
shows an increase range of (2.7%-4.6%). In an analogous way, the
results indicate a significant decrease of the biofuel production
trend for the worst case scenario (where all technological criteria
except lipid content are set to the value of 0.1). Similarly, the same
trend is shown for the best and worst case scenario for the other
three categories of criteria and the microalgal strains. Thus, the
FCM can be used as a dependable Decision Support System that
can help stakeholders, investors and competent authorities to
select investment plans and support decision making.

CONCLUSION

The use of the appropriate microalgal strain as raw material for
biomass feedstock towards nanocatalytic biofuel production is
the most significant factor that controls investment land or
waterbody plants, thus directly affecting the regional economy
and local society. In this work, four microalgal strains for Greece
as a case study were evaluated using a synthesized participatory
modeling approach that: 1) aggreed on the criteria, which are
imposed for the biofuel production, 2) applied FAHP method to
find the relative importance of these criteria, 3) ranked the
abovementioned criteria using the Fuzzy TOPSIS procedure;
and finally 4) via the creation of a FCM, investigated the trend
of increase/decrease of the biofuel production with a
consideration of different learning methods, best and worst
case scenarios and different criteria categories.

The overall methodology gave clear results as to the
microalgae strain selection. Especially, the high lipid content
appears to be the most dominant factor in the strain selection.
Particularly, Chlorella vulgaris microalgae is ranked as the best
choice followed by the Nannochloropsis strain via the FTOPSIS
analysis. Furthermore, the best and worst case scenario runs using
FCM methodology verify this choice, indicating that Chlorella
Vulgaris follows this selection trend mostly with the technological
and the economic criteria for both the sigmoid and the hyperbolic
tangent functions applied. All fuzzy logic procedures employed
were proven to be superior to their numeric equivalent ones
under uncertain factors including cost, policy implications, and
also geographical and seasonal variation, which affect the decision
making process.

The above three MCDM processes act as alternative models to
formal ones (algorithical and procedural). The formulation of

Microalgal Biomass Feedstock Selection

assessment components with scaling procedures, elicitation, and
estimation functionalities as well as stakeholder subjective criteria
settings allow AHP, TOPSIS, and FCM to holistically address
decision-making problems emanating from diverse environments.
Numerous research from various fields such as energy,
environment, medical informatics, and economics confirm
that the abovementioned techniques are applied in a broad
repertoire of problems. Additionally, the structural ability of the
techniques regarding complex problems using multiple criteria
with linguistic variables and fuzzy inference allows their
application in an array of disciplines. From a long list of
MCDM methodologies invented, the vast majority tackles
problems of numeric nature and therefore belongs to the
multiple objective mathematical programming ensemble of
MCDM. However, when fuzzy inference is needed to model
multi-objectives, then only a few methods are used, and in many
cases, these overlap in terms of algorithms developed (VIKOR,
Multi-Attribute Global Inference of Quality etc.). Thus the
proposed triple view of the problem of microalgae strain
selection to maximize biofuel production can be used as a
paradigm for similar modeling in many other problems.

In this work, we provided the corresponding causality from
microalgae cultivation for biomass energy production for the case
of Greece. More specifically, we studied the impacts for
microalgae production via nano-catalysis and we indicated
how this is connected to the economic development via a set
of technological environmental, economic and social criteria. The
findings of the model outcomes provide a roadmap for selecting
specific microalgae strains for cultivation in a specific region.
Eventually, all models assert that biomass energy production via
microalgal cultivation can be a circular economy efficient
technique for environmentally sustainable development and it
can similarly be promoted in other countries. At the same time,
decision and policy makers must take into acount not only purely
cultivation oriented constraints for the biomass production via
microalgae but also must seriously consider environmental and
social criteria in the strain selection problem. This work includes
such constraints, though some other have been left out, including
e.g., climatological conditions influencing microalgal biomass
production and potential impact on climate change respectvely.

Nevertheless, there are few additional challenging issues that
may be thoroughly investigated by a future research. Starting
from the FTOPSIS application, it is worthy to evaluate all
participating criteria without descriminating any of them. This
may diminish the impact of some of the selected criteria or even
increase the significance of others not taken into consideration.
Moreover, the inclusion of similar but differentiated approaches
to FTOPSIS, such as PROMETHE or the amalgamation of fuzzy
and statistical methods, would be a future work challenge for
improving ranking outcomes. Also, there are some further
investigations that can be pursued in relation to the FCMs,
indicatively: the lack of result consistency between the
differences among the best and worst case scenarios for all
categories, the application of FCM with additional machine
learning methods and the exclusion of the inherited bias
derived from the experts in terms of environmental and social
issues.
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Wastewater is not a liability, instead considered as a resource for microbial fermentation
and value-added products. Most of the wastewater contains various nutrients like
nitrates and phosphates apart from the organic constituents that favor microbial growth.
Microalgae are unicellular aquatic organisms and are widely used for wastewater
treatment. Various cultivation methods such as open, closed, and integrated have
been reported for microalgal cultivation to treat wastewater and resource recovery
simultaneously. Microalgal growth is affected by various factors such as sunlight,
temperature, pH, and nutrients that affect the growth rate of microalgae. Microalgae
can consume urea, phosphates, and metals such as magnesium, zinc, lead, cadmium,
arsenic, etc. for their growth and reduces the biochemical oxygen demand (BOD). The
microalgal biomass produced during the wastewater treatment can be further used
to produce carbon-neutral products such as biofuel, feed, bio-fertilizer, bioplastic, and
exopolysaccharides. Integration of wastewater treatment with microalgal bio-refinery not
only solves the wastewater treatment problem but also generates revenue and supports
a sustainable and circular bio-economy. The present review will highlight the current
and advanced methods used to integrate microalgae for the complete reclamation
of nutrients from industrial wastewater sources and their utilization for value-added
compound production. Furthermore, pertaining challenges are briefly discussed along
with the techno-economic analysis of current pilot-scale projects worldwide.

Keywords: microalgae, wastewater, biofuel, bio-economy, value-added products

INTRODUCTION

Water is a natural resource and considered the most essential component of all living creatures.
Almost 70% of the earth’s surface is covered by water but only about 3% of it is fresh water (Cao
et al., 2019). Water being such a scarce commodity, its integrity, and environmental perturbations
should never be compromised. Every year about 3.4 million people die, and many suffer from a
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plethora of water-borne diseases due to polluted water being
discharged recklessly from industries and wastewater treatment
plants (Osiemo et al., 2019). Different sources of wastewater
like municipal, agricultural, and industrial contain larger
quantities of nutrients organic and inorganic contaminants
(Bhatia et al., 2021d). Wastewater is released into the water bodies
without proper treatment which affects the aquatic ecosystem
adversely and results in eutrophication (Preisner et al.,, 2021).
The root cause of this formidable situation is the lack of
efficient, economical, and energy-saving methods for wastewater
treatment. Conventional methods like electrochemical methods,
precipitation, and membrane technologies are all non-sustainable
(Rajasulochana and Preethy, 2016). They all are backed with
instability, resource wasting, fouling, and exorbitant energy
consumption. On the other hand, this wastewater offers a perfect
niche for microalgae, unicellular photosynthetic organisms to
grow and flourish synergistically with the prevailing bacterial
colonies present in the sewer water. To save the environment
and recycle the nutrients, wastewater treatment using microalgae
is an imperative step. The use of microalgae for wastewater
treatment is advantageous as it will help to reduce the
biochemical oxygen demand (BOD) and chemical oxygen (COD)
demand and remove the inorganic nutrients like nitrates and
phosphates from the wastewater (Taziki et al., 2015). This
could save a huge amount of cost as algae will assimilate
all the nutrients along with bio fixing of inorganic carbon
from the atmosphere (CO; sequestration) (Bhatia et al., 2019a).
Moreover, additional CO; can be sourced from flue gas which
is obtained from power plant emissions. Thereby, addressing
air and water pollution simultaneously. Different wastewaters
have different compositions based on their source. Microalgal
growth is affected by nutrient components and other factors
like temperature, pH, salinity, light intensity, duration, etc.
(Cabello et al., 2015; Vuppaladadiyam et al., 2018). The selection
of microalgal species is very important depending upon the
characteristics of wastewater for efficient wastewater treatment.
The optimum physiochemical conditions need to be maintained
to obtain the maximum possible yield. It is reported that removal
efficiency of 65-76% of COD, 68-81% of total nitrogen, and
90-100% of total phosphorous from piggery wastewater by
freshwater microalgae Chlorella zofingiensis (Zhu et al., 2013).
In another report, it was studied that COD removal of 50.9
and 56.5% from primary and secondary effluents, respectively,
by green algae Chlorella spp. (Wang et al., 2010). Microalgae
mediated wastewater treatment method can also produce biofuel
(bioelectricity and biohydrogen) simultaneously or recovered
biomass can be further used as feedstock to produce various
commercially valuable biochemicals (Bhatia et al., 2021d). Along
with nutrient recovery from waste streams, Maity et al. (2014)
reported simultaneous production of 1068.383 mg g~! dry wt.
biomass of lipid with C16:0, C18:2n-6, C18:1, and C16:1 FAME
content and 0.264 mV, 0.008 mW cm™2 of electric potential
and bioelectricity using Leptolyngbya sp. JPMTW1 within 7 days.
Microalgal biomass after wastewater treatment can be recovered
using technologies such as centrifugation, flocculation, and
electrochemical precipitation methods. Microalgal biomass is
rich in carbohydrates, lipids, and proteins and is further used

for extraction of commercially important products (lipids,
carotenoids, polyhydroxyalkanoates, etc.) are biomass can be
used as a feedstock for microbial fermentation to produce other
commercial products (Bhatia et al., 2017; Goswami et al., 2020).

Despite the lucrative benefits of microalgae-based wastewater
treatment, few limitations still persist. The current open and
closed cultivation methods render contamination risks and
huge operational costs, respectively. Further, harvesting and
dewatering account for 20-30% of the total cost (Fasaei et al.,
2018). Therefore, the concept of integrated systems is briefly
discussed which can cut the major costs and make the method
more economical. Besides, wastewater composition, culture
collapse, salinity, etc., are some other pitfalls that could be
addressed by subsequent research and development in this
field. This review will discuss the current wastewater treatment
technologies in action with microalgae dominance in the waste
realm. It will address various cultivation systems and harvesting
methods, integrating microalgae for wastewater treatment and
sustainable product production. Furthermore, the present state-
of-the-art review will also highlight the techno-economic analysis
and status of nutrient recovery processes.

COMPOSITION OF WASTEWATER

Wastewater consists of pollutants from different walks of life,
reflecting the lifestyle and activities of people living in the
city. It is a by-product of industrial, domestic, commercial,
and agricultural chores and contains human excreta, washing
wastes from houses, pesticides, nutrients from agricultural farms,
organic biodegradable wastes from hospitals and abattoirs, non-
biodegradable from pharmaceuticals manufacturing, toxic waste
such as dyes and heavy metals from other industries, leachates
from landfills and storm water during high precipitations (Rana
et al, 2017). All these contaminants comprise only 0.1% of
suspended and dissolved solids, while 99.9% is pure water (Samer,
2015). Most of it is organic debris, and only a small part
consists of non-biodegradable inorganic wastes, which pose a
significant problem in reclamation. Three-quarters of volatile
(organic) solids in sewage are carbohydrates, proteins, and fats
from discarded food waste, kitchen waste, dead organisms, etc.
(Samer, 2015). The non-volatile part includes heavy metals salts,
grit, and sand dust.

Microorganisms form a significant part of sewage treatment.
They can range from moderate to high-risk biological pollutants
like antibiotic resistant bacteria, viruses, protozoa, biotoxins, and
helminths. Such infectious agents pose a substantial threat to
human life and the environment (Jia and Zhang, 2019). On
the other hand, some of the microbes like algae, pseudomonas,
zoogloeal are environmental-friendly and aid in wastewater
treatment. Sources of such microbes include faeces and other
bodily fluids from several sick people and asymptomatic hosts
leading to ailments like cholera, jaundice, typhoid from bacteria,
hepatitis from viruses, and dysentery from protozoans. Coliform
Escherichia coli are present in vitality, indicating other pathogens,
and are therefore used to measure the infecting efficiency of
sewage (Hendricks and Pool, 2012).
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Among all, municipal wastewater is the most preferred
wastewater for microalgae-based wastewater treatments because
of the adequate amount of nutrients and a low number of toxic
substances compared to industrial wastewater. It is generally
categorized into (i) raw sewage, (ii) secondary effluent, and
(iii) centrate, i.e., by-product of sludge dewatering. Studies have
proved that centrate is the most suitable medium for microalgae
cultivation with nutrient removal efliciencies of 89.1%, 90.8%,
93.9%, and 80.9% for TN, COD, NH4-N, and TP, respectively
(Wang et al.,, 20105 Li et al., 2011). Moreover, additional CO, (5-
150%) along with municipal wastewater could enhance nutrient
recovery and lipid production simultaneously (Ji et al., 2013). On
the other hand, the agricultural waste contains an excessively high
amount of ammonia, suspended solids (SS), nutrient load (due
to animal manure), chroma, and turbidity which make it unfit
for direct microalgae treatment. Therefore, it is generally applied
after anaerobic digestion (AD) as much of the organic carbon
gets converted to methane, leaving nitrate and phosphate in the
digestate. The C/N ratio of the digested manure is comparatively
low than centrate which makes the medium ideal for microalgae
growth. Only a few algal strains support this type of medium
and hence it is used after diluting for certain species (Zhou et al.,
2012b; Zhu et al., 2013). Hence, a sequential two-stage cultivation
process is preferred for animal manure wastewater and has
great economic potential with multiple product production.
In contrastingly, there is no standard treatment applicable for
industrial wastewater due to its complex nature with added
toxicity. Few microalgal species are adapted to exorbitant levels
of heavy metals while most of the algal species are intolerable.
Ankistrodesmus, Chlorella, and Scenedesmus are a few of the
species competent for treating mill, olive oil, and paper industry
wastewater (Rawat et al., 2011). The wastewater from the paper
industry is characterized by 1720 mg L™} and 2658 mg L™ of
suspended solids and dissolved solids with an average pH range
of 8.5, respectively. The color value obtained is in the range of
735 Platinum Cobalt Unit while chemical oxygen demand and
biochemical oxygen demand of 2420 mg L™! and 778 mg L™,
simultaneously (Singh, 2015; Choi et al., 2017). Another study
compares wastewater from three different sources like household,
domestic, and offices, and found maximum phosphorus content
in domestic waste as given in Table 1 (Vandith et al., 2018).
Table 2 provides an elaborate picture of how microalgae can treat
different sources of wastewater efficiently (Li et al., 2019; Al-Jabri
et al., 2020). For about 38000 million liters per day of sewage
generated, only 12000 million liters per day get treated in India,
and among 35 metropolitan cities, only 51% of sewages, i.e., 8040
million liters per day of sewage treatment capacity exist for 15644
million liters per day of wastewater generated (National Status
of Waste Water Generation and Treatment, 2020). According
to The OPEC Fund for International Development wastewater
report, the global scenario of sewage treatment is found to be 70%
in high-income countries and is even depressing with only 8%
in low-income countries (State of the Art Compendium Report
on Resource Recovery from Water, 2018). Due to increased
urbanization, industrialization, and leading water scarcity due to
climate change, the global market related to resource recovery
is tending to rise to $22.3 billion by 2021 from $12.2 Billion

TABLE 1 | Comparison of characteristics of different wastewater sources.

Wastewater Parameters (mg L) Ref.
(source)
BoD' coD? Tss® TN* TP

Domestic 160-300 250-800 390-1230 20.0-70.0 4.0-12.0 Vandith et al.,
2018

Domestic 124 156 -4 - - Choi et al.,
2017

Household 258 - 63.0 50.2 5.9 Vandithetal,
2018

Office — 160-220 - 54.5-79.3 3.8-7.0 Vandith et al.,
2018

Dyeing industry ~ 52.4 111 — - — Choi et al.,
2017

Paper mill 38.8 112 — - — Choi et al.,

industry 2017

Pharmaceutical 120 490 370 - - Rana et al.,

industry 2017

! Biochemical oxygen demand.
2Chemical oxygen demand.
3Total suspended solids.
4Total nitrogen.

5Total phosphorus.

aNot reported.

in 2016 (State of the Art Compendium Report on Resource
Recovery from Water, 2018). Therefore, wastewater recovery and
resource utilization are still untapped in many underdeveloped
and few developing countries, and only a small portion is utilized
in a safe and planned manner while the majority of partially
treated or untreated wastewater is discharged unregulated into
the water bodies.

MICROALGAE CULTIVATION SYSTEMS

Microalgae can be grown both in an open system and closed
systems. An open system is present in nature as naturally
occurring ponds that include lagoons, sea, and oceans. The
photobioreactors are a closed system for algal production under
controlled conditions of temperature, pH, and nutrients for
higher yield of the biomass. The cultivation of microalgae
can even be performed using wastewater such as domestic
sewage water and palm oil milling effluents which can assist
in the bioremediation of wastewater (Selmani et al., 1997;
Posadas et al., 2017).

Open Systems

Open ponds are the simplest and easiest way to cultivate
microalgae on large scale. The various types of open pond systems
include lakes, ponds, artificial water bodies such as circular
and raceway systems. The algae are cultivated in open pond
systems (shallow ponds), and nutrients are added through runoft
water from nearby land areas or by channeling the water from
sewage/water treatment plants (Carlsson et al., 2007). Mixing
is provided by paddle wheels in raceway ponds or rotating
arms in circular ponds and mixing can even be provided at
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TABLE 2 | Comparison of nutrient removal rate of microalgae in different wastewater sources.

Wastewater Category Microalgae strain Influent characteristic Removal rate (%) Ref.
source
NH4xN (mgL~') TN(mgL~') TP (mgL~') NH4tN(mgL-') TN TP
Municipal Synthetic saline  Spirulina platensis — 130 15 — 79 93.3 Zhou et al., 2017
wastewater wastewater
0.251)
Domestic Chlorella sp. and 37.64 61.47 7.42 98 94 95 Silambarasan et al.,
wastewater Scenedesmus sp. 2021
(75% diluted)
Agricultural Anerobic food  Chlorella - 302.9 +£13.4 25.7 £ 3.1 - 88.7 67.6 Tan et al., 2021
wastewater wastewater pyrenoidosa
Industrial Pharmaceutical Microalgal - 44 5 — 74 92 Villar-Navarro et al.,
wastewater wastewater consortia 2018
(9600L)
Anaerobically Chlorella sp. 222 +12 90 +8 95.6 +1.5 —  26.44+11.6 Vadiveloo et al.,
digested 2021
abattoir effluent
Molasses Scenedesmus sp. — 600 75 — 90.2 88.6 Ma et al., 2017
waste (diluted
and balanced)
Other Mixed piggery- C. vulgaris 2-367 9-480 5-45 19-100 32-96 28-95 Zheng et al., 2018
wastewater brewery
waste
Aquaculture Spirulina sp. LEB - 10.332 11.37 - 79.28 93.84 Cardoso et al.,
waste (1L) 18 2020
HTL-APL Picochlorum sp. — 6900 1100 — 95.4 97.2 Das et al., 2020a
HTL-APL Tetraselmis sp. - 4223 504.7 - 98.5 98 Das et al., 2020b

aNitrite (NO~2) nitrogen.

certain places in a large pond by the use of impeller blades
(Yen et al, 2019). For example, Spirulina can grow at a very
high pH (9-12) and therefore is dominant in soda lakes (Bindra
et al., 2017). Dunaliella salina is emergent species in the shallow
salt pan ponds (Borowitzka and Hallegraeff, 2007). There are
various advantages of an open pond system as it provides a
large surface area for growth, but it has lower cell concentration
and requires efficient harvesting techniques (Tredici, 2004). The
major limitation of the open and natural system includes the
contamination by protozoa and bacteria and also it is difficult
to control all the growth parameters in open systems (Lam
et al, 2018). The harvesting of algae from a natural open
system is one of the oldest methods and the oldest record
of microalgae harvesting was done by Aztec peoples when
they harvested Spirulina from Lake Texcoco located at Mexico
(Hamed, 2016).

