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Abstract: Global warming and the depletion of fossil fuels have spurred many efforts in the quest for
finding renewable, alternative sources of fuels, such as biodiesel. Due to its auxiliary functions in
areas such as carbon dioxide sequestration and wastewater treatment, the potential of microalgae
as a feedstock for biodiesel production has attracted a lot of attention from researchers all over the
world. Major improvements have been made from the upstream to the downstream aspects related
to microalgae processing. One of the main concerns is the high cost associated with the production of
biodiesel from microalgae, which includes drying of the biomass and the subsequent lipid extraction.
These two processes can be circumvented by applying direct or in situ transesterification of the wet
microalgae biomass, hence substantially reducing the cost. In situ transesterification is considered as
a significant improvement to commercially produce biodiesel from microalgae. This review covers
the methods used to extract lipids from microalgae and various in situ transesterification methods,
focusing on recent developments related to the process. Nevertheless, more studies need to be
conducted to further enhance the discussed in situ transesterification methods before implementing
them on a commercial scale.

Keywords: transesterification; microalgae lipids; biodiesel production; wet microalgae; lipid extraction;
in situ transesterification

1. Introduction

Since the beginning of the industrial revolution, fossil fuels have been used for meeting
a majority of the world’s energy demands. Petroleum (both heavy and light crude oils),
coal, and natural gas contribute to approximately 81% of the world’s energy demands in
2017, a percentage that held steady for the past three decades [1,2]. Apart from that, the
world is experiencing an upward trend in global warming. It is projected that the average
surface temperature of the Earth will continue to increase by about 1.2 °C (0.9-1.6 °C) in
the year 2200, with respect to the year 2000 [3]. One of the main contributors to global
warming is CO; that originated from the emission of anthropogenic greenhouse gas (GHG)
when fossil fuels are burned [4].

It has been noted that both issues of fossil fuel depletion and global warming are
closely related. Hence, approaches that can solve these issues simultaneously should be
implemented. One of the ways to address this is via renewable energy in the form of
biofuel [5]. Interest in biofuel has grown from only being dominated by small operators
and a few countries to a globally traded commodity amongst industry players, including
major oil producers [6]. Two types of biofuels, namely biodiesel and bioethanol, have come
to the forefront as the most viable options to replace diesel and gasoline, respectively—since
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they are considered as a ‘direct-pour” alternative fuel that can be used in today’s existing
automobiles without needing much or any modifications [7,8]. Diesel engine manufacturers
such as Volvo and Mercedes have approved the usage of biodiesel blend in their engines [9].
Due to the soaring price of fossil fuels, there are even predictions that future diesel engines
will be entirely operated using pure biodiesel [10]. The term biodiesel usually refers to
the ester products produced from the transesterification of lipids (triglycerides) contained
in the biomass with alcohol such as methanol or ethanol [11,12]. Normally, methanol is a
preferred choice of alcohol to be used in the transesterification reaction, since it is about 24%
cheaper than ethanol [13]. Conventionally, syngas is used as the raw material to produce
methanol, using copper as catalyst [14]. As much as 11.2 kWh of energy (mainly obtained
from coal and natural gas) is required to produce 1 kg of methanol [15,16]. However,
methanol can also be produced via CO; hydrogenation [17]. This greener pathway can
be achieved by using electricity produced from wind power, electrolysis of water, and
captured CO,, where GHG emissions are reduced by 59% as compared to the conventional
method [18,19].

Due to biodiesel’s lower calorific value as compared to diesel, the engine torque and
power for biodiesel are lower by approximately 8% and 7%, respectively [20,21]. However,
for B20 fuel blend (20% biodiesel), this reflects about a 1-2% inferiority in engine power,
and most users admit that there is no noticeable difference in performance [22]. Currently,
the cost to produce biodiesel is substantially higher than the cost to process fossil fuels.
Therefore, there is a pressing need to reduce the cost associated with the entire biodiesel
production process for it to at least compete with fossil fuels [23-25]. Among the ways
to reduce the costs are the careful selection of high potential but cheap feedstock, usage
of better engineering devices, simpler and better processing techniques, and optimiza-
tion of the overall process [26,27]. A title search for reviews with the keywords “in situ
transesterification” and “microalgae” resulted in only two previous review articles [28,29].
The previous study by Kim et al. [29] focused on reviewing the in situ transesterification
to biodiesel using wet microalgae. In addition, they also reviewed the techno-economic
analysis of biodiesel production of wet Nannochloropsis gaditana. Another study by Salam
et al. [28] discusses the pathways to the effective utilisation of methanol and residual algae
produced during in situ transesterification. They also reviewed the factors that affect the
process along with the ways to improve its economy through a new integrated process. Park
et al. [30] termed in situ transesterification as direct transesterification and discussed the
then advances in biodiesel conversion from microalgae both by the conventional two-step
process as well as by direct transesterification.

This article reviews the state-of-the-art in situ transesterification of microalgae to
biodiesel. This paper covers the current methods for extracting lipids from abundantly
available microalgae feedstock, focusing mainly on examining various recent processing
techniques involving in situ transesterification for the biodiesel production from microalgae.
Factors such as cost, tediousness, and current challenges are carefully evaluated for each
method. The usage of homogeneous and heterogeneous catalysts, carbon-based catalysts,
biocatalysts, and advanced methods utilising state -of-the-art co-solvents, microwave ir-
radiation, ultrasonic, and supercritical fluids conditions were extensively discussed with
an emphasis on each method’s commercial viability for the production of biodiesel. The
advantages and disadvantages of each method are also discussed thoroughly, with the
intention of evaluating its suitability for scaling-up purposes. This article also discusses
some of the hindrances as well as the future directions for in situ transesterification. Recom-
mendations of potentially viable in situ transesterification methods for scaling up purposes
are also made accordingly.

2. Microalgae as a Feedstock for Biodiesel Production

Various feedstocks, such as plants [31,32], animal fats [33], waste materials [34,35],
and microalgae [36], have been utilised in biodiesel production. Climate, topography, soil
conditions, and economic activities are among the factors that influence the selection of
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ready feedstock in a specific region [37,38]. For example, palm oil and coconut oil are
primarily used in tropical countries, rapeseed and sunflower oil in Europe, while soybean,
peanut, and animal fats are used in North America [39,40]. In addition, it is a good idea
to have a wide selection of feedstocks so that biodiesel production does not depend only
on a handful of options. This is the main reason why the extensive effort in improving
the process and finding new potential feedstocks needs to be conducted continuously.
The lipid content in the feedstock is one of the many factors considered in its usage for
biodiesel production [41,42]. It has been reported that 1 Ha of an algae farm on wasteland
can produce over 10- to 100-times of oil and bioethanol yield as compared to any other
known source of oil crops [43]. The lipid contents for various feedstock that are commonly
used to produce biodiesels are shown in Table 1.

Table 1. Oil content, oil yield, land area requirement, and biodiesel productivity for several feedstocks
used in biodiesel production [44—46].

Oil Content s Lam.:l Area Biodiesel
Feedstock (% of D 0.1 | Yield Requirement Productivity (k References
. 4 L Oil/ha/Year) (m?/Year/k . Y 8
Weight) ( Biodi & Biodiesel/ha/Year)
iodiesel)
Castor (Ricinus communis) 48 1307 9 1156 [44]
Corn/maize (Zea mays L.) 44 172 66 152 [44]
Hemp (Cannabis sativa L.) 33 363 31 321 [44]
Soybean (Glycine max L.) 18 636 18 562 [44]
Jatropha (Jatropha curcas L.) 28 741 15 656 [44]
Camelina (Camelina sativa L.) 42 915 12 809 [44]
Canola/rapeseed (Brassica napus L.) 41 974 12 862 [44]
Sunflower (Helianthus annuus L.) 40 1070 11 946 [44]
Peanut oil (Arachis hypogaea L.) 50 1059 - 1425-1782 [45,46]
Hazelnut (Corylus avellana) 51-75 - - 1000 [46]
Palm oil (Elaeis guineensis) 36 5366 2 4747 [44]
Walnut (Juglans regia) 51-72 - - 780-1750 [46]
Microalgae (low oil content) 30 58,700 0.2 51,927 [44]
Microalgae (medium oil content) 50 97,800 0.1 86,515 [44]
Microalgae (high oil content) 70 136,900 0.1 121,104 [44]

From Table 1, it is clearly seen that microalgae show an immense potential to be utilised
as a feedstock in producing biodiesel. Microalgae have attracted much attention—as early
as the 80s—and are hailed as one of the most promising feedstocks to displace fossil fuels
entirely [47]. With its capacity to produce more oil per unit area when compared to other
types of feedstocks, coupled with its unique characteristic to not be entangled with the food
versus fuel dilemma, microalgae are regarded as a robust plant that can be cultivated in the
most hostile environments on Earth [48]. In addition, microalgae cultivation plants can be
located near places such as power plants and animal farms in the effort to mitigate CO;, and
treat wastewater, while at the same time turning waste to useful bioenergy [49-51]. Figure 1
shows the side elevation of a microalgae cultivation pond—known as High-Rate Algal
Pond (HRAP)—utilising wastewater from domestic, industrial, or agricultural sources [52].
With its proven effectiveness, HRAP may convert wastewater treatment plants into energy
producers [53].
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Figure 1. Side elevation of HRAP for wastewater treatment using microalgae with CO, addition to
enhance algal growth [52].

The symbiotic process involved in treating wastewater using microalgae is illustrated
in Figure 2 [54]. During the treatment process, microalgae would absorb carbon dioxide
via the photosynthesis process, which would result in the production of oxygen. Nutrients
such as nitrogen and phosphorus would also be absorbed by the microalgae. The produced
oxygen would then be utilised by bacteria in degrading organic matter contained inside
the wastewater.

Bacteria

cobD

Waste ’ Treated
water effluent

Microalgae

N,P

Microalgae
biomass

Figure 2. Symbiotic process between microalgae and bacteria in wastewater treatment [54].

The lipid contained in microalgae is known to be anywhere from 20-50% of the total
dry weight [55]. It was discovered that nitrogen plays an active role in suppressing lipid
synthesis in microalgae. Under nitrogen starvation, the lipid content in microalgae can reach
more than 70% of its total dried weight [56,57]. From the vast number of microalgae species
that have been studied, there are a few species that are recommended in the production of
biodiesel due to the high percentage of lipid content. In a study involving 12 microalgae
species, the best selections of microalgae based on their fatty acid profiles for biodiesel
productions are Chlorella vulgaris, Nannochloropsis oculata, Extubocellulus sp., and Biddulphia
sp. [58]. In terms of the ability to withstand the cultivation environment with high ambient
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temperature, Desmodesmus sp. is recommended due to its capability to survive for 24 h at
45 °C or 8 h at 50 °C [59]. In a different study conducted on Chlorella vulgaris, Spirulina
maxima, Nannochloropsis sp., Neochloris oleoabundans, Scenedesmus obliqguus, and Dunaliella
tertiolecta, it was found that two particular species, namely Neochloris oleoabundans and
Nannochloropsis sp., were concluded to be the best options in terms of quality and quantity
of biodiesel produced—where both species yielded more than 50% in lipid content under
nitrogen starvation [60]. As expected, microalgae species that possess positive traits, such
as being easy to cultivate and having a high rate of sedimentation and high lipid content,
are usually preferred for biodiesel production [59,61]. Table 2 illustrates the lipid content,
lipid productivity, volumetric productivity, and areal productivity for several microalgae
species (adapted from [50]).

Table 2. Lipid content, lipid productivity, volumetric productivity, and areal productivity for microal-
gae species [50].

Lipid Content (% .. .. Volumetric Areal Productivity
. . . Lipid Productivity . . .
Microalgae Species Dry Weight (me/L/Day) Productivity of of Biomass
Biomass) & y Biomass (g/L/Day) (g/m3/Day)

Ankistrodesmus sp. 24.0-31.0 - - 11.5-17.4
Botryococcus braunii 25.0-75.0 - 0.02 3.0
Chaetoceros muelleri 33.6 21.8 0.007 -
Chaetoceros calcitrans 14.6-16.4/39.8 17.6 0.04 -
Chlorella emersonii 25.0-63.0 10.3-50.0 0.036-0.041 0.91-0.97
Chlorella protothecoides 14.6-57.8 1214 2.00-7.70 -
Chlorella sorokiniana 19.0-22.0 44.7 0.23-1.47 -
Chlorella vulgaris 5.0-58.0 11.2-40.0 0.02-0.20 0.57-0.95
Chlorella pyrenoidosa 2.0 - 2.90-3.64 72.5/130
Chlorococcum sp. 19.3 53.7 0.28 -
Crypthecodinium cohnii 20.0-51.1 - 10 -
Dunaliella salina 6.0-25.0 116.0 0.22-0.34 1.6-3.5/20-38
Dunaliella primolecta 23.1 - 0.09 14
Dunaliella tertiolecta 16.7-71.0 - 0.12 -
Dunaliella sp. 17.5-67.0 33.5 - -
Ellipsoidion sp. 27.4 47.3 0.17 -
Euglena gracilis 14.0-20.0 - 7.70 -
Huaematococcus pluvialis 25.0 - 0.05-0.06 10.2-36.4
Isochrysis galbana 7.0-40.0 - 0.32-1.60 -
Monodus subterraneus 16.0 30.4 0.19 -
Monallanthus salina 20.0-22.0 - 0.08 12
Nannochloris sp 20.0-56.0 60.9-76.5 0.17-0.51 -
Nannochloropsis oculata. 22.7-29.7 84.0-142.0 0.37-0.48 -
Nannochloropsis sp. 12.0-53.0 37.6-90.0 0.17-1.43 1.9-5.3
Neochloris oleoabundans 29.0-65.0 90.0-134.0 - -
Nitzschia sp. 16.0-47.0 8.8-21.6
Oocystis pusilla 10.5 - - 40.6-45.8
Pavlova salina 30.9 49.4 0.16 -
Pavlova lutheri 35.5 40.2 0.14 -
Phaeodactylum tricornutum 18.0-57.0 44.8 0.003-1.9 24-21
Porphyridium cruentum 9.0-18.8/60.7 34.8 0.36-1.50 25
Scenedesmus obliquus 11.0-55.0 - 0.004-0.74 -
Scenedesmus quadricauda 1.9-18.4 35.1 0.19 -
Scenedesmus sp. 19.6-21.1 40.8-53.9 0.03-0.26 2.43-13.52
Skeletonema sp. 13.3-31.8 27.3 0.09 -
Skeletonema costatum 13.5-51.3 17.4 0.08 -
Spirulina platensis 4.0-16.6 - 0.06-4.3 1.5-14.5/24-51
Spirulina maxima 4.0-9.0 - 0.21-0.25 25
Thalassiosira pseudonana 20.6 17.4 0.08 -
Tetraselmis suecica 8.5-23.0 27.0-36.4 0.12-0.32 19
Tetraselmis sp. 12.6-14.7 43.4 0.30 -
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The process of producing biodiesel from microalgae is summarised in Figure 3. Despite
its huge potential, the utilisation of microalgae in the production of biodiesel comes with
some challenges. One of the issues is the high cost associated with biodiesel production
from microalgae, which are $2.59 and $2.00 per litre through raceway and photobioreactor
cultivations, respectively [62]. One of the main aspects that contributes to the high cost is
the extraction of the intercellular encapsulated lipid, wherein the tough, thick wall of the
cells needs to be disrupted properly prior to the extraction. However, cell disruption cannot
be done via conventional physical methods but has to be performed through mechanical,
biological, or chemical methods by using solvent [63]. It is reported that the cost of the
lipid extraction process can be as high as 90% of the total biodiesel production cost [64].
For traditional methods that involve lipid extraction from dried microalgae, the harvested
microalgae are to be dried via solar drying, thermal dryer, hot flue gas, or by using an oven.
A thermal dryer powered by natural gas or electricity is the most common practice at the
commercial scale [65]. However, the dewatering process alone would require a substantial
amount of energy in addition to being very time-consuming. One thousand gallons of
dewatering is needed in order to obtain a gallon of dry algal biomass, not including the
pre-treatment process involved before the extraction of lipid [66], and the cost involved in
the dewatering process is reported to account for up to 30% of the total production [67].
Apart from that, the process of extracting lipid from dried microalgae usually involves toxic
or carcinogenic solvents such as chloroform and dichloromethane, making it unfeasible
to be commercialized on a large scale. The typical experimental procedures for lab-scale
production of biodiesel from microalgae is shown in Figure 4, where the organic solvent
mixture is used during the lipid extraction process [68].