The first artificial ponds to be used are circular ponds
and rotating agitators are used for efficient mixing and
prevent sedimentation of algal biomass. The major limitation
of this system is requirement of high energy usage and
high construction cost (Hamed, 2016). This system is used
in Japan and Taiwan for the cultivation of Chlorella (Lee,
1997; Shen et al, 2009). The high-rate algal ponds are used
for the wastewater treatments pond is a shallow-depth which
contains high loads of nitrogen and phosphorous content from
wastewater, allows the microalgae to proliferate and produce high
biomass (Craggs et al., 2012).

Raceway pond is the most feasible and cost-effective facility to
treat large amounts of wastewater than other techniques because
it has a low capital cost, more comfortable scale-up, and higher
treatment volume (Zhou et al., 2013). The most used open culture
system for growth is race-way pond design, which consists of long
channels in loops or stirring devices, including paddlewheels.
The various limitations of traditional raceway ponds with
suspended algal culture are: (1) self-shadowing effect due to
limited light penetration; (2) ineffective photosynthesis; (3)
energy consumption and expenses for harvesting the suspended
algal biomass and (4) reduced effluent quality due to inefficient
harvest of the biomass (Chiaramonti et al., 2013).

Closed System (Photo-Bioreactors)

The photobioreactors are used to grow microalgae in a closed
system where operating conditions and nutrients can be
controlled and monitored using an automatic control system. An
example of the closed system is a flat plate reactor with a complex
mixer and the conditions required for the growth of Chlorella
vulgaris is the optimum conditions of temperature (23.6-26.8°C)
and dissolved oxygen (7.6-8.8 mg L™1) (Lakaniemi et al., 2012).
The most commonly used photobioreactor are, (i) straight tubes
which are arranged flat on the ground or in long vertical rows
known as tubular bioreactors and (ii) helical bioreactors which
are spirally wound tubes around a central support. The tubes
used can be of glass, or perpex for the bioreactor system. The
tubular bioreactors are mainly used outdoors and are arranged

Frontiers in Energy Research | www.frontiersin.org

April 2021 | Volume 9 | Article 646571


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Arora et al.

Wastewater Based Microalgal Biorefinery

in different orientations such as vertical, horizontal, inclined,
and helical to increase the mass production of algal biomass by
capturing maximum sunlight, i.e., an increase in photosynthesis
(Ting et al,, 2017). The diameter of the tube can be from
10 to 60 mm (Ting et al, 2017). The specific limitation of
tubular bioreactors is photosynthetic efficiency, and the energy
consumption is higher. The major disadvantage of the tubular
photobioreactor is the difference in the concentration along
the long tubes that leads to poor mass transfer (Tan et al,
2020). The cell growth in the center is restricted due to lower
photosynthesis in photobioreactor inhibiting concentration due
to oxygen toxicity that can occur after only 1 minute in a tube
without gas exchange (Posten, 2009). The uncontrolled growth of
pathogenic microorganisms in the inner walls and the formation
of biofilms, which influence the mass transfer of reagents due to
external mass transfer resistance at the biofilm surface, is another
drawback of the closed system (Skoneczny and Tabi$, 2015).
These day’s plastic bag photobioreactors are in great demand,
and they can be separated based on their volumes and are
cost-effective and made up of polythene (Wang et al., 2012).
The only limitation is that mixing the components and fragility
of the bags can lead to a decrease in this system’ life. The
major disadvantages of a closed system are high operating and
construction costs.

Integrated Systems

Integrated systems are a complex mix of open and close
culture systems in an advanced way to develop a hybrid system
that overcomes their limitations collectively and produces an
improved system with high pollutant removal efficiency and
elevated biomass yield.

Immobilized Bioreactor

The immobilized system circumvents some major challenges
in microalgae wastewater treatment processes. It eases some
high-cost and energy-intensive steps of suspension systems,
i.e., harvesting and separating algal biomass from the treated
wastewater. Immobilization technology renders a fixed system
where living cells are grown in a confined area and are
prevented from moving independently in the system’s aqueous
environment. There are six different immobilization techniques

namely covalent coupling, affinity immobilization, adsorption,
liquid-liquid emulsion, semipermeable membrane capture, and
entrapment (Mallick, 2002). Among all, entrapment is the
most exclusively used method for algae wastewater treatment
and nutrient recovery. Algae cells are entrapped in a 3D gel
matrix molded in the form of biocatalyst beads which are
stabilized by cross-linking. For instance, widely used alginate and
carrageenan beads in the case of algae are usually stabilized by
Ca’* and K* respectively (Ting et al., 2017). This technology
utilizes algae’s natural tendency to adhere to the natural or
artificial substrate. The matrix consists of porous beads made
of a polymeric material. This polymeric substrate must be
hydrophilic to allow diffusion of wastewater into the bed
and can be fabricated by various materials like synthetic
acrylamide, polyvinyl, polyurethane, or naturally derived algal
polysaccharides like alginate, agarose, and carrageenan. Chitosan
also serves as an effective bead material individually and
its durability gets enhanced when amalgamated with alginate
(Castro and Ballesteros, 2020). A recent study reported faster
growth rates and higher biomass production with successful
nutrient removal capacity in C. vulgaris when grown in the
alginate-chitosan matrix (Castro and Ballesteros, 2020). Such
porous bead structures provide a protected environment for the
selected species to thrive in a wastewater setting. Few studies
used submerged Ca-alginate beads for the growth of microalgae-
bacteria consortium in normal wastewater and revealed minimal
contamination from other species and uninterrupted reduction
in phosphorus and ammonium levels (Covarrubias et al., 2012;
Kube et al., 2021). Apart from the material, cell density and gel
thickness of the beads are also decisive characters for good results.
If these are higher, it will lead to a light shading effect, and if
lower, it renders low nutrient absorption (Ting et al., 2017). Few
microalgae-based immobilized studies for wastewater treatment
are listed in Table 3.

An ideal immobilized algal system should retain the viability
of cells, shouldn’t interfere with photosynthetic ability, render
low leakage of cells from the matrix and exhibit a high density
of cells (Mallick, 2002). However, such systems have different
metabolic effects on algal cultures. Only the surface algae can
get optimum conditions (light intensity, nutrient availability)
to grow while the microalgae inside the bead get deprived and

TABLE 3 | Microalgae-based immobilized bead systems for wastewater treatment (Ting et al., 2017).

PBR Microalgae Wastewater HRT/h Biomass Influent (mg L") Removal efficiency (%) Ref.
strain type productivity
(gL="d™")
N TP N TP
Sodium alginate S. obliquus, Secondary 6or35 0.110-0.401 32.5 2.5 60.1-100/ 10-97 53.3-85.1/18-82 Ruiz-Marin et al.,
solution (3 L) C. vulgaris effluent 2010
Integrated 3 Chlorella Sewage — <0.03 37 12.8 100 100 Singh et al., 2012
chambers of PBR minutissima wastewater
(2.51L)
Alginic acid sodium  C. vulgaris Tertiary 6.5-12 0.18-1.55 7.1-10.4 0.08-1.78 100 60-90 Filippino et al.,
salt opaque PVC wastewater 2015
PBR (4 L)
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show less activity due to the self-shading effect. Results are
chiefly dependent on a higher surface to volume ratio to ensure
maximum interaction between pollutants and microalgae surface
(Wollmann et al, 2019). The current study on Scenedesmus
obliquus showed 96.6 £ 0.1% removal in 50 mg/L NH4*-N and
300 mg L~ COD by the immobilized system over cell-free mode
in an artificial wastewater environment (Liu et al., 2019). Another
study revealed 94% and 66% removal efficiency of NH4*-N
and PO4>-P, respectively, for agar-immobilized microalgae even
after eight times recycling. This concludes that immobilized
microalgae can be preserved for about 120 days and can be used
repeatedly at room temperature (Hu et al., 2020).

There are five types of immobilized bioreactors for fixed
microalgae-based sewage treatment, namely fluidized bed
bioreactor, airlift bioreactor, parallel plate bioreactor, packed
bed bioreactor, and hollow-fiber bioreactor briefly explained in
Figure 1. Fluidization enables increased mass transfer, large
surface area, finest mixing, homogenous temperature, and
particle distribution (Mohd-Sahib et al., 2017; Nelson et al.,
2017). There are two types of advanced fluidization: LS (liquid-
solid) and GLS (gas-liquid-solid) fluidization. Both of them
can operate on circulating fluidization in which particles are
carried out to the top of the column and then returned to the
bottom with high velocity via recycle line. In GLS, three phases
are involved as both liquid and gas fluidizes the particles. An
investigation on novel microalgae membrane bioreactor with
internal circulating fluidized bed (ICFB) showed 52, 80, and 85%
removal efficiency of NO3 -N, PO, -P, and NH*"-N in 40 days
(Ding et al., 2020). A study modeled CO; bio fixation using
fluidized bed bioreactor onto polyurethane foam in nutrient rich
wastewater setting and observed 97.7% (by wt. of lipid) of fatty
acid methyl esters (FAMEs) mixture and found a high content of
C16 and C18 FAME species for efficient combustion of biodiesel
(Rosli et al., 2019). It was found that the wastewater removal
efficiency also depends upon the flow pattern of the reactor
besides cell density and gel thickness (Ting et al., 2017). Fluidized
bed bioreactor showed better COD removal performance than
parallel plate bioreactor rendered by a more extensive contact and
continuous nutrient supply area (Ting et al., 2017). This system
also possesses few limitations like difficulty in the evaluation
of microalgae to count during treatment as it is packed in a
matrix. Such constraints can be overcome by taking into account
various other factors that influence the algal yield. Therefore,
there is a need to broaden the understanding of immobilization
on microalgae physiology and fill these lacunae of knowledge
with further research.

Biofilm Packed Bed Bioreactor

Biofilm is a consortium of microorganisms embedded in a self-
secreted extracellular polymeric substance (EPS) attached to a
substratum. It can be an axenic (only consist of microalgae) or
non-axenic systems (microalgae-bacteria consortium). Most of
the systems are based on co-cultures of bacteria and microalgae as
they share a stable symbiotic relationship in wastewater streams
by maintaining a carbon dioxide-oxygen balance. Bacteria can
feed on nutrients available in wastewater and also consumes
oxygen to reduce the BOD while algae utilize CO; released by

bacteria and supplement the system with O,. This will make the
whole system self-reliant in themselves (Boelee et al., 2014; Lee
etal., 2014). Such biofilm reactor renders a tremendous advantage
over the conventional suspended systems as they require a
relatively minimal amount of water, i.e., for 1 ton of microalgae
biomass, 17 tons of water is sufficient while for cell-free culture,
200 tons of water is needed (Podola et al., 2017). Moreover,
any rough surface material can be used as a supporting material
like nylon, stainless steel, and natural fibers, etc. (Garbowski
et al., 2017). Rougher the surface, more easily microalgae can
adhere to it. According to a study, nylon and stainless-steel mesh
are the most effective supporting material for biofilm having
Chlorella, Pediastrum, Scenedesmus, Nitzschia, and Cosmarium
(Lee et al., 2014). The significant bottlenecks of suspended
cultures like harvesting, separation, and dewatering are not
required in biofilm-based packed bed reactor as microalgae can
be easily removed by scraping the solid surface (Lee et al,
2014). Microalgae attached to the surface experience better
light availability than in the suspended environment. Likewise,
a study showed that 1.4-fold more biomass production and
higher pollutant removal efficiency in C. vulgaris biofilm packed
bed reactor comparing to the suspended bioreactor (Cheah
et al., 2018). Many factors affect microalgal biofilms, such as
selecting proper microalgal strain, nutrients, light, and carbon
dioxide availability, temperature, pH, attaching material, flow
velocity, and allelopathic microalgae interactions with other
microorganisms in the case of consortium cultures (Mantzorou
and Ververidis, 2019). Biofilm show high heavy metal removal
efficiency as in the case of Chlorella with 10.55%, 24.8%, 26.4%,
and 24.8% removal rate for Co, Mn, Sr, and Ni (Palma et al,,
2017). This is due to the presence of a high number of functional
groups for metal complexation in EPS.

Biofilm systems are majorly divided into three categories
based on biofilm arrangement and liquid medium supply:
(i) permanently submerged systems, ie., those systems that
are constantly submerged in the liquid culture medium, (ii)
intermittently submerged systems, i.e., those systems that have
repeated alternative exposures of liquid as well as gas phase
(also called biofilms between two phases), and (iii) perfused
systems, i.e., those systems in which substratum is directly
provided with culture medium (Moreno Osorio et al., 2019).
Various microalgae-based biofilm bioreactors are developed to
integrate wastewater treatment with biofuel productions to
obtain a high yield with high efficiencies than conventional
techniques as depicted in Table 4. Different packed bed
bioreactors like vertical, horizontal, parallel plate, flow cell, airlift,
flexi-fiber, rotating biofilm reactors, and vertical-algal-biofilm
enhanced raceway ponds are studied for reclamation potentials
widely. However, a rotating biofilm packed bed bioreactor is
more promising, with 31 gm~2d~! growth in mixed culture
conditions utilizing the municipal wastewater (Christenson and
Sims, 2012). Furthermore, a recent study has also observed a
formation of struvite within the microalgae biofilm matrix in
an outdoor pilot-scale rotating algal biofilm reactor (Hillman
and Sims, 2020). These systems are much more advanced
than conventional packed bed reactors, but this technology is
still primarily limited to laboratory conditions and needs to

Frontiers in Energy Research | www.frontiersin.org

April 2021 | Volume 9 | Article 646571


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Arora et al.

Wastewater Based Microalgal Biorefinery

FBR

PBR

PPR

It requires short
residence time
and are
sufficiently
stable to
withstand shear
forces for long
time periods

Small biocatalyst
particles are
preferred for

proper

fluidization

FBR sometimes
resulted in
heterogenous

It requires
relatively
long
retention
time and
show
minimal
fouling

Y

PBR suffer
from poor
light
penetration,
mixing and
gaseous flux

—_

( They are \ The
capacitively It offers a .
coupled. homogeneo c:gtru]l((i:l %e;s
Etching is us system, :
referred as convenient funv(;tilt(l)lnal
Plasma for lab microalgae-
I:Iloc(lii (l)rtlt (t)(:g optimization laden fibers
powered \—/
Stream
4 \ promote the ( \
PBR utilize exchange of HFR are
the sunlight gases in the physically
l:ffteitihvely medium stable and
ut it has a can be
compll((i:ated cleaned and
procedure -
It does not re-used
provide the
;/ high cell N\ _/

stocking

HFR

system which is
unsuitable for
standardization

FIGURE 1 | Characterization of different types of immobilized bioreactors.
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be further optimized in high pollutant loads to upscale it to
industrial levels.

FACTORS AFFECTING MICROALGAL
GROWTH

Microalgae cultivation requires various environmental
conditions and biotic components such as temperature,
light, pH, and nutrients for their optimum growth. The cultures
require various nutrients, trace elements, vitamins, and growth
regulators to grow. Redfield ratio suggested that the cultivation
media could be flexible and adapted to microalgal metabolic
needs and specific environmental conditions (Arrigo, 2005). The
initial density directly affects the algal growth, i.e., higher algal
density leads to better growth and ultimately results in higher
efficiency for nutrient removal. The effect of various factors is
explained below.

Temperature

Temperature is an important factor controlling microalgal
growth and various metabolic activities, photosynthesis, and
carbon fixation. The temperature of the pond varies on both
seasonal and diurnal scales which affect the algal photosynthesis
and respiration rates. The greater microalgal productivity was
produced when the water temperature was controlled constantly
compared to uncontrolled temperatures in high rate algal pond
systems (Slegers et al., 2013). In a recent study, it was found
that the higher the temperature, the lower the Rubisco’s affinity
for carbon dioxide and eventually lower the carbon dioxide
solubility in the media (Taziki et al., 2015). Henceforth, many
species proliferate at the optimum temperature of 20-25°C

as above 35°C; their growth becomes lethal due to increased
photorespiration. Conversely, thermophiles can be utilized to
serve the purpose and to reduce the cooling cost. Algae can be
classified based on the temperature ranges as psychrophiles,
mesophiles, and thermophiles. For instance, thermophilic
microalgae Chlorogleopsis sp. can grow at a maximum
temperature of 50°C (Morales et al,, 2018). It experimented
that different microalgae cultured at different temperatures
showed a decrease in the growth rate, biomass, and lipid
accumulation with an increase in temperature (Chaisutyakorn
etal., 2018). Another study reported high carbon dioxide fixation
and lipid accumulation up to 50% at 10°C in low nutrient
availability in psychrotolerant species Acutodesmus obliquus (Lee
et al., 2019). Galdieria sulphuraria show thermophilic growth
behavior up to 56°C (Selvaratnam et al., 2014) while Chlorella
sorokiniana has high photoautotrophic growth rates up to 43°C
(Varshney et al., 2018). Hence, the growth rate of algae can be
determined by the high rate of photosynthesis, which depends
on light intensity and temperature (Béchet et al., 2013).

Light
Light plays an important role in the growth of microalgae. In a
study, the relationship between light intensity, photoperiod, and
production of biomass of microalgae Ankistrodesmus falcatus
has been studied. The highest biomass (224.64 mg L™!) and
biomass productivity (9.30 mg L~! D~!) was observed under
a light intensity of 150 wmol m~2 s™!, whereas the lowest
biomass (183.48 mg L~') and biomass productivity (7.58 mg
L~! D™!) was observed under the light intensity of 30 pwmol
m~2 s7! (George et al, 2014). It was also reported that
continuous light and 18 h dark cultures yielded lower biomass
productivity. According to the literature, biomass production in
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TABLE 4 | Microalgae biofilm system using different carrier material.

Microalgae PBR type Supporting material Biomass productivity (mg L='D") Ref.

C. vulgaris Airlift-PBR Fiber 15.9 Tao et al., 2017

C. vulgaris Membrane PBR Flexi-fiber bundles 72.0 Gao et al,, 2015

C. vulgaris, Oscillatoria Vertical ABR Coral velvet 10.5-14.7 Zhang et al., 2018

S. obliquus Parallel plate PBR Polycarbonate sheet 1.9 Zamalloa et al., 2013

Mixed consortium Membrane PBR Nylon mesh 9.1 Mantzorou and Ververidis, 2019
Mixed consortium RABR PVC sheet 31000 Christenson and Sims, 2012

many microalgae increased under high light conditions which
generally causes an increase in reproduction until the saturation
point intensity (Danesi et al., 2004). The wastewater quality
directly affects the availability of light present in the culture
medium. When at the beginning of the growth cycle, the light
reaches a higher number of cells as the cell densities are low
whereas at a higher density, the cells suffer from self-shading
and sometimes the dissolved organic matters decrease the light
availability to the culture for its growth (Novoveskd et al.,
2016). In a study, it was reported that three different types of
lights red, blue, and white were studied on the algal species
derived from the wastewater and the light spectrum influenced
the cell size (Izadpanah et al., 2018). Light intensity directly
affects the microalgal growth and the growth rate is directly
proportional to Photon Flux density, but at the point of light
saturation, the photon flux density is too high, which can lead
to photoinhibition and photo-oxidation and ultimately the death
of the cells (Bartosh and Banks, 2007). In a study, it was
reported that the 19.4% of lipid content was increased when the
amount of light intensity of 2700 Lux is provided to the culture
(Rai et al, 2015). Microalgae can utilize the energy available
in the wavelength range of 400-700 nm, which is referred
to as photosynthetically active radiation (PAR) (Boyle, 2004).
The optimum light intensity should be standardized for each
species for maximum carbon dioxide assimilation and minimum
photorespiration and photoinhibition. Scenedesmus almeriensis
requires a light intensity of 100 wmol m~2 s~! irradiance
(Costache et al., 2013) whereas Scenedesmus obtusiusculus shows
optimum growth at irradiation of 300 jtmol m~2 s~ ! irradiance
(Cabello et al.,, 2015). The phenomenon of photoinhibition can
be minimized by the usage of Light Emitting Diode lights instead
of fluorescent tubes due to high electrical energy conversion
efficiency, sufficient light intensity, and small volume and weight
characteristics, and also decreased proton loss (Lee and Palsson,
1994). The optimum light intensity should be supplied to both
sides of culture, i.e., material and watersides. The antioxidants
present in microalgae can help in dealing with an excess of light
and its effects.