@ -
Cell disruption, lipid
extraction
Biodiesel, byproduct |
7y
0 ==

b
L_puitcstion_J
: )

Single step in situ transesterification

Figure 3. Processes involved in the production of biodiesel from microalgae. In situ transesterification
is done generally by mixing alcohol and catalyst with the wet microalgae, allowing the production
of biodiesel without undergoing dewatering and lipid extraction processes individually (adapted
from [69]).
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Figure 4. The typical laboratory-scale experimental procedures for producing biodiesel from microal-
gae biomass using the organic solvent mixture for lipid extraction [68].

The tediousness and high production costs are among the main hindrances in the
development of using microalgae as a reliable feedstock to produce biodiesel [63,70]. Hence,
most of the time, the production of biodiesel from microalgae has been limited to a labora-
tory scale due to all these challenges [28]. There are even doubts about whether microalgae
would ever be an economically suitable feedstock for biodiesel production [71,72]. The only
way for it to be economically viable is via improved engineering involving both upstream
and downstream sectors [73]. One of the ways to improve the process is by extracting lipid
from wet microalgae, hence circumventing the drying process [74]. The extracted lipid is
then converted to biodiesel via a conventional transesterification process. Another option
is via direct or in situ transesterification, as shown in Figure 3, wherein the extraction of
lipids from wet biomass and the transesterification process are done in a single step [70].

3. Microalgae Cell Disruption

The small size of the microalgae cell and the complexity of the wall’s structure itself
is very different compared to other terrestrial plants [75]. The cells are also generally
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quite resistant to chemical or mechanical stresses due to the eukaryotic nature of microal-
gae [76]. In addition, the variation of the cell wall is so vast since it depends on multi-
ple factors, including the cultivation environment, species (approximately 72,500 species
via conservative estimation), and nutrient supply, up to a point where the cell would
expand/contract—and consequently, assumes various shapes depending on the over-
all environment [77-79]. The variation and composition of the intercellular wall for six
microalgae, namely Neochloris oleoabundans, Chlorella vulgaris, Chlamydomonas reinhardtii,
Dunaliella salina, Haematococcus pluvialis, and Nannochloropsis gaditana, are illustrated in
Table 3.

Table 3. Cell wall characteristic for several microalgae species.

Species Cell Wall Characteristics References

- two distinct layers

- made from 24.3% carbohydrates, 31.5% proteins

- carbohydrates component consist of

non-cellulosic polysaccharides

- two distinct layers

Chlorella vulgaris - the outer layer is an electron-dense wall, while [80]

the inner layer is low in density

- five distinct layers

- made from hydroxyproline-rich glycoproteins

- made up totally from glycoproteins, with

no cellulose

- lack of rigid cell wall

Dunaliella salina - the cell is isolated by a thin elastic [82]

plasma membrane

- three-layer cell wall

- first layer: extracellular matrix, algaenan layer.

- secondary layer: thick amorphous layer made

of mannose and cellulose

- tertiary layer: heterogeneous layer made of

mannose and cellulose

- two layers, with a cellulosic inner wall and an

Nannochloropsis gaditana outer hydrophobic algaenan layer, which is [84]
formed by highly saturated aliphatic compounds

Neochloris oleoabundans [78]

Chlamydomonas reinhardtii

Haematococcus pluvialis [76,83]

In order to release the intercellular encapsulated lipid, the thick, robust wall (which
is usually made from sturdy polymers such as cellulose, hemicellulose, and pectin) of
microalgae needs to be disrupted properly [85]. Due to the wide variations in the wall
structure, as shown in Table 3, it is difficult to have a standard procedure for disrupting
the cell wall. One method may work well for a species, but the same method might not be
efficient for another. From studies, it was found that cells with more complex structures
are more challenging to be disrupted, and species with a thinner wall are easier to be
disrupted [86]. This process has proven to be challenging without a large amount of
energy or solvent involved. Due to the lack of efficient methods, continuous studies are
needed to find alternative ways of extracting the encapsulated lipid [87]. The methods for
disrupting microalgae cell walls can be divided into two general paths: mechanical and
non-mechanical methods, as presented in Figure 5 [76,88].
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Figure 5. Various ways for disrupting microalgae cell wall [76,88].

For each of the methods presented in Figure 5 above, there is a need to scrutinize the
possibility of the methods to be scaled up for commercial purposes; not only that, but the
overall potential impact of each method on the environment also needs to be considered.
These are among the most crucial factors in assessing the viability of its utilisation to
produce biofuels commercially [89]. A summary of each method is presented in Table 4.

Table 4. Summary of various lipid extraction methods.

Methods Advantages Limitations References
Degree of disruption
High-rate cell disruption; depends on characteristics of
Bead milling practical method of large scale  the bead; requires a large [89,90]
mechanical cell disruption amount of energy in
large-scale applications
. . . . High energy consumption,
ngh-spe?d . High r ate cell disrup tlfm’ VeTY' ot suitable for large scale [88,91]
homogenisation  effective; short extraction time .
application
Rapid disruption, but
generally lower lipid yield
High-pressure Effective, rapid disruption of compared to other methods;
L . . . . [86,92]
homogenisation  cell; suitable for scaling up high level of cell debris is
released, which complicates
the separation process.
Short extraction time; reduced
solvent consumption; greater Hioh power consumption:
Ultrasonication ~ penetration of solvent into g0 p p ’ [86,89]
. . difficult to scale up
cellular materials; improved
release of intracellular contents
Microwave- Relatively simple, safe, rapid, Malr}tepzjmce ona large scale
. . is a limiting factor; prone to [93,94]
assisted economical in lab-scale

free radicals formation
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Table 4. Cont.

Methods Advantages Limitations References
Prone to decreasing
. No addition of chemical; low uniformity in the electric
Pulse electric . . .
field energy consumption; rapid field due to the presence of [92,95]
disruption air bubbles in chamber; the
solution must be free of ions
High-quality biocrude is High energy requirement
Hydrothermal obtained, environmentally due to very high temperature
. . . . . [96,97]
liquefaction friendly due to the usage of involved, more in-depth
water in the extraction studies are needed
Residues of solvent in
extracts; most organic
. . solvents are highly
Organic solvent R.e latn{ely cheap, very effective, flammable and/or toxic; [98,99]
high oil yield . .
solvent recovery is expensive
and energy-intensive, a large
volume of solvent is required
Short extraction time Some ionic liquids are toxic
Tonic liquid reusability, and high oil yield to the e.nV1r0nment, highly [100,101]
expensive
Some are very expensive;
Nanoparticle ngh efficiency, low energy synthesis cost needs to jbe [102]
requirement, reusability evaluated for commercial
purposes
1 A.n effeFtwe method; high More works need to be done
Oxidation yield, high saturated . . . [103]
for big-scale implementation
hydrocarbon products
Osmotic shock Simple ext’ractlon, low energy Genera’Flon of wastg salt [50,104]
consumption water, time-consuming
Supercritical High 911 yield; non.—tox1c. (no High energy con.su.mptlon;
fluid organic solvent residue in expensive and difficult to [42,105]
extracts); non-flammable scale-up
Enzymatic Mild operating conditions; low  Long process time; low [88,106]

energy requirement

production capacity

As seen in Table 4, most of the existing methods are not suitable or costly for scaling up,
hence making them undesirable for industrial purposes. It can also be inferred that many
improvements in microalgae processing are needed for large-scale biodiesel production.
This is one of the factors that makes in situ transesterification an appealing option since two
of the costliest processes, dewatering and microalgae cell disruption for lipid extraction,
can be entirely circumvented.

4. In Situ Transesterification of Microalgae

Since microalgae are set to be one of the most promising feedstocks for biodiesel
production, many efforts have been made to break the bottleneck associated with the
conversion process. One of the ways to do this is by adapting a downstream process
known as direct or in situ transesterification, where biodiesel is obtained directly from
wet harvested microalgae without undergoing the drying and lipid extraction processes
separately. During in situ transesterification, wet microalgae is mixed with alcohol in the
presence of a catalyst, and occasionally co-solvents [107]. This has proven to be a favourable
practice due to its simplicity from combining lipid extraction and transesterification, hence
reducing the processes in producing biodiesel [108]. By circumventing the drying process,
these methods would help to simplify and significantly reduce the total overall production
cost, hence making microalgae a more viable feedstock in the production of biodiesel [109].