Nutrients

The essential nutrients required for the optimum growth of
algae include carbon, nitrogen, phosphorous, vitamins, and trace
elements. The nutrient removal from wastewater by microalgae
reduces the environmental impact of its discharge. Carbon is
the essential nutrient for growth and is utilized by microalgae
by the Calvin cycle. According to heterotrophic or mix-trophic

metabolism, many species can grow on an organic substrate.
The main organic compounds are monosaccharides, volatile
fatty acids, glycerol, and urea utilized for growth. Organic
carbon uptake into the cells occurs through diffusion, active
transportation, and phosphorylation. A high concentration
of carbon dioxide is required for the growth of microalgae
C. vulgaris. The carbon dioxide fixation rate of C. vulgaris is
252 mg L7'D~! and 86.7% of biomass was produced as shown
in the investigation report (Bittencourt, 2009). C. vulgaris can
uptake nitrogen, carbon dioxide, or phosphorous for its optimum
growth (Gilles et al., 2008).

Nitrogen is required for the formation of genetic material,
i.e., deoxyribonucleic acid and ribonucleic acid. It can be utilized
in the form of nitrates, nitrites, urea, and ammonia. Removal
of NH,4™ is especially important as it is the more toxic form
of nitrogen in wastewater. An increase in nitrogen available
in the wastewater results in more uptake of nitrogen which
leads to the production of more vital components for cellular
activity further contributing to a greater amount of nitrogen
being transported and assimilated by the cells (Kube et al,
2018). It is observed that C. vulgaris efficiently utilized and
removed the high concentration of both nitrate and nitrite
from the culture medium and simultaneously produces algal
biomass for several wastewater treatments (Taziki et al., 2015).
The other nutrients required are phosphorous, magnesium, iron,
and calcium in trace amounts. Phosphorous is also utilized by
microalgae for metabolic processes and several components such
as nucleic acids and phospholipids. The uptake mechanisms as
well as the use of phosphorous in algal cells depend on its
concentration present in the wastewater (Solovchenko et al,
2016). The carbon assimilation is influenced by the phosphorous
content present in the wastewater (Hu and Zhou, 2010), and
wastewater carbon content has an impact on both nitrogen
and phosphorous removal. The dissolved carbon dioxide is the
most usable form of inorganic carbon for algae which leads to
the maximum yield of algal biomass. For the nutrient removal
and improvising algal growth, carbon dioxide is supplied to
overcome low concentration of carbon in wastewater and reduces
greenhouse gas emission by capturing carbon dioxide (Razzak
etal., 2013). The pH also plays an important role in the optimum
growth of algae. The maximum growth can be observed at
optimum pH ranges from 7.9 to 8.3 (marine water), and 6.0
to 8.0 (freshwater). Most microalgae species are pH sensitive,
and few of them can reach the range tolerated by C. vulgaris
(Raize et al., 2004). In a closed system, the pH can increase
up to pH 10. This rising pH value can be controlled by the

Frontiers in Energy Research | www.frontiersin.org

April 2021 | Volume 9 | Article 646571


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Arora et al.

Wastewater Based Microalgal Biorefinery

amount of carbon dioxide or using inorganic or organic acids
(Lam and Lee, 2012). Combustion of flue gas with high carbon
dioxide concentrations can decrease the pH to 5, but, at higher
acidic pH, the photosynthetic growth is limited. The pH value
is affected by a decrease in metabolites and the release of
several organic acids. The excess of OH reacts with CO; to
form HCO?~, resulting in a higher bicarbonate and carbonate
alkalinity and higher total carbon availability. In wastewater
treatment using algae, the pH rapidly increases and then remains
at a relatively constant value (Kube et al., 2018). If wastewater is
rich in NHy, a higher pH with less CO, addition may promote
volatilization, and if wastewater has a higher NO3 ™~ concentration
a lower pH with more CO; addition may encourage growth and
improve nitrogen assimilation (Sutherland et al., 2015). High
pH stress inhibits the cell cycle and triggers lipid accumulation
(Vuppaladadiyam et al., 2018). Nutrients play an important role
in the growth and productivity of microalgae such as iron,
calcium, cobalt, manganese, zinc, molybdenum are vital for the
growth of microalgae Dunaliella tertiolecta. The production of
lipid in D. tertiolecta is increased when the culture was starved for
nitrogen. For the production of oils and biofuels, it is economical
to starve the culture for nitrogen content and will shorten
production cycles and the waste content produced (Chen et al.,
2011). Micronutrients such as iron, manganese are required in
small amounts (2.5-30 ppm) and trace elements, such as cobalt,
zinc, and molybdenum, are essential in very low concentrations
(2.5-4.5 ppm) for efficient growth of microalgae. Micronutrients
play an important role in algal metabolic functions such as
coenzymes or energy carriers (Juneja et al., 2013). The high
concentration of cobalt was previously considered toxic for algal
species, but a controlled level of cobalt provided optimal lipid
accumulation in T. suecica (Ghafari et al.,, 2016). The cobalt
is mainly required for the synthesis of vitamin B12 (Li et al,,
2007). Molybdenum in low concentration is optimal for Bacillus
sudeticus, with 8% increase in lipid content; however, a high
concentration showed improved lipid contents in C. vulgaris and
T. suecica by 20% and 13% increases, respectively (Ghafari et al.,
2016). Molybdenum is required for the assimilation of nitrates
(Raven, 1988). Hence, it can be concluded that both macro and
micronutrients are important for algal growth.

HARVESTING OF ALGAE

The production of microalgae biomass during wastewater
treatment is considered as economic viability for algae-based
product production. Microalgae-based wastewater treatment
technology faces many challenges and microalgae harvesting is
one of the major constraints due to the substantial cost and
energy involved in these steps. Methods like centrifugation,
flocculation, sedimentation, filtration, etc. have been reported to
harvest biomass.

Chemical Flocculation

Flocculation is the process where microalgae are caused to
clump together into a floc using various chemicals such as
alum, or ferric chloride, etc. The critical factors of this process

are cellular concentration, surface properties, net charge, and
hydrophobicity, the concentration of the coagulant/flocculent
species, pH, and ionic strength of the broth process (Papazi et al.,
2010). The coagulation involves pH adjustment or electrolyte
addition. The various biomass of microalgae recovered by
flocculation includes C. vulgaris using Nano-aminoclays (Mg-
APTES) as a coagulant (Farooq et al., 2013) whereas Chlorella
minutissima is harvested by use of Fe;(SO4)3 as a coagulant
(Papazi et al., 2010). C. vulgaris by auto flocculation can produce
a recovery rate of 98% by using CaOH, (Vandamme et al,
2012). In a recent study, the effect of pH variations and addition
of flocculant such as calcium chloride on the harvesting of
microalgae Arthrospira maxima was studied and observed that
pH > 10 and CaCl, 0.2-2.0 gL™! at a 1:30 ratio (v/v) of
CaCly/microalgae culture could be applied to harvest biomass
efficiently (Caetano et al., 2020).

There are different ways to induce flocculation namely - (i)
electrostatic patch, (ii) bridging, and (iii) sweep flocculation
(Vandamme et al, 2013). Chemical coagulation/flocculation
should - (i) result in no biomass contamination; (ii) lead to
subsequent high-efficiency biomass settling; (iii) allow the reuse
of the culture medium; (iv) environmental impact; and (v) cost-
effective and non-toxic when applied in large scale (Molina
Grima et al., 2003). The more electronegative the ion, the faster
the coagulation (under 24 h) (Papazi et al., 2010). The negative
charge is present on the surface of microalgae and The microalgae
biomass can be contaminated by the used metals, declining its
application in biofuel or animal feedstock. Coagulant addition
(<10-fold) is required by the higher density cultures due to
less charge on the surface of the cell wall leading to higher
collision rates (Schlesinger et al., 2012). Chemical harvesting
is an economical approach for the harvesting of microalgae
from wastewater (Mohd Udaiyappan et al., 2017). The chemical
flocculation method can be applied to large culture volumes
without disrupting the cellular structure. The major disadvantage
of this method is the presence of harmful chemicals that pose
environmental risks.

Mechanical Methods

The most rapid and reliable method for harvesting algae is
centrifugation and the algal biomass is separated based on
density differences using centrifugal forces. A nozzle type disc
centrifuges are suitable for all microalgae types as they are easily
cleaned and sterilized, but the high investment and operating
costs are their limitations. For harvesting filamentous algae, low-
cost filtration methods are used. The strains grown in a high-
rate algae pond system are selected, and filamentous algae are
harvested by micro screening to retain larger cells, and smaller
non-filamentous algae are washed away. For smaller suspended
algae, tangential flow filtration is considered, but membrane
fouling and replacement are not cost-effective (Uduman et al.,
2010), and power requirements are high (Danquah et al,
2009). Use of membrane-based harvesting method has been
reported for the recovery of Scenedesmus almeriensis biomass
using polyvinylidene fluoride (PVDF) membrane which helps
in separation by retaining biomass and growth media is passed
through the membrane filter (Marino et al., 2019). Sedimentation
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is a low-cost harvesting method that can give concentrations of
1.5% solids (Danquah et al., 2009). Sedimentation is a slower
process as settling rates of 0.1-2.6 cm h~!, and during the
settling time, much of the biomass deteriorates (Greenwell
et al., 2009). The various comparison of harvesting methods
is depicted in Table 5, which explains their major benefits
and limitations. In algae rich waters, dissolved air flotation is
usually preferred over sedimentation methods (Teixeira and
Rosa, 2006). Dissolved air flotation is a method commonly used
in wastewater treatment sludge removal, i.e., for large scale
setups but flocculants can cause a problem during downstream
processing of algae (Greenwell et al., 2009). It was studied that
pH-modulated dissolved air floatation harvesting method having
optimized parameters such as pH, velocity gradient, mixing time,
and floatation to harvest Chlorella sorokiniana from wastewater
(de Leite et al., 2020). The major limitation of the mechanical
method is the increased operational costs for algal production
and is economically feasible only when a higher number of
value-added products are produced (Park et al., 2011).

Biological Methods

Bio-flocculation is an environmentally friendly technique to
harvest microalgae which involves cell aggregation using
different microorganisms (bacteria, filamentous fungi) and
autoflocculating microalgae. Use of microalgae-bacteria flocs in
wastewater treatment results in increased microalgae recovery
with a settling rate of 0.28-0.42 m h~! (de Godos et al.,
2014). The use of polymeric material produced by various
microbes was also reported for the harvesting of microalgae.
Ndikubwimana et al. (2016) studied pilot-scale bioflocculation
of Desmodesmus brasiliensis using bioflocculant y-PGA produced
by Bacillus licheniformis CGMCC 2876 and reported flocculation
efficiency >98%. Choi et al. (2020) evaluated the potential of
activated sludge derived extracellular polymeric substance (ASD-
EPS) for microalgae harvesting (C. vulgaris, Chlamydomonas
asymmetrica, and Scenedesmus sp.) and C. vulgaris showed the
highest bioflocculation efficiency. Microalgae flocculation is also
achieved by using naturally available ions in brackish water, and
a variety of precipitating ions, including Mg?*, Ca?>* can lead to
auto flocculation of microalgae (Smith and Davis, 2012). A new
process of pelletized cell cultivation was reported by Zhang et al.,
using coculture of filamentous fungal species with microalgae.
Microalgae cells co-pelletized into fungal pellets and due to
their large size, these can be easily harvested through a sieve
(Zhang and Hu, 2012). For microalgae harvesting and wastewater
treatment, microalgal bacterial flocs is a promising technology.
In a study, it was reported that bioflocs formation enhances

harvesting of C. vulgaris and removal of nutrients from seafood
wastewater effluent (Nguyen et al., 2019b).

Reviewing all the reported harvesting techniques and
emerging studies it seems none of the technology seems
economically and ecologically viable at a large scale. Therefore,
the development of a cost-effective, efficient, and eco-friendly
harvesting process will continue to be a hot area of research.

BIOFUEL PRODUCTION

In the coming decades, the world will require a vast amount
of energy to support population and economic growth and to
improve living standards. To protect the environment and meet
increasing energy demand, renewable sources of energy need to
be adopted (Bhatia et al., 2019b; Patel et al., 2020a,b,c). Due to
rapid industrialization and subsequent improper waste handling,
water pollution is increasing daily, especially in the Indian major
cities, which has an incredibly harmful impact on human health
and the environment (Bhatia R. K. et al., 2020). A biofuel
is a fuel produced through contemporary biological processes
such as dark-photo-fermentation, anaerobic digestion, and
methanotrophs-based biotransformation of greenhouse gasses,
etc. rather than geological processes involved in forming fossil
fuels (Bindra et al., 2017; Patel et al., 2020d,e,f; Kumar et al., 2021).
Microalgal biomass can be utilized to produce various types of
biofuels including biodiesel, bioelectricity, biohydrogen, etc.

Biodiesel

Biodiesels are fatty acid methyl esters produced through the
transesterification of oils with alcohols in the presence of
catalysts (Bhatia S. K. et al., 2020). Microalgae can accumulate
lipids that can be used as feedstock for biodiesel production
(Anwar et al, 2017; Otari et al, 2020). The main steps in
biodiesel production from microalgal biomass involve microalgae
cultivation, drying of algal biomass, extraction of oil from
algal biomass, and transesterification to fatty acid methyl
esters (Bindra et al., 2017). Various methods are used to
extract lipids from micro-algae such as mechanical extraction,
solvent extraction, ultrasonic extraction, supercritical extraction,
and enzymatic extraction. Transesterification is the process of
conversion of oil to biodiesel (Demirbas, 2007). It involves
reactions between triglycerides or fatty acids and alcohol in
the presence of catalysts. Different alcohols such as methanol,
ethanol, propanol, butanol, and amyl alcohols can be used in
transesterification. However, methanol and ethanol are more
commonly used in commercialized processes due to their
low cost and physical and chemical advantage (Bhatia et al,

TABLE 5 | Comparison of mechanical harvesting methods for algae (Adapted from Teixeira and Rosa, 2006; Greenwell et al., 2009; Uduman et al., 2010).

Method Solid concentration after harvesting (%) Recovery (%) Scale Major benefits Major limitations
Centrifugation 12-22 >90 Bench  Reliable, high solid concentration  Energy intensive, high cost
Tangential filtration 5-27 70-90 Bench  Reliable, high solid concentration ~ Membrane fouling, high cost
Gravity sedimentation 0.5-3 10-90 Pilot Low cost Slow, unreliable

Dissolved air floatation 3-6 50-90 Pilot Proven at large scale Flocculants required
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2015b; Patel et al., 2019). Various homogenous (acid or base)
or heterogeneous catalysts (metallic nanoparticles) or enzymes
(lipase) are used to carry transesterification reactions (Kumar
et al., 2019; Otari et al., 2019).

Various methods of transesterification (supercritical, BIOX
cosolvent) and bioreactor designs. (microtubular microreactors,
membrane microreactors, microchannel reactors, microwave
reactors, reactive distillation, and centrifugal contractor) have
been reported for the conversion of oils into biodiesel (Bhatia
et al, 2021a). In a recent study, it was found that microalgae
Chlamydomonas reinhardtii produces 505 mg L~! of biofuel from
municipal waste (Kong et al., 2010). In a study, it was reported
that in an effluent wastewater treatment plant under a continuous
supply of carbon dioxide, C. wvulgaris removed a higher
concentration of phosphorous (Liu et al., 2020). Nanoparticles
incorporation with microalgae is a new promising technology
used for the high yield of biodiesel formation. According to
the previous studies, a minimal amount of colloidal hydrous
iron (III) oxide particles boosted almost 100% microalgae cell
suspension; magnetic particles incorporated with aluminum
sulfate were beneficial for cell separation from the mixed culture
of Anabaena and Aphanizomenon microalgae species (Pattarkine
and Pattarkine, 2012). The silver nano-particles applied on
Chlamydomonas reinhardtii, and Cyanothece 51142 microalgae
harvesting increased 30% higher biomass productivity, whereas
calcium-oxide nano-particles increased the biodiesel conversion
yield up to 91% via catalytic transesterification (Torkamani et al.,
2010; Safarik et al., 2016).

The glycerol is produced as a by-product and is denser than
biodiesel, which is continuously removed to increase biodiesel
yield or used as feed to produce biohydrogen (Bindra et al.,
2017; Prakash et al., 2018). Solvents are separated from methyl
ester by evaporation. The efficacy of the produced biodiesel
depends on the content of free fatty acids and the composition
of the oil. Properties of produced biodiesel depend on, carbon-
chain length, branching, and degree of unsaturation which affects
the physicochemical properties of the biodiesel (cetane number,
oxidation stability, iodine value, cold flow properties, density,
and kinematic viscosity) (Bhatia et al., 2021a). For the use of
transesterification, the biomass-derived heterogeneous catalysts
produce 95% biodiesel yield and are cost-effective and eco-
friendly. After the transesterification, the separation of produced
biodiesel from catalysts, excess of alcohol, glycerol, and the
remaining oil are important to ensure higher performance,
protection of the engine, and to maintain the quality standards
(Bindra and Kulshrestha, 2019). The wastewater from the food
and beverage industries is suitable for the growth of microalgae
as it has a low concentration of toxic chemicals and heavy metals
(Bhatia S. K. et al., 2020). In a study, it was found that livestock
waste contains a large amount of nitrogen and phosphorous
which leads to an increase in the carbohydrate content of biomass
and a decrease in lipids (Choudhary et al., 2020).

Biohydrogen

Hydrogen is the clean and more reliable energy alternative
for non-renewable fossil fuels due to the high calorific
value of ~122 kJ g~! and water molecule produced as end

byproduct of their combustion (Patel et al., 2012, 2015; Bhatia
et al., 2021b). Biohydrogen production from third-generation
feedstock (microalgae) is the most sustainable and biorefinery
approach towards energy crises and can be further improved
using metabolic engineering (Kumar et al., 2020). Microalgal
biomass harvested from wastewater treatment can produce
biohydrogen via different methods like direct and indirect
photolysis of water and dark fermentation, yielding various
volatile fatty acids along with hydrogen production (Mishra et al.,
2019; Rajesh Banu et al., 2021). Many factors affect the hydrogen
production rate, namely, carbon and nitrogen sources and their
relative ratios, pH, temperature, light/dark cycles, microalgal
strain, culture set-up and, pre-treatment employed (Prabakar
etal., 2018). Many microalgae species like Chlorella, Scenedesmus,
and Saccharina are extensively used for biohydrogen production
(Wang and Yin, 2018). Microalgae Scenedesmus obliquus showed
56.8 mL H, g~ !** yield in urban wastewater (Batista et al., 2015).
Another study revealed high biohydrogen production (204 mL
H, L~ day™) in the immobilized culture of Scenedesmus obliquus
under manipulated light conditions at 140 WE m~2s~! of light
intensity, 30°C and 7.5 pH with sulfur deprivation. Blue light
elicits large algal biomass production in urban wastewater setup
while purple light induces high biohydrogen yield (Ruiz-Marin
et al., 2020). However, the low yield is a major challenge due
to the oxygen sensitivity of enzyme, light, and CO, fixation
efficiency in the commercial setup. To deal with the O -sensitivity
issue, a study showed the significance of the addition of VFA
(volatile fatty acid) in synthetic wastewater and pertaining to
O;-deprivation. The study resulted in a significant increase in
biohydrogen yield (65.4 & 0.3 pmol Hy L™! mM™! acetate)
in C. vulgaris culture grown in PBR (Hwang et al, 2018).
Recent studies focused on improving the economy of the
process through genetic engineering and deploying low-cost
photoreactors (Sharma and Arya, 2017; Sharma et al., 2018;
Schiano et al., 2019).

Microalgae-Microbial Fuel Cell (MMFC)

The production of electrons to the metabolism of
microorganisms produces bioelectricity (Gurav et al., 2019).
The microbial fuel cell is used to produce electricity from
the hydrolysis and fermentation of algae. Microorganisms in
microbial fuel cell biodegrade organic compounds into carbon
dioxide, water, and energy through various metabolic pathways
(Kondaveeti et al., 2019a; Bhatia et al., 2021c). The significant
components of microbial fuel cells include an anode and
cathode connected by a load. In the microorganism’s culture,
the anode acts as a catalyst for decomposing the organic matter
and produce electrons and protons (He and Angenent, 2006).
In a microbial fuel cell, the production of electrons leads to
carbon dioxide produced at the cathode which is utilized by
microalgae for its growth and production of biomass. In MMFC,
the microorganisms biodegrade the organic components into
carbon dioxide, water, and energy by various metabolic cycles
(Bhatia S. K. et al., 2020). Microbial fuel cells can simultaneously
produce biofuel and bioelectricity and treat waste. The Figure 2
describes the production of bioelectricity in two-chambered
microbial fuel cell using microalgae. Recent studies suggest that
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FIGURE 2 | Schematic production of bioelectricity by microalgae in two-chambered MFC.

Microalgae biocathode

the C. vulgaris strain is efficient in producing bioelectricity as it
contains more than 50% proteins (Becker, 2007). The microbial
fuel cell chambers are constructed of glass, polycarbonate,
and plexiglass (Rhoads et al., 2005). The anode is made up of
materials such as carbon paper, graphite (Zhang et al., 2011),
platinum and consists of organic substrates to be utilized
for the production of electrons by microbes. The different
types of microbial fuel cells are — (i) single-chamber MFC, (ii)
two-chamber microbial fuel cell, and (iii) stacked microbial
fuel cell (Kondaveeti et al., 2019a,b). A recent study reported
44,33 mWm~? electricity production from tapioca wastewater
via microbial fuel cell (Costa and Hadiyanto, 2018). In a recent
study, it was reported that Chlamydomonas sp. TRC-1 produced
for textile wastewater treatment produced biomass which
further produced bioelectricity and produced power of 1.83 m—2
(Behl et al., 2020).

OTHER VALUE-ADDED PRODUCT
PRODUCTION

Microalgae are emerging to be one of the most promising long-
term, sustainable sources of biomass and oils. Rapid growing and
high lipid-content algae are selected for diverse applications in
many sectors for the production of biofertilizers, biopolymers,
and exopolysaccharides, etc.

Bioplastic

The increase in the production of plastic leads to environmental
pollution (Bhatia et al., 2021e). The conventional plastic used
is made up of petrol-based oils and cannot be disintegrated by

microbes. Mostly these plastics are disposed of by using landfill,
and incineration methods. In 2015, approximately 6300 Mt of
plastic waste had been generated, around 9% of which had been
recycled, 12% was incinerated, and 79% was accumulated in
landfills or the natural environment and if the production and
waste management trends continue at the same rate then roughly
12,000 Mt of plastic waste will be in landfills or in the natural
environment by 2050 (Geyer et al, 2017). Incineration leads
to the release of noxious harmful toxins into the environment
(Zhang et al., 2003; Zeller et al., 2013). Therefore, bioplastic is
the only alternative (Figure 3). It is a biodegradable material
produced from biological sources like bacteria, microalgae,
yeast, and transgenic plants (Park et al, 2020). Bio-derived
plastics are of many types like polyhydroxyalkanoates, polylactic
acid, starch, carbohydrate, and protein-based plastics (Bhatia
et al., 2016). There are mainly three different methods for the
production of bioplastics which include, (i) polymers extracted
from biomass, (ii) polymers produced by microorganisms, (iii)
polymers synthesized by bio-derivatives.

Various  microalgae  strains are  cultivated  for
polyhydroxyalkanoates production and accumulation of
polyhydroxyalkanoates occurs under specific culture conditions.
Study have found that the microalgae Spirulina platensis
produces 10% (dry cell weight) of polyhydroxyalkanoates under
specific growth conditions of acetate and carbon dioxide in
the medium (Laycock et al., 2013). The genetically engineered
microalgal strains can be used in the future, by using clustered
regularly interspaced short palindromic repeats clustered
regularly interspaced short palindromic repeats and Cas9 (an
RNA-guided cleaving enzyme) cloning systems for producing
the increased amount of polyhydroxyalkanoates (Sternberg and
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Doudna, 2015). In a recent study, the microalgae were harvested
from the effluent of wastewater treatment plant and created
a liquid medium for the growth of recombinant E.coli for the
production of polyhydroxybutyrate (Rahman et al., 2015). The
pathway engineering in baker’s yeast Saccharomyces cerevisiae
and then transferring the assembled pathway in the nucleus of
C. reinhardtii (Noor-Mohammadi et al., 2014). Microcystis sp.
produces 0.7 mg L™! yield polyhydroxybutyrate product (Abdo
and Ali, 2019).

Polyhydroxyalkanoates films are used to pack urea fertilizers
and insecticides, which decomposes efficiently by the soil
microbes used in the agricultural land (Singh et al, 2009;
Aguilar and San Roman, 2014). Polyhydroxyalkanoates is also
used as scaffolds, bone plates, media for the slow release of
drugs, and surgical sutures in the medical industry (Bhatia
et al.,, 2019¢). Polyhydroxyalkanoates have been used in bone
renewal treatments and nerve injury due to their piezoelectric
nature (Misra et al., 2006). A blending of polyhydroxyalkanoates
with inorganic phases results in bioactive composites of higher
properties that can be used in tissue engineering applications
(Chen, 2009). Despite its imperative applications, there are
few constraints like slow growth of algae, costly harvesting,

extraction, and downstream processing steps which took a great
toll on the global market demands of bioplastics. Due to this,
many scientists are moving towards genetic engineering tools to
circumvent the price barrier.

Biofertilizer

Biofertilizers are composite substances with live or latent
microorganisms that colonize the rhizosphere of plants, fix
atmospheric nitrogen, aid in nutrient availability of plants,
phosphate solubilization, and harness the soil’s fertility for
healthy crop production. These natural composites can
rejuvenate the nutrient balance in soil deteriorated by overusing
harmful chemical fertilizers, pesticides, and weedicides and
catalyzes the decomposition kinetics of organic matter present in
the soil. Moreover, algae are widely utilized for soil conditioning
and integrated plant nutrition systems since they can recover
excess nutrients from wastewater during cultivation and reclaim
water for other uses (Han et al, 2019). The production of
biofertilizers by microalgae when wastewater acts as a substrate
for optimum growth and production is depicted in Figure 4.
Among the various types of algal species studied, cyanobacteria
are the simplest and one of the most efficient because it

Frontiers in Energy Research | www.frontiersin.org

166

April 2021 | Volume 9 | Article 646571


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Arora et al.

Wastewater Based Microalgal Biorefinery

Wastewater

Microalgae
cultivation in STP

Treated water

Harvested Algae

FIGURE 4 | Schematic representation of reclamation of wastewater into a biofertilizer using microalgae (Created with BioRender.com).

[0 Fix atmospheric N>
[0 PO; ® mineralization
[] Promote PGR

[1 Enhanced pathogen
resistance

[ Increased siderophore
production

Biofertilizer

has a high water-holding capacity, ability to fix atmospheric
nitrogen, short generation time, and ability to withstand extreme
environments (Singh et al., 2016). According to the study on
N'5-labeled fertilizer, cyanobacteria assimilate more nitrogen
than chemical fertilizer and are more reliable for rice plant
cultivation (Ferndndez Valiente et al., 2000). Another exciting
research on immobilized Chlorella pyrenoidosa on dairy waste
effluent as a biofertilizer gives a 30% surge in paddy root and
shoots length (Yadavalli and Heggers, 2013). A study also found
a yield of 650 mg L™! of Chlorella sp. biomass growing in
municipal waste as a biofertilizer (Das et al., 2019).

Microalgae are also found to stimulate plant growth by
producing essential plant growth promoters with plant-microbe
symbiosis. Many studies are performed to validate the presence
of extracellular products with growth regulators like activity
in plants that aid in early germination. One such study
on Lupinus termis grown in a consortium of cyanobacteria
and bacteria revealed plant growth stimulating substances and

showed improved germination compared to seeds untreated or
treated with hormones like indole acetic acid, gibberellic acid, and
cytokines (Win et al., 2018). Algae stimulate the production of
siderophore, i.e., high-affinity Fe-chelating compounds secreted
by bacteria by producing organic acids that photolyzes these
siderophores and thereby triggers iron assimilation in very low
iron and nitrogen conditions chiefly in the waterlogged or
aquatic environment. A recent study valorized the freshwater
microalgae Navicula pelliculosa induced siderophore biosynthesis
in the bacterium Cupriavidus necator H16 (Kurth et al., 2019).
Another experiment that cultivated microalgae in black water
(toilet wastewater) concluded that microalgae biofertilizer works
similar to inorganic fertilizer but emits more N,O and CO,
due to nitrification pathways. These increased emissions could
be non-sustainable and need to be maintained (Suleiman et al,,
2020). Despite the surfeit of advantages of microalgae-based
biofertilizers, some bottlenecks of this technology hinder mass
production. The primary constraints include the short shelf-life
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of cyanobacteria and the possible dangers of toxification of algae
due to the outpouring of chemical pesticides, herbicides, and
weedicides in cropland press a severe concern (Renuka et al.,
2018). Shelf-life can be augmented to a certain extent by selecting
translucent packing material, dry mixing, etc. (Jha and Prasad,
2006). Apart from this, light and temperature sensitivity also
hurt a viable population count in storage conditions. Therefore,
further research should be encouraged to prevail over these
limitations and promote the integrated carbon-neutral, zero-
waste biorefinery approach.

Exopolysaccharides

Industries have currently shifted their focus from polysaccharide
inside the cell to exopolysaccharide, loosely attached to the
cell wall surface (cell-bound exopolysaccharides) like sheaths,
slime, and capsules or is secreted outside the cell to build a
matrix as protection (Bhatia et al., 2015a; Sathiyanarayanan
et al, 2015). It has gained much attention due to its facile
extraction and isolation process from the media; it will prove
to be an economical alternative and also saves a lot of time and
energy. Exopolysaccharides are high-value compounds obtained
from algal secretions with remarkable therapeutic properties
associated with the compound’s conformations and molecular
weight (Sathiyanarayanan et al., 2016). They are known to possess
immunomodulatory, anticoagulant, antimutagenic, antibacterial,
radioprotective, anticancer, antiulcer, and anti-inflammatory
bioactivities (Bhatia et al., 2021b). Cyanobacteria and red algae
are the chief producers of exopolysaccharides mucilages mainly
to adapt to stress conditions like physio-chemical changes in
the environment. The composition of exopolysaccharides varies
from species to species and is conspicuously dependent upon
culture conditions. Golgi apparatus and cytoplasm are the leading
site for the formation of these exopolysaccharide molecules in
microalgae and cyanobacteria, respectively. Exopolysaccharides
prime sugar component includes glucose, fructose, galactose,
xylose, arabinose, rhamnose, mannose, and fucose. Salt stress
in halotolerant microalgae D. salina induces the release of a
complex mixture of polyelectrolytes and polysaccharide content
as a survival strategy (Mishra and Jha, 2009). Apart from the
concentration of nitrogen, phosphorus, sulfates, temperature,
pH, and intensity of the light also significantly impact the yield.
In a study on microalgae Botryococcus braunii strain CCALA 220
(race A), a yield of 2 mg L~! was obtained at optimum conditions
of 950 wmol m~2 s~! of light intensity and 6 mM of nitrate
(Cepék and Pribyl, 2018). Another study gives a yield of 140 mg
L~! of EPS with Phaeodactylum tricornutum grown in palm oil
mill effluent (Nur et al., 2019).

Other rationales include cell-to-cell interactions, biofilm
formation, and adhesion mainly because of polyanionic
and polycationic compounds like N-acetylglucosamine and
xanthan that impart these properties (Bhunia et al., 2018).
Exopolysaccharides are usually negatively charged, i.e., exhibit
anionic properties of the biopolymer. Indeed, it can immobilize
positively charged metal ions with positive charges in the effluent
from wastewater due to uronic acid and sulfate’s presence on
the surface (Freire-Nordi et al., 2005). The exopolysaccharides
of Chlorella stigmatophora and Amnabaena spiroides exhibit

the metal-complexing capacity against Zn?>* and Cd** and
Cu?T, Pb**, and Hg?™, respectively (Freire-Nordi et al., 2005;
Khangembam and Tiwari, 2016). This natural metal chelating
property is very beneficial in biological water purification and
to maintain ecological balance. Besides, the recent study has
highlighted exopolysaccharides potentials as bio flocculant
in freshwater Cyanothece sp. for the bioremediation of nano
and microplastics from the waste streams and as a potential
replacement of synthetic flocculants (Cunha et al., 2020). Many
biochemical and rheological studies on exopolysaccharides can
be expanded for mechanical and food engineering applications
as drag-reducers in ships and thickening and gelling agents
to increase food viscosity (Xiao and Zheng, 2016). A brief
discussion about the major components of exopolysaccharides
and their applications are depicted in Table 6.

Polysaccharides from Gyrodinium impudicum KGO03 render
excellent antiviral activity against encephalomyocarditis virus
(Yim et al., 2003). Furthermore, strains like Nostoc flagelliforme,
Porphyridium cruentum, and Aphanothece sacrum exhibit
antibacterial and antiviral properties against Salmonella
enteritidis and several viral species like Vaccinia virus, and
African swine fever virus, etc. (Kanekiyo et al,, 2005; Ngatu
et al., 2012). Rhodella reticulata, Chlamydomonas reinhardtii,
and Arthrospira platensis show impressive antioxidant and free
radical scavenging pharmaceutical activities in a dose-dependent
manner (Chen et al., 2010; Bafana, 2013; Pierucci et al., 2017).
Moreover, S. platensis inhibits tumor invasion and metastasis by
releasing sulfated polysaccharide calcium spinilan (El Baky et al.,
2013). Microalgae-derived exopolysaccharides have enormous
applications in biotechnological, food, pharmaceutical, and most
importantly, in industrial wastewater treatment. This field is still
in its infancy, and further studies and research are inevitable to
disclose the understanding of complex structural and functional
diversity and optimize exopolysaccharides yield with minimal
cost further. Co-culturing and heterogeneity give good results
with interspecies interactions and upsurge in exopolysaccharide
production (Angelis et al.,, 2012). More research is required to
scale-up this microalgae technology to exploit more lucrative
resources supporting the biorefinery concept.

TECHNO-ECONOMIC ANALYSIS AND
GLOBAL STATUS

Microalgae are utilized for wastewater treatment in many
different ways all over the globe. New technologies are emerging
with more efficient and feasible approaches to scale up from
laboratory setup to industrial. Several industries have adopted
phycoremediation to maintain their discharge standards and to
perform well in corporate social responsibility. Besides, they gain
huge profits by selling algae-based products like biofuel, feed, and
fertilizer to the market. A study highlights the base case cost of
about ~1.6 € kg~! to 1.8 € kg~ !> and the projected case cost
is p~0.3 € kg~! to 0.4 € kg~! for microalgae cultivation in the
case of raceway pond while in the case of packed bed bioreactor,
its ~9 € kg=! to 10 € kg~! and ~3.8 € kg~! respectively
(Slade and Bauen, 2013). Another research valorizes the use
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TABLE 6 | Composition of EPS of various microalgae with their bioactivities and applications.

Microalgae Monosaccharide composition

Bioactivities and applications Ref.

Chlamydomonas reinhardtii Ara, Rha, Rib, Xyl, Gal, Glc
Gal, Glc (+), Man, Xyl, Fuc

Gyrodinium impudicum Gal

Anabeana sp.

Dunaliella salina Gal, Glc (+), Xyl, Fru
Ara, Rha, Fuc, Xyl, Man, Gal, Glc
Glu, Gal, GlIcA Xyl, Man

Glu, Xyl, GIcUA

Arthrospira platensis
Nostoc flagelliforme
C. vulgaris

Aphanothece sacrum Gle, Fuc, GalA, Rha, GlIcA, Gal, Man,

Xyl

Bafana, 2013
Khangembam and Tiwari, 2016
Yim et al., 2003

Antioxidant properties
Bio flocculant

Anti-viral activity, immunostimulatory
activity, bio flocculent

Plant growth bio stimulant Mishra and Jha, 2009
Pierucci et al., 2017
Kanekiyo et al., 2005

El-Naggar et al., 2020

Antioxidant, cosmetics

Anti-viral activity, antithrombin activity
Antimicrobial activity, bio stimulant,
antioxidant activity

Anti-inflammatory, anti-allergic,
adsorption of metal ions, liquid
crystallization

Ngatu et al., 2012

of wastewater, and preferably blue light filter (480 nm) in the
raceway system will significantly augment biomass production
by 63% and 73%, respectively, i.e., decrease in cost from 2.71
to 0.73 $ kg~! (Kang et al.,, 2015). A techno-economic analysis
estimates a $2.23/gallon break-even selling price of biofuel with
an 18.7% internal rate of returns if the cultivation, harvesting,
and downstream cost are monitored. Figure 5 depicts the annual
cost spent and income/revenue generated by utilizing wastewater
for microalgae cultivation and simultaneous bio-oil production
via pyrolysis. Therefore, it is anticipated that wastewater-based
microalgae biofuel can become a powerful competitor for the
crude oil industry shortly (Xin et al., 2016).

Lately, Bath University has collaborated with Wessex Waters
sewage treatment works to pioneer the new project to deploy
algae for recovering the phosphorus load in the United Kingdom.
About 80-96% of phosphorus is treated from 3000 liters
of wastewater per day in an installed pilot-scale High-Rate
Algal Pond setup, resulting in polished wastewater fit for
environmental discharge (Algae farms to offer a cheaper,
renewable solution to cleaning wastewater, 2020). This seems
a suitable replacement for the traditional chemical dosing of
wastewater with iron as it can also produce nutrient-rich
biomass that can be used for other purposes like biofuel,
and bioplastic. Another successful example is phycospectrum
that has revolutionized phycoremediation all over India with
collaborations with Colombia wastewater treatment plant. It also
introduces algal technology in SNAP Products PVT LTD to purify
the acidic and toxic effluents high in total dissolved solutes using
the naturally occurring Chroococcus turgidusstrain. A 1200 m?
reinforced cement concrete tank was set up to treat 1200 KL of
volume at a time with an AC sheet roof to prevent rainwater
from mixing. Earlier, 290 tons of sludge deposits per annum
were buried in the landfill, which now is rich in nutrients and
can be commercialized as valuable fertilizer, generating additional
revenue. The industry saves 50 lakh p.a. spent on caustic soda
to neutralize the wastewater and three lakhs for sludge disposal
(Internet Achive Wayback Mechine, 2020). Similarly, it served
about 32 mega industries in India by applying algal technologies
to treat the polluted effluent sustainably and producer-waste
products (Hanumantha et al,, 2011). Currently, the company
works on reducing oil slicks in wastewater to <2% using algal

strain to transform sludge completely into a soil-like material
with good water holding capacity (Sivasubramanian, 2020).