In situ transesterification for the production of biodiesel has also been applied to other
feedstocks, such as palm oil [110], soybean [111], Jatropha curcas [112], castor seed [113],
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rapeseed [114], linseed [115], and yeast [116]. A significant increment of research works
related to in situ transesterification, especially on microbial agents (including microalgae),
can be seen starting from 2011 onwards [117]. This is mainly due to the eagerness of the
world to find alternatives to fossil fuels and the change in policies on renewable energies
from various governments all over the world. For example, in Asia, Japan, as a developed
country, is actively trying to increase the utilisation of biodiesel for the freight vehicles
used by the transportation and automobile sectors in realizing its pledge of reducing its
GHG emissions by 80% by 2050; while Malaysia, as a developing country, has also directly
encouraged the growth of biodiesel usage by pledging to reduce the GHG emission intensity
of the GDP by 45% by 2030 relative to its emissions in 2005 [118,119]. Funding in renewable
energy implementations parallel to these pledges by governments has contributed a lot in
the increase of interest on renewable energies [120].

In situ transesterification has proven to be an effective and economical way for both
single-species [121] and mixed-species cultures of microalgae [122]. A reasonable biodiesel
yield is obtained from in situ transesterification when compared to the conventional two-
step extraction transesterification methods. If the ideal in situ transesterification method
is employed for a specific species, it will yield a higher biodiesel yield compared to the
conventional two-step esterification—transesterification method. In a comparative study
involving the wet microalgae, Schizochytrium limacinum, in situ transesterification using
solvent resulted in a 66.97% biodiesel yield compared to the 59.73% yield via conventional
two-step esterification—transesterification method [123]. This is partly due to the elimination
of the oil extraction step, which may result in oil loss, hence increasing the amount of
biodiesel yield. Generally, in situ transesterification techniques can be categorized into
conventional techniques and advanced techniques, as seen in Figure 6 (adapted from [30]).

= Conventional — .« Acid catalyst
» Alkaline catalyst
» Biocatalyst (enzymes)

In situ
transesterification —_ » Co-solvent
techniques » Microwave-assisted

» Ultrasound-assisted

e Synergistic microwave
and ultrasound-assisted

> Advance — « Supercritical condition

Figure 6. General classifications of in situ transesterification techniques (adapted from [30]).

4.1. Conventional Techniques for In Situ Transesterification

Conventional in situ transesterification methods, such as acid-catalyzed methods,
have been explored as early as the 1980s by researchers using sunflower seeds as feed-
stock [124]. It was found that the acid-catalyzed method is especially effective for in
situ transesterification involving feedstock with a high level of free fatty acid (FFA) and
moisture content, usually in the range of more than 1% and 0.5%, respectively [30,49,117].
When this method is applied to microalgae, it has proven to be very effective since mi-
croalgae generally contain a high level of FFA [125]. In a sulfuric-acid-catalyzed in situ
transesterification study involving microalgae biomass from the species of Botryococcus
braunii with a moisture content of 7.8 wt %, a biodiesel yield of 82% was obtained when
pure methanol was used in the process [126]. In another work done by Kim et al. [127],
highly-wet Nannochloropsis gaditana microalgae were mixed with methanol and hydrochlo-
ric acid during an in situ transesterification, resulting in more than a 90% biodiesel yield at
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the reaction temperature of 95 °C. In addition, it was found that the usage of chloroform
as a solvent would give a better yield compared to hexane—yield of 90% and 70% for
chloroform and hexane, respectively. In the same work, it was also discovered that the
usage of hydrochloric acid would result in a 15 wt % higher FAME yield compared to
when sulfuric acid was used. There was an interesting study to evaluate the effectiveness
of ethanol and methanol during the sulfuric-acid-catalyzed in situ transesterification of
Chlorella vulgaris by Lemoes et al. [128]; it was found that a similar yield of fatty acid ethyl
ester (FAEE) and fatty acid methyl ester (FAME) of approximately 11% were obtained from
ethanol and methanol, respectively. Hence, the usage of ethanol, which is more sustainable
and less toxic compared to methanol, could be a better choice in the greener production of
biodiesel. However, there are several setbacks when homogenous acid is used as a catalyst.
Longer reaction times and higher temperatures are usually needed for acid-catalyzed in
situ transesterification [129]. In a study to evaluate the effect of temperature on FAME
yield, it was found that the yield varied from 49.1-90.6% when the reaction temperatures
were changed from 65 to 95 °C [130]. In addition, the usage of homogenous acid in the
transesterification process would lead to the need for a large volume of water for removing
the catalyst during the separation and purification processes [131]. There are also studies
on in situ transesterification by using alkali as catalysts, wherein potassium hydroxide
(KOH) and sodium hydroxide (NaOH) are the most commonly used [132,133]. However,
an undesirable saponification reaction tends to occur when alkali is used as a catalyst due
to the high FFA content in microalgae. This is quite contrary to other types of feedstocks,
where, in most cases, alkali is a preferable choice as a catalyst since it yields a significantly
higher biodiesel amount at a shorter reaction time and is generally lower in cost compared
to acid [134]. Nevertheless, a decent biodiesel yield is still possible by using a significantly
higher amount of alcohol during the in situ transesterification process for microalgae. In
a study, a 77.6 £ 2.3 wt % biodiesel yield was obtained via in situ transesterifications of
Chlorella vulgaris at a reaction time of 75 min by utilising sodium hydroxide (NaOH) as a
catalyst, and using a methanol-to-lipid molar ratio of 600:1 while keeping the molar ratio of
0.5:1 for a catalyst to lipid [135]. In another work, a biodiesel yield of 95.5% was obtained
in 10 min with the temperature kept at 60 °C by using highly-concentrated NaOH (96%
w/w oil) with an ethanol-to-lipid molar ratio of 925:1 [133]. However, the high quantity of
alcohol used during the in situ transesterification involving a homogenous alkali catalyst
could result in high expenses that occur during the alcohol recycling process [136].
Among the main issues related to the usage of homogenous acid and alkali as cata-
lysts during the in situ transesterification process are the separation and purification of
the final products, regardless of the generally high biodiesel yield. It is difficult for the
homogenous catalysts to be separated at the end of the process, and this separation phase
has a notorious reputation due to its complexity and energy consumption, hence leading
to significant catalyst loss and higher biodiesel costs [137]. Due to this, heterogeneous
catalysts have received a lot of attention for being utilised in the in situ transesterification
process. In addition to the easier separation of final products, heterogeneous catalysts
are also recyclable, non-corrosive, and ecologically friendly, hence making them more
favorable compared to homogenous catalysts [138]. Among the examples of heterogeneous
catalysts are the group II oxides; composites of CaTiO3, CaCeO3, CaZrO3z, WO3/ZrO,,
H451W 1,049, H3PMo01,049, and H3PW15049, ion exchange resins such as Amberlite-15,
CT-275, and CT-269; and a carbon-based heterogeneous catalyst such as graphene oxide,
etc. [139-141]. Heterogeneous acid catalysts of both Brensted-type and Lewis-type have
the ability of both acid and alkali catalysts during the transesterification process [142].
In other words, these types of heterogeneous catalysts offer a faster reaction time while
avoiding the soap formation during the process. Several recent in situ transesterification
works have been carried out by using these types of catalysts, and the results have been
shown to be satisfactory—producing high yields compared to the usage of homogenous
acid catalysts while having all the advantages discussed above [143,144]. In recent works,
a heterogeneous acid catalyst CT-269 ion-exchange resin was used during an in situ trans-
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esterification of Nannochloropsis gaditana under optimized conditions [139]. In the study,
different parameters, such as the reaction temperature, the ratio of catalyst to microalgae
oil, and the ratio of methanol to oil, were evaluated, and it was determined that the ratio
of catalyst to microalgae oil is the most prominent factor that should be considered for
producing high biodiesel yield.