One recent project mainly meant to alleviate the toxic levels
of wastewaters from the grassroots dyeing industry is Indus tiles.
They are composed of clay material and are made into fan-shaped
leaves with algae-laden venations. This cost-effective and reusable
modular bioreactor wall system is designed by biochemical
engineers in University College London using algae and hydrogel
formulations for bioremediation of heavy metals and other
pollutants from the wastewater disposed of by local artisans in
India (The Indus Project, 2020). Phytochelatins produced by
microalgae work as an adsorbent to capture the metals from
the colored water and make it suitable for the environment.
Another technology Algae wheel wastewater treatment process
developed by One Water Inc. has virtually replaced the wetland
system in Uniondale, New York, with an average daily flow

of 22,300 gpd. This technology uses RAC", which has a
hybrid fixed-film rotator that integrates both algal biofilm and
moving bed biofilm reactor systems for a significant reduction
in pollutant loads (Johnson et al., 2018). Furthermore, an entirely
similar approach by Gross-Wen Technologies that uses a vertical
conveyer belt instead of a rotator is patented as the revolving
algal biofilm treatment technology. A study on the revolving algal
biofilm reactor obtained significant results showing 46% sulfates
removing efficiency at the 0.56 g L~'d! rate on the treatment
of low pH drainage from a mining industry. Also, it manifests a
substantial reduction in chemical oxygen demand, phosphorus,
and ammonia concentration compared with suspended cultures
(Zhou et al., 2018). The biomass can be scrapped of quickly and
deployed as a slow-releasing fertilizer, bioplastic, or biofuel. The
different value-added products from different algal biomass are
cultivated under optimum conditions for their highest yield and
products such as for the production of biofertilizers, Chlorella
sp. gives a maximum yield of 650 mg L™} from MMT effluent
wastewater source (biofertilizer) whereas Phaeodactylum sp.
when grown in palm oil mills (wastewater source) yields 140 mg
L' of exopolysaccharides (Das et al., 2019; Nur et al., 2019).
The biofuel produced from municipal wastewater effluent by
C. reinhardtii (bio-oil) produces 505 mg L ™! under the optimum
conditions (Kong et al,, 2010). Another value-added product
such as polyhydroxyalkanoates is used for the development of

Frontiers in Energy Research | www.frontiersin.org

April 2021 | Volume 9 | Article 646571


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Arora et al.

Wastewater Based Microalgal Biorefinery

1,21,093

-~

6,05,463

4,03,642

54,102 —

9115,371

B
Operation
5483_2.5
N/
7,59,090
1,61,457
C
47,607,3%
2,32,455,15%

69,080, 5% \
46,883,3% T

5,64,768,37%

\\

4,34,367 \\_\25'551
31,038

A Total Project Cost ($/yr)

1,54,999

25,55,101

51,102

Cost ($/yr)

13,372

3,96,985

2,20,000

1,10,000

2,67,633

Income (S/yr)

1,64,768,11%

r4,00,000, 26%

= PBR
= Flocculation tank
= Centrifuge unit
® Land
= Greenhouse
m Pyrolysis
= Warehouse
= Field expenses
Home Office and Construction fee
m Project contingency

m Other costs

= Microalgae seeds

® Electricity for cultivation

= Electricity for centrifuge
Chemicals

= Total Salaries

= Overhead

® Depreciation

= Maintenance, Insurance &

Taxes
® Total Fixed Operating Costs

m Wastewater treatment
operation cost saving

= Wastewater treatment cover
cost saving

= Wastewater treatment cost
saving
Carbon credit

= Bio-oil income
m P fertilizer

m Syngas income

FIGURE 5 | Distribution of costs and income per year (A) Distribution of capital costs; (B) Distribution of operation costs; (C) Distribution of income (Xin et al., 2016).

Frontiers in Energy Research | www.frontiersin.org

170

April 2021 | Volume 9 | Article 646571



https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Arora et al.

Wastewater Based Microalgal Biorefinery

biodegradable plastic obtained from Microcystis sp. cultivated in
high-rate algal pond yields 0.7 mg L™ of polyhydroxyalkanoates
(Abdo and Alj, 2019).

CHALLENGES AND PERSPECTIVES

Microalgae are a promising feedstock for biorefineries due
to their capability of resource recovery from wastewater.
Microalgae cultivation in municipal wastewater requires
nutrient supplements for the high yield of algal biomass,
which is cost-effective. The (environmental) costs of synthetic
nutrient additions could be replaced by co-fermentation of
various wastewater, which provides all the essential nutrients
and integration with other product production technologies
may help to improve the overall production cost. Another
challenge associated with wastewater is the presence of various
contaminants (bacteria, protozoa, and fungi) which inhibit
microbial growth. The pH and organic compounds such as
tannins and lignin present in wastewater can be toxic for the
growth of algae, and the presence of heavy metals absorbed by
algae declines its usage for pharmaceutical products. Various
pretreatment methods can be used to remove contaminants
such as filtration and autoclaving but use of these methods
is not feasible at a large scale, so there is need to find other
methods that can be scaled up easily at lower cost. Wastewater
treatment generally results in sludge production while using
microalgal culture there is no requirement of chemicals used
for the pretreatment and the sludge contains only algal biomass
(Bhatia S. K. et al,, 2020). For optimum pH and salinity,
cultivation can be performed by mixing hypersaline water from
industries or cultivating algae in seashore areas. Use of zeolite
is also suggested to remove ammonia from wastewater and
then use ammonia rich zeolite to release ammonia in algae
culture (Markou et al, 2014). Microalgal biomass produced
during wastewater treatment is not a waste, it can be used a
material to prepare biochar and used as adsorbent for water
pollutant removal. Furthermore, for lowering chemical oxygen
demand and biological oxygen demand levels, the collected
microalgae biomass can be subjected to anaerobic digestion for
the production of methane and other energy source. Microalgae
consortia (algae-algae, algae-bacteria) can be used to increase
the productivity and coproduction of other valuable products
(Leong et al., 2019; Nguyen et al., 2019a,b). The composition of
wastewater depends on its source and affects microalgal growth,
there is a need to find new microalgal species that are more
robust, resistant to various environmental factors, withstand
high organic load and fulfill most of the desired parameters (high
nutrient removal and growth, accumulate high lipid content).
Bioreactors and type of cultivation system also affect the growth
and the biomass produced by microalgae to produce value-added
products. Microalgae mostly grow on the surface of the water and
at high culture density cells restrict light penetration and inhibit
microalgae growth inside water. There is a need to design unique
bioreactors to overcome these issues. Microalgal growth is also
affected by other factors such as wastewater turbidity (inhibit
light penetration), temperature variation which hinders the use

of the same technology in all cases. Nowadays, the techniques
used for harvesting are costly and also labor-intensive but in
the coming future, with constant efforts and new technologies
the new harvesting methods are being developed and produced
microalgae can be used for animal feed, bioenergy, biochemical
production, and other biotechnological applications. The use
of microalgal based resource recovery from wastewater and
its integration with other emerging technologies will definitely
improve the overall economics of wastewater treatment and
reduced the production cost of many commercially valuable
compounds in near future.

CONCLUSION

Microalgae are the most promising candidate for the sustainable
treatment of wastewater and the reclamation of nutrients
for valuable product production. Microalgae outpace all the
traditional wastewater treating techniques like electrochemical
methods, precipitation, and membrane technologies by
phycoremediation, which is more effective, economically stable,
and produces less amount of waste. Microalgae significantly
recover nitrogen and phosphorous, lowers biological oxygen
demand, and chemical oxygen demand levels. However, many
constraints limit the use of microalgae in industries such as,
harvesting, and downstream purification of algal biomass
for the production of high-value products. Special optimum
conditions are needed to be maintained for a particular algal
strain depending on the type of industry and desired product of
interest. The field of phycology holds enormous opportunities for
the purification of water, biofuel production, exopolysaccharides,
and bioplastic industries. Sustainable processing of sewage waste
and its complete utilization in terms of nutrients with microalgal
aid and promoting a biorefinery approach is the need of an hour.
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The organic Rankine cycle (ORC) has recently emerged as a practical approach for
generating electricity from low-to-high-temperature waste industrial streams. Several
ORC-based waste heat utilization plants are already operational; however, improving
plant cost-effectiveness and competitiveness is challenging. The use of thermally
efficient and cost-competitive working fluids (WFs) improves the overall efficiency
and economics of ORC systems. This study evaluates ORC systems, facilitated by
biogas combustion flue gases, using n-butanol, i-butanol, and methylcyclohexane, as
WFs technically and economically, from a process system engineering perspective.
Furthermore, the performance of the aforementioned WFs is compared with that of
toluene, a well-known WF, and it is concluded that /-butanol and n-butanol are the most
competitive alternatives in terms of work output, exergy efficiency, thermal efficiency,
total annual cost, and annual profit. Moreover, the i-butanol and n-butanol-based ORC
systems yielded 24.4 and 23.4% more power, respectively, than the toluene-based ORC
system; in addition, they exhibited competitive thermal (18.4 and 18.3%, respectively)
and exergy efficiencies (38 and 37.7%, respectively). Moreover, economically, i-butanol
and n-butanol showed the potential of generating 48.7 and 46% more profit than that
of toluene. Therefore, this study concludes that /-butanol and n-butanol are promising
WFs for high-temperature ORC systems, and their technical and economic performance
compares with that of toluene. The findings of this study will lead to energy efficient ORC
systems for generating power.

Keywords: i-butanol, n-butanol, methylcyclohexane, toluene, Aspen HYSYS®, thermo-economic evaluation, high
temperature ORC
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INTRODUCTION

The global energy demand has been increasing because of
economic and population growth and lifestyle improvements in
the developing world. Fossil fuels have been used as a primary
energy source to fulfill current energy demands and account
for around 85.5% of the global energy production (Ediger,
2019). However, fossil fuel consumption leads to environmental
pollution, including waste heat and greenhouse gas (GHG)
emissions, resulting in climate change (Ediger, 2019). To reduce
GHG emissions and meet the globally increasing energy demand,
effective utilization of waste heat through power generation is
critical. The organic Rankine cycle (ORC) is the most promising
technology for utilizing waste heat for power generation, leading
to decreasing fossil fuel consumption and GHG emissions.
For example, recovering waste heat from a midsize cement
industry plant can decrease the annual CO, emissions by 10 kt
(Mahmoudi et al., 2018).

The ORCs have been studied extensively in the past decades.
Several studies have evaluated working fluids (WFs) and ORC
system configurations from a thermo-economic perspective
(Imran et al., 2018; Blondel et al., 2019; Anastasovski et al., 2020).
Mudasar et al. (2017) studied a biogas-fueled high-temperature
ORC (HT-ORC) system using toluene as the WF and reported
that the maximum power generated and thermal efficiency were
156 kW and 19%, respectively. Shu et al. (2016) studied several
ORC systems, including a toluene-based HT-ORC system, and
demonstrated that this system generated less power (152.3 kW)
than steam and double ORC systems (153.8 and 158.6 kW,
respectively). Mahmoudi et al. (2018) summarized the effects of
WFs on waste heat recovery and exergy efficiency in different
ORC configurations and concluded that toluene was one of the
most studied WFs for internal combustion engines. Moreover,
they presented that the electricity production cost, depreciated
payback period, and savings-to-investment ratio of toluene-
fueled ORC systems were the lowest (0.27 $/kWh), shortest
(7.8 years), and highest (1.6), respectively, compared with those
of ORC systems using other WFs (Mahmoudi et al., 2018).
Moreover, (Maraver et al., 2014) have investigated conventional
WPFs, including toluene, and evaluated results after optimization.
The results show that the thermal efficiency of toluene based ORC
systems ranges from 5.2 to 21% (Maraver et al., 2014). In another
study by Song and Gu (2015), toluene is studied as WF where
it shows a thermal efficiency of 21%. A latest study has been
conducted on the thermodynamics performance analysis of an
ORC. A total of 64 combinations of WFs have been examined
for the dual cycle. Propane and R245fa were selected for the
ORC (Khatoon et al., 2021). A multi-objective optimization work
has been performed for an ORC and heat pump system for
waste heat recovery in waste-to-energy combined heat and power

Abbreviations: CC, composite curve; GHG, greenhouse gas; HT-ORC, high-
temperature organic Rankine cycle; LHv, latent heat of vaporization; MCH,
methylcyclohexane; MITA, minimum internal temperature approach; ORC,
organic Rankine cycle; PSE, process system engineering; TDCC, temperature
difference composite curves; THCC, temperature-heat flow composite curves; T-
s, temperature entropy; TAC, total annual cost; TCI, total capital investment; WE,
working fluid.

plant. Various WFs have been investigated, however, butane and
ammonia are the most suitable working fluids (Pan et al., 2020).
In a study by Touaibi et al. (2020a,b), the authors have evaluated
three WFs including toluene, R245fa and R123 on parametric
basis. Their results show that toluene has highest efficiency
(14.38%) among all WFs.

To date, only a few researchers have evaluated ORC systems
and WFs from a process systems engineering (PSE) perspective.
Bruno et al. (2008) have simulated an ORC system using the
Aspen Plus software and have calculated its thermal efficiency
for different WFs; however, they have not performed a detailed
thermodynamic evaluation based on parametric and composite
curve analyses. Furthermore, (Lee et al., 2017) have studied an
ORC system using liquefied natural gas cold energy utilizing the
Aspen Plus software and have optimized the proposed process
using a genetic algorithm. Their optimized results revealed
that the thermal efficiency of the analyzed ORC system was
26%. Moreover, they have analyzed the proposed process using
composite curve analysis but have not evaluated the WFs
using a parametric study. Barse and Mann (2016) evaluated
the performance of 12 conventional WFs used in ORC systems
using the Aspen HYSYS software from technical (thermodynamic
and exergy analysis) and economic (cost analysis) viewpoints.
However, they have not focused on the selection and detailed
parametric evaluation of WFs. Similarly, (Rowshanaie et al,
2015) performed a simulation of conventional WFs-based ORC
systems in Aspen HYSYS. They have evaluated WFs (R245fa,
NOVEC7000, R141b) based on thermal efficiency and UA in
which R245fa shows better performance. However, detailed PSE
perspective based analysis is not considered in their study
(Rowshanaie et al., 2015). Another study by Yu et al. (2013) has
evaluated ORC systems in Aspen Plus. In their ORC system,
R245fa was evaluated as a WF in a diesel engine combusted flue
gases under varying evaporation pressure. The results show that
the engine’s thermal efficiency can be improved by 6.1% after
combining ORC with it (Yu et al., 2013).

A detailed analysis of ORC systems from a PSE perspective
is critical to evaluate overall process performance. Moreover,
the thermodynamic and parametric study of WFs is critical,
particularly for unconventional WFs. Therefore, this study
presents a detailed PSE consideration to evaluate the ORC
systems under varying WFs at constant heating and cooling
mediums. The proposed ORC systems are facilitated by biogas
combustion flue gases. The major contribution of this study can
be summarized as follows:

e Three unconventional WFs, namely i-butanol, n-butanol,
and methylcyclohexane (MCH), are investigated compared
to a well-known conventional WE i.e., toluene.

e Detailed parametric and thermodynamic analysis for
selecting and evaluating the prospective WFs for
high temperature ORC systems are performed from
a PSE viewpoint.

e The composite curves with detailed exergy analysis are
analyzed for ORC systems with chosen prospective WFs.

e The economic benefits of selected unconventional WFs are
also determined in comparison with toluene.
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MATERIALS AND METHODS

Prospective Working Fluids

Toluene is one of the most promising WFs for HT-ORC
applications (Shu et al, 2016; Mudasar et al, 2017) mainly
because of its desirable thermo-physical parameters. Several
researchers have studied the behavior of toluene using its thermo-
physical properties (Mahmoudi et al., 2018). For instance, (Yagli
et al, 2016) analyzed that the thermal efficiency of toluene
(17.08%) was higher than that of cyclohexane (16.62%). The
selection of optimal WFs is challenging because of the low
thermal and exergy efliciency, low power output, and lack of
commercial availability of WFs. Considering these constraints,
the prospective WFs in this study, namely MCH, n-butanol,
and i-butanol, were studied from technical and economic
perspectives. These WFs were evaluated because their thermo-
physical properties are competitive to those of toluene and their
thermodynamic efficiency is far better then toluene which make
them viable to be used commercially.

The most important thermo-physical properties of the
proposed WFs and toluene, which is a widely used WE, are
presented in Table 1. The critical temperatures of n-butanol,
i-butanol, and MCH are comparable to that of toluene. Moreover,
critical temperatures of prospective WFs are similar to source
temperatures and thus are likely responsible for the high cycle
efficiency of these WFs. Furthermore, the critical pressures of
n-butanol and i-butanol are higher than that of toluene, whereas
the critical pressure of MCH is lower. In addition, the molecular
weight of MCH is higher than that of toluene, and the molecular
weights of n-butanol and i-butanol are lower. Lastly, the boiling
point of n-butanol is higher than that of toluene, whereas
those of i-butanol and MCH are lower. Because the properties
of the prospective WFs are comparable to those of toluene,
comprehensive thermodynamic and economic analyses should
be performed to analyze the tradeoft between these WFs carefully.

To achieve cost-effective ORC operation, dry and isentropic
WFs are recommended (Mudasar et al., 2017), mainly because
wet WFs must be superheated before entering turbines. When
wet fluids enter a turbine as saturated vapor, they can corrode the
turbine blades. Furthermore, additional equipment is required
for superheating, which increases operation costs. However,
superheating is not required when dry and isentropic fluids are
used. The slope of the saturated vapor curve of the temperature—
entropy (T-s) diagram (dT/ds) is used to determine whether
fluids are wet, dry, or isentropic. Because dT/ds = oo for
isentropic fluids, the inverse slope (ds/dT) was used in this study;

TABLE 1 | Thermo-physical properties of toluene, methylcyclohexane, n-butanol,
and i-butanol.

WF MW (kg/kmol) BP (°C) T. (°C) P (bar) Saturated vapor
curve slope
(ds/dT)
n-butanol 7412 177 290.0 44.14 +ve
i-butanol 7412 107.7 274.6 42.95 +ve
MCH 98.19 100.9 299.0 34.80 +ve
Toluene 92.14 110.6 318.6 41.08 +ve

ds/dT is positive, negative, and equal to zero for dry, wet, and
isentropic fluids, respectively. Like toluene, the prospective WFs
were dry fluids, as illustrated in Table 1.

EVALUATION OF WORKING FLUIDS

The prospective WFs were evaluated based on the energy
recovery efficiency from the waste heat source, which depended
on the optimum selection of WFs and the heat exchange mode
between the WF and the heat source. The optimal WF was
selected by evaluating its technical parameters, as mentioned
in section “Materials and Methods.” The thermal and exergy
efficiencies of the prospective WFs were calculated based on their
thermo-physical properties and power output. The economic
evaluation was subsequently conducted to determine the most
optimal alternative WF for toluene. Furthermore, heat exchange
between the waste gases and the WF can occur directly or through
a thermal oil, which serves as an intermediate heat-transfer fluid.
The heat-transfer fluid presents high thermal capacity, high-
temperature stability, low melting temperature, low viscosity, low
corrosion, high safety profile, and low environmental impact
(Macchi, 2016). Therminol VP-1, which consists of 26.5%
biphenyl and 73.5% diphenyl ether (molar percentages), presents
most of the aforementioned properties and was selected as the
heat-transfer fluid in this study. Moreover, the auto-ignition
temperature of Therminol VP-1 is considerably higher than that
of other thermal oils. The properties of Therminol VP-1 have
been described in detail (Eastman, 2020). Moreover, (Abdel-
Hadi, 2009) reported that Therminol VP-1 was suitable for
biogas-fueled ORC power generation systems when the biogas’
methane content exceeded 54.5%.