Environmentally benign carbon-based catalysts such as graphene and activated carbon
have also been studied extensively for the production of biodiesel [145,146]. Graphene
is a plane of carbon atoms arranged in two dimensions. When graphene is wrapped in
spherical or cylindrical forms, the allotropes are known as buckyball and carbon nanotubes,
respectively [147]. The effectiveness of these catalysts has been attributed to their excellent
properties, such as high surface area (800-1500 m?/g for activated carbon) and high
thermal stability, which usually resulted in biodiesel yields of more than 95% [141,148].
However, in most cases, a very high ratio of alcohol to oil is needed to carry out the
process [149]. In a comparative study to evaluate the effectiveness of different types of
carbon-based catalysts, Jun Cheng [150] compared the FAME yields obtained from several
in situ transesterifications of wet microalgae biomass using graphene oxide, sulfonated
graphene, sulfonated active carbon, and sulfonated graphene oxide. Even though the yield
of in situ transesterification using homogenous sulfuric acid is higher than any of the yields
using the carbon-based catalysts, sulfonated graphene oxide emerged as the best option in
terms of biodiesel yield among all four carbon-based catalysts, with a yield of 84.6% being
catalyzed by acid sulfuric.

In addition to homogeneous and heterogeneous catalysts, biocatalysts can also be
used for in situ transesterification, since they operate at much lower temperatures (hence,
lower energy consumption) compared to acid/alkali-catalyzed transesterification, and
the separation of the final products is a lot simpler [151,152]. Available in either liquid or
immobilised forms, these heterogeneous biocatalysts are also non-corrosive and considered
to be less harmful to the environment [153]. Decent FAME yields have been reported
for various in situ transesterification works involving biocatalysts [154,155]. In a study,
82% of the FAME yield was obtained from microalgae species of Oedogonium sp. via in
situ transesterification with Bacillus sp. lipase as the catalyst [156]. However, the amount
of energy taken for this process is quite significant, since the temperature was kept at
55 °C during the reaction time of 36 h. Therefore, the process can be further improved
by having a lower reaction temperature or a shorter reaction time. Recently, a two-step
enzymatic process on wet Chlorella biomass was employed by first using cellulase at a
reaction temperature of 40 °C for 24 h and then by using liquid lipase TL from Thermomyces
lanuginosus kept at 25 °C for 48 h, resulting in an 83.79% biodiesel yield [157]. This two-step
enzymatic process has been proven to further reduce the energy associated with the in situ
transesterification process using biocatalysts. Table 5 contains some of the recent works
involving biocatalysts.

Table 5. Biodiesel yields for several biocatalysts with respect to the microalgae species.

Lipase

Reaction Biodiesel

Origin Microalgae Biomass Time (h) Yield (%) References
Whole cell from Pseudomonas aeruginosa Spirulina platensis 48 87.6 [158]
Free enzyme from Candida rugosa Scenedesmus quadricauda 24 85.7 [159]
Novozyme 435 from Candida antarctica Botryococcus sp. 4 88 [160]
Free enzyme from Rhizomucor miehei Chlorella vulgaris 25 90 [161]
Immobilised whole cell from Aspergilous niger Scenedesmus obliquus 36 53.76 [153]
Novozyme 435 from Candida antarctica Aurantiochytrium sp. 12 89.5 [162]
Immobilised lipase from Candida antarctica Chlorella vulgaris 24 97 [163]

Another advantage of using lipase is its reusability for repeated transesterification
processes. The same lipase batch can be used several times before it loses its ability as a
catalyst. This is particularly important in the biodiesel industry in order to make it econom-
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ically feasible. In a recent study, Raoufi and Gargari [158] reused optimized lipase obtained
from Pseudomonas aeruginosa for 10 cycles in their in situ transesterification involving wet
Spirulina platensis biomass, before the biodiesel yield fell by roughly 9% compared to the
first batch. Meanwhile, CalB lipase from Candida antarctica—immobilised in mesoporous
materials—was utilised for 7 repeated cycles in the ethanolysis of Nannochloropsis gaditana
before losing its potency as a catalyst [164].

Nevertheless, enzymatic transesterification still has its drawbacks. Among the main
issues pertaining to the usage of an enzyme are the low stability and long reaction time,
which lead to low production capacity. For example, an optimum reaction time of 56 h
at 40 °C was required to produce 99.5% FAME conversion from Nannochloropsis gaditana
using the lipase Novozym 435 of Candida antarctica as a catalyst with a lipase/oil mass ratio
of 0.32 [165]. The authors also reported that the immobilised enzyme of the same batch
could be used three times before the FAME conversion fell to 57%. This is due to the high
content of polar lipids in microalgae, which resulted in the loss of enzyme activities [166].
Similar long hours are reported by other researchers using lipases as catalysts in the
transesterification processes [164,167,168]. Another disadvantage of using biocatalyst is
the high cost associated with them; for example, Novozym 435 costs around $9500/kg,
which has become a big concern for scaling up [117]. However, quite recently, there are
a few cheaper biocatalyst alternatives that can be used for commercial purposes [169]. A
noteworthy comparative study among the reaction times taken by heterogeneous catalyst
(tungstate zirconia), homogeneous catalyst (sulfuric acid), and biocatalyst (immobilised
Pseudomonas fluorescence lipases) had been carried out recently by Guldhe et al. [170].
It was found that a shorter time was taken by heterogeneous catalyst compared to the
homogeneous catalyst, while comparable FAME yields were obtained by the two methods.
The heterogeneous catalyst also gave a higher yield compared to the biocatalyst. From
the literature review, it can be inferred that heterogeneous catalysts have shown a better
prospect to be used for in situ transesterification compared to homogenous catalysts and
biocatalysts. Comparisons between different types of catalysts are given in Table 6 (adapted
from [62,149]).

Table 6. Comparisons on the characteristics of conventional in situ transesterifications using different
types of catalysts (adapted from [62,149]).

Type of Catalyst

% Yield Advantages Disadvantages

Homogeneous alkali

Heterogeneous alkali

Homogeneous acid

96-98 - inexpensive

Upto99 insitu transesterification process

- suitable for biomass with low FFA (<2%)-
difficult ester purification

- catalyst cannot be recycled for the next usage
- a large amount of water is needed for
purification phase

- excessive catalyst will lead to soap formation,
hence making the purification step more
difficult

- suitable for biomass with low FFA (<2%)

- excessive catalyst will lead to soap formation,
hence making the purification step more
difficult

- contamination of the final product might
occur due to leaching

- expensive synthesis method

- long reaction time

- corrosive to the reactor and pipelines

- difficult ester purification

- excessive catalyst will lead to high acidity of
product; hence requiring a lot of water for
purification step

- difficult to recover catalyst

- high ratio of alcohol to oil is needed

- fast reaction time

- reaction happens at very mild condition

- shorter reaction time than
acid-catalyzed transesterification

- catalysts can be separated and

then reused

- reaction happens at mild condition, and
less energy is needed

<90

- suitable for biomass with high FFA and
high moisture content- very suitable for

- no saponification
- inexpensive
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Table 6. Cont.

Type of Catalyst % Yield Advantages Disadvantages
- suitable for biomass with high FFA and
high moisture content N
. S - long reaction time
- very suitable for in situ . . .
e - expensive synthesis method in some cases
. transesterification process s . .
Heterogonous acid <90 e - contamination of the final product might
- no saponification .
- o occur due to leaching
- not corrosive to reactor and pipelines . . o
- high ratio of alcohol to oil is needed
- catalysts can be separated and
then reused
- suitable for biomass with high FFA and - extremely long reaction time, slower than
high moisture content acid-catalyzed transesterification
Biocatalyst 99 - simple purification step - generally very expensive

- low ratio of alcohol to oil is needed - excessive methanol will lead to deactivation
- some are reusable (immobilised lipase)  of biocatalyst
- reusable and inexpensive
- simple synthesis method - long reaction time

Carbon-based <90 - high thermal stability - leaching of SO3H

- large surface area for more

- high ratio of methanol to oil is needed

effective reaction

4.2. Advanced Methods for In Situ Transesterification

Apart from the conventional methods discussed above, there are advanced methods
that utilise different solvents, technologies, or devices for biodiesel production via in situ
transesterifications. Some are also combinations of several individual methods that are
explicitly designed to simplify the processes or to obtain the highest possible yields during
the execution of the in situ transesterification procedures.

4.2.1. Use of Co-Solvents

Co-solvents are sometimes used during an in situ transesterification to increase the
reaction rate of the process due to the improvement of solubility between the microalgae’s
lipid and the alcohol used [117]. This is especially important because alcohol and water
can mix to form a homogenous mixture and water is known to inhibit both extraction and
transesterification of lipids. Therefore, more lipids can be extracted, and more mass transfer
of the reactant can be obtained by the addition of a co-solvent during the process [64].
However, co-solvent does not take part in the reaction between the two. Hence the amount
of co-solvent before and after the reaction would remain the same [171].

In terms of effectiveness, chloroform has a reputation as an excellent co-solvent for
lipid extraction and in situ transesterification of microalgae biomass [130,172]. However,
the characteristic of chloroform as a superior co-solvent is conditional, thereby depending
on the nature of the methods used. In the work carried out by Najafabadi et al. [173] to
investigate the effectiveness of several co-solvents for in situ transesterification of Chlorella
vulgaris using supercritical methanol, it was reported that the highest FAME yield was
obtained by using hexane as the co-solvent, with an optimum ratio of hexane to the biomass
of 6 to 1. However, in the same study, the usage of chloroform actually resulted in less
FAME yield than the one obtained by the control. It was concluded that for the case of
in situ supercritical methanol transesterification, chloroform is considered to be a poor
selection as a co-solvent.

Recently, water-immiscible ethyl acetate was used as a single reactant and co-solvent
in a wet in situ transesterification of Nannochloropsis gaditana under acidic conditions [121].
The results were then compared to the ones obtained by using an ethanol/chloroform
combination. As discussed above, alcohol is water-miscible, and the usage of alcohol alone
during the reaction would reduce the effectiveness of the transesterification process. During
the in situ transesterification process, ethyl acetate under acidic conditions is hydrolyzed
into ethanol and acetic acid, wherein an ethanol/ethyl acetate binary phase is naturally
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created [174]. The water inhibition effect can be minimized tremendously under this
circumstance. In optimized conditions, an FAEE yield of 97.8% was obtained by using
ethyl acetate, compared to around 77% by using an ethanol/chloroform combination. This
further simplifies the in situ transesterification process since it can be carried out without
much concern about the inhibiting effect of the microalgae’s moisture content and the usage
of hazardous chloroform.

The dependency on chloroform and other toxic co-solvents can be reduced by the
utilisation of green solvents, such as ionic liquids. The usage of ionic liquids as co-solvents is
considered to be a significant breakthrough in the production of biodiesel from microalgae,
which has garnered tremendous interest from researchers and industries over the past 10
to 20 years [175]. This special class of liquid is considered an organic salt in liquid form
at temperatures ranging from 0-140 °C, and its polarity can be changed by manipulating
the anions and cations, hence it is applicable to a wide range of polar and non-polar
compounds [176,177]. In addition, other attractive features of ionic liquids are their low
vapor pressure, low volatility, low melting point, and variable viscosity [178]. The usage of
ionic liquids has allowed in situ transesterifications of microalgae biomass to be done at
lower temperatures and significantly less time compared to the conventional methods [179].
Ionic liquids are also well known for their ability to act as highly recyclable catalysts in the
production of biodiesel from various feedstock [175].

In a study involving in situ transesterification using ionic liquid 1-butyl-3-
methylimidazolium trifluoromethanesulfonate, [Bmim][CF350O3] as a co-solvent, it was
found that the FAME yield of wet Nannochloropsis oceanica under optimized conditions was
11-times higher than the yield from the control experiment, which utilised a two-step conver-
sion using methanol and chloroform in the reaction [180]. When combined with other meth-
ods, such as microwave irradiation, the biodiesel yield using IL is proven to be satisfactory.
In a study involving in situ transesterification using 1-ethyl-3-methylimidazolium methyl
sulphate [EMIM][MeSO,], a biodiesel yield of 40.9% was obtained when the wet Nan-
nochloropsis sp. biomass-to-methanol (wt/vol %) ratio was set to be 1:4 and the methanol-
to-IL (wt/vol %) ratio was set at 1:0.5 with a reaction time of 25 min [108]. However,
in the same study, the biodiesel yield increased to 42.2% with a shorter reaction time of
14 min when the process was combined with microwave irradiation while keeping the
microalgae-to-methanol and methanol-to-IL ratio constant. In a different study, ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate, [BMIm][PF¢] was mixed with immo-
bilised lipase from Penicillium expansum, which acted as a catalyst [181]. From this study, it
was found that under optimum conditions, a biodiesel yield of 90.7% was obtained from
Chlorella pyrenoidosa with a reaction time of 48 h. These studies illustrated the versatility of
ionic liquids in their application during in situ transesterifications of microalgae.

Another class of green solvents, called deep eutectic solvents, has gained much at-
tention in the biodiesel production field for their use as co-solvents. These solvents are
comprised of an organic salt that acts as a hydrogen-bond acceptor (HBA) and a hydrogen-
bond donor (HBD), thereby forming a eutectic mixture that has a lower melting point than
each of the individual components [182,183]. Not only are they limited to disrupting the
microalgae wall and to acting as catalysts, but deep eutectic solvents can also serve as
a mild dehydrator that reduces the water content in the biomass, hence facilitating the
transesterification process [184]. In addition to their non-toxicity and biodegradability, this
new class of green solvents are superior to ionic liquids in terms of their purity, cost, and
their easiness to prepare [185]. Since cheap and environmentally-friendly resources are
used to prepare deep eutectic solvents, it is predicted that these would one day replace
ionic liquids in the field of biodiesel production [186]. In a study, deep eutectic solvent
Ch-Aa (which is comprised of choline chloride as the HBA and acetic acid as the HBD) was
used for the in situ transesterification of wet microalgae Chlorella sp. and Chlorococcum sp.
with 65-67% moisture contents [187]. It was found that the reaction carried out by using
Ch-Aa gave a 30% higher total FAME yield compared to the yield from the conventional
two-step esterification—transesterification method. This shows the effectiveness of deep
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eutectic solvents in simplifying the process involved in the production of biodiesel. Even
though the application of these types of solvents for in situ transesterification of microalgae
is still considered as immature, deep eutectic solvents have shown great potential due to
all the positive characteristics and the decent biodiesel yields.

Liquid polymers, such as polyethylene glycol and polypropylene glycols, have emerged
as a new alternative solvent to be used in biodiesel productions. Although their usage in
this area is considered relatively new, great potential has been shown by liquid polymers
to be used as a co-solvent for in situ transesterification processes due to their attractive
features, such as their eco-friendliness, non-volatility, and cost-effectiveness [188]. Recently,
Liu et al. [189] evaluated the effectiveness of polyethylene glycol compared to chloroform
in a rapid in situ transesterification of microalgae biomass using a minireactor. It was
found that in addition to its capability to extract lipids, polyethylene glycol also acts as
a suspension agent that facilitates the separation of FAME from the co-solvent. In the
study, the effect of varying the molecular weight of liquid polymers was also examined,
thereby leading to the conclusion that the properties of liquid polymers should be adjusted
based on the needs of the experiment. Just like deep eutectic solvents, the advancement of
liquid polymers to be utilised in biodiesel production is expected to rise significantly in the
coming years [101].

4.2.2. Use of Microwave Assistance

In situ transesterification using the microwave is indeed favorable due to the fact
that wet biomass can be utilised since the presence of water is actually beneficial for the
process [190]. Among the main advantages of the microwave-assisted technique is the
significant reduction of reaction time and energy consumption needed for the in situ transes-
terification process. In terms of energy usage, microwaves utilise only a third of the energy
used in the conventional transesterification process [87]. Contrary to conventional tech-
niques, which may take hours to be completed, the microwave-assisted technique has been
proven to do the job effectively in just a few minutes. Using conventional transesterification,
98% of FAME recovery from microalgae biomass is possible with 20 h of reaction time, while
80% of FAME is achieved with 4 min of reaction time by microwave irradiation [191,192]. A
higher FAEE yield is also obtained when using this method, compared to the conventional
methods. In a comparative study between in situ transesterification via 6-min microwave
irradiation and the conventional two-step Bligh and Dyer method, it was proven that the
maximum FAEE conversion of Chlorella sp. lipid was 96.2% and 78.1%, respectively [107].
Due to the nature of non-contact heating possessed by microwave irradiation, the inside of
the microalgae cell is heated more compared to conventional heating, in which the surface
is subjected to more heat [193]. High temperatures and pressure build-up occurred within
the microalgae cell as a result of the intermolecular fraction from the rapid heating, which
leads to the rupture of the microalgae cell wall and the release of the intercellular lipid, as
depicted in Figure 7 [87,194].