CYCLE DETAILS

The proposed ORC system consisted of four major components:
a feed pump, an evaporator or a boiler, a turbine or an expander,
and a condenser (Sun et al., 2017). The WF passed through the
pump, where it was pressurized and was subsequently transferred
to the evaporator/boiler. The evaporator/boiler increased the
WPF’s temperature to form saturated or superheated vapor by
exchanging heat with Therminol VP-1, which is a heat transfer
fluid. The heat source was selected to be flue gases generated
through biogas combustion. The heat source may vary depending
upon heat utilization requirements. After heat exchange, the
high-pressure WF vapor were expanded in the turbine to generate
desired mechanical energy. The turbine is a key component that
determines the efficiency of ORC systems. The superheated WF
from the turbine was converted into a saturated liquid after
cooling in the condenser. Water is used as a cooling medium in
the condenser. Thereafter, the condensed WF was compressed
by the pump to restart the cycle in a closed loop. To convert
waste heat into electricity, the mechanical power produced by
the turbine/expander was converted into electrical energy using
a generator. The ORC system’s main components and the heat
sources and sinks connected with the evaporator/boiler and
condenser are illustrated in Figure 1.
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FIGURE 1 | Schematic diagram of biogas-fueled organic Rankine cycle (ORC) system for power generation.
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Cycle Design and Simulation

In this study, the ORC system was designed and simulated using
the Aspen HYSYS® V10 commercial simulator using toluene as
the conventional WF (Mudasar et al., 2017) and MCH, n-butanol,
and i-butanol as the proposed WFs. The proposed process design
conditions are summarized in Table 2. The design parameters
were maintained constant for all four cycle designs, and the
generated power and efficiencies were compared. The pump and
turbine with isentropic efficiencies of 65 and 85%, respectively,
were used as reported in the literature (Saleh et al., 2007). The
following assumptions were made during the simulation:

1. The WF was a saturated liquid when it entered the pump.

2. The isentropic efficiencies of the pump and
turbine were known.

3. The components were treated under adiabatic conditions.

4. The pressure drops in the evaporator, condenser, pipes, and
tubes were negligible.

5. All equipment were operated in steady state.

TABLE 2 | Design parameters of studied ORC systems.

6. The toluene, MCH, i-butanol, and n-butanol were pumped
to 34, 32, 40, and 40 bar, respectively. These pressures were
less than their critical pressures.

RESULTS AND DISCUSSION

Parametric Analysis

Typically, the optimum WF is selected based on thermo-physical
parameters, such as critical temperature and pressure, latent
heat of vaporization (LHv), fluid density, degree of superheating,
heat capacity, and viscosity. These properties and the thermal
efficiencies of the WFs analyzed in this study are listed in
Table 3. Table 3 illustrates that critical pressure of the WFs is
directly related to their thermal efficiency. For example, MCH
presents the lowest thermal efficiency (15.8%), highest back-
work ratio, and lowest turbine power output (185 kW) among
all analyzed WFs because operating and critical pressures are
lower than those of the other WFs. Conversely, n-butanol and
i-butanol, which presented high operating and critical pressures
(18.3 and 18.4%, respectively), exhibited high thermal efficiencies.
Similarly, LHv and density are the other major thermodynamic
parameters used to analyze the thermodynamic efficiency of ORC
systems. WFs with high LHv and high density are preferred

Parameter Values  because fluids with high LHv absorb more heat and reduce
Isentropic efficiency of the turbine (%) 85 moisture during expansion. Conversely, WFs with high mass
Cooling utility water ~ density require low flow rates to absorb more heat, increasing
Isentropic efficiency of the pump (%) 65 equipment capacity. The LHv of n-butanol and i-butanol (558.5
Thermal oil temperature (°C) 350  and 541.8 kJ/kg, respectively) are higher than that of toluene
Thermal oil pressure (bar) 3 (367 KkJ/kg); therefore, n-butanol and i-butanol absorbed more
Thermal oil flowrate (kg/h) 7,674  heat than toluene in the evaporator, which in turn decreased
WF flowrate (kg/h) 4,729  the exit temperature of the thermal oil. In contrast, WFs with
Turbine discharge pressure (bar) 0.7425  high LHv increase the cooling load on the condenser, and a
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TABLE 3 | Comparison of thermodynamic parameters of toluene, methylcyclohexane, n-butanol, and i-butanol.

Fluid Heat of vaporization Liquid heat capacity Vapor heat capacity Viscosity Generated power Back-work Condenser 1 (Thermal
(kJ/kg) (kd/kg°C) (kd/kg°C) (cP) (kW) Ratio duty (kW) efficiency)%
Toluene 367 1.9 2.5 0.26 191.8 4.43 793 18.8
MCH 328.6 2.15 3.14 0.32 185 4.84 935 15.8
n-butanol 558.5 2.78 3.01 0.46 250.5 4.39 1070 18.3
i-butanol 541.8 2.74 2.94 0.55 253.3 4.32 1074 18.4

large condenser duty is required to remove the LHv. Therefore,
n-butanol and i-butanol presented high condenser duties (1070
and 1074 kW, respectively).

A high degree of superheating causes a large condenser duty.
Therefore, a low degree of superheating at the exhaust of the
evaporator for dry fluids is preferred. The superheating degrees
of n-butanol and i-butanol were lower than that of MCH, but
their condenser duties were higher. This was ascribed to the lower
density of MCH than those of n-butanol and i-butanol. Typically,
WFs with high density causes high heat absorption, which results
in high cooling loads. Heat capacity is another criterion used for
WEF selection. Heat capacity is defined as the energy required by
a given mass of material to increase its temperature by 1°C. WFs
with low liquid heat capacity and high latent heat are preferred
so that maximum heat is absorbed during phase change without
requiring a high degree of preheating. Among the WFs in this
study, MCH presented the lowest heat capacity in the liquid
phase. In contrast, the liquid heat capacities of n-butanol and
i-butanol were comparable (2.78 and 2.74 kJ/kg°C, respectively).
However, the heat capacities of the WFs in vapor phase were
higher than those in the liquid phase. This was attributed to the
superheated fluid leaving the evaporator, and therefore, requiring
more heat to increase temperature. Viscosity also plays a vital
role in reducing power consumption and increasing heat transfer.
More viscous fluids require more power to pump, making the
process less efficient. Furthermore, viscosity and heat transfer
are inversely related. A WF with low viscosity and high density
requires a high heat-transfer capacity.

Thermodynamic Analysis

Thermodynamic analysis of the ORC systems was conducted
using T-s diagram and CCs, and the details are presented in the
subsequent subsections.

T-s Diagram Analysis

The T-s diagrams of the thermodynamic processes in a simple
ORC system using toluene, MCH, i-butanol, and n-butanol as the
WFs are illustrated in Figure 2.

As depicted in the T-s diagrams (Figure 2), the heat source
at high temperature (state 5) exchanged heat with the WF in the
evaporator, and the heat source was cooled to state 6. Moreover,
the low-temperature WF in state 4 was heated to the highest
cycle temperature in state 1. The heat transferred to the WF
included sensible heat, which increased the temperature of the
WF until the fluid reached saturated liquid state, latent heat
transferred to the WF at constant temperature and pressure until
it reached saturated vapor state, and superheated to increase

temperature to the required turbine inlet temperature at state 1.
Subsequently, the WF expanded from state 1 to state 2 in the
turbine to generate work output. State 2s in Figure 2 illustrates
an isentropic or ideal process, with no irreversibility; hence,
the entropy did not change, and the entropy at state 1 was
equal to the entropy at state 2s. However, real processes are
not isentropic; hence, entropy increased from state 1 to state
2. Thereafter, the WF condensed in the condenser from state
2 to state 3, which occurred in two steps. In the first step,
the fluid was cooled to a saturated vapor state, whereas during
the second step, heat was released at a constant temperature
until the WF reached saturated liquid state. Lastly, the fluid
entered the pump in saturated liquid state, its pressure was
increased to the required evaporator inlet pressure, and the
cycle continued.

Composite Curve Analysis

Composite curves (CC) provide a holistic overview of heat
recovery in a heat exchanger. These curves demonstrate the
relation of hot fluid (i.e., Therminol VP-1) and cold fluid (i.e.,
WF) with respect to approach temperature and heat flow along
the length of heat exchanger. Hot and cold fluid is depicted
in terms of hot and cold CCs, respectively. Figure 3 illustrates
approach temperature and temperature relation in terms of
temperature difference composite curves (TDCCs). Figure 4
visualizes temperature-heat flow composite curves (THCCs) for
the ORC system. An ORC system’s performance can be predicted
from the peak of cold and hot CCs in the TDCC profiles
over a certain temperature range, as illustrated in Figure 3.
Accordingly, it is noted that the peak of hot and cold CCs is
mainly located at the cold end (below 320°C) of heat exchanger
in all ORC systems. This peak of CCs is observed with respect to
approach temperature, also referred to as the minimum internal
temperature approach (MITA). In Figure 3, the MITA value
reaches at 147, 90 and 98.5°C in MCH, n-butanol, and i-butanol
cases, whereas in the case of toluene, it reaches at 165°C. This
MITA value should follow the specified value i.e., 5°C throughout
the length of the exchanger. A large variation in obtained and
specified value is mainly because of the large difference between
stream temperatures. This difference can be reduced either by
enhancing heat recovery or by the optimal selection of WFs
based on their thermo-physical properties. For instance, toluene
shows MITA value of 165°C, which is the highest in all cases.
The lowest value i.e., 90°C, is observed in the case of n-butanol.
In n-butanol case, the outlet temperature of Therminol VP-1 is
199.9°C, where the inlet temperature of WF is 109.9°C. This
large difference depicts that more heat can be recovered. Amongst
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proposed WFs, MCH shows the highest peak indicating the least
efficient process.

Figure 4 demonstrates THCCs of toluene and proposed WFs.
THCCs propose a visualized trend of heat flow inside a heat
exchanger. A wide gap between hot and cold CCs depicts low heat
recovery, whereas the narrow gap shows more heat recovery and
high thermodynamic efficiency. The gap between these curves
also depicts MITA value. This gap is prominent at the cold end,
which should be low, meeting the criteria of MITA 5°C. In
Figure 4, toluene shows the largest gap, whereas n-butanol shows
the lowest gap. A large gap tends to increase entropy generation,
which consequently increases exergy destruction and decreases
process efficiency. This gap can be reduced by optimal WF
selection. In that case, n-butanol is most efficient than toluene
and proposed WFs mainly because of the lowest temperature
gap. Moreover, it is noted that the n-butanol and i-butanol show
high heat flow i.e., approx. 1300 kW, whereas toluene shows the
lowest heat flow (approx. 980 kW). High heat flow generates
more power in the turbine because of large heat capacity. For
instance, i-butanol has a large heat capacity (2.94 kJ/kg°C),

and due to which it generates more power in the turbine i.e.,
253 kW. The T-s diagrams of all studied WFs are summarized
and given in Figure 5. Less entropy is generated when the ORC
systems were operated at low temperatures. The proposed WFs
are operated at lower temperatures than toluene, thus generating
less entropy than toluene.

Exergy Analysis
Energy analysis alone is not sufficient to evaluate an energy
conversion system’s performance from a heating source to output
work. Energy analysis only quantifies the work delivered by the
system. However, it does not provide information related to
the potential ability of a system to deliver work (Souza et al,
2020). The irreversibility must be accounted for during the
evaluation of the system ability (Liu et al., 2020). Therefore, the
exergy destruction in different components of the system must
be evaluated. Exergy analysis provides information regarding the
location and source of irreversibilities (Khaljani et al., 2015).
Exergy is the theoretical maximum useful work that
maintains a thermodynamic equilibrium between systems and
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the environment. Assuming the control volume approach for
each component, the exergy balance equation can be expressed

as follows: ] ] ]
ZEi=ZEj+ Ep (1)

out

where, > E;,and > Ej are the inlet and outlet exergy streams,

in out

respectively, and Ep is the exergy destruction.
The specific exergy equation can be written as follows:

e=h—hy — To(s —s0) (2)

« »

where the subscript “o” denotes the dead state.

Exergy analysis is useful to establish strategies and procedures
for more effective use of energy, and it has been applied to
different thermal processes, such as power generation, heating,
and regeneration (Nami et al, 2018). Exergy can be divided

into four components: physical, chemical, kinetic, and potential
(Venkatarathnam and Timmerhaus, 2008). In this study, the last
three types of exergy were neglected because of no change in
composition, speed, and height. The important formulas used
to calculate exergy destruction are listed in Table 4. The exergy
destruction of the ORC systems using the WFs in this study is
illustrated in Figure 6.

The exergy destruction values of the ORC systems using MCH,
n-butanol, and i-butanol were higher than that of the ORC system
using toluene. Maximum exergy destruction were detected in the
condenser for all WFs, where the losses were three times higher
than the evaporator. The large temperature difference between
the cooling water and the stream exiting the turbine is a source
of this high exergy destruction in the condenser. This exergy
destruction can be minimized by decreasing this temperature
difference or by heat recovery from the turbine exit stream to
minimize condenser heat load.
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Economic Analysis

Economic analysis is a useful approach to verify proposed
designs’ viability (Zhang et al., 2019). In this study, cost
estimation for each design using the proposed WFs was
performed by analyzing the power and revenue generation of
each ORC system. A constant flow rate for each proposed WF
was maintained for a fair comparison among the configurational
analyses. The cost relations were retrieved from Nelson et al.
(1989) and Turton et al. (2008), in which the total capital
investment (TCI) and operating cost were the main contributors
to the total annual cost (TAC). For a fair comparison, a
payback period of 3 years was considered when analyzing the
TAC. The TCI of the proposed design was calculated for the
evaporator, condenser, turbine, and pump, and the operating
cost was accounted only for pumping and condensing the WF.
A water condenser was used to condense the fluid used for
recycling to ensure the process’s continuity. The electricity cost
was adjusted to 0.2 $/kWh based on recent literature-retrieved

trends (Turton et al., 2008). All cost relations are presented in the
following equations:

logi0Cy = Ki + Kalogio (A) + K3 [logio (A)] 2 (3)

TCI
Total annual cost (TAC) = -5 + Operating cost  (4)

where A is a size parameter that corresponds to the power
generated in different equipment parts, such as the turbine and
heat exchanger, and K is a constant used to calculate the base
module cost. The value of this constant is different for each
design, as presented in Table 5.

Table 6 summarizes the economic evaluation of the ORC
system using the proposed WFs. It is interesting to note that the
power generation of ORC systems are directly related to fluid
costs. Both i-butanol and n-butanol are expensive than toluene
and generate more power than toluene. Similarly, MCH was the
least expensive of the prospective WFs and generated the lowest
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TABLE 4 | Important formulas used for exergy analysis.

Relationship Explanation

levap = Ms (€5 — €6) + Myi(€4 — €1) Exergy destruction in

the evaporator
Exergy destruction in
turbine

lur = mut (€1 — €2) — Wt

Exergy destruction in
condenser

loond = Mw (67 — €g) + Mut(e2 — €3)
lpum = Wp — Myt (€4 — €3) Exergy destruction in

pump

Total exergy input to the
system

Nex = V\é‘”:‘ Net power output to the

total exergy input to the
system

Ein = ms (e5 — e6)

power of all ORC systems. The ORC system using i-butanol
generated the highest power (253.3 kW) followed by the ORC
system using n-butanol (250.5 kW). The power generated by
the ORC systems using n-butanol and i-butanol as WFs was
4.67 and 5.7% higher, respectively, than that of the ORC system
using toluene. The economic analysis data in Table 6 reveals
that the capital costs of the ORC systems using the prospective
WFs were slightly higher than that of the toluene-based ORC
system. Similarly, the operating costs of the butanol-based ORC
systems were higher than that of the toluene-based ORC system,
owing to the high condenser duty and pump power associated
with the butanol-based WFs. Hence, the overall TACs of the
ORC systems using i-butanol and n-butanol were 6.4 and 7.94%
higher, respectively, than that of the ORC system using toluene.
Nevertheless, the overall efficiency in terms of cash flow and
revenue generation of the ORC systems using the prospective
WFs was higher than that of the ORC system using toluene. The
data in Table 6 demonstrate that the butanol-based ORC systems
were remarkably profitable because the maximum revenues
were obtained when i-butanol ($206 634) and n-butanol ($196
470.6) were used as the WFs, which were 48.7 and 46% higher,
respectively, than those of the toluene-based ORC system. Hence,
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FIGURE 6 | Equipment wise exergy destruction values of toluene,
methylcyclohexane, n-butanol, and /-butanol.

TABLE 5 | Values of constant K used to calculate the base module cost (Turton

et al., 2008).

Equipment K1 Ko K3
Evaporator 4.6656 —0.1557 0.1547
Turbine 2.2476 1.4965 —0.1618
Pump 3.3892 0.0536 0.1538
Condenser 4.0336 0.2341 0.0497

TABLE 6 | Economic comparison of toluene, methylcyclohexane, n-butanol, and

i-butanol.

WF Toluene MCH i-butanol n-butanol
Fluid cost ($/kg) 1.13 1.07 1.18 1.31
Power generated 191.8 185 253.3 250.5
(kW)

Total capital 750601.6 731554.7 791261 805601.9
investment ($)

Operating cost ($) 13346.7 156173.2 177721 17759.2
Total annualized 263546.5 259024.8 281525.8 286293.2
cost ($/y)

Cash flow in ($/y) 369636.9 356532 488159.8 482763.6
Revenue ($) 106090.5 97507.2 206634 196470.6
Annual profit as - - 48.7 46.0

compared to
toluene (%)

it was concluded that conventional WFs could be successfully
replaced with i-butanol because of their high capacity, low cost,
and high power generation capacity.

WORKING FLUIDS SELECTION:
TRADEOFF ANALYSIS

The tradeoff of the ORC systems using the prospective WFs
was analyzed, and the results were compared with those of the
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toluene-based ORC system. Both n-butanol and i-butanol were
more competitive than MCH in terms of power generation.
The power output of the n-butanol- and i-butanol-based ORC
systems were 30 and 32% higher, respectively, than that of the
toluene-based ORC system. Conversely, the power generated
by the MCH-based ORC system was 3.5% lower than that
generated by the toluene-based ORC system. However, the
thermal efficiencies of MCH, n-butanol, and i-butanol were
16, 2.6, and 2.1% lower, respectively, than that of toluene.
Among the prospective WFs, i-butanol presented the highest
thermal efficiency (18.4%), as seen in Figure 7. The exergy
efficiency of the ORC systems provided a better understanding of
thermodynamic inefficiency between heat transfer and work. The
exergy efficiencies of n-butanol (37.6%) and i-butanol (38%) were
higher than that of toluene (37.2%), whereas that of MCH (32%)
was lower. Moreover, the economic analysis data indicated that
the operating costs of the ORC systems using MCH, »-butanol,
and i-butanol were much higher than those of the toluene-based
ORC system because the prospective WFs were more expensive
than toluene; however, i-butanol was more economical, and the
ORC system using i-butanol generated an annual profit of 48.7%.
Therefore, a tradeoff existed between the prospective WFs, and
i-butanol over performed the other prospective WFs.