In a study, the wall of microalgae from the species Chlorella sp. was severely ruptured
from exposure to microwave radiation, where the thickness of the cell was increased from
0.11 to 0.59 pum, and the pore diameter increased from 0.005 to 0.18 um in a matter of
minutes [195]. In a separate study, in situ transesterification was done under simultaneous
cooling and microwave heating (SCMH), which allowed for better temperature control and
more rigorous penetration from the irradiation, and resulted in almost a 5-times higher
biodiesel production compared to other heating methods. Biodiesel yield from both the
conventional water-bath heating method and microwave-assisted transesterification were
then compared to the yield obtained from SCMH. The results were very encouraging, since
the SCMH method produced 75% biodiesel, compared to 13.46% and 15.29% via the water
bath and microwave method, respectively [196].
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Figure 7. Microalgae cell disruption under microwave irradiation [81,132].

However, due to the rapid heating via microwave irradiation, non-uniform heating,
which leads to the creation of hot spots, was observed to be one of the disadvantages of this
method [197]. For the commercial production of biodiesel using the microwave, among the
main concerns are the scalability of the microwave device and the ability of the method to
penetrate a large amount of feedstock at a time, since the penetration depth of microwaves
is reported to only be between 10 to 20 mm [198,199]. From the literature review, even
though microwave-assisted in situ transesterification has been proven to work effectively
in lab-scale studies, more in-depth research needs to be done before its implementation for
commercial-scale biodiesel production.

4.2.3. Use of Ultrasound Assistance

The ultrasound method involves the generation of sound waves that create alternate
high and low pressures through the fluid [200]. The set-up of an ultrasonic device for the
in situ transesterification experiment involving microalgae is shown in Figure 8 (adapted
from [201]). Cavitation occurs when small bubbles that were created during the low-
pressure cycle suddenly burst during the high-pressure cycle. The cellular walls of the
biomass are then ruptured due to the shear force created during the cavitation event.
Ultrasound is an effective method to increase the mass transfer between the immiscible
liquid phases [202]. The disruption of the oil-alcohol boundary from the ultrasound
agitation leads to an intense mixing of the compounds and faster formation of alkyl ester,
thus improving the yield and shortening the reaction times [203]. A study was conducted
to evaluate the effectiveness of the ultrasound method for in situ transesterifications [132].
Without ultrasound, the lipid extraction amounted to only 12.8%, leading to a 63.6% ester
content after 2 h of reaction time. When the same process was repeated using ultrasound
set at 80 W, a 97.6% ester content was obtained while the lipid yield was almost unchanged.
When the intensity of the ultrasound was set to be at 180 W, the lipid yield and ester content
increased to 26% and 96.9%, respectively. This further demonstrated the effectiveness of
the ultrasound-assisted in situ transesterification method.
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Figure 8. Schematic diagram for ultrasonic assisted in situ transesterification (adapted from [201]).

In a comparative study between the effectiveness of the microwave and ultrasound
method during in situ transesterification, it was found that the microwave method was able
to produce better biodiesel and FAEE yields at a lower power level, while the ultrasound
method was superior in producing higher yields at lower solvent ratios [204]. In the same
study, it was calculated that the energy required for the microwave-assisted method and
ultrasound methods are 26 M]/kg and 44 M]/kg of biodiesel, respectively. In a recent
in situ transesterification study conducted by Cercado et al. [205], an 85% biodiesel yield
was obtained from Chlorella vulgaris via the ultrasound method. In the process, a novel
alkali catalyst called K-pumice was used, and the results were very encouraging since
it was done by setting the alcohol-to-lipid molar ratio to 12:1 with a reaction time of
10 min, which is a significant improvement when compared to the conventional in situ
transesterification process.

4.2.4. Synergistic Microwave and Ultrasound Assistance

There have been some studies done to investigate the suitability of using a synergistic
in situ transesterification system consisting of microwave- and ultrasound-assisted methods.
As discussed above, the microwave-assisted method has the ability to rapidly heat the
microalgae biomass, which is something that is not possessed by the ultrasound-assisted
method. However, the ultrasound-assisted method has the mass transferability, which
is a characteristic that a microwave-assisted method is lacking. Thus, theoretically, by
combining these two methods, cell walls can be ruptured, the mass transfer can be enhanced,
and the reaction rate can be further improved [206].

Several works have been carried out recently to evaluate the effect of combining these
two methods. A comparative study between three methods—synergistic microwave with
the ultrasound-assisted method, individual microwave-assisted method, and the individual
ultrasound-assisted method—was done by Ma et al. [207]. In the study, it was discovered
that a maximum FAME yield of 93.07 £ 2.39% was obtained from the in situ transesterifica-
tion process using the microwave-ultrasound reactor, compared to only 63.49 + 4.69% and
58.12 £ 2.84% from the individual ultrasound-assisted method and microwave-assisted
method, respectively. This proves that the synergy of these two methods significantly im-
proves the FAME yield. In a recent work by Martinez-Guerra et al. [208], the determination
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of optimum conditions for the synergistic method was conducted using response surface
methodology. It was found that 140W of microwave power and 140 W of ultrasound
power were required to have a maximum FAME yield of 48.2% for a wet Nannochloropsis sp.
biomass-to-methanol ratio of 20 g to 30 mL and 1 wt % NaOH catalyst concentration with a
7-min reaction time. This shows that relatively low powers of microwave and ultrasound
are needed to produce a satisfactory FAME yield.

4.2.5. Supercritical Fluid Conditions

In recent years, the usage of supercritical fluids has attracted a lot of interest from
researchers as an alternative to the traditional extraction process [209]. In the field of
biodiesel production, supercritical fluid conditions can be applied to in situ transesterifica-
tion to facilitate the rupture of microalgae walls and, consequently, to convert the lipid into
biodiesel in one step, thereby reducing the energy consumption and increasing the final
yield [92,210,211]. This method can also be combined with other methods, such as ultra-
sound, to enhance the final yield further or to simplify the process [210]. Figure 9 shows
the schematic diagram of a supercritical reaction unit using supercritical carbon dioxide as
a co-solvent in the production of biodiesel from Spirulina platensis microalga [212].

Heated reactor
(20 MPa, 200-
300°C)

Microalgae oil
+ alcohol

P>

CO; cylinder

—>

Final product

Syringe pump

Figure 9. Schematic diagram of a supercritical reaction unit in the production of biodiesel from
microalgae [212].

Jafari et al. [213] studied the in situ transesterification of wet Nannochloropsis oculata
impregnated with 15 cc ethanol per 1 g dry microalgae to produce biodiesel using super-
critical carbon dioxide (CO,). They showed that the production efficiency of biodiesel
was affected by the temperature and water content, with a significant deteriorative effect
on productivity at temperatures below 150 °C. They also reported a yield of 24.3 wt. %
at about 150 °C with biomass containing 80% water. In another study, the production of
biodiesel from wet Nannochloropsis salina using supercritical ethanol was studied to measure
the effect of reaction time, reaction temperature, and the ratio of biomass to ethanol on
overall FAEE in order to find the optimum operating conditions [214]. It was found that
a 67% FAEE yield was obtained for 20-min reaction time at the temperature of 265 °C
using a biomass-to-ethanol ratio (wt./vol.) of 1 to 9. There was also investigative work
done using supercritical methanol for the transesterification process involving microalgae.
Response surface methodology combined with central composite design was employed in
the in situ transesterification of Spirulina platensis using supercritical methanol to evaluate
the optimum conditions of various parameters to the overall FAME yield [215]. From
the experiments, a FAME yield of 99.32% was obtained using temperature, reaction time,
the ratio of methanol to dry algae, the ratio of co-solvent (hexane) to dry algae, moisture
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content, critical temperature, and critical pressure of 300 °C, 30 min, 8 to 1, 4 to 1, 40%,
244.8 °C, and 6.61 MPa, respectively.