IMPACT OF WFs FLOWRATE ON ORC
PERFORMANCE

The ORC performance has been further evaluated by considering
WFs flowrate as a design variable considering the MITA
constraint as suggested by one of the reviewers. This is done
by increasing the WF flowrate, keeping MITA at 5°C, till no

further flowrate can be increased. Initially, the WFs flowrate
has been kept fixed and process performance is evaluated for
a fair comparison among proposed WFs. This assessment was
named as Case-I whereas, upon reviewer’s suggestion, the process
performance is evaluated at maximum WFs flowrate to draw
maximum potential. This was named as Case-II. The comparison
of both cases is presented in Table 7.

It can be seen from Table 7 that toluene consumes maximum
flowrate among all WFs i.e., 5920 kg/h, however, it has low power
generation and low exergy efficiency. On the contrary, i-butanol
has highest specific power generation (0.054 kWh/kg) at approx.
24% higher than that of toluene. Similarly, the exergy efficiency
(39.77%) of i-butanol is highest amongst all WFs. MCH shows
better economic performance with lowest TCI and TAC mainly

TABLE 7 | Organic Rankine cycle (ORC) performance comparison with same
flowrate (case-I) and with different flowrate (case-Il) of working fluids.

Toluene MCH n-butanol i-butanol

Case-| Flowrate (kg/h) 4729 4729 4729 4729
Thermal efficiency (%) 18.8 15.9 18.3 18.4
Exergy efficiency (%) 37.15 31.81 37.66 37.99
Sp. power generation (kWh/kg)  0.039  0.037 0.05 0.051
TCI (m$) 0.75 0.73 0.8 0.79
TAC (m$/y) 0.26 0.25 0.29 0.28
Case-ll Flowrate (kg/h) 5920 5070 5233 5547
Thermal efficiency (%) 18.8 15.9 18.3 18.4
Exergy efficiency (%) 38.25 32.14 38.69 39.77
Sp. power generation (kWh/kg)  0.041  0.039 0.053 0.054
TCI (m$) 2.2 1.9 2.3 2.4
TAC (m$/y) 0.75 0.67 0.8 0.82
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due to lowest fluid cost. It is interesting to note that despite
changing WFs flowrate, the thermal efficiency remains same in
both cases. In authors’ understanding, this is because when the
flowrate is increased, the heat transfer between hot and cold
fluid increased alongside with increased work output. The overall
ratio of work output and heat flow remains same in both cases.
Therefore, the thermal efficiency remains same in both cases.

CONCLUSION

In this study, three dry unconventional WFs (n-butanol,
i-butanol, and MCH) were analyzed from a PSE perspective.
The thermodynamic properties of the prospective WFs were
comparable with those of toluene, which is the most widely
used WE. Among the proposed WFs, i-butanol is a potential
replacement for toluene owing to its high heat capacity
(2.9 kJ/kg), high power generation (253 kW), and high exergy
efficiency (38%). Conversely, the MCH-based ORC system
generated the lowest power (176 kW). In addition to the slightly
higher TAC, the annual profit generated by the ORC system using
i-butanol was 48.7% higher than that of the toluene-based ORC
system. Therefore, i-butanol can successfully replace toluene as
a WEF. Moreover, ORC systems can be further improved by
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Biomethane is regarded as a promising renewable energy source, with great
potential to satisfy the growth of energy demands and to reduce greenhouse gas
emissions. Liquefaction is a suitable approach for long distances and overseas
transportation of biomethane; however, it is energy-intensive due to its cryogenic
working condition. The major challenge is to design a high-energy efficiency
liquefaction process with simple operation and configuration. A single mixed refrigerant
biomethane liquefaction process adopting the cryogenic liquid turbine for small-
scale production has been proposed in this study to address this issue. The
optimal design corresponding to minimal energy consumption was obtained through
the black-hole-based optimization algorithm. The effect of the minimum internal
temperature approach (MITA) in the main cryogenic heat exchanger on the biomethane
liquefaction process performance was investigated. The study results indicated
that the specific energy consumption of modified case 2 with MITA of 2°C was
0.3228 kWh/kg with 21.01% reduction compared to the published base case.
When the MITA decreased to 1°C, the specific power of modified case 1 reduced
to 0.3162 kWh/kg, which was 24.96% lower than the base case. In terms of
exergy analysis, the total exergy destruction of the modified cases 1, 2, and 3
was 31.28%, 22.27%, and 17.51% lower than the base case, respectively. This
study’s findings suggested that introducing the cryogenic liquid turbine to the single
mixed refrigerant-based biomethane liquefaction process could reduce the specific
energy consumption and total exergy destruction significantly. Therefore, this study
could provide a viable path for designing and improving the small-scale biomethane
liquefaction process.

Keywords: biomethane, liquefied biomethane, single mixed refrigerant, optimization, exergy destruction analysis,
renewable LNG, liquid biogas, energy consumption minimization
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INTRODUCTION

One of the worlds biggest challenges is producing green
energy to meet ever-increasing energy demands with minimum
environmental damage. Presently, over 80% of global energy
demands are fulfilled by fossil fuels (ExxonMobil, 2019), which
contribute to most greenhouse gas emissions, thereby leading to
global warming and climate change. Therefore, it is imperative
to shift toward sustainable energy production systems for
mitigating climate change.

Biogas, generated from waste organic materials and sewage by
anaerobic digestion process, is a renewable energy source that
can be accessed in most regions of the world (Sun et al,, 2015).
It contains 53-70% of CHy4 and 30-47% of CO;, depending
on the organic matter used to generate biogas (Pellegrini et al.,
2018). As reported by the International Energy Agency, the
demand for direct use of biogas in advanced and developing
economies in 2018 was around 20.6 and 13.1 million tons of
oil equivalent (Mtoe), respectively (International Energy Agency,
2019). Biogas can be used directly as a fuel for space heating
(Bauer et al., 2013), power generation, and vehicles (Arteconi
et al,, 2016). However, upgrading is required to remove CO;
in the biogas to convert it into biomethane (BM), with higher-
energy density (Hashemi et al., 2019). BM is a promising eco-
friendly renewable energy source with 95-97% of CHy as its key
component (Yousef et al., 2019).

There are two transportation methods for BM. One is to
pressurize the BM to the pipeline pressure and inject it into
the natural gas pipeline as a supplementary gas (Ullah Khan
et al., 2017). The other is to cool down the BM gas to —162°C
at 1 atm to convert it into a liquid state known as liquefied
biomethane (LBM) (Budzianowski and Brodacka, 2017). LBM is
the best option to recover the remote biomethane resource where
the pipeline network is not available. However, LBM is more
energy-intensive than liquefied natural gas (LNG) for its near-
ambient pressure (Rehman et al., 2020). LNG’s theoretical power
requirement reduces with the increase of natural gas pressure
before entering the liquefaction process. Thus, LBM needs to
be pressurized to 4-5 MPa to diminish the liquefaction process’
power requirement. Due to the small capacity and decentralized
location of the biomethane production (Fan et al, 2008),
small-scale biomethane liquefaction technologies are the most
suitable option to recover these sources with a low capital cost
and flexible operation (Baccioli et al., 2018). The conventional
NG liquefaction processes, namely, cascade liquefaction process
(Lee et al., 2014; Mehrpooya et al., 2016), mixed refrigerant
liquefaction process (He et al, 2020b; Qyyum et al., 2020b),
and expander-based liquefaction process (Lin et al., 2017; He
et al, 2019), can be adapted to produce LBM. However, the
cascade liquefaction process and most of the mixed refrigerant
liquefaction processes are designed for the large-scale LNG
plants with a complex configuration, making them unsuitable
for small-scale LBM production. Thus, there is a need to
design and propose suitable and energy-efficiency liquefaction
processes for LBM.

A considerable amount of literature has been published on
the liquefaction of BM. Recently, Qyyum et al. (2020a) presented

a comprehensive assessment of possible BM liquefaction
technologies. They suggested that nitrogen expansion and
single mixed refrigerant (SMR) liquefaction processes might be
potential candidates. Nitrogen expansion liquefaction processes
are considered suitable processes for small-scale LNG and
LBM production plants because of their low capital cost
and ease to start up and shut down. Hashemi et al. (2019)
adopted cryogenic upgrading and chemical absorption upgrading
integrated with a single-stage nitrogen-expander liquefaction
process to produce LBM. The energy analysis implied that the
proposed liquefaction process accounted for the most power
consumption, and there existed space for energy performance
improvement. Baccioli et al. (2018) compared conventional
and cryogenic biogas upgrading processes integrated with the
nitrogen expansion liquefaction process to produce LBM. The
cryogenic biogas upgrading process integrated with the nitrogen
expansion liquefaction process exhibited 1.45 kWh/kg of LBM.
Haider et al. (2019) proposed a nitrogen-methane expansion
biomethane liquefaction process integrating ionic liquid biogas
upgrading resulting in 11.26 kWh/kmol of liquefaction energy
consumption. Pasini et al. (2019) designed a dual nitrogen-
expander liquefaction process for small-scale LBM production.
The process of adopting radial turbines resulted in 0.75 kWh/kg
of specific energy consumption. The nitrogen expansion
liquefaction process for LBM is high-energy consumption
making it unattractive to industrial LBM application.

Mixed refrigerant-based (MR) liquefaction processes are more
energy-efficient than expansion-based processes for the better
temperature curve match between the refrigerant and natural
gas. Capra et al. (2019) analyzed five refrigeration cycles for
the small-scale LBM production with a liquefaction capacity of
4.6 tons/d. The lowest energy consumption of 3061 kJ/kg LBM
and cost of 6.3€/GJLHV were achieved by the MR process.
Rehman et al. (2020) utilized the released cold energy from
the liquid air energy storage system to reduce the refrigeration
capacity of the MR-based BM liquefaction process. The findings
indicated that the exergy efficiency could be increased by 42%,
and the total annualized cost could be saved by 33.5%. He
etal. (2019) compared the energetic and economic performances
of parallel nitrogen expansion (PNEC) and modified single
mixed refrigerant (MSMR) liquefaction processes for small-scale
LNG production. The results indicated that the specific energy
consumption and a total investment of MSMR were 33.49%
and 26.88% lower than PNEC, respectively. The SMR could
be enhanced by adopting a liquid hydraulic turbine to replace
the throttling valve to achieve higher thermodynamic efficiency
(Qyyum et al., 2018).

From the above literature review, the SMR liquefaction
process (including modified processes) is preferred for the
small-scale LNG and LBM production owing to its lower energy
consumption and total investment, and compact design. It
can manipulate the mixed refrigerant compositions, leading
to a more flexible operation. Because of BM’s low pressure, it
is required to compress it to a proper pressure to achieve a
low specific energy consumption, which requires retrofitting
the configuration of the liquefaction process. The liquefaction
process modification followed by the optimization could benefit
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the energy saving. Moreover, previous studies mainly adopt the = process. The process was modified by introducing cryogenic
genetic algorithm (GA) and particle swarm optimization (PSO) liquid turbine to replace the throttling valve with the benefit of
algorithm to improve the energy performance of liquefaction reducing exergy loss and recovering mechanical power. Different
processes. However, performing these algorithms depends on  minimum internal temperature differences (MITA) were studied
turning parameters. The improper tuning parameters may to minimize the specific energy consumption of the process.
track algorithms in local optimal. Thus, algorithms without Furthermore, the energy, exergy, and composite curve analysis
tuning parameters are more attractive to BM liquefaction were applied to reveal the future improvement potential and
process optimization. The black-hole-based optimization directions. The modified process optimized by the BHBO exhibits
(BHBO) algorithm, a population-based method without tuning an impressive energy efficiency. This study gives an insight
parameters, is a promising candidate for LBM liquefaction into the SMR-based LBM process design and optimization to
processes, which has not yet been employed in the open literature. ~ minimize energy consumption to extend its potential application

To the best of our knowledge, this is the first study of its for small-scale LBM production. Thus, the proposed process
kind to explore the black-hole-based optimization algorithm for  associated with the black-hole-based optimization algorithm
the design optimization of the biomethane SMR liquefaction provides an energy-efficient method to recover and utilize

Black hole algorithm

Stars movement

Black hole

Event horizon

Collapsed
stars

Black hole
updated

FIGURE 1 | Physical life cycle of the black hole algorithm.
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biomethane, which could be beneficial to increase the percentage
of renewable energies in the global energy market.

OPTIMIZATION METHOD
Black-Hole Optimization Algorithm

The black hole is such a mass-concentrated region in the space
that it is impossible for objects falling into it to escape from it.
Black-hole-based optimization (BHBO) is a new metaheuristic
methodology derived from the phenomena of black hole. Black

holes are so thick that nothing even the light can emit back
from their inside. The spherical skull or the black hole’s periphery
layer is named as the event horizon (Hatamlou, 2013; Black Hole,
2021). The objects that cross this horizon are swallowed by the
black hole forever. The physical life cycle and interpretation of
the black-hole algorithm is seen in Figure 1.

Black-hole-based optimization is a population-based method
in which the optimal solution from the initial population of
solutions is evolved by a procedure that is motivated by the
black hole phenomenon. The evolution process is accomplished
by transmuting the candidate solutions to the best candidate

BM1
f

Biomethane

CHX-1

EFG

Mi1s

BM2

Mi14

VLV-2

C—>]
C, >
C; —>|
i-Cs =]
Ny =]

\/

LBM

FIGURE 2 | Base case flow sheet of biomethane liquefaction by adopting the SMR process (Haider et al., 2020).
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that is known as black hole. Other candidate solutions that
fall within the black hole’s range are replaced by the candidate
solutions newly created in the given search space. The working
procedure of the BHBO algorithm can be well described in the
forthcoming steps.

Step 1: Bound Normalization

All variables may have different ranges (upper and lower bounds).
These ranges of all variables are first normalized to new ranges
from 0 to 1. The ranges of all variables can be normalized using
Eq. (1).

Normalized Var (i) =%

1)
Normalizing the variables’ bounds can improve the convergence
speed of the BHBO algorithm.

Step 2: Initialization

A random population of candidate solutions called the stars is
generated and placed in a search space of the problem of n
dimensions. The value of the objective function against each
star is calculated, and the star that has the best fitness value is
designated as the black hole Xy,.

Step 3: Movement of Stars

Star absorption is the process of moving stars toward the
absorbing force of the black hole. Once the star population is
generated and the black hole is assigned, the black hole starts
absorbing its stars. Thus, all stars move toward the black hole.
This movement/absorption of the stars can be formulated by Eq.

(2).

Xﬁ” = Xf+Rand (Xb;, — Xf) Vi; i # Best fitness value (2)
where Xf‘H and Xlt are the locations of the ith star at iterations
t++1 and ¢, respectively. Xy, is the location of the black hole (best
fitness value), and Rand is the random number between 0 and 1.
As the black hole has the best fitness value so it does not move, it
just attracts others.

Step 4: Updating the Black Hole

During stars’ movement toward the black hole, it is possible that
a star (candidate solution) at its new position gets its fitness value
better than the already assigned black hole. In such case, the black
hole’s position is updated with this star, the algorithm continues
its process with this updated black hole, and other stars start their
movement toward this new/updated black hole.

Step 5: Generation of New Stars

During the stars’ movement, a star can cross the event horizon
(spherical boundary of the black hole). The star that crosses
the event horizon is sucked by the black hole which results
in star death. In order to keep the number of stars (candidate
solutions) constant, a new star is randomly generated at the
place of the died star and randomly placed in the search
space (Chen and Chang, 2010; Hatamlou, 2013). The next
iteration starts on completing one movement of each star. The
radius of the event horizon can be calculated as by Eq. (3).

Son
2i-1fi
where n is the number of candidates (stars), and f,

and f; are the fitness values of the black hole and ith
star, respectively.

R= 3)

Step 6: Termination Criteria

The above steps of the BHBO algorithm are repeated until the
termination criteria. The algorithm could be terminated on two
criteria. The first is the maximum number of iterations, and the
second is the specific number of iterations during which the
black hole does not change its position. In simple words, in the
first case, BHBO will automatically terminate on completing the
number of iterations defined by the user. In the second case, if
the black hole’s current position does not change after a certain
number of iterations, the BHBO may be terminated. However,
a careful study is needed to set the stopping criteria because
the algorithm may be stopped without reaching the global
optimum. Conversely, unnecessary running of the algorithm may
be avoided if the convergence is to be expected earlier. Based on
the above description, the pseudocode of the BHBO algorithm is
given in Algorithm 1.

1. Randomly generate stars population (Candidate solutions) X; (i = [1, n]) in
the search space S (p) = X4, X5, X5...., X0 1

of some function.

2. Set the number of iterations or other termination criteria

3. for each ith star; calculate the Fitness function f; = Zf:’;me S(p)

4. Designate the best Fitness value as the Black Hole; Xn, < Optimal
solution

5. while (Termination criteria not met) do
6. for each star X; change its location as
7. X! = X} +Rand (Xon - X})
8. end for

9. Calculate the event horizon as: R = g"" -

0. for each star X; calculate its distance fr'o_;n ‘the black hole
11. D; =/ (X1bn — X1i)2 + Xzon — X202 + ... Xnoh — Xni)?
12. if D <R
13. Collapse X;

14. X; < new randomly generated star

15. end if

16. if Fitness value of X; is better than that Xup
17. X; Black hole

18. end if

19. end for

20. Xph = Best optimal solution

21. end while

22. end for

PROCESS DESIGN, OPTIMIZATION, AND
ANALYSIS

Biomethane Liquefaction: Process

Design and Simulation
The base case of biomethane liquefaction by adopting the SMR
liquefaction process is illustrated in Figure 2 (Haider et al., 2020).
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The upgraded biomethane (methane molar fraction over 99%)
goes into the multi-stream cryogenic heat exchanger (CHX-1)
and is cooled and liquefied by the low-pressure mixed refrigerant.
The stream BM2 decreases to the LBM storage pressure in VLV-1
and reduces the temperature leading to obtaining of the LBM in
the separator’s bottom with a liquefaction rate of 92%. The mixed
refrigerant (MR) adopted in this paper consists of CHy4, CyHs,
C3Hs, i-C5Hj3, and Nj. The MR is pressurized by a four-stage
compressor with intercooling. Subsequently, the high-pressure
MR is cooled by the returning cold MR in CHX-1 and expanded
in the throttling valve (VLV-2) to supply the cooling capacity for
the biomethane and warm MR. Afterward, the superheated MR
returns to the first-stage compressor’s inlet (K-1) to complete the
refrigeration cycle. The temperature of the MR outlet from the
intercoolers is 40°C.

To improve the thermodynamic performance of the base
case, cryogenic liquid turbines are introduced to replace the
throttling valves (VLV-1 and VLV-2), as shown in Figure 3.
Through this modification, the isentropic expansion can generate
a larger temperature difference with the same pressure ratio and
provide extra power for the compression system. In the modified
case of the biomethane liquefaction process, the cold energy
of the end flash gas (EFG) is recovered in the main cryogenic
heat exchanger, which also reduces the refrigeration requirement
from the SMR cycle.

The proposed biomethane liquefaction processes are modeled
in Aspen HYSYS V10 by choosing the Peng—Robinson equation
of state (Peng and Robinson, 1976) for the thermodynamic
properties’ calculation. It is assumed that the deep eutectic
solvent-based process upgrades the biomethane, and its
conditions are shown in Table 1.

To simplify the process simulation, several assumptions are
made as follows:

(1) The process is in steady state.

(2) The heat losses from
ambient are neglected.

(3) The adiabatic efficiency of the cryogenic liquid turbine,
pump, and compressor is 90%, 75%, and 75% (Qyyum
etal., 2018), respectively.

(4) The pressure drop of the warm stream and cold stream
in the main cryogenic heat exchanger is 100 kPa
(Haider et al., 2020).

(5) The pressure drop of the compressor intercooler is
25 kPa.

(6) The produced LBM is stored with a pressure of
120.9 kPa.

the the

equipment to

Simulation-Optimization Framework

In this study, optimization aims to find the optimal design
of the proposed modified SMR process for LBM production
corresponding to minimal specific energy consumption, i.e.,
objective function. Usually, liquefaction processes, especially
mixed refrigerant-based, are highly non-linear and complex,
mainly due to the number of exceptional interactions among
the key design variables, constraints, and constrained objectives.

Therefore, even minor variations in the design or decision
variables may cause an unfeasible process, which ultimately
reduces the process’ overall competitiveness. In this context, it
is meaningful and mandatory to pinpoint the major influencing
design variables and constraints allied with the design of the
liquefaction process in order to get the desired benefits through
rigorous optimization. The refrigerant flow rates, refrigerant
condensation pressure, and evaporation pressure were chosen
as the key design variables. The minimum internal temperature
approach (MITA) that signifies the driving force of the heat
transfer between the hot and cold streams inside the main
cryogenic heat exchanger was taken as a constraint with a
specified value of 1~3.0°C. All key design variables (with their
lower and upper bounds), constraint, and objective function are
listed in Table 2.

The constraint of the MITA value was incorporated by
introducing the exterior penalty function into the objective
function. The objective function after incorporating the penalty
function is given in Eq. (4).

k Wi
Minimize f (x) = Min(Z, . !
i =1 mpy

+r(max[0, (1~3 — MITA(X))])) (4)

TABLE 1 | Conditions of the upgraded biomethane (Haider et al., 2020).

Parameters Value
Feed temperature (°C) 22.85
Feed pressure (kPa) 3600
Mass flow rate (kg/h) 34069.49
Composition in molar fraction (%)

CHg 99.785
No 0.004
COs 0.211

TABLE 2 | Key decision variables of the SMR process and their upper
and lower bounds.

Objective function:
Specific energy consumption (KWh/kg-BM)

Mem

& W
Minimize f(X) = Min. (Z L )
=1

Constraint: 1.0 < MITAX)cHx—1<8.0
Minimum internal approach temperature and,
“0) Xiower <X < Xupper

where X is a vector of
the decision variables.

Design variables Lower bound Upper bound
Suction pressure of MR, Pgyc (kPa) 110 350
Discharge pressure of MR, Pgsc (kPa) 3500 7000
Flow rate of methane, mcp, (kg/h) 3000 40000
Flow rate of ethane, mc,H, (kg/h) 5000 45000
Flow rate of propane, mc,, (kg/h) 5000 45000
Flow rate of iso-pentane, mj_cqH,, (kg/h) 45000 90000
Flow rate of nitrogen, iy, (kg/h) 500 10000
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where X is a vector of the decision variables, as given in Table 2,
ie.,

X = (PSuCa Pdisc: mCH45 mC2H57 mC}Hga miCslea mNz)'

To find the optimal design variables of the proposed biomethane
liquefaction process, the BHBO approach was customized
considering the following steps:

Step 1: For the objective function given in Eq. (4), some sets
(called stars) of random values from within the upper and
lower bounds of each design variable are generated. These sets
of random values of design variables are fed to the Aspen
HYSYS environment that has the LBM process to be optimized.
The SMR process returns the values of compressor energy and
the MITA against each star (set of design variables), which
is further used in calculating the fitness value by using the
objective function given in Eq. (4). The star (set) that gives the
best fitness value is designated as the black hole Xj,. The values
of design variables of the black hole star may be treated as the
location coordinates of the black hole. A sample population of
five stars is given in Table 3.

Step 2: Once a star (a set of design variables) is fixed as a
black hole, other stars start moving toward the black hole. The
location coordinates/movement of stars is formulated by using
Eq. (2). While moving toward the black hole, a star at its new
position (new set of design variables) may have its fitness value
better than that of the black hole. In such case, black hole’s
position is updated with this star, the algorithm continues with
this new black hole, and other stars start moving [changing
location coordinates using Eq. (2)] toward this new black hole.
Step 3: The radius of the event horizon is calculated by Eq.
(3). If the fitness value of any star is less than the predefined
value of the event horizon, that star would be eliminated. The
reason for eliminating this star is that the set of design variables
against this star may lead to being stuck in the local minimum
if existed. A new star (set of design variables) is randomly
generated at the place of the eliminated/swallowed star to keep
the number of candidate solutions constant. When each star
completes its one movement (i.e., design variables of each set
are updated once), the next iteration starts.

Step 4: Maximum number of iterations was set as the
termination criteria. BHBO will automatically be terminated
on completing the number of iterations.

TABLE 3 | A sample of initial population of stars.

No. of stars Psuc (kPa) Pgisc (kPa) mcy, (kg/h) mc,u, (kg/h) mc,H, (kg/h) mi_csH,, (kg/h) my, (kg/h)
1 99 5220 4000 7000 8000 47000 1200
2 102 3230 5000 9502 10502 80000 1300
3 250 4251 16000 32000 36000 70000 2500
4 300 5986 20000 42000 43000 65000 3600
5 305 3025 31000 38000 33000 55000 4500

TABLE 4 | The decision parameters along with the power consumption after optimization.

Modified case 2 (MITA = 2°C) Modified case 3 (MITA = 3°C)

Parameter Base case (MITA = 2°C) Modified case 1 (MITA = 1°C)
meH, (kg/h) 39561.60 32110.00
me,H, (kg/h) 17464.40 41398.00
mMeyH, (kg/h) 50397.20 5122.00
Mi—CsH,, (Kg/h) 44315.60 57662.00
mp, (kg/h) 39561.60 4220.00
Miotar (Kg/h) 161096.30 140512.00
Psuc™ (kPa) 274.00 341.00
Pisc ™ (kPa) 5300.00 5230.00
W-1 (kW) 3758.78 2973.45
W-2 (kW) 3938.69 3075.43
W-3 (kW) 3623.63 2687.15
W-4 (kW) 2963.24 17.10
W-5 (kW) 71.38 2275.31
W-6 (kW) - 75.81
W-7 (kW) - 80.33
W-8 (kW) - 251.57
Wiotas (KW) 14355.71 10772.37
SEC (kWh/kg-au) 0.4214 0.3162

32556.00 32158.40
34105.00 33305.04
12563.00 6680.00
58326.25 57142.00
4299.00 5062.00
141849.25 134337.44
280.00 275.00
4890.00 6440.00
3086.58 3245.85
3264.54 3423.70
2855.66 2952.63
13.05 22.56
2383.31 2456.73
74.48 110.57
80.33 80.33
239.84 311.46
113339.45 11820.24
0.3328 0.3469

*The suction pressure for the base case and modified cases is Pyy; (pressure of the stream M1).
**The discharge pressure for the base case is P10 (pressure of the stream M10), for the modified cases are Py13 (pressure of the stream M13).
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Exergy Analysis

Exergy is the maximum power generated by a system when it
is transferred from the current state to the environmental state
(Moran et al,, 2014). If the potential and kinetic exergies are
ignored, the exergy of a material stream can be defined as (He

et al., 2020a):
(5)

where E is the exergy; 71 is the mass flow rate; and ey, and e,
are the physical and chemical exergies, respectively, which are
described in Egs. (6) and (7) (Mousavi and Mehrpooya, 2020):

E =rm(epn + en)

epn = (h—ho) — To(s — o)

n n
Zi _, Xiechi +RTo Zi _, In(x)

where h and s are the specific enthalpy and specific entropy,
respectively. x; refers to the molar composition of the ith
component. R is the gas constant. The subscript 0 refers to the
environmental state, which are 101.325 kPa and 25°C.

The exergy destruction is induced by the thermodynamic
irreversibility of the process. Thus, it is critical to obtain the
exergy destruction distribution in the LBM process. Principally,
the exergy destruction is defined in Eq. (8) when exergy loss is

neglected: )
E; = ZEin - ZEout+ w

The exergy efficiency of the LBM process is defined as the ratio
of the theoretical minimum power to the actual total power
consumption, as shown in Eq. (9).

(6)

(7)

€ch

®)

where 7., is the exergy efficiency, W; is the total power
consumption, and W, is the theoretical minimum power, which
can be described as (Qyyum et al., 2020b):

W = tigam (hesm — ho — To(sLem — S0)) (10)

RESULTS AND DISCUSSION

In this work, the SMR process for BM liquefaction was designed
and evaluated for different MITA values corresponding to energy
and exergy efficiency. For the base case, the MITA inside the main
cryogenic heat exchanger was 2°C. However, the modified case
was optimized for MITA of 1, 2, and 3°C, respectively.

Energy Performance Analysis

Specific energy consumption (SEC) is the principle indicator in
assessing the energy performance of the biomethane liquefaction
process. The decision parameters along with the power
consumption of the base case and modified cases with different
MITA optimized by BHBO are shown in Table 4.

Firstly, modified case 2 and base case were compared since
they had the same MITA in CHX-1. The total MR flow rate
was 141849 kg/h in modified case 2, which was 11.95% lower
than the base case. The optimal molar fractions of the MR in
the four cases are illustrated in Figure 4. The molar fractions
of methane, propane, and nitrogen decreased, while ethane and
i-pentane increased in modified case 2. Moreover, the pressure
ratio was 17.46 in modified case 2, while it was 19.34 in the base
case leading to a 9.71% reduction. These two factors resulted in a

B Wi 9 21.01% decrement of the SEC in modified case 2. The cryogenic
Nex = A ©) liquid turbine T-1 and T-2 generated 80.33 and 239.84 kW of
50%
[ Base case [ Moditied case 1
L [ Modified case 2 Modified case 3
40%
=
e
= 30%
[P}
<
i
=
E ol
=
= 20%
=
10%
- ‘ h
CH, C,Hy C;Hg 1-CsH N,
FIGURE 4 | The optimal MR molar fractions of four cases.
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power, respectively, thereby saving the total power consumption
of modified case 2. It should be noted that, regardless of the power
recovery by the cryogenic liquid turbine, the SEC of modified
case 2 was 0.3422 kWh/kg of LBM, which was still 18.78%
lower than the base case. Thus, adopting the BHBO to optimize
modified case 2 brought a significant power saving for the BM
liquefaction process.

The effect of MITA on the SEC of the biomethane liquefaction
process was investigated. With the increase of the MITA in
CHX-1, the total power consumption and SEC increased. This is
because the difference between the hot and cold composite curves
in CHX-1 enlarged with the increase of the MITA which required
a larger refrigeration capacity to liquefy the same amount of
biomethane. The SEC of the modified cases 1, 2, and 3 was 0.3162,
0.3328, and 0.3469 kWh/kg, respectively. In addition, the power
generated by T-2 also rose as the MITA increased. The reason was
that a larger MITA required a lower evaporation temperature of
the stream M18, which means a lower discharge pressure of the
T-2, thereby generating a larger power output.

Composite Curve Analysis

The temperature-heat flow composite curves (THCC) in CHX-
1 were the key indicator to reflecting the energy performance of
the liquefaction process, as seen in Figure 5. The space between
the hot and cold composite curves was proportional to the exergy
destruction in CHX-1. Figures 5A,C show that the heat flow

in modified case 2 was 29523 kW, which was 10.29% lower
than the base case. This result may be explained because the
appropriate MR molar fraction and cryogenic liquid turbine in
modified case 2 reduced the required refrigeration capacity for
LBM. When compared to Figures 5B-D, it was apparent that the
cold composition curve matched the hot composite curve closer
with the decrease of the MITA. In addition, the vertical line below
—150°C in Figures 5B-D was caused by the cold energy recovery
of the EFG, which led to a large temperature difference at the
outlet of CHX-1.

Figure 6 presents the TDCC of the base case and three
modified cases. As shown in Figure 6A, the largest temperature
difference of 22.33°C occurred at the high-temperature range. In
the middle temperature range (—90 to —40°C), the temperature
difference is in the range of 2-4°C. When the temperature
decreased to the low-temperature range (—150 to —90°C), the
temperature difference increased to the second highest peak of
19.85°C. Figure 6B shows that the largest temperature difference
was 14.97°C and its average temperature difference was also
smaller than the base case. It indicated that reducing the MITA
in the heat exchanger could uniform the temperature difference
distribution along with the large temperature range. However, it
was a trade-off between the energy performance and economical
cost. The most surprising aspect of the temperature difference
is shown in Figure 6D. Although the MITA in modified case
3 was larger than the base case, the temperature difference in
modified case 3 was smaller than the base case. This implied
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TABLE 5 | The decision variables along with the power consumption of modified
case 2 optimized by three algorithms.

Parameter BHBO PSO GA
e, (kg/h) 32556.00 34946.00 35418.51
My, (ka/h) 34105.00 43060.00 26891.26
Mgty (Ka/h) 12563.00 19429.00 20871.55
Mj—Csty, (Kg/M) 58326.25 65070.00 54578.35
i, (kg/h) 4299.00 5785.00 3788.56
Miotar (ka/h) 141849.25 168290.00 141548.23
Psyc* (kPa) 280.00 304.00 257.60
Pisc™ (kPa) 4890.00 3623.00 5156.00
W-1 (KW) 3086.58 3084.78 3282.11
W-2 (kW) 3264.54 3301.92 3467.73
W-3 (KW) 2855.66 2990.42 3087.44
W-4 (KW) 13.05 5.44 9.70
W-5 (kW) 2383.31 2518.35 2549.04
W-6 (KW) 74.48 48.10 78.18
W-7 (KW) 80.33 80.33 80.33
W-8 (kW) 239.84 200.79 256.41
Wiotar (KW) 113339.45 11667.88 12137.46
SEC (kWh/kg-au) 0.3328 0.3425 0.3563

*The suction pressure for the base case and modified cases is Py (pressure
of the stream M1).

**The discharge pressure for the base case is P10 (pressure of the stream M10),
for the modified cases are Py (pressure of the stream M13).

that the modification of the process configuration by introducing
the cryogenic liquid turbine coupled with the optimization by
BHBO reduced the energy consumption dramatically. Moreover,
the MITA affected the TDCC significantly. With the increase
of the MITA, the average temperature difference in the main
cryogenic heat exchanger increased. As shown in Figure 6, in
the temperature range of —20°C to 40°C, the largest temperature
difference increased from 13.74 to 16.87°C and 18.69°C when
the MITA increased from 1 to 2°C and 3°C, respectively.
It indicated that a larger MITA could deteriorate the heat
transfer performance in the high temperature range of the main
cryogenic heat exchanger.

Exergy Performance Analysis

In this work, the theoretical minimum power of the biomethane
liquefaction process was 3361.36 kW. The base case’s exergy
efficiency was 23.82%, which was the lowest in four cases, as
shown in Figure 7. The exergy efficiency of the three modified
cases was 31.20%, 29.64%, and 28.44%, respectively. For the
same MITA, modified case 2 was 5.82% higher than the base
case. Moreover, modified case 3 was 4.62% higher than the
base case even though the exergy efficiency decreased with
the MITA increase.

The total exergy destruction in four cases is shown in Figure 8.
The base cases total exergy destruction reached 10022 kW,
which was 45.51%, 28.66%, and 21.23% higher than the modified
cases 1, 2, and 3, respectively. The results indicated that the
process retrofitting and optimization by BHBO made the LBM
process much efficient. For modified case 2, the total exergy
destruction was 7790 kW, which was 13.10% higher and 5.77%
lower than the modified cases 1 and 3, respectively. In addition,
the exergy destruction of the main cryogenic heat exchanger

(CHX-1) in modified case 2 was 2597 kW, which was 19.64%
lower than the base case.

Figure 9 illustrates the percentage of exergy destruction
in different equipment in four cases. It should be noted
that the number 5 in Figure 9 referred to the valve for
the base case and the turbine for the modified cases. It is
seen from Figure 9 that the main cryogenic heat exchanger
in the base case contributed to 32.24% of the total exergy
destruction, followed by compressors (29.31%). However, for
modified case 1, the intercooler was the second largest exergy
destruction contributor reaching 30.87%, which was 4.40%
higher than the compressors. A possible explanation for this
might be that the appropriate mixed refrigerant reduced the
exergy destruction in compressors significantly. Due to a larger
temperature difference in CHX-1 in modified case 2, the
exergy destruction caused by CHX-1 was the largest among
all equipment. Furthermore, the exergy destruction by the
cryogenic liquid turbine was dramatically lower than that by the
throttling valve.

Comparison of BHBO With Other
Algorithms

To evaluate the optimization performance of BHBO, the particle
swarm optimization (PSO) algorithm, and genetic algorithm
(GA) were selected to compare three algorithms’ performance.
The results of modified case 2 optimized by three algorithms
are shown in Table 5. The SEC optimized by BHBO was
0.3328 kWh/kg, which was 2.83% and 6.59% lower than the
PSO and GA, respectively. It indicated that the optimization
performance of the BHBO was comparable with the mature
algorithms like PSO and GA.

CONCLUSION

Liquefied biomethane is one of the most auspicious energy
sources because of its sustainable and environmental aspects.
However, the high-energy consumption of LBM limits its
wider potential applications. To address this issue, a SMR-
based biomethane liquefaction process was proposed for the
small-scale LBM production. To improve the process energy
performance, cryogenic liquid turbines were utilized to replace
the LBM and MR throttling valves. The BHBO algorithm
was adopted to optimize key decision variables to minimize
SEC. Three different MITAs in the main cryogenic heat
exchanger were studied to reveal the relationship between the
process performance and MITA. Furthermore, the composite
curve, energy, and exergy analyses were conducted. The results
indicated that the SEC of modified case 2 (applying cryogenic
liquid turbine with MITA = 2°C) was 0.3228 kWh/kg with
21.01% reduction than the base case (adopting throttling
valve with MITA = 2°C). When the MITA decreased to
1°C, the SEC of modified case 1 reduced to 0.3162 kWh/kg,
which was 24.96% lower than the base case. Moreover,
the total exergy destruction of modified cases 1, 2, and
3 was 31.28%, 22.27%, and 17.51% lower than the base
case, respectively. Besides, the exergy destruction of the
cryogenic liquid turbine was significantly lower than the
throttling valve with additional power generation. The findings
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indicated that the proposed SMR process for LBM was superior
to the conventional one. In conclusion, the BHBO-optimized
SMR-based LBM process was found suitable for small-scale LBM
production. Furthermore, the BHBO algorithm could also be
adopted to optimize other LNG and LBM processes as well as
other multiple working fluid-related processes.
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NOMENCLATURE

Variables

D Distance MR Mixed refrigerant

E Exergy (kJ) MSMR Modified single mixed refrigerant
e Specific exergy (kJ/kg) SEC Specific energy consumption

f Fitness value SMR Single mixed refrigerant

h Specific enthalpy (kJ/kg) T Turbine in Figures 2, 3

m Mass flow rate (kg/h) TDCC Temperature difference composite curve
P Pressure (kPa) THCC Temperature-heat flow composite curve
p Population P Pump in Figures 2, 3

R Radius/gas constant PNEC Parallel nitrogen expansion

s Specific entropy (kd/kg-K) PSO Particle swarm optimization

T Temperature (K) Vv Separator

w Power (kW) VLV Valve

X Vector of decision variables Subscripts

X Molar fraction bh Black hole

n Exergy efficiency ch Chemical

Acronyms d Destruction

BHBO Black-hole-based optimization disc Discharge

BM Biomethane ex Exergy

CHX Cryogenic heat exchanger i ith star or component

E Cooler in Inlet

EFG End flash gas

GA Genetic algorithm out Outlet

K Compressor ph Physical

LBM Liquefied biomethane suc Suction

LNG Liquefied natural gas t Total

M Mixed refrigerant stream in Figures 2, 3 0 Environmental state

MITA Minimum internal temperature approach
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