In a comparative study between microwave-assisted and non-catalytic supercritical
methanol in situ transesterification, it was proven that the former would result in a bet-
ter yield at a shorter reaction time, while the latter would produce a more purified final
product [216]. In other words, even though non-catalytic supercritical methanol gener-
ally takes a longer reaction time and a lesser yield compared to the microwave-assisted
method, less energy and time will be spent during the purification and separation phases,
since the final product is free from the catalyst and environmentally-unfriendly solvent
residues. Recently, an attempt was made to use supercritical CO; to extract lipids from
Spirulina platensis at a large pilot scale using biomass ranging from 1 kg to 50 kg [217]. It
was proven that lipid extraction using supercritical CO, is suitable even at such a huge
amount of biomass. However, the work only covered the lipid extraction of the biomass un-
til the transesterification process. Nevertheless, this could be a good indicator to prove the
feasibility of implementing in situ transesterification using supercritical CO, for large-scale
biodiesel production.

4.2.6. Hydrothermal Liquefaction

Hydrothermal liquefaction is a method considered to perfectly suit liquid biofuel
production from wet microalgae biomass even without the presence of catalysts since
the method utilises water at supercritical or subcritical conditions, which act as a green
solvent [218]. Although this method seems to work very well due to the high-water content
in the freshly-harvested microalgae, the reaction needs to happen under extreme conditions
at above 300 °C and 10 MPa [211].

However, most of the hydrothermal liquefaction works involving microalgae have
been done up to the stage where biocrude was produced, not until the stage where biodiesel
is directly obtained after the process [96,219]. The produced biocrude still needs to undergo
a separation process for obtaining biodiesel. Kim et al. [220] conducted a study by com-
bining the in situ transesterification process with hydrothermal liquefaction to produce
FAEE from wet Nannochloropsis gaditana microalgae using several solvents. In addition to
lipids, the product of hydrothermal liquefaction is biocrude, which contains other non-lipid
substances like protein, cellulose, and pigments. Hence, it is very crucial to separate the
FAEE to be used for producing biodiesel. In the study, it was found that dichloroethane has
the highest FAEE selectivity in the produced biocrude, yielding 91.85% of the maximum
transesterifiable lipid. The usage of this particular solvent would facilitate the production
of FAEE without much effort in the separation and purification phase.

Several life cycle analyses have been done on this method, and based on the currently
available technologies, it is reported that hydrothermal liquefaction is the best option to
produce biofuel from microalgae on a commercial scale [221-223]. Furthermore, integra-
tion of microalgae cultivation and microalgae hydrothermal liquefaction processes could
increase the biomass up to 10-times [224]. So far, there is still plenty of improvements that
need to be done for in situ transesterification using the hydrothermal liquefaction method.

5. Perspectives and Future Directions

In situ transesterification technology is progressing continuously under various ex-
perimental conditions using a different type of biomass; however, it has not been fully
developed for an industrial scale due to the technical hurdles [225,226]. Among the main
issues pertaining to the biodiesel production from microalgae are cost, scalability, and
its eventual impact on the environment. To compete with fossil fuels, research needs
to be conducted continuously, especially on the processing aspects. Modifications and
improvements, even at the smallest scale, need to be done meticulously starting from the
upstream in order to have a significant total reduction in the overall production cost. There
is an aura of optimism surrounding the realization of commercial microalgal biofuel in the
future due to the advantages and advancements of in situ transesterification in recent years.
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Even though the implementation of in situ transesterification managed to circumvent the
separated drying and lipid extraction from microalgae, a huge amount of heat is needed in
order to carry out the process, which posed a big challenge in scaling up. Combinations of
various methods that lead to a lower reaction temperature would mean a lot in the effort
for commercialization.

The microalgae biofuel bubble experienced by some companies in recent years has
made many people have skepticism about the potential and advantages possessed by
microalgae. Their closures have left a negative perception among the people about the
feasibility of microalgae as a viable feedstock for biofuel. This cannot be the benchmark
in the effort to develop and expand the knowledge in producing biodiesel from microal-
gae. It is said that most of the failures resulted from a lack of knowledge in microalgae
biology [227]. This is primarily driven by the eagerness of the business sectors to join the
bandwagon after hearing the potential of microalgae as a source of green fuel. However,
due to immature technologies and procedures, they were forced to cease operations after
not seeing profits within their stipulated timeframes. Techno-economic analyses done
by researchers can be used to evaluate the feasibility of a microalgae biodiesel plant to
convince the industries and the policymakers to further invest and support the microalgae
industry. For this, a biorefinery approach that utilises in situ transesterification could be
a wise option during the scale-up phase for commercialization purposes. When in situ
transesterification is coupled with this concept, other high-value byproducts related to
the nutritional, pharmaceuticals, and cosmetics industries, such as pigments, glycerol,
antioxidants, and health food supplements, can be derived in the effort to further reduce or
offset the high cost associated with biodiesel production [228,229]. During the design stage,
the system should also offer some sort of unique solutions for the existing environmental
issues faced by the community at the locations of interest, for example, carbon dioxide
sequestration from the power plant and wastewater treatment from industries.

Due to the vast selections of species and the ability to practically grow in any part
of the world, microalgae serve as the most promising biodiesel feedstock. More species
of microalgae need to be explored to evaluate their suitability as feedstock for biodiesel
production. Somehow, types of microalgae from the diatom class have been mostly over-
looked, even though they are regarded as one of the most promising feedstocks for biofuel
production by the US Energy Department [230]. Even though these classes of eukaryotic
microalgae are excellent at accumulating lipids (especially under starvation of silica), only
a handful of species have been explored for biofuel production purposes [231,232]. By un-
derstanding the biology of diatoms and subsequently utilising the in situ transesterification
process on these high lipid content species, more options will be available in the effort to
diversify the pathways for biodiesel productions.

Further improvement needs to be made on the usage of inexpensive green solvents for
the in situ transesterification of microalgae. The utilisation of these environmentally-
friendly substances is considered a huge step in spurring the positive growth in the
microalgae-based biodiesel industry. More renewable and clean energy supporters can be
obtained by enhancing the biodiesel procedures using green solvents since fewer negative
impacts are imposed on Mother Nature throughout the process. Moreover, rigorous studies
related to the combination of in situ transesterification and hydrothermal liquefaction of mi-
croalgae biomass should be further explored. As mentioned in Section 4.2.6, hydrothermal
liquefaction has been identified as one of the most promising methods for the realization of
microalgae-based biodiesel commercialization. With the right paradigms and approaches,
microalgae could one day be globally used to partly power the world.

6. Conclusions

Various methods related to recent practices for the in situ transesterification of mi-
croalgae biomass have been reviewed. Among the main concerns are the cost, the energy
consumption of the methods, and the environmental impact as a whole. Looking at these
aspects, the usage of green solvents and effective methods with low energy requirements
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are among the recommended pathways for future explorations. Some methods have great
potential for scaling-up purposes, while others are only suitable for lab-scale studies. It has
been shown that in situ transesterification is the most effective way to produce biodiesel
from microalgae. In low temperatures, physical assistance (microwave, ultrasound etc.)
and the use of co-solvents (ionic liquid, hexane, chloroform) have been used alone or
concurrently to accelerate the simultaneous lipid extraction and transesterification. At
high temperatures, usually above 150 °C, the modified characteristics of water and alcohol
at their sub/supercritical state makes the process simple by getting rid of the need for
catalysts and co-solvents. However, an in situ transesterification method with superior
characteristics may contain flaws when it is compared to other methods, and vice versa.
Nevertheless, a combination of in situ transesterification and hydrothermal liquefaction is
found to be one of the most promising methods in simplifying the processes involved in
producing biodiesel from microalgae. Not only can the energy extensive dewatering and
lipid extraction stages be circumvented, but the usage of a catalyst can also be avoided via
this technique. Furthermore, a special class of algae called diatoms should be extensively
studied to further maximize the potential of biodiesel production from this organism.
With more in-depth studies on the combinations of methods and continuous explorations
for novel techniques, commercialized microalgae-based biodiesel could be a reality in
the future.
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